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ABSTRACT 

Total joint replacement is the most successful method of treating end-stage 

arthritis. It significantly improves the quality of life and the functional capability 

of patients suffering from arthritis. Currently an estimated 40,000 total joint 

arthroplasties are performed each year in the United Kingdom, and over 42% of 
these are performed in patients younger than 65 years. 
Poly(methylmethacrylate) bone cement is used to fill the space between the bone 

and the prosthesis in joint replacements and thus forms a mechanical bond 

between the two surfaces. The cement layer transfers the load from the prosthesis 
to the bone and increases the load bearing capacity of the implant-cement-bone 

system. 

Surgeons require bone cement to be radiopaque on radiographs in order to 

monitor the position of the implant after a joint replacement surgery. Therefore 

heavy metal salts such as barium sulphate and zirconium dioxide are added to 

bone cement to impart such radiopacity. The addition of these radiopacifiers, 
however, degrades the mechanical properties of the bone cement due to the lack 

of chemical bonding between the radiopacifier and the polymer matrix. Barium 

sulphate is known to adversely affect the mechanical strength and fracture 

toughness of bone cement. Various studies have also shown that barium sulphate 

and zirconium dioxide may contribute to the pathological bone resorption of 

aseptic loosening by enhancing macrophage-osteoclast differentiation. In this 

study an organo-bismuth compound, triphenyl bismuth (TPB) has been 

investigated as a potential radiopaque alternative to barium sulphate in bone 

cements. The inclusion of TPB has been shown to improve the mechanical 

properties of bone cement including fracture toughness. Furthermore, it has also 

been shown to cause less bone resorption, which is usually associated with 

aseptic loosening in joint replacement. 
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CHAPTER ONE INTRODUCTION 

Total joint replacement is the most successful method of treating end-stage 
arthritis. It significantly improves the quality of life and the functional capability 
of patients suffering from arthritic disease. Currently an estimated 40,000 total 
joint arthroplasties are performed each year in United Kingdom, and over 42% of 
these are performed in patients younger than 65 years (Royal College of 
Surgeons, 2000). 

Poly (methyl methacrylate) bone cement is the biocompatible filler material used 
for anchoring arthroplasties in the supporting bone during joint replacement 

surgery. It acts as an intermediary or grout between the implant and the bone 

tissue, providing continuous bridging. This bridging is important in the stress 
transmission between the prosthesis and the bone, making it uniform and thus 
improving the implant fixation. The connections between the cement and the 
bone and between the cement and the prosthesis are purely mechanical and have 

been studied extensively ever since bone cements were introduced in hip 

arthroplasty (Kühn, 2000). The irregularities of the bone surface and the 

penetration of the cement into the trabeculae in the spongy cancellous bone are 

an important prerequisite for the long-term survival of implants (Charnley, 

1970). 

Bone cement is mainly methyl methacrylate. The cement is a two-phase system 

prepared by mixing a polymer powder of pre-formed beads of poly (methyl 

methacrylate) (PMMA) or a related co-polymer with a liquid monomer, usually 

methyl methacrylate (MMA). The mixing of these two components results in the 

formation of a doughy mass and is normally carried out by the operating theatre 

staff. The cement dough is inserted inside the prepared cavity of the bone during 

its working phase and when polymerisation is completed fixes the implant in 

place. The main functions of bone cement are to transfer body weight and service 

loads from the prosthesis to the bone and/or increase load-bearing capacity of the 

prosthesis-bone cement-bone system. (Kühn, 2000). 

Surgeons require bone cements to appear opaque on radiographs in order to 

monitor the position of the cement mantle and assess the progress and success of 

the joint replacement. Therefore, heavy metal salts such as barium sulphate 
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(BaSO4) and Zirconium dioxide (Zr02) are added to bone cements to impart 

radiopacity. However, the radiopacifiers degrade the mechanical properties of 
acrylic bone cements. Such mechanical degradation is due to the lack of 
chemical bonding between the radiopacifiers and the polymer matrix. 

In this study an organo-bismuth compound, triphenyl bismuth (TPB) is 
investigated as a potential alternative to BaSO4 and Zr02 in orthopaedic bone 

cements. TPB is known to render radiopacity to PMMA based polymers as it is 

used in dental applications such as removable dental appliances. It is up to 
70wt. % soluble in most acrylic monomers such as MMA and other polymers 
(Delaviz et al., 1989). Furthermore TPB does not interfere with room 
temperature polymerisation as it does not easily form adducts with amines, 

unlike bismuth halides, which deactivate the accelerator by complexing with the 

amine. In addition, TPB's hydrophobic nature makes it water insoluble and 

consequently does not leach out into the surrounding aqueous environment. Its 

apolar character makes it soluble in a wide range of solvents, including hexane, 

benzene, chloroform, tetrahydrofuran, and acetone. TPB is also stable in heat and 

air and its known uses include acting as a bactericide, an antioxidant and a 

stabiliser. Consequently polymers containing TPB can possess some of these 

characteristics. Delaviz et al. (1990) have reported that 24 wt. % of TPB or a 

concentration of 0.67M was required in a 2mm thick specimen of PMMA to 

impart a radiopacity equivalent to that of 2mm aluminium. 
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CHAPTER Two 

2.1 The Human Joint and Disorders 

LITERATURE REVIEW 

Joints enable bones to move relative to one another with various degrees of 

mobility. There are three types of joints in the human body according to their 

range of motion: immovable synarthroses (e. g. the sutures of the cranial bones); 

amphiarthroses, which are slightly movable (e. g. the intervertebral disks) and the 
freely movable synovial joints, such as the knee and hip (Freemont, 1994). The 

synovial joint (figure 2.1.1) has four major components: cartilage, capsule 
(together with its thickenings and ligaments), synovium and synovial fluid. The 

synovial joint needs to be lubricated to decrease the friction and wear that occurs 

when two surfaces move relative to each other. The articulating surfaces of the 

bone are covered by hyaline cartilage and the entire joint is enclosed within a 

fibrous articular capsule lined with a synovial membrane. The membrane 

contains an abundance of secreting and phagocytic cells and blood capillaries. 

The secreatary cells are responsible for the production of the viscous synovial 

fluid, which in turn is responsible for lubricating and nourishing the cartilage 

(Carter and Beaupre, 2001). 

Periosteum ---------------- 

Articulating bone 

Articular cartilage 

Articulating bone 

Periosteum---- 

Articular capsule 

Synovial or 
joint cavity 

Fibrous capsule 

Synovial 
membrane 

Figure 2.1.1 Synovial Joint (from Tortora and Anagnostakos, 1984) 
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Synovial joints are affected by diseases such as arthritis. The term arthritis refers 
to at least twenty-five different diseases. The most common are rheumatoid 

arthritis (RA) and osteoarthritis (OA). Rheumatoid arthritis is the most common 
inflammatory form of arthritis and affects women more often than men in a ratio 
of 3: 1 and the age of onset varies from 20 and 50 years of age (Carter and 
Beaupre, 2001). It involves the inflammation of the joint, swelling, pain and a 
loss of function. However, by far the most prevalent of the diseases of the joints 

are the non-inflammatory arthropathetis such as osteoarthritis (OA) or 
degenerative joint disease. OA is usually less damaging than RA and apparently 

results from a combination of ageing (usually above the age of fifty), irritation of 
the joints, wear and abrasion. If non operative treatments fail then the joint must 
be replaced with an implant. Total hip replacement is the most common type of 

replacements carried out in the UK. The Swedish National Hip Arthroplasty 

Register most recent report (2002) stated that osteoarthritis is still the main 

reason for total hip replacement surgery in Sweden. 

2.2 Types of Joint Replacements 

Total joint replacement is the most successful method of treating end-stage 

arthritis. It significantly improves the quality of life and the functional capability 

of patients suffering from arthritic disease. There are two basic types of joint 

replacements : 

I Hemiarthroplasty: this involves the replacement of just the femoral head, 

articulating with the natural acetabulum. 

II Total Replacement Arthroplasty: this type of replacement involves 

replacing both the femoral head and acetabulum. 

In 1962, Sir John Charnley used a 22 mm diameter stainless steel ball on a stem, 

which was inserted into the bone to replace the femoral ball side of the joint and 

a high-density plastic socket to replace the acetabular socket side. Both of these 

components were secured to bone with self-curing acrylic bone cement, figure 

2.2.1. 
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Reamed out socket of hip joint 

Acetabular cup 

Femoral stem 

Cement holding cup and stem to bone 

Cement in tension 

Cement in compression 

Figure 2.2.1 Cemented total hip replacement (Hardinge, 1983) 

Several generations of designs have evolved from the original Charnley 

prosthesis. The ball is now modular thereby allowing balls of different sizes, 

materials and neck lengths to be placed onto the stem. Most of the femoral 

components in present use in total joint replacements are manufactured from 

stainless steel, cobalt-chromium alloy or titanium alloy. The mechanical 

properties of such materials along with those of bone cement are shown in table 

2.2.1. The values quoted are ranges since the mechanical properties of bone and 

bone cement are highly dependent upon the source and testing conditions. It can 

be seen that the properties of PMMA cement are intermediate between those of 

cortical and cancellous bone. 

5 



Table 2.2.1 Mechanical properties of implant materials 

(adapted from Weightman, 1977) 

Implant Material Orthopaedic E UTS 
components' (GPa) (MPa) %e 

Stainless steel 
- Annealed Fixation plates and screws 200 520-620 36-75 
- Cold worked 200 1000-1500 8 
Cobalt chromium 
- Cast: CoCrMo Femoral components and 200 440-570 8 

heads 
- Wrought: CoCrWNi 230 500-1300 9 
Titanium 
-Pure: C. P. Titanium2 Acetabular reconstruction 100 550-980 15-20 

-Alloy: Ti-6A1-4V Acetabular shells, 105 825 10-15 
Proximal pads, Taper 
sleeves, Distal sleeves, 
fixation screws and pegs, 
Hole covers. 

UHMWPE Acetabular components 0.5-1 20-30 200-400 
(> 2x 106 g/mol) and liners 

Filler material, Femoral 
PMMA- bone cement centralisers and Acetabular 2-2.5 30-40 3-5 

spacer pods 
Compact bone 
(Femur) 

- 17-25 150-200 3 
- Longitudinal 

7-12 50-100 1 
- Tangential 
Cancellous bone - 0.1-0.5 2-5 3-5 

" Smith & Nephew Orthopaedics (2003) 
2. C. P titanium = commercially pure titanium 
E: Young's modulus, UTS: ultimate tensile strength, %e: elongation to fracture 
CoCrMo: Cobalt chromium molybdenum 
CoCrWNi: Cobalt chromium tungsten nickel 
Ti-6A1-4V: Titanium-6 Aluminium-4 Vanadium 

Porous titanium components and porous CoCrMo components are coated with 

commercially pure (C. P) titanium beads and CoCrMo beads respectively. 

Hydroxyapatite (HA) coatings include HA that is applied either on a grit plasted 

or porous surface. 

2.3 Types of Joint Fixation 

Park and Lakes (1992) classified fixation into four main types: 

I Mechanical fixation: either active by using screws, bolts, nuts wires etc., 

or passive by interface fit (press fit). 

II Chemical fixation: direct chemical bonding by using adhesives. 
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M Cemented fixation: using a grouting material such as acrylic bone 

cement. The advantages of using this type of fixation include pain relief due to 
immediate fixation and rapid recovery with early weight bearing, figure 2.2.1. 

IV Cementless fixation: Noncemented porous-coated prostheses allow for 
bony ingrowth into the interstices of the porous coating thus providing biologic 
fixation. Hydroxyapatite-coated hip prostheses have provided a form of a firm 
biological adhesive bond with bone (osseousintegration). The implants used in 

cementless fixation are generally larger and longer than those used with cement, 
but are proportional to the size of the individual bone (figure 2.3.1). 

Acetabular metal shell with external 
Polyethylene modular 

Modular ceramic femoral 

Metal stem, porous 

Metal stem, smooth 

Figure 2.3.1 Uncemented Total Hip Replacement 

(from the Joint Replacement Institute, 2001) 

Malchau et al. (2000) stated that the cemented prosthesis was the predominant 

type of replacement in Sweden, accounting for 93% of all implantation 

procedures. The revision rates for cemented implants had been consistently lower 

than those for the uncemented ones. In 1998,13% of the uncemented hips were 

revised, compared to only 7% of cemented prostheses. Revision rates had been 

decreasing for both types of implant since 1979 (figure 2.3.2). The uncemented 

replacements had been showing notable improvements due to bioactive surface 

coatings such as hydroxyapatite (HA) and circumferential porous coatings. The 
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difference in survival rates between cemented and uncemented implants was 

narrowing, but cemented implants continued to outperform the uncemented type. 
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Figure 2.3.2 Survival rates of total hip replacements reported by the Swedish 

National Hip Arthroplasty Register (2002) 

The most used implants in the three types of joint fixation are listed in table 
2.2.2. 

Table 2.2.2 Most commonly used implants1979-2000 (from the Swedish National 

Hip Arthroplasty Register, 2002) 
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2.4 Biomechanics of Joint Replacement 

The quality of a joint replacement depends on clinical factors such as medical 

complications the patient may suffer, presence of residual pain and functional 

demands and endurance of the prosthetic device. The latter considerations 
depend to a large degree on the quality of the fixation of the prosthesis to the 
bone. Although the precise relationships are not always evident, the quality is 
basically determined by prosthetic design factors (materials, prosthetic shape, 
fixation concept and surgical instruments), surgical factors (surgical skills and 
experience, including patient and device selection and patient instruction) and 
patient factors (general health condition, age, weight and level of physical 
activity). During the past 30 years a vast amount of biomechanics research has 
been devoted to a better understanding of the relationships between quality and 
factors that might cause prosthesis failure (e. g. sever pain, loosening, fracture, 

removal). Many technological improvements have been introduced to prolong 

clinically acceptable prosthesis function. These efforts were predominantly 
directed at understanding and postponing aseptic loosening of the fixation. This 

long- term complication is by far the most frequent one, and is limiting factor for 

the functional life span of the bone-prosthesis structure. According to the 

Swedish National Hip Arthroplasty Register (2002) 75.4% of revision operations 

are due to aseptic loosening (figure 2.4.1). Clinically, aseptic loosening causes 

pain and disability and the only treatment is revision surgery. Revision surgery is 

a more expensive and time-consuming procedure and has a poorer outcome and 

shorter duration of survival than the primary joint replacements. The initiating 

events involved with aseptic loosening are debatable (Jasty et al., 1991, Cheal et 

al., 1992) and subsequent development of failure involving progressive 

debonding of the interfaces and crack growth in the bone cement are complicated 

by a complex biological response of the bone. These biological reactions may 

include interface stress and/or allergy-driven remodelling to form fibrous tissue 

(Evans et al., 1974; Mjoberg, 1986) as well as some reactive processes to 

particulate wear debris and micromotion at the interface (Revell et al., 1978; 

Goldring et al., 1987; Goodman, 1994). 
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  Aseptic loosening 

Q Primary deep infection 

Q Dislocation 

Q Fracture only 

M Technical error 
  Implant fracture 

® Secondary infection 

Q Polyethylene wear 

  Pain 

Q Miscellaneous 

Figure 2.4.1 Reasons for revision (adapted from the Swedish National Hip 

Arthroplasty Register, 2002) 

The precise mechanism of the loosening of cemented prosthesis is not entirely 

known, but it is likely that the process is initiated by a mechanical failure of the 

acrylic cement and/or cement-bone interface (Ahmed et al., 1984). Hence the life 

span limits would depend on the fatigue life of the cement and the interface 

relative to the stresses generated in these regions caused by the load-transfer 

mechanism. If cement and/or interface fixation failure occur, repetitive relative 

(micro) motions between the implant and bone would develop. This micro- 

motion is known to cause the bone to resorb (Perren et al., 1975). It is believed to 

be the biological mechanism accelerating the propagation of mechanical cracks 

and thus it hastens the failure of the prosthetic device. As a result of the bone 

resoprtion, a fibrous interface membrane fills the gap. This membrane is seen 

clinically as the "radiolucent line" on X-rays. Thus loosening of the prosthesis- 

bone interface is a biomechanical phenomenon that could have resulted from 

chronic mechanical overloading (Stauffer, 1982). Verdonschot and Huiskes 

(1997) investigated the damage accumulation failure with respect to the cement 

mantle and the particulate reaction failure scenario relative to the formation of a 
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pathway at the stem-cement interface using a CT-based, three-dimensional FE 

model of a proximal femur. They demonstrated that stem-cement debonding not 

only elevated the initial stress levels in the cement mantle, but also remained to 
have an impact during the whole failure process of the cement mantle. Stem- 

cement debonding accelerated the failure process and promoted the formation of 
a pathway for debris at the stem-cement interface, particularly when the bone 

support to the cement mantle was reduced. Thus their study supported the 
hypothesis that the survival of cemented total hip arthroplastiy (THA) was 
enhanced by a firm and lasting bond between the stem and the cement mantle 
although this may be difficult to achieve clinically. 
Other factors that may contribute to prosthesis-bone loosening are: 

" Thermal damage to bone due to the heat generated from curing of the 
bone cement in situ (Mjöberg, 1986). 

" Cytotoxic effects from residual MMA in the cement (Willert et al., 1976). 

" Migration of cement and polyethylene wear particles in the cement-bone 
interface (Wroblewski, 1988). 

" The physiological process of endosteal bone resoprtion and 
intramedullarly canal widening in the femur (Poss et al., 1987). 

The consistant and significant finding for long-term follow-up studies and 

revision surgery studies suggest that chronic overloading of the cement and 

interfaces is a dominant factor in prosthesis loosening (Knutsen et. al., 1986). 
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2.5 Acrylic Bone Cements 

All commercial bone cements currently available are based on the same basic 

substance: methyl methacrylate (MMA). Chemically, MMA is an ester of 
methacrylic acid, a substance scientists had already begun to study intensively at 
the beginning of the twentieth century. Many years of research by Otto Rohm led 

to the development of poly(methylmethacrylate) (PMMA) in 1934. In 1936, 
Kulzer GMPH was funded by the German firms Heraeus and Degussa to produce 
artificial dentures made from PMMA. By then Kulzer (1936; patent DRP 
737058, Kühn, 2000) had already found that a dough could be produced by 

mixing ground PMMA powder and a liquid monomer that hardens when benzoyl 

peroxide (BPO) is added and the mixture is heated to 100°C. The first surgical 

use of these PMMA mixtures was an attempt to close cranial defects in monkeys 
in 1938. When these experiences became known, surgeons were anxious to try 

these materials in plastic surgery on humans. The heat curing polymer Paladon 

65 was soon used for closing cranial defects in humans by producing plates in the 
laboratory and later adjusting the hardened material on the spot (Kleinschmitt, 

1941). 

Chemists then discovered that MMA would self polymerise at room temperature 

if a co-initiator was added. From this discovery the companies Degussa and 

Kulzer (1943; patent DRP 973590), using tertiary aromatic amines, established a 

protocol for the chemical production of PMMA bone cements in 1943. This 

process is still used to this day. After World War H, Otto Rohm started 

worldwide practical applications of these earlier studies and PMMA bone 

cements were developed independently in several countries. Currently, these 

cements include CMW, Palacos R and Simplex P. The handling properties of 

MMA polymer mixtures have remained the focus of many studies, in part 

because the cements on the market differ considerably in this respect, although 

their chemical bases are identical. Kjaer (1951) first used PMMA as an 

anchoring material by fixing acrylic glass caps on the femoral head after 

removing the cartilage (Haboush, 1953; Henrichsen et al., 1953). In 1956 the 

Judet brothers were the first to introduce an arthroplastic surgical method. Soon, 

however, it was apparent that the PMMA (Plexiglas) prosthesis failed for a 

combination of biological and mechanical reasons. In 1958, Sir John Charnley 

first succeeded in anchoring femoral prostheses in the femur with auto- 
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polymerizing PMMA (Charnley, 1960). Charnley called the material used "Bone 

cement on acrylic basis". 

In 1964, Kulzer started producing and selling the cement under the trade name 
Palacos® R. At first it was sold in bulk (1 kg of powder and 500 ml of liquid) and 
surgeons had to prepare the necessary portions themselves. Soon it was changed 
to ampules of monomers and prepackaged powder forms. 

In 1969, Buchholz began drug release studies as a small amount of residual 
monomer is released from the bone cement. Together with the German 

companies Kulzer and E. Merck in Darmstadt, he initiated investigations of the 

addition of antibiotics to bone cements. As a result of this research, Kulzer and 
Merck developed the first antibiotic bone cement, Refobacino- Palacos® R, 

which has been sold since 1972. 

2.5.1 Composition of Bone Cements 

Commercial bone cement for surgical use are supplied in a sterilised two-part kit, 

with the composition shown in table 2.5.1. The powder component mainly 

consists of preformed polymeric beads (1-125µm in diameter) of poly 

(methylmethacrylate) (PMMA) which is soluble in the monomer liquid. PMMA 

is an amorphous acrylic polymer, which is hard and brittle at room temperature 

and has a glass transition temperature ranging between 85 and 105°C (figure 

2.5.1). 

Table 2.5.1 Composition of commercial bone cements (from Kühn, 2000) 

Powder component Liquid component 

Polymer: PMMA/copolymers Monomer: MMA/BuMA 

Initiator: BPO Accelerator/Co-initiator: DMPT 

Opacifier: Zirconium dioxide (Zr02) or Stabilizer/inhibitor: Hydroquinone 

Barium sulphate (BaSO4) 

Antibiotics: (may be added) 

The powder component is usually supplied sterile in a transparent double 

wrapped polyethylene pouch and may also contain either barium sulphate or 

zirconium dioxide as a radiopacifier. Benzoyl peroxide is also present in small 

amounts, up to 2wt. %, in the majority of powders, and is the initiator of the free 
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radical polymerisation process. Some bone cements may contain an antibiotic, 

such as gentamicin, in different concentrations. The antibiotic is simply mixed 

with the cement powder. The size distribution of the dry component is carefully 

controlled to produce a lower viscosity during the early stages. The powder is 

usually sterilized by Cobalt gamma irradiation. 

IH! Hz 

C-C 

C=O 

CH3 

Figure 2.5.1 Poly(methylmethacrylate) 

The liquid component of the cement consists of approximately 97% methyl 

methacrylate (MMA) monomer, which is a transparent and volatile liquid with a 
distinct smell (figure 2.5.2). MMA has a low viscosity and boiling temperature of 

approximately 100°C at atmospheric pressure. The liquid component also 

contains an accelerator typically, N, N-dimethyl-p-toluidine (DMPT) and a 

stabilizer, Hydroquinone, to prevent premature polymerisation from exposure to 

light or elevated temperature and thus preventing gel formation while the liquid 

is stored. The liquid component is usually sterilized by ultrafiltration. 

ýI ýH, 

C=C 

C 

CH, 

Figure 2.5.2 Methyl methacrylate 
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2.5.2 Polymerisation of Bone Cement 

When methacrylates are used as bone cements, they must be polymerised. The 

most important functional group of the molecule is the C=C double bond (figure 
2.5.2). Bone cement cannot be produced from MMA alone as the polymerisation 
time would be too long and the shrinkage would be extremely high. Pure MMA 

exhibits shrinkage of approximately 21 % during polymerisation, which means 
IL of monomer only yields 800 cm3 of polymer (Kühn, 2000). In addition, the 
heat occurring during the polymerisation of the monomer would be excessive. 
The polymerisation temperature can increase to far above 100°C and the 

monomer may even boil. For these reasons, bone cements are offered as two- 

component systems. 

When the two components of bone cement are mixed together, addition 

polymerization is initiated to produce long polymer chains. The chains can 
interpenetrate the previously polymerised PMMA powder and bind them 

together into a single mass. However the interface between the microspheres and 
their new matrix remains relatively weak. Fractured bone cement after full curing 

shows microspheres and their impressions on the resultant fracture surface. The 

newly formed polymer chains are essentially linear, as there is almost no 

evidence of cross-linking taking place in the initial powder or in the final 

component (Kühn, 2000). The polymerisation of bone cements takes place in 

three distinct stages; initiation, propagation and termination. These three stages 

do not occur sequentially, but are simultaneous and only their respective rates are 

capable of changing relatively with time from the onset of mixing. In all 

commercial bone cements, BPO and DMPT together form the initiator system 

(figure 2.5.3). 

00 uu c-o-0-c oo CH3)N 
H3 

CH3 

BPO DMPT 

Figure 2.5.3 Initiator system for the polymerisation of MMA 
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After mixing, the DMPT causes the decomposition of the BPO in a 

reduction/oxidation process by electron transfer that produces a benzoyl radical 

and a benzoate anion (figure 2.5.4). A radical cation is produced from the DMPT 

as an oxidation product. This cation can be rearranged into a neutral radical by 

proton separation. As polymerisation starters/initiators, all radicals can induce an 
immediate formation of chains by adding themselves to the double bond (C=C) 

in the MMA (figure 2.5.5). Due to the number of polymerisation-initiating 

radicals, a multitude of polymer chains develop at high speed (figure 2.5.6). Such 

chains may have molecular weights of 105-106 g mol-1 or more (Ege, 1993). 

It is important to note that not all of the benzoyl free radicals go on to initiate 

polymerisation, some of them react to produce free radical species with different 

structure and/or chemical reactivity and this can lead to initiator waste. However, 

if a benzoyl free radical is produced, it can then react with monomer molecules 

to create active centres. The free radical formation and initiation stage of the 

reaction occurs during the constant temperature period at the beginning of the 

exotherm profile. The reaction rate depends on the solubility of the polymer 

powder in the monomer liquid. The dissolution rate is influenced by the polymer 

particle size and distribution, polymer molecular weight, powder: liquid ratio and 

mixing rate as will be discussed later. 
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Figure 2.5.4 Formation of radicals induced by DMPT 
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Figure 2.5.5 Formation of chains (radical polymerisation) 

The peak temperature achieved during the polymerisation of bone cements 
ranges from 80°C to 124°C (Kusy, 1978; Saha et al., 1981), which is higher than 
the threshold levels of 48-60°C given for thermal tissue damage (Huiskes, 1980). 

For many years, this brief temperature peak was given as the main reason for 

loosening by causing thermal necrosis (Huiskes, 1980; Mjöberg, 1986). The fact 

that the released energy originates from only the monomer is important; the 

maximum temperatures measured in vitro, in accordance with the standard, do 

not correspond with the actual values in the body (Eriksson and Albrektsson, 

1984). Jeffris et al. (1975) and Reckling and Dillong (1977) showed that the 

thermal effect may not be the only factor responsible for necrosis because the 

highest temperature registered at the bone-cement interface during a total joint 

replacement was 48°C. According to Jeffris et al. the reached peak temperature 

relies on the total polymerisation heat, which is 544 Jg-1 for MMA, heat transport 

phenomena and the polymerisation kinetics. Edwards and Thomasz (1981) 

studied the polymerisation kinetics of bone cements by recording the time 

dependence of the polymerisation temperature while others such as Wijn and 

Kesteren (1984) investigated the residual monomer and Turner (1984) studied 

the free radical concentration. Additionally, the peak temperature is affected by 

the monomer: powder ratio in the cement formulations (Haas et al., 1975), the 

composition of the monomer and powder phases (Lee et al., 1973) and by the 

presence of a chain transfer agent (Brauer et al., 1986). 
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Figure 2.5.6 Propagation of the polymer chain 

The continuously increasing concentration of polymer molecules leads to an 
increase in viscosity, which reduces the mobility of the polymer chains and 

results in an inhibition of the radical-chain termination reaction (Ege, 1993). The 

decomposition of the initiator, however, is not reduced, therefore the radical 

concentration increases. In addition, the monomer is also still extremely mobile 

and the growth of the radical chain is not inhibited. As a result, there is a drastic 

increase in the gross polymerisation speed (the gel effect) and a subsequent 

monomer conversion. Such processes are therefore connected with a significant 
increase in heat and the corresponding temperature peak (52 kJ of energy is 

released per 1 mole of MMA) (Kühn, 2000). If the viscosity is too high, then the 

mobility of the monomer is also inhibited, and the reaction stops before the 

MMA can completely convert. 

The exotherm peak can only be influenced to a small extent by adding heat- 

conducting radiopaque media or by slightly changing the chemical composition 

of the liquid (i. e. the use of higher methacrylates). This will, however, result in 

rather different dissolution properties with the polymer, thus leading to different 

working properties and often a significant reduction in the set mechanical 

properties. 

The phases mentioned above help to calculate the setting, dough and working 

times for bone cement. The difference between setting and dough times is 

referred to as the working time and is typically 5-8 minutes (figure 2.5.7). With 

manual insertion, this represents the full time interval available for use of a 

particular mix of bone cement. The use of mechanical introduction tools, such as 

syringes etc, extends this time by 1-1.5 minutes. 
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Figure 2.5.7 Exotherm profile of bone cement (adapted from Kühn, 2000) 

There are three factors that affect dough, setting and working times: 

1. Too rapid mixing can increase dough time and is not desirable since by 

introducing air bubbles it may produce weaker, more porous bone cement. 
2. Increased temperature reduces dough and setting times by about 5% per °C 

whereas decreased temperature increases them at essentially the same rate. 
3. Humidity seems to have an effect on setting time and hence on the available 

working intervals. High humidity accelerates setting, whereas low humidity 

retards it. 

The combination of these factors is such that in a cold operating room on a very 
dry winter day, setting time stretch to 15-16 minutes. Liquids should never be 

added to bone cement in an attempt to modify its curing behaviour, as this will 

merely add more pores. 

2.5.3 Advantages and Disadvantages of Bone Cements 

Bone cement serves three main functions (Kühn, 2000) when used in the fixation 

of total joint replacements: 

1. It transfers body weight and service loads from the prosthesis to bone. 

2. It increases the load-bearing capacity of the prosthesis/cement cement /bone 

system. 

3. It offers an immediate stability of the prosthesis. 

- Tmax 

- (Tmax+Tambient)/2 
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However, despite its huge success, bone cement is beset with a number of 
drawbacks. 

Thermal Necrosis: It is postulated to cause thermal necrosis of bone, leading to 
impaired blood circulation and predisposition to the membrane formulation at the 
cement/bone interface. 

Shrinkage: this occurs as larger polymer molecules draw together, thus causing 
the material to contract, and the density to increase (Kühn, 2000). 
Stiffness Mismatch: There is a large stiffness mismatch between the cement and 
the supporting bone as was highlighted in table 2.2.1. The presence of "weak- 
link zones" in the construct namely the cement mantle, the prosthesis-cement 
interface and the cement-bone interface (Harrigan et al., 1992; Bragdon et al., 
1995). In addition, PMMA-based bone cements have low strength, low fracture 

toughness and reduced fatigue life (Topoleski et al., 1993). 

Foreign Body response: There is a heavy foreign body response to PMMA 

particles in the fibrous pseudo membrane surrounding a loose-cemented implant 

(Goldring et al., 1983; Maguire, 1987; Willert et al., 1990). This response 

contributes to bone resorption (Murray and Rushton, 1990; Amstutz et al., 1992; 

Harris, 1994; Sabokbar et al., 1998). 

2.6 Factors Affecting Bone Cements 

The properties of acrylic bone cement are influenced by a number of variables, 
both external and internal. The external variables are based on the manufacturing 

process. However, the internal variables are derived from the physical and 

structural properties of the raw material. 

2.6.1 Sterilization 

There have been a number of investigations to study the effects of gamma (y) and 

ethylene oxide (EtO) gas sterilization on the mechanical properties of bone 

cement (Lewis and Mladsi, 1998). Normally, 60Co is used as y-ray source 

although in some cases, 137Cs may be used. The advantage is the high penetration 

depth, which allows the material to be sterilized in the final package. However, 

gamma irradiation causes changes in the properties of bone cements. Bone 

cements powders always have a lower molecular weight after gamma 
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sterilization, usually below 300,000 Da as in the case of Simplex P (Mw 
242,000 Da) (Brauer et al., 1977; Lautenschlager et al., 1984). The highly 

energetic rays clearly reduce the initial molecular weight significantly, mainly 
due to chain scission, which in turn changes the handling properties and 
adversely affect the mechanical properties of the cement such as reducing its 
fatigue life (Lewis and Mladsi, 1998). Higher molecular weights lead to a greater 
degree of polymer chain entanglement and offer a better resistance to craze 
breakdown. Lewis (1999) showed that gamma radiation causes a significant 
decrease in fracture toughness. 

Ethylene oxide (EtO) sterilization has minimal effect on the molecular weight of 
bone cement (Tepic and Soltesz, 1996; Lewis and Mladsi, 1998). The 

inactivating effect of EtO is based on the high reactivity and oxidizing properties 

of the molecule. The molecular weight of the sterilised cement is almost identical 

to those of the initial polymer components (Kühn, 2000). Although gamma 

radiation is more convenient for sterilisation, the deterioration in properties of the 

resulting cement is significant and seriously influences in vivo performance. 

2.6.2 Ambient Temperature 

The polymerization of bone cement occurs at room temperature, thus the starting 

temperature of the constituent materials influences the setting characteristics of 
bone cement. If the starting temperature increases, then the dough, working and 

setting times are decreased. However, a decreased starting temperature leads to a 

lower peak temperature. This reduction is due to retardation of the 

polymerisation process as a result of inhibited production of benzoyl free 

radicals. 

2.6.3 Powder to Liquid Ratio 

The properties of bone cement are influenced by the ratio of PMMA: MMA. The 

amount of monomer present influences the setting time and the peak temperature 

reached during the polymerisation. A higher PMMA: MMA ratio results in a 

decreased setting time and a faster polymerisation rate. This effect is mainly due 

to an increase in the initiator (benzoyl peroxide) content in the PMMA powder. 

However, an increase in the monomer content increases the exothermic 

temperature, setting time and shrinkage (Lautenschlager et al., 1984). 
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2.6.4 Mixing Methods, Speed and Filling time 
Cement mixing methods are classified as manual (hand mixing), centrifugation, 
vacuum mixing, and combined mechanical mixing. 
In manual mixing, the powder component is added to the liquid component in an 
open bowl. The two components are then stirred with a spatula at 1 or 2 Hz for a 
period of time ranging between 45 and 120 seconds (Jasty et al., 1990; Trieu et 
al., 1994). In centrifugation mixing, the hand-mixed dough is immediately 

poured into a syringe (from which the nozzle is detached). The syringe is then 

placed in a centrifuge and spun at a maximum speed that ranges between 2300 

and 4000 rpm for 30 and 180 s (Jasty et al., 1990; Demian et al., 1995). 

However, vacuum mixing is somewhat different from manual and centrifugation 

mixing methods. There are a number of commercial chambers that have been 

used for vacuum mixing. The commercial ones include the Simplex 

Enhancement Mixer (Howmedica), Stryker High Vacuum System (stryker, 

Kalamazoo, MI), Optivac (Merck, Sjöbo, Sweden), Stryker Mixevac II (Stryker), 

Sterivac (SD, Germany), as well as the Mitvac, Cemvac Merck, Boneloc and 
Cemex systems (Wang et al., 1994). As a result of having so many different 

systems, there are no generic steps in vacuum mixing (as is the case for hand or 

centrifugation mixing). In general, the cement components are mixed together 

inside a closed chamber at a vacuum of 5-100 kPa, with variable mixing time and 

frequency (Schreurs et al., 1988; Davies and Harris, 1990; Wang et al., 1993; 

Trieu et al., 1994). 

For the combined mechanical mixing method, there are a number of mixing 

devices. One involves adding the PMMA powder to the MMA liquid in a 

stainless bowl that is then placed on a vibrating plate (50 vibrations per second) 

while stirring the mixture with a polypropylene spatula (Lidgren et al., 1984). 

Another device consists of a motor coupled to a unit that vibrates in two 

directions, running at 500 rpm for 120 s during mixing of the cement (Linden, 

1991). 

The speed at which the two components of bone cement are mixed together has 

an influence on the setting time. Faster mixing speed reduces the setting time, but 

introduces air bubbles into the cement mixture, thus increasing porosity. 

The time it takes to introduce the cement into the femoral cavity of the bone, 

after initial mixing is also very important. The viscosity of the cement mixture 
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increases with time, thus its flow into the bony interstices becomes more 
difficult. However, monomer leakage into the surrounding tissue is reduced with 
time. Hence it is beneficial to the patient to wait as long as possible before 
introducing the cement dough into the femoral cavity. 

2.6.5 Thickness of Cement Layer 

The thickness of the cement mantle plays a major role in the long-term survival 
of the implant. Thin layers of cement have less potential for energy absorption 

and may crack and fail (Kwak et al., 1979; Huiskes, 1980), in particular in the 

proximal and distal portions of the cement mantle (Kawate et al., 1998). Cement 

mantle fractures, localised osteolysis (Carlsson et al., 1983; Huddleston, 1988; 

Maloney et al., 1990) and granuloma formation at the interface (Anthony et al., 
1990; Pazzaglia, 1990) or failure (Beckenbaugh and Ilstrup, 1978; Olsson et al., 
1981) may result as a consequence of direct implant to bone contact or very thin 

cement mantles around the stem tip (Olsson et al., 1981; Garellick, 1998). 

Furthermore, deficient cement mantles create a pathway for particulate wear 
debris to migrate from the stem-cement interface to the cement-bone interface, 

thus initiating or accelerating particle induced osteolysis and loosening (Jasty et 

al., 1986; Howie et al., 1988). 

The effect of the thickness of the cement on the initial stability of the implant has 

been investigated (Brockhurst and Svensson, 1977; Kwak et al., 1979; 

Crowninshield et al., 1980; Ebramzadeh et al., 1994; Fisher et al., 1995), but the 

conclusions as to the optimal range of thickness are contradictory. Brockhurst 

and Svensson (1977) suggested that the thickness of the cement mantle in the 

proximal medial region should be minimised. Kwak et al. (1979) recommended a 

uniform layer of 3 to 4 mm. Crowninshield et al. (1980) found that a decrease in 

the cross-sectional dimensions of the stem increased the stresses in both the stem 

and the cement. 

By using numerical models based on fully-bonded interfaces, Huiskes (1990) 

recommended a non-uniform thickness of cement ranging from 3 to 6 mm for the 

proximal part of the canal. Ebramzadeh et al. (1994) showed that a cement 

mantle thicker than 5 mm was responsible for the radiolucent lines at the cement- 

bone interface and that one less than 2 mm thick induced fracture of the cement. 

Fisher et al. (1995) demonstrated that a thickness of 2 to 3 mm might provide a 
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more favourable cement strain than a thinner mantle. These findings seemed to 
be explained by the occurrence of very high shear and compressive stresses 
(Verdonschot and Huiskes, 1997), which predicted a high risk of fracture of the 

cement for a cement mantle less than 3 mm thick. This is supported by 

experimental results by Ebramzadeh et al. (1994), which found that a thickness 

of less than 2 min induced fracture of the cement. Ramaniraka et al. (2000) 

showed that the thickness of the cement affected not only stress but also 
micromovement. A layer of cement of 2 mm thick increased shear stress 

proximally and at the tip of the stem, and increased micromovement over the 

entire cement-bone interface. These outcomes could be related to local bone 

necrosis and the occurrence of osteolysis in these regions due to the presence of 
the cemented debris resulting from interfacial shear friction (Willert et al., 1990). 

Their study also found that the optimal cement thickness was in the range of 3 to 
5mm. Surprisingly, thickness of cement greater than 7 mm increased slippage at 
the cement-bone interface, confirming other experimental results (Ebramzadeh et 

al., 1994). The heat evolved during the polymerisation process of bone cement is 

directly related to the mass of cement undergoing polymerisation. The released 

energy originates from only the monomer and the maximum temperature 

measured in vitro, in accordance with the standard, does not correspond with the 

actual values in the body (Eriksson and Albertsson, 1984). The polymerisation 

exotherm recorded during the operation at the cement-bone interface is in fact 

considerably lower. This temperature is significantly below the protein 

coagulation temperature of ~43-46°C (Reckling and Dillon, 1977; Toksvig- 

Larsen et al., 1991). Reasons for this observation are the thin cement layer (3- 

5mm) and heat dissipation via blood circulation and the prosthesis. 

2.6.6 Powder Particle Size 

A study by Pascual et al. (1996) showed that the variation of the maximum 

temperature reached during the setting process is a function of the average 

diameter of the PMMA beads. Hence, it is possible to consider a linear 

relationship between the average size of PMMA beads and the exotherm 

temperature for the bone cement system. It was assumed that the smallest 

PMMA beads (< 20µm) completely dissolve in the presence of MMA and only 

large beads survive mixing to maintain a spherical shape in the cured system 
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(Pascual et al., 1996). This fact could explain the variation of peak temperature 

with the average size and distribution of the PMMA beads. It was also assumed 
that only the largest beads (>50-60µm) could offer an effective way to release the 
heat produced during the setting process. In addition, the smallest beads would 
contribute in the opposite direction due to their dissolution in the MMA liquid 

with a subsequent increase in the viscosity of the curing mass. 

2.6.7 Pressurisation of Cement 

It is widely accepted that pressurisation of bone cement is necessary for 
development of adequate strength of fixation between the cement mantle and the 
femur. Charnley (1970) had already emphasized the importance of achieving 
adequate cement pressure: "The cement is forced down the track of the 

medullary canal as a stiff dough and the insertion of the point of the tapered stem 

of the prosthesis expands the stiff dough and injects it into the cancellous lining 

of the marrow space... " Many studies have shown the importance of cement 

pressurization in achieving interdigitation of cement with cancellous bone 

(Halawa et al., 1978; Noble and Swarts, 1983; Noble et al., 1985; Askew et al., 
1984; Bean et al., 1987; Benjamin et al., 1987; Balu et al., 1994; Maltry et al., 
1995; Berger et al., 1997). 

Markolf and Amstutz (1976) demonstrated that high proximal pressures and 
improved cement penetration occur proximally during "finger packing", the 

method introduced and advocated by Charnley (1970,1979). These pressures 

were comparable to peak pressure during prosthesis insertion. Song et al. (1994) 

measured the highest intermedullar pressures during stem insertion and 

postulated that additional, prior cement impaction is probably unnecessary. In 

vivo studies showed that stem insertion is not the most significant part of 

cementing (McCaskie et al., 1997). However, it is not only the maximum peak 

pressures that determine cement penetration, but also the time this pressure is 

maintained. The use of "sustained pressurization" provides increased cement 

penetration (Bean et al., 1988) and has been recommended by previous 

researchers (Lee and Ling, 1981). This technique is of particular importance 

when low viscosity cements are used to minimize the risk of blood laminations 

and weakening of the cement-bone interface (Benjamin et al., 1987; Majkowski 
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et at., 1994). Results of in vitro studies demonstrated that 4-5 seconds duration of 
sustained pressure is probably sufficient to achieve most of the maximum cement 
penetration. Bleeding models have however suggested minimum periods of 30 

seconds to be necessary to prevent blood entrapment and to obtain a satisfactory 
cementing technique (Askew et at., 1984; Benjamin et at., 1987). 

The pressure applied affects the final mechanical properties of the cured cement. 
It was reported that increasing the curing pressure up to 14 MPa increases the 
tensile strength of bone cement (Lautenschlager et al., 1984). 

2.6.8 Molecular Weight 

The molecular weight of the final bone cement matrix is reliant on a few 

parameters: 

" The molecular weight of the raw materials used in the polymer 

" The molecular weight of the monomer liquid 

" The concentration/ ratio of the initiator system 

" The presence of regulators 

" The sterilization method for the polymer powder 

" The changes in temperature during the reaction 

The molecular weight influences the swelling properties of the cement, the 

mechanical strengths (especially the fracture strength) and the working phases of 

the different cements (Lewis and Austin, 1994). The influence of the sterilization 

method on the molecular weight was discussed in section 2.6.1. 

Most polymer species have a molecular weight distribution, rather than a single 

molecular weight. For a simple distribution it is often possible to relate physical 

properties to an average molecular weight. The molecular weight and the 

molecular weight distribution influence the mechanical properties of polymers. 

For PMMA, which is an amorphous polymer below its glass transition 

temperature (Tg), abrasion and wear are independent of molecular weight. 

However, other properties have critical minimum values, above which they are 

independent of the molecular weight. It has been reported that up to a molecular 

weight of 1.5x105 g mol-1 the tensile strength increases and there is no further 

change above this value (Lautenschlager et al., 1984). 
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Topoleski et al. (1993) reported that pre-polymerised beads of certain 
commercial bone cements i. e. Simplex P, have a molecular weight of 1.9x105 g 
mol-1. Once cured this molecular weight increased to 2.4x105 g mol-1. This 
increase in molecular weight was attributed to the polymer having longer 

molecular chains as a direct consequence of the polymerisation process. 
Gel permeation chromatography (GPC), also known as size exclusion 
chromatography (SEC), is the most used technique for measuring polymer 
molecular weights. It should be noted that the level of reproducibility, even 
within a single laboratory is poor. However, when used in a purely comparative 
manner, valuable data on possibly subtle differences in the molecular weight 
distribution of different samples can often be observed. 

2.6.9 Porosity 

Porosity has an influence on the mechanical properties of bone cement and it is 

well investigated (Lee et al., 1973; Kummer, 1974; Haas et al., 1975; Miller and 
Krause, 1981; Demarest et al., 1983; Jasty et al., 1984 and 1991; Lautenschlager 

et al., 1984; Linden, 1988; Schreurs et al., 1988). De Wijn et al. (1972,1975a, 

1975b) and Debrunner (1976), both described the mechanism of pore formation 

and the mechanical properties of porous and non-porous materials. 
The presence of air inclusions in the cured cement has an adverse effect on its 

mechanical strength. Such defects are starting points for cement microfractures 
(Topoleski et al., 1990; James et al., 1993). The benefit of the reduction of 

porosity has been proposed to increase the prosthesis implant life (Carter et al., 
1982; Davies and Harris, 1990). 

Pores in the cured cement can also be formed by entrapment of air during 

stirring, monomer boiling, and release of air from the monomer solution or from 

the powder (Wixson et al., 1987). The form of mixing vessel and the spatula, the 

speed of mixing and the number of strokes has an influence on the result. It was 

also reported that careful kneading when the dough is no longer sticky could 

subsequently reduce cement porosity (Eyerer and Jin, 1986). The great majority 

of pores found in the solid mass of bone cement are caused by air entrapment 

within the dough during mixing. It was also found that rapid mixing in fact 

increased porosity from 6% (for slow mixing) to 10% (Haas et al., 1975). The 

rationale for vacuum mixing (section 2.6.4) is to reduce porosity. 
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2.6.10 Polymerisation Shrinkage 
Polymerisation shrinkage is a significant concern in orthopaedic applications of 
bone cement. During the polymerisation process, the monomer is converted, by 
free radical polymerisation, into its corresponding polymer. This process results 
in a density change as the lower density liquid monomer converts to a higher 
density polymer. 
Methyl methacrylate exhibits polymerisation shrinkage of 21 % by volume (Patel 

et al., 1987). However, in any bone cement reaction, only one third of the 

original mixed material will polymerise and hence the shrinkage is reduced to 

approximately 7%. 

Earlier studies found that CMW1 (DePuy Inc. ) bone cement expanded initially 

and then contracted (Amstutz and Gruen, 1973). This effect was found to be due 

to the swelling of the polymeric beads as they are partially dissolved by the 

monomer. However, as the monomer polymerises, the material contracts and 
internal pores begin to form. These inhomogeneities act as stress concentration 

points, thus causing cracks to propagate and grow when forces are applied to the 

material. 

Davies and Harris (1995) measured polymerisation shrinkage using dimetral test 

configurations while others have used water displacement methods to measure 

overall volumetric shrinkage (Haas et al., 1975; Lautenschlager et al., 1984). 

Gilbert et al. (2000) investigated the polymerisation shrinkage based on density 

changes in converting monomer to polymer and stated that shrinkage under 

conditions of constrained deformation can produce pores in the setting cement. 

Bishop et al. (1996) speculated that the interfacial porosity they observed may 

have resulted during the polymerisation process where some shrinkage occurs 

and pulls the cement away from the metal prosthesis. The volumetric shrinkage 

of hand-mixed cement is less than vacuum-mixed (Connelly et al., 1987; Gilbert 

et al., 2000). The reason for this is that pores, already present in the hand-mixed 

cement expand thus the associated volumetric shrinkage is less. Gilbert et al. 

(2000) observed that there is no porosity development when the exterior surface 

of the cement is allowed to move freely. Clinically, it has been noticed that the 

cement tends to pull in from the proximal collar region during polymerisation of 

cemented femoral hip implants, implying that full constraint may not be present. 
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2.6.11 Residual Monomer 

It is generally accepted that MMA monomer does not reach complete conversion 
after the cure of the cement, and that a certain amount of residual monomer 
remains in the hardened material. Radical polymerisation of MMA does not 
proceed to completion because of the decreased monomer mobility (due to 
increased viscosity). The proportion of non-converted residual monomer 
remaining in the polymerised bone cement is in the range of 2-6% (Charnley, 
1970; Linder et al., 1976; Mjöberg, 1986). Scheuermann (1976) carried out in 

vitro tests, which showed that due to a slowly progressing, continuous 
polymerisation, the proportion of residual monomer decreases to approximately 
0.5% within 2-3 weeks. The content of residual monomer in revision-operation 

materials (tested 0.5,3 and 8 years after implantation) is always 0.5% or less 

(Kirschner, 1978). 

The incomplete cure of the MMA monomer has two principal consequences that 
have been reported in the literature. Unreacted MMA monomer leaks from the 

cement mantle into the surrounding tissues, impairing bone remodelling (Kindt- 

Larsen, 1995; Lewis, 1997) and its presence in the polymerised resin influences 

the mechanical properties because it acts as a plasticiser (Lewis, 1997; Vallo et 

al., 1997 and 1998). 

Ege and Scheuermann (1987) reported on the release of monomer during the 

hardening of cement dough. They determined values measured at the cement 

surface of 1.4-1.9 mg CM-2 . These results are comparable to those determined by 

Debrunner (1976) of 2 mg cm 2. It is therefore essential that the main part of the 

residual monomer (of the 2-6% of MMA not initially converted) quickly passes 

into the bloodstream and disappears just as quickly (Cront et al., 1979; Wenda et 

al., 1985). The monomer is either speedily exhaled (Wenzl et al., 1973) or is 

metabolised in the Krebs' cycle (Wenzl et al., 1973; Cront et al., 1979). Schlag 

et al. (1976) showed that MMA could not be the cause of loosening or 

respiration and circulation reactions. Treharne et al. (1975) reported that the 

creep resistance of PMMA increases after lowering the residual monomer. They 

claimed that the monomer acted as a plasticizer in the cement thus allowing 

deformation to occur more easily. 
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Residual monomer has also been associated with thromboembolism, the blocking 

of a blood vessel by a blood clot dislodged from its site of origin. This is a 
frequent complication of hip replacements and represents one of the most 
important post operative causes of death in patients (Haake and Berkman, 1989). 

2.7 Commercial Bone Cements 

In this section, all bone cements currently on the market will be presented in the 
form of short summaries to highlight their composition as well as their physical 
and chemical properties. For each of these cements, the powder to liquid ratio is 

approximately 2: 1 by weight. The cements do not always contain pure PMMA 
beads and MMA, but are known to diverge considerably from this composition 
to impart the required properties. 

2.7.1 Plain Cements (antibiotic-free) 

There are a number of commercially available bone cements. Barium sulphate 

and zirconium dioxide are used as radiopacifiers at different weight percentages. 
Most manufacturers use approximately 1Owt. % radiopacifier content. The 

percentages of BPO and DMPT may also differ between cements. Some 

manufacturers also offer the option of low viscosity bone cements for use with a 

cement gun (injectable cements) such as CMW® 3 by De Puy and Palacos LV by 

Schering Plough. 

2.7.2 Antibiotic-Loaded Bone Cements 

Currently, there are at least eighteen different cements on the market. In most 

cases the manufacturers make their antibiotic cements by simply adding the 

antibiotic to plain cements. Most cements contain gentamicin at different 

concentrations. Only Antibiotic Simplex is different; it uses erthromycin- 

glucoheptonate and colistin-methane sulphonate salt. Copal contains high 

amounts of gentamicin sulphate and clindamicin hydrochloride and is to be used 

particularly for revisions of infected hips. 
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2.8 Thermal properties 

2.8.1 Glass Transition Temperature 
Amorphous materials, unlike crystalline materials, do not melt when they are 
heated, but go through a glass transition. On a molecular level, as the temperature 
is raised to Tg and above, segments of the molecules are able to rotate. The 

actual value of Tg for a polymer is clearly method and rate dependent, however 
Tg is the temperature at which the molecular relaxation times are of the same 
order as the experimental times (Rodriguez, 1996). The analogous segmental 
Brownian motion in polymers is very important in explaining flow and 
deformation. As previously mentioned, the segments themselves move by 

rotating around single bonds in the main chain of the polymer. The intensity of 
the motion increases with temperature. Below Tg, the polymer segments do not 
have sufficient energy to move past one another, therefore rotations around 

single bonds is extremely difficult. If the material is stressed, the only reversible 

response can be for the bond angles and distances to be strained, since no gross 

movements of segments can take place. Such a material is regarded as a glass. 
Only if the temperature is raised above Tg can the segments rearrange to relieve 

an externally applied stress. 

A segment moves or diffuses in a concerted manner into a vacancy or hole 

adjacent to it, leaving a hole of like dimensions behind. The specific volume of a 

polymer increases as the temperature increases, as shown by the normal 

coefficient of expansion. However, the increase in volume is not uniform, and 

the local density on a molecular scale fluctuates to give an overall population of 

holes or "free volume". 

The thermal expansion is due to the increasing separation of the crumbled but 

immobile molecules, figure 2.8.1 (a-b). As the glassy polymer is heated through 

the temperature region in which segments of molecules commence to exchange 

position by discreet jumps, there appears an increase in thermal expansion 

coefficient, figure 2.8.1 (c-d). Tg can be characterised also as an inflection point 

in the specific volume-temperature curve, which marks a change in the thermal 

expansion coefficient. 

Segmental mobility is highly dependent on chain stiffness and intermolecular 

forces. It is expected that polymers with high polarity or high cohesive energy 
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density should have higher transition temperatures than nonpolar materials, 
where regularity has minimal effect on the amorphous transition. Since the 

segmental motion involves the intensive movement of many chain atoms (10-50 

atoms), then bulky side groups, which may hinder rotation about single bonds, 

should also raise the Tg. 
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Figure 2.8.1 Specific volume vs. temperature for an amorphous polymer (from 

Rodriguez, 1996). 

The segmental Brownian motion also influences the bending modulus and 

mechanical and electric absorption. Tg depends on molecular weight, water 

content, and, of course, on the molecular structure of the monomer used. The 

mechanical properties will therefore depend on the normalised temperature, 

T/Tg, figure 2.8.2. 
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Figure 2.8.2 Changes of modulus with temperature (from Young, 1987) 
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2.9 Water Absorption Characteristics 

The uptake of water by any polymeric system is essential especially if this 
system is used in the body. The water uptake can relieve internal strains (Souder 

and Paffenbarger, 1942) and facilitates the extraction of free monomer or 
polymerisation residues (Braden and Pearson, 1981). PMMA bone cement 
absorbs water, due to its slightly polar nature and porous structure, after one year, 
the amount absorbed is approximately 2% (Kühn, 2000), depending on the 

surface area/volume ratio. 
However, excessive water absorption can promote the breakdown of the polymer 
itself (Braden, 1977) and allow the ingress of microorganisms, in addition, the 

strength decreases. Shen et al. (1983) found that an uptake of 1% of water 

reduces the fatigue life of PMMA-based materials by a factor of four. Kusy 

(1978) also showed that the ultimate tensile strength and modulus of elasticity 
both dropped dramatically, by 50% and 25% respectively, after ten months 

exposure in distilled water at 37°C. Rostoker et al. (1979) also showed that the 
flexural strength showed an increase in value up to twelve months and then 

began to decrease. Vila et al. (1999) showed that both the compressive strength 

and fracture toughness increased after storing their bone cements (based on 

acrylic bone cement containing elastomeric copolymer acrylonitrile-butadiene- 

styrene, ABS) in Ringer's solution at 37°C for different periods of time (1,2 and 
8 months) mainly due to the fluid sorption ability of the bone cement and the 

plasticizing effect of the intake of water. Ginebra et al. (2002) also showed that 

the fatigue of bone cement was influenced by the uptake of water due to the 

plasticizing effect of water at the crack tip. All these results suggest that the 

absorbed water act as a plasticiser. The water molecules occupy positions 

between the large polymer chains, effectively increasing the interchain distance 

with a reduction in the secondary intermolecular bonding. As a result, more free 

volume is created, thus lowering the glass transition temperature, Tg, of the 

polymer. 

Water absorption is not exclusively detrimental. It is claimed that some water 

absorption can be beneficial in dental filling materials as the consequent swelling 

can compensate for the shrinkage caused by the polymerisation reaction (Bowen 

et al., 1982; Patel et al., 1987). 
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The rate of water absorption and hence the time to equilibrate is represented by 
diffusion coefficient (Braden, 1964). When a glassy polymer such as PMMA is 
immersed in water, it steadily absorbs water until the process equilibrates. The 

water uptake of methacrylate-based polymers is diffusion-controlled process 
(Barrie, 1968). Early stages of diffusion-controlled water uptake (Crank, 1957) if 

the edge effects are neglected are given by equation 2.9.1. 

Mt/Moo =2 (Dt / IU12)1/2 (2.9.1) 

Where M, is the mass uptake at time t, M,,,, is the equilibrium uptake, 21 is the 
thickness of the specimen and D is the diffusion coefficient. A plot of M, /M. 

against t112 is initially. Similar conditions apply to desorption, except that Mt 

refers to water loss. 

Barrer and Barrie (1958) found that the diffusion coefficient during desorption is 

higher than that during sorption although classic diffusion coefficients theory 

predicts equal values for the two processes. The discrepancy is due to a 

phenomenon common in many polymers, namely the dependence of the 

diffusion coefficient on concentration. Braden and Clarke (1984) suggested that 

equilibrium water uptake should be expressed on a volume/volume rather than a 

weight/weight basis because the equilibrium water uptake of a polymer is a free 

volume, thermodynamic parameter. Knowledge of the diffusion coefficient and 

appliance dimensions enables water uptake behaviour to be predicted. 

2.10 Rheological Properties 

The determination of rheology, or handling properties, has not been the subject 

of extensive investigations in the past. Krause et al. (1982) studied the viscosity 

of bone cements and determined that curing PMMA cements were non- 

Newtonian, pseudoplastic materials that exhibited a large variation between 

commercially available cement formulations. The flow properties of curing bone 

cement using a capillary extrusion method was studied by Dunne and On (1998). 

The findings of their study indicated that the pseudoplastic nature of bone cement 

caused a lowering of the viscosity with an increase in shear rates, which could 

potentially be employed to enhance the interdigitation into cancellous bone, with 
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appropriate delivery system. In more recent studies, Farrar and Rose (2001) 

employed an oscillating parallel plate rheometer in dynamic mode to characterise 
the flow behaviour of bone cements during the curing stage. Their results showed 
that as the cement set, its flow or rheological characteristics changed from 

primarily viscous material to a primarily elastic solid. 
The oscillating parallel plate rheometer can also be used to characterise bone 

cement as a viscoelastic material by measuring the storage modulus (G') and loss 

modulus (G"). A viscoelastic material is one that exhibits both viscous and 

elastic properties. Bone cements in general are considered viscoelastic materials 

as they change from having primarily liquid-like properties immediately after 

mixing to having primarily solid-like properties once cured. In general, the 

storage modulus (G') corresponds to the elastic behaviour of the material and 
determines its inherent rigidity, thus depends on the ability of the material to 

store mechanical energy. Conversely, the loss modulus (G") corresponds to the 

viscous behaviour of the material and has a strong influence on its toughness and 
is dependent on the material's ability to absorb and dissipate mechanical energy. 
Dynamic mechanical thermal analysis (DMTA) can also be employed to 

investigate other viscoelastic properties such as storage modulus (E') and loss 

modulus (E") as a function of temperature and rate of deformation. 

2.11 The Mechanical Behaviour of Bone Cement 

Bone cement acts as an elastic load-distributing layer between the prosthesis and 

the bone. Thus the main functions of the bone cement are to transfer load from 

the prosthesis to the bone or increase the load-carrying capacity of the surgical 

construct. In the body, bone cement is subjected to a repetitive loading pattern 

(Kotzar et al., 1991) making it susceptible to fracture as a result of fatigue loads. 

Therefore, bone cement fracture has been implicated with the aseptic loosening 

of total joint replacements (Gruen et al., 1979; Topoleski et al., 1990; Culleton et 

al., 1993). 

The fracture of bone cement in vivo has been well documented in the literature 

both in terms of gross catastrophic fracture of the whole cement mantle and as 

microfracture of the intrusions into the adjacent bone (Martens et al., 1974; 

Beaumont and Young, 1975; Freitag and Cannon 1976; Owen et al., 1979; Sih et 
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al., 1981; Stauffer, 1982; Paterson et al., 1986; Miller and Johnson, 1987; 
Watson et al., 1990; Jasty et al., 1991; Hailey et al., 1992). 

Several studies have reported that failure of femoral hip components is mediated 
by extensive fracture in the cement layer (Cheal et al., 1992; Nguyen et al., 
1997). Initiation of such cracking is generally thought to begin with debonding of 
the bone cement from the metal prosthesis (Jasty et al., 1991) and/or from voids 
associated with porosity either in the cement layer (Gharpuray et al., 1990) or at 
the prosthesis/cement interface (James et al., 1993). Under physiological loads, 
fracture of the bone cement will lead to failure of the entire composite structure. 
Mann et al. (1997) determined the general mechanical behaviour and in 

particular, the post-yield behaviour of cement interface under tensile loading. 

Tensile loading of the cement-bone interface showed strain softening at the 

cement-bone interface, accompanied by substantial energy absorption by the 
failing interface after the peak load was reached. Another important observation. 

was that the majority of interface failure occurred at the end of cement 

penetration with bone. Thus it is not surprising that bone cement has been 

implicated as one of the factors leading to aseptic loosening, which may involve 

debonding of the metal-cement and/or cement-bone interface as well as fracture 

within the bone cement itself (Gruen et al., 1979, Topoleski et al., 1990 and 
Culleton et al., 1993). 

The low stiffness of the cement is also reported to reduce the localised contact 

stresses at the bone-implant interface significantly (Erdogan and Gupta, 1971). 

Such stress concentrations have also been implicated in progressive joint 

loosening (Litsky and Rose, 1990). High interfacial contact stresses are thought 

to lead to a bone remodelling response, which involves resorption of bone at the 

bone-cement interface and subsequent interfacial fibrous membrane formation. 

In order for the bone cement to perform its role successfully, it must be able to 

endure high stresses in vivo. If the imposed stresses are above the strength of the 

cement, then cement fracture may occur leading to failure of the construct. Thus 

data on the mechanical properties of acrylic bone cements are essential for their 

optimum use in surgery. There are two ways to evaluate the mechanical strength 

of bone cements: static and dynamic tests. 
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2.11.1 Static mechanical properties 
These properties are derived from tests conducted at a low rate of loading such as 
tensile, compressive, flexural and shear testing. Such tests can be performed at 
different time intervals after hardening in dry conditions or after storage in water 
or Ringer's solution at different temperatures. Tensile, compressive or bending 

tests are used to determine the stiffness of the cement, which is usually expressed 
in terms of Young's modulus or elastic modulus. ISO 5833 (1992) describes the 

quasi-static mechanical tests that are standardised for acrylic bone cements. Their 
determination involves the use of dumbbell-shaped flat specimens, with a 
crosshead displacement speed (Krause et al., 1988; Saha and Kumar, 1996) 

ranging from 5 to 30.5 mm min-' or a strain rate ranging from 0.1 to 1.2 min-1 
(Davies et al., 1987). 

Lewis (1997) reviewed the static mechanical properties (UTS, Et and e f) of five 

bone cement formulations, prepared with various mixing methods, ageing, curing 

and test conditions (table 2.11.1) and made two observations. Firstly, for a given 
formulation, the mixing method had a significant effect on the tensile properties 
in which vacuum mixing lead to a mean of a 44% increase in UTS comparative 

to the hand mixing method. Secondly, for a given mixing method, the UTS 

values were within the range 24-49 MPa irrespective of the formulation. 
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Table 2.11.1 Mean values of uniaxial static tensile properties of commercial 
formulations of bone cement (from Lewis, 1997) 

Test Tensile properties Cements Mixing Authors 
condition UTS Et ef 

(MPa) (GPa) (%) 
Simplex P Manual and Water at 36.2- 2.43- 1.62- Davies et al., 1987. 

centrifugation. 37°C. 44.7 2.53 2.49 
Manual. Saline at 44.4 3.08 0.86 Krause et al., 1988. 

37°C. 
Manual. Saline at 27.1- Krause and 

37°C. 30.2 Hofmann, 1989. 
Manual and - 31.4- Fiirs et al., 1993. 
vacuum. Water at 36.7 Kindt-Larsen et al., 

37°C. 27- 46 1995. 
Manual and Water. 36.7- 1.58- Saha and Kumar, 
vacuum. 41.9 1.88 1996 

Zimmer R"'. Manual. Water at 32.3- 46 2.81- 1.41- Davies et al., 1987. 
37°C. 2.84 1.99 

Manual. - 23.6 1.90 Liu et al., 1987. 
Manual. Saline at 44.0 2.70 0.99 Krause et al., 1988. 

37°C. 
Zimmer Manual and Water at 39.8- 2.95- 1.47- Davies et al., 1987. 

LVC® centrifugation. 37°C. 49.2 3.07 2.05 
Manual. Saline at 44.8 4.12 0.86 Krause et al., 1988. 

37°C. 
Manual. Saline at 28.6- Krause and 

37°C. 30.07 Hofmann, 1989. 

Vacuum. Water at 27- 44 Kindt-Larsen et al., 
37°C. 1995. 

Palacos R Manual and Water at 33- 40 Kindt-Larsen et al., 
vacuum. 37°C. 1995. 

CMW -1 Manual and Water at 25- 47 Kindt-Larsen et al., 
vacuum. 37°C. 1995. 
Manual Water at 46.8 Liu et al., 2001 

37°C. 

Harper and Bonfield (2000) have recently investigated the tensile properties of a 

number of the most commonly used bone cements and some newer formulations 

(Endurance°, Duracem 3, OsteobondTm and Boneloc®) under the same testing 

regimes in air at 23°C (table 2.11.2). 
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Table 2.11.2 Static tensile properties of commercial bone cements 
(adapted from Harper and Bonfield, 2000) 

Cement UTS (MPa) 
[SD] 

Et (Gpa) 
[SD] 

ef (%) 
[SD] 

Palacos® R 51.4 [3.47] 3.21 [0.18] 2.25 [0.32] 

Sulfix®-60 50.7 [4.03] 3.26 [0.19] 2.22 [0.13] 

Simplex P 50.1 [2.32] 3.43 [0.21] 1.87 [0.26] 

CMW® 3 44.7 [4.32] 3.53 [0.28] 1.36 [0.27] 

CMW® 1 39.1 [2.57] 2.96 [0.23] 1.60 [0.12] 

Boneloc® 39.0 [3.00] 2.26 [0.17] 2.48 [0.34] 

Osteobond Tm 38.2 [2.65] 3.38 [0.44] 1.41 [0.19] 

Endurance® 37.1 [2.74] 2.99 [0.18] 1.58 [0.15] 

Zimmer® dough type 31.7 [2.84] 2.79 [0.15] 1.43 [0.22] 

The joint replacement construct is subjected to compressive forces. In the hip 

joint replacement, the cement mantle has been claimed to be a compressive 

segment between the femoral stem and the bone tube by acting as a shock 

absorber between the implant and the bone (Lee, 1983; Ling, 1983). The 

compressive properties are usually determined in vitro at a loading rate of 20 or 
25.4mm min-1 and in accordance with ASTM F451 (1996) or ISO 5833 (1992) 

specifications. Lewis (1997) reviewed the compressive properties for some 

commercial bone cements and highlighted the effects of mixing method and test 

conditions (table 2.11.3). 
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Table 2.11.3 Mean values of uniaxial static compressive properties of 

commercial formulations of bone cement (from Lewis, 1997) 

Cement Mi i T t diti 

Compressive 
properties x ng es con ons UCS E, e, 

Authors 

(MPa) (GP) (% ) 
Simplex P Manual Tested 24 hrs after 89.2 2.54 Krause et al., 1980. 

preparation 

Manual Testing in air at 25°C 83.9 Bargar et al., 1983. 
1 day of aging (RT) 94.6 
14 days of aging (RT) 

-Cement stored Not stated 84.8 Wixson et al., 1987. 
at 14 °C prior to 
manual mixing 
-Vacuum Not stated 104.8 Bannister et al., 
Manual Aged at -20°C for 1-4 94.2 1989. 

months. 
Manual Aged in saline at 37°C 

for: Krause and 
1 day 104.7 2.83 Hofmann, 1989. 
7 days 109.0 2.64 
35 days 111.1 2.78 

-Manual Aged in RT air for 24- 

-Mechanical 48 hrs. 87.8 2.67 
mixer Aged in RT air for 24- 101.1 3.01 Linden, 1991. 

48 hrs. 
-Cement stored Cured in RT air for 24 100 
at RT prior to hrs. Hansen and Jensen, 
manual mixing. 1992. 

-Cement stored Cured in RT air for 24 91 
at 5°C prior to hrs. 
vacuum mixing. 
Mitab chamber. 
-Cement stored Cured in RT air for 24 95 

at 5°C prior to hrs. 
vacuum mixing. 

-Cement stored Cured in RT air for 24 88 
at 5°C prior to hrs. 
centrifugation 
mixing. 
-Manual. Tested in RT air. 102.5 2.67 

-Vacuum. 114.3 3.00 Trieu et al., 1994. 

-Simultaneous 101.4 2.62 
mechanical and 
centrifugation 
mixing. 
-Cement stored Cured in RT air for 24 99 
at 5°C prior to hrs. Kindt-Larsen, 1995. 
manual mixing. 
-Cement stored Cured in RT air for 24 96 
at 5°C prior to hrs. 
vacuum mixing. 
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Zimmer 
LVC® 

Manual. 

Manual. 

Manual; 23 °C 

Manual 

Mechanical 
mixer (vibrator/ 
shaker); 500 
rpm for 120 s. 

Tested 24 hrs after 
preparation 

Aged in RT air prior to 
testing in air at 25°C 
1 day of aging 
14 days of aging 

Aged in saline at 37 °C 
for: 
1 day 
7 days 
35 days 

Aged in RT air for 24- 
48 hrs. 

Aged in RT air for 24- 
48 hrs. 

90.4 

84.5 
95.7 

102.6 
110.6 
117.0 

88.5 

100.1 

2.50 

2.50 
2.77 
2.45 

2.84 

3.18 

Krause et al., 1980. 

Bargar et al., 1983. 

Krause and 
Hofmann, 1989. 

Linden, 1991. 

Linden, 1991. 

Zimmer Manual Tested 24 hrs after 72.6 1.95 Krause et al., 1980. 

Regular@ preparation. 
Manual. -Aged in RT air prior Bargar et al., 1983. 

to testing in air at 25°C 
1 day of aging 80.5 
14 days of aging 93.0 

Palacos® R -Cement stored -Cured in RT air for 24 84.0 Hansen and Jensen, 
at RT prior to hrs. 1992. 
manual mixing. 
-Cement stored Cured in RT air for 24 97.0 
at 5°C prior to hrs. 
vacuum mixing. 

Cured in RT air for 24 89 
hrs. 

Cement stored Cured in RT air for 24 84 Kindt-Larsen, 1995. 

at 5°C prior to hrs. 
vacuum mixing. 

Cement stored Cured in RT air for 24 97 

at 5°C prior to hrs. 
centrifugation 
mixing. 
-Cement stored Cured in RT air for 24 97 1.94 5 Vaughan, 1995. 
at 5°C prior to hrs; aged in lactated 
manual mixing. Ringer's + 10 vol% 

bovine serum solution 
Cement stored at 37°C for 7 days. 
at 5°C prior to 
vacuum mixing. 

Vacuum; 20 kPa 
(absolute); 120 
s; Simplex 
Enhancement 
chamber 
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CMW -1 Manual Cured for 48 hrs in air 110 1.99 7.5 Tanzi et al., 1991. 
at 50°C. 

Cement stored Cured in RT air for 24 87 Hansen and Jensen, 
at RT prior to hrs. 1992. 
manual mixing. 

Cement stored Cured in RT air for 24 96 
at 5°C prior to hrs. 
vacuum mixing. 

-Cement stored Cured in RT air for 24 87 Kindt-Larsen, 1995. 
at 5°C prior to hrs. 
manual mixing. 
-Cement stored Cured in RT air for 24 96 
at 5°C prior to hrs. 
vacuum mixing. 

Manual Cured in water at 37 °C 114.7 Liu et al., 2001. 
for 50 ± 2hrs. 

The loading of the arthroplasty in vivo constantly involves a combination of 

shear, tension, and compression forces. Numerous numbers of researchers have 

reported the results of flexural strength and modulus of different formulations of 
bone cement. However, although the investigations were carried out in 

agreement with the ASTM D790 (1996) or ISO 5833 (1992) specifications, 

various specimen sizes were reported. Bargar et al. (1983), Weber and Bargar, 

(1983), Pourdeyhimi and Wagner (1989) and Gilbert et al. (1994) used specimen 

sizes that ranged from 5x6x5 0mm to 10 x 10 x 11 0mm and support spans of 

25.4 or 50.0mm. In addition, loading rates have also ranged from 0.033 to 7.6mm 

S-1 and loading types of 3-point or 4-point have been used (Bargar et al., 1983; 

Weber and Bargar, 1983; Bargar et al., 1986). The different values of flexural 

strength (Fs) and flexural modulus (Eb) are shown in table 2.11.4. 
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Table 2.11.4 Mean values of flexural properties of commercial formulations of 
bone cement (from Lewis, 1997) 

Loading in 3- Loading in 4- 
Cement Mi i Testing point bendin point bendin 

x ng Authors 
conditions Fs Eb Fs Eb 

(MPa) (Gpa) (MPa) (GPa) 
Simplex P Manual. Aged in RT air Weber and 

prior to testing in Bargar, 1983. 
air at 25°C 
1 day cure 60.2 52.7 2.29 
14 day cure 60.2 62.1 3.16 

Manual. Saline A at 37 °C 125 2.92 Bargar et al., 
for 7 days. 1986. 

Not stated Not stated. 84.5 2.63 Gilbert et al., 
1994. 

Manual Water at 37 °C for Liu et al., 
50 ± 2hrs. 76.5 2.84 2001. 

Zimmer Manual; Aged in RT air Weber and 
Regular 90 s. prior to testing in 

° 
Bargar, 1983. 

air at 25 C 
1 day cure 49.9 56.1 1.95 
14 days cure 51.2 49.6 2.71 

Pourdeyhimi 
Manual Air at 37 °C 67.9 1.29 and Wagner, 

1989. 
Zimmer Manual. Aged in RT air Weber and 

LVC® prior to testing in Bargar, 1983. 
air at 25 °C 
1 day cure 52.3 55.9 2.21 
14 days cure 52.6 55.2 3.12 

Palacos R Cement Aged in water at 66.0 2.30 Hansen and 
stored at 37°C for 50 hrs. Jensen, 1992. 
RT prior to 
manual 
mixing. 

Manual Not stated 64.8 82.3 Fritsch et al., 
1996. 

Cement Not stated 84.2 90.5 
stored at 4 
°C prior to 
vacuum 
mixing. 

CMW1 Manual. Cured in water at 81.7 2.47 Liu et al., 
37 °C or 50 ± 2001. 
2hrs. 
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2.11.2 Fatigue Behaviour of Bone Cements 

Fatigue frequently causes failures of conventional engineering components. 
Implants in the body are subjected to a complex multidirectional loading pattern. 
The hip is subjected to cyclic loads that range between half and two million 
cycles per annum during normal walking at a frequency of 0.5-2 Hz, depending 

on the patient's age and level of activity (Wallbridge and Dawson, 1982). Each 

step taken is accompanied with a cyclic loading of up to five times body weight 
being transmitted through the hip (Bergmann et al., 1993). Thus, if bone cement 
is to be used is such dynamically loaded implants, its fatigue behaviour must be 
determined, enabling implants to be designed with stress below the fatigue limit 

of the material. 

Cements can be tested dynamically, using long-term cyclic loading tests. Such 

tests have not yet been included in the present ISO 5833. However, in the 

revision being written at present, there are three different proposals for dynamic 

fatigue and include tensile, compressive and bending fatigue. Usually fatigue 

properties are determined in a bending test, as the equipment needed is simpler. 
Additionally, such tests are extremely time consuming (107 cycles at 5Hz takes 

23 days) and frequency should not exceed 10 Hz and preferably between 3 and 5 

Hz. Soltesz (1994) modified the ISO 5833 bending test to a dynamic fatigue test. 

In this test the specimens are saturated with water for about four weeks at 37°C 

and the tests run in Ringer's solution at 37°C. The method of Soltesz is one of 

three proposals discussed for the revised ISO 5833. 

Fatigue behaviour is usually presented as S-N (stress level-number of cycles to 

failure) or Wähler curves, where stress or strain data is plotted against the 

number of cycles to failure. These curves usually flatten beyond 106 cycles, in 

which case it is possible to define a fatigue endurance limit which is known i. e. 

the minimum stress required to cause failure within 107 cycles. 

Fatigue data is scattered, therefore it is also convenient to present such data as 

the probability of failure versus the fatigue life, or what is known as P-N plots, 

and hence the distribution of failure can be easily examined. P-N plots can be 

combined with S-N plots to present a more accurate description of the fatigue 

behaviour of the material examined. Such presentation, which is useful in 

allowing all three parameters to be analysed and shown simultaneously, is known 
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as the P-S-N plots (Probability of failure-applied stress-number of cycles to 
failure). 

Jaffe et al. (1974) was among the first to report the fatigue properties of PMMA 
based bone cements by testing Simplex P and CMW bone cements, both 
including BaSO4 as opacifier in compression fatigue. They used cylindrical 
specimens 25.4 mm high and 12.7 mm in diameter, and a frequency of 30Hz 

with a sinusoidal load profile with stress levels ranging between 1.72 and 34.8 
MPa. Prior to testing, the samples were stored for up to two years in bovine 

serum, with no detectable effect on the fatigue properties. The endurance limit 

(106 cycles) was found to be between 13.78 MPa and 17.23 MPa, with CMW and 
Simplex cements behaving similarly. However, there are problems associated 

with the validity of the results since the temperature increased from 37°C to 55°C 

during testing due to the very high testing frequency of 30 Hz. This heating 

presented a discrepancy in the fatigue data of approximately 10-20%, since that 

PMMA cements are sensitive to testing temperature. Freitag (1977) investigated 

the fatigue properties of both Simplex-P and Zimmer bone cements on the effects 

of 0 and 10% barium sulphate addition with varying fabrication pressures. 

Tension-compression cyclic loading was applied at frequencies ranging between 

20-23Hz and stress levels of 6.89,8.01,13.78 and 20.67 MPa. The varying 

concentrations of BaSO4 used seemed to have no significant affect on the fatigue 

lives of specimens tested in air at 22°C and 37°C, however, the fatigue lives of 

specimens stored in bovine serum at 37°C were found to be higher than those 

stored in bovine serum at only 22°C. Their results suggested that bovine serum 

might have acted at a plasticiser, inhibiting crack growth. 

Pilliar et al. (1976) investigated the fatigue properties of carbon reinforced CMW 

bone cement with the addition of 2 vol. % of high modulus, untreated carbon 

fibres in tension-tension loading under stress control. The tests were conducted at 

a frequency of 1Hz and a strain rate of 0.005sec-1. The results indicated that the 

addition of the carbon fibre increased the fatigue resistance. The results showed 

that the applied strain controlled the life-time of the fatigue specimens and this 

was thought to be due to the reduced strain produced in the PMMA matrix phase 

at a given stress level as a result of the stress taken by the carbon fibres in the 

cement. 
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Wright and Robinson (1982) compared the fatigue crack propagation behaviour 

of Zimmer Regular and LVC and Zimmer cement reinforced with 2vol. % carbon 
fibres. In their investigation they prepared compact tension specimens of 10mm 

thickness and 44mm width according to ASTM standard E647. Metal foil gauges 
were attached to the specimen to monitor crack length and testing was conducted 
at 5 Hz frequency between 156N and 93.6N. Their investigation showed that the 
fatigue resistances of regular and LVC cements were similar, however, the 

carbon-fibres decreased the crack propagation velocity at equivalent values of 
stress intensity factor by about one order of magnitude. 
Carter et al. (1982) carried out tension-compression cyclic loading using 

cylindrical test specimens that were stored in water at 37°C for a period of time 

ranging between 6-22 days. The fatigue test was conducted at 37°C with 100% 

relative humidity and was strain controlled with a strain rate of 0.02sec-1. The 

maximum number of cycles was approximately 104. A great deal of scatter was 

seen in the data, which was due to the high degree of porosity within the 

specimens. The pores, which were revealed by X-rays prior to fatigue tests, 

varied in both void fraction and size, and it that failure initiated at the largest 

voids. Hence it was decided that to produce a more fatigue resistant cements, 

porosity would have to be reduced. 

Gates et al. (1983) repeated the study of Carter et al. (1982) but using uniaxial 

zero-tension loading instead of tension-compression. The data collected was then 

plotted as strain range versus cycles to failure. The results showed less scatter 

suggesting that the fatigue of cements was more effectively controlled by cyclic 

strain rather than cyclic stress. The effect of compression during tension- 

compression loading appeared to be small at low tensile strains since it was 

found that the fatigue life of the cement was not significantly reduced by the 

addition of an equal compressive strain. However, at high tensile strain, 

specimens tested in zero-tension mode demonstrated increased fatigue resistance. 

Gates et al. 's specimens had porosity and a study of the fracture surfaces 

revealed that cracks were initiated at one site, usually around a void. 

Rimnac et al. (1986) investigated the effect of centrifugation on fracture 

properties of bone cements. Fatigue crack growth rate experiments were 

performed on Palacos-R, Simplex-P and Zimmer bone cements. Cyclic tensile 

testing was performed at 5Hz at loads of 5-120N and the crack length monitored 
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electronically using bonded metal foil gauges. Resistance to fatigue crack 
propagation of the Simplex-P and Palacos-R cements were not affected by 

centrifugation. They concluded that centrifugation would control the initiation of 
a crack, but once initiated, the crack propagation rates were similar for 

centrifuged and uncentrifuged bone cements. The increase in fatigue life 

associated with centrifuged specimens indicated that the number of cycles 
required for crack initiation was greater in such specimens. 
Krause et al. (1988) compared various fatigue testing methods and showed the 
difficulty in comparing results of even single bone cements types, since there are 
so many factors that could affect the fatigue results obtained. They claimed that 

even under identical conditions considerable differences were obtained. Such 

factors include differences in preparation techniques, storage and testing 

conditions. Krause et al. also pointed out the lack of application of the 

appropriate fracture mechanics concepts as to whether centrifugation controlled 

crack initiation or propagation. According to Weibull (1961), factors such as 

polymer chain length and molecular weight, inclusions and inhomogeneities (as a 

result of the mixing process and surface fabrication irregularities) substantially 
influence the fatigue results. 

Johnson et al. (1989) investigated the effects of varying testing conditions such 

as frequency and environment on the fatigue results of acrylic bone cements. 

Sinusoidal tensile loading was performed at 1,2,5,10 and 20 Hz in the stress 

range 0.3-20MPa until failure. The fatigue life of Simplex-P was found to 

increase linearly with the logarithm of frequency due to either the decreasing 

compliance with frequency, as expected for a viscoelastic material, or localised 

generation of heat leading to thermal softening. A decrease in fatigue life was 

found on testing at 37°C in saline probably for similar reasons. 

The effect of vacuum and mechanical mixing of PMMA powder and liquid 

monomer were also investigated. Linden (1989) conducted four point bending 

fatigue tests at three different stress levels; 15,20 and 25MPa and a frequency of 

4Hz. Three cements were investigated; CMW (high viscosity), Simplex-P 

(medium viscosity) and Zimmer LVC (low viscosity). The cements were 

mechanically mixed for 2 minutes at 500 rpm under a vacuum of 0.15 MPa. The 

vacuum and mechanical mixing resulted in improved fatigue properties over 
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manual mixing for all three cements, with Simplex-P displaying the highest 
fatigue resistance. 
In 1994 Soltesz investigated the fatigue behaviour of bone cement under load or 
displacement control in simulated physiological conditions. He demonstrated that 
load control led to shorter life-times, or lower long-term strengths. The 
differences were because under load control the stresses remain constant during 
the whole test, but under displacement control due to creep and crack extension, 
the stiffness of the specimen drops and therefore, the stresses decrease. This 
difference means that displacement-controlled testing is much less critical with 
respect to failure behaviour. Boneloc® was found to display the highest cycles to 
failure when tested under displacement control but lower under load control 
(Harper and Bonfield, 2000). As a result, fatigue behaviour must be measured 

under load control as this correspondes to the normal physiological situation. 
Topoleski et al. (1993) investigated the effect of both fibre reinforcement and 

pore reduction by centrifugation on the fatigue life PMMA bone cement. 
Notched and unnotched specimens of standard bone cement, pore reduced 

cement, titanium fibre reinforced cement and both pore reduced and titanium 

fibre reinforced cement were tested in fully reversed rotating-bending cyclic 
loading. Three maximum stress levels were used; 15,20, and 30MPa for the four 

cement types and the number of cycles to failure recorded. For the notched 

specimens, the crack propagation was important and the stress intensity factor, KI 

, affected the fatigue lives of specimens. Both porosity reduction and fibre 

addition increased the crack propagation resistance with respect to the standard 

cement and when both were applied together the longest fatigue lives were 

obtained. For the unnotched specimens at the highest stress level, the reinforced 

cement did not have an increased resistance to crack propagation, but in all other 

combinations of stress level and preparation technique, the number of cycles to 

failure increased. Therefore, by using a combination of pore reduction and fibre 

reinforcement, both the crack initiation and crack propagation processes could be 

controlled resulting in a bone cement which is more resistant to fatigue failure. 

More recently Lu et al. (2000) focused on the fatigue crack initiation process. 

Fatigue failure has three stages: fatigue crack initiation (FCI) followed by fatigue 

crack propagation (FCP), and finally catastrophic failure. The factors governing 

the FCI process may be different from those governing the FCP process. FCI 
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may constitute a significant part of the service life of bone cement; however, the 

role FCI plays in the fatigue life of bone cement in vivo remains unknown. 
Few studies specifically address the FCI process in PMMA bone cement. Some 

researchers argued that the FCI time for bone cement in vivo might be only a 
small percent of its total service life, because flaws and notches are created as 
bone cement cures in vivo (Maloney et al., 1989). The most likely in vivo FCI 

sites are internal flaws and irregularities on the bone cement surface. The stress 
concentration created by a flaw depends on the flaw geometry. To model the FCI 

process of a flaw, it is necessary to reproduce the stress state at that flaw. Lu et 
al. designed a mould to introduce notches with specific tip radii into fatigue 

specimens. The specified radii notches were moulded into the specimen to 

simulate the in vivo flaw formation process. The tip radii of the notches ranged 
from "sharp" <3µm to 400µm. The results demonstrated that notches created by 

the mould satisfied two requirements for FCI studies, first; the material 

microstructure at the notch tip must not be disrupted by the notching process, and 

second; the notch tip stress field, determined by the notch tip geometry, must be 

reproducible. 

2.11.3 Fracture Toughness of Bone Cement 

The initiation and progress of a crack may be driven by fatigue loading but is 

quantified by fracture toughness. Fracture toughness reflects the reliability and 

the defect tolerance capability of the cement in terms of size of the damage zone 

that is the region ahead of the discontinuity. In order to improve the mechanical 

properties of acrylic bone cements, the crack propagation mechanism should be 

understood. In bone cement, the matrix, which forms in situ does not have the 

same properties as the beads. Cracks grow within bone cement intergranularly 

(i. e. in the newly formed polymeric phase), transgranularly (i. e. in the preformed 

polymeric bead) and along the bead-matrix interface (Topoleski et al., 1993). 

Such cracks are initiated either internally by inhomogeneties or pores within the 

material, by radiopaque agents such as barium sulphate or other fillers within the 

matrix or by external factors such as surface cracks. Therefore, both the powder 

and liquid components are important. 
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When the fracture surface of bone cement containing a radiopaque agent is 

observed at high magnification in the scanning electron microscope, no adhesion 
can be seen between the polymerised PMMA and the filler particles (Topoleski 

et al., 1990; Vila et al., 1999a). Thus, the filler particles behave like pores when 
the cement is in tension (Owen and Beaumont, 1979). The presence of pores has 

also been associated with the initiation of cracks as they act as stress risers. 
Topoleski et al. (1993) postulated that pores might serve to blunt propagating 
cracks, thereby prolonging the life of the implant. Macropores with diameters in 

excess of 1 mm are created by the entrapment of air in the cement mixture during 

the mixing stage, while micropores with diameter between 0.1-1 mm are caused 
by the boiling or evaporation of the volatile liquid monomer during the curing 
stage. 

The initiation of cracks is also linked to crazing, which is the main mechanism 
for plastic deformation in PMMA in tension (Kinloch and Young, 1983). As 

energy is added to the system, the microcrazes connect and the crack extends, 
thus crazing is the initiation of cracks. A number of other studies indicated that 

the micromechanisms of fracture in PMMA bone cement give rise to an energy 
dissipation zone surrounding the crack. This zone originates primarily from 

crazing ahead of the crack tip, but may on subsequent crack extension lead to 

crack bridging by uncracked matrix ligaments and shielding of the crack tip by 

the dilated crazed zone in the wake of the crack (Atkins and Mai, 1985, 

Hertzberg, 1989). Those processes depended on the length of the crack, and can 

have a profound effect on the toughness of the material, leading to strong R- 

curve behaviour (the materials fracture resistance curve or R curve). Topoleski et 

al. (1993) also highlighted that microcracking is an energy absorption 

mechanism that operates when the cement is subjected to fatigue. The toughness 

of a material is increased by energy absorption (crazing, microcracking, etc. ) in 

the damage zone ahead of the crack tip. In this way the amount of energy 

absorption prior to fracture is increased, increasing the time for a crack to attain 

the critical length for fracture. 

Friedrich and Karsch (1981) studied the micromechanisms of damage in 

particulate filled composites including tensile failure (figure 2.11.1). When the 

composite material is under tension, the following three stages occur: 
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Step I, due to the poor or non existent bonding between the filler and matrix, the 

polymer detaches easily from the particles and creates a series of voids, on both 

sides of the particles, perpendicular to the applied stress. This step requires only 
a small amount of plastic strain for the damage to occur. 
Step II, further plastic strain is needed for the voids to grow in the direction of 
the applied stress resulting in dimple-like holes around the particles. The 

individual length of the holes, L, corresponds to the diameter of the particles, dp. 

L becomes stable once the local stress concentration around the particle is 

reduced. 

Step III, further strain is needed to deform the rest of the matrix under shear 

stress conditions until the holes merge and provide failure of the composite. 

Stage I: 

Stage II: 
Lp 

L 

\\// 
\%�/ 

Stage III: 

Figure 2.11.1 Schematic illustration of interfacial separation of filler particles 

and matrix (redrawn from Friedrich and Karsch, 1981) 

The strains at which steps II and III occur decrease as the filler fraction increases, 

and will finally lead to the transition from ductile to brittle fracture. This 

transition occurs because in the ductile mode, the polymer matrix can stretch to 
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maintain a load and would consequently be expected to provide greater strength. 
However, once in the brittle mode, coalescence of holes, which is the dominant 
crack formation mechanism, and fracture will occur before the ultimate dimple 
length L is reached. As a consequence, the maximum strain to failure is reduced 
as there is insufficient polymer matrix to develop its full resistance to crack 
growth. 

The most widely used measure of fracture resistance defined in linear elastic 
fracture mechanics (LEFM) by the critical plane strain fracture toughness, KIc 
(Jasty et al., 1991). When the cement is in tension, the cracks predominantly 
open in mode I (tensile loading) and linear elastic conditions exist. Values in the 

range of 0.335-1.6 MPa m0.5 have been reported for PMMA (Pourdeyhimi et al., 
1986; Wang and Pilliar, 1989; Litsky and Rose, 1990; Topoleski et al., 1992). 

Load versus displacement graphs are recorded for each test and used to calculate 
the fracture toughness (Storer et al., 1983; Williams, 1988/1989). Unfortunately, 

the variation described in those studies (as well as the relative ranking of 
different cements) is not entirely clear. They may be attributed to actual material 

property variation, which may be associated with polymer composition, mixing 

and/or curing methods, or to the testing techniques employed. 
Failure to meet sample size requirements may lead to fracture measurements 
dependant on both sample dimensions and crack size, making even relative 

rankings of fracture resistance questionable. However, using sufficiently thick 

specimens to satisfy plane strain fracture conditions may not accurately simulate 

the typical bone cement layer thickness of ~2-4mm. The interfaces on either side 

of the cement layer are implicitly assumed to be weak so that they do not impose 

any constraint similar to that may arise under plane strain conditions. In vivo 

plane strain and plane stress conditions may both exist due to the fact that the 

desired thickness of the cement layer is difficult to achieve in surgery. 

Wang and Pillar (1989) used a miniture short-rod fracture sample originally 

proposed by Barker (1977) for brittle material testing, with a diameter -4mm 

comparable to the cement layer thickness and based on the elastic-plastic 

analysis. Fatigue pre-cracking is not required, thus overcoming the difficulties 

associated with the standard test method. The diminutive size of the specimen 

approaches the cross-sectional dimensions of some biomaterials clinical 

application including bone cements. The small test specimen also allows in vivo 
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ageing of materials by implantation into small animals prior to testing (Pillar et. 
al., 1987). 

Vila et al. (1999a) studied the fracture toughness of bone cements containing an 
elastomeric copolymer, acrylonitrile-butadiene-styrene (ABS), using compact 
tension specimens according to ASTM E399. A sharp crack was introduced in 
the CT specimen by means of a razor blade (Williams, 1988/1989), figure 2.11.2. 
Those techniques however, have a number of limitations including: 

" Crack extension in a chevron-notch region (as opposed to a uniform 
thickness more representative of cracking configurations). 

" An artificial construction necessary to distinguish between plasticity and 
crack extension effects in the interpretation of the load-displacement data. 

" An assumption of crack-size independent fracture behaviour (or flat R-curve 

response). 

Lewis and Nyman (2000) reviewed the test specimen configurations and other 

conditions reported in the literature on the fracture toughness of bone cement, 
table 2.11.5. Despite the variation in the specimen type, method of crack 
initiation and speed of testing employed, values for fracture toughness of bone 

cement ranges between 1 and 1.5 MPa m0.5 (Lewis, 1999). Thus changing such 

parameters does not seem to have a significant effect on the values of fracture 

toughness. 

i i 

i 

H 

Figure 2.11.2 CT test specimen in accordance with ASTM E399 standard 

(from Vila et al., 1999a) 
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Table 2.11.5 Summary of test specimen configurations 

(from Lewis and Nyman, 2000) 

Specimen type 
Method of crack 

initiation 

Crosshead speed 
1 (mm min-) 

Reference 

SENB Not stated 5.0 Stark, 1979 

SENB Not stated 5.1 Robinson et al., 1981 

DCT Fatigue 7.5 Rimnac et al., 1986 

MCNSR Razor 0.5 Pilliar et al., 1987 

SENB Not stated 5.0 Wagner and Cohn, 1989 

SENB Not stated 5.0 Krause and Hofmann, 1989 

SENB Fatigue 5.1 Topoleski et al., 1992 

RCT Razor and fatigue 10.0 Friis et al., 1993 

CNSR None 1.0 Lewis et al., 1992 and 1994 

SENB Razor 5.0 Gilbert et al., 1995 

CNSR None 0.5 Lewis et al., 1998 

SENB Razor 10.0 Lewis et al., 1998 

RCT Razor 1.0 Vila et al., 1999a 

SENB Razor 2.54 Wright et al., 1999 

SENB: single edge notched beam; DCT: disk-shaped compact tension; 
MCNSR: mini chevron notched short rod; RCT: rectangular compact tension. 
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2.12 Radiopacity in Bone Cements 

Surgeons monitor the healing and failure processes after a joint replacement and 
thus bone cement must be both visible and have adequate radiopacity in order to 
be differentiated from the bone when X-rayed, figure 2.12.1. In commercial bone 

cements, whether plain or antibiotic loaded, this is achieved by the addition of 
inorganic heavy-metal salts (Chandler, 1971). Barium sulphate (BaSO4) and 

zirconium dioxide (Zr02) are the two commercially used radiopaque salts 
incorporated (table 2.12.1). In commercial bone cements the BaSO4 and Zr02 

contents range between 8-13 wt. % and 9-15 wt. % respectively (Kühn, 2000). 

Figure 2.12.1 X-ray image of a THR 

Table 2.12.1 Characteristics of radiopaque agents (from Kühn, 2000) 

Properties Barium sulphate Zirconium dioxide 

Chemical formula 

Comments 

BaSO4 

Fine white powder, insoluble in 

water and monomer 

Zr02 

Fine white powder, insoluble in 

water and monomer 

Density 4.5 g cm 1.8 g cm 

Molecular weight 233.4 123.22 

2.12.1 Mechanical Degradation in Relation to Radiopacifiers 

The most important drawback associated with the use of BaSO4 and Zr02 

radiopacifiers is that the physico-mechanical properties of the polymeric matrix 
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are reduced (Kruft et al., 1996). This reduction is not surprising, considering that 

such radiopacifiers are mixed within the cement formulation to appreciably high 

concentrations i. e. Palacos R contains 15 wt. % Zr02. In addition inorganic salts 
do not mix well with organic materials because of their highly polar ionic nature 

prevents them from binding well with the polymer matrix, thus causing a phase 

separation (Mottu et al., 1999). Ginebra et al. (2001) investigated the 

morphology of commercial radiopaque agents and found that Zr02 particles were 

cauliflower-like agglomerates and a median size of around 10µm. Conversely, 

BaSO4 was found to exhibit an egg shape and have a median size in the 

submicron range with a few larger particles in the range of 5-10 µm, which is in 

agreement with the results of Isaac et al. (1987). However, the radiopacifier 

morphology has an effect on the extent of the mechanical degradation in bone 

cements (Rudigier et al., 1980). 

The addition of BaSO4 causes a significant decrease in the tensile strength, which 

is not observed with Zr02 (Ginebra et al., 2001). The particles of BaSO4 are 

much smaller and tend to agglomerates and do not adhere to the polymerised 

PMMA matrix (figure 2.12.2A). Therefore, the agglomerates behave like pores 

when the cement is in tension (Hailey et al., 1994). 

Figure 2.12.2 Tensile fracture surface of a cement containing (A) BaSO4 and (B) 

Zr02. (from Ginebra et al., 2001) 
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The agglomerates are thought to be one of the causes of decreased tensile 
properties in bone cements (Bhambri and Gilbertson, 1995; Demian et al., 1995). 
The agglomerates may also act as stress concentrators, consequently degrading 

the mechanical properties of the cement (Vallo et al., 1997; Gormoll et al., 
2000). In contrast, the cauliflower-like morphology of Zr02 particles (figure 
2.12.2B) allows a mechanical anchorage, which could avoid the decrease in the 
tensile strength that occurs in the case of BaSO4 (Ginebra et al., 2001). 

Having higher density than PMMA, the addition of BaSO4 or Zr02 tends to 
increase the density of the cement, depending on the curing pressure, however, 

this effect is not significant on porosity, and plays a minor role on shrinkage 
(Hass et al., 1975). It is usually accepted that BaSO4 above about 1Owt. % 

reduces the tensile (Hass et al., 1975; Kusy, 1978; Vazquez et al., 1997) and 
flexural strengths (Holm, 1977). The reduction in tensile strength and flexural 

strength seems to be less when Zr02 is used instead of BaSO4 (Holm, 1977; 

Rudigier et al., 1980). However, Zr02 is harder and increases the problems when 
it gets into the implant bearing surfaces. Zr02 displays a significantly higher 

opacity even when minimum weight of it is added to the polymer, such as 
Cerafixgenta (9.2 wt. %) . Bone cements with more than 15 Wt- % Zr02 in the 

polymer have the highest opacity (Osteopal, Palacos LV, Osteopal VS and 
Palacos products). 

The effect of BaSO4 on the fracture toughness of the bone cement is rather 

debatable. Some researchers claim that the addition of BaSO4 results in a 

decreased fracture toughness (Sih and Berman, 1980), others simply state that 

BaSO4 has no effect (Ginebra et al., 1999), however, one study showed that the 

addition of BaSO4 improved fatigue crack propagation resistance of acrylic bone 

cements (Molino and Topoleski, 1996). It has also been reported that BaSO4 

particles tend to agglomerate influencing the rate of formation and/or 

propagation of mechanical defects (Bhambri and Gilbertson, 1995). 

BaSO4 and Zr02 are harder than the metallic femoral component used in joint 

arthroplasty and tend to increase wear. If the particles enter the joint space they 

may cause third-body-wear, resulting in damage to the articulating surface with a 

marked increase in the production of polyethylene wear debris (Issac et al., 

1987). 
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In general, the addition of BaSO4 and Zr02 to PMMA bone cements does not 
appreciably modify hardness, solubility and water absorption characteristics of 
the material (Alvares, 1966). However, it increases compressive strength and 
reduces transverse strength up to 25-34% in dry conditions and 12-21% after 
conditioning with water for six weeks at 37°C, table 2.12.2 (Chandler et al., 
1971; Chang et al., 1981). 

Table 2.12.2 Mechanical properties of cements containing radiopaque agents 
(from Chang, 1981). 

Compressive Transverse strength Water absorption (%)* 
Filler strength (MPa) (MPa)* 

particles 
Dry Wet Dry Wet lwk 4wks 25wks 

None 138 117 122 95 1.88 2.01 2.18 

Zr02 

(28 wt %) 145 128 88 79 1.39 1.44 1.56 

BaSO4 

(28 wt %) 142 120 90 75 1.78 1.86 2.00 

* No standard deviation (SD) values were quoted by the author. 

2.12.2 Aseptic Loosening 

Implants loosen when the bone supporting it is resorbed. Aseptic loosening 

which is commonly associated with periprosthetic bone loss, is evident 

radiographically as a linear, diffuse or more localised radiolucency around the 

implant and is often referred to as osteolysis (Revell, 1982; Wright and 

Goodman, 1995). The mechanism of aseptic loosening is likely to be 

multifactorial. Although, mechanical factors such as prosthetic design, implant 

material, surgical technique and quality of fixation are known to be important 

(Aspenberg and Herbertsson, 1987), the most widely accepted theory for 

periprosthetic bone loss is the presence of a local chronic inflammation in 

response to biomaterial wear particles (typically less than 7-10µm in diameter) 

generated from the prosthetic implants (Revell, 1982; Malcolm, 1988; Harris, 

1994; Wright and Goodman, 1995) For migration of these particles to the bone- 

implant interface to occur, they must have access. Lack of initial stability and 
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excessive micromotion of the implant later in life lead to the formation of a 
fibrous layer, of variable thickness, between the implant and bone (Malcolm, 
1988). 

Harris (1995) proposed that this fibrous tissue allows movement of fluid which 
carries particles to the bone-implant interface. Histological examination of the 
fibrous membrane reveals the presence of numerous macrophage and 
macrophage polykaryons predominantly in association with biomaterial wear 
particles generated from the prosthetic implants (Malcolm, 1988; Harris, 1994 

and 1995). The extent of the macrophage response evoked by these wear 

particles has been shown to correlate with the amount of periprosthetic osteolysis 
(Harris, 1994 and 1995). This is reflected clinically in the severity and rapidity of 

onset of aseptic loosening (Santavirta et al., 1990). 

2.12.2.1 Macrophages and Wear-Induced Osteolysis 

Macrophages (including foreign body macrophages in periprosthetic tissues) 

produce inflammatory mediators (e. g. cytokines, growth factors and 

prostaglandins) that indirectly stimulate osteoclastic bone resorbing activity 
(Goodman et al., 1989 and 1990; Murray and Rushton, 1990; Kim et al., 1993). 

Osteoclasts are specialised multinucleated bone-resorbing cells, which are formed 

by fusion of mononuclear phagocyte precursors. Fujikawa et al. (1996a) 

developed a method of generating human osteoclasts in vitro from cultures of 

peripheral blood monocytes and tissue macrophages (Fujikawa et al., 1996b; 

Sabokbar et al., 1998). Fujikawa et al. (1996a) also showed that monocytes and 

macrophages, when co-cultured in the presence of osteoblastic cells can 

differentiate into osteoclastic bone resorbing cells. It is now known that osteoclast 

precursors express a factor known as receptor activator for nuclear factor xB 

(RANK) (Nakagawa et al., 1998), and that these cells differentiate into mature 

osteoclasts when in contact with osteoblast-like/stromal cells which express the 

ligand for this factor; i. e. RANK ligand (RANKL) (Lacey et al., 1998). 

Macrophage-colony stimulating factor (M-CSF) is also essential for osteoclast 

formation (Goodman, 1990). Fujikawa et al. (2000) have also shown that M-CSF 

is particularly important in promoting the early stages of osteoclast formation 

from mononuclear precursors, i. e. the proliferation and differentiation phase. 
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A number of other factors are also known to influence RANKL-mediated 

osteoclast formation such as osteoprotegerin (OPG), the soluble decoy receptor 
for RANKL, which is now known to be a potent inhibitor of osteoclast formation 
(Simonet et al., 1997). Itonaga et al. (2000) recently showed that particle- 
associated macrophages isolated from failed joint arthroplasties could 
differentiate into mature functionally active osteoclastic cells in the presence of 
RANKL and M-CSF. In addition, Itonaga et al. has also shown that RANKL- 
induced osteoclast differentiation in these tissues can be significantly inhibited by 
OPG. Moreover, using semi-quantitative reverse transcription-polymerase chain 
reaction (RT-PCR) techniques, has shown that there is a marked increase in the 

expression of RANK and RANKL: OPG ratio in periprosthetic tissues as 

compared to osteoarthritic tissues Sabokbar et al. (2001). These results suggest 
that there is a heavy infiltrate of RANK-expressing osteoclast precursors in the 

periprosthetic tissues and that RANKL-dependent macrophage-osteoclast 
differentiation represents an important cellular mechanism for this bone disorder. 

Recently it has been reported that some hormonal factors (e. g. TNF(x) are capable 

of substituting for RANKL in supporting osteoclast differentiation from mouse 

marrow precursors (in the presence of M-CSF) (Kobayashi et al., 2000). 

Hirayama et al. (2000) has recently shown that human monocytes and 

macrophages may also be induced to form osteoclasts in the presence of M-CSF 

and TNFa, but in the absence of RANKL. Moreover, there is evidence which 

shows that TNFa and IL-1P (in the presence of M-CSF) can support 

macrophage-osteoclast differentiation in periprosthetic tissues in a manner 

independent of RANKIJRANK mechanism (Sabokbar et al., 2001). 

2.12.2.2 PMMA-Induced Osteoclast Formation 

A role for macrophage-osteoclast differentiation in periprosthetic tissues has 

been verified by a number of studies which have investigated expression of 

macrophage and osteoclast markers on mononuclear and multinucleated cells 

containing wear particles (Chun et al., 1999). These studies showed that cells 

expressing markers of osteoclasts and macrophages are found in periprosthetic 

tissues and suggested that the osteoclast formation from wear particle-containing 

macrophages occur in a step-wise fashion in this tissue location. Sabokbar et al. 
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(1998) and Neale et al. (2000) have previously shown that mouse and human 

macrophages responding to particulates of a large number of commonly 
employed implant biomaterials [e. g. titanium, cobalt-chrome, ultra high 

molecular weight polyethylene and PMMA-based bone cement] are capable of 
differentiating into osteoclastic bone resorbing cells. In these studies, the extent 
of osteoclast formation (and consequently bone resorption) varied depending 

upon the composition of the biomaterial wear particles. Sabokbar et al. (1998) 

reported that titanium, polyethylene and PMMA-based bone cement particles 
induced the most significant murine macrophage-osteoclast differentiation in 

vitro. Further analysis of PMMA-induced osteoclast formation revealed that 
PMMA particles containing radio-opaque contrast media, such as barium 

sulphate (BaSO4) or zirconium dioxide (Zr02) significantly enhance this process 

of macrophage-osteoclast differentiation in rodents in vitro (Sabokbar et al., 
1997). In agreement with their findings, Lazarus et al. (1994) also showed that 
PMMA particles containing BaSO4, compared with PMMA alone, significantly 

enhanced the local release of known stimulators of osteoclastic bone resorption 

such as prostaglandins and TNFa in a rat air-pouch model. Moreover, injection 

of PMMA particles containing BaSO4 into knee joint of rodents, caused 

significantly greater bone resorption than injected particles of PMMA with no 

additives. The preliminary results of Sabokbar et al. (2000), using the 

RANKIJM-CSF system, similarly indicated that BaSO4-containing PMMA 

particles can stimulate human osteoclast differentiation. Moreover, using a time 

study, their preliminary results suggested that osteoclast formation in response to 

PMMA particles containing BaSO4 occurred sooner than PMMA particles with 

no additives. 

To reduce the osteolysis associated with PMMA bone cement, a number of novel 

ideas have been pursued. For instance, using a murine in vitro model of osteoclast 

formation Pandey et al. (1996) have reported that PMMA particle-induced 

osteoclast formation can be markedly inhibited by anti-osteolytic drugs such as 

bisphosphonates, either by adding the factor to the PMMA-containing murine co- 

culture or by incorporating the drug into PMMA bone cement directly (Sabokbar 

et al., 1998). 
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2.13 Alternative Radiopaque Agents 

The problems encountered with the commercially available radiopaque agents 
led to the search for alternatives to improve the overall performance of the 
cement previously compromised by the addition of BaSO4 or Zr02. The 

mechanical properties of acrylic bone cements have been reported to improve by 
the substitution of the radiopaque agent with monomers such as 2,5 diiodo-8 

quinoloyl methacrylate (Ginebra et al., 1999). In the same way, polymer beads 
from copolymers of methacrylate/methacrylic monomers containing 
triiodobenzoate have been reported to give radiopacity to cold cure systems 
(Causton and Davy, 1982). 

Ginebra et al. (1999) proposed introducing an X-ray opaque iodine-containing 

methacrylate such as 2,5-diiodo-8-quinolyl methacrylate (IHQM) into the liquid 

phase of the bone cement. In previous work, they observed that the incorporation 

of this monomer produced a decrease in the peak temperatures and a slight 
increase in the setting time. The addition of IHQM provided a significant 
increase in the tensile strength, fracture toughness and ductility with respect to 

BaSO4 containing cement. This effect may be attributed to the fact that the use of 
IHQM eliminates the porosity associated with BaSO4 particles, which shows no 

adhesion to the matrix. 

Recently, Kjellson et al. (2001) investigated the use of two non-ionic, water- 

soluble iodine-based X-ray contrast media, iohexol (IHX) and iodixanol (IDX). 

Their study indicated that the addition of such contrast media resulted in less 

bone resorption than commercial radiopaque agents such as BaSO4 and Zr02 and 

depending on the amount and particle size of such media, the mechanical 

properties can be optimised. 

Smid et al. (1989) invented radiopaque materials containing a heavy metal Lewis 

acid radiopacifying salt complexed with a polymer containing a Lewis base 

monomer or a mixture of monomers. In their invention, any heavy metal 

coordinate-covalently-bonded salt capable of overlapping with an electron pair 

can be complexed with an electron pair donating monomer. The electron 

62 



donating monomer such as ester or ketone, will readily interact with radiopaque 
heavy metal Lewis acid salts such as bismuth tribromide, to form solubilised 
homogeneous salt-monomer complexes. The electron rich carbonyl functionality 

of such monomers has substantial affinity for these mild Lewis acids. The 
overlapping of electrons from the carbonyl group to bismuth and other heavy 

metal ions forms the basis for the interaction of these compounds and their 
natural compatibility. The salt-monomer complexes can then be polymerised into 

radiopaque materials with radiopacities exceeding that of aluminium by at least a 
factor of 2. The salt, which is complexed at the molecular level, is 
homogeneously distributed in sufficiently high concentrations to provide 
adequate radiopacity to the polymer without altering its mechanical and physical 

properties. The transparent bismuth tribromide (BiBr3) or bismuth chloride 
(BiC13) containing resins slowly turn opaque on lengthy exposure to moisture, as 

water penetration causes the formation of insoluble bismuthoxyhalides. Bismuth 

halides also inhibit room temperature polymerisation of monomers carried out 

with a mixture of a peroxide and an amine accelerator e. g. N, N-dimethyl-p- 

toluidine, by complexing with the amine and forming adducts (Delaviz et al., 
1990). The strong interaction between the carbonyl oxygen and bismuth is the 

reason for the high solubility of BiBr3 and BiC13 in monomers such as acrylate 

and vinyl acetate (Combe, 1971; Smid et al., 1987 and 1989). Delaviz et al. 
(1990) demonstrated this relationship through infrared, 1H- and 13C-NMR spectra 

of carbonyl-containing compounds in which bismuth salts or other Lewis acids 

were dissolved. In their investigation, they found that the 1727 cm-1 carbonyl 

absorption of MMA showed an additional peak at 1705 cm-1 in the presence of 

sufficient BiBr3. However, in a mixture of PMMA/ BiBr3 two distinct carbonyl 

absorptions were seen at 1732 cm -1 (as in salt free PMMA) and 1685 cm -1 

(belonging to the C=O ... BiBr3 adducts). A mixture of MMA/ BiBr3 in a ratio of 

2: 1 was homogeneous and exhibited a 13C-NMR shift of 3.6 ppm for the 

carbonyl carbon and a 4.8 ppm shift for the , 
8-vinyl carbon. The combined results 

were in agreement with the formation of an adduct between the bismuth halide 

and the carbonyl group. BiBr3 was also found to form a sharp melting 1: 1 adduct 

with the dimethyl malonate in which only one of the carbonyl groups appeared to 

be complexed with the bismuth (Smid et al., 1987). 
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Rawls et al. (1990) investigated an organometallic compound known as zirconyl 
dimethacrylate, which was soluble in acrylic monomers but did not provide 
sufficient radiopacity for biomedical applications. 

R' 
Bi 

\X 

R3 

R2 

Figure 2.13.1 (A) Chemical structure of Triphenyl bismuth (Ph3Bi) and (B) 

Formula of the organometallic compound (from Smid et al., 1993) 

However, Smid et al. (1993) investigated another organometallic compound 

(figure 2.13.1A) known as triphenyl bismuth (TP B), Ph3Bi. The organometallic 

compound is based on the formula shown in figure 2.13.1B, where X is a heavy 

metal and R1, R2 and R3 may be the same or different and are individually 

selected from the group consisting of phenyl, halogen substituted phenyls, alkyl 

substituted phenyls, aryl substituted phenyls, ester substituted phenyls, alkene 

substituted phenyls, silyl groups and methylmethacrylate. R3 can additionally be 

selected from the group consisting of halogen, alkyl, alkene, ester and carboxylic 

acid when R3 is not the same as R1 and R2. In the case of BiPh3, Xis Bismuth, Bi, 

and R1, R2 and R3 represent the three-phenyl groups, Phi. Smid et al. 's invention 

provided radiopaque materials that consist of a heavy metal containing organic 

compound as a radiopacifying agent miscible with a polymer at the molecular 

level. Therefore, instead of a physical and heterogeneous mixture of 

radiopacifying agent and polymer, which adversely affected the mechanical and 

physical properties of the material, according to Smid et al. 's invention, TPB 

could be homogeneously solubilised into a polymer during polymerization of the 

corresponding monomer, in which the radiopacifying compound was also 

soluble. 
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Another aspect of Smid et al. 's invention was to provide radiopaque materials 
consisting of a heavy metal containing organic compound incorporated directly 
into a polymer chain. For example, by employing organometallic compounds in 

which one or more of the R1, R2 and R3 substituents was a polymerisable group, 
such as a styryl substituent. The polymerisation of a monomer in the presence of 
such a compound produced a material where the organometallic compound was 
incorporate directly into the backbone of the polymer chain. The distribution of 
the organobismuth compound would therefore be on a molecular level, thus 

producing a homogeneous composite where the heavy metal radiopacifying 

agent was nonleachable. This is mainly because the organobismuth compound 

was actually part of the polymer chain. 
TPB, a white solid melting at 78°C, is relatively non-polar and thus hydrophobic, 

which makes it insensitive to moisture and hence keeps composites transparent. 

Moreover, its water insolubility reduces its leaching out in an aqueous 

environment and is stable in heat and air. TPB's apolar character makes it soluble 
in a wide range of solvents such as hexane, benzene, chloroform, 

tetrahydrofuran, and acetone. It also solubilizes in a variety of monomers, for 

example acrylates (up to 70wt. % soluble in acrylic monomers such as MMA), 

styrene, isoprene, acrylonitrile, and vinyl acetate. TPB known uses include 

bactericide, antioxidant and stabiliser and hence by incorporating it into 

polymers may provide some of these characteristics. Delaviz et al. (1990) found 

that unlike bismuth tribromide (BiBr3) or bismuth chloride (BiCl3), TPB when 

dissolved in acrylates or their polymers did not cause a significant 13C-NMR or 

IR shifts in the carbonyl group. They also found that the addition of 40wt. % of 

TPB to MMA (6: 1 molar ratio) caused only 0.1 ppm shift in the 13C-NMR peak 

of C=O. A distinct advantage of TPB over the bismuth halides is the fact that 

polymerisation of acrylates proceeds equally smoothly when carried out at room 

temperature with benzoyl peroxide (BPO) and an amine accelerator such as N, N- 

dimethyl-p-toluidine (DMPT). TPB does not easily form adducts with amines, 

unlike bismuth halides which deactivate the accelerator by complexing with the 

amine. Smid et al. (1993) reported an increase in radiopacity to that of 

aluminium when 24 wt. % of Ph3Bi was added to PMMA (Cabasso et al. 1990). 

However, it was found that TPB act as a plasticiser and the glass transition 

temperature (Tg) was lowered by 1.3°C/ wt. % TPB (Ignatiuos et al., 1991). 
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CHAPTER THREE EXPERIMENTAL MATERIALS AND METHODS 

3.1 Materials and Preparation Methods 
The cement used in this investigation was CMW1 Original (table 3.1.1), which is 

a high viscosity cement supplied by DePuy CMW (Blackpool, UK) with barium 

sulphate (BaSO4) radiopacifier supplied separately. 

Table 3.1.1 Composition of CMWJ Original bone cement (DePuy CMW, 

Blackpool, UK) 
Liquid Phase 

Methyl methacrylate (MMA) Monomer 99.18 (%w/w) 

N, N-dimethyl-p-toluidine (DMPT) Accelerator <0.82 (%w/w) 
Hydroquinone Stabiliser 25 (ppm) 

Solid Phase 

Poly(methyl methacrylate) (PMMA) Polymer 97.75 (%w/w) 
Benzoyl peroxide (BPO) Initiator 2.25 (%w/w) 

Barium sulphate: supplied separately (2x2.5g) Radiopacifaer 12.5 (%w/w) 

The experimental cements were prepared by replacing BaSO4 with 10,15 and 25 

wt. % (with respect to the polymer powder weight) of triphenyl bismuth (TPB). 

The weight ratio of polymer to monomer is 2: 1. CMW1 Original was used to 

prepare all the cements in this study so that the molecular weight and the 

amounts of initiator, benzoyl peroxide (BPO) and activator N, N-dimethyl-p- 

toluidine (DMPT) were kept constant within batch to batch variation. TPB is a 

whitish odourless powder with a purity level of 99+%. It was supplied by 

ALPHA AESAR (Johnson Matthey GmbH, Germany) and some of its properties 

are listed in table 3.1.2. 
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Table 3.1.2 Properties of TPB 

Melting range 78.78.5°C 

Boiling point 242°C (14 mm Hg) 

Danger of explosion Product not explosive 

Density at 20°C 1.585 g cm-' 

Solubility/ miscibility with water Insoluble 

Acute toxicity (LD/ LC50) Oral LDL0 320 mg (Kg [mus])-' 

The experimental cements were manually mixed (hand mixed) at 23°C ±2°C with 

a metal spatula. Careful mixing was preferred to minimise air entrapment into the 

cement dough. It was also important that the cement constituents were 
maintained at 23°C ±2°C as recommended by the manufacturers for optimum 

mechanical and physical properties. Two distinct methods were employed to 

prepare the cements, blending and dissolution. 

3.1.1 Blending 

Cements prepared by the blending method involved physically admixing TPB 

with the polymer powder (PMMA) in an open bowl (no mechanical mixing was 

performed) at room temperature. The liquid monomer was then added to the 

TPB/PMMA mixture (figure 3.1.1), followed by room temperature 

polymerisation. 

Ale 
MMA PMMA IT 

Mix 

Figure 3.1.1 Preparation of cement by the blending method 

3.1.2 Dissolution 

In this method, TPB was added to the liquid monomer (MMA) to form a solution 

(TPB is up to 70wt. % soluble in MMA monomer). The TPB/MMA solution was 

67 



then added to the polymer powder (PMMA) in a glass beaker, followed by room 
temperature polymerisation (figure 3.1.2). 

Mix 

Figure 3.1.2 Preparation of cement by the dissolution method 

With both preparation methods, once the cement has been prepared, the dough 

was inserted into the appropriate PTFE mould. The filled moulds were clamped 
between two metal plates for a minimum of 30 minutes to control the porosity 

and shape of the final specimens. Once the specimens were removed from the 

mould, they were separated and the flash removed using a file. 

3.2 Experimental Procedures 

3.2.1 Polymerisation Kinetics 

The isothermal polymerisation reaction of TPB-containing bone cements were 

investigated using differential scanning calorimetry (DSC) which measures the 

difference in energy supplies to the sample and reference during an isothermal 

heating scan. Therefore, if an endothermic or exothermic reaction takes place the 

power supplied to the sample will be greater or less than that supplied to the 

reference. The recorded differential power gives a direct measurement of the 

energy change in the sample. The results can therefore be plotted in the form of, 

change in energy (AH) versus temperature graphs, otherwise known as 

thermograms, with the area under the peaks giving the enthalpy of the reaction. 

A change in height of the baseline signifies a change in the heat capacity of the 

sample. The difference between the actual baseline and the zero of the instrument 

divided by the heating rate gives the difference in the heat capacity between the 

sample and the reference. 
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A PerkinElmer DSC 7 (PerkinElmer, Beaconsfield, Buckinghamshire, UK) 
differential scanning calorimeter fitted with an Intracooler 2 cooling system and 
connected to a Dell OptiPlex GXl personal computer, was used. Samples of 
cement dough (between 25.4 and 49.7 mg in weight) were placed into aluminium 
sample pans (Perkin Elmer, P/N 0219-0042). The pans were crimped closed 
using a Standard Sample Pan Crimper Press with an aluminium-sealing insert, 

but not hermetically sealed. 
The specimens (table 3.2.1) were tested under isothermal conditions at 23°C for a 

minimum of 25 minutes to follow the heat of the reaction at constant 
temperature. The weight of the pan was recorded empty at the beginning of the 

experiment and again at the end to determine the weight of the cement used. In 

addition, the time at which the cement was introduced into the DSC was also 

recorded in order to calculate the enthalpy energy of the reaction. 

Table 3.2.1 Isothermal polymerisation reaction: testing conditions 

Cement type 
Samples 

tested 

Weights of 

samples (mg) 
Testing condition 

Control (Plain cement) 3 27.9,30.3,18.8 Isothermal- 

BS (barium sulphate containing cement) 3 45.4,29.7,33.2 Hold for 25 minutes 

at 23°C. 

10% TPB- Blending (10%B) 3 26,37.6,28.6 

15% TPB- Blending (15%B) 3 38.8,28.1,40.2 

25% TPB- Blending (25%B) 3 53.9,35.7,52.5 

10% TPB- Dissolution (10%D) 3 31.9,29.5,31.4 

15% TPB- Dissolution (15%D) 3 49.1,46.3,53.6 

25% TPB- Dissolution (25%D) 3 22,47.8,27.7 

3.2.2 Polymerisation Exotherm 

A PTFE mould and plunger (figure 3.2.1) was used in accordance with ISO 5833 

(2002-E). A thermocouple (wire of diameter 0.5mm) was positioned with its 

junction 3±0.5mm above the bottom, internal surface of the mould. The 

thermocouple was connected to a digital thermometer to give a continuous record 

of temperature with an accuracy of ± 0.5 °C. A stopwatch was used to measure 

time to an accuracy of ± 0.1 seconds. 
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When measuring the polymerisation exotherm of bone cements, it was ensured 
that all mixing and test equipment were maintained at 23 ± 2°C for 3-4 hours 

prior to testing. The ambient temperature was recorded prior to each 

measurement. The appropriate amount of monomer component was added to the 

polymer powder and stirring commenced. The time was recorded as soon as 

powder and liquid came into contact. After approximately 2 minutes, when the 

mixture became more viscous, approximately 25g of cement were poured into 

the mould. The plunger was pushed down and any cement expelled from the 

mould through the pressure relief holes was removed (figure 3.2.1). 
4 

1 
. ýý 

5 

a) oie b) Plunger 

1. outer ring 
2. bottom 
3. channel for thermocouple 
4. optional polymer screw of any suitable size to aid removal of test specimen 
5. four tapered holes for extrusion of excess material 

a Diameter of hole for thermocouple 

Figure 3.2.1 PTFE mould for exothermic measurements 

(from BS ISO 5833,2002). 

The procedure was repeated for three times in order to calculate a mean value. 

The temperature was recorded every 15 seconds and a temperature/time profile 

was plotted and used to determine the maximum polymerization temperature, 

setting time and dough time (figure 3.2.2). The dough time was measured as the 

time from the onset of mixing until the cement dough no longer sticks to non- 

powdered gloved hand. The mean setting time was measured from the onset of 

mixing, until the temperature of the polymerising mass reached: 

70 



Tset =[ Tmax + Tamb I-2 

Where: 

TrmX = maximum polymerization temperature °C 

Tamb = ambient temperature T. 

ý: 
0 
aý r171 ,x 

cD 
C- 
E 

Tre 

Tam, b 

0 

Time, min 

Figure 3.2.2 Polymerisation temperature profile 

(3.2.1) 

3.3 Physical Properties 

3.3.1 Particle Size and Morphology 

The distribution of particle sizes was measured for both TPB and BaSO4 powders 

prior to incorporation into bone cement. A Malvern MastersizerTm X particle size 

analyser, connected to a NEC powermate SX/16i PC, was used to assess the 

distribution of particle diameters. Cumulative frequency plots of volume 

percentage were obtained from which the mean, mode and range of particle 

diameters were calculated. The morphology of the powders, i. e. TPB, BaSO4 and 

PMMA were investigated using a high resolution JEOL JSM-TC 848 scanning 

electron microscope (SEM) operated at an accelerating voltage of 10 W. The 

powders where coated with gold prior to SEM examination. 
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3.3.2 Water Uptake Characterisation 

Rectangular shaped specimens of approximately 45mm X 20mm X 1mm were 
prepared using the blending and dissolution methods. The weight and dimensions 

of all specimens were recorded accurately. The specimens were first measured 
for their water sorption followed by desorption (1st cycle) and was repeated in the 

second cycle. Each specimen was placed inside a ground glass stoppered test- 
tube filled with distilled water. The test tubes were then placed in a 
thermostatically controlled water bath maintained at 37°C ± 0.5°C. The change in 

the weight of the specimen is minute and therefore the weighing should be 

accurate to ± 0.0001g. At noted time intervals, each specimen was taken out of 
the water at room temperature, dried on filter paper to remove the excess water 
then weighed and returned to the water until equilibrium. 
On the first day of sorption measurements, multiple weight measurements were 

recorded (every 10 minutes for the first hour, then every 30 minutes for the 

following 3 hours). This was then followed by two readings a day until 

equilibrium was reached. Once the first cycle of sorption and desorption was 

completed, the specimens were returned to the water for a second cycle of 

sorption. The recorded data was used to calculate the sorption diffusion 

coefficient (D) using equation 3.3.1. 

MUM' = 2{Dt/7Cl2}0.5 

Where: Mt = mass uptake at time t. 

M°° = equilibrium uptake 
21 = thickness of specimen 

D= diffusion coefficient 

(3.3.1) 

The diffusion coefficient (D) can be determined from equation (3.3.1) by 

substituting the water uptake measurements as measured at specific time 

intervals until equilibrium is reached. A plot of Mt/M' against t0-5 should provide 

a straight line with the slope, s, is given by the following equation: 

s= 2{D/1Cl2}0.5 (3.3.2) 
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A value for D can be obtained from the following equation: 

D= (s2nl2)/4 (3.3.3) 

3.3.3 Rheological Assessment 

The changes in rheological characteristics of the TPB-cements were studied 
using a Paar 

Physica® Rheolab MC 100 rheometer (Paar Physica®, Mel3technik GmbH, 

Stuttgart, Germany) with US 200 software connected to an MBC 2250, Type 

2250 personal computer. A parallel plate rheometer (figure 3.3.1) with a diameter 

of 30mm was employed in this experiment to determine small deformation 

measurements of storage modulus (G), loss modulus (G') and complex dynamic 

viscosity (i p) according to equation 3.3.4. 

17* = (G, 2 
+ G"2)°5/ Q) 

Where Co is the frequency in rads per second. 

(3.3.4) 

The cement constituents were mixed for approximately I minute and the dough 

was then transferred onto the fixed lower plate of the rheometer and the mobile 

upper plate was brought into contact. The upper oscillating plate was positioned 

1 mm above the lower immobile plate. Dynamic measurements were made at a 

constant strain of 5% and a constant angular frequency of 10 rads per second for 

30 minutes giving sufficient time period for the defined viscoelastic parameters 

to equilibrate. All dynamic measurements were conducted at room temperature. 

Upper plate 

Lower plate 
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3.3.4 Molecular Weight Analysis 
Molecular weight measurements were determined using gel permeation 
chromatography (GPC) performed by the Rubber and Plastics Research 
Association (RAPRA) Technology Ltd, UK. A single solution of each sample 
was prepared by adding 10 ml of solvent to 20 mg of sample and left for a 
minimum of four hours to dissolve. The solutions were mixed thoroughly and 
filtered through a 0.2 micron polyamide membrane into sample vials, which were 
placed in an autosampler. The GPC system used for this work was calibrated 

with poly(methylmethacrylate) and all of the results were expressed as the 
"PMMA equivalent" molecular weights. 
Molecular mass distribution plots, molecular mass averages and polydispersity 

values were obtained for each sample. 

Chromatographic Conditions 

Columns: PLgel guard plus 2x mixed bed-B, 30 cm, 10 microns, 
Solvent: Chloroform, 

Flow-rate: 1.0 ml/min (nominal) 

Temperature: 30°C 

Detector: Refractive index (plus light scattering and differential 

pressure) 

The data was collected and analysed using Viscotek `Trisec 3.0' and `Trisec 

2000' software. Two repeat tests were performed per cement. 

3.4 Structural Properties 

3.4.1 FTIR Assessment 

Fourier-Transform Infrared spectroscopy utilising a Golden Gate Single 

Reflection Attenuated Total Reflectance system, with a Diamond ATR Top Plate 

was used to investigate the nature of the bonding that exists between the MMA 

and TPB in cured bone cement (figure 3.4.1). Thin specimens of bone cement 

(-1 mm thick) were prepared by the blending and dissolution methods at room 

temperature and were allowed to cure in air at 37°C for 24 hours before testing. 

The cement specimen was placed onto the diamond sample area and the bridge 
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was then clamped down to secure the specimen in position. The specimen is thus 

compressed between the diamond and sapphire anvil and a beam is transmitted 
through it. 

ýý 

Compression 
head anvil 

1771 

d'ý 
Figure 3.4.1 FTIR-ATR system 

3.4.2 Scanning Electron Microscopy (SEM) 

Following the failure of the tensile, fatigue and flexural test specimens, the 

fracture surfaces were examined using a JEOL JSM-TC 848 scanning electron 

microscope (SEM) at an accelerating voltage of 5-10 kV. After testing a section 

containing the fracture surface was placed on a stub and coated with a thin layer 

of gold or carbon for observation. 

3.5 Thermal Properties 

The effect of TPB on the Tg of PMMA bone cements was measured on a Perkin 

Elmer (Pyris Diamond DSC) differential scanning calorimeter (see section 3.2.1 

for DSC description). The cement sample and an inert reference sample were 

heated in a nitrogen atmosphere and the thermal transition was detected and 
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measured. During the experiment, samples were kept at a temperature equal to 
that of the reference sample by either supplying or removing heat to one or both 

materials. At Tg an endothermic shift in the base line was observed, as more heat 
has to be supplied to the cement sample so that it was maintained at the same 
temperature as the reference sample. The heat capacity of the cement sample was 
significantly increased as it passed through Tg. Therefore; the area under the 

curve was directly proportional to the thermal energy absorbed/released during 

the transition. Approximately 5-10 mg of the cement sample was sealed in 

aluminium pan and placed in the DSC chamber. In practice, an empty pan was 

used as the reference material. The instrument was calibrated with indium. 

The following heating/cooling procedure was followed: 

1. Hold for 1 minute at 0°C 

2. Heat from 0°C to 150°C at 10°C/minute 

3. Hold for 1 minute at 150°C 

4. Cool from 150°C to 0°C at 10°C/minute 

5. Hold for 1 minute at 0°C 

6. Heat from 0°C to 150°C at 10°C/minute. 

Cured cement specimens (conditioned dry in an oven at 37°C for a minimum of 

24 hours prior to testing) were immersed in liquid nitrogen and then crushed into 

coarse powders using a Retsch ZM 100 ultra-centrifuge mill with 1 mm sieve 

ring. The Tg is usually determined using the second heating cycle of the sample. 

This is because the sample would be fully polymerised during the first cycle; 

thus the second cycle is more representative of the actual material properties. 

3.6 Mechanical Characterisation 

3.6.1 Tensile Test 

Tensile testing was conducted according to ISO 527 on an Instron 6025TM testing 

machine using a clip-on extensometer with a gauge length of 25mm to measure 

the extension of the specimen upon loading. The crosshead speed employed was 

5mm/min at a data rate of 10 Hz, and load cell of 2 kN capacity. Force versus 

extension graphs were plotted for each specimen. The maximum tensile strength 
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(Gmax), strain to failure (F-f) and Young's modulus (E) were calculated using the 
following equations: 

On-ex = Fmax /A (3.6.1) 

Ef =AL/Lo (3.6.2) 

E=6, X/F-f (3.6.3) 

Where: 

FAX = Maximum force (N) 

A= Cross-sectional area of the specimen (mm2) 

Lo = original gauge length 

AL = extension of specimen 

A minimum of eight specimens was tested for each condition and the mean and 

standard deviation were calculated. Tests were only considered valid when. 
failure occurred within the gauge length. Specimens that contained pores within 

their gauge section that exceeded 3 mm in radius were rejected. The dimensions 

of the specimen used were half-sized ISO 527 moulded specimens, figure 3.6.1. 

The surfaces of the specimens were polished in order to remove any visible 
flaws, scratches or imperfections. 

75mm 

ýIIlillýý_ ý_ 

Omm 

- r"ý- 25mm 
3-4mm 

Figure 3.6.1 Dimensions of tensile and fatigue specimens 

Specimens were divided into two batches. The first batch was conditioned dry in 

an oven at 37°C for a minimum of 24 hours. The second batch was conditioned 

in saline solution (Sigma Diagnostics®, 0.85 wt. /vol. % NaCl solution) at 37°C for 

two weeks. All specimens were tested dry at room temperature. 
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3.6.2 Compression Test 

Compression testing was carried out in a Servohydraulic Testing Machine 

(MTS® Bionixe 858). The tests were conducted according to ISO 5833: 2002(E) 

standard using cylindrical specimens where the ratio of the length to the diameter 

is 2: 1 as shown in (figure 3.6.2). Specimens were conditioned for two weeks in 

saline solution at 37°C ±1 °C prior to testing. The tests were also conducted in 

saline solution maintained at 37°C ±1 °C. For each cylinder, the ultimate 

compressive strength (UCS) was determined from the force applied to cause 
fracture, or the 2% offset load or the upper yield-point load, whichever occurred 
first, as shown in figure 3.6.3. The UCS was then calculated by dividing the force 

by the cross sectional area of the cylinder (in square millimetres) as shown in 

3.6.4. 

UCS = Max. Load / (1/2Diameter)2 . 71 

m25 
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a) Perforated plate 

mit 

c) End plate (2 x) 

b) Mould and plates in clamp 
0s 

i 
Ij 
ý9 

d) Removal rod 

(3.6.4) 

Figure 3.6.2 Mould components for preparing compressive strength test 

specimens (from BS ISO 5833,2002) 
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Figure 3.6.3 Idealised curve of load vs. displacement for bone cement 
(from BS ISO 5833: 2002) 

3.6.3 Three-point Flexural Test 

To determine the flexural properties of cured bone cement, a three-point bend 

test was employed where the specimen was supported on two points and the 

force was exerted by a single point above (figure 3.6.4). 

5mm 
I]+- 

b 

10mm 

Figure 3.6.4 Schematic diagram of the three-point bend test and specimen 

dimensions 

The specimens were flat, rectangular bars of dimensions, 80mm length, 10mm 

width and approximately 5mm thickness, in accordance with ASTM D790. 

The tests were carried out in dry conditions at room temperature on an Instron 

6025 machine with a cross-head speed of 1.7mm/min. The data was recorded and 

force versus cross-head deflection plots were obtained for each specimen tested. 

F 

80mm 
ai 
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Two batches of specimens were produced. One batch was conditioned in air at 
37°C for a minimum of 24 hours prior to testing and the other batch was 
conditioned in saline solution at 37°C for two weeks. Each batch contained a 
minimum of eight specimens. 
The thickness (h) of each specimen was measured and a mean value for each 
batch was recorded and used to calculate the span between the supports (L) 

according to the equation 3.6.5. The mean thickness value varied from one batch 

to the other according to the amount of overfilling of the mould prior to 

pressurisation. 

L=(16± 1)h (3.6.5) 

For a rectangular specimen supported at the mid-point, the flexural strength (6f ) 

is given by equation 3.6.6. 

of = 3FL / 2bh2 (3.6.6) 

where: F= applied force (N) 

L= span (mm) 

b= width of specimen (mm) 

h= thickness of specimen (mm) 

The flexural modulus was measured by calculating the deflections (Si) and (s2) 

which corresponded to flexural strains (E f, = 0.0025) and (Efl = 0.005) on the 

force-deflection curves using the following equation: 

s; =EfiL2/6h (i= 1,2) 

The bending modulus (Eb) was calculated using equation 3.6.8. 

Eb=6f2-6f1/ Ef2-£fl 

Where: 6f1= flexural stress measured at the deflection, si 

ßf2= flexural stress measured at the deflection, s2 

3.6.4 Fracture Toughness 

(3.6.7) 

(3.6.8) 

Compact tension (CT) fracture toughness specimens were produced unmachined 

with two loading holes. After curing, the specimens were then machined to 
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produce a chevron notch according to ASTM E399 (figure 3.6.5). Such 
dimensions have been found to ensure plane strain conditions at the tip of the 

crack. 

The test was conducted in accordance to ASTM E399 on an Instron 6025 

tensile machine with a cross-head speed of 0.5mm/min. An optical strain gauge 
"ARAMIS" (digital camera) which was connected to the Instron machine was 
employed to measure the propagation of the crack during loading. 

. 275%i 
6w 

. 6W 

0.5 W 

Figure 3.6.5 Compact tension (CT) specimen dimensions (ASTM E399,1983) 

The surfaces of the CT specimen should be smooth and flat to enable accurate 

measurements. The CT surface facing the ARAMIS camera was sprayed with a 

thin layer of black metal paint. This coating helped the surface of the object of 

measurement to exhibit a pattern in order to be able to unambiguously match the 

pixels of the recorded images (figure 3.6.6). 

A pixel in the reference image could thus be matched to the corresponding pixel 

in the destination image. It is essential that the pattern on the object exhibit a 

high contrast to the surface so that matching can be carried out correctly. The 

size of the surface pattern should be small enough to enable the use of a fine grid 

of facets during the computation, however, on the other hand, the pattern should 

also be large enough to be completely resolved by the camera. It is crucial for the 

matching that the pattern does not exhibit any large areas of constant brightness 

e. g. broad lines. 
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Figure 3.6.6 CT specimen with sprayed surface. 

The ARAMIS system (figure 3.6.7) can detect deformation using optical 
measuring techniques. Once the deformation has been determined, the material's 

strain can also be calculated. ARAMIS processes and visualises the data gathered 
in order to obtain an impression of the distribution of strain in the measured 

specimen. Furthermore it recognises the surface structure in digital images and 

can allocate coordinates to every pixel in the image. 

Figure 3.6.7 The ARAMIS digital camera. 

The first coordinates are gathered by recording a reference image, displaying the 

specimen to be measured in its undeformed state. After the specimen has been 

deformed, a second image is recorded. The ARAMIS system then compares the 

images and can register any displacement of object-characteristics. 

The test was stopped when the specimen had fractured. The fracture toughness 

(Kg) is calculated according to the following equation: 

KQ = (PQ /BW 05) 
"f (a/W) (3.6.9) 
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Where: 

f(a/W) = (2+a/W)(0.886+4.64a/W-13.32(a/W)2+14.72(a/W)3 
-5.6( a/W)4) = (1-(a l. 5) 

PQ _ load W= specimen width 
B= specimen thickness a= crack length 

This expression is considered to be accurate within ±0.5% over the range of 
(a/W) from 0.2 to 1.0. 

3.6.5 Fatigue Test 

Low frequency fatigue testing of bone cement is important due to the fact that 

cyclic loads encountered as a result of normal physiological loading can cause 
failure at stresses well below the conventional tensile strength of bone cement. 
Half size ISO 527 flat specimens were prepared by the blending and dissolution 

methods (sections 3.1.1 and 3.1.2) and conditioned in saline solution (Sigma 

Diagnostics®, 0.85 wt. /vol. % NaCl solution) at 37°C for a minimum of twelve 

weeks. The specimens were then cycled in fully reversed uniaxial tension- 

compression fatigue mode using an MTS® Bionix 858Tm servohydraulic-testing 

machine (figure 3.6.9). Throughout testing the specimens were sprayed with 

saline solution at 37°C. 

Upper grip 

Specimen 

Lower grip 

Environmental 
champer 
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Figure 3.6.8 MTS® Bionix 858 servohydraulic-testing machine 



The test was conducted at a frequency of 2Hz in saline solution at 37°C ±1 °C 

until fracture. The specimen grips were tightened under load control to prevent 
pre-stresses, either compressive or tensile, being set up in the specimen. 
The number of cycles to failure for a given stress level was recorded and 
repeated at various levels of loading i. e. 12.5,25 and 50% of maximum tensile 
load, in order to obtain a complete S-N curve (stress level vs. number of cycles to 
failure). A minimum of eight specimens were tested at each stress level and all 
fractured surfaces were preserved for scanning electron microscopy. No special 
selection criterion was employed in terms of the size of pores within the 

specimens, however, only specimens that failed within the gauge length were 

considered. 

The fatigue results were analysed using the following methods: 

" Probability of fracture method: At any given value of endurance 

expressed as the number of cycles to failure (Nf) the probability of 
fracture, P(Nf), is determined from the following equation: 

P(Nf) = [r - 0.3] / [G + 0.4] (3.6.10) 

Where r is the failure order number (this is the number assigned to an (Nf) result 

after all the (Nf) results were arranged in ascending order of magnitude) and (G) 

is the total number of specimens tested. The 50% probability of fracture (N50) is 

obtained from the plot of P(Nf) against log (Nf). 

"A three-parameter Weibull distribution model, given by the following 

equation: 

In In 1 1/11- P(Nf) }}=b In (Nf - No) -b In (Na - No) (3.6.11) 

Where b is the Weibull slope (also known as "shape parameter", which 

represents scatter of the results), No is the Weibull minimum fatigue life, which 

may be obtained from the vertical asymptote from the plot of In In [I/ 11- P(Nf) }] 

against ln(Nf). The parameter Na is the Weibull characteristic fatigue life (also 

known as "scale parameter" and represents 37% survival probability). 
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9 Fatigue performance index, I, is calculated from the following equation: 

I=Na. 4b (3.6.12) 

The fatigue performance index, I, is used to show that fatigue performance is 
dependent on the values of both Na and b (Davies and Harris, 1992). 

3.7 Radiopacity Evaluation 

In diagnostic radiology, a human body is placed between an X-ray tube and an 
X-ray film. During radiation, different structures in the body produce shadows of 

varying level in the radiation field and in the detector. By observing X-ray films 

of an implant the surgeon can detect radiopaque compact bone and more opaque 

metal implants because these components are capable of attenuating X-radiation 

more than the surrounding soft tissue such as muscles, fat, blood and other 

connective tissues. 

The department of Orthopaedics at Lund University Hospital in association with 
the Institute of Radiology at University Hospital, Malmö in Sweden have 

developed a method to evaluate the radiopacity of bone cements using X-ray tube 

voltage of around 70-80 kV (typically used in clinical practice) in air with or 

without a water phantom (Kjellson et al., 2002). The water phantom simulates 

the attenuation of radiation by soft tissue around the hip i. e. muscles, blood and 

connective tissue etc. The phantom thus simulates the clinical situation when an 

orthopaedic surgeon assesses the variance of radiographic contrasts on an X-ray 

film of an implant surrounded by bone cement. An X-ray accelerating voltage of 

40 kV with specimen in air has been previously used in vivo (Kühn, 2000) which 

can give excellent information about air bubbles and fractures in small cement 

specimens. However, clinically a voltage of 70-80 kV is used because it 

significantly reduces the radiation dose to the patient. 

Half size ISO 527 bone cement specimens containing 15 and 25wt. % TPB were 

prepared by the blending and dissolution methods (section 3.1.1 and 3.1.2). In 

addition BS cement specimens and a control (with no radiopacifier) were also 

prepared for comparison. The specimens were conditioned in saline solution for 

85 



six weeks at 37°C after which they were sent to the Orthopaedic Department at 
Lund University Hospital in Sweden for radiopacity evaluation (figure 3.7.1). 

The cement specimens were placed on FUJI CR digital X-ray cassettes together 

with an aluminium wedge with five thickness steps between I and 5 mm. 
Imaging condition were 70 kV and 12.5 mAs, at a distance of 1.1 m from the X- 

ray tube focus. The specimens were imaged in air with a thin walled 

polypropylene box containing 0.1 m of water placed above them. A FUJI FCR 

9000 system was used for reading the X-ray cassettes. The files were transferred 

in DICOM format from the workstation and later imported into Photoshop® 

(Adobe Systems Inc., San Jose, California, USA) using DICOMaccess (DesAcc 

Inc., Chicago, Illinois, USA). The X-ray films produced were later scanned and 

Photoshop® was used to measure the greyscale of the specimens and of the 

immediately adjacent background, in pairs, using a size of (5 x 5) pixels. Ten 

paired measurements were performed for each specimen group and the average 

contrasts and standard deviations calculated. 
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Figure 3.7.1 Radiopacity specimens 

The contrast was calculated according to equation (3.7.1) (Dance, 1988; 

Marshall, 1995; Hasegawa, 2002). 

Contrast = AI / Imo,, 

Where: 

AI = difference in transmitted X-ray intensity (I X- Imo, ) 

(3.7.1) 
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IX= transmittance through the background 

Imo, = transmittance of the subject and its background 

3.8 In vitro Osteolytic Assessment 

An investigation into the osteolytic potential of TPB blending and dissolution 

cements was carried out at the Nuffield Orthopaedic Centre, University of 
Oxford. The work was conducted using the standard methodology of generating 
bone-resorbing osteoclasts in vitro outlined below. Two methods were used to 

assess the differentiation of Osteoclasts in vitro. In the first, a histochemical 

characterisation of TRAP (a specific marker for osteoclasts) was performed to 

measure their differentiation on glass coverslips (section 3.8.2.5). The second 

method involved assessing the osteoclasts for lacunar resorption by culturing 
them on dentine slices (section 3.8.2.6). Dentine slices from elephant tusks were 

used in this experiment due to the fact that human bone is not easily obtained. 
Additionally, the microstructure of dentine is the closest to that of bone. 

3.8.1 Generation of Bone Resorbing Osteoclasts In Vitro 

Osteoclasts are specialised multinucleated bone-resorbing cells, which are 
formed by fusion of mononuclear phagocyte precursors (Fujikawa et al., 1996a). 

Briefly, osteoclast differentiation from monocytes is known to require the co- 

operation of osteoblasts. It has recently been shown that osteoblasts express a 

novel membrane-bound osteoclast differentiation factor termed receptor activator 

for nuclear xB ligand (RANKL) which induces osteoclast formation from 

circulating monocytes (Lacey et al., 1998). For osteoclast differentiation to 

occur, the presence of macrophage colony stimulating factor (M-CSF) and the 

interaction of RANKL with RANK, a specific receptor expressed on phagocyte 

osteoclast precursor cells, are absolute requirements (figure 3.8.1). In vitro 

culture techniques have permitted this approach, thus generating osteoclasts from 

peripheral blood mononuclear cells circulating in whole blood. This approach 

has been used in variety of pathophysiological studies, one being studies on the 

role of wear particles on the extent and the ability of these mononuclear cells to 

become active bone resorbing osteoclasts. As osteoclasts have unique specific 
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markers, it is possible to determine when osteoclasts are formed in culture. For 

example "pre-osteoclast" are able to express tartrate resistant acid phosphatase 
(TRAP) early on their path to becoming osteoclasts, however, they will only be 

able to release this enzyme (and others such as cathepsin K) later in their stage of 
differentiation. Mature osteoclasts are then able to degrade the bone or any 

substrate which is being used in the culture technique. Other markers that are 

also used are the expression of vitronectin and calcitonin receptors. However, 

most investigators use the ultimate marker to ascertain the presence of mature, 

active osteoclasts and that is the ability of these cells to form resorption pits on 
bone or dentine surfaces. 

For the current investigation mouse instead of human monocytes were chosen as 

it takes less time for these cells to differentiate into active osteoclasts and also the 

fact that there are minimal complications regarding the individual-to-individual 

variability. This variability does not occur in murine studies as the mice that were 

employed for this investigation were inbred and hence the data are extremely 

reproducible. Moreover, in the current in vitro investigation two markers of 

osteoclasts were chosen; the expression of TRAP by the osteoclasts formed on 

glass coverslips and the ability of these cells to form lacunar resorption pits on 

dentine slices. 
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3.8.2 Materials 

For cell culture, a minimal essential medium (MEM) was supplemented with 
100 IU/ml penicillin, 10 µg/ml streptomycin and 10mM 1-glutamine and 10% 
foetal bovine serum (FBS) (Invitrogen, UK). All incubations were carried out at 
37°C in 5% CO 

2' 

3.8.2.1 Generation of bone cement particles 
Bone cement powder was mixed with 15% or 25% wt. TPB using the blending 

and dissolution methods (section 3.1.1 and 3.1.2). After the polymerisation step, 
bone cement samples were immersed in liquid nitrogen and were crushed using a 
Retsch ZM100 ultra-centrifuge mill with a1 mm sieve ring. Coarse samples 

were converted to fine powder using a 0.08 mm sieve ring with liquid nitrogen 

cooling. Size distribution was determined using a Malvern Particle Sizer 

(Malvern Instruments, Malvern, UK). 

Size distribution was further confirmed by scanning electron microscopy. This 

demonstrated that there was a wide range of particle sizes and that the majority 

(>_ 75 %) of the particles were between 5 to 10 µm in diameter. The dried particles 

were then weighed, washed 3 times in absolute alcohol followed by 3 further 

washes in Milli Q water. Samples were then sonicated in culture medium for 15 

minutes. In order to ascertain that generated samples are free of any 

contaminating endotoxins, E-Toxate limulus assay (Sigma-Aldrich Chemicals, 

UK) was used for all samples. Samples with detectable levels of endotoxin were 

discarded. Samples which were used in the current study were: - 

(i) PMMA particles with no additive, 
(ii) PMMA particles with 12.5wt. % BaSO4 (as positive control) (BS), 
(iii) PMMA particles containing 15 and 25 wt. % TPB (blending), 

(iv) PMMA particles containing 15 and 25 wt. % TPB (dissolution). 

3.8.2.2 Isolation of Murine Monocytes 

Murine (MF1 ex-breeders) whole blood was layered over Ficoll-Hypaque and 

centrifuged (693g) for 20 minutes. The cells at the interface layer were removed 

and centrifuged at 300g for 10 minutes, then resuspended in MEMIFBS. The 

number of cells in the resulting suspension of peripheral blood mononuclear cells 
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(PBMs) was counted in a haemocytometer after lysis of red cells with a 5% (v/v) 

acetic acid solution. PBMs were used either to investigate the cytotoxic effect of 
the particles (Part I- figure 3.8.2) or employed to determine the in vitro effect of 
PMMA particles on the extent of osteoclast formation and lacunar resorption 
(Part II-figure 3.8.3). 

3.8.2.3 Cytotoxicity assay (Methodology: Part I) 

To measure cytotoxicity, 1.5 x 105 PBMs were exposed to 10 µg/ml of particles 
for 24-48 hours and supernatants were collected, centrifuged to remove PMMA 

particles and cell debris, and stored at -20°C until ready for testing (figure 3.8.2). 

Release of the cytoplasmic enzyme lactate dehydrogenase (LDH), a marker of 

cell damage, was measured using a commercially available Cytotox 96 kit 

(Catalogue no. G1780, Promega, Madison, WI, USA). Culture media alone was 

also used in order to correct for "background" LDH release. Each supernatant 

was tested in triplicate. 

(Part I) 

Mouse blood 

" 
Mouse peripheral blood monocytes 
(PBMs) 

4 particles 

1 
24-48 hours 

Scanning electron microscopy Cytotoxicity 

Figure 3.8.2 Methodology: Part I 

3.8.2.4 Generation of osteoclasts in response to PMMA particles 

(Methodology: Part II) 

PBMs isolated as detailed above were seeded at 1.5 x 105 cells per well onto 

dentine slices (4mm diameter) and glass coverslips (6mm diameter), placed in 

7mm wells of a 96 well tissue culture plate. Cells were settled on dentine slices 
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and coverslips for 2 hours. Cultures were then removed and, after washing, 
placed in 24 well tissue culture plates containing media supplemented with the 
factors required to generate osteoclasts in vitro i. e. soluble RANKL (30ng/ml) 

and M-CSF (25ng/ml) (figure 3.8.3). In addition to these factors dexamethasone 
(10-8M) was also added in order to be able "exaggerate" the response, thus 
detecting any differences between treated and untreated culture wells, no matter 
how small that difference may be. At this point 10 pg/ml of the various PMMA 

particles were added to the wells. As controls, additional wells were also set up 
where no particles were added. 
Cell cultures were maintained for 7 to 10 days during which the media and added 
factors were entirely replaced every 3-4 days. After incubation, the extent of 

osteoclast formation and bone resorption was assessed by histochemical 

techniques to detect the expression of TRAP on glass coverslips and 

measurement of lacunar resorption on dentine slices. 
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Figure 3.8.3 Methodology: Part II 

3.8.2.5 Histochemical characterisation of cultured cells 

Histochemical staining for TRAP, a specific marker for osteoclasts, was carried 

out by using a commercially available diagnostic kit (Sigma-Aldrich Chemicals, 

UK). After 7 days cell preparations cultured on glass coverslips were fixed in 

citrate/acetone solution and stained for acid phosphatase, using naphthol AS-BI 
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phosphate as a substrate, in the presence of 1. OM tartrate; the product was reacted 
with fast garnet GBC salt. The resultant osteoclasts appear red and their 
characteristic multinucleated cells are easily recognisable. 

3.8.2.6 Functional evidence of osteoclast differentiation: detection of 
lacunar resorption 

Functional assessment of osteoclast formation was determined at the end of the 

culture period using a resorption assay. After 10 days, dentine slices were placed 
in NH4OH for 30 minutes and cleaned by ultrasonication to remove adherent 
cells. The slices were then washed with distilled water, stained with 0.5% (w/v) 

toluidine blue for 3 minutes before being air dried and examined by light 

microscopy. The surface of each dentine slice was examined for evidence of 
lacunar resorption by light microscopy. Using image analysis software 
(Photoshop 5.5, Adobe), the extent of resorption was determined by calculating 
the percentage surface area of lacunar resorption on each dentine slice. 
The results were then expressed as the mean percentage area lacunar resorption 

on dentine slices. In each experiment 4 dentine slices were used for each 
individual treatment (i. e. control, PMMA particles alone, BS cement particles, 

cement particles containing 15 or 25 wt. % TPB mixed either by blending or by 

dissolution methods). Each experiment was carried out 8-11 times. Two separate 

statistical analyses were carried out. In the first analysis, the mean percentage 

area lacunar resorption for each treatment within each experiment was 

determined. These were compared using a paired Student's t-test (n=7). In the 

second analysis, the results from each dentine slice were compared using two- 

way analysis of variance, which gives a greater insight into the data. 
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CHAPTER FOUR RESULTS 

4.1 Curing Kinetics 

4.1.1 Polymerisation Reaction 

Differential scanning calorimetry (DSC) was used to investigate the 

polymerisation reaction of TPB-containing bone cements under isothermal 

conditions (23°C). The amount of heat released during the polymerisation 

reaction i. e. polymerisation heat (AH) of the TPB-cements was compared to 

those of the control (with no radiopacifier) and barium sulphate cement (BS). A 

thermogram of heat flow versus time was produced and the area of the graph 

used to calculate the polymerisation heat AH (figure 4.1.1). 
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Figure 4.1.1 Average AH (Jg-1) for control, BS and TPB-cements prepared by 

the blending and dissolution methods at 10,15 and 25 wt. % TPB 

The Student-Newman-Keuls test (table 4.1.1) was employed to compare the 

results statistically. The analysis of the results showed that AH of TPB cements 

was not significantly different from that of the control cement except in the case 

of 10 wt. % TPB cement prepared by dissolution. However, when the TPB- 

cements were compared to the BS cement, it was found that most TPB-cements 

were not statistically different from the BS cement except in the cases of 15 and 
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25 wt. % TPB cements by blending and 10 wt. % TPB cement by dissolution 

which gave out statistically less heat than the BS cement (p= 0.024). 

Table 4.1.1 Student-Newman-Keuls test: AH 

Cements Control BS lOwt. %D 15wt. %D 25wt. %D 15wt. %B 25wt. %B 

Control NS P=0.009 NS NS 

BS p=0.024 NS NS 

10wt. %B NS NS p=0.004 p=0.034 p=0.030 

15. %B NS p=0.045 NS 

25. %B NS p=0.030 p=0.006 NS 

lOwt. %D p=0.001 P<0.001 

15wt. %D NS 

B: Blending method D: Dissolution method NS: No significant difference 

4.1.2 Polymerisation Exotherm 

Typical polymerisation exotherms of the control, barium sulphate (BS) and TPB- 

cements are shown in figure 4.1.2 and a summary of the exotherm results are 

shown in table 4.1.2. 

A decrease in the maximum polymerisation temperature was observed when low 

concentrations of TPB were added to the cement i. e. 10 wt. % with either mixing 

method. However, no significant differences were seen when using higher 

concentrations. The control and BS cement exotherms were repeated in both 

parts of figure 4.1.2 to allow comparison to be made between the two profiles. 

The addition of TPB to bone cement reduced the maximum polymerisation 

temperature especially at 10 and 15 wt. %. When 25 wt. %. TPB was added the 

maximum polymerisation temperature was similar to that of the control cement. 

The blending method resulted in lower polymerisation temperatures than those 

reached using the dissolution method. Furthermore, the time to reach the 

maximum polymerisation temperatures increased upon the addition of TPB in 

comparison to that of the control and BS cements. 
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Figure 4.1.2 Typical Polymerisation exotherms for cements prepared by (A) 
blending and (B) dissolution methods compared to the control and BS cements 

Table 4.1.2 Average maximum polymerisation temperatures and their times 

Cement type 
Maximum polymerisation 

Temperature (°C) 

Time to reach maximum 

temperature (minutes) 

Control 88 ±3 5: 00 ±0.04 

BS 83 ±4 7: 45 ±0.06 

TPB- cements Blending Dissolution Blending Dissolution 

10 wt. % 48 ±2 64 ±4 9: 30 ±0.05 8: 00 ±0.07 

15wt. %. 77 ±3 81 ±2 8: 07 ±0.02 7: 30 ±0.00 

25wt. % 86 ±4 74 ±4 8: 45 ±0.03 8: 30 ±0.06 

The maximum polymerisation temperatures reached by the TPB-cements were 

significantly lower (p< 0.001) than that reached by the control cement. However, 

those exhibited by 25wt. % TPB blending cements were not statistically different 

from the control cement. The maximum polymerisation temperatures reached by 

TPB cements were also compared to that of the BS cement and were found to be 

statistically lower except in the case of 15wt. % TPB blending cement (table 

4.1.3). 

10 wt. % '15 wt. % 
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Table 4.1.3 Student-Newman-Keuls test: Maximum polymerisation temperatures 

Cements Control BS lOwt. % 15wt. % 25wt. % 15wt. % 25wt. % 
B B B D D 

Control p p< 
p=0.002 NS 0.020 0.001 

BS p< p=0.034 p 
0.001 0.046 

IOwt. % p< p< p< 
D 0.001 0.001 0.001 p<0.001 p=0.003 
15wt. % 
D p=0.041 NS NS p=0.003 
25 1. % p< p< p< 
D 0.001 0.007 0.001 
lOwt. % 
B p<0.001 p<0.001 
15wt. % 
B p<0.001 

ts: mending method U: Dissolution method NS: No significant difference 

Figure 4.1.3 shows the average dough times (and standard deviations) of TPB- 

cements in addition to the control and BS cements. Dough times were found to 
increase with increasing concentrations of TPB, however, this trend was not 

observed with the setting times (figure 4.1.4). 
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Figure 4.1.3 Average dough times for cement Figure 4.1.4 Average setting 
prepared by different methods times for cement prepared by 

different methods 

The dough and setting times of TPB-cements prepared by blending and 

dissolution were significantly different from the control cement. The dough times 

of all TPB cements were significantly higher than the BS cement, however, the 
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setting times were not significantly different from those exhibited by the BS 

cement (table 4.1.4). 

Table 4.1.4 Student-Newman-Keuls test: Dough and setting times 

Cements Control BS lOwt. % 
B 

15wt. % 
B 

25wt. % 
B 

15wt. % 
D 

25wt. % 
D 

Control P<0.001 P<0.001 p< 0.001 p< 0.001 
p< 0.001 p< 0.001 p< 0.001 p< 0.001 

BS P<0.001 P<0.001 P<0.001 
NS NS NS 

1Owt %D p< 0.001 p< 0.001 NS p< 0.001 p< 0.001 
. p< 0.001 NS p=0.045 NS NS 

15wt %D p< 0.001 p< 0.001 p=0.030 p< 0.00 1 
. p< 0.001 NS p=0.033 NS 

25 t %D p< 0.001 p< 0.001 : 777 
w . P< 0.001 NS 

: 

lOwt %B p< 0.001 p< 0.001 
. p=0.035 p=0.049 

15wt %B p< 0.001 
. p=0.001 

li : Blending method ll: Dissolution method 
Dough time 
Setting time 

NS: No significant difference 

4.2 Physical Properties 

4.2.1 Particle Size and Morphology 

The particle size of PMMA, BaSO4 and TPB powders were measured using a 

Malvern Mastersizer (table 4.2.1). Their morphologies are shown in figures 

4.2.1,4.2.2 and 4.2.3 respectively. 

Table 4.2.1 Particle size for different powders 
Powder Focal length (mm) Beam length (mm) D[v, 0.5] (pm) 

PMMA 100 2.2 40.91 

BaSO4 100 2.2 7.34 

TPB 300 2.2 113.31 
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Figure 4.2.1 Morphology of PMMA beads 

(marker bars: (A) 100µm and (B) Igm) 

Figure 4.2.2 Morphology of BaSO4 beads (marker bars: 1 gm) 

Figure 4.2.3 Morphology of TPB beads 

(marker bars: (A) 100µm and (B) 10µm) 
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4.2.2 Water Uptake Characterisation 

Two cycles of absorption and desorption were carried out on the cements. Only 

the results of the second cycle are shown. The absorption (water uptake) by the 

TPB-cements decreases with increasing TPB concentration (figure 4.2.4). The 

solubility data show a similar trend as shown in figure 4.2.5. 
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Dissolution 

The absorption diffusion coefficient (DC, ) and desorption diffusion coefficient 

(DCd) were both found to decrease with increasing concentrations of TPB. The 

DCd were found to be higher than DC, as expected (table 4.2.2). All TPB- 

cements exhibited significantly higher DCS (except 25wt. % TPB dissolution 
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cement) than the control cement. However, the DC's of TPB-cements were 
found to be significantly lower than that of the BS cement. In the case of DCd, all 
TPB-cements were found to be significantly lower than the control and BS 

cements table 4.2.3. 

Table 4.2.2 Diffusion coefficients of absorption (DC, ) and desorption (DCd) 

(second cycle) 
Cement type DC, (10-12 m s') DCd (10-12 m s"1) 

Control 1.49 ± 0.07 7.72 ± 0.04 

BS 4.63 ± 0.29 8.96 ± 0.26 

l Owt. %B 3.41 ± 0.09 5.71 ± 1.22 

15wt. % B 3.30 ± 0.09 5.24 ± 0.55 

25wt. % B 2.80 ± 0.14 4.74 ± 0.90 

1 Owt. %D 4.11 ± 0.03 5.43 ± 0.39 

15wt. % D 2.56 ± 0.05 5.17 ± 1.42 

25wt. % D 2.52 ± 0.48 4.56 ± 0.60 

Table 4.2.3 Student-Newman-Keuls test: DC, and DCd 

Cements Control BS lOwt. % D 15wt. %D 25wt. %D 

p< 0.001 p=0.012 NS 
Control 

p= 0.003 p=0.025 p< 0.001 

p< 0.001 p=0.029 p< 0.001 p= 0.001 
BS 

p= 0.030 p< 0.001 p< 0.001 p< 0.001 

P= 0.001 p= 0.001 p< 0.001 
lOwt. %B 

p= 0.001 p< 0.001 NS 

p= 0.002 p< 0.001 p< 0.001 
15wt. %B 

P< 0.001 p< 0.001 NS 

p= 0.008 p< 0.001 NS 
25wt. %B 

p< 0.001 p< 0.001 NS 

DCS ý DCd 
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4.2.3 Rheological Assessment 

Figure 4.2.6 shows a logarithmic plot of the dynamic complex viscosity (1*) of 
cements as a function of time from the start of mixing at a temperature of 23°C. 
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Figure 4.2.6 Log dynamic viscosity as a function of time at 23°C 
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The viscosities of the TPB-cements during the first 10 minutes of the experiment 
increase in a similar fashion, however, cements containing 15 wt. % TPB 

exhibited the slowest increase in viscosity when compared to 10 and 25 wt. % 

TPB regardless of the preparation method (figure 4.2.7). The changes in viscosity 

were not affected by the preparation method for any given TPB concentration. 
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Figure 4.2.7 Dynamic complex viscosity as a function of time at 23°C 
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Table 4.2.4 shows the values of the complex viscosity (fl* ), storage modulus (G') 

and loss modulus (G") at various times from the onset of mixing. Cements 

prepared by the dissolution method exhibited the highest viscosity after 10 

minutes in comparison to cements prepared by blending. The time to reach the 

maximum viscosity was higher for the TPB-cements than that of the BS and 
control cements. The values of G' and G" increased with increasing viscosities, 

with the values of G' always higher than the values of G" as expected. 

Table 4.2.4 Rheological and viscoelastic properties of all cements: complex 

viscosity (11* ), storage modulus (G') and loss modulus (G") at various times 
Cement Time (mins) * (Pa s) G' (Pa) G" (Pa) 

2 1,280 12,700 1,710 

Control 10 1,490,000 14,900,000 82,300 

Maximum at10: 30 1,550,000 15,500,000 69,300 

2 6,800 95,300 39,600 
BS 

Maximum at 7: 32 1,450,000 14,500,000 281,000 

2 191 1,410 1,290 

10 wt. %B 10 583,000 855,000 69,000 

Maximum at 13: 20 1,620,000 15,400,000 343,000 

2 119 251 211 

15 wt. %B 10 9,480 9,400 8,680 

Maximum at 13: 40 1,420,000 14,200,000 318,000 

2 141 1,580 294 

25 wt. % B 10 871,000 2,720,000 205,000 

Maximum at 12: 06 1,490,000 14,900,000 359,000 

2 186 1,830 322 

10 wt. % D 10 1,000,000 1,000,000 74,400 

Maximum at 11: 32 1,400,000 14,400,000 325,000 

2 109 1,070 219 

15 wt. % D 10 8,540 85,000 7,960 

Maximum at 14: 32 1,480,000 14,600,000 428,000 

2 115 712 172 

25 wt. %D 10 1,300,000 13,000,000 183,000 

Maximum at 11: 10 1,410,000 13,900,000 279,000 

B: Blending ll: Dissolution 
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4.2.4 Molecular Weight Analysis 

Table 4.2.5 shows a summary of the calculated mean molecular weights, 
molecular numbers and polydispersity index results of TPB-cements cements, 
control and BS cements as measured by RAPRA. 

Table 4.2.5 Weight (Mw) and number (Ma) means (g mol-1) of the molecular 

weights of TPB-cements, control and BS cements (data from RAPRA) 

Cement type Mw Mn Polydispersity index 

Control 226,000±1268 72,450±1875 3.1 

BS 234,000±2121 76,400±1768 3.1 

10 wt. %B 205,000±2121 76,250±2333 2.7 

15 wt. % B 244,000±3536 75,800±283 3.2 

25 wt. %B 263,000±2828 78,400±707 3.4 

10. wt. %D 212,500±707 75,900±707 2.8 

15 wt. % D 269,000±4243 81,800±990 3.3 

25 wt. %D 273,000±0 81.850±919 3.4 

B: Blending D: Dissolution 

The molecular weight distributions curves of these cements are shown in figure 

4.2.8. All cements were distributed in a relatively symmetrical style. In both 

preparation methods, the molecular weight values (Mw) and polydispersity index 

increased with increasing concentrations of TPB. 
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Figure 4.2.8 Molecular weight distributions of TPB-cements, control and BS 

cements (data from RAPRA) 
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4.3 Structural Properties 

4.3.1 FTIR Assessment 

FTIR was used to investigate the influence of TPB on the chemical structure of 
bone cement. Upon comparing TPB-cements by dissolution (15wt. % and 25wt. % 

TPB) to the control cement, it was clear that no significant shift in the peaks had 

occurred. Additional peak was seen at 1566 cm-' for the TPB-cements (figure 

4.3.1) which belongs to the C=C stretched aromatic ring systems present in the 

structure of TPB. Figure 4.3.2 shows spectra of the control, 25wt. % TPB cement 
by dissolution and TPB powder. Table 4.3.1 shows the molecular groups and 

their wavelengths for all cements. 
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Figure 4.3.1 FTIR spectra of TPB-cements by dissolution and control cement 
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Figure 4.3.2 FTIR spectra of control cement,, 25wt. % TPB cement by dissolution 
and TPB 

Table 4.3.1 Identification of peaks in FTIR spectra of TPB and control cements 

Cement Molecular group Wavelength (cm-1) 

All cements C-H (stretch) 2920-2998 

All cements C=O (stretch) 1717-1721 

All cements C=C (stretch) 1631-1635 

15 & 25wt. %TPB-cements C=C (stretch-Aromatic Ring system) 1570 

All cements CH2 1382-1493 

All cements C-O-C 1142-1267 

15 & 25wt. %TPB-cements C-OH (secondary cyclic alcohols) 1004-1013 

All cements C=C-H 977-982 

TPB-cements -CH=CH- 725-730 
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4.4 Thermal Properties 

DSC studies were conducted to determine the effect of TPB on the glass 
transition temperature (Tg) of bone cements. Figures 4.4.1 shows the DSC 

thermograms of the first and second heating cycles of the control cement, which 
highlights the exothermic peak of the first heating cycle. In contrast, figures 4.4.2 

and 4.4.3 show the first and second heating cycles of TPB-cements by blending. 

and dissolution respectively. Figures 4.4.4 and 4.4.5 show the DSC thermograms 

of the second heating cycle for cements prepared by blending and dissolution 

respectively in comparison to the control and BS cements. Table 4.4.1 shows the 

results measured using the onset of endothermic inflection. 

0.20 

0.15 

0.10 

0.05 

0.00 

-0.05 

-0.10 

-0.15 

-0.20 

A__ 
_. - 1'T_ /"% 

-j 
1_ 

- _1_. _ - ____1_\ 

Temperature (OC) 

Figure 4.4.1 DSC thermograms showing first and second heating cycles of the 

control cement 
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Figure 4.4.2 DSC thermograms of TPB blending cements during (A) first heating 

cycle and (B) second heating cycle 
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Figure 4.4.3 DSC thermograms of TPB dissolution cements during (A) first 
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Figure 4.4.4 Second heating curves for TPB blending, control and BS cements. 
1. Control, 2. BS cement, 3. lOwt. % TPB, 4.15wt. % TPB and 5.25wt. % TPB 
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Figure 4.4.5 Second heating curves for TPB dissolution, control and BS cements. 
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Table 4.4.1 Average Tg of cured bone cement 
Cement type Tg (°C) 

Control 95.4 ± 3.82 

BS 96.97 ± 2.00 

TPB- cements Blending Dissolution 

IOwt. % 91.71 ± 0.15 93.86 ± 0.79 

l5wt. %. 86.86 ± 0.47 84.41 ± 0.79 

25wt. % 79.01 ± 3.94 81.75 ± 0.43 
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4.5 Mechanical Characterisation 

4.5.1 Introduction 

Cements containing 10,15 and 25 wt. % TPB were prepared by the blending and 
dissolution methods (sections 3.1.1 and 3.1.2). The influence of the conditioning 
environment (aged in air at 37°C for 24 hours or in saline solution at 37°C for 

two weeks) and preparation methods (blending and dissolution) on the 

mechanical properties of bone cements were investigated. Five categories of 
mechanical behaviour were focused on, namely: tensile (section 4.5.2), 

compression (section 4.5.3), flexural (section 4.5.4), fracture toughness (section 

4.5.5) and uniaxial tension-compression fatigue (section 4.5.6). In the case of 

compression and fatigue testing, cements were aged and tested in physiological 

saline solution maintained at 37°C. The error bars shown in all the bar charts are 
the standard deviation for each set of specimens. A minimum of eight specimens 

were tested for each mechanical category and the Student-Newman-Keuls test 

was used to analyse the results statistically. The tables of statistical significance 

are at the ends of each section. SEM assessment of tensile, fracture toughness 

and fatigue fracture surfaces were conducted and are shown in sections 4.5.2.1, 

4.5.5.1 and 4.5.6.1. In all the tests outlined above, TPB-cements were compared 

to control cement (containing no radiopacifier) and BS cement (containing 12.5 

wt. % BaSO4). 

4.5.2 Tensile Testing 

Figure 4.5.1 shows the values of the ultimate tensile strength (UTS) for cements 

conditioned in air and saline solution at 37°C. For the cements conditioned in air, 

the UTS decreased with increasing TPB concentrations in cements prepared by 

the blending and dissolution methods. Cements prepared by the dissolution 

method at 15 wt. % and 25 wt. % TPB exhibited significantly higher UTS values 

(50.43 ± 3.02 MPa, p= 0.002 and 44.41 ± 4.02 MPa, p<0.001 respectively) than 

their counterparts prepared by the blending method (15wt. % TPB = 42.40 ± 4.66 

MPa, 25wt. % TPB = 35.00 ± 4.38 MPa). Preparation methods did not seem to 

cause any significant changes in the UTS for cements containing l Owt. % TPB 

(table 4.5.1). In comparison, the UTS of the control (48.57 ± 4.03 MPa) and BS 

cements (42.30 ± 4.30 MPa) were significantly lower (p<0.001) than the UTS of 

lOwt. % TPB-cements prepared by blending (50.35 ± 3.60 MPa) and lOwt. % and 
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15wt. % TPB by dissolution (53.36 ± 2.97 MPa and 50.42 ± 3.02 MPa 

respectively). Table 4.5.1 shows the results of the Student-Newman-Keuls 

statistical test. 
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Figure 4.5.1 Ultimate tensile strength of dry and wet conditioned bone cements 

After the cements had been conditioned in saline at 37°C, the highest UTS was 

exhibited by 15wt. % TPB blending and dissolution cements (46.67 ± 2.50 MPa 

and 55.15 ± 3.02 MPa respectively). The UTS of the 15wt. % TPB cement by 

dissolution was significantly higher than those exhibited by the control (47.42 ± 

2.50 MPa) and BS (39.72 ± 31 MPa) cements. The UTS of cements prepared by 

dissolution at lOwt. % and 15wt. % TPB were significantly higher than of the 

equivalent content cements prepared by blending (table 4.5.2) However, after 

soaking, the UTS of cements containing 25 wt. % TPB was not affected by the 

preparation method. 

Conditioning in saline reduced the UTS of 1 Owt. % TPB cements by blending in 

comparison to their dry conditioned counterparts (dry: 50.35 ± 3.60 MPa, wet: 

40.54 ± 4.45 MPa). Conversely, there was a significant increase in UTS for 

cements containing 15wt. % and 25wt. % TPB by blending. In cements prepared 

by dissolution, conditioning in saline solution resulted in an increase in UTS for 

cements containing 15wt. % TPB (55.15 ± 2.27 MPa) in comparison to their dry 

counterparts (50.43 ± 3.02 MPa). 
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The strain to failure (Ef) results also showed a similar trend to the UTS results 
(figure 4.5.2). There was an increase in Ef with decreasing concentrations of TPB 

for dry conditioned cements. In the case of TPB-cements prepared by blending, 

the ductility decreased with increasing TPB concentrations. However, increasing 

the TPB concentration did not influence the strain to failure in dissolution 

cements. The highest strain to failure was exhibited by the lOwt. % TPB 
dissolution cements (2.03%). Dissolution cements resulted in significantly higher 

strain to failure (p<0.001) than the BS (1.37%) cements, however, they were not 

significantly different from the control cement. The lowest strain to failure was 

exhibited by 25wt. % TPB blending cement which was also found to be 

significantly lower than the BS cement (p<0.002). With respect to the 

preparation methods, dissolution cements exhibited a higher strain to failure than 

the blending cements at 25wt. % TPB only. 
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Figure 4.5.2 Strain to failure of dry and wet conditioned bone cements 

Conditioning in saline solution at 37°C increased the ductility of blending 

cements containing 25wt. % TPB (from 1.15% to 1.61%), decreased it for 

cements containing lOwt. % TPB (from 1.82% to 1.50%) and made no difference 

to 15wt. % TPB cements. In the case of dissolution cements, conditioning in 

saline solution increased the ductility of 15wt. % TPB cements significantly 

(p<0.001) from 1.82% to 2.46%. The ductility of 15wt. % TPB cements by 
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dissolution was also significantly higher than that of the control and BS cements 
(p<0.001). With regards to preparation methods, cements prepared by dissolution 

at lOwt. % and 15wt. % TPB had a significantly higher ductility than those 

prepared by blending (p<0.001) (table 4.5.2). 

Figure 4.5.3 shows the values of Young's modulus for dry and wet conditioned 
cements in comparison to the control and BS cements. The addition of TPB did 

not significantly change the Young's modulus of dry conditioned bone cements 
prepared by blending or dissolution in comparison to the control and BS cements 

with the exception of 25wt. % TPB cement by dissolution. The maximum value 
for Young's modulus in cements prepared by blending was 3.54 ± 0.49 (15wt. % 

TPB). Preparation methods caused a significant increase in modulus only in 

cements containing l Owt. % TPB and 25 wt. % TPB. 
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Figure 4.5.3 Young's modulus of dry and wet conditioned bone cements 

The Young's modulus of the control cement did not seem to be affected by the 

wet conditioning, however in BS cements the modulus increased significantly 

from 3.38 GPa to 3.64 GPa. The stiffness exhibited by 10 and 15 wt. % TPB 

cements prepared by dissolution was significantly higher than that of the control 

and BS cements (Figure 4.5.3). 
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Table 4.5.1 Student-Newman-Keuls test: Tensile test of dry conditioned cements 

Cements Control BS lOwt. %D 15wt. %D 25wt. %D lOwt. %B 15wt. %B 

P<0.001 p=0.008 NS 
Control 

Zi i NS NS p=0.041 

A A 

" Z NS NS NS Z 
p=0.005 p<0.001 p<0.001 NS 

BS NS 
Z 

NS p=0.018 p=0.003 

i 

P<0.001 p<0.001 p<0.001 p=0.005 
z 

z 
p=0.010 p<0.001 NS 

lOwt. %B 
p=0.037 NS p=0.022 

NS P<0.001 P=0.004 

15wt. %B p=0.046 NS p=0.002 p<0.001 
NS NS NS NS 

P<0.001 NS p=0.001 p<0.001 
25wt. %B p<0.001 p=0.004 p<0.001 p<0.001 p=0.006 

NS NS p<0.001 p=0.017 NS 
P<0.001 p=0.029 p<0.001 p<0.001 p=0.002 

lOwt. %D NS P<0.001 
NS NS 
NS NS 

15wt. %D 
z 1 P<0.001 

NS 
Z L 

"z NS " 

B: Blending method D: Dissolution method NS: No significant difference 

UTS 0 E1 Ef 0 
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Table 4.5.2 Student-Newman-Keuls test: Tensile test of wet conditioned cements 

Cements Control BS lOwt. %D 15wt. %D 25wt. %D lOwt. %B 15wt. %B 

NS P<0.001 p=0.047 
Control 

7 Z 

p <0.001 p <0.001 NS 

, P<0.001 p <0.001 p =0.002 
p <0.001 p <0.001 p <0.001 NS 

BS p=0.012 p<0.001 p=0.001 p=0.013 

A A 

P<0.001 P=0.009 p <0.001 p =0.021 
lOwt. %B p =0.002 NS p =0.002 

NS NS p <0.001 

A A A 

p <0.001 p =0.023 p <0.001 Z 

15wt. %B NS p <0.001 p <0.001 p =0.014 
p =0.001 p =0.047 

I 

NS NS 

A 

P<0.001 p=0.050 
Z 

p«). 001 p =O. 001 

25wt. %B p =0.021 NS NS NS p =0.038 
p =0.034 NS 

A 

X NS NS NS 
p <0.001 NS NS p =0.005 NS 

10wt. %D p <0.001 p =0.011 
NS p <0.001 

p <0.001 NS 

15wt. %D p <0.001 
x p <0.001 

p <0.001 
B: Blending method D: Dissolution method NS: No significant difference 

UTS I EI Ef 0 

Table 4.5.3 Student-Newman-Keuls test: Tensile test of dry vs. wet conditioned 

cements 

Cements Control BS 
lOwt. % 

B 

15wt. % 

B 

25wt. % 

B 

lOwt. % 

D 

15wt. % 

D 

25wt. % 

D 

UTS NS p<0.001 p<0.001 p<0.011 p<0.001 p<0.001 NS NS 

E NS NS p<0.025 p<0.030 p<0.001 p<0.011 p<0.033 p<0.001 

£f p<0.030 NS P<0.001 NS p<0.001 p<0.001 p<0.001 NS 
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4.5.2.1 SEM of Tensile Fracture Surfaces 

The fracture surfaces of the tensile specimens aged in dry and wet conditions 
were examined using a JEOL JSM-TC 848 (section 3.4.2). 
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Figure 4.5.4 Tensile fracture surfaces of wet conditioned (A) control cement, (B) 
BS cement, (C) 25 wt. % TPB cement by blending and (D) 25wt. % TPB cement by 
dissolution (marker bars: 100 

, um). The circle on image (B) represents an 
agglomerate of BaSO4. 

The SEM images revealed the rough appearance of the fractured surfaces of the 

cement specimens. The fracture surfaces of cements containing 25wt. % TPB by 

blending and dissolution exhibited a rougher appearance than those of the control 

and BS cements (figure 4.5.4 C, D). The fracture surface of the BS cement 

revealed areas of particle agglomeration as highlighted by the red circle (figure 

4.5.4 B). Higher magnification images the BS cement revealed the lack of 

chemical bonding between the polymer matrix and the BaSO4 particles (figure 

4.5.5). 
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Figure 4.5.5 Tensile fracture surface of BS cement (marker bar =1 , um). 
White arrows highlight voids around BaSO4 particles 

The SEM images also revealed the influence of TPB concentrations on the 
fracture mode i. e. brittle or ductile fracture. Cements containing higher TPB 

Figure 4.5.6 Fracture surfaces of wet conditioned (A) 10 wt. %, (B) l5wt. % and 

(C) 25 wt. % TPB cements prepared by dissolution (marker bar = 10 
, um) 
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concentrations exhibited rougher fracture surfaces than cements containing lower 

concentrations (figure 4.5.6). 



4.5.3 Compression testing 
The compressive test was carried out according to ISO 5833 (section 3.6.2). A 

total of ten specimens were conditioned (two weeks at 37°C) and tested in 

physiological saline solution. The average ultimate compressive strength (UCS) 

and standard deviations of control, BS and TPB-cements (15 and 25wt. % by 
blending and dissolution) are shown in figure 4.5.7. 
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Figure 4.5.7 Ultimate compressive strength (UCS) of dry and wet conditioned 

cements 

The values obtained for the ultimate compressive strength are almost twice those 

of the ultimate tensile strength as expected for a brittle material. The addition of 

15 wt. % TPB to bone cement resulted in significantly higher (p< 0.001) ultimate 

compressive strengths (98.63 MPa by blending and 99.91 MPa by dissolution) 

than those of the control (94.13 MPa) and BS cements (94.81 MPa). However, 

the addition of 25 wt. % TPB resulted in a lower ultimate compressive strength 

(89.73 MPa by blending and 89.70 MPa by dissolution). The ultimate tensile 

strength decreased significantly with increasing concentrations of TPB. 

However, the preparation methods i. e. blending and dissolution had significant 

effect on the final results (table 4.5.4). 
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Table 4.5.4 Student-Newman-Keuls test: Ultimate compressive strength of wet 

conditioned cements 

Cements Control BS 15wt. %B 25wt. %B 

Control NS p= 0.012 p= 0.011 

BS NS p= 0.007 p= 0.011 

15wt. %D p< 0.001 p< 0.001 NS 

25wt. %D p= 0.048 p= 0.048 NS 

is: wending, 0: Dissolution NS: No significant difference 

4.5.4 Flexural Testing 

The flexural strength (FS), strain to failure (%) and bending modulus (Eb) were 

measured for cements conditioned in air at 37°C (dry) and in physiological saline 

solution at 37°C (wet). Only cements containing 15 and 25 wt. % TPB were 
investigated. 

In wet conditioned cements, the flexural strength decreased significantly (p< 

0.001) with increasing TPB concentration regardless of the preparation method. 
Cements containing 15 wt. % TPB by dissolution exhibited a significantly higher 

(p< 0.001) flexural strength (83.77 ± 3.46 MPa) than the control (77.83 ± 2.58 

MPa) and BS (67.65 ± 2.99 MPa) cements (figures 4.5.8). In contrast with the 

tensile and compressive strengths, it was found that the trends were similar in 

that the strength decreased with increasing TPB concentration and the dissolution 

cements exhibited higher strengths than those of blending especially for wet 

conditioned cements. A similar trend was observed for dry conditioned cements. 
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Figure 4.5.8 Flexural strength of dry and wet conditioned bone cements 

The strain to failure (E) values were also found to decrease significantly with 

increasing TPB concentrations for wet conditioned cements. The highest (E) was 

exhibited by cements containing 15 wt. % TPB by dissolution (3.60% ± 0.32, 

figure 4.5.9) and was found to be significantly lower (p<0.001, table 4.5.5) than 

that of the control (3.99% ± 0.07). Cements by dissolution exhibited higher 

ductility than cements by blending. Cements conditioned dry were also found to 

follow the same trend. 

The strain to failure observed during flexural testing was similar to that of the 

tensile test (figure 4.5.9). In both cases the strain to failure decreased with 

increasing concentrations of TPB and cements by dissolution had higher ductility 

than those produced of blending. 
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Figure 4.5.9 Strain at failure of dry and wet conditioned bone cements 

Figure 4.5.10 shows the bending moduli of TPB-cements conditioned in dry and 

wet environments in comparison to the control and BS cements. The Student- 

Newman-Keuls statistical analysis test was used to compare the results as shown 

in table 4.5.5. The bending moduli of TPB cements conditioned in saline solution 

were significantly higher (p<0.001, table 4.5.5) than the control and BS cements. 

Blending cements containing 25wt. % TPB exhibited the highest modulus (3.04 ± 

0.06 GPa) in comparison to the control (2.28 ± 0.07 GPa) and BS (2.33 ± 0.12 

GPa) cements. No significant differences were observed with increasing 

concentrations of TPB. 

Additionally, the bending modulus trend was similar to that observed in the 

tensile test. The bending moduli of dry conditioned cements followed the same 

pattern as for the wet conditioned cements. 
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Figure 4.5.10 Bending modulus of dry and wet conditioned bone cements 

Table 4.5.5 Student-Newman-Keuls test: flexural test of wet conditioned 

specimens 

Cements Control BS 15wt. %B 25wt. % B 

P=0.001 NS P< 0.001 
Control NS P< 0.001 P< 0.001 

P=0.020 P=0.004 P=0.031 
P< 0.001 P=0.028 

BS 
A A 

P=0.004 P< 0.001 
NS NS 

P=0.003 P< 0.001 P=0.022 P< 0.001 
15wt. %D P< 0.001 P< 0.001 NS NS 

P< 0.001 NS P< 0.001 NS 
P=0.023 NS P=0.005 

25wt. % D P< 0.001 P< 0.001 P=0.017 
P< 0.001 P< 0.001 P< 0.001 

B: Blending, D: Dissolution NS: No significant difference 

FS Eb 0 %E 
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4.5.5 Fracture Toughness 

Figure 4.5.11 shows the results of the fracture toughness(Kic) values for TPB- 

cements (15 and 25wt. % TPB), control and BS cements conditioned in dry and 

wet environments. 
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Figure 4.5.11 Fracture toughness of dry and wet conditioned bone cements 

Dry conditioned blending cements were only significantly higher than the control 

and BS cements at 15wt. % TPB. In comparison, the dissolution cements were 

not significantly higher than the control and BS cements (table 4.5.6). 

Blending and dissolution cements conditioned in saline solution exhibited no 

significant differences in their fracture toughness when compared to the the 

control cement (table 4.5.7). The highest fracture toughness for the wet 

conditioned cement was achieved in cements prepared by dissolution (15 wt. % 

TPB cement: 2.03 ± 0.06 MPa. m0.5 and 25 wt. % TPBcement: 1.89 ± 0.07 

MPa. m0*5). In contrast, the fracture toughness of BS cements (1.66 MPa. m0.5) 

was significantly lower (p< 0.001) than the dissolution cements. Increasing the 

concentration of TPB only seemed to have a significant effect when the cements 

were prepared by the dissolution method (table 4.5.7). However, when 

comparing the different preparation methods, no significant influence was 

observed on the fracture toughness results. A comparison between the dry and 
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wet conditioned cements clearly shows the significant increase (table 4.5.8) in 
fracture toughness of all cements after conditioning in saline solution, which 
highlights the plasticising effect of water. 

Table 4.5.6 Student-Newman-Keuls test: Fracture toughness of dry conditioned 

cements 
Cement Control BS 15wt. %D 25wt. %D 15wt. %B 
Control 777-1 NS NS 

BS NS NS NS 

15wt. %B p=0.004 p=0.011 NS 

25wt. %B NS NS NS NS 

15wt. %D NS 

Table 4.5.7 Student-Newman-Keuls test: Fracture toughness of wet conditioned 

cements 

Cement Control BS 15wt. %D 25wt. %D 15wt. %B 

Control NS NS 

BS p=0.045 p=0.009 p=0.018 
15wt. %B NS NS NS 

25wt. %B NS NS NS NS 

15wt. %D p=0.036 

Table 4.5.8 Student-Newman-Keuls test: Fracture toughness of dry vs. wet 

conditioned cements 

Cements Control BS 15wt. %B 25wt. %B 15wt. %D 25wt. %D 

Dry vs. 
p=0.007 p=0.002 p=0.049 p=0.037 p=0.018 p=0.008 

wet 

B: Blending, D: Dissolution NS: No significant difference 
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4.5.5.1 SEM of Fracture Toughness Fracture Surfaces 

The fracture surfaces of saline conitioned compact tension (CT) specimens 
(figure 4.5.12) were investigated as outlined in section 3.4.2. 

Figure 4.5.12 CT fracture surfaces. (A) control, (B) BS (C) 15 wt. % TPB 

blending, (D)15wt. % dissolution, (E) 25wt. % TPB blending and (F) 25wt. %TPB 

dissolution cements (marker bars =100, um) 
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The SEM image of BS cement (figure 4.5.12 B) shows high density white areas 
of BaSO4 particles surrounding the beads. In the case TPB-cements some white 
areas were scattered across the fracture surface with the most severe case noticed 
on the fracture surface of 25 wt. % TPB cement by blending (figure 4.5.12 E). In 

contrast, cements containing 25 wt. % TPB by dissolution showed only a few 

such agglomerations (figure 4.5.12 F). The fracture surfaces of 25 wt. % TPB 

cement by dissolution exhibited white streaks which indicates crazing. A similar 
morphology was also exhibited by the 15wt. % TPB cements (figure 4.5.12 C and 
D). Fracture surface of BS cement appeared rougher in comparison to the control 

cement (figure 4.5.12 A and B). 

A higher magnification images of CT fracture surfaces of TPB-cements by 

dissolution and BS cement are shown in figure 4.5.13 A-C. The SEM images 

clearly shows pull out of BaSO4 particles from the polymer matrix (figure 

4.5.13A). In contrast, cements prepared by blending and dissolution at 25wt. % 

TPB (figure 4.5.13 B and C) exhibited no such phenomena but only some 

agglomerates on the surface of the matrix. 
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Figure 4.5.13 CT fracture surfaces of (A) BS, (B) 25 wt. % TPB blending cement 
and (C) 25 wt. % TPB dissolution cement (marker bars= 1 um) 

ý. y 
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4.5.6 Fatigue Behaviour 

The average number of cycles to failure generated by the tension-compression 

fatigue tests using three different stress levels (12.5%, 25% and 50%) of the 

cements ultimate tensile strengths (UTS) are shown in figures 4.5.14. 
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Figure 4.5.14 Summary of the mean number of cycles to failure (Nf) and 

standard deviations for cements cycles at 12.5%, 25% and 50% of their UTS 

A three-parameter Weibull statistical analysis (section 3.6.5) was chosen to 

analyse the fatigue results, and the Weibull parameters are summarised in table 

4.5.9. 
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Table 4.5.9 Summary of Weibull parameter estimates 
Cement No Na N50 b I R2 

Control 165,000 403,528 315,752 0.80 361,873 0.98 

BS 999,873 2,028,370 1,834,085 1.75 2,685,810 0.95 

15wt. %B 159,789 326,546 298,903 2.04 466,595 0.98 

25wt. %B 252,300 777,726 451,414 0.38 481,814 0.93 

15wt. %D 180,000 362,470 297,045 0.83 330,047 0.98 

25wt. %D 158,670 602,091 490,740 1.27 679,777 0.96 

Control 7,500 41,853 32,036 1.10 43,766 0.91 

BS 59,829 526,381 424,895 1.50 643,929 0.95 
cn 15wt. %B 21,843 33,679 31,868 2.21 50,036 0.99 

25wt. %B 20,000 43,686 37,552 1.22 48,350 0.97 

15wt. %D 16,947 33,046 30,575 2.22 49,237 0.98 

25wt. %D 20,343 34,394 31,002 1.33 39,701 0.96 

Control 250 1,330 1,200 2.88 2,259 0.99 

BS 1,563 4,942 4,538 2.94 8,477 0.96 

15wt. %B 180 929 806 2.06 1,334 0.96 

25wt. %B 800 1,099 1,053 2.17 1,618 0.97 

15wt. %D 400 759 711 2.55 1,212 0.98 

25wt. %D 750 1,850 1,658 1.92 2,566 0.95 

B= Blending 

D= Dissolution 

No = Weibull minimum life 

Na = Weibull characteristic fatigue life or 37% survival probability 

N50 = 50% survival probability 

b= Weibull slope 
I= Fatigue performance index 

R2 = Coefficient of determination 
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Table 4.5.10 Mann-Whitney U Tets 

Cement Control BS 15wt. %D 25wt. %D 15wt. %B 

Control :: 77 NS NS 

cn BS p<0.001 p<0.001 p<0.001 
15wt. %B NS P<0.001 NS 

N 25wt. %B NS NS NS NS 
r" 

15wt. %D NS 

Control NS NS 

BS p<0.001 p<0.001 p<0.001 
15wt. %B NS P<0.001 NS 

N 25wt. %B NS P<0.001 NS NS 

15wt. %D NS 

Control p<0.001 p=0.023 7777 7 
cn BS p<0.001 p<0.001 p<0.001 

15wt. %B p=0.031 p<0.001 NS 

25wt. %B NS P<0.001 NS p<0.001 
15wt. %D 77777" p<0.001 

4.5.6.1 SEM of Fracture Surfaces 

The fatigue fracture surfaces of the control and BS cements cycled at 12.5%, 

25% and 50% of their UTS are shown in figures 4.5.15 and 4.5.16 respectively. 

The fracture surfaces appear flatter in comparison to the tensile fracture surfaces. 

Pores can be observed on both fracture surfaces. A rough area could be seen 

surrounding the pores. Particles of BaSO4 formed dense white areas around the 

beads across the matrix. Evidence of BaSO4 particle pull out which occurred 

upon fracture at 25% and 50% UTS cycling levels are shown in figure 4.5.17 (as 

highlighted by the red arrows). The fatigue fracture surfaces of 15 wt. % and 25 

wt. % TPB cements by blending are shown in figure 4.5.18 and 4.5.19 

respectively. The fracture surfaces of the 15wt. % blending cements appeared 

smoother than those containing 25wt. % TPB. TPB agglomerates are generally 

concentrated around pores (figures 4.5.18 D and 4.5.19 D respectively). The 

fracture surfaces of the TPB-cements appear smooth and uniform with the 

fracture initiating at pores. The areas surrounding pores were observed to be 

rougher in appearance compared to the region further from pores. 
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Figure 4.5.15 Fracture surfaces of fatigue specimens cycles at (A) 12.5% UTS, 

(B) 25% UTS and (C) 50% UTS (marker bars = 100pm). 

Figure 4.5.16 Fatigue fracture surfaces of BS cement specimens cycles at (A) 

12.5% UTS, (B) 25% UTS and (C) 50% UTS levels (marker bars = 100, um) 
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Figure 4.5.17 Fatigue fracture surface of BS cement cycled at 25%UTS showing 

pull out of BaSO4 particles as highlighted by the white arrows 

(marker bar = 10 pm) 

Figure 4.5.18 Fatigue fracture surfaces of 15 wt. % TPB blending cement cycled 

at (A) 12.5% UTS, (B) 25% UTS and (C) 50% UTS (marker bar =100 pm) and 

(D) A high magnification of cement cycled at 12.5% UTS levels showing TPB 

agglomerates around a void as highlighted by the white arrows 

(marker bars = 10, um). 
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Figure 4.5.19 Fatigue fracture surfaces of 25 wt. % TPB blending cement cycled 

at (A) 12.5% UTS, (B) 25%UTS, (C) 50% UTS (marker bar =100 , um) and (D) A 

high magnification of cement cycled at 12.5% UTS levels showing TPB 

agglomerates around a void as highlighted by the white arrows 

(marker bars = 10 , um). 

In contrast, the fatigue fracture surfaces of 15 wt. % TPB and 25 wt. % TPB 

cements by dissolution are shown in figures 4.5.20 and 4.5.21 respectively. The 

fracture surfaces are generally smoother in appearance in comparison to those of 

the blending cements especially at 15wt. % TPB cements. 
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Figure 4.5.20 Fatigue fracture surfaces of 15 wt. % TPB dissolution cement 

cycled at (A) 12.5% UTS, (B) 25% UTS, (C) 50% UTS (marker bar =100, um) 

and (D) A high magnification of cement cycled at 25% UTS levels showing TPB 

agglomerates as highlighted by the white circles (marker bar = 10, um) 

The appearance of TPB agglomerates are more apparent in cements containing 

25wt. % TPB as expected (figure 4.5.21 D) than in cements containing 15wt. % 

TPB (figure 4.5.20 D). 
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Figure 4.5.21 Fatigue fracture surfaces of 25 wt. % TPB dissolution cement 

cycled at (A) 12.5% UTS, (B) 25% UTS, (C) 50% UTS (marker bar =100 , um) 

and (D) A high magnification of cement cycled at 50% UTS levels showing TPB 

agglomerates as highlighted by the white arrows (marker bars = 10, um). 
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4.6 Radiopacity Evaluation 

The results of the radiopacity study (carried out at the Department of 
Orthopaedics, Lund University Hospital, Sweden) (figure 4.6.1) show the 

contrast increases with increasing TPB concentrations. The contrast of the 25 

wt. % TPB blending and dissolution cements were found to be statistically higher 

(p= 0.014 and p<0.001 respectively) than those of the BS cement. 
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Figure 4.6.1 Contrast values of control, BS and TPB-cements. 

An example of the X-ray image obtained in air at 70 kV with a water phantom of 

O. lm in thickness is shown in figure 4.6.2. The X-ray image displayed the 

opacity of all the TPB-cements in comparison to the control and BS cements. 

When using the blending method to prepare the TPB-cements, some specks of 

undissolved TPB were visible at all levels of concentrations whereas when using 

the dissolution method no such specks were observed on the X-ray image. 

The radiopacity of dissolution cements were significantly higher (p< 0.001) than 

those prepared by blending at all TPB concentrations except in the case of 

15wt. % TPB cement where preparation methods had no significant influence on 

the radiopacity level of the cements (table 4.6.1). 
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Figure 4.6.2 X-ray image of cements (70 kV, 12.5 mAs, in air with a water 

phantom) in comparison to an aluminium wedge at bottom right in I mm steps 

from 1-5 mm. (B: blending, D: dissolution) 

Table 4.6.1 Student-Keuls-Newman test: Contrast values of bone cements 

Cements Control BS lOwt. %D 15wt. %D 25wt. % D 

Control p< 0.001 p< 0.001 p< 0.001 

BS p< 0.001 p< 0.001 p< 0.001 p< 0.001 

JOwt. %B p< 0.001 p< 0.001 NS 

15wt. %B p< 0.001 p< 0.001 NS 

25wt. % B p< 0.001 p=0.014 p< 0.001 
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4.7 In vitro Osteolytic Assessment 

4.7.1 Particle Cytotoxicity 

Table 4.7.1 shows the results of the cytotoxicity assessment in terms of LDH 

release. There were no significant changes in LDH release by monocytes 

cultured in the presence of various particles as compared to cultures with no 

added particles. The results in table 4.7.1 are expressed as mean ± SEM of 5 

separate experiments. One way ANOVA statistical analysis was employed to 

analyse the results. 

Table 4.7.1 Cytotoxicity assay: LDH release 
Sample LDH released (%) One Way ANOVA 

Lysed Cells (+ve control) 100 N/A 

Culture media alone (-ve control) 10 ± 0.53 p< 0.0001§ 

Culture wells without added particles 30 ± 3.6 N/A 

Control (plain cement) 34 ± 2.9 NS* 

BS 39 ± 4.2 NS* 

15wt. % B 34 ± 2.7 NS* 

25wt. % B 35 ± 2.3 NS* 

15wt. %D 37± 1.3 NS* 

25wt. % D 39 ± 3.5 NS* 

§ data compared to positive control. 
* data compared to culture wells with no added particles. 

4.7.2 Histochemical Characterisation of Cultured Cells 

After 7 days in culture in the presence of soluble RANKL and M-CSF, clusters 

of red TRAP+ multinucleated cells (MNCs) were noted in control and particle- 

containing cultures (figure 4.7.1). Significantly more TRAP+ MNCs were noted 

in the cultures to which particles of BS cement had been added as compared to 

cultures containing control cement particles alone or cultures with no added 

particles. Numbers of TRAP+ MNC appeared to be markedly higher in cultures 

containing 25wt. % TPB cement particles compared to cultures containing 

l5wt. % TPB cement particles. 
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Figure 4.7.1 Histochemical TRAP staining of 7 days monocytes cultures in 
different culture conditions (x 250 magnification). 

A: Negative control indicates the monocytes cultures grown on glass coverslips 
in the absence of RANKL. Absence of TRAP+ multinucleated cells is clearly 
visible. 
B: Multinucleated TRAP+ osteoclast formed in murine cultures in the presence 
of M-CSF, RANKL, dexamethasone and particles of control cement (no 

radiopacifier). 
C: In cultures containing BS cement particles (used as +ve control), numerous 
multinucleated TRAP+ cells are clearly noted. 
D: Evidence of multinucleated TRAP+ osteoclasts formed in response to addition 
of 15wt. % TPB cement particles (prepared by dissolution method) (murine 

monocytes were incubated with M-CSF, RANKL and dexamethasone). 

4.7.3 Lacunar Resorption Characteristics of Isolated and 

Cultured Cells 

After 10 days in culture, monocytes were only able to differentiate into active 

bone resorbing osteoclasts when cultured in the presence of soluble RANKL and 

M-CSF. Addition of dexamethasone enhanced this effect by 2.5 fold (data shown 

is only the results in the presence of dexamethasone). In the absence of these 

factors, there was no evidence of osteoclasts as no lacunar resorption pits were 

seen on dentine slices (figure 4.7.2). Lacunar resorption was clearly visible with 
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the formation of numerous well-defined resorption pits and confluent areas of 
bone excavation which were stained blue due to staining with toludine. 
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Figure 4.7.2 Toludine blue staining of dentine slices after 10 days in culture with 
M-CSF, RANKL and dexamethasone (x 100 magnification). 

A: Negative control incicates the monocytes cultures grown on dentine slices in 
the absence of RANKL. No lacunar resorption pits were formed in these cultures. 
B: Lacunar resorption pits formed in murine cultures in response to addition of 
control cement particles (no radiopacifier). 
C: Lacunar resorption pits formed in murine cultures in response to addition of 
BS cement particles. 
D: Lacunar resorption pits formed in murine cultures in response to addition of 
15 wt. % TPB cement particles prepared by dissolution method. 

After 10 days incubation, monocytes to which control cement had been added, 

showed significant increase in percentage lacunar resorption pit formation 

relative to control cultures (i. e. those to which no PMMA particles had been 

added) (p<0.0001) (figure 4.7.3). In cultures containing positive control particles 

(i. e. particles of BS cement), there was a highly significant increase in bone 

resorption relative to the same control (p< 0.001). Similarly, significantly more 
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lacunar resorption was seen in these cultures relative to those containing control 

cement particles alone (p<0.001). 
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Figure 4.7.3 Percentage surface lacunar resorption on dentine slices in various 

culture conditions 

When comparing TPB- cements, it is clear that particles with 25wt. % TPB, 

prepared either by blending or dissolution, resulted in a highly significant 

response and a marked increase in the extent of osteoclast formation and lacunar 

resorption as compared to control cement particles (p< 0.001). However, when 

comparing the extent of osteoclast formation in response to 15wt. % TPB cement 

particles, only blended cements resulted in a highly significant increase (p< 

0.007) in the percentage lacunar resorption as compared to control cement 

particles. In cultures containing 15wt. % TPB dissolution cement particles, there 

were no significant differences in the extent of osteoclast formation and 

percentage lacunar resorption as compared to control cement particles. 

Moreover, there was a marked and significant difference in the extent of 

osteoclast formation, when comparing the response of 15wt. % TPB (table 4.7.2) 

dissolution cement particles with particles of 25wt. % TPB cement prepared using 

the same method (this was also the case for cements prepared by the blending 

method). 
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Table 4.7.2 One-Way ANOVA: Bone resorption values of bone cements 

Cements Control BS 15wt. %D 25wt. % D 15wt. %B 

Control NS p< 0.001 

BS p< 0.001 p< 0.001 p< 0.001 

15wt. %B p=0.007 p< 0.001 NS 

25wt. % B p< 0.001 NS NS p<0.001 

15wt. % D p<0.001 
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CHAPTER FIVE DISCUSSION 

5.1 Introduction 

In joint replacement surgery, it is necessary for bone cement to be radiologically 
detectable. Contrast agents, notably heavy metal salts of barium sulphate 
(BaSO4) and zirconium dioxide (Zr02) are commonly added to bone cements to 

confer radiopacity, that is be visible on X-rays (Primack, 1972; Bowen and 
Cleek, 1972; Chandler et al., 1971). BaSO4 and ZrO2 are usually present as a fine 

powder in the polymer matrix therefore the resultant radiopaque blends are 
heterogeneous with an uneven distribution of the particles within the matrix. The 

subsequent phase separation due to the incompatibility of the highly polar, ionic 

radiopaque agents with the low polarity resins degrades the physical and 

mechanical properties of the bone cement. 

The addition of BaSO4 is known to decrease the mechanical strength (Topoleski 

et al., 1993; Vazquez et al., 1997; Vila et al., 1999a, b) and fracture toughness of 

bone cement and although it has low solubility in water, its slow release and 

subsequent toxicity has caused concern. Zr02, although biologically safer, is 

incompatible with the polymer matrix and has an abrasive nature, which can lead 

to undesirable reactions in the implant bearings. Both agents have been 

associated with enhanced macrophage to osteoclast differentiation and 

subsequently accelerate implant loosening (Sabokbar et al., 1997). An alternative 

to such radiopaque agents is therefore required to improve the performance of 

bone cement. 

In the present study triphenyl bismuth (TPB) has been investigated as a potential 

radiopaque agent for bone cements. TPB is an organometallic compound, which 

consists of a heavy metal atom, bismuth (Bi), and three phenyl groups (Ph). TPB 

possesses no dipole moment and its apolar nature renders it soluble in a wide 

range of monomers including acrylates such as styrene, isoprene and methyl 

methacrylate (MMA) where it is found to be up to 70wt. % soluble. In addition, it 

does not interfere with room temperature polymerisation when a peroxide 

initiator is used jointly with amine accelerators such as N, N-dimethyl-p-toluidine 

(Delaviz et al., 1989). Furthermore TPB is hydrophobic making it insensitive to 

moisture, thus it does not leach out into the surrounding aqueous environment. In 

addition it has the ability to render composites stable in heat and air, and its uses 
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include as a bactericide, an antioxidant and a stabiliser. When TPB is 

incorporated into MMA and polymerised at room temperature; it produces a 

radiopaque polymer (Delaviz et al., 1990). 

Two methods of incorporating TPB into a commercial bone cement (CMW1 

Original) were investigated. The first method was termed "blending", in which 
the TPB powder was mixed with the solid component of bone cement, 

polymethyl (methacrylate) (PMMA) followed by cement formation. The second 

method termed "dissolution" involved the addition of the TPB powder to the 
liquid component, methyl methacrylate (MMA) followed by cement formation. 

5.2 Curing Kinetics 

Bone cements are cured in situ by free radical polymerisation of a mixture of 
MMA and PMMA. The system is prepared by mixing the solid component, 
PMMA, which contains the free radical initiator BPO, with the liquid 

component, MMA, which contains the activator DMPT. 

In this investigation, the polymerisation reactions and exothems of acrylic 

cements were studied at room temperature. Differential scanning calorimetry was 

used to measure the heat released during polymerisation reaction i. e. heat of 

polymerisation (OH) isothermally. The area under the exothermic peak is 

proportional to the heat released by the chemical reaction i. e. the amount of 

reacted monomer (Vallo, 2000). The heat of polymerisation released during the 

reaction decreased with increasing TPB concentration. Cements containing 10 

wt. %TPB by dissolution exhibited the highest polymerisation heat (99.85 ± 0.79 

J g-1) which was significantly higher than that exhibited by the control (86.77 ± 

4.78 J g-1) and BS cements (91.32 ± 3.72 J g-1). The lowest polymerisation heat 

was exhibited by cements containing 25 wt. % TPB (blending: 84.65 ± 1.18 J g-1 

and dissolution: 89.61 ± 1.14 J g4). Cements prepared by dissolution released 

more heat during their polymerisation reaction than those prepared by blending 

indicating a higher rate of monomer conversion (figure 4.1.1). Yang et al. (1997) 

showed that the magnitude of OH depends on the extent of reaction and the 

reaction mechanism. Their reaction systems contained identical reactant 

compositions, and therefore the system releasing more heat would have a higher 

degree of polymerisation. Consequently, the heat released during the 

polymerisation process of TPB-cements (except lOwt. % TPB cement by 
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dissolution) was not significantly different from that released by the control 

cement, it is therefore concluded that neither the reaction mechanism nor the 
degree of polymerisation was altered upon the addition of TPB. However, in the 

case of l Owt. % TPB cement by dissolution which released a significantly higher 

polymerisation heat (99.85 ± 0.79 J g-1) than the control cement, it is suggested 
that this may be due to the complete solvation of TPB in MMA prior to the onset 

of the polymerisation process. Thus at the onset of the mixing there is more 
MMA available to undergo polymerisation and subsequently releasing more heat. 

Additionally, since that the same volume of cement was tested each time, the 

TPB particles have therefore reduced the amount of monomer in the batch, thus 

the amount of heat released is lowered with increasing TPB concentrations. 
In the case of cements prepared by blending, the solvation of TPB in MMA is 

much lower than it is in cements prepared by dissolution. The TPB only comes 
into contact with the MMA at the onset of mixing, giving less time to dissolve 

completely before the polymerisation process begins, which is not the case in the 

dissolution method. Consequently, some agglomerates of TPB exist within the 

setting cement which may reduce the amount of MMA available for reaction thus 

releasing less heat. 

The maximum polymerisation temperature of TPB-cements increased with 

increasing TPB concentrations when cements were prepared by the blending 

method. A similar trend was also observed in cements prepared by dissolution 

when up to 15wt. % TPB was added (table 4.1.2). In the case of cements prepared 

by the blending method at l Owt. % and 15wt. % TPB, the polymerisation 

exotherms were 40°C and 11 °C respectively lower than those reached by the 

control cement and 35°C and 6°C respectively lower than that of the BS cement. 

In comparison, the polymerisation exotherms of cements prepared by the 

dissolution method were 24°C (lOwt. %TPB), 7°C (15wt. %TPB) and 14°C 

(25wt. %TPB) lower than that of the control cement. With regards to BS cement, 

the exotherms were lower by 19°C and 9°C in cements containing 10 and 

25wt. %TPB respectively. According to Lautenschlager et al. (1987), the amount 

of heat released during the polymerisation reaction is dependant upon the 

quantity of monomer which is reacted, whilst the temperature is related to the 

rate at which heat is dissipated. In general, the results of the dough, setting times, 

and the time to reach maximum polymerisation temperatures obtained in this 
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investigation confirm that the rate of polymerisation reaction is lowered upon the 

addition of TPB. Although the polymerisation exotherms varied with increasing 

concentrations of TPB, the time to reach the maximum temperature varied 
between 7: 30 and 9: 30 minutes for all cements regardless of the preparation 

method involved and was not significantly different from that of the BS cement 
(7: 45 ± 0: 06 minutes). The longest time to reach maximum polymerisation 
temperature was recorded for the I Owt. %TPB prepared by blending (9: 30 ± 0: 05 

minutes). In contrast, the time to reach the maximum polymerisation temperature 

(88°C) of the control cement was only 5: 00 ± 0: 04 minutes. 
The dough times recorded for all TPB-cements increased with increasing 

concentration of TPB. However, the dough time of lOwt. %TPB cements 
(blending 1: 40 ± 0: 04 minutes and dissolution 1: 35 ± 0.02 minutes) was less than 

that of the control cement (2: 23 ± 0: 07 minutes) and BS cement (1: 15 ± 0: 13 

minutes). In contrast, cements containing 15 and 25wt. %TPB by blending and 
dissolution exhibited dough times of (4: 03 ± 0: 02 and 4: 50 ± 0: 11 minutes) and 

(4: 23 ± 0: 03 and 5: 00 ± 0: 05 minutes) respectively. The incorporation of TPB 

into bone cement by blending and dissolution led to a reduction in 

polymerisation exotherms particularly at lower TPB concentrations and an 

increase in the setting times, which may be due to a lower rate of chain 

propagation upon the addition of TPB. The variation in the maximum 

polymerisation temperature may also be due to the variation in the molecular 

weights of MMA (100 g mol-1) and TPB (440 g mol-1). Vazquez et al. (1999) 

showed that the incorporation of the radiopaque compound 2,5-diiodo-8- 

hydroxyquinoline (IHQ) to acrylic bone cements decreased the maximum 

polymerisation temperature and increased the setting time. They concluded that 

such a decrease may be due to the high molecular weight of the IHQ monomer 

(three times higher than MMA). 

In conclusion, TPB does not interfere with the polymerisation process of 

methylmethacrylate (MMA) i. e. does not form adducts with the DMPT 

accelerator which is in agreement with the findings of Delaviz et al. (1990). 
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5.3 Physical Properties 

5.3.1 Water Uptake Characteristics 

The absorption of water by acrylic cements is important because it is 

accompanied by dimensional changes and could modify their mechanical 
behaviour. The kinetics of water absorption by most glassy resins follows the 

laws of diffusion (Braden, 1964). The weight change as a result of water ingress 

depends on the size and shape of the specimen, the surface area exposed to the 

liquid, and the concentration of water within the liquid (Braden, 1964). 

Furthermore, the values of diffusion coefficient and equilibrium concentration 

are also influenced by temperature at which the samples are conditioned, and 
fabrication techniques, i. e. hand mixing or vacuum mixing (Lautenschlager et al., 

1987). In this study the influence of TPB on the swelling behaviour (absorption 

of water) of acrylic bone cements was investigated. Water absorption data 

obtained for the TPB-cements conformed well to a linear (t0-5) relationship in the 

initial stages of absorption, suggesting a diffusion controlled absorption process 

where the slope is directly related to the diffusion coefficient, D (figures 5.3.1 for 

blending cements and 5.3.2 for dissolution cements). 
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Figure 5.3.1 Absorption curves for blending cements in comparison to the 

control and BS cements 
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Figure 5.3.2 Absorption curves for dissolution cements in comparison to the 

control and BS cements 

The water uptake and DC of TPB-cements were significantly lower than that of 

the BS cement. In TPB-cement, the water uptake and DC values decreased with 

increasing concentrations of TPB which highlights the hydrophobic nature of 

TPB. As the TPB concentration increases within the polymeric matrix, the 

diffusion of water becomes more difficult. The water uptake of blending and 

dissolution cements containing lOwt. % TPB was similar to that absorbed by the 

control cement. However, while the control cement exhibited the slowest rate of 

diffusion (1.49 ± 0.07 x 10-12 m2 s-1), l Owt. % TPB cements exhibited significantly 

higher DC values (table 4.2.2) which may be due to the higher segmental 

mobility of macromolecules within the polymeric matrix as a result of the 

plasticizing effect of TPB. In comparison to the BS cement, TPB-cements were 

found to absorb less water at significantly lower diffusion rates. The addition of 

BaSO4 to bone cement results in a pore containing structure. These pores are due 

to the phase separation that exists between the BaSO4 and the polymeric matrix 

as a result of the lack of chemical bonding between the two entities. Generally, 

the covalent double bonds between carbon and oxygen (C=O), present in the 

structure of the acrylic cement (figure 2.5.1), attract water molecules due to their 
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highly polar nature. The water uptake and DC of the control cement are in 

agreement with values recorded for acrylic cement by other investigators 

(Pascual et al., 1999; Vazquez et al., 1999). 

In the case of desorption, it was found that TPB-cements resulted in lower 

solubility than the control and BS cements due to the hydrophobic nature of TPB. 

Preparation methods did not seem to significantly influence this process. DCd 

were higher than DC, as expected due to the dependence of diffusion coefficient 

on concentration (section 2.9). 

5.3.2 Rheological Assessment 

The viscosity of bone cement is important in determining the handling properties 

and flow characteristics, thus consequently interstitial penetration and 

mechanical interlocking at the cement-bone interface. Bone cements may be 

delivered to the bone canal in two ways during surgery. In the simplest way, the 

cement is mixed manually and inserted when it reaches a "doughy" state where it 

can be easily manipulated and applied into the bone canal by the surgeon, thus 

this method requires a cement that can reach such "doughy" state rapidly. The 

alternative way is to mix the cement under vacuum and introduce it into the bone 

canal by using a cement gun under pressure which aids with reducing porosity 

and ensures better penetration into the cancellous bone. Consequently, the type 

of cement required for such application must maintain a low viscosity during 

injection. It is important to note, however, that the viscosity of the cement is time 

dependent, hence the cement's viscosity will continue to increase over time as 

the setting process proceeds regardless of the mixing and application methods 

employed. These changes highlight the necessity to study and understand the 

flow characteristics of the cement prior to setting. 

In this study, measurements were made at a constant strain of 5% and a constant 

angular frequency of 10 rads per second (section 3.3.3). Such test parameters 

were chosen in order to cause minimal disruption to the formation of the 

polymeric chains during cure. In addition to the viscosity, the dynamic method 

was also used to characterise the cement as a viscoelastic material with a storage 

modulus (G') and loss modulus (G"). The results of the viscosity and viscoelastic 

properties are shown in table 4.2.4, while figure 4.2.6 shows the log of complex 

viscosity as a function of time. The log scale was necessary to display all 

150 



cements as the viscosities varied considerably. A more in-depth analysis of the 

results is shown in table 5.3.1 which presents the progress of the viscosity as a 
function of time every 2 minutes from the onset of mixing. 

Table 5.3.1 Complex viscosity (rJ*/Pa s) at time from the onset of mixing 
Cement 2 minutes 4 minutes 6 minutes 8 minutes 10 minutes 
Control 1,280 7,330 20,000 1,460,000 1,490,000 

BS 6,800 14,000 187,000 1,450,000 1,450,000* 

lOwt. % TPB-B 191 1,240 3,760 10,400 583,000 

15wt. % TPB-B 119 374 1,310 3,160 9,480 

25wt. % TPB-B 141 445 2,140 9,180 871,000 

lOwt. % TPB-D 186 1,300 3,580 10,800 1,000,000 

15wt. % TPB-D 109 323 1,160 2,580 8,540 

25wt. % TPB-D 115 552 2,900 21,400 1,300,000 

B: blending D: dissolution (*) Maximum viscosity reached at 7: 32 minutes 

The viscosities of TPB-cements whether prepared by the blending or dissolution 

methods were significantly lower than those of the control and BS cements. BS 

cement exhibited the highest viscosity until setting followed by the control 

cement. However, in comparison, TPB-cements maintained their low viscosity 

for at least 8 minutes. TPB-cements prepared by blending exhibited lower 

viscosity than those prepared by dissolution and the maximum viscosity was 

exhibited by cements containing lOwt. % TPB due to the higher solubility of TPB 

in MMA at lower concentrations. The viscosity of TPB-cements during the first 

10 minutes from the onset of mixing appeared to increase in a more linear 

manner than the control and BS cement (figure 4.2.6). For the first 6 minutes 

from the onset of mixing, the complex viscosity decreased with increasing TPB 

concentration (for 10 and 15wt. % TPB), but increased again in cements 

containing 25wt. % TPB . However, thereafter cements containing 25wt. % TPB 

seemed to exhibit the highest viscosities. This may be due to the fact that 10 and 

15wt. % TPB is completely soluble in MMA, however when adding 25wt. %, it 

was found that not all of the TPB had dissolved (as will be later discussed in 

section 5.5) thus the increase in viscosity. After 10 minutes from the onset of 

mixing, the lowest viscosity was exhibited by cements containing 15wt. % TPB 

prepared by dissolution (8,540 Pa s). 
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Two processes can contribute to the rise in viscosity with time. Firstly, the 

swelling of the PMMA beads in the MMA monomer at the onset of physical 

contact between the two components. Secondly, the onset of the polymerisation 

process. Swelling of the polymer beads is however, thought to be mainly 

responsible for the rise in viscosity. In order to confirm this hypothesis, tests 

were performed on cements using a monomer liquid that contained no DMPT 

(N, N-dimethyl-p-toluidine) activator (figure 5.3.3). 
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Figure 5.3.3 Complex viscosity as a function of time for IOwt. % TPB cement by 

blending in comparison to the control cement with and without DMPT activator 

Figure 5.3.3 clearly shows the initial increase in viscosity due to swelling of the 

PMMA beads but as there is no polymerisation reaction (due to the absence of 

DMPT) the second increase in viscosity does not occur. The initial increase in 

viscosity (up to approximately 6.5 minutes) of cements without DMPT rises at a 

rate very slightly lower than that of cements with DMPT. The results confirm 

that the addition of TPB does not interfere with the polymerisation process of 

MMA by forming adducts with the activator DMPT (Delaviz et al., 1990). 

The rate of swelling of PMMA beads and the initial viscosity increase is affected 

by a number of factors such as polymer particle size and shape, molecular weight 

of the polymer component and the composition of the polymer particles (e. g. if a 

12 
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co-polymer is used). The cement formulation was kept constant for all cements 
in this study thus the lower viscosity recorded for TPB-cements may be due to 

the incorporation of TPB. As discussed in an earlier section (section 5.2), the 
dough time and time to reach maximum polymerisation temperatures (section 

4.1.2) was prolonged in comparison to the control and BS cements which implies 

that TPB lowers the rate of chain propagation by increasing the intermolecular 

distances thus making it difficult for two molecules to meet and react. This 

behaviour is thought to be a strong probability especially when the molecular 

weight of TPB (Mw, = 440 g mol-1) is four times higher than that of MMA (M, = 
100 g mol-1). In addition, TPB is only up to 70wt. % soluble in MMA which 

means that at higher TPB concentrations not all the TPB will be in solution. 
According to Delaviz et al. (1990), in commercial monomer formulation, TPB 

dissolves completely at 5wt. %, however, at and above 15wt. % a slightly cloudy 

suspension is formed and that at the 30wt. % level a few undissolved particles are 

clearly visible. In the current study the 10,15 and 25wt. % TPB with respect to 

the PMMA powder equals to 20,30 and 50wt. % of TPB in MMA (due to the 2: 1 

powder to liquid ratio). The low viscosity of TPB-cements during these curing 

processes indicate that they may be suitable for use in vacuum mixing systems 

and cement gun applications unlike the control and BS cements (based on 

CMW1 Original cements-high viscosity cement, Kühn, 2001) which are 

intended for manual mixing. 

Viscoelastic parameters such as storage modulus (G') and loss modulus (G") 

were measured as a function of time (section 3.3.3). Table 4.2.4 shows that 

although the values of G' and G" both increase with time, G' tends to increase 

more rapidly as the material changes from being primarily viscous liquid to being 

primarily elastic solid. This trend is indicated by a decrease in tan 8 over time 

(figure 5.3.4). It is also clear from the profiles shown in figure 5.3.4 that such 

trends are not affected by the addition of TPB to acrylic cement (figure 5.3.4 B). 
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Figure 5.3.4 The progress of G', G" and tan Swith time for (A) control cement 

and (B) 25wt. % TPB dissolution cement 
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Another important rheological parameter that may be predicted from the 

viscosity-time profile is tom (the onset of cure) and is defined as the time at which 

there is a significant increase in complex viscosity (* r7). However, the results 

obtained in this study also showed that a significant increase in * rJ is usually 

coupled with a significant increase in G', thus a combination of both can be used 
to predict tom (figure 5.3.5). 
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Figure 5.3.5 Complex viscosity, storage modulus time profile to show the onset 

of cure (togs) based on the control cement 

The onset of cure times estimated by this method are compared to the setting 

times calculated during polymerisation exotherms (section 4.1.2). Lewis and 

Carroll (2002) reported that a key drawback of the method to calculate the setting 

time is that it involves attaching a thermocouple to the dough sample in the test 

mould, which may affect the cement curing process. Thus it is believed that the 

times of the onset of cure are more accurate and representative of the actual 

setting times (figure 5.3.6). 
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Figure 5.3.6 A comparison of the exothermic setting times and the times of the 

onset of cure obtained from Theology 

5.4 Structural Properties 

5.4.1 FTIR Assessment 

The results of the FTIR study conducted on bone cement specimens (cured in air 

at 37°C prior to the start of the experiment) showed that the C=O peak at 1720 

cm 1 was not shifted upon the addition of TPB. In addition, there was an extra 

peak visible on the spectrum of the TPB-cement at 1566 cm-1 (figure 4.3.1) 

which represents the aromatic ring system belonging to the phenyl groups of 

TPB. This peak suggests that the MMA has acted as a solvent for the TPB and 

that there was no covalent bonding between the carbonyl group (C=O) and the 

bismuth (Bi). This hindering supports the statement of Smid et al. (1993) that 

bismuth salts such as bismuth bromides and chlorides are only useful with 

carbonyl-containing monomers and polymers, where the driving force that 

solubilizes them in such monomers is to a large extent the strong interaction 

between the C=O and bismuth (Bi) (Lewis acid-base interaction). Delaviz et al. 

(1990) reported that the 1727 cm-1 carbonyl absorption of MMA showed an 

additional peak at 1705 cm-1 in the presence of sufficient bismuth bromide 

(BiBr3), while in a mixture of PMMA/BiBr3 two distinct carbonyl absorptions 
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were seen, namely, at 1732 cm -1 (as in salt free PMMA) and one at 1685 cm-1 
belonging to the C=O... BiBr3 adduct (Smid et al., 1987). In contrast, they 

reported that TPB when dissolved in acrylates or their polymers do not cause 

significant IR shifts in the carbonyl group. The apolar character of TPB renders it 

soluble in a much wider range of solvents, monomers and polymers such as 
hexane, benzene, chloroform, acrylates and styrene. Figure 4.3.2 also shows that 

the C=C peak at 1638 cm -1 is not visible in the FTIR spectrum of TPB-cements 

which also indicates that TPB did not interfere with the polymerisation process 

of bone cement. However, additional peaks on the spectra between 691 and 1054 

cm -I suggest that there may be some chemical interaction by means of hydrogen 

bonding (figure 4.3.2). 

5.5 Thermal Properties 

Glass transition temperature (Tg) is defined as the temperature at which a 

polymer undergoes the transformation from a glass to a rubber (Young and 

Lovell, 1991). In this study the Tg was determined from the second heating cycle 

measured using a constant rate DSC method. The results obtained for TPB- 

cements prepared by blending and dissolution were compared to those of the 

control and BS cements (figures 4.4.4 and 4.4.5 respectively). First heating cycle 

of all cements was not used to calculate the Tg due to a number of overlapping 

events taking place, such as the Tg of the bone cement, the overlapping of Tg of 

the PMMA powder, and the residual monomer reactions, thus making it difficult 

to calculate the transition temperature. 

Figure 4.4.1 shows absence of the residual exothermic peak in the second heating 

cycle and a clear Tg inflection at 95.40 ± 3.82°C. The absence of the exothermic 

peak indicates that full polymerisation has taken place during the second heating 

cycle. TPB-cements, like the control cement, did not show a clear glass transition 

region (figure 4.4.2 for blending cements and 4.4.3 for dissolution cements). 

However, the first heating cycle of TPB cements especially those containing 

25wt. % TPB revealed a sharp peak at 80°C which corresponds to the undissolved 

TPB crystals which have precipitated within the polymeric matrix of bone 

cement. This result was confirmed when TPB was taken through a heating ramp 
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(figure 5.5.1) where a very sharp melting peak at 82°C was present. The TPB 

peak disappeared in the second heating cycle. 
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Figure 5.5.1 DSC thermogram of TPB-powder heated to 150 °C 

The precipitation of TPB was not observed at lower concentrations. Higher 

concentrations of TPB in the system would lower the net amount of TPB in 

solution and both rapid vitrification and decreasing solubility result in 

precipitation. Figures 4.4.4 and 4.4.5 show the thermograms obtained for the 

second heating cycles of blending and dissolution cements respectively in 

comparison to the control and BS cements where a clear Tg transition region was 

obtained. The Tg of TPB-cements decreased with increasing concentrations of 

TPB. The lowest Tg was recorded for cements containing 25wt. %TPB and 

prepared by the blending method (79.01 ± 3.94°C) in comparison to the control 

cement (95.40 ± 3.82°C) and BS cement (96.97± 2.00°C). This change is due to 

the higher TPB precipitates in cements prepared by blending as they dissolve less 

in MMA in comparison to the dissolution method. The lower TPB solubility in 

MMA in cements prepared by blending arises from the fact that TPB only comes 

into contact with the MMA at the mixing stage during which various operations 

are taking place such as solvation of PMMA beads in MMA and the 

polymerisation reaction as explained earlier. The highest Tg value was recoded 

for cements containing lOwt. %TPB by dissolution (93.86 ± 0.79°C). The results 
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indicate that TPB act as a plasticizer. This is in agreement with Delaviz et al. 
(1989) who also showed that TPB suppressed the glass transition temperature Tg 

by acting as a plasticizer. Delaviz et al. (1990) also recorded that TPB lowered 

the Tg of PMMA composites by 1.3°C/ wt. %TPB. The Tg of bone cement was 

also reported to decrease due to the plasticizing effect of residual monomer 
(Rawls et al., 1996) and water uptake (Delaviz et al., 1990). By acting as a 

plasticizer, TPB molecules occupy positions between large polymer chains, thus 

effectively increasing the interchain distance with a reduction in the secondary 
intermolecular bonding. Consequently, increasing the concentration of TPB leads 

to an increased intermolecular distance and hence the transaction from a glassy to 

a rubbery state occurs at lower temperatures. In comparison with the BS cement 
(Tg = 96.97 ± 2.00°C), it must be taken into consideration the differences in 

particles size (BaSO4 = 7.34 pm, TPB = 113.31µm) and morphology (section 

4.2.1). Thus, BaSO4 does not cause a significant increase the intermolecular 

distances between the large polymer chains as the TPB. The results obtained 
from this study indicated that the decreased Tg in TPB-cements was independent 

of the preparation method used. 

5.6 Mechanical Properties 

Several studies have evaluated the mechanical properties, fracture toughness and 

fatigue behaviour of PMMA-bone cements in order to understand the loosening 

process of prostheses. The loosening of cemented hip joint replacements is linked 

to the failure of bone cement, which is consequently related to the performance 

of the cement. This failure can be seen radiographically if it produces cracks or 

voids (Lu and McKellop, 1997; Muller et al., 1997). Failure behaviour is thus an 

important mechanical property of bone cement in that it determines the reliability 

and stability of the arthroplasty. 

In this study tensile, bending and compressive properties of TPB-containing 

cements were investigated. The ultimate tensile strength (UTS), flexural strength 

(FS) and ultimate compressive strength (UCS) all decreased with increasing 

concentrations of TPB (figure 5.6.1). Cements prepared by the dissolution 

method produced the highest strengths especially at lower concentrations 

(lOwt. % for UTS and 15wt. % for Fs and UCS). The UTS values obtained for 
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blending cements were between 35.00 ± 4.38 MPa and 50.35 ± 3.60 MPa. In 

contrast, cements prepared by dissolution exhibited UTS between 44.41 ± 4.02 

MPa and 53.36 ± 2.97 MPa. These results of the tensile strength are in agreement 

with values reported by other investigators for acrylic bone cements. Harper and 
Bonfield (2000) reported UTS values that ranged between 31.7 ± 2.8 MPa and 
51.4 ± 3.5 MPa for cements containing BaSO4 and Zr02 radiopacifiers, whereas 
Liu et al. (2001) reported values between 44.3 ± 4.13 MPa and 52.20 ± 0.2 MPa. 
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Figure 5.6.1 Strength values of dry conditioned TPB-cements, control and BS 

cements 

The results clearly show that mechanical properties such as UTS, FS and UCS 

are significantly enhanced when using the dissolution method due to the higher 

solubility of TPB in the MMA. When cements are prepared by blending, a 

homogenous distribution of the TPB in the PMMA powder is not always 

obtained as it is hand mixed with a metal spatula and not ball milled. Thus, upon 

mixing the TPB/PMMA mixture with the MMA (where the TPB first come into 

contact with the MMA), the rapid solidification of the polymerising mass results 

in the precipitation of TPB crystals within the polymeric matrix (figure 5.6.2), in 

agreement with claims made by Rawls et al. (1996). Such precipitation can 

consequently act as stress concentration points within the cement and thus lead to 

early mechanical failure. 
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Figure 5.6.2 Fracture surfaces of 25wt. %TPB cement by blending showing the 

precipitation of TPB crystals within the matrix 

Additionally, the powder to liquid ratio is altered when using the blending 

method, particularly at high TPB concentrations. Increasing the powder weight 

while keeping the monomer weight constant result in insufficient wetting of the 

PMMA beads together with poor adhesion between the PMMA beads and their 

newly formed matrix. Subsequent loading gives rise to the removal of the beads 

from the matrix. Figure 5.6.3 shows imprints of undissolved PMMA beads, while 

figure 5.6.4 shows spherical undissolved PMMA beads. Pascual et al. (1999) 

showed that reducing the powder/liquid ratio enhances the wettability of the 

PMMA beads by the MMA which consequently improves the adhesion between 

the PMMA beads and the matrix. 

Figure 5.6.3 Tensile fracture surface showing imprints of undissolved PMMA 

beads (25wt. % TPB cement by blending, marker bar = 100pm) 
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The crack propagation seems to be advancing intergranularly i. e. through the 

newly formed matrix and not through the beads (figure 5.6.4). 
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Figure 5.6.4 Tensile fracture surface of 25wt. % TPB blending cement showing 

spherical undissolved PMMA beads (circled) and fracture propagation 

(marker bar = 10, um) 

TPB precipitation may also be observed in cements prepared by the dissolution 

method at 25wt. % as was shown by the DSC thermogram (figure 5.5.3 A). 

However, cements prepared by the dissolution method have more homogeneous 

matrices than those of the blending method, resulting in higher strength. 

Flexural and compressive strengths (FS and UCS respectively) also decreased 

with increasing concentrations of TPB. The highest FS and UCS were exhibited 

by 15wt. % TPB cements prepared by dissolution at 82.81 ± 2.80 MPa and 95.00 

± 1.50 MPa respectively and are in agreement with results obtained by Liu et al. 

(2001). The UCS results of the TPB-cements regardless of the preparation 

method and TPB concentration exceeded the minimum value of 70 MPa 

specified in ISO 5833. 

As expected, the results obtained show that TPB-cements performed worse in 

tension than in bending or compression. Schmalzried et al. (1992) claimed that 

the load condition that produces fracture of the cement is the "end-bearing" 

effect. This means that as the prosthesis loosens in the proximal portion of the 

cement mantle, the distal part of the cement becomes loaded in tension and 

fractures. 
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In relation to the BS cement, TPB cements prepared by dissolution and 

containing 15wt. % TPB resulted in a significantly higher tensile, flexural and 

compressive strengths due to the improved homogeneity of the polymeric matrix 

of TPB-cements and the fact the TPB is an organic compound that is up to 

70wt. % soluble in MMA (Delaviz et al., 1990). Various authors have reported 
that BaSO4 in amounts of about lOwt. % reduces the tensile strength (Haas et al., 
1975; Kusy, 1978; Vazquez et al., 1997). Holm (1977) reported that BaSO4 also 

reduced the flexural strength. Ginebra et al. (2001) investigated the addition of 

an organic radiopacifier (an iodine containing monomer, IHQM) and compared 
its effect on the compressive and tensile strength to those of BaSO4 and ZrO2. 

They found that BaSO4 decreased the tensile strength and had no significant 

effect on the compressive strength in relation to the radiolucent cement. The 

reduction in the tensile strength is due to the fact that BaSO4 is inorganic additive 

that is insoluble in MMA. Its addition results in the formation of a two phase 

system where no chemical bonding exists between the BaSO4 and the polymeric 

matrix as was confirmed by Kusy (1978), Topoleski (1990) and Vila et al. 

(1999a, b). The lack of chemical bonding between the BaSO4 and the polymeric 

matrix was also confirmed by the tensile fracture surfaces obtained in this 

investigation where a much rougher interbead matrix was observed due to the 

presence of the unbonded BaSO4 (figure 5.6.5). The BaSO4 particles appeared to 

be situated in pores within the PMMA matrix with no evidence of any bonding 

between the two opposing surfaces. Liu et al. (2001) reported that BaSO4tend to 

agglomerate within the interstitial matrix and act as stress concentrators which 

consequently degrade the mechanical properties. Sheldon (1982) highlighted 

that, in composite materials, the role of the interface is very important for 

efficient stress transfer from the matrix to the fillers. 
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Figure 5.6.5 Tensile fracture surface of BS cement showing the voids 

surrounding the BaSO4 which particle pull-out 

The increase in the tensile and flexural strengths of TPB-cements also indicates 

that there is some reinforcing effect, which must be attributed to the TPB. As was 

shown by the FTIR results, although no chemical bonding was seen between the 

bismuth and the carbonyl group, however it is thought that hydrogen bonding 

may exist between the two entities, which may be responsible for the 

homogeneity of the matrix and the subsequent mechanical improvement as was 

highlighted by the dissolution cements. On examining the SEM of the tensile 

fracture surfaces of TPB-cements (figure 4.5.6), there was no evidence of TPB 

agglomeration especially at lower TPB concentrations and no particle pull-out 

was observed, highlighting the homogeneity of the matrix. The TPB-cements 

fracture surfaces appeared smooth at lower TPB concentrations indicating a 

brittle fracture; however the texture of the fracture surface increased in roughness 

with increasing concentrations of TPB and areas of stress whitening were also 

observed indicating plastic deformation and thus less brittle fracture. In 

comparison to the BS tensile fracture surface, the differences in surface texture 

(stress whitening) are reflected in the results of the strain to failure where it is 

found that TPB cements prepared by dissolution exhibited higher values than the 

BS cements. 

The strain to failure results obtained from the tensile and bending tests indicates 

that the ductility of the cements decreases with increasing TPB concentrations (a 

similar trend to the tensile and bending strengths). The highest strain was 

exhibited by cements prepared by dissolution due to the higher homogeneity of 
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the matrix in comparison to those prepared by the blending method. The ductility 

of the dissolution cements was significantly higher than that of the BS cement 
(figure 4.5.2). This is mainly due to the TPB acting as a plasticizer. Plasticizers 

are known to increase the ductility of polymers by occupying the free volume 
that exists between the macromolecules, allowing greater deformation of the 

material before fracture. The ductility of the dissolution cements were not 

significantly different from those of the control cement even at higher TPB 

concentrations, which was not the case for the blending cements for reasons 
discussed earlier. The examination of the bending fracture surfaces revealed that 

all cements tested exhibited stress whitening as was observed in the tensile 

specimens. Three distinct regions with different textural features, characteristic 

of bending fracture surfaces, were identified. In bending, the top surface of the 

specimen is subjected to compression, and the bottom surface is subjected to 

tension while the middle of the specimen is neutral. The compression band 

appeares smooth with lots of whitening signs (figure 5.6.6 A). The transition 

band exhibits a smoother texture and is less fragmented by cracks and there 

appears to be some wafer drawing of thin layers of the material, which later 

develop into crack stream lines (figure 5.6.6 B). In contrast the tensile band 

appears rather rough, similar in texture to the tensile fracture surface (figure 5.6.6 

Q. A closer observation of the texture reveals that the tensile band has the 

appearance of a delaminating material, with the laminates fragmented under 

tensile stress and with more in-depth cracking. It is understood that the plastic 

deformation on the tensile side starts much earlier than the compression side. Liu 

et al. (2000) reported that as the bending load increases, the tensile side 

undergoes plastic deformation. Once a crack is initiated, it will propagate slowly 

until the load reaches the tensile stress limit of the bone cement, then the 

specimen fractures abruptly (Liu et al., 2001). 
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Figure 5.6.6 Bending fracture surfaces of 25wt. % TPB cement by blending 

showing (A) compression, (B) transition and (C) tensile bands 

(marker bars = 10, um) 

The modulus of elasticity or Young's modulus was also measured during tensile 

and flexural tests and values are in agreement with those reported for acrylic 
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cements (Harper and Bonfield, 2000; Lu et al., 2001). The enhanced stiffness in 

TPB-cements, especially in bending (figure 4.5.10), in comparison the BS 

cement may be attributed to the TPB crystals acting as reinforcing fillers as 

claimed by Rawls et al. (1996). 

In conclusion, cements containing 15wt. % TPB exhibited superior static 

mechanical properties over the 25wt. % TPB cements due to the higher degree of 
TPB solubility and thus homogeneity within the polymeric matrix. 

It must be noticed that no flexural or compressive tests were performed on 

cements containing lOwt. % TPB by blending and dissolution as radiopacity 

examinations of the l Owt. % TPB found its contrast to be lower than that stated 
by ASTM F451 acrylic bone cements used in surgery (radiopacity equivalent to 

that of 2mm of aluminium). 

5.6.1 The influence of ageing in saline solution 

Absorption of water by acrylic cements generally lowers their mechanical 

properties, due to the water acting as a plasticizer when present in the acrylic 

structure (Treharne and Brown, 1975; Freitag and Cannon, 1976 and 1977). The 

absorbed water causes an increase in the molecular mobility, thus allowing more 

deformation to occur. Such effect was demonstrated by the tensile, compression 

and bending properties of TPB-cements conditioned in saline solution for two 

weeks at 37°C. 

There was no significant effect observed for the the UTS of the control cement. 

The UTS of the BS cement and TPB-cements containing l Owt. % TPB was 

reduced. This effect may be due to the plasticizing effect of water. Results of the 

water uptake study (section 4.2.2) revealed that cements containing l Owt. % TPB 

exhibited the highest water uptake among the TPB cements. In contrast, TPB- 

cements containing 15wt. and 25wt. % TPB by blending exhibited higher UTS 

values than their dry counterpart, which is mainly due to the hydrophobic nature 

of TPB, thus absorbing less water. In BaSO4 and ZrO2 containing cements, water 

may be found at the interface between the radiopacifier particles and the 

polymeric matrix due to phase separation, however this is not the case in TPB 

containing cements due to the homogeneity of the polymeric matrix. The UTS of 
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dissolution cements exhibited no significant changes upon conditioning in saline 

solution. The flexural (FS) and compressive (UCS) strengths both increased after 

conditioning in saline solution. Such increase was found to be more significant in 

cements prepared by blending (p=0.003), whereas dissolution cements were not 

affected by the conditioning process which may be due to the higher TPB 

solubility in MMA and the resultant homogeneity of the polymeric matrix of the 
dissolution cements in comparison to those of the blending cements. All cements 

conditioned in saline exhibited a UCS higher than the minimum requirement of 
70MPa. The UCS of cements conditioned in saline conditioned cements are in 

agreement with those reported by Krause and Hofmann (1989) for Zimmer LVC 

cement aged in saline solution for 7-days prior to testing (UCS = 110.6MPa). 

With regards to the effect of saline solution on the ductility of TPB cement, it 

was found that the tensile strain to failure was lower in cement containing lOwt. 

TPB by blending. This may be attributed to the uneven distribution of TPB 

within the polymeric matrix when prepared by blending. The ductility of 15wt. % 

TPB blending cement was unaffected while that of 25wt. % TPB blending cement 

was significantly increased. Such fluctuation may be due to the heterogeneous 

nature of the polymeric matrix as a result of uneven TPB distribution. Although 

the absorbed water is expected to increase the ductility of the cements, this was 

clearly not the case for cements containing l Owt. % TPB. The 25wt. %TPB 

blending cement exhibited a significantly higher ductility in comparison to its 

dry counterpart, whereas when prepared by dissolution, there was no significant 

change. The preparation method did not seem to significantly affect the ductility 

of this cement. The highest ductility of TBP cements was exhibited by 

15wt. %TPB dissolution cement where it is believed that the cement exhibited 

maximum homogeneity. 

The ductility of cements tested in flexure followed a similar trend to their dry 

counterparts but was significantly higher (p< 0.001) especially when prepared by 

blending. In contrast, the strain to failure of cements prepared by dissolution was 

not significantly higher than those conditioned in air, as a result of the even 

distribution of TPB in the bone cement. It was shown earlier that cements 

prepared by blending exhibited higher water uptake than those prepared by 

dissolution, thus the absorbed water acts as a plasticizer and increases molecular 

mobility which consequently increases the ductility of the cements. The 
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enhanced ductility of the TPB cements after conditioning in saline solution was 

reflected in their fracture surfaces (figure 4.5.6). 

The modulus of elasticity is a measure for the stiffness of a material. The higher 

the modulus, the less the material is deformed. Saline conditioned cements 

exhibited higher moduli during tensile and flexural testing. The higher variability 

was again observed with the blending cement, whereas the dissolution cements 

showed a consistent decrease in modulus with increasing concentrations of TPB. 

All the values obtained for the flexural modulus are well above the lower limit of 
1.7GPa specified by ISO 5833. 

5.6.2 Fracture Toughness 

Clinical experience shows that improving the fracture toughness of acrylic bone 

cements is important. Topoleski et al. (1990) reported ex vivo results which 

indicated that cement in the weak-link zones in cemented hip implants contained 

discontinuities, thus making the cement prone to fracture and consequently 

reducing the life of the implant. Fracture toughness, which is a measure of the 

size of the damage zone ahead of cracks, therefore reflects the defect tolerance of 

the cement. 

In this study, compact tension (CT) specimens were loaded in tension (cracks 

predominantly open in mode I and under linear elastic conditions) and the value 

obtained is thus the critical value of the mode I stress intensity factor (KIc). The 

ARAMIS system (section 3.6.4) was used as an optical strain gauge and was 

programmed to record images every second. Each image corresponded to 

particular load and crack length, thus allowing more measurements to be 

recorded for the a/W (0.2-1.0) validation requirements. The CT specimen 

configuration used in this study has been found to produce plane strain 

conditions at the crack tip. A pre-crack was introduced into the CT specimen by 

means of a sharp razor blade rather than fatigue pre-cracking as the latter 

generate heat in the specimen. In addition, fatigue pre-cracks are not so 

successful with polymeric materials in which unstable crack propagation is 

common (Watson et al., 1987). Gledhill and Kinloch (1976) showed that the pre- 

crack initiated with a razor blade may be blunted, thus resulting in an increase in 

the determined fracture toughness of the material. Lewis (1999) investigated the 
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plane strain fracture toughness of Palacos® R bone cement using compact tension 

(CT) specimens as well as chevron notch short rod (CNSR) and single edge 

notched beam (SENB). The results obtained in his study, which also used CT 

specimen configuration (aged in Ringer's solution for a minimum of 7 days), 

were 2.11 ± 0.06 MPa. m0.5, which are within the range obtained for saline 

conditioned 15wt. %TPB dissolution cements (2.03 ± 0.06 MPa. m0.5). Vila et al. 
(1998) reported a fracture toughness value of 1.42 ± 0.11 MPa. m0.5 for a 

commercial orthopaedic bone cement which contained 10% BaSO4 and had been 

conditioned in Ringer's solution for 1 month. 
Cements containing l Owt. % TPB were not tested for reasons explained in section 
5.6. The results of this study show that the fracture toughness of dry TPB- 

cements was not significantly higher than the control and BS cements with the 

exception of l 5wt. %TPB blended cement, which was found to be 10% and 11 % 

higher than the control and BS cements respectively. The weight concentration of 

TPB and preparation methods did not cause a significant increase in the fracture 

toughness of TPB cements. In comparison, saline conditioned cements exhibited 

significantly higher fracture toughness values than their dry counterparts (figure 

4.5.11). However, among the saline conditioned TPB cements only dissolution 

cements showed evidence of significant increase in comparison to the control 

and BS cement. Scanning electron microscopy examination of the fracture 

surfaces exhibited smooth and flat fracture surface morphology in dry aged 

cements. This morphology indicates that the dry cements fractured in a brittle 

manner as a result of rapid crack propagation. In comparison, the plasticizing 

effect of water significantly increased the fracture toughness of saline 

conditioned cements by enhancing crazing at the crack tip region (figure 5.6.7). 

Crazing gives rise to an energy dissipation zone (also known as damage zone) 

ahead of the crack tip and on subsequent crack extension, the energy dissipation 

zone may lead to crack bridging and shielding of the crack tip by the dilated 

crazed zone in the wake of the crack, thus increasing the fracture toughness and 

resulting in ductile fractures. The rough fracture surfaces morphology is 

characteristic of ductile fractures as evidenced by the white stripes, which 

represent crazing (figure 4.5.12). Kinloch and Young (1983) reported that 

crazing is the main micromechanism responsible for plastic deformation in 

amorphous polymers. In addition to the effect of water, there is also the 
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plasticizing effect of TPB to consider. TPB is known to act as a plasticizer and 
toughens the polymeric matrix, as was evidenced by its effects on the strain to 
failure and UTS results. This effect is further enhanced when TPB is added to the 

cement by the dissolution method which endures higher solubility and interaction 

with the MMA and thus further enhancing its stability within the polymeric 

matrix. 

Figure 5.6.7 CT fracture surfaces of (A) dry and (B) wet conditioned 15wt, % 

TPB dissolution cement (marker bars = 100pm) 

Furthermore, the SEM examination showed that as expected the control cement 

with no additives exhibited extremely smooth fracture surface morphology where 

the crack showed flat propagation, indicating that the pre polymerised PMMA 

beads and the interbead matrix had fractured (figure 4.5.12). In contrast, the 

fracture surface of the BS cement exhibited a rougher interbead morphology due 

to the presence of pull out BaSO4 particles (figure 4.5.13 A). This result is in 

agreement with the findings of Ginebra et al. (2002) who described similar 

fracture behaviour for radiolucent and BaSO4-containing cements. On the other 

hand, TPB cement also exhibited rough fracture surfaces with the crack 

propagating through the beads and the interbead matrix. There was no evidence 

of particle pull-out, rather, there was some ductile tearing as a result of the 

homogeneity of the TPB-containing polymeric matrix (figure 5.6.8). 
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Figure 5.6.8 CT fracture surface of dry conditioned 25wt. % TPB dissolution 

cement displaying ductile tearing (marker bar = 1, um) 

5.6.3 Fatigue Behaviour 

The resistance of bone cement to cyclic loading is important. Firstly because the 

majority of normal daily activities involve subjecting the construct to many 

cycles of alternating loading pattern such as walking. Secondly, results by 

Topoleski et al. (1995) showed that fatigue failure and fatigue crack propagation 
(FCP) are the primary cement failure mechanism that contributes to aseptic 
loosening of the prosthesis. 

The fatigue behaviour of TPB-cements was investigated for cements containing 

15 and 25wt. % TPB only (l Owt. %TPB was excluded for reasons outlines in 

section 5.6) using the methodology outlined in section 3.6.5. The TPB and 

control cements exhibited significantly lower fatigue lives at all UTS levels in 

comparison to the BS cement with the exception of 25wt. % TPB blending 

cement, which was found not to be significantly lower than the BS cement when 

cycled at 12.5% UTS (figure 4.5.14). The fatigue lives of TPB cements, 

however, were similar to that of the control cements when cycled at 12.5% and 

25% UTS levels. The trend observed in fatigue life is not surprising when 

considering that although all cements were cycled at the same percentage of their 

UTS, the absolute stress values were in fact different due to the differences in 

their tensile strengths (figure 5.6.9). Thus when BS and for example l5wt. % TPB 

dissolution cements were cycled at 12.5% of their UTS, they were actually 

cycled at ± 4.96 MPa and ± 6.89 MPa respectively (figure 4.5.1). Therefore the 

BS cement was cycled at a stress level that was 28% lower than that of the 
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15wt. % TPB dissolution cement, thus the significant differences in the number of 
cycles to failure. If the BS cement was cycled at ± 6.89 MPa, which is equivalent 
to -17% of its UTS level, its fatigue life would have been somewhat shorter. 
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Figure 5.6.9 The Wähler (S-N) curves for all cements 

The fatigue results were analysed using the three methods; the probability of 
fracture method; three-parameter Weibull approach and fatigue performance 
index (section 3.6.5). The results were compared for statistical significant 

differences using the Mann-Whitney U test. The three-parameter Weibull method 

is considered more accurate than the two-parameter approach. This is because in 

the latter method, the Weibull minimum fatigue life (No) is estimated to be zero. 

In the three-parameter approach, No is estimated and then the Weibull slope (b) 

and Weibull characteristic fatigue life, which represents life at 37% survival, (Na) 

are subsequently determined. Shigley and Mischke (1989) reported that when 

using the three-parameter Weibull method, Na is more conservative than when 

using the two-parameter approach. When considering acrylic cement for joint 

replacement surgery on the basis of its Weibull fatigue life, it is suggested that 

conservative fatigue behaviour values are preferred to the optimistic ones. 

Examination of the results obtained from the three-parameter Weibull analysis, 

showed that all cements cycled to failure at 12.5% UTS exhibited lower b values 

in comparison to the 25% and 50% UTS cycling levels, thus high degree of 

scatter was observed at the 12.5%UTS cycling level. A fatigue performance 
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index, I, is used to convey the notion that fatigue performance is dependent on 

the values of both Na and b. Therefore a good fatigue performance requires high 

value of Na and lower scatter of the cycles to failure (Nf) i. e. a high value of b. 

The highest I was recorded for the BS cements (table 4.5.9). However, this result 
is expected due to the variation in the cycling stress magnitude used as discussed 

earlier. 

The SEM analysis of the fatigue fracture surfaces showed that BaSO4 is found 

only in the interbead matrix and may have acted as a void initiator. When the 

cement cures, it consequently undergoes chemical and thermal shrinkage. This 

shrinkage, however, takes place in the interbead matrix only because the bead 

phase is already polymerised before the onset of mixing. Thus as shrinkage 

occurs, voids are formed around the BaSO4 particles due to their lack of chemical 

bonding to the polymeric matrix. This effect gives rise to a phenomenon known 

as particle pull-out (figure 5.6.10). 

Figure 5.6.10 Fatigue fracture surface of BS cement cycled at 25% UTS 

(marker bar = lum) 

SEM of the fracture surface of BS cement (figure 5.6.10) clearly shows that 

BaSO4 did not provide reinforcing mechanisms, such as bonds to the polymeric 

matrix, which could absorb the fracture energy. Instead, BaSO4 produced voids 

in the interbead matrix. It is possible that the voids created around the BaSO4 

have served to blunt the advancing cracks, thus reinforcing the cement. The voids 

caused the crack to follow an irregular/crooked path, as it tends to propagate 

through the interbead matrix instead of sectioning through the PMMA beads. 

Such propagation pattern requires more energy to propagate the crack and brings 
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about a more ductile fracture surface (figure 5.6.11). Molino and Topoleski 

(1996) investigated the effect of BaSO4 on the fatigue crack propagation rate of 
PMMA bone cement. They suggested that the weakened polymer matrix, which 

contains BaSO4, may have provided the additional energy required by the cracks 

to change their direction within the interbead matrix, thus lengthening the fatigue 

life. Their results also revealed that the crack growth rate of BaSO4 containing 

cement was one order of magnitude lower than that of radiolucent cement. In 

contrast, the fracture surface of the control cement was much smoother in 

appearance indicating a brittle and rapid fracture. 
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Figure 5.6.11 Fatigue fracture surfaces of (A) control and (B) BS cements cycled 

at 25% UTS (marker bars = 100, um) 

The fracture surfaces of the TPB cement, however, displayed no evidence of 

particle pull-out, but some undissolved TPB was observed among the PMMA 

beads. All cements were hand mixed at atmospheric pressure thus porosity was 

unavoidable. Porosity is known to influence the formation of the fatigue crack 

propagation damage zone. The pores observed on the fracture surfaces act as 

microcrack nucleation sites. 

Porosity gives rise to different mechanisms that can have opposite effects on the 

crack propagation behaviour. Topoleski et al. (1993) pointed that these 

mechanisms could be significant only when fatigue crack propagation takes place 

in stable manner. This is a relatively low-energy phenomenon which gives rise to 

a slow fracture and irregular fracture surfaces. During fatigue loading, the stress 

intensity at the crack tip is relatively is relatively low, and there is time to 

develop a microcrack damage zone. The stress concentration of the pores is then 
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significant, allowing microcracks to initiate, increasing the rate crack 

propagation, and thus influencing the fatigue behaviour of bone cement. In 

contrast, fracture toughness is a measure of the material's ability to resist 

catastrophic crack propagation, given an existing sharp crack, and high fracture 

energies are generated during fracture toughness tests which results in a rapid 
fracture and a flat and cleavage-like fracture surfaces. Then the stress 

concentration from porosity is negligible compared to the stress intensity of the 

crack tip, and it can be non significant for the rapidly moving crack. 
Porosity may have a positive influence on the fracture of bone cement. It is 

possible that porosity-enhanced microcrack nucleation may diffuse the energy 
localised at the crack tip by forming a larger damage zone, and effectively 
blunting the crack (figure 5.6.12). Thus the strain energy is expanded to form 

microcracks and is therefore no longer available for crack propagation via 

microcrack coalescence. 
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Figure 5.6.12 The effects of porosity of the fatigue crack damage zone. (A) A 

linear damage zone through areas of the bone cement with no pores and (B) 

expanded fatigue crack damage zone when pores are in the vicinity of the crack 

tip act as nucleation sites for microcracks (redrawn from Topoleski et al., 1993) 
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Fatigue failure has three distinct stages. First fatigue crack initiation (FCI), 

second, fatigue crack propagation (FCP) and finally catastrophic failure. The 

mechanism governing FCI is different from that governing FCP (Lu and 
Topoleski, 2000). However, Vila et al. (1999b) agreed that the mechanism of 
fatigue failure includes crack initiation and subsequent propagation under cyclic 
loading, suggested that numerous flaws and stress concentrators are already 

present on the cement-bone interface, thus the fatigue behaviour in acrylic bone 

cements may be dominated by the crack propagation behaviour. 

In light of the fatigue results obtained in this study, it is thought that if cements 

were cycled at the same stress magnitude, for example ± 1OMPa, the fatigue 

results of the TPB cements may have increased in comparison to the BS cement. 

This hypothesis is based on a number of reasons. First, molecular weight analysis 

(table 4.2.5) of the cements in this study revealed that the mean molecular weight 

(Mw) of TPB cements (269,000 g mol-1 for 15wt. % and 273,000 g mol-' for 

25wt. % TPB by dissolution) were significantly higher (Student's t-test: p<0.05) 

than the that of the BS cement (234,000 g mol-1 ). Lewis (1999) reported that for 

PMMA materials, higher molecular weight leads to a greater degree of 

entanglement and resistance to craze breakdown. Thus an increase in fatigue 

resistance of the polymer is expected since that fatigue progresses through the 

development of a craze zone as described earlier. In addition, 15wt. % TPB 

dissolution cements exhibited superior tensile and compressive properties which 

translated into better ductility and toughness than those of the BS cements. 

5.7 Radiopacity Evaluation 

Radiopacity is a desirable property of implants used in surgery as it allows 

postoperative assessment of the future of the implant using X-radiography. In 

this investigation the contrast results of TPB-cements prepared by blending and 

dissolution methods at lOwt. %, 15wt. % and 25wt. % TPB in comparison to the 

control and BS cements are shown in figure 4.6.1. The X-ray image was obtained 

in air at 70 kV with a water phantom of 0.1 m thick. Previous researchers have 

often used an X-ray voltage of 40 kV (Kühn, 2000) which can give excellent 

information about aspects such as air bubbles, fractures etc. in small cement 

samples examined in air ex vivo. However, in clinical practice (a hip joint 
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implant in a patient of normal weight) the X-ray tube voltage used is typically 

70-80 kV as this voltage significantly reduces the radiation dose to the patient 

compared to the dose at 40 kV. In this investigation, a water phantom of 0.1 m 

was used to represent the attenuation of radiation by soft tissue around the hip i. e. 
blood, muscle, connective tissue etc. thus imitating a real clinical situation. Soft 

tissue also scatters the X-rays and consequently softening the image thus giving 
less distinct edges. 

The radiopacities of half-size ISO bone cement specimens (thickness 3-5 mm) 

were measured relative to that of an aluminium wedge with 1 mm steps from 1-5 

mm. The results revealed that TPB-cements containing lOwt. % and 15wt. % TPB 

exhibited a significantly lower (p<0.001) radiopacity than the BS cement (figure 

4.6.1). While the radiopacity of cements containing 25wt. % TPB (contrast = 29% 

and 33% for blending and dissolution respectively) was significantly higher 

(p<0.001) than the BS cement (contrast = 25%). The increase in radiopacity with 

increasing concentration of TPB follow a linear trend which is in agreement with 

results obtained by Delaviz et al. (1990) who reported that 24wt. % TPB was 

needed in a2 mm thick PMMA specimen to impart a radiopacity equivalent to 

that of 2 mm aluminium. The increase in radiopacity was independent of the 

preparation method at lOwt. % and 15wt. % TPB. However, the radiopacity of 

25wt. %TPB cement by dissolution was significantly higher that that of the 

blending method (p<0.001) possibly due to the higher solubility of TPB in the 

MMA, as well as the fact that the dissolved TPB is uniformly spread within the 

cement, while the blended TPB was not. 

5.8 In vitro Osteolytic Assessment 

Bone resorption is mainly associated with aseptic loosening or osteolysis which 

is the principal reason for revision surgery. The fibrous membrane surrounding a 

loose cemented arthroplasty component commonly contains a heavy macrophage 

and macrophage polykaryon response to small and large fragments of PMMA 

cement. Macrophages responding to bone cement particles are capable of 

differentiating into osteoclastic cells that cause lacunar bone resorption. In 

addition, radiopacifiers such as BaSO4 and Zr02 have been reported to greatly 

enhance this process of macrophage-osteoclast differentiation as compared to 
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PMMA particles alone, as discussed in section 2.12.2. The purpose of this study 

was therefore to investigate the osteolytic potential of TPB as an alternative 

radiopacifier in PMMA bone cements. 
The study aimed to present TPB to the macrophages in the manner that they 

would occur clinically. Instead of adding TPB directly to the cultures, TPB- 

cements containing 15wt. % and 25wt. % TPB were prepared by the blending and 
dissolution methods (sections 3.1.1 and 3.1.2 respectively) and then crushed to 

50µm sized particles and added to the cultures. 

The cytotoxicity of TPB-cements studied was demonstrated by the release of the 

cytoplasmic enzyme lactate dehydrogenase (LDH) which is a marker of cell 

damage. The results (table 4.7.1) suggest that the particle concentration used for 

the current study was not toxic to the monocyte cultures. The % LDH released by 

TPB-cements prepared by blending were not significantly different from the 

control cement, BS cement cultures or cultures with no added particles. The 

results obtained in this study are in agreement with earlier studies by Rawls et al. 

(1992) whose investigation revealed that TPB showed a lower toxicity, both 

alone and when in combination with PMMA, with a magnitude that is similar to 

the toxicity of PMMA alone. Additionally, Rawls et al. reported that the slight 

elevation in cytotoxicity was most likely due to a reduction in monomer 

conversion resulting from the additional heat capacity of TPB. 

Functional assessment of osteoclast formation was determined at the end of the 

culture period using a resorption assay. The surface of each dentine slice was 

examined for evidence of lacunar resorption by light microscopy. The extent of 

resorption was determined by calculating the percentage surface area of lacunar 

resorption on each dentine slice. The results were then expressed as the mean 

percentage area lacunar resorption on dentine slices. The results of the study 

clearly indicated that in comparison to the BS cement, TPB-cements prepared by 

blending and dissolution had caused a significantly lower bone resorption 

(p<0.001), except in the case of 25wt. % TPB blending cement. 

Overall, the results obtained from this study suggested that 15wt. % TPB cement 

prepared by dissolution, was less osteolytic and less likely to induce an 

osteoclastic response in vitro as compared to the 25wt. % TPB cement also 
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prepared by dissolution. In addition, the results strongly suggest that TPB- 

cements (15wt. % and 25wt. %TPB) prepared by blending were likely to cause 

more osteolysis as compared to TPB-cements prepared by dissolution. This result 

may be due to the higher TPB solubility in MMA and even distribution within 

the cement when using the dissolution method in addition to results shown earlier 

(section 4.1.1) which showed that more heat of polymerisation (AH) was released 
by dissolution cements indicating a higher rate of monomer conversion. In 

comparison to the BS cement, TPB-cements prepared by blending and 
dissolution resulted in a significantly lower bone resorption (p<0.001) which 

again confirm the higher biocompatibility of TPB over BaSO4. Sabokbar et al. 
(1997) and Wimhurst et al. (2000) both showed that polymerised PMMA 

particles (containing either BaSO4 or Zr02) can induce a greater osteolytic 

response, both in vitro and in vivo compared to PMMA particles with no added 

radiopacifiers. 

In conclusion, the data presented suggest that the use of TPB especially at 

15wt. % in bone cement is not likely to cause severe cellular damage as 

determined by the release of LDH in vitro. Moreover, as the osteolytic results 

favour the preparation method of dissolution, it is plausible to suggest that lower 

concentrations of TPB prepared in this manner is likely to be useful in 

orthopaedic surgery as an alternative to currently-employed radio-opaque agents, 

such as barium sulphate and zirconium dioxide. It would therefore, be highly 

desirable to re-confirm these in vitro findings using in vivo animal models of 

aseptic loosening. 
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CHAPTER SIX CONCLUSIONS 

The purpose of this study was to investigate the effects of an alternative 

radiopacifier, triphenyl bismuth, on the physical, mechanical and biological 

properties of acrylic bone cements. 
Based on the results achieved in this study, it is concluded that TPB is a strong 

potential radiopacifier in bone cements. 

" The heat of polymerisation (AH), which is related to the rate of monomer 

conversion, decreased with increasing concentrations of TPB. Dissolution 

cements exhibited higher AH values than blending cements. The heat of 

polymerisation released by the TPB-cements was not significantly different from 

that released by the control cement indicating that TPB does not interfere with 

the polymerisation process of the cement. 

" TPB-cements exhibited longer dough times and times to reach maximum 

polymerisation temperatures, which clearly indicate that the rate of 

polymerisation reaction is slowed by the addition of TPB. Dough times increased 

with increasing concentrations of TPB. 

0 TPB-cements absorbed less water than barium sulphate (BS) containing 

cement. The amount of absorbed water decreased with increasing concentrations 

of TPB highlighting its hydrophobic nature. 

0 The lower viscosity of TPB-cements during the curing process indicates 

that they may be suitable for use in vacuum mixing systems and cement gun 

applications, unlike the control and BS cements which are intended for manual 

mixing. Cements containing 15wt. % TPB exhibited the lowest viscosity. Lower 

viscosity cements are known to achieve enhanced mechanical interdigitation at 

the bone-cement interface. 

. The addition of TPB did not affect the viscoelastic properties of acrylic 

bone cement. The storage modulus (G') was found to increase more rapidly than 
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the loss modulus (G") indicating that the material was changing from being 

primarily a viscous liquid to being an elastic solid. 

" TPB did not interfere with the polymerisation process of bone cement as 

indicated by the FTIR. 

" The Tg of bone cements decreased upon the addition of TPB confirming 

its plasticizing effect. 

" The addition of TPB did not degrade the mechanical properties of acrylic 

bone cement. TPB-cements prepared by the dissolution method exhibited 

superior properties to those prepared by the blending method due to the 

homogeneity and even TPB distribution within the polymeric matrix when 

prepared by dissolution. The fracture toughness of the dissolution cements were 

significantly higher than that of BS cements. Blending and dissolution cements at 

25wt. %TPB exhibited superior fatigue properties in comparison to other TPB 

cements. Three-parameter Weibull distribution was implemented instead of two- 

parameter method because it gives realistic fatigue behaviour values. 

" The contrast achieved with TPB cements increased with increasing 

concentrations of TPB and even with lOwt. % TPB was clearly visible on X-ray 

at 70 kV with a water phantom present. 

" The cytotoxicity of TPB-cements prepared by blending and dissolution id 

comparable to that of control (plain cement) and BS (barium sulphate containing 

cement). 

Bone resorption was significantly decreased when using TPB as a 

radiopacifier in bone cements in comparison to barium sulphate. TPB-cements 

prepared by dissolution caused less bone resorption than those prepared by the 

blending method due to the higher solubility and even distribution of TPB in 

bone cements when prepared by the dissolution method. 
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" The dissolution method proved to be the optimum preparation method for 

introducing TPB into acrylic bone cement as it allows higher solubility of TPB in 

MMA in comparison to the blending method. The optimum weight of TPB in 

bone cements was found to be 15wt. % as it resulted in enhanced mechanical and 
biological properties in comparison to the other TPB weight concentrations. 
Furthermore, the opacity exhibited by 15wt. % TPB cements was largely 

adequate for clinical applications. 

183 



CHAPTER SEVEN FUTURE WORK 

In this study, the mechanical, physical and biological properties of TPB 

containing acrylic cements were conducted. The results achieved for TPB 

cements show good potential as being used as an alternative to cements 

containing BaSO4 or Zr02. Other studies that may be carried out in the future 

include the following: 

" Elution studies to investigate TPB leaching into aqueous environment 

when used within PMMA/MMA system. This involves conditioning specimens 

of TPB-cements into physiological solutions for a specified length of time then 

examining the solution using High Performance Liquid Chromatography 

(HPLC). Complexation of TPB directly into the polymer chain by substituting 

one or more of the phenyl groups with a polymerisable one such as for example a 

styryl substituent. The polymerisation of a monomer in the presence of such a 

compound produces a material in which the organometallic compound is 

incorporated directly into the backbone of the polymer chain to provide 

distribution of the organobismuth compound on the molecular level, thereby 

producing a homogeneous non-leachable composite. 

" Study the handling properties e. g. dough time, setting time and the curing 

process of TPB-cements in depth using DSC. 

0 Investigate the osteolytic potential of TPB-cements in vitro for various 

lengths of time after curing. 

0 Introducing TPB into various cement formulations such as those based on 

butyl methacrylate (BuMA) copolymer. 

" Investigate the flow properties of TPB-cements into cancellous bone and 

the interfacial bond strength. 
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" Implementing various methods of cement mixing such as vacuum mixing, 

centrifugation and mechanical mixing. Due to time and equipment limitation, 

only manual mixing at atmospheric pressure was employed in this study. 

0 In vivo testing of TPB-cements. 
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Abstract 

In a joint replacement surgery it is vital for bone cement to be radiologically detectable. Consequently, heavy metal salts of barium 
and zirconia are incorporated as a contrast medium for this purpose. The addition of such particulate additives, however, can be 
detrimental to some of the physical, mechanical and biological properties. The present study reports the feasibility of using an 
organo-bismuth compound, namely, triphenyl bismuth (TPB) as a radiopaque agent for orthopaedic bone cements. TPB was 
incorporated in the bone cement matrix by two methods, (i) blending: TPB was added to the polymer phase of the bone cement and 
(ii) dissolution: by dissolving TPB in the monomer phase methylmethacrylate. The results showed that the inclusion of TPB at 
concentrations of 15% and 25% by weight of the polymer, in the bone cement matrix did not affect the polymerisation exotherm 
temperature and setting time. Furthermore, the addition of TPB via the dissolution method provided a statistically significant 
increase in the strain to failure in comparison to commercial acrylic cements containing barium sulphate, thus reducing the 
brittleness of the cement. The detrimental effects on the mechanical properties post conditioning in water, was also much less 
pronounced in the homogeneous TPB cements in comparison to barium sulphate containing cements. These observations can be 
attributed to the formation of a homogeneous and continuous matrix of the resultant bone cement with a much lower 
porosity. ® 2002 Elsevier Science Ltd. All rights reserved. 

Keywords. Acrylic bone cement; Radiopaque agent; Orthopaedics 

1. Introduction 

Acrylic bone cement is the only biomaterial that is 
currently used for anchoring a prosthesis to the 
contiguous bone in cemented arthroplasties [1]. The 
clinical performance of these arthroplasties is related to 
a myriad of variables, both exogenous and endogenous, 
however, the quality of the bone cement is of paramount 
importance [1]. The most frequent complication in hip 

arthroplasties, is loosening of the cemented prosthesis, 
however, the exact cause other than sepsis, is not clear, 
but in many cases is related to mechanical failure of the 
acrylic bone cement. Thus, there is a sustained interest in 
improving the clinical performance of acrylic bone 

cements [2]. 
In a joint replacement surgery it is vital for the bone 

cement to be radiologically detectable. Most acrylic 
bone cements are rendered radiopaque by the addition 
of heavy metal salts of barium or zirconia as a contrast 

*corresponding author. Fax= + 44-207-955-2963- 

E-mail address. sanjukta-deb@kcLac-uk (S. Deb)- 

medium. The addition of barium sulphate is known to 
decrease the mechanical strength [3-5] and fracture 
toughness of the cements and despite the low solubility 
in water, its slow release and subsequent toxicity has 
caused concern [6]. Zircoma, although biologically safer, 
is a very hard ceramic and is not compatible with the 
resin matrix. A major disadvantage associated with the 
addition of heavy metal salts is the phase separation due 
to the incompatibility of highly polar, ionic radiopaque 
substances with low polarity resins, which in turn lead 
frequently to degradation of physical and mechanical 
properties. Recent studies have also shown that addition 
of radiopaque agents in PMMA enhance macrophage- 
osteoclast differentiation and therefore may contribute 
to bone resorption which can ultimately lead to loosen- 
ing of the prosthesis [6]. Thus, an alternative to the 
traditional radiopaque agents is needed to improve the 
performance of the bone cement. Radiopacifying agents 
that are compatible with the polymer matrix is an 
alternative route for achieving radiopacity in organic 
polymers. Mechanical properties of acrylic bone ce- 
ments have been reported to improve by substitution of 

0142-9612(02/S - see front matter ® 2002 Elsevier Science Ltd All rights reserved- 

PH: SO 142-9612(02)00039-X 
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the radiopaque agent with monomers such as 2,5 diiodo- 
8 quinoloyl methacrylate [7]. Similarly, polymer beads 
from copolymers of methacrylate/methacrylic mono- 
mers containing triiodobenzoate functionality have been 
reported to confer radiopacity to cold cure systems [8]. 

In the present study, an organo-bismuth compound, 
triphenyl bismuth (TPB) (Fig. 1) has been investigated 
as a potential radiopaque agent for application in 
orthopaedic bone cements. TPB is known to render 
radiopacity to poly(methyl methacrylate) [9-12] poly- 
mers and is noticeably insensitive to moisture which is 
an advantage since it can limit the leaching of the 
compound into the aqueous environment. Triphenyl 
bismuth is a heavy metal containing organic compound 
which is relatively non polar and thus hydrophobic [12]. 
It is also known to possess bactericidal, fungicidal and 
antioxidant properties [12]. The current paper describes 
the application of TPB as an X-ray contrast additive in 
acrylic bone cements and investigates its effect on the 
curing parameters and mechanical properties. 

2. Materials and methods 

A commercial bone cement CM W1 RO was used as 
the control, which incorporated barium sulphate as the 
radiopacifier. All the experimental cements were pre- 
pared by using the powder and liquid monomer of the 
CMW 1 RO cement without barium sulphate in order to 
eliminate the differences arising due to the molecular 
weight of the powder and amounts of initiator and 
amine. Two different regimes were used to prepare the 
radiopaque bone cements, (i) Type B cements (blend- 
ing): triphenyl bismuth powder was blended in the 
powder component followed by cement formation and 
(ii) Type C cements (dissolution): appropriate amounts 
of TPB were dissolved in the monomer, methyl 
methacrylate followed by mixing to yield the cement. 
Three different concentrations of TPB were used at 
10%, 15% and 25% by weight with respect to the 

C6H5 

Bi 

C6H5 

V6115 

Triphenyl bismuth 

Fig- I- Structum of triphenyl bismuth (TPB). 

polymer. All cements were manually mixed. Polymerisa- 
tion exothermic temperatures were recorded in accor- 
dance to ASTM F451-86 standards. Dumb bell 
specimens with a gauge length of 25 mm were used for 
tensile tests. Testing was carried out in accordance to 
ASTM F451-86 requirements on dry specimens (1 week 
in air, at 37®C) and wet specimens (distilled water at 
37®C for 2 weeks). An Instron Universal testing machine 
was used with a crosshead speed of 5 mm/min and a load 
cell of 2.0 kN with a clip on extensometer to measure 
extension. A total of eight specimens were tested for 
each group. Scanning electron microscopy (JEOL TSM- 
6300) was conducted on fractured tensile test specimens. 
The statistical analysis of the results was carried out by 
analysis of variance (ANOVA) and Student-Newman- 
Keuls tests. X-rays were taken using a Siemens 
Heliodent MD equipment (70 kV, 7 mA) with a focus 
film distance of 35 cm. Specimens 1 and 2 mm thick were 
prepared and compared with a similar specimen of the 
control cement containing barium sulphate. 

3. Results 

A comparison of the polymerisation exotherms of the 
control, Types B and C, TPB containing cements are 
shown in Figs. 2 and 3, respectively. A decrease in peak 
temperature was observed at the lower concentrations of 
TPB (10%), however, no significant differences were 
observed for the higher concentrations. The setting time 
was also found to decrease at 10% TPB but had no 
significant effect at higher concentrations. 

Fig. 4 shows the positive radiographs of 1 and 2 mm 
thick transparent specimens of the Types B and C 

specimens with different weight percentages of triphenyl 
bismuth. The control specimens containing barium 

sulphate at 12.5 wt% is shown in Fig. 4c. The images 

show that they exhibit radio contrast properties at all 
concentrations and the contrast increases with concen- 
tration on a qualititative basis. The X-rays also indicate 
the cements containing TPB were homogeneous except 
some specks of TPB were visible in the blended cements. 
However, a detailed study for comparison to Al 

standards needs to be investigated to ascertain radio- 
pacities in relation to aluminium. 

3.1. Mechanical properties 

3.1.1. Specimens stored in air at 37DC 
The ultimate strength (UTS) decreased with mcreas- 

ing amounts of TPB for both methods of cement 
preparation (Table 1), however, the values were 
significantly higher at (P<0.001) by ANOVA analysis 
for the Type C cements prepared by the dissolution 

method. A pairwise comparison using the Student- 
Newman-Aeuls test also showed that the UTS of these 
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Fig. IA comparison of polymerisation exotherm of the Type C cements with CMWIRO. 

cements were higher (P<0.050) than the CMW 1 RO 
cement. An increase in the Young's modulus (E) was 
observed with increasing TPB concentration whilst 
strain to failure decreased (Table 1). The strain to 
failure value was significantly greater for the Type C 

cements in comparison with the control CMWIRO 

cement. The dissolution method provided a greater 
effect on the strain to failure values in comparison to the 
blended cements. 

3.1.2. Specimens stored in distilled water for 2 weeks at 
37°C 

Conditioning in distilled water showed that the UTS 
decreased for the CMW 1 RO cement containing barium 

sulphate. However, the cements containing TPB did not 

3389 

exhibit significant decreases in their respective UTS 
(Table 2)_ The addition of TPB by the dissolution 
method showed that the UTS was significantly higher in 
the Type C cements (P<0.001, one way ANOVA and by 
Student Newman-Keuls test) than CMWIRO cement at 
all levels of TPB concentration. TPB cement specimens 
(Type B) prepared via the blending method, exhibited 
significantly higher UTS at 10% and 15% concentra- 
tions of TPB (P<0.05) in comparison to CMW 1 RO 
cements, although no significant differences in the UTS 
were observed between CMWIRO and the 25% TPB 
Type B cement. The Young's modulus was found to 
increase with increasing concentration of TPB in the 
Type C cements and at 25 wt% of TPB was significantly 
higher (P<0.001) than the barium sulphate cement- The 
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Fig. 4. Radiographs Top left 2 mm thick specimens of Type B specimens [L to R 10 and 15% and bottom = 25%TPB]; Top right: 2 mm thick Type C 
specimens L to R 10 and 15% and bottom= 25%TPB]; Middle: CMW cement with barium sulphate 1 and 2 mm thick specimens, Bottom left: 1 mm 
thick Type B specimens L to R 10 and 15% and bottom=25%TPB] and Bottom right: 1 mm thick Type C specimens L to R 10 & 15% and 
bottom = 25%TPB]. 

Table 1 
Mechanical properties of cements with increasing amounts of TPB stored in air (B: Type B; C: Type C) 

Cements UTS (MPa) [SD] YM (GPa) [SD] % Strain to failure [SD] 

CMW IRO 42.30 [430] 3.38 [0.14] 1.37 [0.14] 
10% TPBIB 48.54 [4.40] 3.17 [0.20] 1.70 [0-26] 
15% TPBfB 42.62 [6.13] 3.16 [0.13] 1.46 [0.22] 
25% TPB(B 36.49 [4.97] 3.65 [0.59] 1.17 [0.23] 
10%TPB%C 53.36 [2.97] 3.47 [0.36] 2.03 [0.11] 
15%TPB//C 50.43 [3.02] 3.66 [0.34] 1.82 [0.26] 
25%TPB C 44.41 [4.02] 3.72 [0.32] 1.78 [0.26] 

Table 2 
Mechanical properties of cements with TPB stored in distilled water for 2 weeks at 37'C (B: Type B; C: Type C) 

Cements UTS (MPa) [SD] YM (GPa) [SD] % Strain to failure [SD] 

CMW 1RO 35.56 [4.11] 3.10 [0.40] 1.46 [0.20] 
10% TPBIB 42.95 [3.52] 2.85 [0.21] 1.67 [0.38] 
15% TPB[B 43.73 [2.63] 2.80 [0.41] 1.79 [0.22] 
25% TPB[B 35.63 [5.70] 2.90 [0.18] 1.36 [0.36] 
10%TPB//C 50.87 [4.45] 298 [0.09] 2.43 [0.19] 
15%TPB//C 46-23 [2.70] 3.05 [0.10] 1.96 [0.22] 
25%TPB//C 41.60 [2.67] 3.79 [0.22] 1.82 [0.13] 

strain to failure values decreased with increasing 

concentration of TPB but the values were still signifi- 
cantly higher than CMW 1 RO cement. Cements ob- 
tained by the blending method exhibited an 
enhancement in the UTS, modulus and strain to failure 

values at the lower concentrations of TPB (10% and 

15%), but were not significantly different at 25% TPB in 

comparison to CMW 1 RO. 

3.1.3. Scanning electron micrography 
The SEM micrographs of tensile fracture surfaces of 

the cements containing barium sulphate in dry and wet 
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Fig_ 8. Fracture specimen of a Type B TPB (25%) blended cement 
after storage in distilled water at 37'C for 2 weeks. 

state are shown in Figs. 5 and 6. Cements containing 
triphenyl bismuth (25 wt%) prepared by the blending 
method for both dry and wet specimens are shown in 
Figs. 7 and 8, respectively. The fracture surfaces of the 
TPB (25 wt%) complexed specimens both dry and wet 
are shown in Figs. 9 and 10, respectively. All the SEM 
figures are presented at the same magnification. The 
particles of barium sulphate are visible in both the dry 

and wet specimens, the little white specks being 
distributed in the matrix and there is evidence of 
agglomeration of particles. The dry Types B and C 

cements (Figs. 7 and 9) show that there are no discrete 

particles of TPB visible in the matrix and the entire 
matrix is more homogenous in comparison to the 
barium sulphate cements. The specimens tested after 
conditioning them in distilled water appear to undergo 
largely a ductile fracture (Figs. 8 and 10) and there were 

Fig. 5. A fracture specimen of a barium sulphate containing cement 
stored in air at 3TC. 

Fig. 7. Fracture specimen of a Type B TPB (25%) blended cement 
stored in air at 3TC. 

Fig. 6. A fracture specimen of a barium sulphate containing cement 
stored in distilled water at 37ýC for 2 weeks. 

Fig, 9. Fracture specimen of a Type C `APB (25%) cement after 
storage in air at 37ýC_ 
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no particulate agglomerates visible on the fractured 
surfaces of either Types B or C cements in comparison 
the CMW 1 RO cement (Fig. 4). 

4. Discussion 

Triphenyl bismuth is an organo-metallic compound 
with a heavy metal atom, bismuth. It possesses no dipole 
moment and its apolar character renders it soluble in a 
wide range of monomers such as acrylates, styrene, 
isoprene, etc. TPB when incorporated in methylmetha- 
crylate and polymerised at room temperature can yield a 
radiopaque polymer of PMMA [10]. A bone cement 
essentially comprises of two components, a solid phase 
which consists of prepolymerised beads of PMMA or its 
copolymers with benzoyl peroxide as initiator and the 
liquid phase which contains the monomer, methyl- 
methacrylate, the tertiary amine, generally N, N di- 

methyl p-toluidine, stabilizers and inhibitors. Two 

methods of incorporating TPB in the commercial bone 

cement were used in the present study for the prepara- 
tion of radiopaque bone cements. TPB powders were 
admixed with the powder component in three different 

concentrations and used for polymerisation to yield the 
Type B cements, whereas the Type C cements were 
prepared by dissolving TPB in the monomer phase. The 

polymer, PMMA comprises of monomer units capable 
of donating a pair of electrons thus acting as a Lewis 
base whereas the radiopaque agent TPB behaves as a 
Lewis acid, hence can lead to a complex formation. 
However, the three bulky phenyl groups in triphenyl 
bismuth may interfere with the carbonyl-bismuth 
interaction to form a true complex. As earlier reported 
by Smid et al. [10] TPB dissolved in acrylates does not 

cause significant IR shifts in the carbonyl group in 

contrast to bismuth halides wherein distinct shifts in the 

carbonyl absorption are observed. The solubility of TPB 

in MMA is thus largely attributed to its covalent 
character. The heavy metal salt TPB is thus homo- 
geneously distributed in the polymer at the molecular 
level to form optically lucent radiopaque materials. A 
lowering in the polymerisation exotherm was observed, 
at 10 wt% TPB, the lowering being greater in the 
homogeneous cement (Type Q. This may be attributed 
to the higher solubility of TPB in MMA at low 
concentrations and is in agreement with the fact that 
the lowering in exotherm is greater for the homogeneous 
Type C cement. Similarly, the setting times (Figs. 2 and 
3) indicated that the polymerisation is not affected by 
the addition of TPB except at the 10%TPB concentra- 
tion where a faster setting rate was observed. The 
lowering in exotherm and faster setting rate in cements 
containing 10% of TPB is effectively due to the higher 
solubility of TPB, which is indicative of some interac- 
tions between the monomer and TPB but requires 
detailed spectral investigation. TPB is partially soluble 
in methylmethacrylate and generally does not form 
adducts with the activator and unlike bismuth halides it 
does not deactivate the accelerator. TPB, is compatible 
with the monomer/polymer mix and in both methods 
involving blending and dissolution, there is a degree of 
solubility of the radiopaque agent in the monomer, thus 
rendering a more homogenous mix which is evident 
from the X-rays, scanning electron micrographs of the 
fractured specimens (Figs. 6 and 8) and also from the 
mechanical properties. In the cements prepared by the 
dissolution method (Type C), TPB is homogenously 
solubilized thus porosity and agglomeration induced by 
uneven distribution of particulate matter in the poly- 
meric matrix thus does not arise. The hydrophobic 
nature of TPB is expected to decrease leaching of 
components and effects due to water uptake with time, 
which is being currently investigated. These observa- 
tions are in agreement with earlier studies by Smid et al. 
[10] where triphenyl bismuth in methyl methacrylate was 
successfully polymerised at room temperature. 

The ultimate tensile strength decreased with increas- 
ing amounts of TPB in both blended and TPB cements 
prepared by the dissolution method. The lowest 

concentration of TPB (10 wt%) in MMA obviously, 
had most of the TPB in solution thus the mechanical 
properties such as UTS and moduli were significantly 
higher in comparison to the control CMW 1 RO. The 
homogeneity of the matrix and lack of porosity resulted 
in the improvement of properties especially as the 
additive no longer functions as a particulate additive. 
This feature is less well pronounced in the blended 

cements as the admixture of PMMA and TPB come into 

contact with the monomer only during the mixing stage, 
where not only TPB & PMMA beads begin to dissolve 
in MMA but the MMA also undergoes polymerisation. 
With increasing concentration of TPB the total amount 
capable of dissolution is lowered, as larger amounts of 

Fig. 10. Fracture specimen of a Type C TPB (25%) cement after 
storage in distilled wate at 37°C for 2 weeks. 
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TPB are present in the same fixed amount of MMA, the 
lower solubility thus affects the mechanical properties. 
Hence the UTS and strain to failure were significantly 
higher for the cements containing 10% TPB in 
comparison to 15% and 25% TPB cements. The cement 
containing 25% TPB (Type C) prepared by the 
dissolution method was significantly more ductile (Table 
1) in comparison to the CMW1 RO cement due to the 
continuity of the matrix which is also confirmed by the 
SEM fracture surface (Figs. 9 and 10). The specimens 
conditioned in distilled water showed a lowering in the 
modulus and tensile strengths of each of the cements 
compared to the properties of their respective dry 
specimens as expected. TPB cements prepared via the 
dissolution method showed significantly higher UTS, 
modulus and strain to failure values in comparison to 
CMW 1 RO cement after conditioning in water which 
can be attributed to the increased hydrophobicity of the 
matrix due to the presence of TPB along with the 
improved homogeneity of the matrix. 

SEM evaluation of the tensile fractures surfaces of the 
different cement formulations revealed that the TPB 
containing cements were devoid of any particulate 
debris (Figs. 7-10) that supports the fact that the TPB 
is molecularly incorporated within the matrix. In 
contrast the barium sulphate cement specimens (Figs. 5 
and 6), showed that the particles were heterogeneously 
distributed in the matrix. The presence of the barium 
sulphate within the cement matrix can lead to weaken- 
ing since there is no adhesion between the particles and 
the matrix. 

In conclusion, TPB is a viable alternative as a 
radiopaque agent in acrylic bone cements, which 
provides enhanced homogeneity to the matrix, thus 
having an advantage over the incompatible particulate 
heavy metal salt additives. The inclusion of TPB by 

either method did not adversely affect the mechanical 
properties of the cements. Furthermore the Type C 

cements exhibited superior mechanical properties in 

comparison to the control cements. Further work is 

necessary to examine the effect on thermal properties, 
water absorption, fracture toughness and fatigue char- 
acteristics, which are in progress currently. Biocompat- 
ibility of these cements will be evaluated by cell culture 
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techniques, however triphenyl bismuth has been used as 

a radiopaque agent in clinical procedures [131. 
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