THE SIDE EFFECTS OF DIFFERENT ANTIEMBOLIC
AGENTS ON THE FRACTURE HEALING AND
MICRO-MECHANICAL BEHAVIOR OF THE FRACTURED
BONE

BURCU TUN(C

BS., in Physics, Bogazi¢i University, 2006

Submitted to the Institute of Biomedical Engineering
in partial fulfillment of the requirements
for the degree of
Master of Science
in

Biomedical Science

Bogazici University
June 2009



i

THE SIDE EFFECTS OF DIFFERENT ANTIEMBOLIC
AGENTS ON THE FRACTURE HEALING AND
MICRO-MECHANICAL BEHAVIOR OF THE FRACTURED
BONE

APPROVED BY:

Prof. A. Hikmet UCISIK ... ...............

(Thesis Advisor)

Assoc. Prof. Dr. Metin Usta ... ...............
(Thesis Co-advisor)

Prof. Dr. Cuma Bindal .

Assoc. Prof. Dr. Albert GUVENIS  ...................

Assoc. Prof. Dr. Cengizhan OZTURK ...................

DATE OF APPROVAL: 30.06.2009



1ii

ACKNOWLEDGMENTS

First of all, I would like to express my sincere gratitude to my thesis advisor,
Prof. Dr. A. Hikmet UCISIK. This thesis would not be possible without his kind
support and the remarkable patience. 1 would like to thank Assoc. Prof. Dr. Metin
USTA from Gebze Institute of Technology for giving the opportunity to carry out my
experiments in their laboratories. It is a pleasure to thank to Dr. Emin AKSOY from
Ministry of Health Istanbul Health Management for his kind support and for giving the
opportunity to communicate with Ministry of Health Services Metin Sabanci Baltali-
man1 Osteopathic Training and Research Hospital. I would like to thank head doctor
Vedat SAHIN and Dr. Ahmet Siikriit MERCAN from Ministry of Health Services Metin
Sabanci Baltalimani1 Osteopathic Training and Research Hospital. I would like to ex-
press my sincere gratitude to Dr. Isil KUTBAY and Levent Salim ALTUG from Gebze
Institute of Technology, Mizrap CANIBEYAZ from Istanbul Technical University for
their support during laboratory experiments. It is a pleasure to thank to Dr. Ramazan
OZYURT from Ministry of Health Istanbul Health Management, Burhanettin ATAS
from Taksim State Hospital.

Finally, T would like to dedicate this thesis to my family whose constant encour-
agement and never-ending love I have relied throughout my life. I am grateful to my
friends especially Sirma Bagak YANARDAG for providing moral and technical support
and motivation during my thesis. And I am deeply grateful to Bahadir TUTUNCU for

his love, emotional support and patience.



v

ABSTRACT

THE SIDE EFFECTS OF DIFFERENT ANTIEMBOLIC
AGENTS ON THE FRACTURE HEALING AND
MICRO-MECHANICAL BEHAVIOR OF THE FRACTURED
BONE

Fracture of bone is always expected when the stress exposed to body is enough
for initiation and propagation of the crack. Due to social lives, increase of life ex-
pectancy, wars and accidents the number of bone fracture has increased. One of the
problem during healing of the fractured bone is hematoma formation. In order to
eliminate hematoma formation, antiembolic agents injection into the body is generally
imperative. In this thesis, we deal with the inorganic portion of the bone, treated with
and without antiembolic agents. 16 Wistar-Albino male rats were used for the study.
Scanning electron microscopy and X-ray diffraction technique were applied in order to
reveal the effect of antiembolic agents on the bone fractured followed by healing. It is
observed that antiembolic agents helped healing of the fractured bone without defect

and crystalline nature of the inorganic part of bone showed phase transitions.

Keywords: bone, fracture, bone healing, heparin, LMWH, enoxaparin, fondaparinux,

crystallinity, SEM, XRD



OZET

FARKLI ANTIEMBOLIK AJANLARIN KEMIK KIRIKLARI
IYILESMESI UZERINE ETKILERI VE KIRIK KEMIGIN
MIKRO-MEKANIK DAVRANISINA ETKILERI

Sosyal yagsamin degigmesi, yagam beklentilerinin yiikselmesi, savag ve kaza sayilarinin
artmasi kemik kiriklar1 sayisinda artiga neden olmugtur. Kirigin iyilesmesi siirecinde
kargilagilan problemlerden biri de pihti1 olusumudur. Antiembolik ajanlar Ortopedi
ve Travmatoloji pratiginde pihtilagmay1 engellemek icin sikca kullanilan ilaclardandir.
Kemigin inorganik yapisinin incelendigi bu tezde, kirik olugturulan sicanlar farkl antiem-
bolik ajanlarla tedavi edilmistir. Bu calismada 16 adet Wistar-albino tipi erkek sican
kullanilmigtir. Antiembolik ajanlarin kirithp tedavi edilen kemiklerin iizerine etkilerini
gozlemlemek icin, taramali elektron mikroskop ve X-i1gin1 kirinmim teknikleri uygulan-
migtir. Antiembolik ajanlarin kirik iyilesmesine olumlu etki gosterdigi ve kemigin in-

organik kisminin kristal yapisini degistirdigi gézlenmigtir.

Anahtar Sozciikler: kemik, kirik, kaynama, heparin, DMAH, enoxaparin, fonda-

parinux, kristallografik, SEM, XRD.
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1. INTRODUCTION

1.1 Objective of the Thesis

Due to rapid changes in the social lives in the world population and life ex-
pectancy increased as well as conflicts among the countries, the number of traveling
people as well as terrorist activities and wars reached the level that we did not have
before and early World War 1. Because of the number of aged population osteoporosis
in bone, which increases susceptibility to the fracture of bone. Traffic accidents, wars
and terrorist activities become not only the cause of death also due to be posed to the
high strain rate impacts several different type of bone fracture occurred, occur and will
occur. Advanced countries have statistics on the number of bone fracture resulting in

economical lost.

Mechanical behavior of material and fracture mechanics give information on the
physics and the deformation of fracture generally [5]. As of early 20th century many
researches help to understand crack initiation and propagation resulting in fracture
in materials. However, although explanation of the fracture behavior of the single
crystals, purely amorphous, crystalline with one and multi phases materials would be
possible, complicated-anisotropic composite materials like human bone which is living
and dynamical material needs to be paid more attention to understand how and why

fracture occur.

After fracture in bone, in order to weld fractured fragments of the bone i.e. heal-
ing occurs via the manipulations and/or surgery performed by orthopaedics surgeons.
Unfortunately the mechanisms of bone healing in the macro, micro and nano level are
not clear. To our knowledge it is not paid attention to the thermodynamics of healing
and the contribution of both inorganic and organic parts to the healing. Besides that

during healing one important discrepancy is formation of hematoma.



Antiembolic agents are routinely used in orthopaedics and traumatology clinics,
especially after arthroplastic operations, in case of having tumor and major trauma in
order to decrease the potential clinical problems that are caused by embolism. This
study was designed to evaluate the side effects of different antiembolic agents on the

bone fracture healing.

In order to get rid off hematoma formation certain medicines are advised, but
effect of medicine inserted into the body during bone healing, to our knowledge, is
not known in terms of what happens in the bone in micro and nano level, which in
turn alter crack initiation and propagation mechanisms of the bone. To study and to
reach satisfactory conclusions on this subject it is necessary to design various research

programmes.

The aim of this research is to start to reveal the effect of agents on the structure
of inorganic part of bone. Since bone is consisting of organic and inorganic parts,
during current study it is concentrated only on the inorganic part. The rest would be

studied by another researches to complete whole picture.

After using an experimental animal model, where "enoxaparin", "fondaparinux"
and "heparin" are used as antiembolic agents, fractured and healed bones are stud-
ied micro-structurally by the help of x-ray diffraction (XRD)and scanning electron
microscopy (SEM).

To reach this idea, initially, rat, which was used as experimental animal was
injected by different antiembolic agents. After sacrifice (with the permission of eth-
ical committee) of animal, the bones were studied in material laboratories to reveal
structural changes. XRD studies were performed to reveal, if there is any change in
the crystallinity of bone. SEM studies also were performed in order to reveal micro-

structural and morphological features.

Bone fracture is not only a medical condition but it is also a well known physical

time and rate dependent phenomenon, in which cohesive strength in bone locally or



totally becomes zero. Certainly the main cause of the fracture is the exceeding the
amount of stress over the value, which can be carried by the material [6, 7|. Since bone
is time dependent and easily remodeled material addition to its highly anisotropic com-
posite structure, mechanism of bone fracture behavior is too complex. After injecting
antiembolic agents mentioned above all the physiological conditions like the transport
phenomena, piezoelectrical properties of the bone, type of collagen and texture of min-
erals inside the bone may be affected and may cause mechanically weakening of bone

8, 9, 10, 11].

Due to traffic accidents, wars, sportive activities, some chronic illnesses affecting
bone metabolism, rapid changes in living environment may cause sudden fracture and
also weakening of bone, so that economical impact of bone failure to the society may

drastically increase.

Compact bone behaves like a ceramic/polymer composite with discontinuous
fibers. Stress-strain behavior of bone depends on the types of bone, the age, the
directionality and accompanying illnesses if there is any [7]. However generally it
is accepted in tension bone exhibits a stress-strain curve that is initially linear and
then shows a departure from linearity that is called yielding. It is characterized by
micro-structural damage that is actually the beginning of the fracture, which finally
occurs after a further increase in stress [6, 7. There is a certain amount of toughness
in compact bone, partly due to collagen fibers, which can stabilize micro-cracks in
the mineral phase until their number becomes overwhelming. The quantitative value
of the toughness is related with accumulation of damage, crack initiation and crack

propagation |7].

The effect of antiembolic agents on the bone and fracture healing is an issue
with different opinions from medical researchers. While the negative effects of heparin
on bone healing is a well known issue, the other medical agents for replacing heparin
like LMWH (low molecular weighted heparin) and fondaparinux are considered as

antiembolic agents having no effects on bone healing [12, 13, 14].



The objective of this study is to reveal the side effects of the antiembolic agents
used extensively to get rid of embolism on the structural changes in bone. By using
these agents, it would be possible to avoid embolism, but on the other hand there are
debates remained about the effects of these antiembolic agents on successful healing of

fractured bone [15, 16].

Fracture healing is a kind of welding, which is affected by interactions of the
cells, micro-fluidics, diffusion, transport phenomena that are quantitatively, according
to our knowledge, unknown. Injecting any kind of medicine certainly influence on the
parameters mentioned above. Antiembolic agents are one of the externally injected
liquids which certainly play an important role on the physiological behavior. Combining
material science and engineering methods with medical sciences especially with the
orthopaedics will help to understand the mechanisms occurring in the system being,

here, process of bone healing after injecting antiembolic agents.

1.2 Physiology of Bone

Bone is as a connective tissue, and it is unique among the connective tissues
because it is hard. It is one of the most dynamic and metabolically active tissue in
the body. Blood circulation makes it most evident that bone is a living tissue. As a
highly vascular tissue it has an extensive capacity for self repair and also it can alter

its properties and configuration [1].

The skeleton serves eight functions: (i) support: framework for the body; (ii)
protection: for internal organs and bone marrow; (iii) mechanical: provides kinematic
links and attachment sites for muscles for locomotion; (iv) metabolic: acts as a mineral
reservoir, playing a vital role in the maintenance of steady-state levels of ions in the
body, especially calcium and phosphate; and (v) hematopoiesis: the formation and
development of blood cells, especially in the bone marrow, (vi) growth factor storage:
mineralized bone matrix stores important growth factors such as insulin-like growth

factors, transforming growth factor, bone morphogenic proteins and others, (vii) fat



storage: the yellow bone marrow acts as a storage reserve of fatty acids (vii) acid-base
balance: bone buffers the blood against excessive pH changes by absorbing or releasing

alkaline salts [17].

1.2.1 Macrostructure of Bone

Bones can be classified according to their shapes as: long (e.g. femur and
humerus), short (e.g. tarsus and carpus), flat (e.g. the ribs and the bones of the skull),
and irregular (e.g. the vertebrae along the spine). The long bones serve as a classical

model for describing the general macroscopic structure of bone (Figure 1.1).
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Figure 1.1 Schematic view of long bone demonstrating epiphysis, diaphysis, articular cartilage,
endosteum and periosteum [1].

A typical long bone has a cylindrical like shaft called diaphysis, near the middle
of the shaft is comprised mostly of compact bone that is resistant to bending stresses

and usually has its maximum thickness, two wider and rounded ends, the epiphysis,



which are at the extreme ends of the bone are composed of cancellous bone. The
surface of the cortical bone is covered by a thin layer; metaphysis. During growth, the
metaphysis is surrounded by an epiphysis united to its metaphysis by a cartilaginous
growth plate. The growth plate is where calcification of cartilage occurs. During

maturity, the cartilage of the epiphysis has been replaced by cancellous bone [1].

1.2.2 Cortical and Cancellous Bone

At the macroscopic level, cortical bone accounts for 80 % of the skeleton and
is composed of tightly packed osteons or haversian systems that are connected by
transverse volkmann’s canals which contain blood vessels, lymphatic tissue, nerves
and connective tissue. Volkmann’s canals communicate with the longitudinally like
orientated haversian systems. Interstitial lamellae lie between the osteons. Along the
boundaries of each lamella there are small cavities called lacunae, each of which contains
one bone cell, an osteocyte. Small channels called canaliculi connect the lacunae of
adjacent lamellae and finally reach the haversian canal. These channels allow nutrients
from the blood vessels to reach the osteocytes. Canaliculi do not cross cement lines.
Cement lines define the outer border of the osteons and it is the weakest portion of the
bone. Cortical bone is characterized by a slow turnover rate a relatively high Young’s

Modulus (E) and a higher resistance to torsion and bending than cancellous bone.

Cancellous (spongy, trabeculae) bone which is the remaining 20% part of the
skeleton has higher turnover rate and has more porous architecture than cortical bone
[18]. It is composed of thin plates or trabeculae arranged into a loose mesh structure.
The space between the trabeculae is filled with red marrow. Cancellous bone tissue is
arranged in lacunae-containing lamellae but it does not contain haversian canals. The
osteocytes receive nutrients through canaliculi from blood vessels passing through the

red marrow.

Both cortical or cancellous bone constituted by the same cells and the same

extracellular matrix components, but there are architectural and functional differences



[4]. The differences in structure depend on the amount of solid matter, as well as the
size and number of spaces; in the compact tissue, the cavities are small and the solid
matter between them is abundant, on the other hand in the cancellous tissue, the spaces
are large and the solid matter is in smaller quantity. The functional differences are a
consequence of these structural differences and vice versa. The structural composition
of cortical bone mainly provides the mechanical and protective functions of bone, on

the other hand, trabecular bone provides the metabolic function.

Long bones consist of a diaphysis with an expansion referred to as metaphysis.
Diaphysis is the shaft of bone. It is a hollow tube and its walls are composed of dense
cortex. Towards the epiphysis and metaphysis the cortex becomes progressively thinner
and the internal space contains mostly cancellous bone with a thin shell of cortical bone
[19]. The spaces enclosed by these thin trabecular are interconnecting pores that are

filled with hematopoietic bone marrow [20].

The sizes of the pores vary considerably throughout the bone interior and thus
present a structure of variable porosity. The arrangement of the trabeculae is func-
tional. Their orientation closely parallels the trajectories of maximum stress and thus

gives the skeleton maximum rigidity and resistance to mechanical stresses and strains

[1].

The external surface of a bone is completely covered by periosteum. This mem-
branous tissue has two layers, an outer fibrous layer (periosteum) and an inner os-
teogenic or cambium layer (endosteum) [21]. The outer fibrous layer is permeated
by blood vessels and nerve fibres and acts in a supportive capacity. The inner layer
contains highly active cells. During growth, these cells produce circumferential enlarge-
ment and remodeling of bone [22]. Therefore they form an osteogeneic layer. After
maturity, this layer consists mainly of a capillary blood vessel network. The endosteum
is a membrane consists of bone surface cells (osteoclasts, osteoblasts, osteocytes and
bone lining cells) and lines the cavities of cortical and cancellous bone and the marrow

cavity of the diaphysis [1].



1.2.3 Composition of Bone

Bone is a composite material, which consists of 65 % mineral salts, 35 % organic
matrix (mainly collagen), cells and water. Bone mineral consists mainly of calcium
phosphate in the form of crystalline hydroxyapatite, C'aio(POy4)s(OH )2, responsible
for the compressive strength of the bone, but also contains other mineral ions such
as magnesium, strontium, carbonate, citrate and fluoride |23]. The hydroxyapatite

crystals arranged along the length of the collagen fibers forming a composite material.

Organic matrix includes collagen, proteoglycans, noncollagenous matrix proteins
(glycoproteins, phospholipids, phosphoproteins) and growth factors and cytokines. Col-
lagen, which accounts for about the 90 % of organic matrix (predominantly collagen
type 1), is responsible for tensile strength of bone and it gives mechanical integrity [24].
It is the main load carrying element in blood vessels, skin, tendons, bone, fascia etc.

Therefore, the mechanical properties of collagen are very important to biomechanics.

Proteoglycans are partially responsible for the compressive strength and they
inhibit mineralization. Although the function of noncollagenous matrix proteins such as
osteocalcin, bone sialoprotein, osteonectin and osteopontin is not yet fully understood,
it is believed that they promote mineralization and bone formation [25]. Growth factors
and cytokines are present in small amounts in bone matrix, and they have an important

regulatory role in bone remodelling; differentiation, activation, growth and turnover.

1.3 Microstructure of Bone

1.3.1 Woven and Lamellar Bone

Woven bone with high proportion of osteocytes, is the first bone to appear in

embryonic development and is also seen in the initial stages of fracture healing and in

biologic implant fixation [26]. Woven bone is weaker, with a small number of randomly



oriented collagen fibers, but laid down very quickly. It is replaced by lamellar bone,
which is highly organized in concentric sheets with a low proportion of osteocytes. In
contrast, lamellar bone is stronger and laid down slower. It is comprised of fine fibre
bundles, and the collagen and associated mineral an they are arranged in parallel,

concentric curving sheets |[20].
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Figure 1.2 Hierarchical structure in human compact bone [2].

1.3.2 Bone Cells

Four major types of cells are involved in bone turnover; bone modeling and bone

remodelling, namely osteoblasts, bone lining cells, osteocytes, and osteoclasts.

Osteoblasts are the bone-forming cells, derived from mesenchymal stem cells
located in the bone marrow. Their functions are to synthesize and secrete unmineralised
bone matrix; osteoid and produce the majority of the organic components of bone,
including collagen, proteoglycans, and other non-collagenous proteins [21]. Osteoblasts
are mononucleate. Osteoblasts participate in the calcification and resorption of bone,

and regulate the flux of calcium and phosphate in and out of bone [1].

More differentiated metabolically active cells line at bone surfaces and less active
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cells found in resting region called resting osteoblasts or bone-lining cells [27]. Bone
lining cells (BLCs) share a common lineage with osteogenic (bone forming) cells may
regulate mineral homeostasis with the complex of osteoblasts and osteocytes [1]. They
function as a barrier for certain ions induced osteogenetic cells. They are flattened,

mononucleate cells which line bone.

Osteocytes originate from osteoblasts, which have become embedded within the
bone matrix. Osteocytes are located in the lacunae and are interconnected by long
cytoplasmic processes to other osteocytes and osteoblasts. The role of the osteocyte is
not yet fully understood. Their functions include to varying degrees: formation of bone,
matrix maintenance and calcium homeostasis. They possibly act as mechanosensory

receptors-regulating the bones’ response to stress [27].

The fourth type of specialised bone cell is the osteoclast. Osteoclasts are the
cells responsible for bone resorption. Osteoclasts are large, multinucleated cells located

on bone surfaces in what are called Howship’s lacunae [27].

1.4 Fracture Healing of Bone

Fracture healing is a complex biological cascade of cellular and molecular pro-
cesses. The primary aim of fracture healing is actual reconstitution of the injured bone
without a scar becoming almost identical to its original shape. The fracture healing

process has been under investigation for many years.

The process of fracture healing can occur in two ways. Direct or primary bone
healing occurs without callus formation. Indirect or secondary bone healing occurs

with a callus precursor stage [21, 28, 29|.
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1.4.1 Primary Bone Healing

Primary fracture healing, also known as direct or osteonal healing, involves in-
tramembranous bone formation and a direct attempt by the cortex to re-establish itself
after interruption across a fracture line or osteotomy. This process primarily occurs
between rigidly opposed cortical fracture ends to re-establish mechanical continuity

such that no internal or external callus is formed [30].

Primary healing seems to process only when there is a combination of anatomical

reduction, stabilization and compression of the fracture.

During primary healing, the periosteum is left intact and the blood supply is not
disrupted. Under these conditions, bone-resorbing cells on one side of the fracture show
a tunnelling resorptive response, whereby they re-establish new haversian systems by
providing pathways for the penetration of blood vessels [21, 28, 29]. There is a direct
reconstruction of the fragment edges by haversian remodelling [29]. Primary bone
healing consists of simultaneous remodelling and formation of new bone at the fracture
site |28]. However, intermittent cartilaginous stage, as seen in secondary bone healing,
is bypassed. There is no relevant amount of callus visible on radiographs. Fragment
resorption does not occur; thus there is no fragment end shortening. Also primary

healing is a slow process which will continue months to years [28].

1.4.2 Secondary Bone Healing

Secondary (indirect) healing of bone dominates when less rigid forms of internal
and external fixation are used e.g. conservative treatment using a cast. The process of
bone repair by secondary healing can be divided into three overlapping stages. Heal-
ing begins with inflammation which is followed by the formation of hard callus by
intramembranous ossification and bridging is achieved by endochondral ossification of
the soft callus reparative stage and finally the callus is resorbed during callus remod-

elling [21, 30, 28|.
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Figure 1.3 An approximation of the relative amounts of time devoted to the inflammation, reparative,
and remodelling phases in fracture healing [3].

Healing with callus formation is the hallmark of secondary bone healing [30]. Tt
serves as a bridge between the bone fragments and helps to eliminate motion between

them.

1.4.3 Stages of Bone Fracture Healing

1.4.3.1 Inflammatory Phase. The inflammatory stage, the shortest stage in the

repair process, begins immediately after fracture and lasts between 2 and 3 weeks after
injury (Figure 1.5). Healing begins with bleeding from the trauma which disrupts the
fracture surfaces, the periosteum and the surrounding soft tissues and results in the
formation of the fracture haematoma. The haematoma forms an important source
of haematopoietic cells and platelets that initiate the inflammatory process. The
haematoma releases a large number of signalling molecules, including cytokines and
growth factors [1, 17, 18]. Disruption of the haversian system results in the death
of osteocytes at the immediate ends of the bone fragments. These dead osteocytes

releases lysosomal enzymes that trigger the destruction of the organic matrix [30].

Macrophages and osteoclasts are found early in the inflammatory phase and
begin the process of resorption and removal of dead bone. The necrotic tissue chemo-

tactically attracts primitive mesenchymal elements from the cambium layer of the
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Figure 1.4 Schematic demonstration of early fracture [4].

periosteum, endosteum, bone marrow, and the endothelium. Mesenchymal cells and
inflammatory cells differentiate into osteoblasts and chondrocytes, begin producing
the elements of the soft periosteal callus, granulation tissue, between fracture ends
[1, 17, 18]. The resulting proliferation of woven bone tissue will produce a hard frac-

ture callus, thus bridging the fracture gap.

1.4.3.2 Reparative phase. In all fractures, the reparative phase of healing begins

by appositional growth of new woven bone between days 3 and 5, when a majority of

the callus still consists of granulation tissue (Figure 1.6) [30].

The second stage of healing is the reparative phase where the cellular synthesis of
new bone, organic matrix, and the ossification of the matrix occurs to form new woven
bone.11. Bone growth in fracture callus proceeds via two routes: intramembranous

and endochondral growth. During the reparative phase, the configuration of fracture
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Inflammatory Phase

Figure 1.5 Schematic demonstration of the inflammatory stage of fracture healing [4].

healing is highly susceptible to mechanical factors and degree of immobilization. If
the bone fragments are well immobilized, intramembranous growth dominates. On
the other hand, if the bone fragments are not well immobilized, endochondral bone

formation dominates.

The undifferentiated periosteal callus begins to undergo rapid chondrogenic
transformation and proliferation; an increase in collagen type I, II and III collagen,
but during the latter stages of repair as the process continues, type I collagen predom-
inates [1] and an accumulation of hydroxyapatite crystals [4] in the matrix [28]. The
cartilaginous callus mineralizes and envelopes the bone ends, leading to an increase
in stability between the bone fragments [30]. Blood vessels begin to pass through the
fibrous callus of one fracture fragment to reunify with those of other fragments. The
combination of osteoblasts, cartilaginous matrix, and woven bone is the fracture cal-
lus. Formation of a bony bridging callus is the final step in the reparative phase of the

fracture healing.
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Reparative Phase

Figure 1.6 Schematic demonstration of the reparative stage of fracture healing [4].

1.4.3.3 Remodelling phase. Remodeling is the third and longest biological stage
of fracture healing, suggested to last 6 to 9 years after the initial trauma in humans be-
gins when the fracture is bridged by callus (Figure 1.7) [17, 25|. During this phase, the
mineralized cartilage is transformed into woven bone, then the woven bone laid down
in converted to lamellar bone [17]. Bone remodeling is predominantly regulated by the
mechanical environment and the resultant piezoelectricity generated in the crystalline
environment of the bone [17, 29, 28|. The final result of the remodeling stage is a bone

whose organic and mineral phases are better aligned to resist local stresses [25].

1.4.4 Biomechanical Stages of Fracture Healing

The biomechanical stages of fracture healing were described by White and his
coworkers (1977) using an externally fixed rabbit tibial osteotomy model |31]. Rabbit

tibias were tested in torsion and the maximum torque, angle, energy and stiffness
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Remodelling Phase

Figure 1.7 Schematic demonstration of the remodelling stage of fracture healing [4].

(slope) were determined. This work provided the first objective measurement of healing

bone and proposed 4 biomechanical stages.

Stage 1 The bone fails through the original experimental fracture site with a

low stiffness; the fracture site has low stiffness and low strength.

Stage 2 The bone fails through the original fracture site with a high stiffness;

the fracture site has normal bone stiffness but low strength.

Stage 3 The bone fails partially through the original fracture site and partially
through the surrounding bone; the fracture has normal bone stiffness and medium

strength.

Stage 4 The site of failure is not related to the original fracture site; the fracture

site has normal bone stiffness and normal bone strength.



17

1.5 Thromboembolism

Thrombosis is the formation or presence of a blood clot, or thrombus, in an
artery or vein. An embolism is an occlusion of a blood vessel by a thrombus. A
thromboembolism is caused by a piece of a thrombus that breaks off and travels through
the blood to become lodged in a smaller blood vessel perfusing a particular organ, such
as the lung (pulmonary embolism), brain (stroke), or heart (myocardial ischemia or

heart attack) [32, 33|.

Venous thromboembolism (VTE) is a complex vascular disease with a multi-
factorial pathogenesis that results in two major clinical manifestations. The first and
more common manifestation is deep venous thrombosis (DVT). Deep venous throm-
bosis most often originates in the deep veins of the major calf muscles. Pulmonary
embolism (PE), the second and more serious manifestation, occurs if a fragment of the
venous thrombosis is released and travels through the right ventricle of the heart and

becomes lodged in the pulmonary artery [32, 33, 34].

Symptomatic PE occurs in approximately 30% of patients with DVT. If one
counts asymptomatic events, some 50-60% of patients with DVT develop PE [35, 32].
Venous thromboembolism occurs in approximately 1 in 1,000 persons, with over 200,000
cases of deep vein thrombosis and pulmonary embolism occurring annually in the
United States Heit et al [35]. Up to 30% of patients die from the disorder and one
fifth experience sudden death from pulmonary embolism, which alone accounts for

50,000 deaths per year.

1.5.1 Risk Factors for Venous Thromboembolism

Primary risk factors [32]

e Deficiency of antithrombin



Congenital dysfibrinogenemia
Thrombomoduline
Hyperhomocystinemia
Anticardiolipin

Excess plasminogen activator inhibitor
Prothrombin 20210A mutation
Deficiency of protein C

Factor V Leiden (APC-R)
Deficiency of plasminogen
Dysplasminogenemia
Deficiency of protein S

Deficiency of Factor XII

Secondary risk Factors [32]

Trauma/Fracture
Surgical intervention
immobilization
Malign disease
Obesity

Palsy

Age

Center venous catheter

18
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e Smoking

e Pregnancy

e Long journey

e Oral contraceptive administration
e Lupus anticoagulants

e Crohn’s disease

e Nephrotic syndrome

e Polistemia

1.5.2 Prevention of Deep Venous Thrombosis and Pulmonary Embolism

The method for preventing DV'T or PE must be effective to some or all mech-
anisms of Virchow’ triad. Furthermore methods with non or negligible side effects,
practicable, cost-effective should be preferred. In preventing from DVT there are two

different principles [32, 33|:

Primary prevention: With medical treatment and physical methods or both,
preventing is targeted, before formation of DVT. It is most preferred and more suitable

in terms of cost-effectiveness.

Secondary prevention: It stands on the principle that surgically intervented pa-
tients with sensitive and objective diagnosis methods or the early diagnosis of subclinic
DVT and treatment. It is suggested for the patients on whom the primary protection

is contraindicated or ineffective.

e Low dose standard heparin

e Adjusted-dose heparin
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e Low molecular weighted heparin (LMWH)
e Oral anticoagulants

e Fondaparinux

e Intermittent pneumatic compression boots
e Vascular compression stockings

e Aspirin

e Hirudin

e Inferior vena cava filter

These treatment methods do not exactly vanishes the risk of VTE, but greatly
decreases. To decide which method will be used to prevent DV'T, side effects, values,

risk groups must be taken into account.

Heparin: Heparin, a heterogeneous mixture of branched glycosaminoglycans,
was discovered to have antithrombotic properties by McLean almost 90 years ago. Its
molecular weight ranges from 3,000 to 30,000, with a mean molecular weight of 15,000
(approximately 45 monosaccharide chains). Only one third of heparin molecules contain

the high-affinity pentasaccharide required for anticaogulant activity.

Heparin is synthesized in the mast cells of many tissues, such as the liver, lung,

and gastrointestinal tract.

Heparin binds to the plasma protein antithrombin III (AT-III), indirectly pro-
ducing an anticoagulant effect. In the absence of heparin, AT-III slowly inhibits throm-
bin and clotting factor Xa. Once bound to a specific pentasaccharide sequence on hep-
arin, AT-IIT undergoes a conformational change at an arginine reactive site increasing
its inhibitory activity against thrombin and factor Xa up to 1000-fold. Inhibition of fac-
tor Xa requires that heparin bind only to AT-III. However, for there to be inhibitory
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activity against thrombin, heparin must bind simultaneously to AT-IIT through its

pentasaccharide and thrombin through 13 additional saccharide residues.

It inhibits coagulation by binding to and increasing the activity of antithrombin
IIT (AT-III), a plasma protein that inhibits factor ITa (thrombin), factor Xa, and several

other clotting factors.

Heparin is administered by deep subcutaneous or intravenous injection. Heparin

has no effect on a preexisting thrombus, it prevents their enlargement and propagation.

Doses of heparin must be individualized and adjusted, if necessary, based on
the activated partial thromboplastin time (aPTT). The dose of heparin is considered
appropriate when aPPT values are 1.5 to 2 times normal. Measurement of the activated

clotting time (ACT) can be used in conjunction with very high doses of heparin |32, 33].

Low molecular weighted heparin (LWMH): Low molecular weight hep-
arins (LMWHSs) (enoxaparin, dalteparin, ardeparin, tinzaparin, danaparoid) are pro-
duced by chemical depolymerization of unfractionated heparin to yield polysaccharide
chains of m.w. 2,000 to 9,000. LMWH fractions prepared from standard commercial
grade heparin. These drugs interact with antithrombin IIT (AT-III) but not required
for attaching the thrombin. These agents are factor Xa selective, and display a 2-
to 4-fold greater anti-factor Xa activity than antithrombin activity. LMWHs can be
administered subcutaneously. LMWHs can be administered once a day and are more
specific for factor Xa Majerus and Tollefsen (2001), they have better bioavailability
and longer half-lives than UH, and their anti-thrombotic effects are more predictable

[32, 33]. In this thesis, enoxaparin was used as LMWH.

Fondaparinux: Fondaparinux is a heparin-like anticoagulant that has a selec-
tive and indirect anti-factor Xa activity. Fondaparinux is a synthetic pentasaccharide.
It functions by binding reversibly, but with high affinity, to anti-thrombin ITI Samama
and Gerotziatas (2003), thereby increasing the affinity of antithrombin (AT) for Factor

Xa by about 300-fold.It is administered by subcutaneous injection [32, 33].
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1.6 Historical Background

Although anticoagulants must be routinely used in patients presenting risk fac-
tors to deep venous thrombosis, as well as in those experiencing fractures at pelvic
region, at lower limbs and in cases of multiple traumas, the effect of antiembolic agents
on bone healing is not a well-known issue. Heparin is an effective antithrombotic
agent, but various studies shows that it has limitations and side effects on bone as
causing osteoporosis, stimulating bone resorption, increasing calcium loss, decreasing
bone mineral density. Some of these limitations of unfractionated heparin are over-
come by the use of LMWH preparations. Nevertheless studies shows that they have
also negative effect on bone metabolism less than unfractionated heparin. Recently,
fondaparinux, at low dosages, is being used for replacing the traditional non-fractioned
heparin. Although studies about the fondaparinux are limited, no negative effect on
bone metabolism is stated. Besides, in these studies, it is claimed that the negative

effects of heparin and similar agents can be prevented by the usage of fondaparinux.

Matzsch et al. studied the effects of heparin in inducing osteoporosis on a
rat model. The animals were divided into two groups and were treated with daily
injections of 2 IU heparin/g body weight for 33 and 65 days and compared with rats
acting as controls. The mineral bone mass in the femora of the animals was measured
quantitatively. They found a significant reduction in bone mineral mass in the heparin-
treated animals. This effect was present to the same degree after 33 days as after 65

days of treatment [36].

Ginsberg et al. in order to provide estimates of the risks of symptomatic os-
teoporosis and reduced bone density in premenopausal women treated with long-term
(greater than 1 month) heparin therapy, they evaluated a cohort of 61 consecutive
premenopausal women previously treated with long-term heparin (cases) and a group
of controls matched for age, parity and duration between the last pregnancy and eval-
uation. All patients’ bone densities of the lumbar spine and the wrist were analysed
and compared to control group, reduction in bone density was seen in premenopausal

women treated with long-term heparin therapy. Although none of the patients suffered
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symptomatic fractures, they stated that, it is possible that the reduction in bone den-
sity predisposes women to fractures, and this potential risk should be considered when

treating women with long-term heparin [37].

The relation of heparin therapy to osteoporosis was assessed in women; treated
with subcutaneous heparin during and after pregnancy for thromboembolism prophy-
laxis. De Swiet et al. found that the phalangeal cortical area ratio was significantly
less after long term therapy (greater than 25 weeks) compared with that after short
term therapy (less than 7 weeks) in a retrospective analysis. The findings indicate a
dose-related demineralization process associated with prophylactic heparin therapy in

pregnancy |38].

Barbour et al. as a prospective study, compared the bone densitometry of
14 pregnant women requiring heparin therapy and 14 pregnant controls matched for
age, race, and smoking status was identified by 20 weeks’ gestation to evaluate the
subclinical occurrence of heparin-induced osteoporosis in pregnancy. Proximal femur
bone density measurements were taken at baseline, immediately post partum, and 6
months post partum in the cases and controls. Reduction in bone density by 10 % of
36 % case was seen in women treated with heparin therapy, this difference continued

to be statistically significant 6 months post partum [39].

Dahlman published an extensive study about the effect of long-term treatment
during gestation with heparin. 184 pregnant women was treated with the mean dosage
of heparin 19,100 IU per 24 hours, for 25 weeks. Symptomatic vertebral fractures were
found in 2.2 % of the women, and a relationship to the amount of heparin was indicated

140].

Similar results was indicated by Douketis et al too. In this study the effects of
long-term heparin therapy on lumbar spine bone density was investigated. Twenty-five
women who received heparin during pregnancy, and 25 matched controls was compared.
Heparin-treated patients had lower bone density compared to untreated controls. It was

indicated that long-term heparin therapy was associated with a significant reduction
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in bone density [41].

Von Mandach et al. was claimed that the short-term low-dose heparin plus
bed rest in pregnancy damage the bone metabolism. Serum ionised calcium, 1.25-
dihydroxyvitamin D(3), osteocalcin, and urinary calcium/creatinine ratio were de-
termined three times at 2-week intervals. They concluded that short-term low-dose
heparin plus bed rest suppresses 1.25-dihydroxyvitamin D(3) and osteocalcin levels in

pregnancy [42].

Since the first suggestion of heparin-induced osteoporosis in 1963, a large body
of work has been published. The mechanism can be explained by the effect of hep-
arin as a cofactor for physiological stimulaters of osteoclasts [43]. LMWH which are
designated because of the possible complications of UH has been also searched in sim-
ilar osteoporosis studies. Sivakumaran et al. reported that although LMWHs have a
lower potential to cause osteopenia than the unfractionated preparations, still there is
a potential risk of this complication with the prolonged use of LMWH preparations
[44].

Casele et al. serially measured bone density in the proximal femur, in 16 women
receiving enoxaparin sodium (40 mg daily) for a mean duration of 25 weeks, during
pregnancy to evaluate changes in bone density. Measurements were taken within 2
weeks of starting therapy and then at 6-8 weeks postpartum and 6 months postpartum.
There was no significant change in mean bone density measurement from baseline
measurements to the conclusion of therapy at 6 weeks postpartum and no patient
experienced a decrease in bone mass at 6 weeks postpartum. By 6 months postpartum,
there was a significant mean decrease in bone density and 14 % patients evaluated

experienced an overall bone loss of > 10 % [45].

Pettila et al. was performed an open study; 44 pregnant women with con-
firmed thromboembolism were randomised to receive either low-molecular-weight hep-
arin (dalteparin) or unfractionated heparin for thromboprophylaxis during pregnancy

and puerperium. Bone mineral density in the lumbosacral spine was measured in 1, 6,
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16, 52 weeks. Bone mineral density values were also compared with those of healthy,
control group. Mean bone mineral density values of the lumbar spine was significantly
lower in the unfractionated heparin group compared with the dalteparin and with the
control groups. Bone mineral density values in the dalteparin group did not differ from

of healthy delivered women [46].

To determine and compare the effects of long-term secondary venous throm-
boembolic prophylaxis with LMWH or acenocoumarol on bone mineral density, Wawrzyn-
ska et al. studied on 86 patients receiving LMWH or acenocoumarol for 3-24 months.
They reported a mean decrease in BMD of the femur was 1.8 % and 2.6 % in patients
given acenocoumarol and 3,1 and 4,8 % in patients given enoxaparin, respectively, at 1
and 2 years of follow-up. Decrease in BMD, more evident in patients on LMWH than
on acenocoumarol. To perform densitometry before starting long-term anticoagulation
and to repeat it every 12 months, especially in patients with concomitant risk factors
for osteoporosis in order to identify patients in need of its prophylaxis was suggested.

ref

The effects of heparin and LMWH were investigated in a variety of animal
experiments. Matzsch et al. divided the rats into 4 groups and treated with UH (2
IU/g bw) (the first group), LMWH in 2 doses; 2 Xal U/g (the second group), 0.4 Xal
U/g (third group) and placebo (saline) (the final group) for 34 days. Studied variables
were the bone mineral mass in femora; fragility of humera; zinc and calcium levels in
serum and bone ash and albumin in plasma. An expressive reduction in bone mineral
mass was found in all heparin-treated rats. There was no difference between UH and
LMWH in this aspect, but in LMWH-treated rats, this effect was found to be dose-
dependent. A reduction in zinc content in bone ash was found in all heparin-treated
animals compared to control groups, though the fragility of the humera did not differ
between all heparin-treated group and control group. Researchers concluded that, if
dosed according to similar factor Xa inhibitory activities, there would be no difference

between LMWH and UH in inducing osteoporosis aspect [47].

A similar research was done by Monreal et al. in an animal model, to determine
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the effect of a high dose of UH(2 IU/g s.c. twice a day) and LMWH (Dalteparin, 1
anti-Xa U/g once a day) was compared with that of placebo on the mineral bone mass
in the femur of rats. After 33 days of treatment no differences were found in the weight
of the femur. Though heparin-treated rats had a lower density compared to control rats
and also LMWH-treated rats. They claimed that LMWH may have a lower osteopenic
effect than that of UH [48].

Hurley et al. studied the effect of LMWH on collagen synthesis in 21-day fetal rat
calvariae and claimed that LMWH compounds were just as inhibitory as native heparin
on collagen synthesis and offer no protection against heparin-induced osteoporosis.
Moreover, the size and sulfation of a heparin-derived oligosaccharide contribute to its

ability to inhibit collagen synthesis in bone [49].

Murray et al. studied whether heparin-induced osteoporosis is influenced by the
molecular weight of heparin on rabbits and compared LMWH-treated, UH-treated or
high molecular weight heparin-treated rabbits. A reduction in cortical and trabecular
bone density was seen in UH and HMWH-treated rabbits but not in LMWH-tretaed
rabbits, compared to the control group. A significant increase was seen in femoral
fragility in HMWH-treated rabbits. Authors conclueded that HMWH and UH can

induce some osteoporotic changes, but LMWH did not cause toxic skeletal effects [50].

Shaughnessy et al. in a study on rats, stated that unfractionated heparin stim-
ulates the process of bone resorption and that the LMWHs, enoxaparin, fragmin, logi-

parin, and ardeparin produce significantly less calcium loss than UH [51].

Muir et al. has studied the effects of UH on trabecular bone histomorphome-
trically. Rats were treated with once daily subcutaneous injections of heparin (0.25
to 1.0 U/g) or saline for 8 to 32 days and the effects on bone were monitored both
histomorphometrically and biochemically by measuring urinary type I collagen cross-
linked pyridinoline (PYD) and serum alkaline phosphatase, markers of bone resorption
and formation, respectively. They found that heparin induces both a time- and dose-

dependent decreased in trabecular bone volume, with the majority of trabecular bone
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loss occurring within the first 8 days of treatment. They showed that heparin doses
of 1,0 U/g/d resulted in a 32 % loss of trabecular bone.Moreover, a 37 % and 75 %
decrease was seen in osteoblast surface and osteoid surface in heparin-treated rats,
respectively. Based on these observations, they conclude that heparin decreases tra-
becular bone volume both by decreasing the rate of bone formation and increasing
the rate of bone resorption. In contrast, LMWH, causes less osteopenia than heparin
because it only decreases the rate of bone formation [52]. In another research included
LMWH [53], Muir et al. found that both heparin and LMWH decrease cancellous bone
volume in a dose-dependent fashion, but that heparin causes significantly more can-
cellous bone loss than does LMWH. They concluded that heparin decreases cancellous
bone volume both by decreasing the rate of bone formation and increasing the rate of
bone resorption. In contrast, LMWH, causes less osteopenia than heparin because it

only decreases the rate of bone formation [53].

Bhandari et al. studied the the relative effects of UH and LMWH on osteoblast
function, and used an in vitro bone nodule assay. For this aspect, with bone nodule
formation, alkaline phosphatase (ALP) activity was measured. They stated that both
agents inhibited bone nodule formation and alkaly phospatase (ALP) activity in a
concentration-dependent manner, but 6 to 8-fold higher concentrations of LMWH were

required to achieve equivalent effects. They cited that the risk of osteoporosis is lower

with LMWH than with heparin [54].

In an another research, Shaughnessy et al. studied whether heparin-induced
bone loss is reversible when heparin treatment is stopped and heparin was found to be
retained in bone for at least 56 days after stopping heparin treatment. To their findings,
they claimed that heparin-induced osteoporosis is not rapidly reversible because heparin

is sequestered in bone for an extended period [55].

Kock et al. in a standardized in vitro model, studied the effects of UH and
LMWHs on osteoblast growth were studied at the same dose, on human osteoblast cell
cultures and analyzed 4 different LMWHs (nadroparin, enoxaparin, dalteparin, cer-

toparin). They emphasized that, LMWHs caused a significant inhibition of osteoblast
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growth and an increase in bone resorption, compared to control groups |56].

Various studies about the effect of LMWHs on bone histomorphometry on rats,
found that LMWHSs inhibits the bone formation and stimulates the bone resorption
[57].

The negative effects of anticoagulants especially heparin on fracture repair was
shown in different studies also. In 1956 Stinchfield et al. found that daily injection of
UF and warfarin significantly inhibites the fracture repair in rabbit and dog experiment

model [58].

Street et al. found that LMWH, enoxaparin, significantly attenuated the bone
repair, on the healing of a closed rabbit rib fracture model. In enoxaparin-treated
rabbits, on the 3.,7. and 14. days, less increase of cells in medullar callus and less
turnover rate of perist was observed. In comparison to control groups, a decrease in
bone repair on enoxaparin-treated rabbits on the 7. and 14. days was observed and
biomechanical testing assessed after 21 days showed that mechanical properties of bone

weaken [59].

Kock et al. applied a standardized bone defect to both femur condyles to eval-
uate the effects of UH and LMWH on fracture healing. Three groups of ten rabbits
received subcutaneous injections of an UH, a LMWH (certoparin), or normal saline
over a period of 6 weeks. After therapy with LMWH, there was no inhibition of defect

healing compared to control group [60].

Hak et al. studied on dalteparin, to evaluate the effect of LMWH on fracture
healing in a standard stabilized rat femur fracture model. Following the treatment with
dalteparin for 2 weeks, radiological, histological and mechanical measurements taken
in the 2., 3., and 6. weeks were compared. Dalteparin did not show a meaningful effect

on fracture healing in comparison to control group [61].

Through LMWHs have faster effect than oral anticoagulants, it is not a surprise
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that in LMWH-treated patients preventing from sore side hematoma is significantly
greater after surgery. In early period treatment with LMWH due to fracture can may
be cause a greater fracture side hematoma. It is believed that fracture side hematoma
has a positive effect on fracture healing. Muzino et al. have revealed that fracture side

hematoma has a osteogenic potential [62].

Hawkins et al. found that fondaparinux may be a safe and effective alternative
to UH and LMWH in women who require anticoagulation during pregnancy on long-
term therapy. They claimed that heparin induced osteoporosis can be reduced with

fondaparinux treatment [63, 64].

Fracture healing always has been studied detailly in Orthopaedics and Trauma-
tology clinics. Bone healing and speeding up effects of nonsteroidal anti-inflammatory
drugs (NSAIDs) and different agents on bone healing has been investigated on vari-
ous experimental animal model. It has been found that most of the NSAIDs have a

negative effect on fracture healing [65, 66, 67|.

It has been showed that NSAID diclofenac, reduces appearance of osteoblasts in
bone defect healing in rats [68]. In an another study , it has been found that tenoxicam,
a NSAID, delays fracture healing process in rat tibia [69]. In a different study it has
been found that NSAIDs adversely effect fracture union [70].

In an another research it was found that nonsteroidal anti-inflammatory drugs
inhibit cyclooxygenases (COX-2). NSAIDs have been reported to delay fracture heal-
ing and cause non-union, possibly due to the drug-induced inhibition of osteoblast

recruitment and differentiation |71, 72, 73|.
Simvastatin is an agent for reducing cholesterol levels. It was found that sim-
vastatin promotes fracture healing |74, 75, 76] and increases the formation and differ-

entiation of osteoprogenitor cells [77].

In an animal model experiment, it was found that Levodopa, an agent used in
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the treatment of Parkinson Disease, has a positive effect on fracture repair [78].

Glutamin, an aminoasid, histologically increases the fracture healing minimally,
hyaluronic acid has also shown similar positive effects on fracture healing |79]. It was
found that nitric oxide, increases the healing rate radiographically and histologically
[80]. Turk et al. evaluated the effects of vitamin E on the fracture healing and stated
that vitamin E has positive effects [81].

In a study, evaluating the effect of human amniotic fluid on bone healing, cal-
varial defects was created in rabbits and defects were injected with human amniotic
fluid and the defects treated with human amniotic fluid had superior ossification in

comparison to the control group defects [82].

In an in vivo study, it is found that colchicine inhibits fracture union and reduces
bone strength [83]. Long-term systemic use of corticosteroids causes osteoporosis and
increased risk of fracture, however no inhibitory effects were seen following short-term

corticsteroid treatment [84].

The effects of antibiotic usage because of infection prophylaxis on fracture heal-
ing has been researched in literature. In a study that has been designated to evaluate
the effects of cefazolin and ciprofloxacin on bone healing, it was concluded that in cefa-
zolin group fracture union was closed to control group, on the other hand, ciprofloxacin
has delayed fracture union [85]. In an another study it was found that Levofloxacin
and trovofloxacin has adverse effects on fracture healing [86]. There are also studies

about the negative effect of Gentamicin on fracture healing [87].

The effects of pulsed electromagnetic fields [88] and ultrasound on fracture heal-
ing has been evaluated and generally it was claimed that they speed the healing process

[89).

Various agents and factors have been searched to speed fracture healing. Re-

combinant human vascular endothelial growth factor enhances bone healing, was es-
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tablished in an experimental nonunion model [90]. In an another study it was found

that; growth hormone accelerates bone healing, biomechanically and histologically [91].
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2. EXPERIMENTAL TECHNIQUES

In this thesis mainly it is concentrated on the inorganic part of bone. X-ray
diffraction tools and SEM analysis which will be explained below well characterisation

methods used.

Bones, on which characterisation applied where bones obtained from albino male
rats prepared in Ministry of Health Services Metin Sabanci Baltalimani Osteopathic

Training and Research Hospital.

2.1 Specimen preparation

2.1.1 Experimental Procedure

In this study 16 Wistar-Albino male rats (Istanbul University Cerrahpaga Fac-
ulty of Medicine Experimental Research Laboratory) were used. Before this study,
all required permission was obtained from Ministry of Health Services Metin Sabanci
Baltaliman1 Osteopathic Training and Research Hospital Ethic Commission and Istan-
bul University Cerrahpaga Faculty of Medicine Test Animals Ethic Commission. This
study is performed at Istanbul University Cerrahpaga Faculty of Medicine Test Animals

Research Laboratory.

All test animals in this study are average 2.9 months old (2.5-3.2 month) and
mean weights of these rats were 190 grams (172-273 gram). Rats were randomly
classified into 4 groups and in laboratory environment as such 4 rats in each cage
preoperative 48 hours along were monitored. During the study all rats are fed with
unlimited rodent feed and tap water. Rats that remained 12 hours in the light and 12
hours in the dark were followed at the temperature 22 centigrade degrees. All animals
were operated in the same day by the same surgeon. Antibiotic prophylactic therapy

wasn’t done during or after operations. No infection in any rat was observed around the
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wound. Four cages were named A,B,C and D (Table 2.1). lcc subcutaneous isotonic
sodium chloride solution was injected once a day for 2 weeks to Group A rats. 1000
antiXa IU/Kg subcutaneous enoxaparin was injected once a day for two weeks to Group
B rats [14|. To Group C rats 0.2 mg/Kg [14, 15, 16| subcutaneous fondaparinux was
injected once a day for two weeks and finally 1000 antiXa IU/Kg subcutaneous heparin
[12] was injected once a day for two weeks again to Group D rats. Injections of the
agents were done to the right groin area with an insulin injector by the same person.
All rats were sacrificed after 14 days. Cervical dislocation was used as a euthanasia
method. After the rats were euthanized, their left femurs were disarticulated from hip
and knee-joint. The soft tissue on the femur was grazed gently to prevent callus tissue

deformation.

Table 2.1
The distribution of experiment animals

Group Name # of Animals
Control A 2
Enoxaparin B 3
Fondaparinux C 2
Heparin D 2

2.1.2 Surgical Techniques

The rats that all necessary preparation and follow-ups had been done were
took in the operating room. The weight of each rat was weighed with an electronic
weighing scale in order to calculate the anesthetic drug doses. Ketamin (Ketalar@,
Pfizer, Turkey) and Turkey) 50 mg/kg and Xyrazinne (Rompun@, Bayer, Tiirkiye) 10
mg/kg combination was used as an anesthetic. Anesthetic combination is applied from
the right groin area intraperitoneally. Method defined by Bonnarens [92] was used as
surgical technique. Povidone iodine (Batticon@, ADEKA, Turkey) was applied after
shaving the left knee region of the rats (Figure 2.1).

A 2-cm longitudinal incision was made through skin. Through the patella me-
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Figure 2.1 Preparation of knee region of rats for operation

dial, joint capsule detached. Translation of the patella in the frontal plane was pointed

laterally furthered knee flexion. Rat femoral condoyle appeared (Figure 2.2).

Figure 2.2 Apperance of rat femoral condoyle and preparation of intrameduller channel

Rat femoral condoyle appeared. A 1 mm diameter sterile Kirschner steel wire
was drilled with an electrical drill, through the femoral condyles, femur channel was
prepared. Later on a 0.8 mm diameter sterile Kirschner steel wire was located to this

channel (Figure 2.3).
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Figure 2.3 Intramedullar location of Kirschner wire

Kirschner wire was folded, and cut at the level of femoral condyles (Figure 2.4).

Figure 2.4 View after the location of Kirschner wire

By the extension of knee patella was reducted. Femoral condyles suture with

3/0 Vicryl (Atramat@, Mexico, Mexico) (Figure 2.5).

Skin suture with 2/0 silk (Sterisilk@, Turkey). Following the wound was cleaned
with povidone iodine and rats were taken from operating table. To create a standard

closed fracture, Bonnarens and Einhorn [92| procedure was used. The fracture ap-
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Figure 2.5 Suturation of femoral condyles

paratus consists of four component parts: (a) a frame which was designated for left
femur; (b) an animal support system; (c) a guillotine ramming system; and (d) a 500
g steel weight. 500 grams of weight from a height of 35 centimeters was left free fall to
create a closed fracture. Only 1.5 mm movement of obtuse guillotine was allowed by

the Guillotine system screws settings (Figure 2.6).

Figure 2.6 Creation of closed fracture by the Guillotine system

Radiographies obtained to document the fracture (Figure 2.7). After the radio-
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logical study; isotonic NaCl, enoxaparin, standard heparin and fondaparinux injection

were done.

Figure 2.7 Approval of fractures by the radiographies which are obtained from rats after the operation

Figure 2.8 An example for an ideal rat femur fracture
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2.2 Macroscopical Studies

Experimental techniques described above performed at Ministry of Health Ser-
vices Metin Sabanci Baltaliman1 Osteopathic Training and Research Hospital (Ahmet
Siikrii Mercan). Bone samples obtained from Ministry of Health Services Metin Sa-
banci Baltalimani Osteopathic Training and Research Hospital were studied in this

thesis.

Figure 2.9 Bone samples of control group, in formaldehyde solution

Figure 2.10 Bone samples of heparin-treated group, in formaldehyde solution

Figure 2.11 Bone samples of LMWH-treated group, in formaldehyde solution
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Figure 2.12 Bone samples of fondaparinux-treated group, in formaldehyde solution

2.3 Scanning Electron Microscopy (SEM)

SEM is one of the most common methods in today’s laboratories in order to
get a high resolution surface investigation although it gives information about the
surface topography. One of the best methods to study surface feature and the fracture
healed surfaces of the bones is scanning electron microscopical techniques. By the
help of SEM together available features microstructurally that bone has the effect of
antiembolic agent on the fracture healed areas and the areas far from the fracture
healed region can be studied, so that comparisons among the antiembolic agents and
control group are possible. SEM studies were performed on both control group (Group

A) and antiembolic agent injected rats’ bones (Group B-C-D).

2.3.1 Introduction

The first SEM image was obtained by Max Knoll, 1935, however, commercial
SEM’s appeared in 1965, based on the work of C, W. Oatley et aL. of Cambridge
University [93].

In a typical SEM, an electron beam is thermionically emitted from an electron
gun is accelerated by holding the tungsten filament at a large negative potential between
IkV and 50kV and whilst the specimen is grounded. The types of signals produced by

an SEM include secondary electrons (SE), back scattered electrons (BE), characteristic
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x-rays, when the electron beam impinges on the material surface. Detectors connect the
signal-producing and the signal-processing system of an SEM. They convert the signals
produced (electrons) into electrical signals. Each signal requires a special detector. SE
is captured by the detector, amplified and displayed for producing the images (SEI)
[93, 94| which comprising all essential information on topography, produces electron-
micrographs of high resolution. Backscattered electron imaging (BEl) is a utility for
analyzing material composition, density, and surface geometry [93|. Depending on the
instrument, the resolution can fall somewhere between less than 1 nm and 20 nm and

a wide range of magnifications is possible, from about x 10 to about x 350,000 [95].

Small samples of up to several millimeters and sometimes even larger can be
investigated directly in the SEM. For conventional imaging in the SEM, specimens must
be electrically conductive, at least at the surface, and electrically grounded to prevent
the accumulation of electrostatic charge at the surface and, a specimen is normally
required to be completely dry, since the specimen chamber is at high vacuum. However,
SEM observation of nonconductive samples, such as bones, is not possible without
drying and a metallic or carbon conductive layer on their surface. Such a coating
avoids build-up of an electric negative charge in the specimen, which would induce
"imaging artifacts" [93]. In this study, since bones require conductive coating, gold
was selected as coating material due to its ease to vapor deposit and on bombardment
with high energy electrons it gives a high secondary yield. Generally, the thickness of
gold coating is around 25 nm [94].

The main advantages of SEM are the high lateral resolution (1- 10 nm), large
depth of focus (typically 100 Ilm at 1000x), the numerous types of electron specimen
interactions that can be used for imaging or chemical analysis purposes, wide magnifi-

cation range (e. g. 10x to 105x or higher) [93].

The principal limitations of SEM are cost and instrumental complexity because
a vacuum system is required. Problems in analysis of biological materials by SEM are
also related to sample preparation, beam penetration effects, charging, beam damage

and outgassing of low molecular weight components |93].
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2.3.2 Materials and Methods

JEOL JSM-6060L V scanning electron microscope was used to study side and
fracture surfaces of the bones at the Material Laboratory of Gebze Institute of Tech-
nology. To view the fracture surfaces of the normally healed and antiembolic agent
injected femurs in SEM, 1.5 cm lengths of the bone were fixed to a sample puck using
double sided adhesive conductive carbon tapes. The samples were firstly coated with
gold by using a Polaron SC7620 SEM sputter coater with CA 7625 carbon accessory
(Quorum Technologies Ltd.) and a RV3 model vacuum pump (Edwards Ltd.). All

samples were studied under SEM from 250x up to 2,000x magnification.

2.3.3 Results and Discussion of the SEM Studies on the Fractured and
Healed Bone Samples

2.3.3.1 Control group. SEM studies on the fractured and healed bone;

control sample 1

Montage-like SEM picture of lateral surface of the conventionally healed bone
(without injection of antiembolic agents) rat number 1 obtained with relatively low

magnification is shown in Figure 2.13.

Figure 2.13 Montage-like SEM picture of lateral surface of conventionally healed bone (without
injection of antiembolic agents) rat number 1 obtained with relatively low magnification

Figure 2.14 shows the scanning electron micrographs under various magnifica-
tions (34x, 250x, 500x, 1000x, 2000x) on the lateral surface of the fractured and nor-

mally healed sample 1, which are obtained far from healed region. Haversian channels
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are visible. There are no defects.

Figure 2.14 The SEM micrographs under various magnifications of the control sample 1, obtained
far from healed region, being fractured and healed.

Scanning electron micrographs obtained under various magnifications (34x, 250x,
500x, 1000x, 2000x) on the lateral surface of the fractured and conventionally healed
sample 1, obtained from closed to healed region are shown in Figure 2.15. It is clear,

that, while coming close to healed region, defects (holes) were formed.

Scanning electron micrographs obtained under various magnifications (34x, 250x,
500x, 1000x, 2000x) on the lateral surface of the fractured and normally healed sample
1, obtained almost from healed region showing relatively more defects in micro level,

see Figure 2.16.
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Figure 2.15 The SEM micrographs under various magnifications of the control sample 1, obtained
from closed to healed region, being fractured and healed.

Figure 2.16 The SEM micrographs under various magnifications of the controlled sample 1, obtained
almost from healed region, being fractured and healed.
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The lateral surfaces of the fractured and normally healed sample 1 obtained far
from the healed region are visualized with different magnifications (125x, 250x, 500x,

1000x) in Figure 2.17. Less and almost no defects are visible.

Figure 2.17 The SEM micrographs under various magnifications of the controlled sample 1, apart
from healed region, being fractured and healed

SEM studies on the fractured and healed; control sample 2

Montage-like SEM picture of lateral surface of the bone with conventional method
(without injection of antiembolic agents), rat number 2, with relatively low magnifica-

tion is shown in Figure 2.18.

Figure 2.18 Montage-like SEM picture of lateral surface of the bone with conventional method
(without injection of antiembolic agents), rat number 2, with relatively low magnification

Figure 2.19 shows the scanning electron micrographs under various magnifi-
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cations (34x, 250x, 500x, 1000x, 2000x) on the lateral surface of the fractured and
normally healed sample 2, obtained far from the healed region. It is obvious that

defect feature is almost same with control 1 sample (Figure 2.14).

Figure 2.19 The SEM micrographs under various magnifications of the control sample 2, obtained
far from healed region, being fractured and healed.

Scanning electron micrographs obtained under various magnifications (34x, 250x,
500x, 1000x, 2000x) on the lateral surface of the fractured and normally healed sample
2, obtained from closed to healed region are shown in Figure 2.20. It is clear, that,

while coming close to healed region, defects (holes) were formed.

The lateral surface of the fractured and normally healed sample 2 obtained
almost healed are visualized with different magnifications (34x, 250x, 500x, 1000x,
2000x) in Figure 2.21. It is clear that defects in micro level are visible like control

sample 1, Figure 2.16).

Scanning electron micrographs obtained under various magnifications (34x, 250x,
500x, 1000x, 2000x) on the lateral surface of the fractured and normally healed sample

2, obtained from closed to healed region are shown in Figure 2.22. To see the similar-
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Figure 2.20 The SEM micrographs under various magnifications of the control sample 2, obtained
from closed to healed region, being fractured and healed being fractured and healed.

Figure 2.21 The SEM micrographs under various magnifications of the control sample 1, obtained
from almost healed region, being fractured and healed
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ities of control sample 1 and 2, see Figure 2.15. It is clear that while coming close to

healed region, defects (holes) were formed.

Figure 2.22 The SEM micrographs under various magnifications of the control sample 2, obtained
from closed to healed region, being fractured and healed.

Figure 2.57 and Figure 2.58 are the micrographs showing microstructural changes
from one end of the sample 1 and 2, to the region where fracture occurred and followed

by conventional healing, with 500x and 1000x magnification respectively.
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(a) Control Group Sample 1

e | i :

far from healed region

+ almost healed region

Figure 2.23 The SEM micrographs obtained from similar regions of control groups under x500
magnification

(a) Control Group Sample 1

far from healed region » almost healed region

Figure 2.24 The SEM micrographs obtained from similar regions of control groups under x1000
magnification
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2.3.3.2 Heparin-treated group. SEM studies on the fractured and healed;

heparin-treated sample 1

Montage-like SEM picture of lateral surface of the fractured and healed with

heparin injection sample 1, with relatively low magnification is shown in Figure 2.25.

Figure 2.25 Montage-like SEM picture of lateral surface of the fractured and healed with heparin
injection sample 1, with relatively low magnification.

Figure 2.26 shows the scanning electron micrographs under various magnifica-
tions (34x, 250x, 500x, 1000x, 2000x) on the lateral surface of the fractured and healed
with heparin injection sample 1, obtained far from healed region. There are no defects
as control sample 1. See Figure 2.14 and Figure 2.17 to observe the similarities of the
morphology of the samples. We can conclude that, heparin treatment has no significant
effect on the morphology of the bone when coming far from the healed region compared

to control group.

Scanning electron micrographs obtained under various magnifications (34x, 500x,
1000x, 2000x) on the lateral surface of the fractured and healed with heparin injection
sample 1, which magnified closed to the healed region are shown in Figure 2.27. There
are almost no visible defects. Defect feature is different from control samples. To see
and compare the effects of heparin on bone morphology, see Figure 2.15, Figure 2.20
and Figure 2.22, which were obtained almost from the same regions of the control

samples.

Scanning electron micrographs obtained under various magnifications (34x, 250x,
500x, 1000x, 2000x) on the lateral surface of the just healed region of the fractured

and heparin-treated sample 1, which magnified just to the healed region are shown
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Figure 2.26 The SEM micrographs under various magnifications of the heparin-injected sample 1,
obtained far from healed region, being fractured and healed.
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Figure 2.27 The SEM micrographs under various magnifications of the heparin-injected sample 1,
obtained from closed to healed region, being fractured and healed.
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in Figure 2.28, showing same defect feature in micro level with previous micrographs
obtained from heparin sample 1, see Figure 2.26 and Figure 2.27. There is a significant
difference between the micrographs, which are obtained from same region of the control

group and heparin-injected sample 1 (Figure 2.16 and Figure 2.21).

Figure 2.28 The SEM micrographs under various magnifications of the heparin-injected sample 1,
obtained almost from healed region, being fractured and healed.

The lateral surfaces of the fractured and healed with heparin injection sample
1, obtained far from the healed region are visualized with different magnifications
(34x, 250x, 500x, 1000x, 2000x) in Figure 2.29. Less and almost no defects are visible
as previous scanning electron micrographs obtained from heparin-injected sample 1

(Figure 2.26, Figure 2.27 and Figure 2.28).
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Figure 2.29 The SEM micrographs under various magnifications of the heparin-injected sample 1,
obtained apart from healed region, being fractured and healed.

SEM studies on the fractured and healed; heparin-treated sample 2

Montage-like SEM picture of lateral surface of the fractured and healed with

heparin injection sample 2, with relatively low magnification is shown in Figure 2.30.

Figure 2.30 Montage-like SEM picture of lateral surface of the fractured and healed with heparin
injection sample 2 obtained with relatively low magnification.

Figure 2.31 shows the scanning electron micrographs under various magnifica-
tions (34x, 250x, 500x, 1000x, 2000x) on the lateral surface of the fractured and healed
with heparin injection sample 2, obtained far from healed region. There are almost no

defects as micrographs obtained from the same regions of the heparin-injected sample
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1 and control samples, Figure 2.26, Figure 2.29, Figure 2.14, Figure 2.17 and Figure
2.19.

Figure 2.31 The SEM micrographs under various magnifications of the heparin-injected sample 2,
far from healed region, being fractured and healed.

Scanning electron micrographs obtained under various magnifications (34x, 250x,
500x, 1000x, 2000x) on the lateral surface of the fractured and healed with heparin-
injection sample 2, which were magnified closed to healed region are shown in Figure
2.32. It is clear, that, defect feature is almost same with heparin-injected sample 1
(Figure 2.27). To compare the effect of heparin on the morphology of the bone see Fig-
ure 2.15, Figure 2.20 and Figure 2.22, which were obtained almost from same regions

of the control samples.

The lateral surface of the fractured and healed with heparin injection, sample
2, obtained from the healed region are visualized with different magnifications (34x,
250x, 500x, 1000x, 2000x) in Figure 2.33. Less and almost no defects are visible, as
previous micrographs obtained from heparin samples (Figure 2.28). To compare the

effects of heparin on bone morphology see Figure 2.16, Figure 2.21 and Figure 2.28.
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Figure 2.32 The SEM micrographs under various magnifications of the heparin-injected sample 2,
from closed to healed region, being fractured and healed.

Figure 2.33 The SEM micrographs under various magnifications of the heparin-injected sample 1,
from almost healed region, being fractured and healed.
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Figure 2.34 shows the scanning electron micrographs under various magnifica-
tions (34x, 250x, 500x, 1000x) on the lateral surface of the fractured and healed with
injection of heparin, sample 2, obtained far from healed region. These micrographs
showing more defects in micro level compared to heparin-treated sample 1 (Figure 2.26

and Figure 2.29).

Figure 2.34 The SEM micrographs under various magnifications of the heparin-injected sample 1,
apart from healed region, being fractured and healed.

Figure 2.57 and Figure 2.58 are the micrographs showing microstructural changes
from one end of the sample 1 and 2, to the region where fracture occurred and followed
by heparin treatment, with 500x and 1000x magnification respectively. To conclude,
comparing to control group micrographs belonging to heparin-treated sample 1 and 2
are showing less almost no defect with respect to control group where no agents were

injected.
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(a) Heparin Group Sample 1

i

(b) Heparin Group Sample 2

far from healed region » almost healed region

Figure 2.35 The SEM micrographs obtained from similar regions of heparin groups under x500
magnification

(a) Heparin Group Sample 1

far from healed region + almost healed region

ESS——

Figure 2.36 The SEM micrographs obtained from similar regions of heparin groups under x1000
magnification
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2.3.3.3 LMWH-treated group. SEM studies on the fractured and healed;
LMWH-treated sample 1

Montage-like SEM picture of lateral surface of the fractured and healed with

LMWH injection sample 1, with relatively low magnification is shown in Figure 2.37.

Figure 2.37 Montage-like SEM picture of lateral surface of the fractured and healed with LMWH
injection sample 1, with relatively low magnification.

Figure 2.38 shows the scanning electron micrographs under various magnifica-
tions (34x, 250x, 500x, 1000x, 2000x) on the lateral surface of the fractured and healed
with LMWH injection sample 1, which were magnified closed to the healed region.
There are almost no defects as previous micrographs obtained from the same region of
the control samples and heparin samples (Figure 2.15, Figure 2.20, Figure 2.22, Figure
2.27 and Figure 2.32).

Scanning electron micrographs obtained under various magnifications (34x, 250x,
500x, 1000x, 2000x) on the lateral surface of the fractured and healed with LMWH
injection sample 1, just healed region are shown in Figure 2.39. There are no almost
no defects as previous scanning electron micrographs obtained from the same region of

the heparin samples (Figure 2.28 and Figure 2.33).
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Figure 2.38 The SEM micrographs under various magnifications of the LMWH-injected sample 1,
closed to healed region, being fractured and healed.

Figure 2.39 The SEM micrographs under various magnifications of the LMWH-injected sample 1,
almost healed region, being fractured and healed.
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The lateral surfaces of the fractured and healed with LMWH injection sample
1 obtained far from the healed region are visualized with different magnifications (34x,
250x, 1000x, 2000x) in Figure 2.40. Less and almost no defects are visible. Defect
feature is same as control samples and heparin-injected samples. There are almost no
defects as previous micrographs obtained from the same region of the control samples
and heparin samples (Figure 2.14, Figure 2.17, Figure 2.19, Figure 2.26, Figure 2.29,
Figure 2.31 and Figure 2.34)

Figure 2.40 The SEM micrographs under various magnifications of the LMWH-injected sample 1,
far from healed region, being fractured and healed.

SEM studies on the fractured and healed; LMWH-treated sample 2

Montage-like SEM picture of lateral surface of the fractured and healed with

LMWH injection sample 2, with relatively low magnification is shown in Figure 2.41.

Scanning electron micrographs obtained under various magnifications (34x, 250x,
500x, 1000x, 2000x) on the lateral surface of the fractured and healed with LMWH
injection sample 2, from almost healed region showing almost no defects in micro level,

see Figure 2.42. To compare the effect of LMWH and heparin on the morphology of
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Figure 2.41 Montage-like SEM picture of the fractured and healed with LMWH injection sample 2,
with relatively low magnification.

the bone, see Figure 2.16, Figure 2.21, Figure 2.28, Figure 2.33 and Figure 2.39 which
were obtained almost from same regions of the control samples, heparin samples and

LMWH samples.

Figure 2.42 The SEM micrographs under various magnifications of the LMWH-injected sample 2,
from almost healed region, being fractured and healed.

Figure 2.43 shows the scanning electron micrographs under various magnifica-
tions (34x, 250x, 500x, 1000x, 2000x) on the lateral surface of the fractured and healed
with LMWH injection sample 2, from closed to healed region. There are no defects
as previous scanning electron micrographs obtained from same regions of the LMWH-

injected and heparin-injected samples (Figure 2.38, Figure 2.27 and Figure 2.32).
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Figure 2.43 The SEM micrographs under various magnifications of the LMWH-injected sample 2,
from closed to healed region, being fractured and healed.

Figure 2.44 The SEM micrographs under various magnifications of the LMWH-injected sample 2,
closed to healed region, being fractured and healed.
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The lateral surfaces of the fractured and healed with LMWH injection sample 2,

obtained from closed to the healed region are visualized with different magnifications

(34x, 250x, 500x, 1000x, 2000x) in Figure 2.44. Less and almost no defects are visible

as previous scanning electron micrographs obtained almost from same region of the

LMWH-injected sample 1 and 2 (Figure 2.38 and Figure 2.43).

Figure 2.45 and Figure 2.46 are the micrographs showing microstructural changes

from one end of the sample 1 and 2, to the region where fracture occurred and followed

by LMWH treatment, with 500x and 1000x magnification respectively.

(a)LMWH Group Sample 1

(b) LMWH Heparin Group Sample 2

far from healed region + almost healed region

e

Figure 2.45 The SEM micrographs obtained from similar regions of LMWH groups under x500
magnification
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(a)LMWH Group Sample 1

(b) LMWH Heparin Group Sample 2

far from healed region almost healed region

Figure 2.46 The SEM micrographs obtained from similar regions of LMWH groups under x1000
magnification

2.3.3.4 Fondaparinux-treated group. SEM studies on the fractured and

healed; Fondaparinux-treated sample 1

Montage-like SEM picture of lateral surface of the fractured and healed with
fondaparinux injection sample 1, with relatively low magnification is shown in Figure

2.47.

Figure 2.47 Montage-like SEM picture of lateral surface of the fractured and healed with fonda-
parinux injection sample 1, with relatively low magnification.

Figure 2.48 shows the scanning electron micrographs under various magnifica-
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tions (34x, 250x, 500x, 1000x, 2000x) on the lateral surface of the fractured and healed
with fondaparinux injection sample 1, obtained from closed to healed region. There
are no defects as previous micrographs obtained from almost same regions of the con-
trol group, heparin-injected group and LMWH-injected group (Figure2.27, Figure 2.32,
Figure 2.38, Figure 2.43 and Figure 2.44).

Figure 2.48 The SEM micrographs under various magnifications of the fondaparinux-injected sample
1, obtained from closed to healed region, being fractured and healed.

The lateral surface of the fractured and healed with fondaparinux injection sam-
ple 1, obtained almost from healed region are visualized with different magnifications
(34x, 250x, 500x, 1000x, 2000x) in Figure 2.49. Almost no defects are visible as pre-
vious scanning electron micrographs obtained from almost same region of the heparin-
injected samples and LMWH-injected samples (Figure 2.28, Figure 2.33, Figure 2.39
and Figure 2.42).
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Figure 2.49 The SEM micrographs under various magnifications of the fondaparinux-injected sample
1, obtained almost from healed region, being fractured and healed

Scanning electron micrographs obtained under various magnifications (34x, 250x,
500x) on the lateral surface of the fractured and healed with fondaparinux injection
sample 1, from almost healed region showing almost no defects in micro level, see

Figure 2.50. These micrographs obtained from the cancellous part of the whole bone.

Figure 2.51 shows the scanning electron micrographs under various magnifica-
tions (34x, 250x, 500x, 1000x) on the lateral surface of the fractured and healed with
fondaparinux injection sample 1, obtained far from healed region. There are less or
almost no defects as previous scanning electron micrographs obtained almost from
same regions of the control group, heparin-injected group and LMW H-injected group
(Figure2.14, Figure 2.17, Figure 2.19, Figure 2.26, Figure 2.29, Figure 2.31, Figure 2.34
and Figure 2.40).
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Figure 2.50 The SEM micrographs under various magnifications of the fondaparinux-injected sample
1, obtained from closed to healed region, being fractured and healed.

Figure 2.51 The SEM micrographs under various magnifications of the fondaparinux-injected sample
1, obtained far from healed region, being fractured and healed.
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SEM studies on the fractured and healed; Fondaparinux-treated sam-

ple 2

Montage-like SEM picture of lateral surface of the fractured and healed with
fondaparinux injection sample 2, with relatively low magnification is shown in Figure

2.52.

Figure 2.52 Montage-like SEM picture of lateral section of the fractured and healed with fonda-
parinux injection sample 2 with relatively low magnification.

The lateral surface of the fractured and healed with fondaparinux injection sam-
ple 2, obtained far from the healed region are visualized with different magnifications
(34x, 250x, 500x,1000x, 2000x) in Figure 2.53. There are almost no defects as previ-
ous scanning electron micrographs obtained almost from same regions of the control
group, heparin-injected group, LMWH-injected group and fondaparinux-injected sam-
ple 1 (Figure2.14, Figure 2.17, Figure 2.19, Figure 2.26, Figure 2.29, Figure 2.31, Figure
2.34, Figure 2.40 and Figure 2.51).

Figure 2.54 and Figure 2.55 shows the scanning electron micrographs under
various magnifications (34x, 250x, 500x, 1000x, 2000x) on the lateral surfaces of the
fractured and healed with fondaparinux injection sample 2, closed to healed region.
There are no defects as previous scanning electron micrographs obtained almost from
same regions of the control group, heparin-injected group and LMWH-injected group
and fondaparinux injected sample 1 (Figure2.27, Figure 2.32, Figure 2.38, Figure 2.43,

Figure 2.44 and Figure 2.48). Layered structures are visible in these micrographs.

The lateral surface of the fractured and healed with fondaparinux injection sam-
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Figure 2.53 The SEM micrographs under various magnifications of the fondaparinux-injected sample
2, far from healed region, being fractured and healed.

Figure 2.54 The SEM micrographs under various magnifications of the fondaparinux-injected sample
2, closed healed region, being fractured and healed.
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Figure 2.55 The SEM micrographs under various magnifications of the fondaparinux-injected sample
2, closed to healed region of the bone, being fractured and healed.

ple 2, obtained almost from healed region are visualized with different magnifications
(34x, 250%, 500x, 1000x, 2000x) in Figure 2.56. There are almost no defects as previ-
ous scanning electron micrographs obtained from almost same regions of the heparin-
injected group, LMWH-injected group and fondaparinux-injected sample 1 (Figure
2.28, Figure 2.33, Figure 2.39, Figure 2.42 and Figure 2.49). Moreover, formation of

layered structure can be seen easily in fondaparinux-injected samples.

Figure 2.57 and Figure 2.58 are the micrographs showing microstructural changes
from one end of the sample 1 and 2, to the region where fracture occurred and followed

by fondaparinux treatment, with 500x and 1000x magnification respectively.

To conclude that, defect features of antiembolic agents; heparin, LMWH, and
fondaparinux are similar and different compared to control group. There are almost
no defects like micrographs obtained from control group. On the other hand, in
fondaparinux-injected samples layered structures are visible in the micrographs ob-
tained from scanning electron microscopy which are magnified closed to the healed

region.
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Figure 2.56 The SEM micrographs under various magnifications of the fondaparinux-injected sample

2, obtained almost from healed region of the bone, being fractured and healed.

(a)Fondaparinux Group Sample 1

T

far from healed region almost healed region

- ———————

Figure 2.57 The SEM micrographs obtained from similar regions of fondaprinux groups
magnification

under x500
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(a) Fondaparinux Group Sample 1

far from healed region » almost healed region

Figure 2.58 The SEM micrographs obtained from similar regions of fondaparinux groups under
x1000 magnification

2.4  X- Ray Diffractometry (XRD)

XRD is a well known technique used to determine the degree of crystallinity.
XRD provides information about the present phases, the concentration levels of phases
and the amorphous content of the samples [96]. To compare the bones and to see the
effects of antiembolic agents on the crystallinity of bone and the type of cyrstallinity

XRD studies were performed.

2.4.1 Introduction
Bone has a crystalline microstructure. Three basic crystal structures encoun-
tered in most materials are the Body Centered Cubic (BCC), Face Centered Cubic

(FCC) and Hexagonal Close-Packed (HCP).

When a crystal is mounted and exposed to an intense beam of X-rays, the X-rays
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are diffracted by the crystalline phases in the specimen according to Bragg’s law:

nA= 2dsinf

"1 is an integer determined by the order given, " X is the wavelength of X-rays,
and moving electrons, protons and neutrons, " d is the spacing between the planes in
the atomic lattice, and " # is the angle between the incident ray and the scattering

planes.

The intensities of these reflections are recorded and displayed on a meter and
provide information to determine the arrangement of molecules within the crystal in

atomic detail as a continues trace of intensity versus 2theta [95].

In general, the scattering pattern of amorphous materials display broad, low
intensity peaks characteristic of the average local atomic environment. As the crystal
size gets smaller, diffraction peaks in the intensity versus 28 curve get broader [97].
Conversely, if the crystalline portion increases, the peaks become narrower and ex-
tent to higher intensities. The areas under the crystalline and amorphous peaks are

proportional to their volume fraction in the sample [98].

2.4.2 Materials and Methods

The XRD studies were performed at Materials Laboratories of Gebze Institute
of Technology. The experiment was run with Rigaku D-Max 2200 X-ray diffractometer
with Cu K-alpha 1 radiation. Conventionally healed and anti-embolic agent injected
bone samples were placed into the sample holder and the specimen plane was adjusted
with the goniometer. The intensity (count per second) versus diffraction angle 90
(degrees) were recorded by the PC connected to XRD. The diffractometer was running
at 40 kV and 40 mA. The wavelength of the characteristic X-rays of Cu to compute
d-spacing was 1.54059 A. The scanning speed was 4 degree per minute.
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2.4.3 Results and Discussion

For materials, that are partially crystalline, the amorphous and crystalline con-
tributions to the X-ray diffraction can be interpreted to determine the degree of crys-
tallinity. The sharpening of the distinct peaks or addition of new peaks to the X-ray
diffractograms are associated with the increase in the amount of crystal structure in
the bone samples. In general, the scattering pattern of amorphous materials shows

broad and low intensity peak characteristics.

The effect of antiembolic agents on fractured and healed bones was studied by
microstructure analysis with XRD. The X-ray diffraction pattern of control group, is
given as intensity (counts per second) versus 26 (degrees) in all figures in order to

observe the effects of antiembolic agents.

X-ray diffraction pattern of control sample is given in Figure 2.59.

30 1

20

—— Normal Healing

Intensity({cps)

13 24 23 34 39 44 49 54 2] 64 9 74 79 34 89 94
2 Theta(deg)

Figure 2.59 The X-ray diffractogram of the fractured and healed control sample

X-ray diffraction pattern of control sample is in the typical trend with a main

peak at 26 of 29.38 degrees and intensity of 20 cps.

X-ray diffraction pattern of heparin-treated fractured and healed bone sample
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together with the diffraction pattern of control group is given in Figure 2.60. Figure 2.60
shows the decrease in the contribution of the crystallinity part of the heparin-treated
fractured and healed samples. As evidence, the main peak at 26 of 29.38 is invisible.
X-ray diffraction pattern of heparin-treated fractured and healed bone sample shows
broad and low intensity peak characteristics like amorphous materials. Additionally,
another distinct peak is seen at 26 of 57.46 in control group, is also disappeared in

heparin-treated fractured and healed bone sample.
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30 —— Heparin

Intensity(cps)

20

2 Theta(deg)

Figure 2.60 The X-ray diffractogram of the fractured and healed control sample and the heparin-
treated sample

X-ray diffraction pattern of LMWH-treated fractured and healed bone sample

together with the diffraction pattern of control sample is given in Figure 2.61.

The crystallinity pattern of the LMWH-treated fractured and healed bone sam-
ple has a main peak at 260 of 29.38 with a height of 19 cps as in control group. Other
distinct peaks at 260 of 48.48 and 57.46 is invisible in LMWH-treated fractured and
healed bone sample, as heparin-treated fractured and healed sample. Therefore, com-
pared to control sample, LMWH-treated fractured and healed sample has less crys-
talline structure, on the other hand, compared to heparin-treated fractured and healed

sample, it is more crystalline.
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Figure 2.61 The X-ray diffractogram of the fractured and healed control sample and the LMWH-
treated sample

The difference between the X-ray diffractograms of fractured and healed control

sample and fondaparinux-treated sample is given in Figure 2.62.

The X-ray diffractogram of fractured and healed fondaparinux-treated sample is
sharper than the fractured and normally healed sample. The main peak at 26 of 29.38
is with a height of 34 cps. Additional peak is seen at 26 of 47.46. The other peaks at
260 of 48,48 and 57.46 is seen in fractured and healed, fondaprinux-treated sample, as

control sample diffractogram with nearly the same intensity.

In order to see the crystallinity difference, X-ray diffractograms of fractured and
normally healed sample, heparin-treated sample, LMWH-treated sample and fondaprinux-

treated sample is given together in Figure 2.63.

From Figure 2.63, it is remarkable that the diffractogram of fractured and healed,
fondaparinux-treated sample gives the highest intensity peaks. That is, has greater con-
tribution of crystalline portion in its structure. At the same time, it has additional
crystalline peaks. The diffractogram of heparin-treated sample shows amorphous-like

pattern. LMWH-treated sample has less crystalline structure than fractured and nor-
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Figure 2.62 The X-ray diffractogram of the fractured and healed control sample and the
fondaparinux-treated sample
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Figure 2.63 The X-ray diffractograms of the control, heparin-treated, LMWH-treated and
fondaparinux-treated sample

mally healed sample. In this sense, the chemical effect of antiembolic agents on bone

1S seen.
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3. DISCUSSION

Although anticoagulants must be routinely used in patients presenting risk fac-
tors to deep venous thrombosis, as well as in those experiencing fractures at pelvic
region, at lower limbs and in the cases of multiple traumas, the effect of antiembolic
agents on bone healing mechanism is not a well-known issue for the time being. However
material science and engineering knowledge imposes us micro and nano structures, crys-
tallographic structures, the type and distribution of phases and interphases are mostly
responsible on the reaction of material against external effects, which include stress,
momentum and energy influencing on material directly and /or indirectly. Heparin is an
effective |32]| antithrombotic agent, but various studies show that it has limitations and
side effects on bone such as causing osteoporosis , stimulating bone resorption, increas-
ing calcium loss, decreasing bone mineral density [36, 37, 38]. Some of these limitations
of unfractionated heparin are overcome by the use of "low molecular weight heparin"
(LMWH) preparations. Nevertheless studies show that they have also negative effect on
bone metabolism less than unfractionated heparin [50, 51, 52, 59, 61, 99, 100]. Recently,
fondaparinux, at low dosages, is being used for replacing the traditional non-fractioned
heparin. Although studies about the fondaparinux are limited, no negative effect on
bone metabolism is stated. Besides, in these studies, it is claimed that the negative

effects of heparin and similar agents can be prevented by the usage of fondaparinux

([15, 16, 100, 101, 102]).

The effects of antiembolic agents on bone and fracture healing has been stud-
ied very much in literature. It is known that heparin has negative effects on bone,
nevertheless different views has been proposed about LMWH. In some of studies, it
has been suggested that LMWH has also negative effects on bone but not as heparin,
and some of them proposed that LMWH has not a clinically meaningful osteoporosis
effect. Culture studies on the effects of fondaparinux; a newly coming into synthetic

antiembolic agent has been showed that it has not a negative effect on bone.
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It has been seen that, there is not enough research on the comparison of the
effects of different antiembolic agents on fracture healing in literature (heparin, LMWH
and fondaparinux). In this study that evaluates and compares effects of different agents
on fracture healing, all animals were injected in the same day by the same surgeon. By

daily injection on control group, the stress factor on rats has been standardized.

All information giving in the literature, does not cover on what happens on the
inorganic part of the bone. X-ray diffraction studies in this work revealed which kind

of compounds and the type of crystallinity formed due to the agents used.

Most probably, whatever is injected into body has more or less effect on the
available phases, in the bone. In fact X-ray diffraction studies showed that there is clear
interactions between reagent and available phases in terms of phase transition. To our
knowledge the type of reaction and thermodynamical and biochemical phenomena of
what happens in bone during and after injection of agents is not clear yet. Another type
of thermodynamical and biochemical studies are necessary to clarify, why amorphous

and crystalline inorganic compounds are obtained.

However, since depending on agents injected, it is clear that different phases are
obtained in inside of the fractured and healed bone. Whether phases are amorphous or
crystalline, either in micro or nano level, behavior of bone because of that fact would

be different;

a) Mass transport and diffusion inside of the phases and on all the interfaces of

phases, in that case, would not be same.

b) Crack initiation of any material depends on the type of the crystallinity and
the nature of interfaces. Tenacity of interface and deformability of the phases are

important parameters, which should not be neglected for the future activities.

Thus, whatever is injected, no matter what the reason is, may alter the structure

of the bone, which results in differences in terms of physical, chemical and mechanical
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behavior.

Diffusion, phase transformations, mass transport, mechanical relaxations may
occur (together with biological activities) in atomic and molecular levels, among atoms,
among molecules, among phases being available. Altogether very much complex fea-
tures are created, new cohesive bondings are obtained, no matter whatever occurs as
a result during healing of fracture. Considerations for the future should concentrate
on the mechanical stability of the healed bone. To understand, what happens, if the

mechanical stability changes, it is necessary to work on from macro until nano level.

We need another extensive researches to understand what is going on inside of
the phases and on the interfaces. Because tenacity on the interfaces with respect of
insight of the phases gives information on where crack initiation starts and/or, in order
to propagate the crack, whether interface or inside of the phase has dragging effect or

not.

In this study it is obtained, that inorganic portion of bone is changing whatever

anticoagulant agent is injected.

Bone has two main components chemically; 1) organic, 2) inorganic components.
In this thesis, it is mainly concentrated on the inorganic part, by the help of XRD

technique and SEM. Inorganic part would be crystalline and /or amorphous.

It is well known that inorganic part of bones qualitatively is consisting of ap-
petite , hydroxyapatite, brucide, and calcite in different amounts. Although chemical
composition and crystallographic structures are themselves very much important, an-
other things like the amount of each component, designing and alignment of those
components with the other word textures of materials play important role in the me-
chanical behavior and mechanical stability. Addition to considerations given above

another kind of researches dealing with:

1. interfaces between inorganic-inorganic (either crystalline or amorphous
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2. interfaces between inorganic-organic phases

3. mass transport and diffusion among various organic and inorganic phases includ-

ing the roles of haversian system

4. osteoclasts-osteoblasts activities and their effect of phases and the distribution of

phases

5. partially independent and partially inside of what mentioned above, piezoelectri-

cal activities

However all mentioned cannot be included inside of this thesis. Research pro-
posal should include heavily thermodynamical considerations, kinetics of unknown dif-
fusions activities. Certainly time and rate dependency of the bone should not be

ignored in the future research.

It is clear, that agents used have effects on the mass transport and diffusion
which are controlling healing process. The role that the agents played, as far as we
understand, is not only to avoid from hematoma formation, there that agents cause

changing piezoelectrical properties due to structural changes.

XRD studies showed also that heparin injection does not allow atoms to form
crystalline structure. It is known amorphous phases are metastable. Therefore one
might have curiosity if the amorphous phase obtained via heparin transform into the
crystalline phases during reasonable time interval. The agent fondaparinux caused
to obtain crystalline phases and also in the capacity of SEM layered structure was
observed. Nanomechanical studies in the future works will help to understand nature
of layered structure. For the time being on this topic there is no satisfactory information

to our knowledge.

SEM studies revealed, that agents used helped healing in terms of not having
defects comparing to control group what is obtained in control groups where no agents

injected into body. It is well known that defects, in any material accelerate crack
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initiation and propagation rate. According to what is obtained in this research via
SEM studies bone healed without agents injected during healing are more suscepti-
ble to brittle fracture. It is necessary to combine SEM studies with micro and nano
morphological structures in order to reach hypothesis which agent is better to avoid
from brittle fracture. Partially X-ray diffraction studies are helpful, however detailed

structural and morphological studies are imperative.
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4. CONCLUSION

Conventional methods for fracture healing on the bone may be successful in
many cases. However, micro defects and regions where incomplete crack healing are
available cannot be observed by conventional X-ray methods used in hospitals. SEM
micrographs make visible defects and incomplete fracture on the bone. SEM studies
revealed that antiembolic agent injection into animal helped to obtain no defects on
the healed region. Moreover, XRD studies showed that inorganic portion of the bone
fractured followed by conventional healing is generally crystalline. Heparin injection
results in obtaining almost amorphous inorganic part, so that heparin causes from
crystalline to amorphous transition. On the other hand, LMWH and fondaparinux
did not allow transition from crystalline to amorphous, however the type and amount
of crystallinity were different comparing to the case which does not include antiem-
bolic agent injection. To conclude, antiembolic injection into body results in different

constitutions on the bones fractured followed by healing.
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