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Abstract

Investigation of Bone Structure and Composition Differences in Osteofibrous
Dysplasia and Neurofibromatosis Type 1

Farzaneh Fereidouni, Ph.D.

The University of Texas at Arlington, 2024

Supervising Professor: Harry F. Tibbals

Bone genetic diseases such as Osteofibrous Dysplasia (OFD) and
Neurofibromatosis type 1 (NF1) present significant challenges, particularly in children,
due to their effects on skeletal homeostasis. This study aims to apply advanced material
analysis to elucidate the biological disparities associated with OFD and NF1 bone
dysplasia and contribute to developing diagnostic protocols and remediation approaches
for these and similar bone disorders.

By employing various analytical methods, including analysis of mineral-to-matrix
ratio, bone mineral density, bone hardness, and micromechanical architecture, this study
compares normal rat bones with those affected by OFD and NF1. The pre-clinical mouse
models of these disorders investigate potential mechanisms and pathways involved in
these conditions.

The findings suggest that OFD and NF1 significantly alter bone composition and
mineral-to-matrix structure, leading to decreased trabecular bone score, bone
mineralization, and bone mineral density. These diseases are hypothesized to involve a
common mechanism related to the MEK pathway and mineral phosphate disruption. The
mineral-to-matrix ratio, in combination with bone density, is proposed as a potential
diagnostic marker for these diseases.

To achieve these objectives, several techniques are employed, including Micro-
CT, Raman spectroscopy, Raman 2D mapping, Scanning Electron Microscopy with
Energy Dispersive Spectroscopy (SEM/EDS), Micro Hardness Testing, and staining to
identify abnormalities in composition and structure. We examined knockout bone which
is defined as OFD and NF1 Bone. The collected data indicates that the mineral-to-matrix
ratio is significantly lower in knockout mice affected by OFD and NF1, while
microhardness test results show higher values in normal bones. Additionally, bone density
was lower in knockout bones as compared to normal bones; furthermore, histology results
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showed that the OFD knockout bones are weaker and have a higher risk of fracture
compared to normal bones due to the increased percentage of empty lacunae and
trabeculation of cortical bone.

This research yields three significant findings: evidence of abnormalities in apatite
mineralization in OFD and NF1 knockout bones from Raman spectra, elevated inorganic
mineral forms of calcium and phosphorous in OFD and NF1 knockout bones from Raman
and EDS/SEM analyses, and disorganization of bone microstructure in OFD and NF1
knockout bones revealed by 2D Raman mapping. These results support reported
differences in bone density and mineral-to-matrix ratios between normal, OFD, and NF1-
affected bone, demonstrating the potential utility of 2D Raman for high-resolution
mapping of bone microstructure.

Overall, this study provides valuable insights into the pathophysiology of OFD and
NF1, offering potential diagnostic techniques for early detection and quantification of bone
morphology and composition in these and similar bone diseases.

Keywords: Bone; Mineral-to-matrix Ratio; Bone Density; Raman Spectroscopy;
SEM/EDS; Micro-CT; Hardness Test; Histology.
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Chapter 1 Introduction

1.1 Introduction

The primary objective of this research was to investigate the effects of Osteofibrous
dysplasia OFD and Neurofibromatosis NF1 diseases on the composition and structure of
bone in mice. Specifically, the focus was on examining the mineral-to-matrix ratio and
mineral density in the bone. The underlying hypothesis was that these markers could
provide insights into the impact of OFD and NF1 diseases on bone structure, which has
not been fully understood in previous research. To test this hypothesis, the study involved
using advanced material analysis techniques to identify any biological variances
associated with OFD and NF1 bone dysplasia. Additionally, various methods were
employed to analyze bone composition and to establish diagnostic protocols and indices
for bone disorders. The research also sought to gain a comprehensive understanding of
the micromechanical architecture, structural composition, and mineralization to contribute
to potential treatment strategies. To carry out this investigation, the research team had
access to genetically modified knockout bone samples from mice, knockout bones
affected by OFD and NF1, as provided by the University of Texas Southwest study,
enabling a direct comparison between normal and diseased (OFD, NF1) bone samples.

The study highlights the significant challenges posed by genetic disorders,
especially in children, as they impact skeletal health. Children with these conditions are
at a heightened risk of fractures and associated complications, including osteoporosis.
Furthermore, important aspects of bone health such as microarchitecture, mineralization
levels, microdamage extent, and skeletal mineral and matrix composition are not
thoroughly investigated. Currently, monitoring recommendations and treatment options
are available limited. Most of the published studies on OFD and NF1 are clinical, with only
a few focusing on the histology and mineral disruption of these conditions.

The following specific aims are intended in this study to get a fundamental
understanding of the involved mechanisms:



i. Study the bone composition with a focus on the mineral-to-matrix
ratio in normal and knockout bone. The investigator aimed to compare
the bone composition of normal bones to OFD and NF1 knockout bones.
The hypothesis was that knockout bones had a lower Mineral-to-Matrix
ratio compared to normal bones. The study focused on comparing Raman
spectra and 2D Raman spectra of normal and knockout bones, as well as
studying the SEM/EDS elemental composition differences. The goal was
to quantify the Mineral-to-Matrix ratio using various techniques.

ii. Study the bone density in normal and knockout bones. The
investigator studied the bone density of normal bones compared to
knockout bones. The hypothesis is that OFD and NF1 affect bone density,
with knockout bones having lower bone density and higher trabecular
density, but lower cortical density compared to normal bones. Micro-CT
was used to quantify these differences. The parameters analyzed will
include trabecular bone microarchitecture and density, as well as cortical
bone parameters.

iii.  Study the bone mechanical properties in normal and knockout bone.
Investigator studied bone properties using the Vicker hardness test to
assess mineralization and composition's impact on bone hardness. The
hypothesis was that knockout bones were weaker due to fewer minerals
compared to normal bones. The Vicker hardness test provides accurate
and repeatable results for various materials, involving the dropping of a
load onto a bone surface to leave a mark.

iv. Correlate the results to optimize a potential working model for OFD
and NF1 diagnosis. In this study, the Investigator tried to correlate results
to create a model for diagnosing normal, OFD, and NF1 knockout bones. |
hypothesized that combining mineral-to-matrix ratio with bone density and
mechanical hardness would accurately identify OFD and NF1 knockout
bones compared to normal ones. | utilized correlation techniques to
combine results from Raman spectroscopy, 2D Raman spectroscopy,
Micro-CT, and Vicker Hardness tests to optimize a final working model. The
final model was simplified into a score table for easy application.

Bone is the primary anatomical structure comprising the human skeletal system.
Functionally, it assumes a significant mechanical role in the skeleton and represents a
stock of mineral salts to mobilize to maintain calcium and phosphorus homeostasis." It
protects several vital organs (skull, vertebrae, and rib cage). The bone provides structural
and functional support for hematopoiesis through the medullary spaces it hosts.



Several classifications can be proposed to separate bone subtypes. Overall, there
are five generalized varieties of human bones (long, short, flat, sesamoid, and irregular)
and two architectural subtypes, cortical and trabecular bones.? The focus of this topic is
on the different microscopic structures and components of bone.

Bone can be disrupted in different ways, resulting in various bone diseases and
disorders. These include problems that can occur at or before birth, such as genetic
abnormalities and developmental defects. Many genetic and developmental disorders
affect the skeleton, as well as diseases such as osteoporosis and Paget’s disease of bone
that damage the skeleton later in life. In addition to conditions that directly affect bone,
many other disorders indirectly interfere with mineral metabolism.® Mineral and matrix
disruption in the bone can be metabolic or genetic. Metabolism bone disorders include
those associated with abnormalities in minerals (i.e., calcium and phosphorous),
collectively called hydroxyapatite. Changes in mineral and matrix composition can also
be related to genetic alterations.

Osteofibrous dysplasia (OFD) is a rare, non-cancerous tumor that mainly affects
long bones, particularly in children and adolescents. It commonly occurs in the tibia but
can also affect the fibula and long bones in the arms. Most cases are asymptomatic and
discovered incidentally during imaging. Symptoms, when present, may include swelling,
pain, fractures, or bowing of the affected limb. OFD's cause is unknown, and treatment
usually involves observation until skeletal maturity, with the possibility of bracing or
surgery, if necessary 7. Furthermore, NF1 is a genetic disorder with rare, severe skeletal
manifestations in children, affecting about 1 in 3000 live births per year. It can lead to a
high risk of fracture and osteoporosis. It affects males and females equally, with no
predilection for gender, and has a higher risk of inheriting the condition from the children
of anyone with NF1. Complications may include vision loss, bone fractures, nerve
damage, high blood pressure, tumor development, and decreased life expectancy.-1°

The bone-related symptoms of OFD and NF1 include skeletal malformations and
reduced bone mineral density compared to the general population. Current monitoring
and treatment options are limited. Dual-energy x-ray absorptiometry (DXA) may not
accurately reflect the ongoing bone changes. Discovering shared underlying mechanisms
between OFD and NF1 could lead to shared treatments for both conditions.

The research plan for this study aimed to establish the baseline for normal bone
mineralization and assess the available methods for characterization. The plan also
involved collecting and analyzing statistical data on normal and knockout bones,
comparing the analysis of normal and knockout bones, and ultimately evaluating their
relationship to diseases and pathway research. This dissertation offers a unique
opportunity to explore differences in mineral-to-matrix (Mn/Mx) ratio, bone mineral
density, bone hardness, and content between normal and abnormal rat bones using
various analytical techniques.



| conducted measurements on the leg bones of both normal and genetically
modified rats using Micro-Computed Tomography (Micro-CT), Raman Laser
Spectroscopy, Scanning Electron Microscopy with Energy-Dispersive Spectroscopy
(SEM/EDS), and Microhardness Testing. This research is particularly novel as it marks
the first instance of comparing normal rat bone's Mn/Mx ratio with a specific type of
genetically modified rat bone (OFD and NF1). The genetically modified rats were obtained
from a research project at Texas Scottish Rite Children's Hospital.

| used Micro-CT to determine bone mineral density and conducted Raman
Spectroscopy to calculate the Mn/Mx ratio. Scanning Electron Microscopy with Energy-
Dispersive Spectroscopy was used to analyze bone microstructure, and Vickers hardness
tests were performed for consistency. Decalcified bone histology and a histology study
were also conducted to observe bone microarchitecture. My findings showed significantly
higher mineral-to-matrix content, bone mineral density, and Vickers hardness number in
normal bones compared to the knockout bones.

This study developed and validated a method for preparing and characterizing
bones and obtained preliminary baseline data in normal and knockout mouse femurs.
Furthermore, the results consistently indicate lower minerals to the matrix in knockouts
which confirms other reports suggesting lower minerals to the matrix in knockouts.
Ultimately, this study is the first detection of biophysical/chemical/crystal differences in
OFD and NF1-related appetites, possible confirmation of the hypothesis of
pyrophosphate (PPi) accumulation.

This dissertation is divided into five chapters, and the content is described briefly
as follows:
Chapter 1 Introduction

The author introduces the general theme of the research project, focusing on the
main idea, specific aims, and its significance in the field of bone.

Chapter 2 Literature Review

This chapter provides a comprehensive understanding of bone composition,
structure, and development, along with an investigation into OFD and NF1 diseases. It
provides a thorough review of the existing knowledge on the subject.

Chapter 3 Experimental and Methods

This chapter outlines the experimental details and methodology, including
information about materials, solutions, equipment, and characterization techniques.

Chapter 4 Results Discussions

This chapter presents and discusses the obtained results on determining the
differences in mineral and matrix (Mn/Mx) indices for normal and knockout mice. The



outcomes show that the Mn/Mx ratio is higher in normal bones compared to OFD and
NF1 knockout bones. The data also reveals that the Mn/Mx ratio is significantly lower in
knockout mice, consistent with higher microhardness test results in normal bones
compared to OFD and NF1 bones. Additionally, the bone density of knockout bones is
lower than that of normal bones. The chapter concludes by suggesting that these
combined methods could be a potential diagnostic technique for early detection and
quantification of bone morphology, mineral, and matrix composition, as well as for
assessing bone diseases.

Chapter 5 Conclusion

This chapter summarizes the major conclusions drawn from the acquired results.



Chapter 2 Literature Review

Bone is a rigid organ that constitutes part of the skeleton in most vertebrate
animals." Bone makes up about 14% of the total body weight.'?> Bones protect the various
other organs of the body, produce red and white blood cells, store minerals, provide
structure and support for the body, and enable mobility. Bones come in a variety of shapes
and sizes and have complex internal and external structures.® They are lightweight yet
strong and hard and serve multiple functions. In this chapter, we provide a general
understanding of the bone composition, structure, and development also OFD and NF1
disease and investigate a thorough review of the available knowledge on the subject.

2.1 Bone Morphology

From a morphological perspective, bones are categorized into two major groups,
namely cortical bones, and cancellous (Trabecular) bones. Cortical bones are compact
bones and are responsible for providing mechanical strength, structural rigidity, and
movement. They account for 80% of the mass of the bones in the human body." Vascular
channels occupy about 30% of the volume. The surface-to-volume ratio in cortical bone
is much lower than in trabecular bone. With aging or disease, the cortex becomes more
porous, thus gaining surface area but losing strength. In the long bones, increased
porosity near the periosteal surface causes more loss of strength than increased porosity
near the endocortical surface. Slow periosteal expansion throughout life partially
compensates for this loss of strength, because the bending strength is proportional to the
radius of the fourth power.'*

Cancellous bones, also known as trabecular bones, are soft, spongy bones and
are responsible for providing structural support to the cortical bones, flexibility, and weight
reduction.'>1® In the trabecular compartment, 20% of the volume is composed of bone,
and the remaining space is filled with marrow and fat. The trabecular bone transfers
mechanical loads from the articular surface to the cortical bone. The hydraulic properties
absorb shock. The material properties of the bone compartments differ trabecular bone
has lower calcium content and more water content compared to cortical bone. Trabecular
bone has a large surface exposed to the bone marrow and blood flow, and the turnover
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is higher than in cortical bone."” Resorption takes place along bone surfaces in the
trabecular bone, whereas in the cortical bone, resorption tunnels through the bone itself.
The endocortical surface which is exposed to the marrow as well as the solid bone often
has higher bone turnover than other trabecular or cortical surfaces.’®

Trabecular bone .

Figure 2-1. The two basic types of bone tissues are trabecular and Cortical."®

2.2 Bone Components and Structure

Bone is a mineralized tissue consisting of about 60% inorganic components,
mainly hydroxyapatite, along with 10% water and 30% organic components, primarily
proteins.?° Because it combines inorganic and organic elements, it is one of the most rigid
structures in the body.

The inorganic component of bone primarily consists of minerals, with calcium and
phosphate being the most important minerals. These minerals form hydroxyapatite
crystals (Ca10(PO4)s(OH)2), which are embedded in the collagen matrix. Calcium and
phosphate provide hardness and much of the rigidity, providing structural strength, and
they contribute to approximately 60-70% of the dry weight of bone.??2" Hydroxyapatite,
as a vital component of the bone composition, plays an important role not only in
maintaining bone structure but also in facilitating bone regeneration, especially in these
two key processes: Osteo induction (refers to the mechanism responsible for the
generation of new bone tissue and the conversion of immature cells into pre osteoblasts,
crucial cellular units involved in the development of new bone) and Osteo conduction
(refers to the ability of bone-forming cells to migrate across a bone structure and replace
it with new bone tissue).?223

The organic element of the bone matrix is primarily collagen, a fibrous protein that
gives bone flexibility and tensile strength.?* Collagen makes up a large portion of the
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organic matrix, accounting for approximately 85 to 90% of the organic matrix of bone.?®
Collagen fibers are found in all types of connective tissue and are made up of protein
collagen. These fibers are very tensile (an elongation of 10 to 20% may result in a fiber
break) and flexible and can form either sparse networks of thin collagen fibrils or dense
bundles depending on the function and placement. Non-collagenous proteins make up
approximately 10 to 15% of the total protein content in bone.?® These proteins play
important roles in various biological processes, including mineralization, bone
remodeling, cell signaling, and regulation of bone cell activity.?®

Collagen has a triple helical structure, and specific points along the collagen fibers
serve as nucleation sites for the bone mineral crystals. Bone has a complex hierarchical
structure with structural integration from nm to cm.?”"2° The understanding of bone
structure is developing rapidly due to improvements in available methodologies that allow
unraveling structures across several length scales. These methods include advances in
electron microscopy, in particular, focused ion beam scanning electron microscopy (FIB-
SEM), confocal laser scanning microscopy techniques, X-ray imaging, X-ray diffraction
tomography (XRD-CT), and tensor tomography (small angle X-ray scattering tensor
tomography, SAXS-TT, and wide-angle X-ray scattering tensor tomography, WAXS-TT).
Special emphasis is placed on the latter X-ray techniques that are emerging into powerful
tools.3® Figure 2-2 depicts the hierarchical structure of bone, which illustrates
heterogeneous and anisotropic structure within a bone.
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Figure 2-2. Structural levels of the bone from macro to sub-nanometer scale.’’



Bone also contains exogenously derived proteins that may circulate in the blood
and become locked up in the bone matrix itself. It is a rich source of cytokines (such as
interleukin, tumor necrosis factor, and colony-stimulating factors) and growth factors
(such as transforming growth factors, fibroblast growth factors, platelet-derived growth
factors, and insulin-like growth factors) produced by a variety of cells associated with
bone. These proteins play an important role in the biological activity of bone cells. When
present within the bone, they are inactive but may become mobilized when bone is being
resorbed by osteoclasts.??

Bone cells compose less than 2% of the bone mass, they are crucial to the function
of bones.®®* Bone is composed of four different cell types: osteoblasts, osteocytes,
osteoclasts, and bone lining cells. Osteoblasts, bone lining cells, and osteoclasts are
present on bone surfaces and are derived from local mesenchymal cells called progenitor
cells. Osteocytes permeate the interior of the bone and are produced from the fusion of
mononuclear blood-borne precursor cells.3?

2.3 Bone Histology

From a histological perspective, bone is composed of different parts. The
periosteum is the most external structure present in almost all bones. It is composed of
an outer fibrous layer, mainly characterized by low cell populations and a greater ECM. It
could be subdivided into a highly vascularized superficial portion, mainly composed of
collagen and a few elastic fibers, and a deep portion with many elastic fibers and collagen.
Conversely, the inner cambium layer of the periosteum is highly cellular, with many MSCs,
differentiated osteogenic progenitor cells, osteoblasts, fibroblasts, and a poor ECM.34

More internally, cortical (compact) bone and cancellous (trabecular) bone could be
distinguished. The first represents approximately 80% of the total bone in the body, being
notably stronger than the second one. Frequently, cortical bone is found in the shaft of
long bones, also known as diaphysis, protecting the medullary cavity. In more detail,
cortical bone is composed of osteons, which represent the structural and functional unit.
35n contrast, cancellous bone is characterized by high porosity, which gives this structure
significant mechanobiological properties.36

Indeed, cancellous bone responds eight times faster to changes in load and has
ten times the surface/volume ratio of cortical bone.®” In addition, cancellous bone is
detected at the end of long bones, both at the metaphysis (below the growth plates) and
the epiphysis (above the growth plates), where there is no medullary cavity.3® Endosteum
is an inner membrane that is notably thinner than the periosteum, revesting the bone
marrow cavity, the osteons, and the trabecula near the developing part of the bone. It is
an essential structure that is formed by osteoprogenitor cells and type Il collagen fibers
(reticular fibers).3® Although bone marrow is considered part of the hematological rather
than osseous tissue, it could also play important roles in the bone repair and regeneration



process, due to its abundance of MSCs.*? Having integrative knowledge of bone cells and
ECM components, the structures formed, and the function of each part will provide many
benefits in the field of bone tissue engineering.*! (Figure2-3)
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Figure 2-3. A perspective of bone anatomy, histology, and cellular/molecular components.®’

In the above picture, the main anatomical structures of the long bones may be
distinguished, including the epiphysis, metaphysis, and diaphysis, together with the main
bone layers. These are, from outer to inner, periosteum, cortical bone (in diaphysis) or
cancellous bone (in the epiphysis and metaphysis), endosteum, and bone marrow. The
histological structure is also reviewed, with special emphasis on the cellular components,
composed of mesenchymal stem cells, osteoblasts, and their precursors, osteocytes, and
osteoclasts as well as the extracellular matrix, mainly formed by the inorganic element
hydroxyapatite (60%) followed by the organic component (30%), prominently type |
collagen although other proteins, such as Osteo nectin Osteo pontin or osteocalcin, must
also be considered and water (10%).4?

2.4 Bone Development and Mineralization
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Collagen polymer underlies the structure of both cortical and trabecular bone.
Collagens constitute the largest non-mineral component in bone. The mineral component
is predominately hydroxyapatite (Ca10(PO4)6(OH)2), with some other salts and trace
elements with important functions in the crystal lattice. During development and repair,
bone formation begins with the growth of a collagen structure, into which mineral crystals
are precipitated to form hard bone. In mature cortical bone, mineralized collagen fibers
are organized in parallel layers (lamellar bone). In the newly formed skeleton, collagen
fibers are visible under the microscope and arranged in random directions (woven bone).
Their distribution during development guides the process of mineralization.
Characterization at the nano level is helping the understanding of how these processes
work, to guide improved healing and regeneration.*3

Ossification, or osteogenesis, is the process of bone formation by osteoblasts.
Ossification is distinct from the process of calcification; whereas calcification takes place
during the ossification of bones, it can also occur in other tissues. Ossification begins
approximately six weeks after fertilization in an embryo. Before this time, the embryonic
skeleton consisted entirely of fibrous membranes and hyaline cartilage.** The
development of bone from fibrous membranes is called intramembranous ossification;
development from hyaline cartilage is called endochondral ossification. All the bones of
the body, except for the flat bones of the skull, mandible, and clavicles, are formed
through endochondral ossification. Bone growth continues until approximately age 25.
Bones can grow in thickness throughout life, but after age 25, ossification functions
primarily in bone remodeling and repair.4®

Intramembranous ossification is involved in the formation of the flat bones of the
skull, the mandible, and the clavicles. Ossification begins as mesenchymal cells form a
template of the future bone. They then differentiate into osteoblasts at the ossification
center.** Osteoblasts secrete the extracellular matrix and deposit calcium, which hardens
the matrix. The non-mineralized portion of the bone or osteoid continues to form around
blood vessels, forming spongy bone.*® Connective tissue in the matrix differentiates into
red bone marrow in the fetus. The spongy bone is remodeled into a thin layer of compact
bone on the surface of the spongy bone.#’

In long bones, chondrocytes form a template of the hyaline cartilage diaphysis.
Responding to complex developmental signals, the matrix begins to calcify.#’ This
calcification prevents diffusion of nutrients into the matrix, resulting in chondrocytes dying
and the opening of cavities in the diaphysis cartilage. Blood vessels invade the cavities,
and osteoblasts and osteoclasts modify the calcified cartilage matrix into spongy bone.
Osteoclasts then break down some of the spongy bone to create a marrow, or medullary,
cavity in the center of the diaphysis.*® Dense, irregular connective tissue forms a sheath
(periosteum) around the bones. The periosteum assists in attaching the bone to
surrounding tissues, tendons, and ligaments. The bone continues to grow and elongate
as the cartilage cells at the epiphyses divide.*°

In the last stage of prenatal bone development, the centers of the epiphyses begin
to calcify. Secondary ossification centers form in the epiphyses as blood vessels and
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osteoblasts enter these areas and convert hyaline cartilage into spongy bone. Until
adolescence, hyaline cartilage persists at the epiphyseal plate (growth plate), which is the
region between the diaphysis and epiphysis that is responsible for the lengthwise growth
of long bones.®° (Figure 2-4).

Articular
cartilage

Hyaline
cartilage /| Resorbing \

cartilage
Bone matrix
collar POC

/| Formation of
spongy bone

A B C D E

Figure 2-4. Endochondral ossification is the process of bone development from hyaline cartilage.®’

2.5 Bone Disease and Disorders

Bone diseases and disorders are often related to the change in and function of
mineral and matrix compositions. Mineral and matrix disruption in the bone can be
metabolic or genetic. Metabolism bone disorders include those associated with
abnormalities in minerals (i.e., calcium and phosphorous), collectively called
hydroxyapatite. Changes in mineral and matrix composition can also be related to genetic
alterations.

Bone and marrow contribute to the same organ in which bone and hematopoietic
cells coexist and interact. Marrow and skeletal tissue influence each other, and a variety
of genetic disorders directly target both, which may result in combined hematopoietic
failure and skeletal malformations.5? For instance, various forms of congenital anemias
reduce bone mass and induce osteoporosis, while osteoclast failure in osteoporosis
prevents marrow development, mitigating medullary cavities and causing anemia and
pancytopenia. Diagnosis and management can be facilitated by understanding the
pathophysiology of these conditions.5® These diseases and disorders affect bone
formation and resorption.
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Despite recent progress, it is still unclear why and how these bone pathologies
arise, raising uncertainty regarding optimal treatment. This thesis mainly focuses on how
these modifications affect the mineral and matrix quality and quantity. Raman is an ideal
technique for understanding the quality and quantity of minerals and matrix, which affect
the porosity and fragility of bone. Widely used technologies like Digital X-ray Radiogram,
Micro-CT, and Ultrasound analyze bone parameters. Radiation, cost, and space
availability drove researchers to utilize new options such as FTIR and Raman
Spectroscopy. These analysis methods are nondestructive, quick, and do not require
sample preparation. Evaluation of bone quality and quantity is completed based on the
mineral (Mn) to matrix ratio (Mx) (Mn/Mx), Mineral Maturity and Collagen maturity, and
collagen crosslinks. The distribution of minerals over the matrix contained is a useful
measure of bone quality. This study focused on the Mineral/Matrix (Mn/Mx) parameter to
discriminate between normal and knockout bones.

2.6 Potential Applications in Bone Research

An active area in biomedical bone research is to learn how development, disease,
and disorders affect bone failure. A goal is the elucidation of mechanisms in development
and disease progression. Mechanical characterization of the bone microenvironment is
recognized as important for understanding how bones function in health and disease.
General relationships can be observed between clinical bone disorders and factors such
as nutrition, genetics, infection, and hormone levels. A more detailed understanding of
micromechanical architecture, structural composition, and mineralization may contribute
to remediation approaches.%*-%"

Bone is a complex composite structure, which micro- and nano-architecture
contributes to strength and resilience.®® Components such as calcium, magnesium,
phosphorous, and organic biopolymers such as collagens differ in relative abundances
and distributions according to bone type and condition.%%-%' Growth-promoting and guiding
proteins are important in the development, healing, and dynamic maintenance of bone’s
mineralized microstructures. Proteinaceous matrix polymers bind the mineral plates and
halt crack propagation. Their presence contributes to an abundance of nitrogen seen in
the elemental mapping of mineralized tissues.6263

Trace metals can in some cases increase the resilience of crystalline lattices in the
microscopic plates that make up the mineral component of bone. In addition, trace
minerals and metallic elements may affect the adhesion of proteinaceous polymers to the
plates, further increasing composite resilience.®*¢> Chemical composition is a necessary
but not sufficient determinant of bone quality. Nevertheless, the characterization of bone
at a fundamental level can start with the biochemical composition of the mineral and
organic matrix.
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Imaging techniques for bone such as dual-energy X-ray absorptiometry (DXA),
high-resolution magnetic resonance imaging (MRI), computed tomography (CT),
quantitative sonography, and texture analysis of radiographs are all capable of showing
microstructure but are limited in providing information on composition.¢7 Analysis of
bone composition with Raman and other analytical techniques may contribute to the
development of diagnostic protocols and indices for bone disorders. The penetration
potential of Raman makes it promising for eventual clinical application to live bone.%8.8°

If we can find the same or closely related mechanism in different bone diseases,
then the same treatment can be applied using the same drugs and therapy.

2.7 Osteofibrous Dysplasia (OFD) bone disorder

OFD is a benign fibro-osseous developmental condition of bone that commonly
occurs in the cortical bone of the anterior mid-shaft of the tibia in children. * First described
by Frangenheim in 1921, it is also called congenital fibrous dysplasia and ossifying
fibroma of the long bones.” It is caused by genetic mutations, also known as pathogenic
variants. Genetic mutations can be hereditary when parents pass them down to their
children, or they may occur randomly when cells are dividing. Genetic mutations may also
result from contracted viruses, environmental factors, such as UV radiation from sunlight
exposure, or a combination of any of these.””

OFD was frequently found intra-cortical of the mid-shaft of the tibia, also occurs in
other skeletal regions, including the fibula, ulna, radius, femur, humerus, ischium, rib,
tarsus, metatarsals, vertebral, and capitate. OFD can present with asymptomatic, mass,
pain, swelling, deformity, and even pathological fracture and might be misdiagnosed as
adamantinoma (AD) because they are three subtypes origin from the same family of bone
tumors and have similar imaging features. Moreover, pathology could provide evidence
for an accurate diagnosis of OFD, but misdiagnosis may occur due to small sampling
materials.’?

OFD can be classified as monostotic, polyostotic, and McCune Albright syndrome.
Most cases of monostotic lesions present with no significant symptoms and are often
found incidentally on X-rays. The condition mainly affects patients in their third decade.”
The typical radiographic findings of OFD show eccentric, well-circumscribed osteolytic
lesions with a sclerotic border in the anterior cortex of the tibial diaphysis. As the tumor
progresses, it shows a longitudinal spread to the metaphysis.”* Cortical expansion
and intramedullary extension may occur and can lead to an anterior bowing deformity of
the tibia. While radiographic findings of OFD are well-known, magnetic resonance
imaging (MRI) findings of OFD have not been fully described in the literature. The most
important complication of OFD is the pathological fracture, which usually occurs after mild
trauma.”®
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Figure 2-5. A radiograph of the OFD in the tibia.”®

2.8 Osteofibrous Bone Disorder in Previous Studies

To date, few studies have comprehensively introduced epidemiology, clinical
manifestations, pathogenesis, radiological features, pathology, and treatment for OFD.
OFD is rare, and because most of the published literature is limited to case reports and
small case series, definitive management recommendations are difficult to establish, and
the management continues to be controversial. Because it is a benign lesion that seldom
progresses during childhood and never progresses after skeletal maturity, some surgeons
recommend observation without surgical intervention other than obtaining a biopsy.
Bracing may be indicated to minimize deformity and prevent fracture. Surgical
intervention in OFD (e.g., curettage or excision) before puberty may result in a high
recurrence incidence. Surgical intervention is reserved for massive or deforming lesions
or pathological fractures.”

The treatment for OFD-like adamantinoma is not well established due to the
scarcity of cases. Careful observation and symptomatic treatment have been suggested.
Surgery does not increase the risk of recurrence or the development of metastases. The
aggressive nature of OFD-like adamantinoma compared to OFD is noticed not only
histologically and radiologically but also clinically, especially in the degree of pain.”” As
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there is no clear evidence of progression from OFD to adamantinoma, conservative
management with observation or curettage is often successful for patients with OFD and
OFD-like adamantinoma. Resection with clear margins is required for patients with
adamantinoma. Late tumor recurrence is not uncommon in adamantinoma, and
prolonged follow-up should be considered.”

OFD is seen in the first or second decades of life. More than half of all the patients
are under 5 years of age. Even neonates may be affected. Osteofibrous dysplasia has a
characteristic natural course. The lesion grows progressively until the patient reaches the
age of 15 years. After the cessation of skeletal maturation, the lesion becomes stable or
may even regress spontaneously. It is infrequent to see a patient with OFD over the age
of 35 years. Management should include an interprofessional team approach with
clinicians, radiologists, nurses, and possibly an oncologist, to improve outcomes.”®

OFD is a congenital disorder of osteogenesis and is typically sporadic and
characterized by radiolucent lesions affecting the cortical bone immediately under the
periosteum of the tibia and fibula. It was identified germline mutations in MET, encoding
a receptor tyrosine kinase, that segregates with an autosomal-dominant form of OFD in
three families and a mutation in a fourth affected subject from a simplex family and with
bilateral disease. A mutation has been identified but the mechanism has not been fully
investigated.”®

Almost all the published studies about OFD are clinical studies and there are a few
published studies about the cause histology and mineral disruption of OFD. The work by
the Rios group did not test for phosphate (Rios et al in preparation, personal
communication).

OFD
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Figure 2-6. Management strategies for OFD.”°

16



2.9 Neurofibromatosis Type 1 (NF1) bone disorder

NF1 is one of the inheritable neurocutaneous disorders that also harbors the risk
for bone abnormalities, vasculopathy, and cognitive impairment.2° NF1 is a complex multi-
system human disorder caused by the mutation of neurofibromin 1, a gene on
chromosome 17 that is responsible for the production of a protein (neurofibromin) which
is needed for normal function in many human cell types.?'-83 NF1 causes tumors along
the nervous system which can grow anywhere on the body. NF1 is one of the most
common genetic disorders and is not limited to any person's race or sex and it is an age-
specific disease; most signs of NF1 are visible after birth.848°

NF1 harbingers the risk for bone abnormalities, vasculopathy, and cognitive
impairment. The tibia is the bone most affected and bowing of the tibia is one of the first
signs of the disease.® The bowing of the tibia makes it more vulnerable to a break, or
fracture.®” Often, this fracture does not heal well due to the deformity of the bone and may
lead to a persistence of the fracture, known as pseudarthrosis.8 Prevention of this sort of
break is very important, as pseudarthrosis of the tibia is very difficult to treat and requires
surgery. In people with NF1, histomorphometric analyses of bone biopsies have shown
an overall decreased mineral content compared with age and sex-matched controls, in
addition to reduced trabecular bone volume, increased osteoid volume, and increased
osteoblast and osteoclast numbers.8%-%0n mice, osteoblast dysfunction following NF1 loss
results in an increased generation of pyrophosphate, which inhibits bone mineral
(hydroxyapatite) production and bone mineralization, causing reduced bone density and
a higher risk of bone fracture.®'.%2

NF1 patients are shorter than healthy subjects: several studies highlight
proportionated short stature between 8 and 15% of patients affected by NF1, thus
suggesting a generalized skeleton bone growth decrease.®®° Previous studies,
performed in NF1 patients, showed local and general dysregulation in bone resorption
and remodeling®°7 and increased formation of osteoclasts. An increased bone fracture
rate was observed in NF1 adults and NF1 postmenopausal women. Reduced bone
mineral density (BMD), osteoporosis, and increased fracture risk were also found in
young NF1 patients.®8-19 Osteoporosis is the most common disease of bone and a major
public health concern. Osteoporotic bone exhibits decreased mass, deteriorated tissue,
and disrupted architecture that results in compromised strength.

In short, resorption becomes greater than formation. The diagnosis is by
measuring bone mineral density (BMD) with a dual-energy X-ray absorptiometry (DEXA)
scan or after a vertebral or hip fragility fracture in the absence of significant trauma. Two
methods serve to calculate BMD.0!
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2.10 NF1 Bone Disorder in Previous Studies

Genetic studies during the past decades have established that bone mineralization
is controlled by multiple genetic pathways, regulating the homeostasis of calcium and
phosphate required for bone mineral formation. These pathways are not fully elucidated.
Fully elucidating these pathways requires understanding physicochemical mineralization
in organelles and its relationship with the deposition of Ca and P (Intra- and inter-cellular).
The therapy for NF1 disorders will derive from understanding and controlling these
pathways. Characterization of mineral distributions will aid pathway elucidation. Overall,
the etiology of NF-associated skeletal manifestations remains unknown.02-105

Sophisticated analyses of bone minerals using Raman spectra, Fourier-transform
infrared spectroscopy (FTIR), and synchrotron-generated X-ray diffraction techniques
have been performed; however, a consensus on the issue is still elusive. Concerns have
been raised about this latter finding on the grounds of technical limitations, including
possible mineral phase transition during sample collection and processing.'%-1% The
precise mechanisms underlying intracellular processes remain unclear, and they cannot
be fully integrated with the extracellular mineralization mechanism and the
physicochemical structure development of the mineralization particles.'®®

Research from Scottish Rite Children's Hospital indicates that NF-associated
skeletal pathologies in NF1 are associated with dysregulated pyrophosphate
homeostasis in adjacent NF tumors and suggests that treatment of NFs with MEK
inhibitors may improve skeletal manifestations of the disease. The samples that they
already used in this research will be used in this study.''® Previous studies reported low
levels of serum 25-hydroxy vitamin D3 (250HD) and reduced bone mineral density and
trabecular bone density in both adults and children NF1 patients. Although skeletal
involvement in patients with NF1 is well known, and osteoporosis has been reported in
adult NF1 patients, there is limited knowledge about bone metabolism in NF1 children.

The above-cited recent work "° found evidence to support a proposed mechanism
for steps in the pathway of bone formation disrupted by NF1 gene knockout. The steps
in this mechanism are: 1) NF1 suppresses the formation of inorganic mineral
pyrophosphate, which is a strong inhibitor of normal apatite formation. 2) Loss of NF1
(knockout) results in excess pyrophosphate, 3) which lowers mineralization in knockout
bones. The pyrophosphate enrichment in the knockout would not contribute to mineral to
matrix measurements by the standard Raman method, since the spectral peaks for the
phosphorous are shifted. However, phosphorous and calcium would be detected in any
chemical form by EDS/SEM analysis.
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Figure 2-7. Photograph of the leg of a child with NF1 with tibial pseudarthrosis and radiograph of the affected leg
pictured.”’

2.11 Underlying mechanism of NF1 and possible relation to OFD

Individuals with neurofibromatosis type-1 (NF1) may develop a specific bone
disorder that is very challenging to treat. NF1 is caused by mutations in the NF1 gene,
which produces the RAS GTPase—activating protein neurofibromin. When the Nf1 gene
is removed from bone-forming cells, it results in an excessive accumulation of
pyrophosphate (PPi), a strong inhibitor of hydroxyapatite formation. This happens
because of a constant increase in the activation of extracellular signal-regulated kinase
(ERK), leading to elevated expression of Enpp1 and Ank genes, which encourage PPi
production and transport. Nf1 removal also prevents osteoprogenitor differentiation,
alkaline phosphatase expression, and PPi breakdown, which further contributes to PPi
accumulation. Mice lacking Nf1 in bone-forming cells exhibit short stature and impaired
bone mineralization and strength, but these symptoms can be improved with enzyme
therapy aimed at reducing PPi concentration. These findings demonstrate the crucial role
of neurofibromin in bone mineralization and suggest that imbalanced PPi levels contribute
to the bone disorders seen in NF1. It also implies that some skeletal conditions associated
with NF1 could potentially be prevented with medication.
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We investigated the disruption of the Mn/Mx ratio in knockout bones using Raman
spectroscopy. We compared the Raman peaks to identify any differences or similarities
between the knockout bones and normal bones. Additionally, we calculated the changes
in manganese and matrix appetite in phosphate using 2D Raman mapping. We also
looked for higher total phosphate in knockout bones due to the contribution of PPi using
EDS/SEM. Finally, we studied the disruption of the microstructure of the knockout bones
through histology and 2D Raman mapping.
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Chapter 3 Experimental Methods

The primary objective of this research is to explore the composition of both normal
and genetically modified mice bone samples to identify and measure the variations in
mineral-to-matrix content and bone mineral density. This in-depth study will involve
utilizing cutting-edge techniques such as Micro-CT, Raman spectroscopy, Raman 2D
mapping, and Scanning Electron Microscopy with Energy Dispersive Spectroscopy
(SEM/EDS) to generate detailed chemical images and elemental composition maps of
the bone cross sections to visualize their structural and morphological features.
Additionally, Micro Hardness Testing will be conducted to assess the quality of both
normal and genetically modified bone samples.

3.1 Description of Animal Specimens

The strength of bone is largely determined by the condition of the cortical bone.
Analysis of excised femoral necks has revealed that the cortex contributes to 40—-60% of
the overall strength of the femur. Furthermore, finite element modeling has indicated that
cortical bone in the femoral neck region may bear 50% of the stresses associated with
normal gait. Therefore, our research focused on evaluating elemental ratio maps of the
cortical bone.

Our study utilized 14 bone samples, consisting of 2 knockout bones with NF1
disorder, 8 normal bones, and 6 knockout bones with OFD bone disorder. These samples
were excised femur bones from both normal and genetically altered mice (knockout). The
genetically modified mice were developed as part of a research project at UT
Southwestern Medical Center and Texas Scottish Rite Children's Hospital's Research
Center, to understand the causes of bone disorders in humans.
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Figure 3-8. Normal, OFD and NF1 bone samples under the microscope.
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Knockout#2

Figure 3-9. Whole body CT scan images that showed clearly differences in skeletal between normal and
genetically modified NF1 mice.
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Table 3-1. Bone samples information.

Sample # | Bone Type | limb Sex Age Length Bone
(Month) (mm) Density
(mg/cm?3)
1 Normal Femur | Female 4 17 1050
2 Normal Femur | Female 4 16 1069
3 Normal Femur | Female 4 16 1044
4 Normal Femur | Female 4 17 1062
5 Normal Femur Female 4 16 1073
6 Normal Femur | Female 4 16 1059
7 Normal Femur | Female 4 16 1081
8 Normal Femur Female 4 15 1075
1 OFD Femur | Female 4 16 1021
Knockout
2 OFD Femur | Female 4 15 1002
Knockout
3 OFD Femur | Female 4 15 1020
Knockout
4 OFD Femur | Female 4 14 1027
Knockout
5 OFD Femur Female 4 15 1018
Knockout
6 OFD Femur | Female 4 16 1024
Knockout
1 NF1 Femur | Female 4 11 984
Knockout
2 NF1 Femur | Female 4 12 982
Knockout

The femur bone samples were removed from the tissue and prepared for histology
after micro-CT. To ensure proper infiltration of solutions, the muscle was removed. The
bones were fixed in natural buffer formalin for three days, then soaked in 70% ethanol for
two days, followed by 80% ethanol for two days, 90% ethanol for two days, and finally
100% ethanol for two days, a process called dehydration. After dehydration, the samples
were embedded in resin Embed-812 for preservation, easy sectioning, and stability under
the electron beam. Then, the samples were sectioned with a microtome from the mid-
shaft diaphysis and Metaphysis cross-section for scanning by Raman spectroscopy.

3.2 Sample Preparation
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Additionally, bone slices were sputter coated with silver, following standard SEM protocol,
to prepare them for high vacuum SEM.

3.3 Micro-CT Analysis

Experimental and preclinical bone and dental research has employed micro-
computed tomography (Micro-CT) increasingly over the last two decades which is
currently being utilized in various fields such as biomedical research, materials science,
pharmaceutical medicine development and manufacturing, composites, dental research,
electronic components, geology, zoology, botany, construction materials, and paper
production. From a technical point of view, micro-CT indeed is a cone beam computed
tomography technique that utilizes geometrically cone-shaped beams for reconstruction
and back-projection processes. Micro-CT is a nondestructive technique that visualizes
interior features within specimens with 3D imaging. This effective characterization method
can alter the focus size from micro to macro to obtain reliable image data.''?

Phoshor-detector
& CCD Camera

Collimator Rotating
Specimen

Micro-focus X-ray tube

Figure 3-10.Principal component of a microcomputed tomography scanner.’’s

A micro-focus x-ray tube, or synchrotron emitter for monochromatic beam
generation, produces radiation, which is collimated and passed through the object. The
radiation is attenuated by the sample, and this attenuation is measured by a charge-
coupled device (CCD) camera with a phosphor layer coating to convert X-rays to visible
light. A three-dimensional rendering of the sample is achieved by scanning at different
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angles of rotation and reconstructing through the transformation of two-dimensional
projections.™3

3.3.1 Micro-CT Analysis in Bone

Micro-CT is an X-ray imaging method capable of visualizing bone at the
microstructural scale, that is, 1-100 pym resolution. It is like clinical CT but achieves higher
resolution by combining a smaller field-of-view, micro-focus X-ray source, and higher
resolution detector. Micro-CT is the gold-standard method for the assessment of 3D bone
morphology in studies of small animals. As applied to the small bones of mice or rats,
micro-CT can efficiently and accurately assess bone structure (e.g., cortical bone) and
micro-structure (e.g., trabecular bone)."'4

Because bone minerals are relatively dense, they attenuate X-ray energy much
more than marrow or soft tissue, and thus CT provides a clear contrast between bone
and adjacent nonmineralized tissue. Likewise, bone regions of lower density have less X-
ray attenuation than regions of higher density, allowing for discrimination of variations in
bone mineral density. For bone micro-CT, the standard practice is that the linear
attenuation is converted to mineral density based on hydroxyapatite (HA) calibration
phantom, as the bone mineral is like hydroxyapatite. Thus, the units of bone mineral
density (BMD) from micro-CT are [mg HA/cm3]. In summary, micro-CT attenuation values
may be expressed per mille or as BMD [mg HA/cm3].'"™

In this study, the author conducted micro-CT scans under the guidance of Dr.
Rhonda Prisby in her laboratory (UTA Bone Vascular and Microcirculation Laboratory).
The entire femur bones were scanned ex vivo at a high resolution of 3 ym using a Scanco
Micro CT 45 (SCANCO Medical AG) at 55 kV.
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Figure 3-11. SCANCO Medical Micro-CT 45.

The decision on which morphometric indices should be reported depends largely
on the research question. In long bones, it is recommended to focus on the femur because
there is already a relatively large number of studies reporting results for the femur, and
values for the accuracy and reproducibility of these measures have been assessed for
murine femurs. Also, both trabecular and cortical parameters can be evaluated from the
distal metaphysis and mid-diaphysis, respectively. The tibia is also acceptable for
trabecular bone measurements at the proximal metaphysis and cortical bone
measurements at the diaphysis.

The other recommended standard site is the vertebral body, which traditionally has
been used for trabecular bone measurements, but it also can be used for cortical bone
measurements. It is recommended to use lumbar rather than thoracic or caudal spinal
segments because the volume of the lumbar vertebral bodies is the greatest, and
therefore, more bone is sampled.

The minimal set of variables that should be reported for trabecular regions includes
bone volume fraction (BV/TV), trabecular thickness (Tb. Th), trabecular separation (Tb.
Sp), and trabecular number (Tb. N) because these can be found in most publications and
also can be compared to some extent with classical histomorphometry variables.
Depending on the research question, additional variables, such as the structure model
index (SMI), connectivity density (Conn.D), degree of anisotropy (DA), and many others,
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can be reported, but typically only variables that are critically discussed in the paper
should be reported to avoid a long list of variables that are not put into perspective.

The minimal set of variables that should be reported for cortical regions includes
total cross-sectional area (Tt. Ar), cortical bone area (Ct. Ar), cortical thickness (Ct. Th),
and cortical bone fraction (Ct. Ar/Tt.Ar). Area moments of inertia, cortical porosity (Cortical
porosity was calculated with the following equation: 1 — Ct.BV/TV. Cortical thickness and
porosity examine whether the cortical shell becomes thinner and/or more porous in
different types of bones, pore morphology, tissue mineral density, and other
measurements also may be of interest depending on the research question and ability of
the imaging approach to assess these variables accurately.

For all of the samples, normal, OFD, and NF1 knockout bones, the bone mineral
density was calculated (Figures 4-20 and 4-21) and the following cortical bone
parameters were determined from 90 slices at the femoral mid-shaft: Cortical shell
thickness (um), and cortical bone density (mg/cm3). (Figures 4-22 and 4-23).

Trabecular bone microarchitecture; BV/TV (%), Tb.The [um], Tb. N [/mm], and Tb.
Sp [um] and trabecular bone density(mg/cm3), were determined from 150 slices in the
femoral metaphysis. Trabecular BV/TV allows for the assessment of bone mass, Tb. Th
and Tb. N assesses the thickness and number of individual trabeculae, respectively, and
Tb. Sp analyzes the distance between individuals. Alterations in Tb.Th, Tb. N, and Tb. Sp
often reflects changes in BV/TV. For example, increases in Tb. Th and Tb. N often
coincides with augmented BV/TV (Figures 4-24 to 4-26).

A one-way ANOVA analysis was used to determine statistical differences between
the two types of bone samples. Data are presented as Means + SD. Significance was
defined a priori at P < 0.05. Statistical analyses were run with Origin Lab Pro software.
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Table 3-2. Definition and description of 3D outcomes for bone.

Abbreviation | Variable Unit Description

Cr.Th Cortical mm Average of cortical thickness
Thickness

BVITV Bone volume % The ratio of the segmented bone volume
fraction to the total volume of the region of

interest

Tb. N Trabecular 1/mm | Measure of the average number of
number trabeculae per unit length

Tb.Th Trabecular 1/mm | Mean thickness of trabeculae, assessed
Thickness using direct 3D methods

Tbh.Sp Trabecular mm The mean distance between trabeculae,
separation assessed using direct 3D methods

3.4 Raman Spectroscopy

Raman spectroscopy is one of the vibrational spectroscopic techniques used to
provide information on molecular vibrations and crystal structures. This technique uses a
laser light source to irradiate a sample and generates an infinitesimal amount of Raman
scattered light, which is detected as a Raman spectrum.'®

Raman spectroscopy is a scattering technique. It is based on the Raman Effect,
i.e., the frequency of a small fraction of scattered radiation is different from the frequency
of monochromatic incident radiation. It is based on the inelastic scattering of incident
radiation through its interaction with vibrating molecules. It probes molecular vibrations.'”

In Raman spectroscopy, a sample is illuminated with a monochromatic laser beam
which interacts with the molecules of the sample and originates scattered light. The
scattered light having a frequency different from that of incident light (inelastic scattering)
is used to construct a Raman spectrum. Raman spectra arise due to an inelastic collision
between incident monochromatic radiation and molecules of the sample. When
monochromatic radiation strikes a sample, it scatters in all directions after its interaction
with sample molecules. Much of this scattered radiation has a frequency that is equal to
the frequency of incident radiation and constitutes Rayleigh scattering. Only a small
fraction of scattered radiation has a frequency different from the frequency of incident
radiation and constitutes Raman scattering. When the frequency of incident radiation is
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higher than the frequency of scattered radiation, Stokes lines appear in the Raman
spectrum. But when the frequency of incident radiation is lower than the frequency of
scattered radiation, anti-Stokes lines appear in the Raman spectrum. Scattered radiation
is usually measured at a right angle to incident radiation."8

Stokes-shifted Raman bands involve the transitions from lower to higher energy
vibrational levels and therefore, Stokes bands are more intense than anti-Stokes bands
and hence are measured in conventional Raman spectroscopy, while anti-Stokes bands
are measured with fluorescing samples because fluorescence causes interference with
Stokes bands. The magnitude of Raman shifts does not depend on the wavelength of
incident radiation. Raman scattering depends on the wavelength of incident radiation. A
change in polarizability during molecular vibration is an essential requirement to obtain
the Raman spectrum of the sample. Since Raman scattering due to water is low, water is
an ideal solvent for dissolving samples. Glass can be used for optical components (mirror,
lens, sample cell) in Raman spectrophotometer. 9
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Figure 3-12. Diagram of the Rayleigh and Raman scattering processes.’?
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Figure 3-13. Schematic diagram of DXR Raman microscope.’®’

3.4.1. Raman spectroscopy in bone

Raman spectroscopy is increasingly commonly used to understand how changes
in bone composition and structure influence tissue-level bone mechanical properties. The
spectroscopic technique provides information on bone mineral and matrix collagen
components and on the effects of various matrix proteins on bone material properties as
well. The Raman spectrum of bone not only contains information on bone mineral
crystallinity that is related to bone hardness but also provides information on the
orientation of mineral crystallites concerning the collagen fibril axis.

Raman uses a selected laser excitation wavelength (conventionally denoted in
nanometers = nm) and measures a resulting scattering spectrum (conventionally
presented in terms of wavenumbers = cm™'). With Raman, it is important to decide the
right laser excitation wavelength. Because Raman scattering is an event with very low
probability, other signals may obscure the Raman signal, especially from fluorescence.
The efficiency of fluorescence excitation from protein and other tissue is generally higher
than the efficiency of Raman scattering. So, suppressing the fluorescence signal provides
significant improvement. To lessen this issue, working in a diagnostic window with
excitation between 600 nm and 1100 nm is preferred. Fluorescence efficiencies are
generally significantly lower in the higher end of this range. There is a tradeoff since
Raman signals are also lower at longer wavelengths and other interferences come into
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effect for selected index peaks. Hence, a 780 nm laser excitation was used for an optimal
result.'??

Figure 3-14 shows a standard Raman spectrum of bone which represents the
inorganic and organic functional groups. Different peaks are characteristic for various
entities such as PO4*, carbonate (CO3%), amides, praline, etc., which predominate in
either organic matrix or inorganic mineral phases. In this spectral plot, the baseline has
been leveled by subtraction of fluorescence signals.
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Figure 3-14. Standard Raman spectrum of bone.*

Here, the most intense peak is the PO4% at 959 cm™'. Some factors can alter the
peak position for a few wavenumbers such as mineral carbonate (COs%) and
monohydrate phosphate (HPO4?"). An increase in HPO4?> may result in the peak shift
towards the lower wave number, which can be seen in newly deposited minerals. There
is more than one peak generated by phosphates, and there are some sub-peaks as well,
resulting in an intense but broader peak. The v2 and v4 shown in Figure 10 are substitute
peaks of the phosphates. And there is one more substitute peak of phosphates obtained
at 1076 cm™! designated vs. Another mineral band is the CO3?- symmetric stretch v4 (C-O
stretch) at 1070 cm™'. This small difference in wavenumbers of these peaks (v3 and v1)
leads them to overlap with each other. So, care must be taken in the process of peak
fitting for accurate measurements. Similarly, as for minerals, there are different peaks for
the matrix. All the amide peaks represent collagen, which makes up more than 90% of
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the matrix. Amide 11l (C-N stretches, and N-H bends) at 1250 cm™' and amide | at 1660
cm-! (C=0 stretch) are due to collagen backbone vibrations. In this study, the amide | peak
was chosen for matrix estimation because of its intensity and relative lack of overlap.
Other studies have used the bands for proline and hydroxyproline, which fall around 855
cm™ and 875 cm™' respectively. The lower intensity amide 1l band in the region of 1250
cm' is not as useful because of overlaps.'?4125

This standard literature spectrum from deproteinized powdered dry bone has a
very flat baseline, unlike spectra of less treated bone, which has more protein. There can
be a distortion that arises when more protein is present. One protein indicator is the peak
at wavenumber 1450 cm™' which shows the CH2 scissoring mode, but this mode can also
include contributions from other organic components.

3.4.2 Characteristic Raman Peak Ratios for Mineral and Matrix

Raman measurements are usually taken as ratios because, in a complex phase
like bone, it is challenging to take absolute measurements. Raman scattering in the
standard bone spectrum falls in the range between 400 cm-1 and 1700 cm™" and includes
peaks defining mineral and matrix content. This region excludes the C-H and N-H bonds,
found in the 2900 cm™' to 3300 cm™ range, which give little extractable information for
distinguishing between mineral and matrix.'2¢ four most common ratios are calculated for
the different measurements of the bone. Those are 1) mineral-to-matrix Ratio (Mn/Mx);
2) carbonate (CO3%) to phosphate (POs*) ratio; 3) collagen-cross link ratio; and 4)
crystallinity.’?” These ratios and their significance are summarized in Table 3-2.

Table 3-3. Important ratio indices derived from Raman peaks.

Most used Raman Calculations Ratios

Mineral to Matrix | (959- to-Pro, Hype, or 959-to-amide ) a measure of mineral

content
Carbonate (1070-t0-959) a measure of carbonate substitution in apatite
Iphosphate lattice
Crystallinity (inverse width 959) a measure of crystal size and/or perfection

Collagen cross-link  (1685-t0-1665) a measure of collagen fibril maturity
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This work was focused on the Mineral Matrix ratio (Mn/Mx) and examined the CO3?
to PO4*> ratio because it directly relates to CO3?" substitution, which may be related to
aging and/or disease. The ratio of the PO4% and amid | peak was taken to give the Mn/Mx
index. The PO4* peak is generally accepted as the measure of minerals. The competitors
for amide | peaks are proline, hydroxyproline, amide Ill, and CH2 deformation peaks.
Some studies suggest the hydroxyproline peak for the measure of the matrix. The reason
is that the hydroxyproline scattering intensity depends less on the C-C stretching
frequency than the amide | and is thus more specific for the structure of collagen.'?8
However, this work takes amid |, due to its higher intensity and lower overlap, to represent
the matrix part of the Mn/Mx ratio. This ratio defining the mineral content is more closely
proportional to ash weight.'?°

All the ratio indices can be calculated using the heights and the areas of different
peaks. The current study initially used software to compute both area and height and
found insignificant differences. The data in the final reported results was calculated with
the software using the area ratio.

The important peaks and their wavenumber ranges are shown by arrows and
described in the accompanying Table 3-4.

Table 3-4. Important Raman peaks from mice bone.

Component Wavenumber
Phosphate 957-961 cm"
Carbonate 1070 cm™’
Amide Il 1246 cm’
CH2 1450 cm’
Amide | 1657-1667 cm™’

For the peak measurements for the Mn/Mx index, baseline corrections were made
to remove effects due to fluorescence. Fluorescence comes mostly from organic material
in the matrix portion of the bone. Fluorescence can give an overly high reading for the
matrix, as well as interfere with the mineral peaks through overlap.

In this study, Raman spectroscopy (Thermo Fisher DXR3) was performed on bone
samples using a 780 nm excitation laser. The objective magnification was 50X, the laser
power was 100 mW, and the aperture was a 25 pm pinhole. The wave number range was
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between 200 and 2000 cm”-1. Preceding the spectral collection, photobleaching was
conducted for one minute with a 4-second exposure time and 32 sample exposures.

Figure 3-15. Thermo Fisher DXR3 Raman Spectroscopy

We obtained Raman spectra from the cross-section of the femur mid-shaft
diaphysis. We collected 16 samples in total, comprising 8 normal bones, 6 OFD
knockouts, and 2 NF1 knockout bones. The femur mid-diaphysis was chosen as the most
consistent site for measurement. Multiple measurements were taken at the diaphysis
position on each bone sample.

Additionally, Raman laser spot spectra were captured from six closely spaced
locations in the mid-diaphysis of the femur for selected bones to investigate whether this
could mitigate variance by compensating for sampling error.

Figure 3-15 displays the mid-shaft diaphysis cross-section of the cortical femoral
bone sample under the microscope with a 500 uym resolution. This figure also shows the
6 positions from which spectra were obtained from the cross-section of the cortical
femoral bone. It's important to note that the limited number of animals measured may limit
the significance of this result.
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Figure 3-15.Images of different position along the bone were spectra taken. (Related to the OFD
knockout bones)

Figure 3-16 displays detectable Raman signals captured at 6 different positions of
the mid-shaft diaphysis cortical femoral cross-section of femur bones. In all femur
samples, strong PO4-3 peaks were observed in the minerals, while a weaker Amide |
signal was identified for the matrix. This aligns with the anticipated results for the highly
mineralized cortical bone of the femur.

One-way ANOVAs (Origin Lab Pro) were used to determine statistical differences
in the ratio of Mn/Mx for normal and knockout bones. Data are represented as mean
SD. Significance was defined a priori at P < 0.05.

Lens: ZS20:X150

Figure 3-16. Example of different positions of taken Raman spectra of femur bone cross-section.

A baseline subtraction method was used to correct the fluorescence signal to
measure the peak height and integral area under the selected Raman peaks. However,

35



this technique can potentially reduce the strength of the Raman organic phase signal. To
ensure optimal removal of fluorescence and other noises, it is important to have a level
baseline and ensure that the overall spectra conform to a standard shape. We used Origin
Pro software to implement the baseline subtraction (Figure 3-17) on the spectra and
obtained the corrected peak height estimate (Figure 3-18).
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Figure 3-17. Baseline subtraction method using Origin Pro software on the bone spectrum.
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Figure 3-18. Bone spectra show areas under the peaks.
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3.4.3 2D Raman mapping

Raman 2D mapping has been employed to generate detailed chemical images
based on the sample’s Raman spectrum, a complete spectrum is acquired at every pixel
of the image and then examined to generate false color images based on materials
composition and structure. Raman peak intensity images of concentration and distribution
of materials. Raman peak position yields images of molecular structure and phase and
material stress/strain. Raman peak width yields images of the crystallinity and phase of
the material.

In this study, Raman microscopy was employed to demonstrate the accuracy of
Raman spectroscopy in detecting potential differences in mineral and organic
compositions between the knockout and normal specimens. Specifically, the study
focused on the phosphate-to-amide | and carbonate-to-amide | ratios. The statistical
analysis presented here provides valuable information about bone quality. Four cross-
section samples from the mid-shaft diaphysis of femurs were used for both normal and
knockout specimens. The Raman mapping technique was utilized to map the phosphate,
carbonate, and amide | peaks, as well as the ratio of phosphate to amide | and carbonate
to amide |. These parameters are commonly used for determining mineral and organic
compositions.

Generating a Raman map can take anywhere from a couple of minutes to a couple
of days, depending on the size of the area being mapped. Using a 100x objective
magnification for flatter samples can significantly reduce the time required for 2D mapping
collection. Additionally, eliminating the photo-bleaching time can help reduce the time
required for collecting the map. For this study, 12 points were considered from each
sample taken from the mid-shaft diaphysis cross-section of the cortical femur for 2D
mapping, with a distance of 10 um between each point.

The sample was placed under the Raman spectroscopy microscope, and an area
of interest was selected and monitored using the Atlas window in the Raman
spectroscopy software. A 2D map of the selected area was collected, and then the profile
setup of the collected map was used to calculate the Mn/Mx ratio by determining the area
under the peaks of mineral and matrix compositions. Figure 3-16 demonstrates how the
software calculates the area under the peaks.
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Figure 3-19. Example of 2D mapping area peak calculation.

Raman 2D mapping can calculate the Mn/Mx ratio of the samples so we do not
need to calculate the ratios manually but to demonstrate how the Raman 2D mapping
collected the different peaks.

3.5 Scanning Electron Microscopy

Scanning electron microscope (SEM), a type of electron microscope, designed for
directly studying the surfaces of solid objects, utilizes a beam of focused electrons of
relatively low energy as an electron probe that is scanned regularly over the specimen.
Accelerated electrons in an SEM carry significant amounts of kinetic energy, and this
energy is dissipated as a variety of signals produced by electron-sample interactions
when the incident electrons are decelerated in the solid sample. These signals include
secondary electrons (that produce SEM images), backscattered electrons (BSE),
diffracted backscattered electrons (EBSD that are used to determine crystal structures
and orientations of minerals), photons (characteristic X-rays that are used for elemental
analysis and continuum X-rays), visible light (cathodoluminescence-CL), and heat.
Secondary electrons and backscattered electrons are commonly used for imaging
samples: secondary electrons are most valuable for showing morphology and topography
on samples and backscattered electrons are most valuable for illustrating contrasts in
composition in multiphase samples (i.e. for rapid phase discrimination).3°

X-ray generation is produced by inelastic collisions of the incident electrons with
electrons in discrete orbitals (shells) of atoms in the sample. As the excited electrons
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return to lower energy states, they yield X-rays that are of a fixed wavelength (that is
related to the difference in energy levels of electrons in different shells for a given
element). Thus, characteristic X-rays are produced for each element in a mineral that is
"excited" by the electron beam. SEM analysis is "non-destructive"; that is, x-rays
generated by electron interactions do not lead to volume loss of the sample, so it is
possible to analyze the same materials repeatedly.’3".132
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Figure 3-20. Scheme of electron-matter interactions arising from the impact of an electron beam onto a specimen. A
signal below the specimen is only observable if the thickness is small enough to allow some electrons to pass through.’3?

3.5.1 Scanning Electron Microscopy with Energy Dispersive Spectroscopy (EDS)

EDS identifies the elemental composition of materials imaged in a scanning
electron microscope by analyzing the energy of photons produced by X-ray fluorescence.
When the scanning electron beam impacts the sample, characteristic X-rays, secondary
electrons (SE), and backscattered electrons (BSE) are generated by the interaction of the
electron beam with the atoms in the sample. Characteristic X-rays are used to determine
the elemental composition of the sample. X-rays may be spectrally dispersed by energy
or by wavelength, for identification of the contributing elements through their characteristic
radiation. The X-ray fluorescence is analyzed and resolved according to the photon
energy (EDS) or wavelength (WDS).

The effective working energy range of the electron beam used in electron
microscopy is sufficiently high to excite inner shell electrons in the atoms of the sample
under study. When an electron from another, outer, shell, fills the hole, the difference in
energy between the two electron states is emitted as an X-ray with energy equal to the
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difference between the two shell levels. This precise energy difference is characteristic of
each elemental atomic species, so elements can be identified by their X-ray emission
energies.

In EDS, the number (intensity) and energy of the emitted X-rays are measured by
an energy-dispersive spectrometer. The specific spectral lines used for the analysis of
elements depend on intensity, accessibility by the instrument, and lack of line overlaps.

The X-ray fluorescence photon energy used to identify specific elements is called
the characteristic radiation, and varies from hundreds of eV (for first-row periodic
elements C, N, O, F), to thousands of eV (for Mg, Al, Si, P, S, Ca, Fe, Zn, etc.), on up to
more than ten thousand eV (for Ag, Pb, U, and a few other heavy elements).

EDS can typically yield results for all elements with an atomic number greater than
boron. Most elements are detected at concentrations on the order of 0.1 percent. The
composition measured is representative of atoms to a depth on the order of 10 um,
dependent on the density of the sample and the energy of the electron beam. EDS data
averaged over a sample volume is plotted as a graph of X-ray photon intensity versus
energy, and quantitative composition tables are produced. Additionally, an EDS image
can be constructed which maps element distributions over the area of the SEM image.

3.5.2 Scanning Electron Microscopy in Bone

SEM/EDS is a well-established technique for elemental analysis, widely used in
geophysics and materials science. SEM imaging of solid materials can display features
as small as tens of nanometers. Combined with EDS, the technique can provide
quantitative measurement of relative elemental abundances and map elemental chemical
composition over an image. The SEM/EDS technique with elemental composition
mapping can provide insights into the distribution of bone matrix and mineral components
and differences between different states and types of bone.

Due to the complexity of bone histology, research on an index of bone strength
has focused on mineral density, mineral-to-matrix ratios, structural complexity indices,
and other measures, such as the FRAX® and Osteoporosis Risk Assessment Instrument
(ORAI). These indices are algorithms that use mineral analysis and clinical inputs to
predict fracture risk in patients. However, single average composition measurements and
ratio indices have been found to have limitations in predicting bone strength and fracture
risk. Thus, improved physical and imaging measurements are being sought to provide a
basis for predicting bone strength. 134.13%

The relationships between BMD indices provided by DXA, bone strength, and
fracture risk, have been evaluated in several studies, and additional scoring systems have
been developed.'3® An additional factor is the desirability of reduction of radiation
exposure involved with DXA, increasing patient safety and enabling more frequent
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monitoring. Other methods that have been evaluated for clinical application include X-ray
computed tomography (CT), magnetic resonance (MRI), digital X-ray radiogram (DXR),
various ultrasound modalities, impedance, infrared/microwave, and photoacoustic
measurements.37-139

Measurements of human bone from living patients with SEM/EDS would only be
feasible on biopsy samples or endoscopic probes, and thus would not provide a practical
alternative to non-invasive measurement modalities. However, SEM/EDS elemental
morphological mapping has the potential to provide complementary guidance for
interpretation of elemental analysis results from non-invasive methods such as handheld
X-ray fluorescence (XRF) and photoacoustic spectroscopy.'4°

3.5.2 Bone Elemental Composition

Calcium is present throughout the vertebrate body, playing a key role in a wide
range of biological functions, both as the free ion or bound in complexes. Most of the total
body calcium is in the skeleton as calcium-phosphate complexes, mainly as
hydroxyapatite mineral plates. The calcium in bone serves two main purposes: it
contributes to skeletal strength and provides dynamic storage to maintain the intra- and
extracellular calcium pools.

Table 3-5. Bone Elemental Composition.

ELEMENT ROLE ABUNDANCE
Ca | Calcium Mineral: Hydroxyapatite Major, Predominant
P | Phosphorous | Mineral, Matrix: Phosphates, | Major
organics
C | Carbon Mineral, Matrix: Phosphates, | Major
organics
N | Nitrogen Matrix: proteins Major
O | Oxygen Mineral, Matrix: Major
Phosphates, organics

Bone calcium represents 99% of total body calcium in most vertebrates. Calcium
is in constant and rapid exchange between bone and other calcium pools where it is
involved in a wide range of essential functions. Calcium in cells and serum is regulated
to a narrow concentration range, outside of which it has toxic effects. The main calcium-
binding proteins include albumin and globulin in serum and calmodulin and other calcium-
binding proteins in the cell. The major ionic forms in serum are calcium phosphate,
calcium carbonate, and calcium oxalate.41.142
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The SEM/EDS methods employed in this study cannot match the sensitivity and
three-dimensional resolution of the intense and highly focused X-ray beams produced by
synchrotron XRF; but SEM/EDS can offer a lower cost and more easily utilized
complementary method to obtain trace element mapping for a wide range of elements in
bone, as shown in this work.

In this study, SEM/EDS was used to demonstrate the possibility of mapping bone
morphology, which can be combined with traditional microscopy to supplement
histological studies. The SEM/EDS composition mapping was performed on prepared
bone samples from two strains of rats with differing genetics that influence bone
development.

SEM/EDS can display elemental mappings of key atomic constituents, including
carbon, oxygen, nitrogen, calcium, phosphorus, magnesium, chlorine, fluorine,
potassium, and sodium. It can also show trace elements such as copper, zinc,
manganese, strontium, sulfur, boron, silicon, and others. The abundances and
distributions of elemental components are presented in a map of bone microstructure with
SEM/EDS, which may provide indications of different stages and conditions of bone
development and health.

The study utilized the SEM/EDS instrument at the University of Texas at Arlington
CCMB (Hitachi model S-3000N), which is a variable pressure SEM attached to a NORAN
7 integrated EDS/EBSD system. It operated using a high voltage of 20 kV and a working
distance of 15 mm.

Figure 3-21. SEM/EDS Hitachi model S-3000N.
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Our objective was to determine whether the levels of calcium and phosphorus in
minerals and nitrogen in the bone matrix are directly linked to the data obtained from
Raman spectroscopy. To achieve this, we examined 14 different samples using
SEM/EDS. Since bone has low conductivity and high vacuum imaging for the best
resolution requires a conductive sample, we coated the samples with silver using the
sputtering process.

The initial data indicates that SEM/EDS maps can visualize the microstructure of
bone, providing additional information compared to conventional grayscale SEM images.
We were able to differentiate elemental composition variances in different microhistology
regions and different bones.

Elements were chosen for mapping based on their ability to reveal the relative
presence of minerals and matrix. Carbon and oxygen are found in both minerals and
matrix. Nitrogen is more abundant in the matrix proteins. Phosphorous and calcium are
predominantly present in minerals due to their presence in hydroxyapatite. Comparing
the relative abundances of the selected elemental species does not rely on establishing
their absolute quantities present in terms of mg/g, etc.

In an application to bone, we generated elemental composition maps from electron
microscopy specimens of a cross-section of the femur. Figure 4-40 displays a micrograph
image of various bone samples.

Figure 4.40 shows maps of the X-ray dispersion emission intensities for Ca
(calcium), P (phosphorous), C (carbon), N (nitrogen), and O (oxygen). These images
illustrate the X-ray dispersion emission intensities for the respective elements. The
elemental densities correspond to the color intensity in the images.

The scale bars in the images represent 25 microns, with image magnifications
ranging from 35x to 900x. The color bars on the intensity scale indicate the amplitude of
the emission for each element, which is approximately proportional to the atomic
concentration. The concentration relationship is not precise due to differences in emission
probabilities, depth of atoms in the sample, and other effects, which can be calculated
and partially compensated for in future studies. The different elemental mappings reveal
aspects of the bone microstructure. Various microstructural features are displayed to
varying extents in the different elemental mappings, revealing boundaries and regions
that are not delineated in the grayscale micrograph images.

3.6 Micro Hardness Test

Researchers have been studying the abrasion-resistant properties of materials for
centuries, but diamond scratch-testing was first introduced in the early 19" Century. This
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led to the rise of the Mohs scale, which is still widely used today. As needs and
requirements changed, hardness testing became much more sophisticated. Indentation
hardness became the new standard, leading to a series of advanced test methods
including the Brinell, Vickers, and eventually Rockwell hardness tests.

The Vickers hardness test method can also be used as a microhardness test
method, mostly used for small parts, thin sections, or case depth work. Since the test
indentation is very small in a Vickers microhardness test, it is useful for a variety of
applications such as: testing very thin materials like foils or measuring the surface of a
part, small parts, or small areas.'*3

In the Vickers hardness test, a four-sided diamond pyramid is pressed into the
material. The indentation surface serves as a measure of the hardness. For the Vickers
hardness test, a square base pyramid with an opening angle of 136° is used as the
indenter (opening angle = angle between two opposite surfaces of the pyramid). The
angle was chosen so that the Vickers hardness values are comparable to a certain degree
with the Brinell hardness values (applies to approx. 400 HBW or 400 HV). The diamond
pyramid is pressed into the material surface with increasing force and maintained for
about 10 to 15 seconds when the desired test force is reached.'* As with the Brinell
hardness test, the ratio of test force F and indentation surface A (pyramid surface area)
serves as the hardness value for the Vickers method:

HV=0.102-F/A

The factor 0.102 again comes from the no longer used unit “kilopond”. The indentation
surface can be determined from the diagonals of the indentation left behind. With this
indentation diagonal d (in mm) and the test force F (in N), the Vickers hardness value HV
is then determined as follows:

HV=0.1891-Fd2 Vickers hardness
The indentation diagonal d is determined by the mean value of the two diagonals d1
and d2 at right angles to each other: d=(d1+d2)/2

AN
v

Figure 3-22. Measurement of impression diagonals.
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Figure 3-23. Sample indentation during Vickers hardness testing and illustration of the two indentation diagonals d 1 and d
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3.6.1 Vicker Hardness Test in Bone

Bone hardness is one of the most important features of bone, which encompasses
elastic deformation and plastic deformation. Macro hardness, microhardness, and nano
hardness tests have been widely used to evaluate the properties of bone on these
different scales. The macroscale mechanical properties of bone are controlled by both
the structural organization of the microscale and nanoscale constituents as well as the
intrinsic mechanical properties of these constituents across the different length scales8.

The Vickers hardness test is widely used and provides a convenient method for
carrying out nondestructive measurements of the resistance of a material to plastic
deformation9. It is believed that bone hardness measured by Vickers indentation is an
important methodology for the evaluation of bone mechanical properties at the bone
structural unit (BSU) level.

Some previous studies have focused on the hardness of bone. A study showed
that the cortical bone hardness value was 10%—-20% higher than that of trabecular bone.
Another study reported similar results, in which the trabecular and cortical lamellae
hardness values were measured by using nanoindentation technology. However, one
study found that the hardness value of cortical bone was generally somewhat greater
than that of trabecular bone, which differed from the findings of the current study. A study
reported the distribution of the patellar bone hardness value. In their study, the hardness
in the lateral facet and the proximal and central regions was higher than that in the medial
facet and distal regions. Another investigated the hardness of the distal femur, and they
demonstrated that bone hardness decreased sharply over the first two levels below the
surface. Based on data obtained from one cadaver, Ohman et al. 15 found that cortical
bone was harder than trabecular bone in the human radius.46-1%0
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Although many studies have examined pullout strength, few studies have focused
on the relationship between bone hardness and pullout strength. In addition, little is known
about the relationship between bone hardness and the pullout strength of the human
radius. Therefore, this study had two aims: (i) to determine whether there are certain
distribution rules for the hardness and pullout strength of the radius; and (ii) to determine
whether there is a positive correlation between bone hardness and screw pullout strength.

In this study, a microhardness test was performed on femur bone samples of
normal and knockout mice. The cross-section of cortical bone samples was studied with
microhardness tester Leco LM AT300 at the University of Texas at Arlington’s
Characterization Center for Materials and Biology.

Figure 3-24. Leco LM AT 300 micro hardness tests.

Measurements were taken in Vickers Hardness Number. All measurements are
the average of three readings taken with different loads on the microhardness tester: 50,
100, 200, 300, and 500 gram-force. The dwell time was set to 10 seconds and a minimum
distance was maintained between any two consecutive indentations. The tested sample
was highly polished and flat.
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3.7 Histology Staining Study

Because histology is considered the gold standard for evaluating pathology in bone
disorders, we conducted a comprehensive histology profile on multiple samples of the
OFD bone. This was done to establish a basis for comparison with the novel materials
science evaluation methodology. Although histology was not performed on NF1 due to
the small sample size, the conclusions drawn from comparing the results of OFD with 2D
Raman should be similar.

Histology is the microscopic study of animal and plant cells and tissues through
staining sectioning and examining them under a microscope (electron or light
microscope). Various methods are used to study tissue characteristics and microscopic
structures of cells. Histological studies are used in forensic investigations, autopsy,
diagnosis, and education. In addition, histology is used extensively in medicine, especially
in the study of diseased tissues to aid treatment. It is a series of technique processes
undertaken in preparing sample tissues by staining using histological stains to aid in the
microscope study.'®

The process of histological staining takes five key stages which involve: fixation,
processing, embedding, sectioning, and staining. Great changes have been made to
techniques used for histological staining through chemical, molecular biology assays, and
immunological techniques collectively and have facilitated greatly in the study of organs
and tissues.

Decalcification is a crucial step in preparing calcified tissues like bone for
histological examination. The key differences between calcified bone in histology are:

Calcified Bone

e Contains calcium salts and minerals, making it extremely hard and difficult to
section.

e Cellular and structural details are obscured by the mineral content.

e Cannot be sectioned properly for microscopic examination without decalcification.

e Sectioning calcified bone can damage microtome knives and blades.

Decalcified Bone

e Calcium salts and minerals are removed through a chemical process using acids
or chelating agents like Ethylenediamine tetraacetic acid (EDTA).

e Becomes soft and pliable, allowing thin sections to be cut for microscopic
examination.

e Cellular details like osteocytes, osteoblasts, and osteoclasts become visible after
decalcification

e Structural details like trabecular patterns, haversian canals, and canaliculi can be
observed clearly.
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e Preserves organic components like collagen while removing inorganic minerals.
e Allows proper staining and histochemical analysis of the tissue sections.

The choice of decalcifying agent (acid or EDTA) depends on factors like the degree
of calcification, tissue type, and whether molecular studies are required later. Acids like
nitric acid or formic acid decalcify rapidly but may damage cellular details, while EDTA is
slower but better preserves nucleic acids for molecular testing. Decalcification removes
minerals from calcified tissues like bone, transforming them into softened states suitable
for high-quality histological examination and analysis while preserving cellular and
structural integrity.

Staining highlights the important features of the tissue as well as enhances the
tissue contrast. It is widely used in histopathology and diagnosis, as it allows for the
identification of abnormalities in cell count and structure under the microscope.
Hematoxylin is a basic dye that is commonly used in this process and stains the nuclei
giving it a bluish color while eosin (another stain dye used in histology) stains the cell's
nucleus giving it a pinkish stain. However, there are other several staining techniques
used for cells and components. Staining is a commonly used medical process in the
medical diagnosis of tumors in which a dye color is applied on the posterior and anterior
border of the sample tissues to locate the diseased or tumorous cells or other pathological
cells. In biological studies, staining is used to mark cells and to flag nucleic acids, proteins,
or gel electrophoresis to aid in the microscopic examination. In some cases, various
multiple staining methods are used such as differential staining, double staining, or
multiple staining.151%6

3.7.1 Histology in Bone

Hematoxylin and eosin stain (often abbreviated as H&E stain or HE stain) is one
of the principal tissue stains used in histology. It is the most widely used stain in medical
diagnosis and is often the gold standard. For example, when a pathologist looks at a
biopsy of a suspected cancer, the histological section is likely to be stained with H&E. The
H&E staining procedure is the principal stain in histology in part because it can be done
quickly, is not expensive, and stains tissues in such a way that a considerable amount of
microscopic anatomy is revealed and can be used to diagnose a wide range of
histopathologic conditions. The results from H&E staining are not overly dependent on
the chemical used to fix the tissue or slight inconsistencies in laboratory protocol, and
these factors contribute to its routine use in histology.'57-15°

H&E staining does not always provide enough contrast to differentiate all tissues,
cellular structures, or the distribution of chemical substances, and in these cases, more
specific stains and methods are used. There are many ways to prepare the hematoxylin
solutions (formulation) used in the H&E procedure, in addition, there are many laboratory
protocols for producing H&E-stained slides, some of which may be specific to a certain

48



laboratory. Although there is no standard procedure, the results by convention are
reasonably consistent in that cell nuclei are stained blue, and the cytoplasm and
extracellular matrix are stained pink. Histology laboratories may also adjust the amount
or type of staining for a particular pathologist. Most cellular organelles and extracellular
matrix are eosinophilic, while the nucleus, rough endoplasmic reticulum, and ribosomes
are basophilic.160.161

After tissues have been collected (often as biopsies) and fixed, they are typically
dehydrated and embedded in melted paraffin wax, the resulting block is mounted on a
microtome and cut into thin slices. The slices are affixed to microscope slides at which
point the wax is removed with a solvent and the tissue slices attached to the slides are
rehydrated and are ready for staining. It is two stains done in subsequent steps.
Hematoxylin is a basic dye that stains acidic structures. The resulting color is a
purple/blue hue, and structures that are targeted with this dye are named Basophilic.
Basophilic structures include DNA in cell nuclei, RNA in ribosomes, and the rough
endoplasmic reticulum. Eosin is a counterstain done after hematoxylin and is an acidic
dye that targets basic structures. The resulting color is a pink/red hue, and structures that
attract eosin are called eosinophilic.[1] The cytoplasm is an example of an eosinophilic
structure. In this study, we preferred to use H&E staining due to the capability of this
staining for routine diagnosis of bone studies.'¢?

The strength, shape, and stability of the human body are dependent on the
musculoskeletal system. The most robust aspect of this unit is the underlying bony
architecture. Bone is a modified form of connective tissue that is made of extracellular
matrix, cells, and fibers. A high concentration of calcium and phosphate-based minerals
throughout the connective tissue is responsible for its hard calcified nature. The
histological structure, mode of ossification, cross-sectional appearance, and degree of
maturity influence the classification of bony tissue.63.164

The best way to thoroughly observe the microarchitecture of bone is to perform
decalcified bone histology, which can reveal the mineralized and cellular components of
the bone as well as patterns regarding the physiological processes of bone formation and
resorption. This process, in turn, allows for histological techniques such as fluorochrome
analysis and histomorphometry to further probe and observe the specimens. By
examining a thin slice of bone tissue under a microscope, colorized with special staining
techniques, you see that these seemingly simple bones are a complex microworld
containing an array of structures with various functions.6°

At histology, OFD is characterized by the presence of osteoid tissue, fibrous tissue,
and a small number of epidermoid cells. An immunohistochemical essay is mandatory in
some cases to detect epidermoid cells, which are not visible on standard hematoxylin and
eosin (H & E) because of their small number. OFD is characterized by a loose, often
storiform fibrous background containing spicules of woven bony trabeculae lined by a
layer of osteoblasts. Although this histologic appearance is quite like fibrous dysplasia
(hence, their similar names), fibrous dysplasia typically lacks the distinctive osteoblastic
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rimming of the bony trabeculae. Additionally, OFD demonstrates a zonal architecture, in
which more immature woven bone trabeculae are located centrally. However, moving
outwards toward the periphery of the lesion, the trabeculae become more numerous,
larger, and more mature and lamellar.”

Due to the challenging nature of decalcifying resin-embedded samples and the
limited number of NF1-related samples, we were only able to conduct histological studies
on OFD samples. We used a total of 12 samples - six normal and six OFD samples - for
this purpose.

The bones were fixed in 10% neutral buffered formalin for 3 days, with daily
solution changes. Subsequently, the samples were transferred to phosphate-buffered
saline (PBS) for a day to wash off the buffer. The bones were then placed in a 14% EDTA
solution for 2 weeks, with the solution being changed every three days for the
decalcification process. To prepare 150ml of 14% EDTA solution, 30 grams of EDTA
disodium salt dihydrate was mixed with 150ml of distilled water, and the pH was adjusted
to the range of 7.3-7.6 using glacial acetic acid and sodium hydroxide. After
decalcification, the bones were rinsed four times and prepared for embedding in paraffin.
Before embedding, the bones were transferred through a series of graded ethanol
solutions (30%, 50%, and 70%) for at least 30 minutes each.

Following the decalcification and dehydration processes, xylene was used to clear
the dehydrated specimens. The samples were then infiltrated with liquid paraffin wax,
embedded in paraffin, and made ready for sectioning. The paraffin-embedded samples
were sectioned using a microtome to a thickness of 5-20 ym. The paraffin sections were
floated on a water bath, collected on glass slides, and dried. The mounted sections were
then deparaffinized, rehydrated, and stained with hematoxylin and eosin.

Staining Method | Described color results | ldentifiable tissues and structures | Suggestion application

Nuclei: Blue or dark Bone: Dark Pink
H&E purple Connective Tissue: Light Pink General Overview
Eosinophilic structures: A vessel containing Erythrocyte:
Pink Bright Red

Nuclei: Dark purple
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Chapter 4 Results and Discussion

4.1 Results Discussion of Micro-T Characterization

The use of micro-CT allows for the quantitative assessment of bone structure,
which can be used to estimate bone strength through mathematical calculations. The
overall bone mineral density was higher in normal bones compared to both types of
knockout bones. Trabecular bone density was lower in normal bones in comparison to
the knockout bones. Cortical Porosity increased in knockout bones; it could be suggested
that the normal bones are smoother than knockout bones and knockout bones are more
fragile than the normal bones.

In the analysis of trabecular bone, it was observed that the Femoral Bone Volume
Fraction (BV/TV) was lower in normal mice. This decrease was accompanied by higher
femoral Trabecular Separation, lower femoral Trabecular Thickness, and higher femoral
Trabecular Number in normal bone. There was a significant difference in Trabecular Bone
density between normal and knockout bones. Additionally, Cortical Density displayed a
different pattern, higher in normal samples along with Cortical Thickness.

These findings are consistent with our central hypothesis, which states that OFD
and NF1 diseases have a significant impact on bone composition and mineral-to-matrix
structure. This results in a decrease in trabecular density and an increase in normal bone
mineral density. Given the increased trabecular density in knockout bones compared to
normal bones, it is expected that the bone strength of knockout bones would be lower.
This was further supported by the results of the Vickers hardness test, which indicated a
lower Vickers number for knockout bones compared to normal bones.

Overall, this study revealed that knockout bones exhibited significant differences
from normal bones, with the knockout bones showing delayed development and changes
in mass. The differences were attributed to variations in cortical parameters. Specifically,
in normal samples, cortical density, and thickness were higher, while trabecular measures
were lower. In contrast, knockout samples displayed lower cortical density and thickness
but higher trabecular density measures. One possible explanation for these findings is
that mineral deposition involved in bone growth is somehow inhibited in the knockout.
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Figure 4-25. Micro-CT images of whole bones of normal, OFD and NF1 knockouts.
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Figure 4-26.Bone Mineral Density of normal, OFD, and NF1 knockout bones. For normal vs OFD at the 0.05 level, the
population means are significantly different.
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Figure 4-27. Micro-CT images of the cortical shell thickness of midshaft of normal, OFD and NF1 knockout bones.
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Figure 4-28. Cortical bone parameters (Cr. Th, Cr. Density) across the midshaft of normal, OFD, and NF1 knockout bone.
Fornormalvs OFD at the 0.05 level, the population means are significantly different.
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Figure 4-29. Cortical bone Porosity across the midshaft of normal, OFD, and NF1 knockout bone. For normal vs OFD at the
0.05 level, the population means are significantly different.
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Figure 4-30. Micro-CT images of trabecular norma, OFD, and NF1 knockout bones.
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Figure 4-31. Trabecular bone microstructure BV/TV and Trabecular N of normal to NF1 knockout bones. For normal vs
OFD at the 0.05 level, the population means are significantly different.
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Figure 4-32. Trabecular bone microstructure (Tb. Density, Tb. Th, and Th. S) of normal and NF1 knockout bones.
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Figure4-33.Comparison of Bone Mineral Density, Trabecular Bone density, and Cortical Bone Density of Normal, OFD, and
NF1 Knockout bones.

4.2 Result Discussion of Raman Spectroscopy Characterization

The work carried out in this research strongly verified that differences in mineral-
to-matrix composition between normal and knockout bone can be measured using
Raman spectroscopy. This was supported by data obtained from the femur, indicating that
the mineral-to-matrix composition differs significantly for bone samples from different
areas of microanatomy and bone structure. The hypothesis was reasonable and was
supported by reduced variance in multiple bone mineral-to-matrix indices calculated from
repeated Raman measurements over a small bone surface area, compared to single laser
spot measurements.

The average mineral-to-matrix index for the normal specimens was significantly
higher in the normal bones (P < 0.05). For all the samples, the signal strength of
phosphate was very strong while the signal strength for the matrix marker (amide 1) was
very weak, consistent with the highly mineralized cortical bone of the femur. However, this
led to errors in the peak height calculation and high variance in the index measurements
for the femur.

With Raman spectroscopy, detecting a specific phase (mineral-to-matrix) is difficult
as it does not show microstructure and surface morphology. The maximum magnification
through DXR Raman is 100X. Spot detection means that the length covered by the laser
is 1 um with the 50X lens used at a single time. Therefore, relying on one spot does not
give an accurate result, as it may contain more minerals or amide/protein. To address this
limitation, 2D Raman mapping was used to collect several spectra from very near and
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small areas, and averaging spots collected from the 2D Raman mapping area gave
reliable mineral-to-matrix ratios.

This study evaluated different Raman modalities and measurement approaches
but was inconclusive for biological conclusions due to limited sample size and scope.
Additionally, the number of animals and the age range were limited, and only female mice
were used for the samples.

Limitations and potential errors

There are several potential sources of variability and errors in the application of
Raman microprobe techniques to bone. Interference from fluorescence is one of the
greater sources of error and is difficult to control despite standard accepted procedures
to reduce its effects. Examination of alternative peak frequencies may find improved
signals with less interference. Selective cleaning of bone and removing periosteum
residues while leaving the structural matrix intact may also reduce fluorescence signals.
Alternative laser excitation frequencies may provide a deeper sampling of bone layers,
while still providing acceptable signal levels for Raman shifted scattered signal
frequencies.

Sample surface roughness may also affect the quantitative aspects of Raman.
Polishing was used only lightly, to avoid disruption of bone microstructures. The bone
samples are nominally dry, but not desiccated; some variable amount of residual and
trapped water may be present in the samples, which could be a source of variation in
some measurements.

For confirmation of biological significance, an examination of a larger number of
different animals and samples would be carried out to determine the variability and
statistical power needed for confidence levels.
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Table 4-6. Mn/Mx Data details for femur mid-shaft diaphysis from Raman spectra.

Mn/Mx: FEMUR MID-SHAFT DIAPHYSIS — RAMAN

Normal NF1 Knockout OFD Knockout

Mn/Mx |#1 6 #1 55 |#1 6.3
#2 6.5 |#2 7.3 |#2 5.1
#3 51 # 1 position 2 5.6 #3 6.2
#4 7.2 # 1 position 3 59 |#4 4.9
#5 8.5 # 1 position 4 5 #5 7.5
#6 6.3 | # 1 position 5 6.1 |#6 6.4
#7 5.2 | #1 position 6 3.5 | #1 position 2 5.9
#8 7.4 # 2 Position 2 5.3 # 1 position 3 6.5
#1 position 2 6.5 # 2 Position 3 5.2 # 1 position 4 6.2
#1 position 3 7.3 # 2 position 4 3.3 # 1 position 5 5.7
#1 position 4 5.8 # 2 position 5 5.5 | # 1 position 6 4.8
# 1 position 5 9 # 2 position 6 4.9 # 2 Position 1 5.3
# 1 position 6 6.7 # 2 Position 2 5.7
# 2 Position 5.8 # 2 Position 3 6.2
2
# 2 Position 6.3 # 2 position 4 7.1
3
# 2 position 4 8.7 # 2 position 5 6.1
# 2 position 5 7.1 # 2 position 6 6
# 2 position 6 6.5

Mn/Mx 6.8 5.3 6

AVG
Std Dev 1.2 1.07 0.95

Comparsion average of Mn/Mx ratio of cross-section
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Mn/Mx Ratio
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Figure 4-34. Comparison average of Mn/Mx ratio for Normal, OFD, and NF1 bones cross-section.
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Figure 4-35. Comparison average of Carbonate to Amide | for normal, OFD, and NF1 bone cross-section.
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Figure 4-36. Raman spectra for Normal, OFD, and NF1 bones.
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4.3 Results Discussion of 2D Raman Mapping

The mineral-to-matrix ratio of bone quality, a commonly reported measure, is often
assessed using Raman spectroscopy. This technique measures the vibrational activity
associated with specific chemical bonds in bone tissue. In the images obtained, the red
and yellow colors represent high Raman activity, while the dark blue color corresponds to
low Raman activity. Normal bone specimens show more extensive red and yellow regions,
indicating higher Raman activity.

The POs3/amide | Raman activity ratio, which corresponds to the ratio of the area
under the Raman band around 961 cm™' (from 914 cm™ to 990 cm™) to that under the
peak around 1660 cm™ (from 1640 cm™ to 1690 cm™), was used for such analysis.
Indeed, based on the overall presence of yellow, green, and light-blue regions, a lower
PO43/amide | Raman activity ratio is observed in the image corresponding to Knockout
bones than in that of normal bone.

We were also looking for a potential correlation between the CO3s?/amide |, Areas
under the carbonate band around 1074 cm' (from 1038 cm™" to1105 cm™"), and under the
amide | band around 1660 cm™' (from 1640 cm™' to 1690 cm-') were considered for this
COsz?/amide | ratios. The smaller amount of high CO3s?/amide | ratio is noticed in the
Knockout images. 2D mapping verified that our results which we got from the Raman
spectroscopy randomly selected spots from the surface of the bone and shows that in
both methods they have the same behavior between normal and knockout samples.

The 2D mapping of Raman spectroscopy data confirms the consistent differences
between normal and knockout bone samples. The intense colors in the 2D maps of
normal bones are more organized and clustered, while those of knockout bones appear
less organized, suggesting disorganization in the knockout bone structure.

The Raman 2D maps also provide valuable information about the composition of
the bone samples. These maps indicate the matching percentages of each bone sample
with reference chemical components. For instance, normal bone samples showed a
100% match with a component called Tinticite, while knockout bone samples showed
matches with other apatite components like Chlorapatite (Ca5(P0O4)3Cl) and Monetite
(Ca (PO3OH)). In the NF1 knockout bones, the statistical match was only 81.5% with
Tinticite and 18.5 % with chlorapatite and in the OFD knockout bones the statistical match
was 91.5% Tinticite and 8.5% Monetite, this suggests differences in the mineral
composition between normal and knockout bones.

Furthermore, the intensity of peaks corresponding to certain chemical
components, such as calcium and amide |, differs between normal and knockout bones.
The differences observed in the Raman spectroscopy data align with the central
hypothesis of our research, indicating potential development issues in knockout bones.
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Figure 4-37. Comparison average of Mn/Mx Ratio of Normal, OFD, and NF1 bones cross-section.
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Figure 4-38. Comparison average of Carbonate to Amide | of Normal, OFD, and NF1 bones of cross-section.
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Figure 4-39. 2D Raman intensity maps for Normal, OFD and NF1 bones cross-section. The intensity maps show; (a, b, c)
the selected area under the microscope; (d,e,f) the Mn/Mx ratio 2d map; (g,h,i) the CO/Amide | ratio 2D map.
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Figure 4-40. 2D Raman particle analysis identification map for Normal bones.
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Figure 4-41. 2D Raman particle analysis identification map for OFD knockout bones.
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Figure 4-42. 2D Raman particle analysis identification map for NF1 knockout bones.
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4.3 Result Discussion of Scanning Electron Microscopy Characterization

The results of the EDS compositional analysis for calcium (Ca) and phosphorus
(P) did not indicate lower levels for these two elements in the knockouts, contrary to what
might be expected from the Mn/MX ratios measured by Raman spectral peaks. This could
be due to a higher amount of inorganic minerals in the knockouts, which is not detected
by Raman absorption peaks but is picked up by EDS. This is a new finding that supports
a proposed mechanism for NF1 and OFD effects on bone, suggesting that NF1 and OFD
loss leads to high production of inorganic mineral pyrophosphate, which then suppresses
the formation of hydroxyapatite.

This new finding provides evidence for a possible mechanism for certain steps in
the pathway of bone formation disrupted by the NF1 gene and OFD knockout. According
to this mechanism: 1) NF1 suppresses the formation of inorganic mineral pyrophosphate,
which inhibits normal apatite formation; 2) Loss of NF1 (knockout) results in excess
pyrophosphate; 3) Excess pyrophosphate lowers mineralization in knockout bones. The
elevated pyrophosphate levels in the knockout do not contribute to mineral-to-matrix
measurements by the standard Raman method, as the spectral peaks for phosphorus are
shifted. However, phosphorus and calcium in any chemical form can be detected by
EDS/SEM analysis.

The Cal/N ratio is presented in the first bar grouping, showing a lower value in the
normal compared to the knockouts. This would also be consistent with higher levels of
calcium in the knockout due to the accumulation of calcium combined with
pyrophosphate. Elevated levels of calcium are also associated with inflammation and
tissue damage, consistent with the association of bone abnormalities with tumors in the
knockout.

Limitations and Potential Sources of Error

There are several potential sources of variability and error associated with the
application of the EDS technique to bone. Different atomic species produce secondary
radiation with slightly different efficiencies, resulting in a systematic error in measured
abundances. SEM/EDS measures to depths of approximately 10 ym, depending upon
the material and electron energies; the measured secondary radiation intensity may be
affected by the depth of the atomic species in the material sample. Sample surface
roughness may affect the intensity of secondary radiation produced. Bone samples are
nominally dry, but not desiccated; some variable amount of residual and trapped water
may be present in the samples. This could be a source of variation in oxygen
measurement and could lead to outgassing, which could affect resolution. Any further
study of biological significance would need to examine several different animals and
larger sample sizes to determine the variability and statistical power needed.
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Figure 4-43. SEM Images of a) normal, b) OFD and c) NF1 bones cross-
section.
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Figure 4-44. Images from cortical midshaft diaphysis(a) Image of surface from OFD sample (b) Image of distinguished
the cortical bone from trabecular bone of normal bone (c, d e, f) Image of microregion of cortical bone (This SEM
micrograph pores feature in the image may correspond to microanatomical and structural features, such as cells and
haversian channels ,osteon or osteocyte lacune) (g) Image of distinguished the cortical bone from trabecular bone (h)
Image of distinguished the cortical bone from periosteum bone,(l) Image of surface of NF1 sample.
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Table 4-7. Average of elemental composition from EDS for Normal, OFD, and NF1 Knockout bones cross-section.

Element NF1 OFD
Ratio Significance Normal Knockout | Knockout
Ca/P Mineral Quality 1.4 1.6 0.8
Ca/N Mineral/Matrix 0.9 1.3 1.2
P/N Mineral/Matrix 0.6 0.8 1.4

Average Elemental Compostion * Normal
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Figure 4-45. Average elemental composition in cortical cross-section of the femur for Normal, OFD, and NF1 bones.
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Figure 4-46. Elemental mapping image of Normal bone
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Figure 4-47. Elemental mapping images of OFD Knockout bone.



Figure 4-48. Elemental mapping images of NF1 Knockout bone.
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4.4 Result Discussion of Micro Hardness Test Characterization

The microhardness measurement of normal and knockout bones is shown in Table
4, with an average of six locations for both normal and knockout bones under varying
loads. The average hardness values for normal bones ranged from 75 to 49 HV, for OFD
knockout bones from 66 to 41 HV, and for NF1 knockout bones from 62 to 33 HV.

There is a significant variation in hardness between normal and knockout bones,
with the hardness value decreasing as the load increases. These differences are
statistically significant and indicate a fundamental change in the microstructure of normal
and knockout bones. This change is likely due to variations in the mineral content of the
extracellular matrix resulting from bone remodeling activities at the surfaces. These
results indicate heterogeneity in hardness across the bone cross-section, and it suggests
that the organic matrix (collagen) is an important determinant of bone hardness that varies
depending on the bone's transgenic changes.

Table 4-8. Vicker hardness microhardness value of Normal, OFD, and NF1 Knockout bones.

Load Normal OFD Knockout NF1 Knockout
50 752.6 66+1.3 62+1.6
100 7012.1 6312 58+2.3
300 57+1.9 52+1.7 46121
500 49+1.8 41+1.7 33+2

4.5 Result Discussion of Histology Characterization

OFD can be described under a microscope as having two main components:
fibrous stroma and bone trabeculae with a characteristic zonation pattern. The lesion is
predominantly fibrous, with thin, newly formed woven bone trabeculae. The bone
trabeculae are formed by lamellar bone, characterized by parallel layers of calcified
matrix, and become more numerous, thicker, and mature (lamellar) as they merge with
the outer and inner cortices at the periphery.
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The OFD knockout bone showed significant increases in the number of empty
osteocyte lacunae compared with normal bone. Since the osteon is the mechanical
sensor in bone control and remodeling, the higher number of empty lacunae could
indicate the weakness of the OFD knockout bone compared to normal bones. Additionally,
the shape of the trabecular bone in the OFD knockout bones suggests that OFD is
responsible for the trabeculations of the cortical bone, leading to greater isolation of the
bone from the marrow and higher porosity in the OFD knockout bone due to the presence
of more marrow elements in the cortical area. This is consistent with the results of cortical
porosity from micro-CT, suggesting that OFD knockout bone is more fragile than normal
bones, particularly in the cortical area.

Comparing normal bones with OFD bones, differences can be observed in the
number of osteocytes, and lacunae, within the same magnification area. Normal bones
have a higher number of osteocytes and lacunae. OFD bones may include multinucleated
osteoclasts. Additionally, the shape of osteons in normal bones differs from that in OFD
bones, with normal osteons being well-shaped and nucleated and having a larger
lamellae area. In normal bone, chondrocytes typically contain a single, large, clear
vacuole, and their cytoplasm typically only partially fills the lacunar space.
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Figure 4-49. Presence of empty osteocyte lacunae in cortical bone. a) Section
of Normal bone. b) Section of OFD Knockout bone.
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Comparison of emptey lacuna % in Normal vs OFD Knockout bones.
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Figure 4-49. percentage of empty lacunae per total lacunae.

Figure 4-51. Cross-section of OFD Knockout bone (left) and higher magnification
of selected area(right). (H&E Stain).
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Figure 4-52.Cross-section of Normal bone. (H&E Stain)

Figure 4-53. Osteon, Haversian canal, and associated structures in Normal bone. (H&E Stain)
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Figure 4- 55. Trabecula bone in OFD Knockout (left) vs Normal bone (right).
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Figure 4-56. Growth plate of OFD bone.

Figure 4-57. The cartilage of OFD bone.
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4.6 Results Summary

The Raman spectra analysis showed that the Mn/Mx ratio was higher in normal
bone compared to the knockout. Additionally, 2D mapping of mineral composition
indicated differences in appetite between normal and knockout bones, with abnormal
crystal appetites observed in the knockout bones. Further research with larger samples
is needed to confirm this hypothesis.

Micro-CT scans revealed that knockout bones have lower bone density compared
to normal bones. Furthermore, normal bones exhibited lower cortical density, but higher
trabecular density compared to knockout bones, which is crucial in distinguishing bone
development.

SEM/EDS elemental composition analysis showed differences between normal
and knockout bones, although this method is less definitive than others. The Vickers
Hardness test demonstrated that knockout bones are weaker than normal bones due to
their lower mineral content.

Calculation of the mineral-to-matrix ratio showed an increase in normal bones and
a decrease in knockout bones, suggesting a decrease in calcium phosphate
mineralization in the knockout bones, making them weaker and more prone to breakage.
These findings align with the Vickers Hardness test results.

Histological results revealed significant differences between normal bones and
OFD bones in terms of bone marrow, number of osteocytes, and lacunae. Additionally,
differences in trabecular thickness and number between OFD bones and normal bones
were consistent with the micro-CT results also the histology results consistent with micro-
CT results about the OFD knockout bone are more fragile than the normal bones.

Table 4-9. Work model diagnosis test related to NF1 Knockout bones.

Ratio Ratio
Norma NF1 Osteoporosi | knockou | OP to NF1 NF1 OP OoP
| Knockou s tto Norma | Scor | Conditio | Scor | Conditio
Bone t (OP) Normal | e n e n
Bone
AVE
Bone 1064 983 554-635 1.1 0.5
minera
| <1.1 Disease <0.5 Disease
Densit
y >=1 Normal >=1 Normal
AVE
Mn/Mx 6.8 53 2.3-3.4 0.7 0.8 0.7-0.8 OP 0.5-0.8 OP
HV 49-75 33-62 - 0.8
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Table 4-10. Work model diagnosis test related to OFD Knockout bones.

Ratio Ratio

Norma OFD Osteoporosi | knockou | OP to OFD OFD OP OP
| Knockou s tto Norma | Scor | Conditio | Scor | Conditio
Bone t (OP) Normal | e n e n

Bone
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Chapter 5 Conclusion

5.1 Conclusion

The findings of this study shed light on the impact of OFD (Osteofibrous Dysplasia)
and NF1 (Neurofibromatosis type 1) diseases on bone quality and structure in children.
The research has provided valuable insights into the significant susceptibility of patients
with these conditions to a high risk of fractures and further osteoporosis.

Despite the limitations in sample size, animal subjects, and scope, the study has
shown promising potential in utilizing different Raman modalities and measurement
approaches for the diagnosis of OFD and NF1. The mineral-to-matrix ratios were found
to be lower in both OFD and NF1 knockout bones, with NF1 knockout bones exhibiting
the lowest ratios. The practical application of Raman for the diagnosis will depend upon
the analysis of the biopsy samples, pending further development of non-invasive Raman
methods such as Raman photoacoustic spectroscopic imaging.*®

Additionally, disruptions in microstructure were observed in OFD and NF1
knockout bones, as indicated by 2D Raman spectral mapping. These findings open new
possibilities for the potential usefulness of 2D Raman for histology and pathology
diagnosis, offering simpler sample preparation methods. Furthermore, Micro-CT
measurements of mineral density and microstructure showcased consistent differences
between normal bones, OFD knockout bones, and NF1 knockout bones, corroborating
the results obtained from other measurements, including microhardness.

The SEM/EDS measurement of the elemental composition also contributed to our
understanding by accounting for the presence of excess phosphate, potentially in the form
of pyrophosphates, implicated in bone disorders in OFD and NF1 knockout bones.
Moreover, the variation in Mn/Mx and apatite crystal types revealed through Raman
spectra and 2D Raman mapping provides new insights that may aid in understanding the
etiology of OFD and NF1 diseases.

The histology results revealed significant differences in the OFD knockout bone
compared to the normal bones. There was an increase in the number of empty lacunae
in the OFD knockout bones, alongside a different shape of trabecular bone and possible
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trabeculations of cortical bone. This suggests that the OFD knockout bones are weaker
and have a higher risk of fracture compared to the normal bones.

This research resulted in three new findings: 1) evidence from Raman spectra for
abnormalities in apatite mineralization in OFD and NF1 knockout bones; 2) evidence from
comparison of Raman and EDS/SEM analysis for elevated inorganic mineral forms of
calcium and phosphorous in OFD and NF1 knockout bones, which provides support for
a mechanism reported in the literature; 3) evidence from 2D Raman mapping for
disorganization of bone microstructure in OFD and NF1 knockout bones, which provides
a possible mechanism for reported differences in bone density and mineral to matrix ratios
between normal, OFD and NF1 affected bone. Also, 2D Raman spectral mapping shows
disruptions in bone microstructure consistent with that observed with histology staining.
This opens the possibility of the usefulness of 2D Raman for histology and pathology
diagnosis, with the benefits of much simpler sample preparation.

These discoveries underscore the critical need for further research to fully optimize
the working model and pave the way for the early diagnosis and comprehensive
understanding of the effect of OFD and NF1 on bone composition and mineral-to-matrix
ratio, thereby potentially enabling quantification of fracture risk and prediction of fracture
occurrence.
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