Investigation of bone response to implant materials by
electron microscopy and computer simulation

by
Hao Wang

Bachelor of Engineering, Materials Science and Engineering
Tsinghua University, 1996

Master of Engineering, Materials Science and Engineering
Tsinghua University, 1998

Submitted to the Department of Materials Science and Engineering in Partial
Fulfillment of the Requirements for the Degree of

Doctor df Philosophy in Materials Science

[MASSACHUSETTS INSTITUTE)
OF TECHNOLOGY
at the
FEB 16 2005
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
LIBRARIES

SEPTEMBER 2004

© 2004 Massachusetts Institute ¢f Technology. All rights Reserved.
TS I \/

=
Signature of AUNOL.............oiiiiii i g e e e eraenas
' Departjnent of Materials Science and Engineering
August 31, 2004
Certified by.......ccoeviiiiiiii, T SO ) ..........................
Linn W. Hobbs
Professor of Materials Science and Professor of Nuclear Englneenng
— Thesis supervisor
L0721 ¢ 1111-To I o)V S S

W. Craig Carter
Lord Foundation Professor of Matenals Science and Englneenng
Thesis supervisor

Accepted bY....c.cvvviiiii T
Carl V. Thompson i

Stavros Salapatas Professor of Materials Science and Engineering

Chair, Departmental Committee on Graduate Students

ARCHIVES -



Abstract

Initial fixation with bone and the long term bone loss are two main
problems associated with total hip replacement (THR), which are studied by
electron microscope and computer simulation in this thesis.

Bare Titanium-6 wit% Aluminum- 4 wt% Vanadium (Ti64) implants, Ti64
implants with plasma-sprayed hydroxyapatite (PSHA), and Ti64 implants with
electrochemically-deposited hydroxyapatite (EDHA) were implanted into canine
trabecular bone for 6 hours, 7 days, and 14 days to study the initial bone
formation on these implant materials. Scanning electron microscope (SEM)
results showed that at 7 days PSHA had a higher bone apposition ratio than Ti64
and EDHA samples; however, at 14 days, the bone apposition on EDHA
increased to be similar to PSHA, much higher than that on Ti64. By transmission
electron microscope (TEM), a layer of new bone tissue was observed on PSHA
coating surface; in contrast, no much bone was found on EDHA surface. At 14
days, substantial bone was found on both EDHA and EDHA coating surface.

Technetium-99m-methylene-diphosphonate (Tc-99m-MDP) labeling was
used to quantify mineralization of cultures of MC3T3 osteoblast-like cells in vitro
on tissue culture polystyrene (TCPS). The gamma signal from labeled samples
was imaged with a gamma camera and compared with the calcium content in the
same samples determined by inductively coupled plasma. The high correlation
(0.88) between these two values validated that radiotracer uptake method as a
quantitative analytical tool for certain mineralization studies in vitro. There was
an association between mineralization and radionuclide uptake in the MC3T3
cultures on titanium alloy, but the attenuation of the gamma photons by the metal
resulted in a less robust correlation. The resuits warrant implementation of this
scintigraphic method for quantitative studies of osteoblast-mediated
mineralization in vitro.

A 2-D truss finite element model is used to study the remodeling of
trabecular bone. Using strain energy density (SED) as the optimization object
and the trabecular width as the optimization variable, an optimal structure with
minimum SED was achieved. This structure is similar to real bone in the dense
outside, porous inside, and orientation of the trabeculae. The bone density
distribution pattern also matched with previous resuilt by other people. Different
implants were introduced to simulate the replacement for the femoral head. It has
been proved that the difference in Young’s modulus between bone and implant
materials is the main reason for the long-term bone loss (stress screening). This
problem can be alleviated by proper implant design and resurfacing instead of
replacing the whole femoral head.
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Chapter 1 Introduction

1.1 Clinical background

During the last several decades, artificial joints have proven a successful
treatment for primary and secondary osteoarthritis particularly of hip, knee, and
shoulder joints[1]. Candidates for joint arthroplasty include patients who exhibit
excessive pain of dysfunction in either the hip or knee due to fracture of the
femoral head, arthritis, or other conditions[2, 3]. More than 500,000 joint
replacements are performed each year in the United States alone, with many
more hundreds of thousands being performed worldwide[4, 5]. Due to the change
in demographics, the total demand will increase about 30% during the next 20
years[6].

Many devices have been proposed for repair or replacement of both the
hip and the knee. The prosthetic design for the hip most commonly used today
incorporates a ball component that is attached to the femur via a stem that is
inserted into the marrow cavity, as shown in Figure 1-1. The most common
attachment vehicle for total hip arthroplasty (THA) is poly-methylmethacrylate
(PMMA), which serves as a "bone cement", providing mechanical fixation by both
penetrating the interstices of the surrounding bone and adapting to surface
features of the metal stem[7]. The overall clinical results in a large series of
cemented THA and total knee arthroplasty (TKA) were good, with 5-10% risk of
revision within 10 years after surgery. However, for young patients the risk of
implant failure and revision of the prosthesis is unsatisfactorily high: rates of 20-
25% have been experienced[1]. The cementless technique, which relies on
biological fixation provided by insertion and initial press fit, followed by bone in-
growth into a textured or porous implant surface, is an alternative that may prove
to be more reliable. However, with respect to cementless femoral components for
THA, it has been shown that thigh pain is a significant problem and that
osteolysis around the implant may be present in up to 40% of cases within ten
years after surgery[8]. In addition, retrieval studies have revealed that the
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majority of femoral stems and acetabular components become fixed by fibrous
tissue instead of bone ingrowth[9]. Thus, adjuvant therapies are called for in
order to enhance bony implant fixation. Calcium phosphate based (Ca-P)
coatings were introduced clinically for that specific purpose and with the intention
of improving the survival rate of cementless joint prostheses.

Total hip
prosthesis

SR B _

a: pelvis; b: acetabular component of hip prosthesis and
prosthetic ball; c: prosthetic stem; d: femur.

Figure 1-1 Schematic drawing of cementless total hip replacement[2]

1.2 Hydroxyapatite coatings
While many calcium phosphate ceramics have been developed as bone
bonding materials, the most common coating for orthopedic implants continues to
be hydroxyapatite (HA). The nominal chemical composition of HA is
Ca10(PO4)s(OH)2 (hexagonal crystal system, space group P6a/m). It is the main
inorganic component of bone and teeth.

In the 1970’s, it was found that living bone can form a mechanical bond
with sintered HA. However, the biomechanical properties of sintered HA are poor.
Although a compressive strength of up to 600-700 MPa may be achieved, the
tensile strength is only about 200-250 MPa, which makes HA unsuitable for load-
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bearing application[10]. In 1987, de Groot et al. applied the technique of plasma
spraying to deposit a thin, dense layer of HA onto a titanium substrate. It was
demonstrated that HA coating had osteoconductive properties and the
mechanical fixation of HA-coated implants was better than for uncoated implants
during optimal surgical conditions[10-13]. The bonding strength between
bone/implants is too great to be explained by mechanical bonding alone, which
suggests that biological bonding is occurring at the interface[14].

Although HA-coated implants have gained wide acceptance in orthopedic
surgery, the mechanisms leading to formation of new bone remains a matter of
conjecture. Two theories exist in the literature. The first hypothesis suggests that
a granular, afibrillar zone exists directly at the bone-implant surface, and bone-
derived cells generate calcified afibrillar accretions that may act as a substratum
conditioning layer prior to overt bone formation. This extracellular matrix layer,
which is less than 1 ym thick and contains calcium, phosphorous, and sulfur, is
analogous to that of cement lines formed at discontinuities in natural bone
tissue[15]. The second hypothesis suggests that an unmineralized collagen fiber
matrix is first laid down at the implant-bone interface and subsequently is
mineralized during osteogenesis. This fiber matrix layer is not encapsulating fiber,
but rather thin area with apparent potential to undergo remodeling or
mineralization. A thin 20-50 nm electron-dense deposit may exist and separate
this mineralized matrix from the implant[16-18].

The nature of the processes that underlie the formation of these interfacial
structures is unknown and, therefore, it is unclear whether they are related to
early bone formation. In order to develop better understanding of the mechanism
of new bone formation, both in vivo and in vitro experiments were performed in
this study. Canine models were used for in vivo studies, using the protocols
established in the previous study in our group[19]. HA-coated Ti-6Al-4V rods
were implanted in the proximal and distal femora and proximal tibiae of dogs for
different time periods and recovered after sacrifice. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) were used to
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establish in these samples the apposition ratio of new bone to different implant
surfaces and to study the ultrastructure between the implant/bone interfaces.

In vitro environments, that can be designed for different purposes and
easily controlled, avoid the complexity associated with in vivo environment. In this
study, bone-forming cells were also cultured on different implant materials. These
cells were characterized by their synthesis of a type | collagen matrix that
mineralized. The efficiency of a biomaterial could thus be characterized, in part,
by the amount of mineral produced by the cells cultured on its surface. However,
until now, there has been no ideal method to quantify the mineral produced by
these cells. One goal of this study was to use Tc-99m-MDP radioactive labeling
as a tool to quantify these minerals, in order to assist the understanding of bone
cell mineralization kinetics and comparison between different implant materials.

1.3 Bone stress shielding

Another important problem associated with implant materials is bone
stress shielding: stresses on the leg are not conducted from the implant to the
surrounding bone in a physiological fashion. This problem is mainly caused by
the difference of elastic modulus between implants and human bone: the most
common stem materials are titanium-6 wt% aluminum-4 wt% vanadium (Ti-6Al-
4V) and cobalt-chromium alloys, with Young's moduli of 105 and 230 GPa,
respectively. In contrast, the cortical bone surrounding the implant has a modulus
of 30 GPa; the trabecular bone at the ends of the femur has a modulus of 3 GPa.
The consequent diminished mechanical stress on the bone tissue results in
reduced activity of osteoblasts, the celis that are responsible for bone formation.
in the presence of normal bone resorption by osteoclasts, this reduced
osteoblastic activity results in a net loss of bone mass. The decrease in bone
density puts the patient at the risk for both fracture and prosthesis failure, which
would necessitate a revision arthroplasty to replace the prosthesis[2].

Evidently, orthopedic surgery will be greatly served if the adaptive
changes around prostheses could be predicted. It is well known that bone can
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modify its microstructure in response to local mechanical loading conditions
(bone remodeling). Properly designed prostheses can create compatible stresses
in the surrounding bone, and thereby utilize the remodeling potential of trabecular
bone to achieve implant fixation. The microscopic stress patterns in
bone/prosthesis structures are determined by the external loading conditions,
and the geometry and material properties of the bones and the prosthesis. Given
adequate quantitative descriptions of loading, geometry, material properties and
boundary conditions in the structure, the degree of bone-stress abnormality
relative to the intact bone can be predicted by finite element method (FEM)[20].

Using an algorithm that is based on the empirical observation of Wolff's
law, a two-dimensional FEM model of bone was constructed for this study. Driven
by the nonuniformity of the strain energy density (SED), the system evolved
towards an optimal structure by proper mathematical algorithm. This optimal
structure is similar to real bone with its dense outside shell and porous interior,
which validates the further use of this model for implant study. The influence of
different factors for implantation: the material’s Young’s modulus, the implant
design, and the bone apposition ratio at implant surface are discussed in the
context of this model.
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1.4 Future: Tissue Engineering

Although joint replacement surgery for remediation of rheumatoid arthritis,
osteoarthritis and osteoporosis has significantly improved the quality of life for
many, biomaterial failure and incompatibility due to wear, corrosion or “stress
shielding” have resulted in complications including detachment of the stem
coating and/or fracture of the cement-stem or cement—bone interface[21]. Clearly,
the next generation of bone replacement materials will need to more biologically
and mechanically resemble real bone tissues. This major clinical requirement has
stimulated interest in developing new therapies that involve bone regeneration
and has led to the idea of bone tissue engineering: the application of scientific
principles to the design, construction, modification and growth of living tissues
using biomaterials, cells and factors, alone or in combination[22, 23].

A common strategy employed in bone tissue engineering as well as other
tissues includes the in vitro expansion of stem cells or other progenitor cells into
functionary tissue cells. Multipotential stromal stem cells located within the bone
marrow can differentiate into fibroblastic, osteogenic, adipogenic and reticular
cells[24]. Culture-expanded bone marrow cells can heal a segmental bone defect
following reimplantation and can give rise to osteogenic tissue within diffusion
chambers in a variety of animal species [25-27]. Other candidates for cells used
in bone tissue engineering include collagenase-digested osteoblast-liked cells
from fetal or neonatal mouse calvarial[28], cloned osteoblast-like cell lines[29],
and osteoblast-like cells from organ cultures[30]. Cultured in 3-D matrices
with/without growth factors, these cells can also form a structure similar to bone
tissue comprising mineralized collagen.

Bone tissue engineering is attractive because it could provide suitable,
efficacious alternative therapies for orthopedic applications. Current clinical
applications include the augmentation of bone stock, in maxillo-facial surgery as
well fracture and non-union fractures. However, it is clear that current
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achievement is still unlikely to reach clinical evaluation for the most basic of
structural, biological or safety issues and that this discipline is still in its infancy.
Paramount in each case will be the need to reintroduce an appropriate
angiogenic response within the construct from, and integrated, with the host
tissue. The next few years will undoubtedly see dramatic technical innovations,
doubtless accompanied by media and market hyperbole.
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Chapter 2 In vivo experiments

2.1 Introduction

Titanium and its alloys are widely used as implant materials because of
their excellent mechanical properties and chemical stability in physiological
environment. However, the difficulty in bonding with living bone directly and the
release of corrosion product into surrounding tissues greatly restrict their
application. A thin coating of hydroxyapatite (HA) is normally applied on the
surface of titanium and its alloys, to take advantage of both the biocompatibility of
HA and the strength of metals. Since its introduction in the 1980s, HA-coated
implants have gained wide acceptance in orthopedic surgery[1]. It was
demonstrated that HA had osteoconductive properties and the mechanical
fixation of HA-coated implants was better than uncoated implants during optimal
surgical conditions[2)]. The research literature also supports the conclusion that
the early bone growth is improved by HA-coatings[3].

However, the mechanism of how bone adherence to the HA-implants, as
well as to other implants, is not yet clearly understood. Study is mainly impeded
by the complexity of the implant/bone systems. The implants can vary greatly in
terms of their surface chemical and physical properties: even for HA coatings,
because of the different techniques and processing conditions used, they can
have very different phase purity, crystal size, and surface roughness, all of which
can influence new bone formation. As well, the bone side can change with: (1)
the animal species; (2) the implantation sites; and (3) age and gender of the
animal. The different sample processing and analysis technologies and human
factors introduced by different research groups further complicate the situation.
So it is not surprising that many research results are quite different and
sometimes even contradictory. For example, even the underlying mechanisms
leading to new bone formation still remains in debate. Two different theories exist
in the literature. The first hypothesis suggests that a granular, afibrillar zone
exists directly at the bone-implant surface, and bone-derived cells generate
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calcified afibrillar accretions that may act as a substratum conditioning layer prior
to overt bone formation. This extracellular matrix layer, which is alleged to be
less than 1 um thick and contains calcium, phosphorous, and sulfur, is analogous
to that of cement lines formed at discontinuities in natural bone tissue[4]. The
second hypothesis suggests that an unmineralized collagen fiber matrix is first
laid down at the implant-bone interface and subsequently is mineralized during
osteogenesis. This fiber matrix layer is not encapsulating fiber, but rather thin
region with apparent potential to undergo remodeling or mineralization. An even
thinner 20-50 nm electron-dense deposit may exist and separate this mineralized
matrix from the implant[5-7]. Clearly, more work has needed to be done to
fundamentally understand the bone/implant interface, so that better
understanding on the bone formation mechanisms on implants can be obtained,
which could further help the design of better implants.

2.1.1 HA coating technology

Plasma-spraying is still the most popular technology in industry for
preparing HA coatings on titanium alloy and other metal implants. A plasma is a
high-energy, high-temperature (>20,000 K) gaseous phase with an appreciable
content of ionized atoms. De groot first used this technology to prepare HA
coatings on titanium implant{8). For coating, a plasma is generated in a small
cylindrical chamber with an anode at one end and a cathode at the other. As
electrons are accelerated through the chamber, they collide with gas atoms
which are being pumped into it, ionizing the atoms. The ionized atoms move
towards the anode, and when the plasma emerges, a powder is injected into it.
The plasma both partially melts the particles and propels them towards the
substrate, where they splat and cool[9]. The thickness of the coating obtained by

this technology is normally around 40~200 pm.

However, plasma spraying is a high-temperature and line-of-sight process.
Potential problems of this technology include intense heat on substrates, residual
thermal stresses in coatings, and the impossibility of coating complex shapes
with internal cavities[10]. Many other techniques have been explored to solve
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these problems[11], such as ion-beam deposition[12], chemical deposition[10],
metal-organic CVD[13], sol-gel[14], pulsed laser deposition[15], and
electrophoresis[16]. Electrochemical deposition is one of the promising new
methods[17, 18]. Compared to plasma spraying, the advantages of
electrochemical deposition include good control of composition and structure of
the coatings due to the relatively low processing temperature, the ability to
deposit on porous or complex shapes, etc. Deposition of different calcium
phosphates, including brushite[19], hydroxyapatite[17], and a mixture of them
has been reported. The structure of the coating can be controlled by changing
the composition, pH value, and temperature of the electrolyte solution. For
example, a nano-structured hydroxyapatite coating has been reported to deposit
from electrochemical formation[20].

2.1.2 Bone mineralization mechanism

Bone, despite its different shapes and internal structures, is made of the
same material, a composite of hydroxyapatite (70 wt. %) and type | collagen (20
wt. %). Besides water (9 wt. %), other proteins, polysaccharides, and lipids are
also present in small quantities. Collagen fibers cross-link with each other to form
the matrix and the 3-D scaffold for bone. The HA crystals, present in the form of
plates, are about 40-60 nm long, 20 nm wide, and 1.5-5 nm thick. They are
deposited close to parallel with the collagen fibers, such that the [001] crystalline
direction is along the long axis of the fiber[21-23]. It is worth mentioning that the
mineral phase present in the bone is not a discrete aggregation of the HA
crystals. It is rather made of a continuous phase which is evidenced by a very
good strength of the bone after a complete removal of the organic phase[21].

Type | collagen, which comprises about one third of the total protein in a
human, is the prominent member of the collagen family, which has more than 20
members. The key feature for a collagen is the presence of continuous or
interrupted sequences in the individual polypeptide chains of repeated (G-X-Y),
amino acid sequence domains, in which G is glycine while X and Y maybe any
amino acids. These domains on one polypeptide chain interact with similar
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domains on two additional chains to form compound triple-helical units with
characteristic “collagen fold”. In bone, collagen molecules are secreted from
osteoblast in the form of triple-helices and then cross-link with each other to form
fibrils and further into higher structure. The length of a single collagen molecule is
only 300 nm and width 1.5 nm, but the collagen fibers formed in this way can be
as long as several tens of millimeters and as wide as 500 um.

The process by which collagen matrix becomes mineralized, or how the
HA deposits on collagen matrix, is very complicated, and current understanding
of it is still very limited. Many studies have shown that a collagen fibril matrix by
itself doesn’t have the capacity to induce mineralization from a solution of
calcium and phosphate ions at the physiological pH, concentration, and
temperature. It is generally believed that many proteins, such as sialoprotein and
osteopontin[24], osteocalcin[25], and fibronectin[26], are very important in this
process. These proteins can incorporate into collagen matrix and then control the
nucleation and growth of HA crystal through electronic charge, morphology
match, and other factors. However, the detailed underlying mechanism is not yet
clearly understood, and no direct experimental confirmation of mechanism has
been found. One possible reason is that the control is not by a single protein but
by the cooperative action of many proteins together. The separation of these
proteins and duplication of their effects in vitro has not been fully achieved.
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2.2 Materials and methods

2.2.1. Materials

Ti-6Al-4V ELI grade (ASTM F136-92) rod 3/16 inch (4.76 mm) in diameter
was purchased from Titanium Industries, Inc., (Parsippany, NJ). This rod was
machined into 10.0 mm long rods for further processing.

30 rods were plasma sprayed with hydroxyapatite (HA) by Bio-Coat, Inc.,
(Southfield MI) except for 2 mm left at one end, which was left uncoated.
Hereafter these samples will be called as PSHA.

30 rods were electrochemically deposited with HA by Dr. Noam Eliaz at
Tel Aviv University, Israel. The detailed process can be found in Appendix A.
Hereafter these samples will be called EDHA.

30 rods were kept as-machined. Hereafter these samples will be called
Ti64.

The near-surface phase compositions of these samples were studied by
powder X-ray diffractometry (8-KW rotating-anode Cu source, 11-cm diameter
powder diffractometer, Rigaku, Japan). The surface morphology was studied by
an environmental scanning electron microscope (ESEM, XL30, FEI/Philips,
Hillsboro, OR), and the surface roughness was studied with a surface profilmeter
(P-10, Tencor, San Jose, CA). The solubilities of the coatings were tested by
immersing a sample into 20 mi of distilled-water at room temperature. At 1, 24,
48, 72, 216, and 240 hours, 1 ml of solution was taken out at each time point and
1 ml of distilled water was added to keep the total volume of solution always at
20 ml. The 1 mi solution was diluted to 10 ml by distilled-water and the calcium
concentration was measure by use of a direct-current plasma-atomic emission
spectrometer, DCP-AES (SpectraSpan IliA, Applied Research Laboratories Inc.,
Valencia, CA).

31



2.2.2. Sterilization

All the 90 rods were sealed in sterilization bags separately and sterilized
by ethylene oxide at room temperature at Brigham & Women'’s hospital (Boston,
MA), and then left at least 2 days for aeration before implantation.

2.2.3. Surgery

Samples were implanted for three different periods before sacrificing the
animal for further analysis: 6 hours, 7 days, and 14 days, respectively. At each
time point, there were 7 samples for TEM/SEM preparation for PSHA and EDHA
materials groups and 6 samples for Ti64, so in total 60 samples were
investigated in the animal study.

All surgeries were conducted at the animal facility center of the Veteran
Administration Hospital (Boston). Permission from the Institutional Animal Care
and Use Committee (IACUC) was obtained, and the NIH guidelines for the care
and use of laboratory animals (NIH Publication #85-23 Rev. 1985) were
observed.

All samples were implanted in the proximal and distal femora and proximal
tibiae of the back legs of adult mongrel dogs (60-80 Ibs.). Three drill holes were
made: 1) an intramedullary drill hole, 4.7 mm in diameter and 20 mm deep (for 2
samples), was made at the trochanteric fossa of the proximal femur; 2) a drill
hole of the same size (for 2 samples) was made in the distal femur, 10 mm
proximal and 5 mm anterior to the femoral insertion of the MCL, and 3) a drill
hole of 4.7 mm in diameter and 15 mm deep (for 1 sample) was made in the
proximal tibia, 15 mm distal to the tibial plateau and 25 mm posterior to the tibial
tuberosity. Two such surgeries were carried out on each dog: the first one was
on the right side, while the second surgery on the left side was at least 7 days
after the first one; all animals were sacrificed 7 or 14 days after the first surgery,
as shown in Table 2-1 (the number of samples in parentheses).
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Table 2-1 Surgical implantation of samples in canine model

Proximal femora

Distal femora

Proximal tibiae

Dog1 surgery 1 Ti14d(2) Ti14d(2) Ti14d(1)
surgery 2 Ti6éh(2) Tiéh(2) Tiéh(1)
Dog2 surgery 1 PSHA14d(2) PSHA14d(2) PSHA14d(1)
surgery 2 PSHA6h(2) PSHA6h(2) PSHAGRK(1)
Dog3 surgery 1 EDHA14d(2) EDHA14d(2) EDHA14d(1)
surgery 2 EDHA7d(2) EDHA7d(2) EDHA7d(1)
Dog4 surgery 1 PSHA14d(2) EDHA14d(2) Ti14d(1)
surgery 2 PSHA7d(2) EDHA7d(2) Ti7zd(1)
Dog5 surgery 1 Ti7d(2) Ti7d(2) Ti7d(1)
surgery 2 EDHAG6h(2) EDHAG6h(2) EDHAG6h(1)
Dog 6 surgery 1 PSHA7d(2) PSHA7d(2) PSHA7d(1)
surgery 2 EDHAG6h(2) PSHA6h(2) Tiéh(1)

PSHA6h: PSHA samples, 6 hours.

samples, 6 hours.

EDHA6h: EDHA samples, 6 hours.
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2.2.4 SEM

SEM was used to study bone/implant interface morphology, by improving
the protocols established in the previous study in our group[22]. The main focus
of this SEM study was the new bone apposition ratio for different implants.

After sacrifice, tissues containing samples for SEM preparation were
placed in 0.1M sodium cacodylate-buffered 4% paraformaldehyde and 2%
glutaraldehyde solution. Then these tissues were trimmed using a coping saw
and a ceramic cutoff wheel until the tissue around the rods was about 1-2 mm
thick. The trimmed samples were fixed in the same buffered solution for 24 hours
under vacuum at 4 °C. Next, the samples were washed by 0.1 M sodium
cacodylate buffer solution twice for 10 minutes to remove the fixatives and then
stored in such a solution at 4 °C overnight. The samples were subsequently fixed
in 1% osmium tetraoxide aqueous solution for 4 °C at 2 hours. After rinsing in de-
ionized water, the samples were dehydrated through a series of 50%, 75%, 95%,
100%, and 100% ethanol water solutions for 15 minutes each. The samples were
agitated in 1:3, 1:2, 1:1, and 2:1 ratios of Spurr's resin dissolved in ethanol for 24
hours each and then vacuum infiltrated with pure Spurr’s resin for 24 hours. They
were then embedded in fresh Spurr’s resin for 24 hours at 60 °C. The Spurr's
resin was purchased from Ted Pella, Inc. (Redding, CA) and prepared with 10 g
VCD, 4.5 g DER-736, 26 g NSA, and 0.4 g DMAE. The stiffness of the sample
could be adjusted by changing the amount of DER-736.

After the Spurr’s resin was totally cured, the embedded samples were cut
into 0.5 mm thick slices with a slow speed diamond saw. All slices were ground
on 1200 grit silicon carbide paper and then polished using 5 um alumina paste
and then 0.06 um colloidal alumina in water. The polished specimens were
subsequently sputter-coated with a thin layer (about 10 nm) of carbon and
observed in an environmental SEM (ESEM, XL30, FEI/Philips, Hillsboro, OR).

Micrographs were recorded around each implant by ESEM with about
100X magnification, and for each implant there were about 20 such pictures. The
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images taken by ESEM were stored in digital format with a 1424 X 968 byte
dimension. The surface apposition ratio was calculated using Photoshop (Adobe,
San Jose, CA) software from these images. A square grid was imposed on every
image, and the size of grid squares was selected such that there were at least 30
squares at the bone/implant interface in each image. The apposition ratio in each
image was caiculated as the number of grid square at the bone/implant interface
containing bone divided by the total number of grid squares at the interface. The
apposition ratio for this implant was taken as the average ratio for all interface
images of this implant.

225 TEM
The TEM samples followed the same fixation, dehydration, embedding,
and slicing methods used for SEM samples.

Atfter cutting into thin slices, samples were freeze-fractured to remove the
titanium alloy rod. To introduce fracture, a 35 mm Petri dish was filled with liquid
nitrogen, and the samples were then chilled in the liquid nitrogen pool in the dish
for two minutes. Since titanium alloy has a much higher thermal expansion
coefficient, a high thermal stress was produced at the metal/coating interface,
which caused cracks to occur along this interface. Observation under a light
microscope ensured that the coating/bone interface was maintained intact. After
removing the titanium, the samples were embedded in Spurr’s resin in BEEM
vials (Ted Pella) under the same conditions used above.

The vials were then carefully removed from the outside of the sample, and
the sample tip was trimmed to a 1 mm square to expose the coating/bone
interface. At first, a thick section, about 500 nm thick, was cut with an
ultramicrotome using a diamond knife, stained with methylene blue, and
observed under a light microscope to confirm that the coating/bone interface was
intact. Then “silver-to-gold” sections (60~80 nm thick) were cut via the same
ultramicrotome, collected on parlodion-coated grids (Ted Pella) and air-dried.
Some samples were stained in 2% uranyl citrate in 50% alcohol-water solution
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for 2 hours and then in lead citrate aqueous solution for 30 minutes, to induce
mass-thickness contrast in TEM. The other samples were left unstained for
diffraction contrast study. The samples were initially screened in a JEOL 200CX
TEM operated at 200 kV. If both the coating and some apposing tissue were
visible in the TEM, the microtomed samples were further viewed in JEOL 2000FX
or JEOL 2010 instruments with higher resolution capability. Elemental analysis
was performed using an energy-dispersive X-ray detector attached to the 2010
TEM machine.

2.3 Coating Characterization

Comparison to the JCPDS standard x-ray diffraction file of HA (#09-0432)
confirmed that both coatings were substantially composed of crystalline
hydroxyapatite (Figure 2-1). The diffraction patterns were also compared to
JCPDS files of other calcium phosphates; however, only HA could be identified.
The crystallinity of HA coatings was analyzed by JADE software (Rigaku, Tokyo,
Japan). A JADE analysis of the different pattern profiles estimated amorphous
content about 10% for the PSHA and less than 5% for the EDHA coatings. The
Bragg peaks from the titanium substrate were also found in both patterns. In the
pattern for EDHA, the strong Bragg peaks were from the titanium substrate, while
in the PSHA spectrum, the titanium Bragg peaks were much weaker than those
of HA coating, because the coating thickness of EDHA was much thinner than
that of PSHA, as established by ESEM (Figure 2-2 and Figure 2-3). In these
ESEM micrographs, it was found that the thickness of EDHA coating was only
about 5 um. Higher magnification images (10,000X) showed that the EDHA
coatings had two distinct layers. The first layer (about 500 nm) ciose to the
titanium substrate was dense and uniform. The second layer was composed of
crystals with different sizes: many of them were very tiny, however, some large
ones grew through the whole coating layer (Figure 2-2). The thickness of PSHA
coating was about 50 um. Pores found in the PSHA coatings were as large as 5
um (Figure 2-3). A crack between EDHA coating and the titanium substrate was
also found in Figure 2-2. By contrast, PSHA coatings remained well attached to
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the substrate. The bonding strength of EDHA apparently was lower than that of
PSHA, even though the EDHA coating was much thinner.

The surface morphologies of these two coatings are shown in Figure 2-4.
EDHA coatings were characterized by individually resolvable hydroxyapatite
crystallites, with a plate-like shape, of typical width around several um and
thickness less than 1 um, very similar to the hydroxyapatite crystals found in
hydroxyapatite chemically-deposited at room temperature[27]. The morphologies
suggest nucleation and growth of HA platelet crystallites from the electrolyte
solution. An independent analysis by the collaborator who provided the EDHA
coatings also confirmed that the EDHA coatings were highly crystalline (Dr.
Noam Eliaz, private communication). The surface of PSHA showed a
dramatically different morphology: large globules appeared at the surface and no
HA crystallites were resolvable or found in PSHA coatings, suggesting that
individual molten splats solidified as units with at least partly crystalline character
(Figure 2-4(b)). The size of the surface globules ranged from several
micrometers to about 100 nm. Few cracks were found on the surface, and the
PSHA coating was much denser than the EDHA coating. The surface
roughnesses (R;) for these two coatings, measured by surface profilmeter, were
found to be 480 + 120 nm (EDHA) and 1.3 £ 0.4 um (PSHA).

37



(@)

(+00) + (20411

(tothe

(coonL

N

&

s/o ‘Aususyuj

Diffraction angle, 26

)

(h12)

(tonu

(oKL

(1)
(002)

" g

s/0 ‘Aysuaju|

Diffraction angle, 26
Figure 2-1 X-ray diffraction spectrum for (a) EDHA and (b) PSHA coatigs
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Figure 2-2 ESEM images from a cross section through EDHA coating: (a)
1,000X, (b) 10,000X
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Figure 2-3 ESEM images from a cross section through EDHA coating: (a) 800X,
(b) 2,000X
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Figure 2-4 ESEM images of the surface morphologies of two coatings: (a) EDHA,
(b) PSHA
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2.4 ESEM result on bone apposition ratios

2.4.1 Six-hour Implantations

Both trabecular bone and its debris from the surgery was observed to
remain around the implants 6 hours after the implantation, a feature found for all
three types of implants (Figure 2-6). Some debris was very close to the implant
surface and could have served as the source of osteoblast cells for the
subsequent introduction of new bone apposing the implant. Due to the insert
nature of the surgery, direct contact between bone and implants could also be
observed (Figure 2-6(b)). However, 6 hours was t0o short for any meaningful
new bone apposition on the implants, so the bone apposition ratio at 6 hours was
not calculated.
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Figure 2-6 ESEM images from cross-sections through 6-hour implants and
adjacent bone: (a) Ti64; (b) PSHA, (c) EDHA




2.4.2 Seven-day Implantations

Seven days after implantation, new bone tissue was observed on all three
types of implants. The newly developed bone tissue was different from trabecular
bone and its drillhole debris in that it closely contacted the implants and spread
over on the coating surface. Cellular lacunae were clearly visible in the new bone
tissue (Figure 2-7). However, PSHA showed much a higher surface bone
apposition than the other two types of implants.
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Figure 2-7 ESEM images from cross-sections through 7-day implants and
adjacent bone: (a) Ti64; (b) PSHA, (c) EDHA
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2.4.3 Fourteen-day Implantations

After 14 days, the surface apposition of new bone tissue increased on all
three types of implants (Figure 2-8). At the same time, the new bone tissue
became much thicker, denser and very closely integrated with the coating
surface; this was the most apparently for PSHA implants (Figure 2-8(b)). The
surface apposition ratio for EDHA also increased dramatically, with new bone
tissue covering much of the surface of the coating (Figure 2-8(c)). Ti64 coating
showed the slowest relative increase of new bone tissue compared to the two
coatings (Figure 2-8(a)).
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Figure 2-8 ESEM images from cross-sections through 14-day implants and
adjacent bone: (a) Ti64; (b) PSHA; (c) EDHA
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Figure 2-9 Average bone apposition ratios 7days and 14 days after implantation
measured from ESEM images

The average surface bone apposition ratio for each type of sample 7 days
and 14 days after implantation was calculated from the ESEM images (Figure
2-9). Student t-test analysis showed that PSHA coatings resulted in statistically
higher apposition ratio than EDHA (p = 0.03) or Ti64 (p = 0.01) at 7 days. At the
same time, no apparent difference was found for that of EDHA and Ti64 (p =
0.06).

At 14 days, both EDHA and PSHA had similar surface apposition ratios,
around 70%, but Ti64 resulted in significantly lower surface apposition ratio,
around 55%. Student t-test analysis showed the latter difference was statistically
significant (p = 0.13 against PSHA, p = 0.06 against EDHA).
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2.5 TEM study of the bone/coating interface

The TEM samples were prepared mechanically by cutting thin sections at
room temperature in an ultramicrotome equipped with diamond knife. This
method did not work for bare Ti64 samples because the metal always deformed
and the metal/bone interface was destroyed. Sometimes, the cutting also broke
the HA coatings, especially for PSHA coatings, because of its large thickness
(more than 50 um). However, in most cases the bone/coating interface kept
intact, thanks to the embedding in Spurr’s resin. Hence, ample information about
the coating/interface was obtained from these samples, and the TEM study in
this chapter was limited to implants with two HA coatings.

2.5.1 Six-hour Implantations

The morphologies and microstructures of both EDHA and PSHA coatings
were quite different from those of biological apatite in bone (section 2.1.2). In the
6-hour PSHA implant, a thin portion of the PSHA coating (less than 5 um) was
studied (Figure 2-10(a)). One surface was confirmed to face the bone by the
bone debris and blood cells nearby and trabecular bone tissue at farther distance
away (not shown in the figure). The PSHA crystalline grains were very large
(more than 500 nm); however, because the thickness of the sample section was
only about 70 nm, the grain size and shape of PSHA coatings could not be
determined by TEM alone (Figure 2-10(b)). A selected area electron diffraction
- pattern from the PSHA coating (inset, Figure 2-10(b)) showed single crystal
character of the grains. The atom ratio of Ca/P was 1.67, matching with the
stoichiometric value for HA. Higher magnification images showed a roughened
surface on the coating, possibly a sign of coating dissolution (Figure 2-10(b)).
Tiny HA crystals, either from reprecipitation of dissolved HA coating or from
coatings loosened on implantation, were present closely to the HA coating
surface.
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Figure 2-10 Cross section TEM micrographs of 6-hour PSHA-coated implant: (a)
blood cells and bone debris visible close to the coating surface; (b)
showing PSHA coating grains at coating surface

Compared to PSHA, EDHA coatings were preserved relatively intact due
to their thinness (less than 5 um) and high porosity (more resin penetrated and
effectively embedded). The substrate side of the coating (far from the bone) was
smooth, which suggests that the whole coating was removed from the titanium
substrate, evidence that the bonding between EDHA and substrate was not very
strong (Figure 2-11). A dense layer, composed of cuboidal crystals with size
about 100 nm, was found at the bottom of the coating (Figure 2-12(a)).
Apparently, a rapid nucleation of HA occured at the very beginning of the
electrochemical deposition process, and many tiny HA crystals formed in this
way; but only HA crystals in favorable orientations could further grow, and
columnar crystals were formed close to the nucleation region (Figure 2-12(b)).
These crystals grew until they intersected (Figure 2-13). The whole coating
deposition process was reminiscent of dendritic growth. A selected area electron
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diffraction pattern from one such crystal showed single crystal character (inset,
Figure 2-13). The surface of these crystals was very smooth and no apparent
sign of dissolution could be found. Elemental analysis established an Ca/P atom
ratio of 1.6, close to that for HA (1.67).

Figure 2-11 Cross section TEM micrographs of 6-hour EDHA-coated implant
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Figure 2-12 Cross-section TEM micrographs of 6-hour EDHA-coated implant: (a)
the inner layer of the coating adjacent to the substrate was
composed of nano-sized crystals; (b) large crystals growing on the
inner layer
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Figure 2-13 Cross-section TEM micrographs of 6-hour EDHA-coated implant
showed dendritic growth of the coating. The platelet crystals
exhibited single crystal character, by selected area electron
diffraction.
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2.5.2 Seven-day Implantations

After 7 days, TEM revealed a layer of bone tissue formed on the PSHA
coating surface (Figure 2-14) and mineralized “nodules” found in the region close
to bone/coating interface. The size of these nodules ranges from 100 nm to
about 1 um. High magnification images of these nodules showed that they were
composed of many fine fibrils, which were several hundred nm long but only
several nm wide (Figure 2-15), in agreement with previous results from our
group[23]. Surrounding these nodules was a very dense collagen matrix, whose
fibers were characterized by the banded structure visible after lead citrate and
uranyl acetate staining. Differently orientated fibrils were observed; however,
their size was very uniform: the widths were consistently less than 50 nm, but the
lengths could be as long as 1 um. Elemental analysis by XEDS showed that the
calcium/phosphorous atom ratio of the nodules was about 1.2, much lower than
that for HA (1.67) but close to dicalcium phosphate dihydrate (DCPD, 1.0),
octacalcium phosphate (OCP, 1.33), and amorphous calcium phosphate (ACP,
1.5). Hence, it is likely that at least one of these calcium phosphates also forms
in early bone mineralization. For comparison, the calcium/phosphorous ratio of
the coating was about 1.6, while in the non-mineralized region (including the
collagen) the calcium content was very low (less than 1% atom ratio) and
phosphorous was not detectable. The selected area electron diffraction pattern
showed broad polycrystalline rings in the new bone region (inset, Figure 2-16),
reflecting the formation of nano-sized HA crystals (Figure 2-17).

An osteoblast was observed close to the coating surface (Figure 2-18).
The high activity of this cell could be deduced from its large nucleus, prominent
Golgi, and endoplasmic reticulum. A close view showed that a layer of collagen
fibers (about 500 nm thick) was present between the HA coating and the
osteoblast, the axis of the collagen fibers parallel with the coating surface. The
collagen layer didn't directly contact the coating. Instead, there was a thin
electron-dense layer, about 50 nm thick, between the collagen and the coating
surface.
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Figure 2-14 TEM cross section micrograph of 7-day PSHA implant,
stained with uranyl acetate and lead citrate.

Figure 2-15 Mineralized nodules formed close to the PSHA coating 7 days after
implantation, stained with uranly acetate and lead citrate.
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Figure 2-16 Close bonding between new bone tissue and PSHA coating after 7
days implantation. The selected area electron diffraction pattern
(inset) exhibited broad polycrystalline rings

Figure 2-17 Nano-sized HA crystals found in new bone tissue at the interface
with PSHA coating 7 days after implantation, TEM high-resolution
lattice-fringe image, no objective aperture.
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Figure 2-18 An osteoblast found close to the PSHA coating surface after 7 days’
implantation: (a) The cell is characterized by its large nucleus,
prominent Golgi, and endoplasmic reticulum; (b) a collagen layer
and an electron-dense layer were found at the PSHA coating surface.
TEM cross-section stained with uranyl acetate and lead citrate.
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Interestingly, osteoclasts could also be found on the PSHA coating
surface after 7 days’ implantation (Figure 2-19). The osteoclast cell directly
contacted the coating surface with no intervening gap. It seems that the cell was
digesting the coating, and HA debris was found inside it.

Figure 2-19 Osteoclast found on the PSHA coating surface after 7 days
implantation: the osteoclast was in close contact with the coating
surface, without any gap; some HA debris was found inside the cell.
TEM cross-section stained with uranyl acetate and lead citrate.
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By contrast, little tissue development was seen near the EDHA coating
surface 7 days after implantation. Osteobalst-like cells were found in some
regions stationed close to (10~15 um) the coating surface (Figure 2-20). The
coating surface, despite one week in implantation, was still similar to the 6 hour
one (Figure 2-21).

Figure 2-20 No new bone tissue visible on the EDHA coating surface after 7

days implantation, though bone cell observed 10~15 um from
surface. TEM cross section stained with uranyl acetate and lead
citrate.




Figure 2-21 The EHDA coating surface 7 days after implantation. TEM cross
section stained with uranyl acetate and lead citrate.
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2.5.3 Fourteen-day Implantations

At 14 days, the new bone tissue layer on the PSHA became much thicker
and covered almost the whole surface (Figure 2-22). The characteristic band
structure of mineralized collagen could be seen aiready in the new bone tissue
layer. The calcium/phosphorous atom ratio increased to nearly 1.7.

Figure 2-22 TEM micrograph for PSHA coating at 14 days. TEM cross section
stained with uranyl acetate and lead citrate.
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Compared to PSHA, implanted EDHA changed much more dramatically
from 7 days to 14 days (Figure 2-23). Much new bone tissue was found on the
EDHA surface and closely integrated with the coating. The calcium/phosphorous
ratio of the new bone tissue was close to 1.7. The increase in bone apposition

noted matched the increase in bone apposition ratio already documented in SEM
observations.

.

Figure 2-23 TEM micrograph for EDHA coating at 14 days. TEM cross section
stained with uranyl acetate and lead citrate.
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2.6 Discussion

Both EDHA and PSHA coatings used in this study were predominantly
composed of HA and had the same nominal compositions. However, they were
distinct in surface morphologies and microstructures, which appear to have
resulted in differing solubilities, i.e, in their ability to initially release calcium and
phosphorus into the environment. The solubility test showed that PSHA dissolved
much more readily than EDHA. The former reached saturation in distilled water in
two days, while the latter occasioned a very low Ca concentration after 10 days.
It is suspected the difference in their solubility has resulted in the different early
bone formation kinetics on these two coatings.

EDHA showed the low bone apposition ratio at 7 days, close to that of
Ti64 at 7 days. And at 14 days, the EDHA bone apposition ratio increased
markedly, to that observed for PSHA, much more than that for bare Ti64. The
initial low apposition ratio can be explained by the low EDHA solubility. In the first
seven days, the coating made almost no contribution to bone apposition, so it
had almost the same apposition ratio as Ti64. For PSHA, with its partial
amorphous content and higher consequent solubility, results in a much higher
local concentration of calcium and phosphorus, which could assist and
accelerate local mineralization of new bone. However, the differing solubilities
serve to contribute only at most a short-term difference in mineralization behavior.
By 7 days, the surface apposition ratio of EDHA increased sharply and caught up
with that of PSHA, suggesting that the dissolution of EDHA also reached a
threshold value and hence began to accelerate the new bone formation. Similar
behavior had been observed before in our group on annealed and unannealed
PSHA coatings[23].

At 7 days, new bone tissue, which was mainly composed of clustered
nano-fibers, was observed only on PSHA coatings. Collagen fibers, visible after
staining, were also present close to the coating surface; however, they were not
yet mineralized. At 14 days, for both coatings, the new bone tissue was very well
developed, and mineralized collagen fibers could be found in this bone tissue.
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Many proteins, including osteocalcin, osteopontin, and fibronectin, have
hypothesized to be the substrate for HA to deposit on. However, in this study, the
early mineral deposits observed were actually long fibrils, different from the
morphologies of the proteins mentioned. The mineral fibrils were only about
several nm in width, but 300 nm in length, very close to the size of a single
collagen molecule (1.5 nm diameter and 300 nm length). It is well known that the
collagen molecules are secreted by osteoblasts and then self-assembie into
collagen fibers by cross-linking with each other. It has been demonstrated that
collagen fibers alone don'’t have the ability to initiate mineral deposition. However,
collagen molecules before self-assembling into fibers might have the ability to
nucleate mineral formation, a phenomenon recently observed in vitro by Cui's
group[28]. Hence, the mineral fibers observed 7 day after implantation at PSHA
coating surface could be mineral nucleating on individual collagen molecules.
This explanation has never been advanced before and still remains a hypothesis.
More experiment is needed to prove or disprove it.

Another interesting observation was the low calcium/phosphorus atom
ratio in the early mineral deposits. It strongly suggests that HA may not be the
only calcium phosphate phase involved in early-stage mineralization. It has been
observed in vitro that ACP and OCP, which have more favorable formaton
kinetics than HA, were deposited before HA. This study has shown that the same
may occur for bone formation in vivo. Theories of protein control of bone
mineralization have mainly focused on the shape match between proteins and
the HA unit cell. For example, Hoang et al., deducing the crystal structure of
osteocalcin by X-ray diffraction, claim that they revealed a negatively charged
protein surface that coordinates five calcium ions in a spatial orientation that is
complementary to calcium ions in the HA crystal lattice[25). Sarig also
hypothesized that aspartic acid nucleates the apatite crystallites of bone in such
a way that the aspartic acid is enclosed inside a carbonated, calcium-deficient
unit, without changing its external appearance, and is able to start assemblage of
regular apatite units[29]. However, the present observations in this study
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suggests that the role of proteins in nucleating other non-apatitic calcium
phosphates, such as ACP and OCP, could be initially more important.

Electrochemically-deposited HA, as a potential substitute for plasma-
sprayed HA, confers some advantages, such as low processing temperature and
deposition on complicated shapes. However, two shortcomings of EDHA
coatings compared to PSHA were observed in this study: (1) slower bone
apposition; and (2) lower bonding strength between coating and substrate. The
first problem is attributed to the low solubility of the coating. It has been reported
that nano-phase HA could be formed directly from electrochemical deposition[20].
If the main component of the coating can be controlled to nano-sized HA, the
solubility will doubtless increase, which could accelerate the bone formation
kinetics. The second problem can be solved by introducing chemical bonding
between coating and substrate. Chemically-treated titanium, exposed to NaOH,
H20,, or other chemicals, has a higher ratio of basic hydroxyl Ti-OH, which
facilitates the nucleation of calcium phosphate by formation of chemical bonds to
the coating. If the substrate can be treated chemically before deposition,
chemical bonding can occur between coating and the substrate to increase the
bonding strength. Such substrate treatment could be a future direction for EDHA
coating technology.
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Chapter 3 Quantitative study of osteoblast-like cell
mineralization with Tc-99m-MDP in vitro labeling

3.1 Introduction

In chapter 2, the in vivo canine model was used to study the ultrastructure
of the interface between bone and implants. The early bone formation process
and the bone apposition ratios for different implant materials were discussed. The
in vivo experiments proved to be very effective in the study of implant materials.
However, for both ethical and financial reasons, animal experiments should be
strictly restricted (3R principles: replacement, reduction and refinement), so it is
desirable to establish alternative methods to at least partially replace animal
experiments[1].

In vitro cell-culture experiments, as a promising substitute for in vivo
experimentation, are increasingly gaining more and more attention. Osteoblasts
and osteoblast-like cells are widely used in the in vitro study of biomaterials to be
employed as permanent implants in bone and for bone tissue engineering [2].
Normally, these cells are cultured on biomaterials prepared as two-dimensional
surfaces or as porous three-dimensional scaffolds. After selected time periods,
the cell cultures are terminated for analysis of the cell behavior (e.g., synthesis of
extracellular matrix). This methodology has provided a relatively simple
approach for the study of the interaction between cells and biomaterials and has
been used as an important screening step before proceeding to in vivo
experimentation [3, 4]. Furthermore, the experiment conditions in in vitro
environments are easier to control. Consequently, the relationships between
particular elements of the system can be purposely designed and investigated.
Another advantage of in vitro experiment is the relatively low cost. More samples
can be obtained, which makes statistical study easier and more reliable[5).
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3.1.1 Cell source

Choosing the right cell source is a necessity in an in vitro experiment. The
cell source used in in vitro study should be stable, reproducible, easy to obtain,
and most important, able to duplicate the in vivo process researchers are
interested in. Commonly used osteoblast cell sources include: collagenase
digestion of fetal or neonatal rat or mouse calvaria, cloned celi lines, organ
culture, and bone marrow stromal cells.

As early as 1964, Peck et al. begun to use bacterial collagenase to
remove the fibrous connective tissue in fetal or neonatal rat calvaria and harvest
viable osteoblasts[6]. Bard et al. further applied this method to adult human
bone[7]. The cells harvested by this method are actually a mixture including
osteoblast, preosteblast, osteoclast, fibroblast, and blood cells. Using appropriate
digestion solutions and proper digestion procedures, preosteoblast and
osteoblast can be obtained as the dominant types. Centrifuging and culturing on
tissue culture polystyrene (TCPS) can help to remove the included blood celis.
This method can provide young and active osteoblast cells in large quantity. The
potential problem for this method is that collagenase digestion can damage the
osteoblast cells and influence their normal functions.

Osteoblast cell lines were first introduced by Majeska and his colleagues
in 1980, by enzymatically dispersing rat osteogenic sarcoma cells[8]. In 1982,
Kodama et al. cloned a new immortal cell line from newborn mouse calvaria,
which they named the MC3T3 cell line[9]. MC3T3 cell line is one of the most
often used cell lines for osteoblast study. While these cell lines are only
transformed cells and not osteoblasts, they can mineralize under proper condition
and can be useful tools for the study of specific osteoblast functions. Such model
systems are relatively homogenous and easy to maintain, so the results are
easier to reproduce compared to other cell sources.

In the 1970s, Jones and Boyde described the migration of osteoblasts
from rat calvaria onto various artificial or natural materials[10]. This study proved
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that organ culture of bone can also be used to test bioactivity of implant materials.
in this method, osteoblasts migrate in a more natural way without the mechanical
or chemical separation from the matrix. These osteoblasts are believed to be less
damaged than those by other methods, and the interaction between cells and
substrates can be in a way more similar to that in vivo. However, it takes a longer
time for cells to grow out from the bone organ, and other cells, such as fibroblasts
and blood cells, can mix and interfere with osteoblasts.

In 1976, Friedenstein and his colleagues identified in the adult bone
marrow a cell population with strong osteogenic potential[11]. They observed that
cells attached to the plastic appeared fibroblastic in shape and were actively
proliferating; if implanted in vivo, these cells were able to form bone and
hematopoiesis-supportive stroma, reconstituting a complete bone/bone marrow
organ[12]. They called this type of cells bone marrow stromal cells (BMSCs). The
ease of harvest from donor bone marrow, together with the ability to form bone in
vivo, make BMSCs ideal for clinical applications. However, these BMSCs have to
be expanded in vitro to get enough quantity for in vivo experiment or clinical use.
The investigation of the expanded BMSC population led to the observation that in
vitro expansion appears a limiting passage: cells tend to senesce and lose their
multidifferentiation potential with time in culture[12], so more investigation is
necessary before the safe and effective use of BMSCs can be achieved.

3.1.2 Tc-99m-MDP as a quantitative analysis method

Bone-forming cells are characterized by their synthesis of a type | collagen
matrix that mineralizes. The compatibility of a biomaterial with this process (i.e.,
its enhancement or inhibition of the process) can thus be characterized, in part,
by the amount of mineral produced by the cells cultured on its surface. Currently,
several methods are being employed to assess the mineralization associated
with the growth of osteoblasts and osteoblast-like cells on biomaterials: histology
employing Von Kossa staining [13]; scanning electron microscopy (SEM) [14, 15]
and energy-dispersive x-ray microanalysis (XEDS) [15, 16]; transmission electron
microscopy (TEM) [15, 17-19]; x-ray diffraction [15]; and calcium radioisotope
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(*Ca) uptake [19]. While these methods have yielded valuable findings, all have
one or more of the following shortcomings: (1) harmful to the cells, not allowing
for further experimentation; (2) time consuming; and (3) only qualitative, which
makes comparison of the osteoblast mineralization response to different
biomaterials very difficult. A particular problem for calcium-based biomaterials is
that it is difficult to distinguish the substrate materials from the newly formed
mineral. The need for a non-destructive and quantitative method for the
evaluation of the mineral deposition associated with the activity of osteoblast-like
cells on biomaterials, including those which contain calcium, prompted this
investigation of a novel use of a calcium-binding radionuclide agent used for
many years in diagnostic imaging.

Technetium-methylene diphosphonate (Tc-99m-MDP) has been used for
many years in nuclear medicine {20, 21] for the diagnosis of abnormalities in
bone formation and remodeling, including osteogenic tumors [22]. Tc-99m-MDP
is preferentially adsorbed by newly produced mineral by a mechanism that yet
remains to be completely understood. The half-life of Tc-99m is 6.01 hours, and
it decays by gamma emission of 140 KeV photons, which are suitable for imaging
with a gamma camera. Areas with high osteogenic activity are highly Tc-99m-
MDP avid and can be detected with high sensitivity with the use of scintillation
cameras. In addition to being used for clinical imaging, Tc-99m-MDP has been
utilized in vivo to study the bone response to implants and to osteogenic
cytokines [23-26]. The advantages of this tracer are: (1) its safety with little or no
influence on cell behavior, and its prospective use in following mineralization with
time in the same culture without interfering with the process; (2) its method of
detection, which is non-destructive, thus allowing for continuous study of the
sample; (3) mineral uptake that occurs within a short period of time, and imaging
that is accomplished in minutes; (4) resuilts that can be quantified, facilitating
comparative studies. Moreover, due to the specificity of uptake, Tc-99m-MDP is
able to distinguish newly formed calcium-phosphate mineral from a pre-existing
calcium-containing substrate. This study presents the first use of Tc-99m-MDP
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as a quantitative tool for evaluating in vitro the mineralization associated with
bone cell activity.

The principal objective of this chapter was to determine the utility of the
non-destructive labeling of newly-formed mineral with Tc-99m-MDP for the
scintigraphic quantification of the amount of mineral formed in cultures of
osteoblast-like cells on tissue culture polystyrene (TCPS). The radionuclide
findings were validated qualitatively by von Kossa staining and light microscopy
and by XEDS used in conjunction with SEM. The quantitative validation was
accomplished using a destructive method for the determination of the calcium
content of the cultures: inductively coupled plasma (ICP) emission spectroscopy
[27, 28]. A second objective was to determine how effectively the scintigraphic
method could be used to quantify the mineral deposition mediated by osteoblast-
like cells cultured on photon-attenuating substrates, such as titanium-6
aluminum- 4 vanadium (Ti-6Al-4V) disks. A related aim was to determine if there
were differences in the mineralization process on Ti-6Al-4V surfaces with
polished and matt finishes.

3.2 Selecting the right cell source
3.2.1 Cell harvesting

(1) Human osteoblast cells

Human cancellous (metaphyseal) bone fragments from patients
undergoing total knee arthroplasty were harvested under sterile conditions within
2 hours of surgery. The outside soft connective tissue was carefully removed;
then the bone was cut into small pieces (2-4 mm?®). After intensive rinsing
(phosphate buffered saline (PBS) supplemented with 1% antibiotic solution),
these small bone specimens were incubated in 75-ml culture flasks using a
medium comprising o-minimum culture medium (o-MEM), 10% fetal bovine
serum (FBS), 1% antibiotic solution, and 25 ug/ml ascorbic acid (hereafter called
Standard Medium) under standard culture conditions (37 °C, 5% CO., and 95%
humidity). Cells were harvested by trypsinization after they reached confluence.
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Cells were counted by a hemocytometer and then used for further experiment.
Extra cells were frozen and stored at -80 °C.

Cells were cultured on TCPS at a density of 4 x 10®/ m? in Standard
Medium with 50 mM glycerol phosphate and 10 nm dexametasone added
(hereafter called mineralization medium) under standard culture conditions (37
°C, 5% CO,, and 95% humidity). The culture medium was changed every 3 days.

(2) Neonatal mouse osteoblast cells

The calvaria from neonatal mice were excised, stripped of soft tissue,
rinsed by PBS solution, and subjected to a series of four 30-min digestions with
0.2% sterilized collagenase aqueous solution. The cells from the first digestion
were mostly fibroblasts and osteoclasts, and were discarded. Cells from the
remaining three digestions were pooled, washed, and collected. They were then
cultured in the Standard Medium under standard culture conditions (37 °C, 5%
CO,, and 95% humidity). Cells were harvested by trypsinization after they
reached confluence. Cells were counted by a hemocytometer and then used for
further experiment. Extra cells were frozen and stored at -80 °C.

Cells were cultured on TCPS at a density of 4 x 10®/ m? in Mineralization
Medium under standard culture conditions (37 °C, 5% CO,, and 95% humidity).
The culture medium was changed every 3 days.

(3) Stem cells from canine bone marrow

The marrow was harvested from both the distal anterior femoral
metaphysic and the proximal anterior tibial metaphysis. Bone marrow biopsy
needles were used to penetrate the cortex of the bone, and 5 ml of marrow was
aspirated into a 20ml syringe containing 2 ml Dulbecco’s modified Eagle’s
medium / F12 (DMEM/F12) medium with1000 unit/ml heparin. Three to six 20mi
syringe volumes were obtained from each animal. The aspirate from each animal
was resuspended with 15 ml of PBS solution and centrifuged at 300 rpm for 5
minutes to remove red blood cells, then centrifuged at 1500 rpm for 15 minutes to
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obtain a cell pellet. The pelleted cells were resuspended in 15 ml of PBS and the
foregoing process repeated twice. After this procedure, the pelleted cells were
resuspended in 15 ml complete medium (DMEM/F12 medium supplemented with
20% fetal bovine serum, 50 ug of ascorbic acid/ml, 1% antibiotics/antimycotics).
The cells were cultured at 5% COz, 95% humidity, and 37°C in 75 cm? flasks.
Media were first changed after 3 days, and every other day afterwards. With this
method, most of the non-adherent hematopoietic cells were removed. Only the
adherent cell population was cultured subsequently. The adherent cell
population grew as symmetric colonies. Cells from sub-confluent cultures were
detached and collected after approximately 10 days, using aqueous solution of
0.05% trypsin and 0.52 mM EDTA for 5 minutes, and then passed into flasks.
Cells were counted by hemocytometer and then used for further experiment.
Extra cells were frozen and stored at -80 °C.

Cells were cultured on TCPS at density of 4 x 108/ m? in Mineralization
Medium under standard culture conditions (37 °C, 5% CO, and 95% humidity).
The culture medium was changed every 3 days.

(4) MC3T3 cell lines

MC3T3 cells were courteously provided by Dr. Louis Gerstenfeld of
Boston University. The cells were first cultured in Standard Medium under
standard culture conditions (37 °C, 5% CO_, and 95% humidity). After reaching
confluence, cells were harvested by trypsinization. Cells were counted by
hemocytometer and then used for further experiment. Extra cells were frozen and
stored at -80 °C.

Cells were cultured on TCPS at density of 4 x 10%/ m? in Mineralization
Medium under standard culture conditions (37 °C, 5% CO3, and 95% humidity).
The cuiture medium was changed every 3 days.
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3.2.2 Cell culture and storage

Normally, cells were cultured in two media: (a) Standard Medium, which is
o-MEM, 10% FBS, 1% antibiotic solution, and 25 pug/ml ascorbic acid; and (b)
Mineralization Medium, which is Standard Medium plus 50 mM glycerol
phosphate and 10 nm dexametasone. The Standard Medium was used to
multiply the number of cells to get the quantity needed for the experiment; and
the Mineralization Medium was used when cell mineralization wss needed.

Cellis were sacrificed and fixed in 1 ml of 2.5% glutaraldehyde aqueous
solution for one hour, air dried, and then observed with an environmental SEM
(ESEM, XL30, FEI/Philips, Hilisboro, OR). XEDS was performed using the x-ray
detector attached to the XL30 ESEM. The detection energy windows were set for
calcium, phosphorus, and oxygen in order to produce two-dimensional maps of
the location of these elements to superimpose on the secondary electron image.

A storage medium was formulated by adding 10% dimethyl sulfoxide
(DMSO) to a-MEM. Cells were stored at a density of 2 x 108/ ml. The container
was kept at -20 °C for 3 to 4 fours and then moved to -80 °C. Cells were normally
stored at -80 °C for not more than two months, and otherwise discarded.

When frozen cells were needed to be thawed for further use, the cell
container was dipped into 37 °C water for about 30 seconds to melt the outer
layer of ice. Then, about 1 mi of culture medium was added to the container drop
by drop, 5 seconds between each. This slow process was followed to avoid any
sudden change of the cell environment. After the ice was thawed, 10 ml of culture
medium was added and the whole centrifuged to pellet the cells. Cells were
resuspended in 10 ml of culture medium and the centrifuge-resuspension
process repeated twice more to remove DMSO. Cells were normally cultured on
TCPS for three days to allow for recovery before any further use.
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3.23ICP

Inductively Coupled Plasma (ICP), first employed in the early 1960’s, is an
analytical technique used for the detection of trace metals in environmental
samples. The primary goal of ICP is to get elements to emit characteristic
wavelength-specific light which can then be measured. This can be achieved by
passing the aqueous solution of the tested element through plasma generated
with inert gas, whereupon the light emitted by the atoms of the element in the ICP
is converted to an electrical signal that can be measured quantitatively. In theory,
ICP is able to identify and quantify all elements except argon, which is used for
plasma generation. Additionally, ICP is suitable for all concentrations from
ultratrace levels to major components. Detection limits generally can range as
low as several parts per billion (ppb) to as high as 1 - 100 g/ L, depending on the
element. One of the largest advantages of employing ICP when performing
quantitative analysis is the fact that the analysis can be accomplished very
rapidly and with very little sample. A complete multielement analysis can be
undertaken in a period as short as 30 seconds, consuming only 0.5 ml of sample
solution[29, 30).

ICP was used in this experiment to measure the concentration of calcium
in cell culture samples. In detail, 1 ml of 2N nitric acid was added to each dish
and then shaken at 4°C overnight. The solution was carefully collected and
diluted to 10 mi with distilled water. Then the calcium concentration was tested in
an ICP spectrophotometer (Spectro FMD-07). Standard calcium solutions (0, 1, 3,
5, 10, 20, 30, 50 ug/ml) were made by diluting standard calcium solution for ICP
(Sigma-Aldrich). A calibration curve obtained from these standard samples is
shown in Figure 3-1. Linear fit analysis shows an R value of 0.99996 (P <
0.0001). However, the fitted line didn’t go through the origin point (when
concentration was zero, the count number was not exactly zero), which implies
there was some background noise by the instrument or the sample.
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Figure 3-1 ICP calibration curves for calcium standard

3.2.4 Cell comparisons

(1) Mineralization ability and rate

As shown in Figure 3-2(a), after culturing about 6 weeks in the Standard
Medium, the cells spread out from the bone and covered the whole culture dish.
Cells near the bone were spindle-like and radiated away from the bone. The cells
were collected by trypsinization and then cultured in Mineralization Medium.
Mineral nodules around 10 um were formed by these cells on the culture dish
after about 4 weeks (Figure 3-2(b)). XEDS and von Kossa staining showed that
the nodules were composed of calcium and phosphorus.

This culture method provided a feasible way to obtain human osteoblast
cells, and the cells were able to mineralize under proper culture condition.
However, the main shortcoming of this method was the long culture time it took
for the cells to grow out. The quality of the cells also depends on the patient’s
age, gender, and health status. Because most patients from whom samples were
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derived were seniors undergoing knee or hip surgeries, the activity of these cells
was also very limited. This problem was partially addressed by using mouse
bone instead bone from human patients. However, the long culture time
remained a problem.

In contrast, stem cells demonstrated an ability to multiply quickly. At the
very beginning, the cells were scattered on the culture dish floor with a very low
density and could scarcely be found under a light microscope. But they multiplied
very quickly, and within 10 days the cells reached confluence in the whole culture
dish. These cells then were cultured in Mineralization Medium, and they became
mineralized within two weeks, as shown in Figure 3-3. Due to their fast
multiplication and mineralization ability, stem cells proved a good candidate for
the cell culture study.

However, some mineral deposits with anomalous shape were found in the
stem cell culture, as shown in Figure 3-4(a). These deposits were large in size
(around 20 um), and higher magnification in Figure 3-4(b) showed them to be
composed of many smaller mineral particles, each about 0.5 um. These mineral
particles were constrained within a net of fiber-like tissues. The shape and
structure of these deposits were quite different from the mineralization
morphology in bone, and also quite different from that produced by other cells in
the present study. The anomalous mineralization could be the result of the rapid
multiplication of stem cells. The result underscores the fact that the induction of
stem cells into osteoblast-like cells is still very hard to control. Bone growth
factors and other bone proteins such as bone morphogenetic protein (BMP)
could be needed for better control of stem cells.
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(b)

Figure 3-2 (a) ESEM micrographs of outgrown cells from cultured bone; (b)
mineralized deposits induced by bone cells cultured on TCPS.

Figure 3-3 ESEM micrographs of mineralized deposits induced by bone marrow
stromal cells.

(b)

Figure 3-4 Anomalous mineralization induced by bone marrow stromal cells: (a)
3,500X; (b) 20,000X. ESEM micrographs.
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Mouse osteoblast cells obtained from collagenase digestion of neonatal
mouse calvaria also showed very rapid mineralization. After about two weeks In
the Mineralization Medium, mineral nodules, similar to those seen in human
osteoblast culture, were found on the culture dish floor (Figure 3-5). Von Kossa
staining and SEM study showed that these nodules contained calcium.

MC3T3 cells were supplied frozen in vials and were expanded in Standard
Medium. The cells were harvested by trypsinization when confluent and then
cultured in Mineralization Medium. Extra cells were stored at -80 °C for future use.
The cells began to form mineral nodules after about 3 weeks in culture, as shown
in Figure 3-6. The deposits were similar to those seen in human and mouse
osteoblasts.

(2) Phenotype stability

Because of their relatively fast mineralization and abundant mineral
production, mouse osteoblast cells and MC3T3 cells were selected for further
study. The purpose of the further study was to establish the stability of sub-
passage cells, to see whether the cell source was stable between different
passages and reliable for longer term research.

In the stability study, the amount of calcium produced by these cells was
measured by ICP. For primary mouse osteoblast cells, ICP confirmed the
observations using SEM. There was a latency period for about one week, in
which calcium concentration remained at a very low level and didn’t change too
much with time. After about one week, the calcium concentration began to
increase and attained a high value in about two weeks (Figure 3-7(a)).From a
single 35-mm diameter Petri dish, the amount of calcium was as high as 160 ug.
However, for the sub-confluent passages, even for the first passage, no
significant increase of calcium concentration was seen even after 35 days (Figure
3-7(b)). The total amount of calcium remained lower than 0.1 pg. This result
implied that these cells lost their osteoblast phenotype. A possible reason is that
the mouse osteoblasts obtained by collagenase digestion were actually a mixture
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of different cells, including non-osteoblastic cells like fibroblasts, which might
have become the dominant type of cells in the sub-confluent passages.

By contrast, MC3T3 cells were already sub-confluent types, and their
mineralization ability didn’t change much in different passages. The ICP result for
MC3T3 mineralization was similar to that for the primary mouse osteoblasts, only
on a different time scale. The latency period for MC3T3 was about 2 weeks, and
the calcium concentration reached the peak value at about 5 weeks (Figure 3-8).
The total amount of calcium in a single Petri dish was as high as 350 pg . No
significant difference was found in the mineralization behavior between different
passages.

After comparison of the four cell sources, MC3T3 cells were chosen as the
cell source for a quantitative study, because of their normal mineralization
behavior, stability, and reasonable mineralization time, as shown in Table 3-1.

Table 3-1 Comparison of four types of cell source.

Cell type Harvest Mineral time | Mineral type | stability
Human 4~6 weeks 6 weeks Normal Not tested
osteoblast

Human stem | Complicated | 2 weeks Anomalous Not tested
cells process

Mouse Collagenase |2 weeks Normal Not stable
osteoblast digestion

MC3T3cells | Gift 3 weeks Normal stable
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Figure 3-5 Mineralization induced by mouse osteoblast cells on TCPS.
ESEM micrographs.

Figure 3-6 Mineralization induced by MC3T3 cells on TCPS. ESEM
micrographs.
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3.3 Quantitative study by Tc-99m-MDP labeling

3.3.1 Qualitative study

MCS3T3 cells were seeded onto TCPS dishes (Petri dish, BD Biosciences,
San Jose, CA), 35 mm in diameter, with a density of 4 x 10%/ m? and then
cultured in Mineralization Medium at 37°C in 5% CO. humidified atmosphere for
3 (n=8), 10 (n=5), and 17 (n=5) days. The culture medium was changed every
three days.

At the time of Tc-99m-MDP labeling, culture medium was removed and
the TCPS dishes were carefully washed with phosphate buffered saline (PBS).
The activity of Tc-99m-MDP was assayed with a dose calibrator (CRC-15R,
Capintec, Ramsey, NJ), and a total of 100 uCi Tc-99m-MDP (Bracco, Princeton,
NJ) was added to each TCPS dish, diluted to 2 ml with saline and then incubated
at room temperature for 2 hours. The Tc-99m-MDP solution was then carefully
removed, and the TCPS dishes were washed with PBS solution again three
times (for approximately one hour) to remove the unbound radiotracer. The
TCPS dishes were placed onto a gamma camera (ECAM Variable, Siemens
Medical Solutions, Hoffman Estates, IL) and imaged. Images were analyzed
using Siemens software (ESOFT 2.0).

After imaging, cells were fixed in 1 ml of 2.5% glutaraldehyde aqueous
solution for one hour. The cells were washed with PBS solution and stored at
4°C for 60 hours to allow for Tc-99m to decay to background levels.

The von Kossa method for revealing calcium deposits in the light
microscope utilizes a silver nitrate solution. The calcium in the sample is reduced
by strong light and replaced with silver deposits, which are visualized as metallic
silver. The unreacted silver ions are removed by sodium thisosulfate. For the
von Kossa staining, 1 ml of 5% silver nitrate solution was added to each TCPS
dish and the dishes placed in front of a 100-watt lamp for one hour. Samples
were then rinsed with distilled water, and 1 ml of 5% sodium thiosulfate was
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added for 2 minutes. After rinsing, samples were stained with nuclear fast red
solution. Images were taken with a digital camera attached to an Olympus light
microscope.

Cell-seeded dishes that did not receive Tc-99m-MDP or von Kossa stain
were fixed in 1 ml of 2.5% glutaraldehyde for 1 hour, air dried, and then observed
with an environmental SEM (ESEM, XL30, FEI/Philips, Hillsboro, OR). XEDS was
performed using the x-ray detector instalied on the XL30 ESEM. The detection
energy window was set for calcium, phosphorus, and oxygen in order to produce
two-dimensional maps of the location of the elements to superimpose on the
secondary electron image.

3.3.2 Quantitative study

MC3TS3 cells were cultured on TCPS dishes in the mineralizing medium
using the same density as in the qualitative study for 7, 14, 17, 20, 23, 26, 29,
and 35 days, with n=4. MC3T3 cells were also seeded on TCPS dishes and
cultured for 7, 14, 21, 28, and 35 days, with n=4, in a Standard Medium (o~
minimum culture medium with 10% fetal bovine serum, 1% antibiotics, and 100
mM ascorbic acid only). The mineralizing and non-mineralizing cultures were
imaged using the same methodology as in the qualitative study. A circle was
superimposed on the digital images from the gamma camera to select regions of
interest (ROI), and theTc-99m uptake was calculated as the average counts/pixel
in each ROI.

After imaging, the cell cultures were fixed in glutaraldehyde and stored at
4°C for 60 hours. One ml of 2M nitric acid was added to each dish and the
dishes shaken overnight at 4°C. The solution was carefully collected and diluted
to 10 ml with distilled water. The calcium concentration was determined using an
ICP spectrophotometer (FMD-07, Spectro, Germany). Standard calcium
solutions (0, 1, 3, 5, 10, 20, 30, and 50 ug/ml) for calibration of the ICP were
made by diluting a standard calcium solution for ICP test (Sigma-Aldrich).
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A second experiment was performed for determination of the calcium
content only of MC3T3 cells cultured on TCPS for 7, 14, 17, 20, 23, 26, 29, and
35 days, with n=4.

Data are reported as the mean + standard error of the mean. Statistical
analyses were performed using StatView (SAS Institute, Cary, NC).

3.3.3 Study of influence of surface roughness on mineralization

Ti-6Al-4V ELI grade (ASTM F136-92) rod stock (Titanium Industries,
Parsippany, NJ), 16 mm in diameter, was machined into 1 mm thick disks. The
disks were divided into two groups for surface grinding: one group was ground by
120 grit silicon carbide (SiC) paper only, and another group was ground by a
series of SiC papers and finished with 4000 grit SiC polishing paper. These disks
were ultrasonically cleaned in ethanol and distilled water. The surface roughness
of these disks was measured by a surface profilometer (P-10, Tencor, San Jose,
CA). The R, of the “matt” surface was 300 nm, and for the “polished” surface the
Ra was 50 nm.

MC3T3 cells were seeded on the Ti-6Al-4V disks in a density of 4 x 108/
m2and then cultured in mineralization medium at 37 °C and 95% CO.
atmosphere for 7, 14, 17, 20, 23, 26, 29, and 35 days, with n=4. The cells were
imaged and then analyzed as described above.

3.3.4 MDP-99m labeling results
One of the samples of the MC3T3 cells cultured on the TCPS in the
Mineralization Medium for 29 days was omitted from analysis due to infection.
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(d)

Figure 3-9 Mineralization qualification for a 17-day in vitro sample containing
osteoblast-like cells cultured on TCPS: (a) von Kossa staining (100X);
(b) ESEM image (upper left) and corresponding XEDS maps (Ca,
calcium; P, phosphorus; O, oxygen).

The von Kossa staining results (Figure 3-9(a)) showed that MC3T3 cells
cultured on TCPS produced a mineralizing matrix after 17 days of culture in the
Mineralization Medium, confirming prior work with this culture system and method
of staining [31]. Mineral nodules (represented by the opaque silver deposits
using the von Kossa stain method), with maximum extent of about 1 millimeter,
were scattered in the cultures (Figure 3-9(a)). The von Kossa-staining nodules

88




displayed an irregular surface with a lobulated appearance at higher
maghnification in the ESEM Spherical features a few micrometers in diameter
were found protruding from the surface of the nodules. XEDS confirmed the
identity of the nodules as a calcium and phosphorus containing substance. The
ubiquitous distribution of oxygen in the sample and supporting platen was
demonstrated by XEDS (Figure 3-9(b)).

Tc-99m-MDP scans of the osteoblast-like cells on the TCPS clearly
showed an increase in the uptake of the radionuclide with time in culture (Figure
3-10(a)). After 3 days, some uptake was seen principally along the periphery of
the dishes (third and fourth rows in Figure 3-10(a)). Single “hot spots” (black
spots in the images) could be found in 2 of the 8 samples. By 10 days, there was
substantial uptake of the Tc-99m-MDP, with all of the samples showing multiple
hot spots distributed through the dish (second row in Figure 3-10(a)). The
intensity of uptake increased in the 17-day samples (first row in Figure 3-10(a)),
with the hot spots appearing to coalesce to form uniformly labeled areas. There
appeared to be a preferential localization of the radionuclide peripherally in all of
the samples.
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Figure 3-10 (a) Gamma camera images of Tc-99m-MDP uptake by selected
samples for MC3T3 cells cultured on TCPS. From top to bottom, first
row, 17-day samples (5 total); second row, 10-day samples (5 total);
and the third and fourth rows 3-day samples (8 total).

(b) von Kossa staining imaged captured by a digital camera. The
sample identities are the same as in (a).
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The von Kossa staining of the 3-, 10-, and 17-day samples for the MC3T3
cells cultured on TCPS also showed an increase in mineralized matrix with
culture time (Figure 3-10(b)). At day 3, there was almost no mineral formation
(third and fourth rows in Figure 3-10b). By day 10, mineral deposits were evident
in all of the cultures (second row in Figure 3-10(b)). The deposits were
distributed throughout the dishes with no apparent preference for the periphery
as was seen in many of the radionuclide images. After 17 days, there was a
substantial increase in the amount of von Kossa staining of the cultures (first row
in Figure 3-10(b)).

The kinetics of mineralization, for MC3T3 cells cultured on TCPS (Figure
3-11) and Ti-6Al-4V disks with two surface topographies (Figure 3-13), were
determined by evaluating the uptake of Tc-99m-MDP. These data were validated
by using the destructive ICP method for measurement of the calcium content of
the cultures. As expected, the calcium content of the MC3T3-TCPS cultures
grown with the non-mineralizing medium was virtually zero as determined by ICP
after 7, 14, 21, 28, and 35 days of incubation (Figure 3-11(a)); the cells achieved
confluence after about 2 weeks in culture but did not mineralize. The calcium
content was low, with the highest value being about 1.0 ug, two orders of
magnitude lower than that in cultures incubated in the Mineralization Medium
(see below). In the cultures maintained with the Standard Medium there was no
meaningful uptake of the radionuclide (Figure 3-11(a)). The low Tc-99m-MDP
signal that was recorded was likely due to background from nonspecific
adsorption.
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Figure 3-11 Calcium content induced by MC3T3 cells cultured on TCPS. The
left vertical axis shows the value of calcium content (in pg)
determined by ICP, and the right vertical axis (in a and b) the activity
of gamma radiation (in counts/pixel) from Tc-99m-MDP.

(a) Culture in Standard Medium.
(b) Culture in Mineralization Medium.
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Figure 3-13 Calcium content induced by MC3T3 cells cultured on Ti-6Al-4V disks
in Mineralization Medium. The left vertical axis shows the value of
calcium content (in ug) determined by ICP, and the right vertical axis
(in b and c) the activity of gamma radiation (in counts/pixel) from Tc-
99m-MDP.

(a) Calcium content of the cultures on Ti-6Al-4V alloy disks with
polished and matt finishes.

(b) Calcium content and radionuclide uptake in cultures on polished
Ti-6Al-4V alloy disks.

(c) Calcium content and radionuclide uptake in cultures on the Ti-
6AI-4V disks with a matt finish.
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In contrast to the cultures in non-mineralizing medium, there was a
gradual increase in the calcium content of the cultures grown with the
mineralizing medium over the 35-day course of the experiment (Figure 3-11(b)).
Of interest was the cyclic nature of the kinetics with reductions in the calcium
contents seen at 20 days and then again at 26-29 days (Figure 3-11(b)). One-
factor analysis of variance (ANOVA) showed that there was a statistically
significant effect of time on the calcium content of the cultures (p<0.0001;
power=1). Post-hoc testing with Fisher's protected least squares differences
(PLSD) demonstrated that the rise in calcium content at 17 days was statistically
significant when compared to the 14-day results (p=0.0055). The decrease in
calcium content at 20 days was also found to be significant by post-hoc testing
(p=0.0076), as was the subsequent increase at 23 days (p<0.0001). This rising
and falling of the calcium content of the MC3T3 cultures was not generally seen
in previous experiments using this cell line, in which there is normally a gradual
increase in the calcium content with no intermittent decreases (Figure 3-8).

Of importance was the fact that the Tc-99m-MDP uptake paralleled the
results of the ICP calcium determination, including the cyclic pattern of the results
(Figure 3-11(b)). As with the ICP data for calcium content of the cultures, one-
factor analysis of variance (ANOVA) showed that there was a statistically
significant effect of time in culture on the radionuclide uptake (p<0.0001;
power=1). Post-hoc testing with Fisher's PLSD showed that the increase in
uptake at 17 days was statistically significant when compared to the 14-day
results (p=0.049). The reduction in Tc-99m-MDP uptake at 20 days was also
found to be significant by post-hoc testing (p=0.0076), as was the subsequent
increase at 23 days (p=0.0013).

There was a robust linear correlation between the radionuclide uptake and
the calcium content of the cultures. The coefficient of determination, R?, from
linear regression analysis of the calcium content from ICP and the Tc-99m-MDP
uptake was 0.88 (p < 0.0001; Figure 3-12). The meaningfuiness of the
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correlation was enhanced by the fact that there was a distribution of values over
the range of calcium content up to 100 ug (Figure 3-12). The mathematical
expression for the relationship between calcium content determined by ICP and
Tc-99m-MDP uptake was:

[Ca] =-4.31 + 10.7 x [y]
where [Ca] is the calcium concentration (in pg) and [y] is the gamma signal (in

counts/pixel).

At low calcium concentrations the relation is not likely to be useful,
because of the background counts arising from nonspecifically adsorbed Tc-99m-
MDP. When the calcium content increases, however, the effect of background is
less, and the linear relation between calcium content and radionuclide uptake
becomes clear.

The kinetics of the mineral deposition in the MC3T3 cultures on the Ti-6Al-
4V disks (Figure 3-13) were different from those found with TCPS. The changes
in time of the calcium contents of the cultures on the Ti-6Al-4V disks with the
polished and matt surfaces were virtually identical (Figure 3-13(a)). The calcium
content of these cultures increased to a peak value at 20 days and then
decreased (Figure 3-13(a)). Two-factor ANOVA revealed a significant effect of
time in culture on the calcium content (p<0.0001; power=1), but no effect of
surface finish (p=0.971; power=0.05). Fisher's PLSD post-hoc testing confirmed
that the increase in calcium content from 17 to 20 days was statistically
significant (p<0.0001), as was the decrease in calcium content from 20 to 23
days (p<0.0001). The radionuclide uptake data for the polished Ti-6Al-4V disks
followed a pattern similar to that seen for the calcium content (Figure 3-13b), with
an increase in the value from 17 to days of cultured, followed by a decrease in
the uptake. One-factor ANOVA revealed that there was a significant effect of
time on the uptake of the Tc-99m-MDP (p=0.038; power=0.958). Post-hoc
testing demonstrated that the rise in the signal from the radionuclide from 17 to
20 days and the decrease from 20 to 23 days were statistically significant
(p=0.0006 and p=0.012, respectively). The absolute scintigraphic values
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obtained for the cultures using the Ti-6Al-4V disks (Figure 3-13(b)) were lower
than those from the cultures on TCPS (Figure 3-11), reflecting the effects of the
metal in attenuating the radionuclide signal. This attenuating effect of the metal
resulted in a different linear regression expression for the correlation between the
radionuclide uptake and the calcium content. The correlation between the
radionuclide uptake and the calcium content for the titanium disks (R%= 0.55) was
less robust than for the TCPS surface.

The Tc-99m-MDP uptake in the cultures prepared using the Ti-6Al-4V
disks with the matt surface was different from that obtained with the polished
metallic samples and did not paraliel the ICP data for calcium content (Figure
3-13(c)). The peak value for the uptake occurred at 14 days, and after the
subsequent fall in the radionuclide signal there appeared to be an increase again
from 29 to 35 days. There was no apparent correlation between the Tc-99m-
MDP signal and the ICP results for the cultures prepared using the titanium alloy
disks with the matt finish.

3.4 Discussion

The notable finding of this study was that Tc-99m-MDP labeling of
mineralizing cultures of osteoblast-like cells could be validated as a useful non-
destructive tool to quantify changes in calcium content with time in vitro. The
linear relationship between the recorded radionuclide uptake and the calcium
content as determined by ICP was highly statistically significant (R?=0.88). This
method relies on the adsorption of the radionuclide to the surface of newly
formed mineral, and thus may not be of use for the determination of the amount
of accumulated mineral after a certain mass (as yet undetermined) is achieved.
In the present work the fact that the uptake was so closely correlated with the
calcium content would indicate that this mass was not yet achieved.

There are several issues, however, that could limit the utility of this
scintigraphic method for certain studies of mineralizing processes in vitro. There
may be differences in the binding affinities of the radionuclide to the various
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forms of calcium phosphate, in addition to hydroxyapatite, that could comprise
the deposits in vitro, such as amorphous calcium phosphate, octacalcium
phosphate, and dicalcium phosphate (brushite). In addition, the secondary
attenuation of the gamma photons emitted by the Tc-99m-MDP by selected
biomaterials (viz, metals) confound interpretation of the quantitative data, and the
absolute determination of the calcium content. The effects of the metallic
attenuation of the radionuclide signal may explain in part the absence of a high
correlation between the calcium content and Tc-99m-MDP uptake from the
titanium alloy cultures in the present study.

Since Tc-99m is metastable with a half-life of only 6 hours, Tc-99m-MDP
dosage, incubation time, washing procedure, and scanning time need to be
accurately controlled if a correlation between uptake and calcium content is to be
employed. In addition to being used to calculate the calcium content of newly
mineralizing samples, the Tc-99m-MDP labeling may also be of value to
quantitatively compare the results from the culture of osteoblast-like cells on
different materials. If cells can be cultured equally on various biomaterials and
the same labeling and scanning procedures followed, the biomaterials can be
compared directly by relying on the gamma signal without knowing the calcium
concentration. Special attention also needs to be paid to the washing procedure.
Moreover, at low calcium concentration, the background noise from
nonspecifically adsorbed Tc-99m-MDP could be an issue.

The finding of rising and falling calcium contents with time for the TCPS
cultures (Figure 3-3b) may be explained by a loss of some of the cells and
associated mineral deposits with changes of the medium. This behavior is not
generally seen with MC3T3 cultures, and probably specific to this particular
experimental run. The fact that it did occur, however, was of value in
demonstrating how well the radionuclide results followed the changing calcium
contents.
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There was no effect of the surface roughness of the Ti-6Al-4V disks, in the
range evaluated, on the calcium deposition as determined by the ICP method
(Figure 3-13a). The loss of calcium after the peak reached at 20 days may have
been due to the dislodgement of the cells and mineral and their removal from the
cultures during the medium change, as mentioned above. While the Tc-99m-
MDP uptake by the cultures on the polished metal specimens paralleled the
calcium content, there was no such correlation on the disks with the matt finish.

It is possible that mineral was dislodged during the process of fixation and
handling after the cultures were terminated and in preparation for collecting the
sample for ICP.

The qualitative comparison of von Kossa staining and radionuclide
labeling of cultures did not show a clear correlation in the distribution of mineral.
Prior work has demonstrated the limitations of the von Kossa method [13] for
studies of the mineralization of MC3T3 cultures. In the present study Tc-99m-
MDP uptake of cultures appeared to be more sensitive than von Kossa in
detecting the earliest mineral deposits.

The scintigraphic technique employed in this study enables several
interesting experimental directions. Mineralizing cultures can be labeled and
scanned at intervals over a period of time. Information about the mineralization
process at different time points can be acquired from the same sample. This
could deepen our understanding of mineralization kinetics. Another important
study involves the investigation of the effects of selected biomaterial substrates,
including calcium-containing materials on the mineralization process. The newly
formed crystallites could be distinguished from the pre-existing mineral by Tc-
99m-MDP. This information is very difficult to obtain using other methods.

The results of this study support the continued investigation of Tc-99m-
MDP for the study of mineralization processes in vitro. This radionuclide has
been demonstrated to be of great value as a diagnostic imaging tool in the clinic.
Its value as a laboratory method warrants further consideration.
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Chapter 4 Computer simulation of long-term bone loss
caused by implantation

4.1 Introduction

Early stages of bone formation on different implant materials were
discussed in chapters 2 and 3. For an orthopedic surgery to be successful, it is
necessary that strong bone bonding occurs soon after implant. However, even
after a successful implant, bone formation and remodeling continues and affects
the long term (ten years or more) implant reliability. A serious consideration is the
stress distribution on the implant-bone system where “stress shielding” (i.e.,
regions of the implant-bone systems are under-loaded) causes localized bone
loss[1]. A primary cause of stress shielding is the elastic modulus mismatch
between implant and bone. Common stem materials have large elastic moduli
(e.g, Ti-6Al-4V, 105 GPa, and stainless steel, 200 GPa) compared to the cortical
bone surrounding the implant which has a modulus of 30 GPa, and the
trabecular bone at the ends of the femur has a modulus of only 3 GPa. After
implantation, most of the loading is transferred through the implant instead of the
abutting bone material. With stress shielding, the reduced mechanical stress on
the bone tissue results in the reduced activity of osteoblasts, the cells in charge
of producing new bone material, and a relatively smaller effect on osteoclasts,
the cells that destroy existing bone material. In the presence of normal bone
resorption by osteoclasts, this reduced osteoblastic activity results in a net loss of
bone mass. The decrease in bone density leaves the patient under the risk for
both bone fracture and prosthesis failure, which could necessitate a revision
arthroplasty to replace the prosthesis[2].

Evidently, the long term reliability of orthopedic surgery will be greatly
benefited if the adaptive changes around prostheses could be predicted. Such
predictions would result in prostheses designed to be compatible with stresses in
the surrounding bone, and thereby to utilize the bone remodeling (the dynamic
process in which bone material is destroyed and produced simultaneously)
potential of trabecular bone to achieve long term implant fixation. The
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microscopic stress patterns in bone/prosthesis structures are determined by the
external loading conditions and the geometry and material properties of the
bones and the prosthesis. Given adequate quantitative descriptions of loading,
geometry, material properties and boundary conditions in the structure, the
degree of bone-stress abnormality relative to the intact bone can be predicted by
computer simulation[3].

Total hip joint replacement is one of the most popular orthopedic
surgeries. In this surgery, both the hip socket (acetabulum, a cup-shaped bone in
the pelvis) and the head of the femur are replaced by man-made materials[4].
Most bone remodeling happens at the femoral head side because there is more
trabecular bone in this side. In this chapter, bone remodeling in the femoral head
will be used as an exemplary structure for discussion of bone remodeling.

The structure of the femur, as well as other long bones, is characterized
by a dense outer shell and a porous interior (Figure 4-1). The dense shell, called
dense or cancellous bone, has a density higher than 90%. The less dense
porous interior is trabecular bone, so-called because it consists of a three
dimensional network of connected “beams” (trabeculae) whit characteristic
lengths of 200 um. Load transfer within trabecular bone is determined by the
density and configuration of the trabeculae with respect to the bone’s external
load. Dynamic density redistribution or trabecular structural reconfiguration is
known as remodeling. Wolff's law, which states that bone will remodel to adapt to
environmental loading changes, has been known for 100 years[5].

With the development of computational physics within the last 30 years,
many attempts have been made to simulate bone loading and remodeling with
the finite element method (FEM)[3, 6-10]. Using ad-hoc optimization algorithms,
the FEM simulations could generally reproduce density structures similar to real
bone and demonstrate that Wolff's law is consistent with an optimal structure.
However, the FEM models treat bone as a continuum and an empirical power-
law constitutive relation between bone density and its mechanical properties was

104




used. This method qualitatively matches experimental results but is necessarily
limited to the creation of bone density pattern only. In other words, it can only
capture the average stress in a local domain. The stress distribution that pertains
to real bone structures would be expected to differ from the continuum treatment,
and simulations of bone remodeling that depend on the scale of trabeculae must
resolve the stress distribution on the trabecular scale. An accurate determination
of trabecular stresses would require that the trabecular microstructural data act
as input to a simulation. Such bone architectural data reconstruction could be
obtained by either automated serial sectioning[11] or microfocus X-ray computed
tomography (uCT) [12]. However, such a reconstruction is practically limited by
the numerical cost of the large number of elements required. For example, in a
dog bone specimen of 27 mm size, 7.3 million elements would be necessary, so
the accurate predication of stress distribution remains a computational
challenge[13].

http://mec.bidme.harvard.edu/ram

(@) (b)

Figure 4-1 The structure of femoral head: (a) femoral head; (b) trabeculae.
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A method of simulating the stress distribution in bone is developed in this
chapter. Truss elements are used to simulate the structural characteristics of
trabecular bone. Each member of the truss structure represents a single
trabecula and element size is set to the trabecular size.

Bone remodeling is reflected in changes in the truss geometry. As a first
attempt to reproduce the character of Wolff’s law, a strain-energy criterion was
used for morphological evolution of the structure. Thus, strain energy density
(SED) becomes an optimization function and, as shown below, results in density
patterns that are qualitatively similar to Wolff's law and results obtained by FEM
of continuum models.

After validating the model for unimplanted geometries, the SED algorithm
was used to model the effect of different implant geometries. The stress
screening caused by these implants, in which bone material is lost due to the
loading change, was predicted by this model. The implications for different
implant designs and material properties were also discussed, based on this
model.

Using SED as the optimization object and the trabecular width as the
optimization variable, an optimal structure with minimum SED was achieved. This
structure is similar to real bone in the dense outside, porous inside, and
orientation of the trabeculae. After the model reached the optimal state, implants,
including total hip replacement and resurfacing, were introduced in this model
and compared.

4.2 Materials and methods

4.2.1 Truss bone model
To faciliate comparison with simulation results by other methods, a

femoral head with shape similar to that used in reference [14] was used, as
shown in Figure 4-2. The height of the femoral head was 100 mm with an 80 mm
width. 10,000 nodes were randomly initiated inside the 100 mm by 100 mm box
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using the software program Qhull[15]. A closed bone shell structure was
introduced into the system by connecting related nodes in the system. Then, the
mesh structure was created using the program Triangle[16] by the Delaunay
triangulation algorithm. The mesh was generated in such a way that only the
mesh points inside the bone were involved. The points outside the bone shell
were simply removed. New mesh point could be introduced to avoid concentrated
stress, so that the smallest angle in each triangle was forced to be larger than
20°. In total, there were 14,149 nodes after the mesh was created. To faciliate
understanding, this mesh generation process is illustrated in Figure 4-3.

10 cm

| |
t §cm |

Figure 4-2 Shape of femoral head used in this study.

Each truss connecting two neighboring nodes served as an element to
simulate a trabecula. The cross section of each truss element was selected as a
square, according to the trabecular bone models by Gibson [17]. The cross
section can be other shapes, but the choice doesn’t much affect this model, since
bending is not considered in this model. A further discussion about this point
appears later in this chapter. The initial width of the truss element was chosen to
be 50 um.
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Figure 4-3 The mesh generation process: (a) the initial 10,000 nodes; (b)
formation of the bone shell; (3) final truss model.

It was assumed the deformation of the bone model occured under plain
strain condition, since the bone model was only a thin slice (50 um) from the
middle part of the bone. Bone’s mechanical behavior in general is anisotropic, but
this is mainly due to the anisotropic structure of bone. From a material point of
view alone, trabecular bone and cancellous bone are the same material with
isotropic mechanical properties. Because of the small deformation in normal
bone, the material of each truss element was chosen to behave elastically with a
Young's modulus of 18 GPa[18].

The mesh structure created in this way was called the ground structure as
shown in Figure 4-4. The node at the left lower corner was fixed in both x and y
directions, other nodes at the bottom were fixed in y direction and could only
move in x direction, and all other nodes were able to move in both x and y
directions freely.

The loading on a real bone is very complicated and changes with different
activities. However, since bone remodeling is not a process with instant response
(normal bone remodeling takes weeks and even months), an average loading
that represents three main activities in daily life was used (Table 4-1)[14]. The
loading condition used was shown in Figure 4-4.
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The total volume of the system was kept fixed. Only the width of the truss
element was a designable variable.

—ue-e
-
-
-’
-
L~

(b)

Figure 4-4 (a) ground structure; (b) a single truss element

Table 4-1 Loading conditions

joint reaction abductor reaction
load case magnitude (N) orientation magnitude (N) orientation
1 2,317 24° 703 28°
2 1,158 -15° 351 -8°
3 1,548 56° 468 35°

1. single limb stance; 2. abduction; 3. adduction.

4.2.2. Remodeling equation
The trabecular remodeling mechanism is not yet fully understood yet.
However, there is ample evidence that the bone remodeling rate is closely
related to the strain energy density of each trabecula. The remodeling is
controlled by the activity of both osteoblasts and osteoclasts. In regions with high

109




strain energy density, the activity of osteoblasts is also high and net bone mass is
gained, and vice versa. The final result of bone remodeling is that bone has a
very uniformly strain energy density distribution, i.e., bone becomes an optimal
structure in term of its total strain energy, which is shown in the functionalized
representation (4-1)

min 1 fTu
subject to ’
SWu=f (4-1)

=1
v; 20,i=1...,m

Here fis the loading, « is bone’s deformation, and %2 fu is the strain energy
of this system. There are m truss elements in the system, and for each element
the volume is v; (i = 1, ..., m), which is non-negative. The total volume of the
system is a fixed value, V. The constitutional function connects the loading and
deformation of the system by the global stiffness matrix S(v), which is symmetric
positive semi-definite (SPSD) and a function of the volume v.

For each truss element, the stiffness matrix is S;,

c sc —-c¢° -sc
2 2
S = AE| sc s -sc -5
iT T -2
L |-c? -sc c? sc (4-2)

where s and ¢ are abbreviations for sind and cosg, respectively. @ is the angle
between the truss element and x axis. Since the coordinates of nodes are fixed,
so L; and 6 don’t change, and E is a constant, the stiffness is only related to A;,
the cross section area. As discussed before, bending is not considered in the
model, so the shape of the cross section area does not matter. As long as the
cross section area is the same, for any shape, the stiffness matrix should be the
same.
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The following optimal condition is achieved, proven as in [19]:

u'S;u=A,ifv, >0,

4-3
uTS;u<A,if v, =0, (4-3)

which means that all the beams have to have the same strain energy density A;
otherwise, the volume of the element has to be zero. It can also be proven that
the total non-zero elements for a system cannot be more than the number of
degrees of freedom of the system[19].

Since the global stiffness S(v) and the stiffness matrix of each element
Av;) are SPSD, a natural method for solving this optimal problem is:

Avi =RV, (E1 'Eo) (4-4)

where 4v; is the change of element i, R is a constant, and E; is the strain energy
density of element i, and E, is the average strain energy density of the system.
This means that for a beam with a higher strain energy density than average, it
will require more material to decrease the energy density (growth), and vice
versa (resorption).

One advantage of this method is that

Av= ) Av;=) Rv(E;-Eg)= R(Zv,-E; —EoszJ =0

The fixation of total volume is automatically satisfied.
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This simple method can be proven to converge:

m
M T o +AA @rdu)=f
o )
T v Au+ 3y, Adut 3 8v, A+ 3 0v, A hu=f. Weknow T v;Au=f,and ignore hod.
;11 = m = = i=1
2 viAiAu=- z AviAiu
i=1 m i=1 .
@ @+au)” T +Av) A (u+-Bu)-u” Ly, A
=l

i=]

_n, T T8
=2u" Lv;AAutu’ 3, Av;Aju+h.ot.
i=1

i=1

r
=—u Y AviAiu
i=1

T m
=u" RY v,(Ey-E;)Au
i=1 ' !

m

=R T v;(Eo—E;)u" A
i=1
m

=R 3 v;(Ey—E))E
i=l

_pn 22
i=1

and the convergence speed is:

RYv,(E2 — E*Y(VEy) > R whenclose o the soluion (E,..E, ~ E'),
i=l

However, because of higher order term, R cannot be too big.

This method can be further improved by:

Remodeling equation :
Av; =R, (E{ -E{)

The convergence speed i : (4-5)

m
szi (E(f'ﬂ _ EiP‘H )

i=l

Here P is a positive number. When P equals to one, it is the special case
just discussed above. Since the method will converge for all positive P (with
proper R), carefully choosing R and P can accurately simulate the remodeling
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speed in real bone. However, due to the lack of sufficient experiment data and
the complexity of bone structure and loading, the values of R and P selected in
this thesis are not accurate enough to achieve this purpose. This situation can be
improved upon in future simulations.

For all P not equal to one, the total volume change in every iteration can
not guaranteed to be zero, so adjustment has to be made at every iteration. The
volume of each beam has to be multiplied by the ratio of the original total volume
to new total volume, so that the total volume still remains unchanged. This
operation could be problematic, especially at the first several iterations when the
volume changes dramatically, but generally does not affect the final
convergence, as shown later in this chapter.

The optimal problem (4-1) can also be solved by other methods (e.g.,
penalty-multiplier method (PBM) [20]). However, these methods can only give the
final solution to the problem and cannot illustrate the change of bone mass
distribution with time; such methods were therefore not utilized in this study.

As mentioned earlier, it can be proven that at convergence for a system
with n degrees of freedom the nonzero truss element cannot be more than n, and
all the nonzero elements have the same strain energy density; hence, the
program should not stop until every nonzero element has the same energy
density. However, this is clearly not the situation for real bone. As suggested by
Carter(1984), bone is assumed to be “lazy”, i.e., a certain threshold in over- or
under-loading must be exceeded before bone reacts to the strain energy
changes. This is illustrated in Figure 4-5.
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Figure 4-5 The relation between bone growth rate and SED.

For this purpose, two flag values were defined. The first, flag1, is the ratio
of the lowest truss strain energy density to the average system strain energy
density; and the second, flag2, is the ratio of highest truss strain energy density
to the system strain energy density. But since, in this algorithm, the size of the
truss element can be infinitely close to but not zero, those small volume truss
elements can have very low strain energy density. Although their effect on the
system may be negligible, they could have significant effect on the flag values; so
a threshold value has to be used, and only the truss elements with volume larger
then 1/100 of the original volume should be counted in calculating the flag values.
The program stops when flag1 is larger than 0.5 and flag2 is smaller than 2,
which means that all the truss elements with adequate volumes will fall in the
“non-reaction” region.

4.2.3. Bone density

Although bone is a porous structure and not a continuum, for convenience
bone porosity is often characterized by its density. Part of the reason is that bone
under X-ray imaging appears to be a dense material, and the density can be
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quantified in X-ray imaging. This is also the reason why most bone simulations
are continuum models, with bone density often used as the system variable. In
this simulation, in order to compare with X-ray imaging and other researchers’
simulation results, the truss model has been converted into a continuous model.
The method is briefly explained below (Figure 4-6).

In a triangle, for the three elements with side length a, b, and c, and the
width of each element w1, w2, and w3, the volume of each side is v1, v2, and v3,
respectively:

a+b+c a+b-c a-b+c —-a+b+c
[ J [ ] [ ]

ThetotalarcaA=vl

2 2 2 2
and the total volume V = vl +v2 +v3 a b
w1 w2
; =V
The bone density p= A A w3

Figure 4-6 Density transfer from truss to continuous model.

The reason that, in calculation of the density, the area A is multiplied by 2
is that every truss is shared by two triangles.

4.2.4 Implantation

After the bone model archived the stable state, different implants were
introduced into the system (Figure 4-7). In like manner to bone, the “triangle”
program was used to create the mesh structure for these implants. However,
because of the dense nature of these implants, triangle elements were used
instead of the truss elements to represent the implant. The generation of implants
includes two steps: removing old bone and forming bonding between bone and
implant. All the nodes and truss elements inside the implant region were
removed. For a truss element which intersects with the implant (which means
one node inside the implant and another one outside the implant), the part inside
the implant was cut and a new node was formed on the boundary of the implant,
at the point where the truss and implant intersect. This node was shared by both
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the bone system and the implant, by which construction a bonding between bone
and implant was formed.

(b)

(d)

Figure 4-7 (a) Total hip replacement (THR)[21]; (b) the truss model for THR;
(c) hip resurfacing[22]; (d) the truss model for hip resurfacing.
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4.3. Results

4.3.1 Convergence and convergence speed

Figure 4-8 shows that the average system strain energy (and, due to the
fixed volume, the total strain energy density of the system, too) decreased with
the iterations when P equals 1 and R equals 0.1 Eo (It was noticed that Eo, the
average strain energy density, changed at every iteration). The average energy
density dropped very quickly at the beginning, because the energy density for
each beam was widely distributed and the difference to average strain energy
density was large; however, after a period of time, the energy density of each
beam became very similar and the change at each iteration was very small.
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S 007 =V.
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1
2
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£ i
1]
& 0.03-
002 L v vr-——s—-—r—r———r—-r—
0 50 100 150 200 250 300 350
lteration times

Figure 4-8 Average system strain-energy density vs. iteration time (P =1, R =
0.1).
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0.01

Figure 4-9 The strain-energy density distribution when average SED equals (a)
0.08, (b) 0.06, (c) 0.05, (d) 0.04, (e) 0.03, (f) 0.26 N/cm?.

Figure 4-10 The bone density distribution when average SED equals (a) 0.08, (b)
0.06, (c) 0.05, (d) 0.04, (e) 0.03, (f) 0.026 N/cm?.
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The change of the bone strain energy density is shown in Figure 4-9. It
can be seen that with the decrease of the system strain energy, the strain energy
density of each truss element became similar (the same color in the simulation
representation). The overloaded truss elements (with a strain energy density
higher than system average) were receiving more bone material to lower their
energy density; and for those without enough loading, their volumes were
becoming smaller to increase their strain energy density. At the final state of the
calculation, a structure with very uniformly distributed stain energy density was
obtained. It can also be seen that, at this time, the model had a structure very
similar to that of real bone, which is characterized by a low density central portion
and a dense outside shell.

This morphology is further revealed in the bone density distribution (Figure
4-10). At first, the bone density was randomly distributed (however, not uniformly;
local concentrated regions can be seen), and then the regions with higher strain
energy density began to receive more bone materials and became denser. The
final state of the density distribution matches very well with the energy density
distribution, shown in Figure 4-9. A very important characteristic of the density
distribution, which also can be seen in the strain energy distribution, is that
trabeculae were perpendicular to each other, following the stress conducting
direction. This matches very well with “Wolff's law”: the trabeculae align with the
local principal stresses (which are normal to each other) to optimize the bone
structure. This is the first time this phenomenon has been observed in a
continuous model.
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Figure 4-11 Flag values vs. iteration times.

Figure 4-11 depicts the change of flag values with iteration times. The
flag1 value was extremely small (10™*° ~ 10") at the very beginning. This is
because that the volumes of these low strain energy truss elements were still
larger than the threshold value, 1/100 of the original volume. Their volumes
decreased by 1/10 every time (R = 0.1, and their strain energy densities were
almost zero), so after about In(0.01)/In(0.9) = 43 iterations their volumes were
smaller than the 1/100 of the original volume and dramatic increase of flag1 value
could then be seen. In contrast, the flag2 value dropped very quickly from outset
and soon became less than 2.0. Both of these two values approached the
average system energy density after about 350 iterations, where the calculation
stopped.
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4.3.2 Effects of P and R

(1) P=1

When R equals 0.01, the system converged very slowly (Figure 4-12). It
took more than 2000 iterations for the system to converge (not fully shown in
Figure 4-12). The convergence speeds for R = 0.1 and R = 0.2 were by contrast,
very fast, with convergence at 255 and 136 iterations, respectively.
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Figure 4-12 The effects of different R values (P = 1).

(2)P=2

Compared to the P = 1 behavior, it can be seen that the convergence
speed for P = 2 increased dramatically (Figure 4-13). However, for R =0.1 and R
= 0.2, the system strain energy density increased after 2 iterations. This result is
caused by adjustment of the volume, as mentioned before.
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Figure 4-13 The convergence when P =2.

3)P=3

When P = 3, the calculation wouldn't converge even for R = 0.001 (Figure
4-14). This failure is because the system changed too much. When R is small
enough, the calculation is able to converge, however very slowly.

Strain energy density (N/cr)

A ¥ M U

L L] ¥ v L]
1.0 1.2 1.4 1.6 18 20
iterations

Figure 4-14 Failure of calculation to converge when P=3.
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4.3.3 Implant

After the system reached convergence, implants were introduced into the
system. Here two types of implant are discussed: total hip replacement (THR)
and hip resurfacing.

(1) Total hip replacement

In a total hip replacement, both the femoral head and the pelvis socket are
replaced with artificial implants. But since most bone remodeling happens at the
temur, only the femoral side of the total hip replacement is discussed in this
chapter.

The material considered for the implant was Ti-6Al-4V alloy with Young's
modulus 105 GPa. The implantation began from a stable bone structure (time 0).
It can be seen from Figure 4-15 that the system strain energy jumped from 0.026
N/cm? to 0.21 N/em?, because the stress distribution was greatly changed by the
implant and the bone structure now was far from its optimal state. But, thereafter
the bone remodeling started, and the system strain energy kept decreasing and
finally stayed stable at a value about 0.0117 N/cm?, less than half of the value
before implantation. The result clearly proved that the implant greatly affected the
loading distribution on the bone. Because most of the load was conducted
through the implant, the final system strain energy density was much lower than
that of a normal bone.

Figure 4-16 and Figure 4-17 show how the strain energy density
distribution and bone density distribution changed with iteration time. Because of
the implant, the bone gained some material in the upper left part and bone
material lost from the lower right region.
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Figure 4-15 Strain-energy density vs. lterations after implantation.
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Figure 4-16 Strain-energy density distribution (N/cm?) (a) immediately after the
implantation; (b) at a late stage of implantation.
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Figure 4-17 Bone density distribution (a) immediately after the implantation; (b)
at a late stage of implantation.

The effects of different Young's moduli are shown in Figure 4-18.
Basically, the strain energy density decreased with increasing Young’s modulus.
However, even when the implant had a Young's modulus equal to that of bone
(18 GPa), it still had a lower SED than the bone before implantation. It is because
that the implant was dense and much stiffer than the porous bone.
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Strain energy density (N/em?)
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Iterations
Figure 4-18 Change of SED with implants of different Young’s modulus.

125



The strain energy density was calculated based on the fixed total volume.
However, in real bone, after implantation, the bone will normally lose some bone
mass due to lowered osteoblast activity. So, the fixed total volume assumption is
not valid any more once there is an implant. In order to calculate the volume
change, a new assumption, that the strain energy density remains fixed but the
volume changes, was utilized. The strain energy density Eo in function (4-4) was
simply replaced by 0.026 N/cm?,

Av, =R, (E, -0.026) (4-6)

the value of bone strain energy density before implantation. The system average
energy density oscillated around and finally fixed on this value (Figure 4-19). The
calculation showed that the total volume dropped dramatically, from 0.023 cm?® to

about 0.016 cm?® (Figure 4-20), or one third of the bone materials lost due to the
implant
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Figure 4-19 Strain energy density vs number of iterations when volume
changes.
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Figure 4-20 Volume change with iteration time for total hip replacement.

Young's modulus also affected the volume (Figure 4-21). Generally, the
higher the Young’s modulus, the lower the total volume. For a material with the
same Young’s modulus as bone, the total volume was still lower than the original
volume. A material with Young’s modulus between 1 GPa and 18 GPa is required

if the original volume is to be kept.
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Figure 4-21 The effects of Young’s modulus on total volume.

In chapter 2, bone apposition was discussed. Bone exhibits different
apposition ratios on different implant materials. A higher apposition ratio means
stronger bonding between bone and implants and is always a benefit. However,
the question remains whether the apposition ratio affects the strain energy
density or total volume after implantation. This question was studied by
comparing three different apposition ratios, 50%, 80%, and 100%, in this bone
model. The different apposition ratios were realized by forming a bond between
the bone and the implant with corresponding probabilities of 0.5, 0.8, and 1.0,
respectively. The calculation proved that the apposition did not change the total
volume much, at least for apposition ratio higher than 0.5 (Figure 4-22).

128




50%

— 80%
= ——100%
2 Original volume
()]
(S
=
8
s
(o]
|—
St
0.01 v T v T v T v T v 1
0 20 40 60 80 100

Iterations

Figure 4-22 The effects of apposition ratio on total volume after implantation.

(2) Hip resurfacing

Hip resurfacing is an alternative for total hip replacement. In hip
resurfacing, only the surface layer of femoral head is replaced. The benefit of hip
resurfacing is that most of the patient’s healthy trabecular bone is left untouched.
A second surgery, if necessary, proves much easier in such cases, which is
especially important for young patients. Resurfacing implantation was also
studied and compared with total hip replacement.

Unlike for total hip replacement, the system average strain density after
hip resurfacing was still very close to the original value (Figure 4-23), even when
Young’s modulus for the implant was 105 GPa, which is much different from that
of bone. This means hip resurfacing does not change too much the stress
distribution on the bone, so bone structure does not change too much after
implantation (Figure 4-24 and Figure 4-25) This result was further evident by
comparing the average system strain energy after total hip replacement and hip
resurfacing (Figure 4-26).
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Figure 4-23 System strain-energy density vs iteration time when volume changes.
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Figure 4-24 Strain-energy density distribution (N/em?) (a) immediately after hip
resurfacing; (b) at a late stage.
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Figure 4-25 Strain energy density distribution (a) immediately after hip
resurfacing; (b) at a late stage.
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Figure 4-26 Comparison of strain-energy density after total hip replacement and
hip resurfacing.
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The effects of the implant’s Young's modulus are shown in Figure 4-27. It
is interesting to see that the best Young’s modulus for hip resurfacing is between
105 GPa and 200 GPa, which is much higher than the Young’s modulus of bone.
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Figure 4-27 The effects of Young’s modulus on hip resurfacing.

As in total hip replacement, the volume change after hip resurfacing was
also studied by fixing the strain energy density. Figure 4-28 shows that the
system average strain energy density stayed at 0.026 N/cm? after using the
algorithm (4-6). The total volume fluctuated around the original volume but finally
converged very closely to it (Figure 4-29). For implants with different Young’'s
modauli, the final total volumes were not very different, and all were close to the
original volume. For Young’s moduli of 1 GPa and 18 GPa, the volumes were a
little higher than the original volume. Again, it can be seen that the material best
for hip resurfacing has a Young's modulus between 105 and 200 GPa (Figure
4-30).
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Figure 4-28 Strain-energy density vs iterations after hip resurfacing.
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Figure 4-29 The volume change after hip resurfacing.
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Figure 4-30 The volume change with implants of different Young'’s
modulus.

The effects of different apposition ratios were also calculated. For 80%
and 100% apposition ratios, the volumes converged very closely to the original
volume. However, for 50% apposition ratio, the volume increased at the
beginning, then decreased and converged to the original volume (not fully shown
in Figure 4-31).

The strain energy density and bone mass distribution changed little in
these three apposition ratios (figures not shown).
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Figure 4-31 The effect of apposition ratio on total volume after hip resurfacing.

4.4. Discussion
The results in this chapter clearly prove that the truss model can be used

to simulate bone remodeling. Real bone structure is complex, and it is not
possible nor necessary to have a model as complicated as real bone. When
studying bone loss caused by implants, only a model which behaves
mechanically like real bone is needed. The truss model is simple, easy to
calculate, and can be rendered on a scale similar to that of real bone trabeculae.
And most important, the truss model is structurally similar to real bone, which
makes it different from most continuum models and gives it special value in

understanding bone remodeling.

By employing proper algorithms, the truss model can reach an optimal
state in terms of minimum system strain energy density. The structure of the
bone model at the optimal state resembles that of real bone in that it has a
porous interior and dense outer shell. Furthermore, the neighboring truss
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elements evolve normal to each other, which matches exactly with the
arrangement of trabeculae in real bone and proves that Wolff's law, in which
bone trabeculae align with local principal stresses, is conceptually correct.

The simulation also shows that total hip replacement greatly changes the
stress conduction through bone after implantation. The stress shielding caused
by the implant will reduce the activity of osteoblasts, and bone material will be
lost. The higher the Young’s modulus of the implant, the more bone resorption
occurs. However, a material with Young's modulus a little lower than bone could
minimize the stress shielding, so that no bone loss will happen.

Compared to total hip replacement, the effect of hip resurfacing on stress
conduction is much smaller. The effect of Young's modulus mismatch is also
smaller: for the implants with Young’'s moduli 1 GPa to 200 GPa, the final total
volume of bone is similar and close to the value before implantation. Hip
surfacing could be a good substitute for total hip replacement, since it entails
fewer disturbances to underlying bone structure and can retain most of the
healthy trabecular bone.

Despite this modeling progress, improvement is still needed for this model:

(1) A 3-D model would more closely resemble real bone. The same
remodeling algorithm still applies for 3-D. However, the triangle elements used
for the 2-D model have to be replaced by tetrahedral elements, which can be
realized by the three-dimensional successor to the Triangle, Pyramid. Changing
from 2-D to 3-D would increase the degree of freedom of each from 2 to 3, and at
the same time, 3 order of magnitude more nodes are needed, which would
greatly increase the difficulty to converge at each iteration and extend the
calculation time. The computer calculation capacity could limit the current
application of the 3-D model.

(2) In the ground structure, the position of every node is fixed.
Mathematically, this makes the optimization problem (4-1) much easier to solve.
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However, the modeling would greatly benefit if the position of each node were
also a design variable in the system, which would make the optimization globally
but not confined for the ground structure only. Some preliminary trials were made
by the author, but were not very successful and hence not described in this
chapter. New algorithms are needed to solve this tougher problem.

(3) The calculations need more data from experimental data. The long
term purpose of this simulation is to connect with uCT scanning and computer
graphic technology to reconstruct real bone architecture, which can predict the
bone structure change presenting at surgery and help to design customized
implants according to the patient’s real bone structure.
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Chapter 5 Conclusions and future work

5.1 Conclusions

Three types of implants, bare Ti-6Al-4V alloy (Ti64), Ti-6Al-4V alloy with
plasma-sprayed hydroxyapatite (PSHA) coating, and Ti-6Al-4V alloy with electro-
chemically deposited hydroxyapatite (EDHA) coating, were implanted into canine
trabecular bone for 6 hours, 7 days, and 14 days, respectively. The ESEM results
showed that, at 7 days after implantation, Ti64 and EDHA implants had a lower
bone apposition ratio (30%) than that for PSHA (50%); however, at 14 days, the
EDHA and PSHA both had a high bone apposition ratio (70%), higher than that
for Ti64 (55%). TEM study confirmed this result: at 7 days, a layer of new bone
tissue already apposed PSHA coatings, but there was little new bone formation
for EDHA coatings; however, at 14 days, both coatings were covered with a very
thick layer (> 1 um) of new bone. The difference of bone apposition ratio on these
two coatings correlates with their differing solubilities, likely due to their
morphological difference. It was also observed that the calcium/phosphorus atom
ratio of newly formed minerals (7 days on PSHA) was only about 1.20, much
lower than that for HA (1.67), which implies that other calcium phosphate phases
appear to deposit before the deposition of HA.

Technetium-99m-methylene-diphosphonate (Tc-99m-MDP) labeling was
used to quantify mineralization of cultures of MC3T3 osteoblast-like cells in vitro.
MC3T3 cells were cultured on tissue culture polystyrene (TCPS) in mineralizing
and non-mineralizing media, and then labeled by Tc-99m-MDP. The gamma
signal from labeled samples was imaged with a gamma camera and compared
with the calcium content in the same samples determined by inductively coupled
plasma. The high correlation (coefficient of determination, 0.88) between these
two values validated the radiotracer uptake method as a quantitative analytical
tool for certain mineralization studies in vitro. There was an association between
mineralization and radionuclide uptake in the MC3T3 cultures on titanium alloy,
but the attenuation of the gamma photons by the metal resulted in a less robust
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correlation. The results warrant implementation of this scintigraphic method for
quantitative studies of osteoblast-mediated mineralization in vitro.

A 2-D truss finite element model was used to study the remodeling of
trabecular bone. Using strain energy density (SED) as the optimization object
and the trabecular width as the optimization variable, an optimal structure with
minimum SED was achieved. The resulting structure was similar to real bone in
the form of a dense outer layer, porous inner layer, and orientation of the
trabeculae. The bone density distribution pattern aiso matched with previous
results by other investigators. Different implants were introduced to simulate the
replacement for the femoral head. It has been proven by the simulation that the
difference in Young's modulus between bone and implant materials is the main
reason for the long-term bone loss (stress screening). This problem can be
alleviated by proper implant design and resurfacing instead of replacing the
whole femoral head.

5.2 Future work

5.2.1 In vivo experiments

(1) What is the initial phase for the calcium phosphate deposit? The Ca/P
atom ratio of the early mineral nodules is about 1.2, which is less than 1.67, the
ratio for HA. So there must be a phase transformation from an early calcium
phosphate phase to HA of a renucleation of HA. Mineralization can be observed
as early as in 3 days after implantation. What is the Ca/P atom ratio at 3 days?
High resolution TEM and convergent-beam electron diffraction might be helpful in
identifying these early phases.

(2) Do the early minerals deposit on collagen or other bio-molecules?
Immunohistochemistry staining can help to determine whether or not other
precursor proteins induce the early mineralization response.

(3) What is the ultrastructure of titanium/bone interface? Fibrous tissue,
instead of bone, can form on the titanium surface. It is difficult to preserve an
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intact titanium/bone interface during specimen preparation for TEM study using
established preparation protocol. But it would be interesting to compare this
interface with an HA/bone interface, to see whether and how the calcium-
phosphate coating changes the initial bone formation process.

5.2.2 In vitro experiments
(1) Ascertain whether Tc-99m-MDP selectively labels newly formed
mineral or will also decorate the Ca-P substrate;

(2) Study bone mineralization kinetics, using the Tc-99m-MDP labeling
technique to continuously study the same mineralizing sample from early culture
to very late stage of mineralization.

(8) Use a higher resolution gamma camera to establish the high-resolution
digital images match with images obtained by von kossa staining?

(4) Utilize Tc-99m-MDP labeling to study the effect of different media and
culture chemistry on the cell mineralization behavior.

5.2.3 Computer simulation

(1) Erect a 3-D model, in which the mesh is generated 3-dimensionally,
using tetrahedra can be used to replace the triangle elements. If the elements
maintain the same length scale, there will be around 10° elements, which is two
orders higher of magnitude than in the current model. A new algorithm would be
needed to shorten the computation time.

(2) Investigate new implant designs, especially porous implant designs. By
consquently decreasing the stiffness of the implants, the stress screening caused
by the difference of mechanical properties between bone and implants could be
reduced.

(3) Combine modeling with CT scanning to obtain real bone structure and
predict the bone structural changes in patients by this model.
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Appendix A Electrodeposition of Hydroxyapatite on Ti-6A1-4V

N. Eliaz and T.M. Sridhar
Biomaterials and Corrosion Lab, Dept. Solid Mechanics, Materials and Systems, Tel-Aviv University, Tel-Aviv
69978, Israel

Electrochemical deposition is a potentially attractive process for synthesizing bioceramic
coatings from aqueous solutions on metallic implant surfaces. The advantages this technique
include good control of coating composition and structure due to the relatively low processing
temperature, the ability to deposit on porous or complex shapes, etc. Redepenning and
Mclsaac have reported that brushite, CaHPO,-2H,O, can be deposited on 316L stainless steel
plate or titanium mesh at room temperature from aqueous solutions saturated with
Ca(H2P04)2' [1]. Shirkhanzadeh demonstrated that thin carbonate apatite coating films could
be deposited on Ti-6A1-4V electrochemically in an aqueous solution, which was prepared by
dissolution of hydroxyapatite into 1M NaCl solution adjusted to pH 4.4 by the addition of
hydrochloric acid [2]. Shirkhanzadeh later reported that the application of periodic potential
pulse may result in uniformly deposited coatings on porous titanium substrates in acidic
solution of CaCl, and NH4H,PO,. The formation of nanophase HAP on titanium plates was
also noticed at various pH. Moreover, deposits of octacalcium phosphate precipitated from
acidic electrolytes along with calcium phosphate phases, consisted of plate-like crystals and
deviated markedly from stoichiometry [3,4]. Vijayaraghavan and Benesalem electrodeposited
HAP from a tribasic calcium phosphate solution in 1 M NaCl [5]. While only brushite was
present following coating at room temperature, both brushite and whitlockite, §-Ca;POy,
impurities were present in addition to HAP following deposition at 55°C. Royer and Rey
reported that a calcium phosphate film precipitated on a titanium cathode in solution saturated
with brushite to which KNO; and NaHCQ3; were added [6].

The Ti-6Al-4V rods (medical grade) were supplied by MIT. Prior to electrodeposition, the
exposed surfaces were mechanically ground on SiC paper P1000 grit (abrasive average size
18 pm), followed by 30-minutes ball milling with alumina particles 1 pm in diameter. The
samples were cleaned ultrasonically in acetone. Electrodeposition was carried out by means
of a standard three-electrode cell were platinum foil was used as the auxiliary (counter)
electrode and saturated calomel electrode (SCE) as the reference electrode. The electrolyte
used for the electrodeposition of calcium phosphate coatings was prepared by dissolving 0.61
mM Ca(NO;); and 0.36 mM NH4H,PO,, both AR-grade from Merck (Darmstadt, Germany)
in Millipore water (Milli-DI™, resistivity > 1 MW-cm). The pH was measured using InoLab
pH/Oxi Level 3 meter from WTW and adjusted to 6.0, so that the electrolyte was saturated
with calcium and phosphate ions. These concentration and pH values were determined from
the solubility isotherm for hydroxyapatite in the ternary system Ca(OH),-H3PO4-H,O [7].
During the electrodeposition process itself, CO,-free nitrogen gas (99.999% purity) was
continuously purged into the electrolyte to minimize the risk of contamination of the deposits
with carbonates. In addition, stirring was carried out by magnetic means. A Lauda Ecoline
E-220T thermostatic bath was used to maintain a constant temperature of 85+0.1°C. An
EG&G/PAR 263A potentionstat/galvanostat operating in potentiostatic mode was employed
to maintain the cathode potential at —1.4 V versus SCE for 2 h.
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The structure of a similar batch of deposits was analyzed by X-ray diffraction (XRD). To
this aim, a ©-© powder diffractometer from Scintag equipped with a liquid nitrogen-cooled
germanium solid state detector and Cu-K,, radiation source (A=1.5406 A) was used. The data
was collected at a scan rate of 1 degree/min from 20 to 60 degrees. The morphology of the
deposits after drying was observed by scanning electron microscope (SEM, Jeol model JSM-
6300). The attached energy dispersive spectroscopy (EDS, Oxford Isis system) was used to
estimate the Ca/P ratio as well as to identify other elements present in the deposit.
Reflectance Fourier Transform Infrared (FT-IR, Bruker model Vector 200) spectroscopy of
the coated samples was also used to determine the phosphate vibrations of the deposits.

A typical XRD pattern of HAP electrodeposited on pure titanium is shown in Fig. 1. This
pattern was obtained from a sample coated for 2 h at 85°C. The reflections from the deposits
were compared to those in the JCPDS file of HAP (#09-0432) as well as to those in the files
of other calcium phosphates. No other phase except the stoichiometric, highly crystalline,
HAP could be identified. The degree of crystallinity was confirmed based on the resolution
of the characteristic peaks of the (002), (211), (112), (300), (202) and (310) plane reflections.
In addition, preferential crystal orientation of HAP at the (002) direction is indicated by a
sharp peak at ~26°, as previously reported by others for HAP on titanium substrates [5,8].
The lattice parameters of the coated hexagonal phase (a = 9.422 £ 0.002 A, ¢ =6.870 1 0.001
A) are slightly different from those given in the JCPDS file (9.418 and 6.884 A, respectively),
and the resulting unit cell volume is slightly smaller (528.21 A? for the electrodeposit versus
528.80 A3 in the JCPDS file). It should be noted that the apatite in the bone structure is
typically needle-like and nano-sized, which results in broadening of the XRD diffraction
peaks. However, the US Food and Drug Administration (FDA) requires from submissions for
orthopedic and dental endosseous implants that the total crystallinity, as determined from
XRD data, will be higher than 62% [9]. The coatings prepared in this work seem to satisfy
this requirement.

A representative scanning electron micrograph of the surface of the titanium electrode after
electrochemical deposition of is shown in Fig. 2. The outer surface was found to be uniform
and free of cracks. The coating consisted of a network of uniformly arranged large granules
composed of finer equiaxed nanometric crystals. The Ca/P ratio (for at%) was found to be
1.66 from EDS measurements. These results support the XRD data of formation of only the
stoichiometric HAP phase.
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Figure 1. Typical XRD pattern from HAP-coated titanium specimen.

Figure 2. A typical SEM micrograph of HAP electrochemically deposited on titanium.
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