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ABSTRACT 

Hydroxyapatite (HA) is a highly biocompatible calcium phosphate which closely 

resembles the mineral component of bone. Porous structures composed of 

biocompatible materials are believed to enhance fixation (and integration) as they 

encourage the ingrowth of bone into the implant. Consequently there is great interest in 

the potential of porous HA as an alternative to bone homo grafts and auto grafts. 

However, despite the interest in the field, there has been no thorough investigation into 

the physical and structural properties of porous HA and their effects on bone ingrowth. 

The material used in this study was a carbonated apatite (containing < 0.9 % levels of 

trace element impurities) with a trabecular macrostructure, that had been converted 

from bovine cancellous bone. The apparent density of the material ranged from 0.35 

-1.45 g.cm-3 and the macrostructural morphology varied from an open equiaxed foam 

to a columnar honeycomb-like structure. The ultimate compressive stress was strongly 

related (r = 0.9) to the square of the apparent density, while compressive modulus was 

influenced by both apparent density and macrostructural morphology. Transmission 

electron microscopy of human osteoblast-like cells cultured on the material 

demonstrated that cells were closely associated with the surface. Specimens with 

densities of 0.6.0.9 and 1.2 g.cm-3 were then implanted in a lapine cancellous site for 

periods of 10 days, 3, 5, 13 and 26 weeks. After implantation all specimens elicited a 

highly biocompatible response, with active areas of bone deposition, remodelling and 

revascularization and no fibrous encapsulation. The amount of bone ingrowth within 

the implant (25-10%) after.5 weeks was found to vary with apparent density (0.6-1.2 

g.cm-3) indicating that osseointegration was a function of macrostructural morphology. 

Pushout testing of retrieved spedmens indicated that all implants were securely fixed 

by 5 weeks (2-3 MPa). Compression testing demonstrated that after 5 weeks low 

density implants were sufficiently reinforced by bone ingrowth to equal the 

compressive strength of the host tissue (6 MPa) which increased to approximately 20 

MPa at 3 and 6 months. 
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ASSESSMENT OF POROUS HYDROXY APATITE FOR BONE REPLACEMENT 

INTRODUCTION 

The biocompatibility of hydroxyapatite {CalO(P04)60H2} and the similarities between 

the crystal structure of hydroxyapatite (HA) and bone mineral have led to considerable 

interest in HA as a material for the augmentation of osseous defects. However. in bone. 

apatite crystals form in the presence of many complex and varied physiological fluids 

and as a result of this environment, the calcium ions undergo substitution by elements 

such as strontium and sodium, while the hydroxyl and phosphate groups are reported to 

be readily exchanged with carbonate groups. In contrast, synthetic hydroxyapatites are 

generally produced in as pure a form as possible. Bone is not only responsible for load 

bearing. but it also acts as a calcium and mineral reservoir. with impurities playing 

important roles in the mineral homeostasis and metabolic processes of the surrounding 

tissue. It therefore follows that the identification and introduction of controlled levels 

of impurities in any hydroxyapatite introduced in vivo could be advantageous, in order 

to encourage interaction between host tissue and implant. The use of low density HA, 

with highly interconnected porosity. has recently been advocated as a viable alternative 

to bone grafts without the sterilisation, infection, rejection and supply complications. 

The porous structure encourages the ingrowth of bone into the implant. presenting a 

more mechanically and biologically integrated repair. How~ver. although the 

morphology of biomedical implants has been of interest since the use of a porous 

aluminate ceramic. impregnated with epoxy resin, was described by Smith (1963a). 

there has been no systematic study on the effects of varying pore morphology on bone 

ingrowth within HA implants. Similarily, the effect of morphology on the mechanical 

properties of implants must also be considered, since any substitute material for bone 

should ideally match the load-bearing capabilities of the host tissue in order to avoid 

stress shielding in the bone, or mechanical failure of the implant. 

This thesis details a systematic study of a novel porous hydroxyapatite implant material, 

which is produced from bovine cancellous bone. The chemical composition, 

morphological characteristics and mechanical properties of the material were all 

thouroughly investigated, in conjunction with an assessment of biocompatibility. both 

in vitro and in vivo. 
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ASSESSMENT OF POROUS HYDROXY APATI1E FOR BONE REPLACEMENT 

CHAPTERl 

BONE PHYSIOLOGY 

1.1 Introduction 

Bone is a living, highly vascular, dynamic, mineralised, connective tissue, which is 

characterised by its hardness, resilience, growth mechanisms, and ability to regenerate. 

Simply. bone is a dense multi-phase material or "composite" made up of cells 

embedded in a matrix composed of both organic (collagen fibres. lipids. proteins. 

polysaccharides) and inorganic (calcium-phosphates, carbonates, sodium, magnesium, 

fluoride salts) elements. However, its structure and proportion of its components differ 

widely with age, site, and history. resulting in many different classifications of bone 

which exhibit totally different mechanical and functional characteristics (Williams and 

Warwick. 1989). 

Bone is not purely a structural tissue, but also acts as a mineral reservoir for the rest of 

the body; consequently, bone in its natural environment undergoes constant remodelling 

and chemical exchange with the rest of the body. and is subject to continual changes in 

its composition and structure, due to both sporadic cellular activity and e]~ternal 

mechanical demands. Furthermore. when necessary, the mineral function supersedes 

the structural function, resulting in loss of integrity in the bone structure. 
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ASSESSMENT OF POROUS HYDROXY APA TIlE FOR BONE REPLACEMENT 
CHAPTER 1 - BONE PHYSIOLOGY 

1.2 Constituents of Bone 

On an elementary level bone may be split into three main components: bone matrix, 

bone cells, and bone marrow. The bone matrix provides mechanical strength and stores 

the minerals required by the body, the various bone cells are responsible for 

maintaining the structure of the matrix, regulating its oxygen and nutrient supply, and 

storing or releasing minerals as required, while the marrow provides the source of bone 

cells, oxygen and nutrients. 

1.2.1 Bone Matrix 

The bone matrix may be split into three main constituents: the collagen fibres, the bone 

mineral crystals, and the ground substance) which is composed of a number of organic 

and inorganic compounds. Together the inorganic crystals and collagen make up the 

bulk of bone matrix. In mature bone 10-20% of the matrix is water, and of its dry 

weight approximately 60-70% is made up of inorganic bone mineral and 30-40% is 

collagen, the remainder (2-5%) being composed of other organic molecules, proteins 

and inorganic salts. 

1.2.1.1 Collagen 

Collagen is the most abundant protein found in the body, and occurs in a number of 

different connective tissues both calcified and non-calcified. Collagen accounts for 70-

90% of the non-mineralised component of the bone matrix and varies from an almost 

random network of coarse bundles to a highly organised system of parallel-fibred sheets 

or helical bundles. Collagen consists of carefully arranged arrays of tropocollagen 

molecules, which are long rigid molecules (300nm long, 1.5nm wide) composed of 

three left handed helices of peptides ("monomers" of proteins composed of amino acid 

sequences) known as a-chains that are bound together in a right handed triple helix. 

The triplet amino acid sequence, glycine-~-Y, repeats throughout each a-chain, where 

X is usually proline, and Y is often hydroxyproline or hydroxylysine. Although all a

chains contain the glycine-X-Y sequence, different types of collagen may be produced 

via the combination of different amounts and sequences of other amino acids within the 

tropocollogen molecule. To date 13 different types of collagen have been identified, 

although only the five principal types have been fully characterised. Bone contains 

mostly type I collagen with some type V collagen. Type I collagen is the most 

abundant form, accounting for 90% of the body's total collagen; it contains two 
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BONE PHYSIOLOGY 

identical and one dissimilar a-chains (al(lha2) within its tropocollogen molecule. 

Molecules of both types I and V are organised into collagen fibrils, which are fonned by 

the assembly of tropocollagen molecules in a 3/4 stagger, parallel array (Figure 1.2.1). 

Figure 1.2.1 Model of the collagen fibril arrangement 

As a result of this assembly the fibrils exhibit characteristic cross striations or banding 

which occurs in a repeating pattern every 55 - 75 nm, average 64 nm (Robinson & 

Watson, 1952). The fibrils are stabilised by inter and intra-molecular crosslinks (the 

number and distribution of which determine whether the tissue will mineralise), and 

have individual diameters of 40-120 nm, average 100 nm. In type I collagen the fibrils 

are wound into bundles to fonn collagen fibres which range in diameter from 0.2-12 pm 

(Figure 1.2.2) (Kielty ef al., 1993). 

Tropocollagen Molecule Charaeteri tic Banding Collagen Fibre 

/ 

Figure 1.2.2 Hierarchical organisation of collagen fibres 

Information on the mechanical properties of collagen is only available for cartilage, 

vertebrate tendon, and ligament (of which collagen makes up 70-80% of the dry 

weight). Tendon has a Young's modulus of 1.5 GPa and a tensile strength of 100 MPa 

(Bennett ef at., 1986). Collagen fibres in vivo are "crinkled", and under a tensile load 

these straighten out and become parallel before exhibiting elastic behaviour up to a 

strain of approximately 4%. They fracture at a strain of 8-10% due to the pulling apart 

of adjacent molecules. 

1.2.1.2 Bone Mineral 

The main inorganic phase within bone is usually referred to as hydroxyapatite (which 

has a chemical formula of CalO(P04)6(OHh and a Ca:P ratio of 5:3 {1.66}) as a result 
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of similarities between the X-ray diffraction patterns of synthetic hydroxyapatite and 

bone mineral crystals (de Jong, 1926). However, bone mineral is characterised by 

calcium and hydroxyl deficiency (reported Ca:P ratios of 1.37-1.87, Mc Connel)1973), 

ionic substitution within the apatite lattice, and internal crystal disorder - it is not a 

direct analogue of hydroxyapatite as is commonly believed. Precise information on the 

composition and chemistry is still unsure due to difficulties in applying standard 

analytical techniques to the small sized crystals and meagre quantities of material 

available. Work carried out by Posner (1969) indicated that bone mineral is about 10 % 

deficient in calcium, while more recently Driessens (1983) proposed that bone mineral 

consisted of 15 % magnesium Whitlockite {Ca9Mg(HP04)(P04)6}, 25 % sodium and 

carbonate substituted apatite {Cas.sNa1.5[(P04ks(C03h.s]C03}, and 60 % carbonated 

octacalcium phosphate {Cag(P04)4(OH2hC03}; a significant variation from pure 

hydroxyapatite. In addition to the confusion surrounding the exact content of the 

mineral, differing infra-red (IR) and X-ray diffraction (XRD) studies suggest 

alternatively that the planar C032- ions adsorb to the surface of bio-apatite or substitute 

for the tetrahedral P043- groups and the OH- groups (Figure 2.2.2), inducing atomic 

misalignment in both poor and well crystallised bone mineral. IR studies also indicate 

much internal disorder in the crystal lattice (Montel, 1968; Boskey and Posner, 1984). 

These factors all contribute to an apatite which is insoluble enough for stability, yet 

sufficiently reactive to allow the in vivo sub-microscopic crystallites to be constantly 

resorbed and reformed as required by the body. 

Another factor affecting the high solubility of the individual crystals is the sub

microscopic crystal size - the Gibbs-Kelvin equation states that beyond a certain cut off 

point, small crystals are more soluble due to their larger specific surface at which ionic 

bonding is weaker. However, there is much confusion in the literature regarding the 

size and shape of apatite crystals. Measurements of the size of bio-apatite crystals via 

direct observation using electron microscopy differ from calculated findings using X

ray diffraction techniques. and different researchers using electron microscopy disagree 

as to whether the crystals are plate-like or rod-like in shape. A typical study of bone 

from human, ox, and rabbit femora using both X-ray and electron microscope 

techniques reported that bio-apatite crystallites were plate shaped, 5-6 nm in their 

shortest dimension, and an average 32-36 nm in their longest dimension, with a 

maximum length of 100 nm (Francis et ai., 1973). Whereas, Posner (1978a) stated that 

theoretically, the average largest dimension of bone crystals should be 40-50 nm. with 

the other two dimensions being in the range 20-35 and 2.5-5 nm. There are also 

additional complications regarding species, age and health. 

5 
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While many investigators of calcification agree that mineralisation originates within 

matrix vesicles (Anderson et aI., 1980), there is some disagreement about the exact 

mechanisms of the process (Landis, 1981). It seems likely that both cellular and 

physiochemical factors are involved. Generally amorphous calcium phosphates with a 

Ca:P ratio varying between 1.44-1.55 (Vaughan, 1975) are believed to be deposited 

under the control of osteoblasts; the mineral then slowly transforms into apatite 

independently of the cells. In vitro studies have been used to try to provide an insight 

into the formation of bio-apatite in vivo. Hydroxyapatites precipitated directly from 

solutions with low supersaturation are reported to form very fine dot-like crystals 

(Boskey and Posner, 1976), while hydroxyapatites prepared from solutions under 

physiological conditions with physiological calcium and phosphate contents form 

submicroscopic needle shaped crystals. Furthennore, hydroxyapatite precipitated from 

highly supersaturated calcium phosphate at a pH of 7 or more was preceded by an 

amorphous phase with a Ca:P ratio of 3:2 (1.5). which converted autocatalytically into 

finely divided non-stoichiometric hydroxyapatite. This non-stoichiometric compound 

then ripened slowly, approaching stoichiometry and growing in crystal size with time 

(Blumenthal and Posner, 1973). 

Dense (i.e. >97% dense) synthetic hydroxyapatite has a Young's modulus of 80-117 

GPa (Akao et ai., 1981; de With et aI., 1981b), and a tensile strength of 90-120 MPa (de 

With et at., 1981b; Best, 1990); however, it has a low fracture toughness of 0.9-1.3 

MPa.m I12 (Best. 1990). It has also been reported that both the tensile and fracture 

strength decrease by up to 25% in the presence of water (de With et al., 1981a and b). 

1.2.1.3 Ground Substance 

In most regions of bone the collagen fibrils are so densely packed into fibres, and the 

tibres into bundles, that it is difficult to observe the ground substance; however there 

are certain areas where fibre free bands 1-2J.lm wide may be viewed with an optical 

microscope. From chemical analysis of bone it may be concluded that these bands 

contain primarily a number of sulphated and acid mucopolysaccharides, the latter being 

mainly hyaluronic acid, which forms a hydrated gel that is hydrophilic and therefore 

traps tissue fluid. The sulphated mucopolysaccharides stiffen the matrix. 

Glycoproteins., lipids, peptides, carbonates and citrates, as well as sodium, magnesium 

and fluoride salts are also present (Cameron, 1972). It has also been postulated that 

amorphous tricalcium phosphate is present as a reservoir for hydroxyapatite crystallite 

nucleation and growth (Bienenstock and Posner, 1968; Posner. 1969). Osteonectin 

binds the hydroxyapatite crystallites surrounding the collagen fibrils in a highly 

organised geometrical arrangement. Osteocalcin is thought to playa role in calcium 
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deposition, while other organic substances present in small amounts in the matrix are 

thought to be responsible for promoting the initial nucleation and deposition of bio

apatite, and regulating the orientation, size and rate of growth of the crystals (Williams 

and Warwick, 1989). 

1.2.2 Bone Cells 

Of the many cells associated with bone, three are of special interest: the osteoblast, 

osteocyte, and osteoclast, which are responsible for the production, maintenance, and 

resorption of bone, respectively. However, they are highly specialised differentiated 

cells and do not generally proliferate. Less differentiated cells of the same lineage are 

required for the control of the cell population, and, as demands are made on or by the 

bone, these cells proliferate and differentiate as required. Such cells are generally 

known as stem cells, and in the case of bone deposition are often referred to as 

osteogenic cells. The osteogenic cells originate from the bone marrow stromal cell line 

and exist in the endosteum and periosteum (Owen, 1978). Biochemical and mechanical 

triggers such as remodelling and fracture healing result in the requirement for local 

population increases in bone producing cells. The route of differentiation undertaken 

by an osteogenic cell is determined by the local environment, resulting in the evolution 

of either osteoblasts or chondroblasts (Bourne, 1972; Vaughan, 1975). High 

vascularity, i.e. the availability of nutrients and oxygen in the surrounding environment, 

is necessary for the growth and nourishment of healthy bone. Bone metabolises 

signiticant amounts of oxygen, but, being densely mineralised, is unable to sustain itself 

via osmosis or similar methods of diffusion over long distances. It therefore relies on 

Haversian canals)interconnected by Volkmann's canals and canaliculae)to circulate 

oxygen and essential nutrients, which then diffuse over shorter distances. Conversely, 

cartilage requires little or no oxygen for metabolism, and being composed mainly of 

unmineralised, although densely packed, collagen fibres is able to sustain itself via the 

diffusion of nutrients through the cartilaginous matrix. Thus if the environment 

surrounding a differentiating osteogenic cell has a high vascular content, as in healthy 

bone, the cell will differentiate into an osteoblast which will produce bone, then when 

the osteoblast has surrounded itself by bone it differentiates into an osteocyte and 

becomes involved in the nutrition and maintenance of the local bone (Figure 1.2.3). 

However, if the environment surrounding a differentiating osteogenic cell has little or 

no vascular content, as in a recent fracture site, the cell will differentiate into a 

chondroblast and cartilage will be produced. Once the chondroblast is surrounded by 

cartilage it then differentiates into a chondrocyte (Figure 1.2.3), which maintains the 
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surrounding collagenous matrix until it is replaced by bone during endocho~ral 
ossification (Jee and Kimmel, 1976; Owen, 1978). There is some evidence that 

chondrocytes may in some instances differentiate into osteoblasts during subsequent 

endochondral ossification , but in most cases they die and are replaced by new 

osteoblasts (Roach, 1995). 
AVASCULAR 

ENVIRONMENT 
SOFT 

TISSUE 

. Chondroblast ~ Chondrocyte 

M~t::~al ---. ~~~:~g~n~~ -1/····················1/··················· 
Precursor Cell) r~ ¥: 

MARROW 

~ Osteoblast ~ Oste(.)C~ le 

VASCULAR 
ENVIRONMENT 

BONE 

Figure 1.2.3 Differentiation of osteogenic cells 

1.2.2.1 Osteoblast 

Osteoblasts are found wherever new bone is being formed, in a layer covering the new 

unrnineralised bone or osteoid. Osteoblasts possess three main cellular features: a large 

nucleus, usually at the pole furthest from osteoid deposition; a well developed Golgi 

apparatus, found in the juxtanuclear area; and a high concentration of granular 

endoplasmic reticulum and some free ribosomes, the bulk of whlch usually lie at the 

opposite end of the cell to the nucleus, with some spreading around both the nucleus 

and the Golgi apparatus. Throughout the cytoplasm there are scattered mitochondria 

and lysosomes (Figure 1.2.4) (Cameron, 1972; Vaughan, 1975; Revell, 1986; Williams 

and Warwick, 1989). 

Developed G 19i 
A ppamtu Exten i ve Rough 

Endoplasmic 
Reticulum 

Figure 1.2.4 A ketch of an osteoblast showing ceBular features. 
Adapted from Revell, 1986. 
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The cells tend to be plump and elongated in one axis, although the shape of individual 

cells varies considerably and is dependent on the proximity of neighbouring cells and 

bone surface. There are also differences in appearance between "active" and "resting" 

osteoblasts. Active osteoblasts are found on bone surfaces where bone is being laid 

down, tend to be plumper with the nucleus at the end furthest from the bone surface, 

have an irregular contour particularly at the bone surface interface and possess , fme 

processes that penetrate the new bone via canaliculae ~o meet the processes from 

osteocytes (Cameron, 1972~ Resting osteoblasts have long thin nuclei and flat bodies, 

and are described by some as "bone lining cells" (Matthews et aI., 1976; Vanderweil, 

1980) as there is evidence that the cells are involved in the transport of calcium and are 

metabolically active (Vanderweil, 1980), with no evidence to suggest that they cannot 

perform the same functions as active osteoblasts with the correct stimulation (Vaughan, 

1975). 

Osteoblast Function 

The main function of osteoblasts is the laying down of bone and their activity in this 

respect may be divided into four main areas: the synthesis of collagen, the synthesis of 

some of the carbohydrate protein complexes present in the ground substance, the 

deposition of calcium (calcification), and the maintenance of the local concentration and 

exchange of calcium (mineral homeostasis). They may also be responsible for the 

concentration of proteins found in the bone matrix. Collagen is synthesised within the 

cell in the form of procollagen, which is a longer molecule than type I tropocollagen 

and contains a significant proportion (about one third of the molecule) of additional pro

peptides. This procollagen is then secreted into the matrix where cleavage to 

tropocollagen and assembly into the collagen fibril takes place. There are a variety of 

carbohydrate proteins present in bone matrix; some originate from the plasma, while 

others are synthesised by osteoblasts. Mucopolysaccharide is thought to be extruded 

from these cells via Golgi derived vesicles (Leblond & Weinstoccl, 1971), and some 

glycoproteins are also believed to be synthesised by osteoblasts (Triffit & Owen, 1973). 

Osteoblasts have been implicated in at least three roles in the mechanism of 

calcification. First as the origin of matrix vesicles (Anderson, 1978), secondly by 

controlling the movement of calcium ions (Talmage 1970; Talmage & Grubb, 1977), 

and lastly by their ability to store calcium in their mitochondria and pass it on to the 

matrix. As mentione~ previously (Matthews et aZ., 1976), there is evidence that 

osteoblasts are involved in the transport of calcium. The movement of ions is thought 

to be controlled by PTH (parathyroid hormone) which is known to stimulate both 

calcium uptake and loss (Cameron, 1972). 
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During growth or remodelling, osteoblasts become "buried" in calcified tissue as they 

are walled in by overlying cells and subsequently differentiate into osteocytes. 

Osteocytes are spidery in shape with plump bodies and up to fifty long fine branching 

cytoplasmic processes (Figure 1.2.5). There is much variety in their size, shape and 

cytoplasmic detail as well as in their density and orientation in the matrix. When newly 

formed , they almost fill their lacunae and resemble the osteoblasts from which they 

originated, but as they mature, they lose some of their cytoplasm and become 

surrounded by amorphous material and loose collagen fibres within their lacunae. They 

also become flatter (that is more oval) and have less organelles. The Golgi apparatus, 

found in the juxtanuclear area, is no longer well developed and there is a reduced 

concentration of granular endoplasmic reticulum. Old osteocytes also contain some free 

ribosomes, centrioles and many small vesicles, some of which are coated. Young 

osteocytes have a more basophilic cytoplasm, a greater concentration of endoplasmic 

reticulum and a more. prominent Golgi apparatus. (Cameron, 1972; Vaughan, 1975; 

Williams and Warwick 1989). 

Few Mitochondria 

Little Rough 
Endoplasmic 

Re ticulum 

Figure 1.2.5 Some features of an osteocyte 

Small Nucleus 

Limited 
Golgi 

Apparatus 

Adapted from Revell, 1986. 

Osteocytes occur in small holes called lacunae that are connected together via a network 

of interconnecting canaliculi containing anastomosing cell processes. In young woven 

bone they are closely but irregularly packed and almost indistinguishable from the 

osteoblasts, and their processes are relatively few and short. In mature lamellar bone 

the osteocytes are evenly spaced, flattened, ovoid, and possess numerous fine branching 

processes . In cortical bone they tend to be oriented with their longest axis 

circumferential and the shortest axis radial to a vascular canal with a slight tendency to 

be more numerous at the periphery of an osteon (Pritchard, 1972). In cancellous bone 

(Figure 1.2.6) the long axis tends to be perpendicular to the direction of bone apposition 

of the lamellar system it occupies. 
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Figure 1.2.6 Photomicrograph of osteocytes in mature lamellar bone 

Osteocyte Fu nction 

There i a c n iderable amount of dispute regarding the function of osteocytes. Their 

death i generally ynonymous with bone death and it is thought that their processes 

playa role in the maintenance of canaliculi and thus in sustaining the supply of oxygen, 

nutrient: and mineral throughout bone (Williams and WalWick 1989). However they 

are al 0 h lievcd to playa mechano ensory role in bone. detecting microfractures and 

modulating the formation and activity of osteoblasts and osteoclasts by contact through 

their anastomo. ing proce ses with other osteocytes and the bone lining cells 

(Beveland I' and Ramal y. 1979; Lanyon, 1987) . In conjunction with osteoblastic 

activity. ost 0 last may al 0 he involved in the maintenance of constant levels of 

pIa rna calcium and inorganic pho phate (Cameron, 1972), and are capable of resorbing 

and depo iting bone on their lacunae surface, phenomena known as osteolysis and 

o teoplasi . re. pectivcly. No 0 teocyte is further than 0.2 mm from a capillary that 

could act a. a source of nutrients, and the network of osteocyte processes running 

through canaliculi form. according to Baud (1968), an exchange area of 250 mm2 per 

mm ~ It hu. b"cn . hown that albumin i removed from blood plasma and concentrated 

in b n matri a' hI (d pa. scs through the bone from the endosteal to the periosteal 

( wen et 0/ , 1977) 

11 



1.2.2.3 Osteoclast 

CHAPTER 1 
BONE PHYSIOLOGY 

The osteoclast had long been thought to share a common stem cell with the bone 

forming cells, however it is now believed that a mononuclear blood cell is origin of 

osteoclast (Jee and Kimmel, 1976; Owen, 1978; Vaughan, 1975). Osteoc1asts are 

believed to be derived from the heM?~opoietic cell (a mononuclear cell derived from the 

haemopoietic marrow), which reaches the tissue via the blood stream to become a 

mononuclear bone macrophage before fusing with either another mononuclear 

macrophage or an established multinucleated osteoclast (Figure 1.2.7). 

HematopoIetic 
Stem Cell ~ Pre-tvtnnoc) te Monocyte 

1\1 RROW BLOOD 

Figure 1.2.7 Differentiation of osteoclasts 

TISSUE SURFACE 

Mononuclear Multinuclear 
Ti sue ~ Foreign Body 

Macrophage Giant Cell 

Mononuclear 
Bone ~ Osteoclast 

Macrophage 

(Pre-Osteoclast) 

BONE SURFACE 

Osteoc1a ts are aggressive cells that are responsible for the majority of bone resorption, 

although the mononuclear bone macrophages, are also involved in bone resorption 

during remodelling and fracture repair (Evans et ai., 1980; Baron et at., 1980; Parfitt, 

1993). They are easy to distinguish, being the multinucleated cells (the largest having 

100 nuclei, the smallest two, with an average of 10-20) lying in Howship's lacunae on 

the bone surface undergoing resorption. Their cytoplasm contains many mitochondria, 

a low concentration of granular endoplasmic reticulum, a small Golgi apparatus and 

many smooth and coated vesicles (some of which contain fragments of dense 

materials). Theyal 0 have characteristic brush borders, these have a ruffled appearance 

and are fOllnd at the active resorbing bone/cell interface, they are specialised areas of 

the plasma membrane composed of a collection of folds and finger like projections and 

there may be more than one lIch region per cell. The folding is not ordered but similar 

to that 011 the surface of macrophages and both apatite crystals and collagen fibrils can 

be found in between the fold. 
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Nuclei Mitochondria 

Fi gure 1.2.8 A sketch of the brush border of an osteoclast. 

Osteoclast Function 

CHAPTER 1 
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Adapted from Revell, 1986. 

Osteoclasts are responsible for the resorption of bone, although the exact mechanism for 

the process is still unknown. Some consider the osteoclast capable of digesting 

collagen fibres within their lysosomes or vesicles, as well as the secretion of citric and 

lactic acids which dissolve the mineral component of the bone matrix, thus releasing the 

fibres for digestion (Reynolds, 1968; Hancox, 1972), while others believe that 

mononuclear cells are solely responsible for the resorption of the fibres (Heersche, 

1978). 

1.2.3 Bone Marrow 
Marrow takes no part in the supportive function of bone. In early life it consists of a 

frame work of reticular tissue, adipose (fat) tissue, stroma and hematopoietic cells and 

is known as red marrow. In some regions the hematopoietic cells disappear with age 

and is then termed yellow marrow (Williams and Warwick, 1989). The stroma cells of 

marrow have the potential for cartilage and bone formation whereas the hematopoietic 

cells differentiate into white and red blood cells. 
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1.3 Structure of Bone 

The structure of bone has been classified (seemingly by default) into a number of 

different categories over a series of arbitrary levels of magnification. These levels are:

(a) macro-structure. (b) micro-structure. (c) ultra-structure and (d) molecular-structure. 

Architectural differences that can be distinguished by the eye are considered different 

categories of macrostructure examples of which include cortical and cancellous bone, 

however cancellous bone (especially that in long bones) may also be divided into 

regional classes with differing structural fabric, these being diaphysial, metaphysial or 

epiphysial. Distinguishing microstructural variations requires the aid of an optical 

microscope and typical categories at this level include woven, bundle or lamellar bone 

and distinctions between primary and secondary osteons. At the ultrastructural level 

the relative positions and degree of orientation between the collagen fibrils and 

inorganic crystals may be studied with the aid of scanning and transmission electron 

microscopy. Transmission electron microscopy is used along with chemical analysis 

techniques to discern the crystal structure and chemical content of the inorganic phase 

, at the molecular level. As some aspects of the ultrastructure and microstructure of bone 

have been discussed with·in section 1.2 these topics will dealt with first. 

1.3.1 Ultrastructure of Bone 

There is much disagreement in the literature regarding almost all aspects of 

ultrastructure. This may be partly due to the complex teChniques necessary for different 

methods of specimen preparation and the difficulty in avoiding artefacts from these 

methods. There are also different views held on apatite nucleation routes. sites and the 

relationship between the collagen and the apatite crystals. 

Robinson (1952) was the first to demonstrate that the apatite crystals had their long 

axes parallel to _ that of the collagen fibrils and proposed that they were arranged at 

64 nm intervals in rings around the fibrils. However the precise nature of the 

relationship between the two is still unsure. A number of authors (Cameron, 1972; 

Glimcher, 1976; Landis. 1981) have shown that the relationship between the collagen 

fibrils and the apatite crystals is characterised by highly ordered deposition of 

individual solid phase mineral particles within the collagen fibrils, where the particles 

are oriented with their long axes (c-axis) parallel to the long axis of the fibrils with 

regular periodic distributions (70 nm) of the mineral mass corresponding to the axial 
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periodicity of the collagen fibrils. Some also report preferential location of the mineral 

phase in discrete regions of the fibril during early mineralisation (in the holes found 

between the tropocollagen molecules) with larger proportions of mineral occurring 

between fibrils and in fibril overlap zones (Glimcher, 1976; Landis, 1981) and suggest 

that collagen acts as a nucleating agent. This view has been disputed by a number of 

authors (eg. Vaughan, 1975; Cameron, 1972; Boskey and Posner, 1984) who agree that 

there is an alignment between the crystals and fibrils, but believe that nucleation occurs 

as a result of biochemical and cellular activity and that ground substances such as 

osteonectin bind the bone mineral crystallites surrounding the collagen fibrils in a 

highly organised geometrical arrangement 

By looking at the variations in the thickness and arrangements of the collagen fibre 

bundles Wiedenreich (1930) distinguished five fundamental types of bone, these were: 

(1) Bone with coarse parallel fibre bundles. 

(2) Bone with coarse woven fibre bundles. 

(3) Bone with fine parallel fibre bundles. 

(4) Bone with fine lamellated fibre bundles. 

(5) Bone with mixed coarse and fine fibre bundles. 

For most purposes, although accurate this classification is reduced to three groups 

which are known as bundle bone, woven bone and fine fibred or lamellar bone. 

1.3.' .1 Bundle Bone 

This is made up from coarse parallel (I) and some of the coarse woven (2) bone 

described above, it is characterised by regularly arranged coarse fibre bundles which 

dominate the matrix and can be seen when stained with hematoxylin and eosin. The 

osteocytes follow the pattern of the fibre bundles and lie in columns between the 

bundles where the bundles run parallel. It is found at the interfaces between bone and 

tendon or ligaments and in foetal bone and early fracture callus. It develops in a very 

orderly manner hy the osteoidisation and calcification of tendon or ligament whose 

cells are replaced by osteoblasts and osteocytes. 

1.3.1 .2 Woven Bone 

This is a special type of the coarse woven bone (2), it forms very rapidly and rather 

erratically and contains a small number of stout, irregularly arranged fibre bundles of 

varying size (up to 30 J.l.m in diameter). It is easily recognised when stained with 

hematoxylin and eosin due to the number of randomly packed osteocytes and the 

bluish-purplish staining of the matrix (high content of basophil cement). In micro

radiographs it stands out, as woven bone is more highly calcified that the other types. 
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Perhaps due to its capability for rapid formation, it is found only in early fracture callus, 

and is soon replaced by the more ordered lamellar bone. 

1.3.1.3 Lamellar Bone 

Fine fibred or lamellar bone is believed to be composed of fine parallel fibre bundles 

(3) and fine lamellated fibre bundles (4), the latter of which occurs in normal 

mammalian adult bone, while parallel fibre bundles are present in young endochondral 

bone and in simple primary osteons of mammalian foetal skeletons. In ordinary 

histological preparations fine fibred bone has a clear eosinophil matrix and the 

osteocytes are relatively small, uniformly ovoid and spaced at regular rather wide 

intervals. It develops slowly and deliberately as a thickening lining to vascular canals 

in existing bone or calcified cartilage or as a compact surface layer on an existing bone. 

Its formation is associated with the appearance of a single layer of osteoblasts on 

surfaces where bone is being laid down. 

The characteristic lamellar appearance has been thought to be due to variations in the 

orientation (0-90) of fibre bundles between successive layers (Gebhardt, 1906), where 

the parallel fibre bundles of each layer are all oriented in the same direction. Individual 

lamellae were then characterised by the alleged orientation of the fibres with respect to 

the axis of secondary osteons giving transverse or longitudinal lamellae. However, this 

widely excepted view has been disputed by Marotti (1993), who believes that the 

lamellar appearance is due to the alternating dense and loose packing of woven fibre 

bundles, and that the collagen forms a continuum throughout individual osteons. 

1.3.2 Microstructure of Bone 

Mature bone is composed of two types of tissue, one of which is dense, known as 

cortical or compact bone, the other consists of a network of struts or trabeculae 
-. ---~ 

surrounding interconnected spaces or ~~!lE~ c~lled trabecular, cancellous or spongy 

bone. C;ortical bone is always found on the exterior of a bone and acts as a skin around 

the delicate trabeculae, while cancellous bone is found in the interior of bones, su.ch as _ 

'{ithin the femoral h~'!~_l.~~rtebril-

There are two kinds of cancellous bone, coarse and fine. Coarse cancellous is 

characteristic of healthy adult mammalian skeleton while fine cancellous bone is 

characteristic of the foetal skeleton, secondary centres of ossification or early fracture 

callus and comes in two forms, fine cancellous membranous bone and fine cancellous 
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cartilaginous bone. There are also several types of cortical bone; surface, primary and 

secondary osteonal cortical bone and as with the cancellous bone the distinctions are 

dependent on the age and origins of the bone. 

1.3.2.1 Cortical Bone 

Mammalian cortical bone is almost entirely comprised of lamellar bone. It is built up 

via either the consolidation of fine cancellous membrane and cartilage bone, in which 

cylinders of new bone called primary osteons are formed, or as a direct deposit of solid 

bone on the periosteal and medullary surfaces of existing bone shaft forming 

circumferential lamellae of bone, or finally, during remodelling of existing compact 

bone, in which existing cylinders of bone are eroded and then refilled with new bone to 

become secondary osteons. The relative amounts of primary and secondary osteons 

within osteonic bone varies considerably from bone to bone even within an individual, 

while some mammals (e.g. mice and rats) only develop secondary osteons as a result of 

skeletal injury. Very approximately however, primary osteon bone can be considered 

as characteristic of the cortex of long bones in young mammals, surface bone is added 

as the animal continues to grow, while the proportion of secondary osteons gradually 

increases with time as a result of remodelling. As put forward by Cohen and Harris 

(1958) osteons have no definite end when traced longitudinally. they are part ofa dense 

three dimensional network of branching and converging tubular or cylindrical elements 

(Figure 1.3.1). 

Figure 1.3.1 A schematic diagram of an osteonic network 

Adapted from Martin and Burr. 1989. 

Generally all osteons or Haversian systems consist of a small central or Haversian canal 

which is surrounded by concentric lamellae of bony tissue. Between these lamellae are 
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a number of small regularly arranged osteocyte lacunae which are connected with each 

other and the central Haversian canal by many fine interconnecting canaliculi. These 

contain the osteocyte processes which radiate out from the cells in all directions but 

soon turn to run in a radial direction, around the central canal. Osteocytes have a slight 

tendency to be more numerous at the periphery of an osteon than at the centre. With 

close examination it is possible to distinguish one type of osteon from the other. 

Fortunately most osteons have their long axis approximately parallel to the shaft of the 

bone so when sectioned in a transverse direction they appear with an essentially circular 

(as opposed to elliptical or parallel sided) profile. Secondary Haversian systems are 

easier to discern as they as larger (= 100 J.lm in diameter, Epker et al., 1964), bounded 

by a clear "cement" line and their organisation stops abruptly at the cement line and 

does not conform with the organisation of adjacent osteons. The Haversian canal in a 

secondary Haversian system will usually contain only a single capillary or blood vessel. 

Haversian systems are separated by irregular angular wedges of "interstitial bone" 

which are the remains of older osteons partly resorbed during remodelling. Primary 

Haversian systems are smaller but may contain two or more vessels. They have no 

cement lines, their organisation fits in better with their neighbours and there is no 

interstitial bone between them. 

Due to constant remodelling, the average life of an osteon has been reported at 15 years 

in adult humans (Lee, 1964) and will be much shorter in children, the bones of large 

mammals often contain developing and disappearing osteons. The former are much 

more numerous. as it seems osteons can be resorbed faster than they can be built, and 

are easy to recognise as the vascular canal possesses a large diameter and has a layer of 

plump osteoblasts on its wall. Osteons undergoing resorption also possess large central 

canals but their outlines are irregular and the cells present are osteocytes. It has been 

reported (Epker et al.. 1964) that osteons in mature mammals can be manufactured in 

50-100 days depending on species. However, although the first 70% of the mineral 

may be laid down within a day or two of the formation of the osteoid matrix, the 

remaining 30% may take several months to complete. Thus in any piece of bone there 

will be osteons present with varying degrees of mineralisation. 

Bone found encircling the inner and outer surfaces of IJrole. bones consists of 

circumferential lamellae and Volkmann's canals. These canals contain blood vessels 

that connect the marrow cavity and the periosteum to the Haversian canals. The matrix 

and the osteocytes of surface bone are not organised with respect to the Volkmann's 

canals as they are to Haversian canals in osteonic bone, but conform with the surface 
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contours of the shaft. Surface bone is not deposited at a steady rate during growth 

resulting in cement lines termed accretion lines which mark the sites where growth was 

temporarily arrested. Similarly reversal lines, which are irregularly scalloped, mark 

where growth was resumed after a phase of bone resorption. 

1.3.2.2 Cancellous Bone 

Mature, or coarse cancellous bone is characteristic of the internal structure of healthy 

adult mammalian skeleton and within its macrostructure it is similar to cortical bone 

except that complete osteons are rarely present. The trabeculae tend to be made up 

from an irregular "brecchia" of osteon fragments (similar to the interstitial bone 

between secondary osteons), in which there are abundant cement lines indicating a 

complicated history of resorption and deposition. In places the trabeculae will be 

covered in osteoblasts or osteoclasts where bone is being either added or removed, 

respectively during remodelling. Haversian canals being few, the osteocytes are 

nourished from the vessels in the inter-trabecular spaces. The endosteum, a highly 

vascular membrane composed of osteogenic cells and collagenous fibres that also lines 

Haversian canals. covers any bony trabeculae that exist in the marrow cavity. The 

architecture is generally anisotropic in response to the applied loads, with the trabeculae 

orienting themselves in the direction of greatest loading (Wolff, 1870; 1892). 

Immature, or fine cancellous bone occurs in the foetal skeleton, at secondary centres of 

ossification, and early fracture callus in mature bones. There are two forms; fine 

cancellous membrane-bone and fine cancellous cartilage-bone. Fine cancellous 

membrane-bone develops directly from mesenchyme (Section 1.4.1.1), and consists of 

interconnecting trabeculae of woven or bundle bone with inter-trabecular spaces 

containing blood vessels. osteogenic cells and an osteoblast layer one cell thick on the 

trabeculae surfaces. The architecture is anisotropic, when the bone is sectioned in a 

direction parallel to the blood vessels, the trabeculae appear to be arranged as a 

collection of parallel rods with few interconnections, however, when sectioned 

perpendicular to the vascular network the bone displays a more isotropic. honeycomb

like structure. Fine cancellous cartilage-bone is similar in structure, except that the 

trabeculae have a core of calcified cartilage matrix (as a result of the origin of the bone. 

Section 1.4.1.2) and the bone around this core is fine fibred not coarse fibred. 

Almost as soon as fine cancellous bone is formed (be it of the membrane- or cartilage

type), it is remodelled into mature cortical or cancellous bone. and little of the original 

bone is left. However, it is still possible to distinguish between bone which has 
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developed from either fine cancellous membrane- or cartilage-bone by the presence (or 

lack) of calcified cartilage cores which are present within bone derived from fine 

cancellous cartilage-bone. as some of the calcified cartilage always escapes 

remodelling. 

1.3.2.3 Periosteum 
The periosteum is a layer of connective tissue similar to the endosteum which covers all 

external bone surfaces excepting those that articulate. which are covered by hyaline 

cartilage. The periosteum consists of an outer layer of densely packed collagenous 

fibrous tissue. containing blood vessels a few flat osteogenic cells and an inner layer of 

fine elastic fibres forming dense membranous networks which connects to strong 

ligaments or tendons thus attaching them to the bone. In young bones the periosteum is 

thick. very vascular and separated from the bone by a layer of soft cellular osteogenic 

tissue containing a number of granular cells or osteoblasts which are involved in surface 

ossification procedures. As the bone grows older the periosteum becomes thinner and 

less vascular. the inner layer containing flattened quiescent, although still potentially 

osteogenic. cells. As well as acting as an anchorage site for tendons the periosteum is 

also involved in the repair and regeneration of bone. A bone surface denuded of 

periosteum has an increased susceptibility to exfoliation and necrosis. 

1.3.3 Macrostructure of Bone 

The relative quantities of the two types of matrostructurally distinct bone - cortical and 

cancellous vary characteristically from bone to bone. depending on the bone shape, 

position and function. For example, in long bones (such as the femur and humerus) the 

load bearing bone ends are composed primarily of cancellous bone with a thin skin of 

cortical bone covering the surface, while the shaft is composed of a thick cylinder of 

cortical bone with a few trabeculae and spicules of bone on its inner surface (Figure 

1.3.2). Furthermore. besides the macrostructural variation from cortical to cancellous 

bone there is a marked variation in the regional architecture or fabric of the cancellous 

bone as a result of the different loading conditions (uniaxial, biaxial, isostatic). This 

results from the ability of bone to remodel itself to best adapt to the mechanical 

requirements imposed upon it (Wolff, 1870; 1892) and is illustrated by the variation in 
structure through-out the proximal end of the human femur (Figure 1.3.2). Whitehouse 

and co-workers (1971, 1974, 1974a and b) demonstrated that the volume of bone. the 

degree of anisotropy and the thickness of the struts varied throughout the structure to 
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form coherent patterns. For instance, they reported that the medial trabeculae of the 

femoral head were composed of a lhick trabeculae with~relatively high volume of bone 

and that the metaphy eal part of the medial trabeculae were highly anisotropic, while 

isotropic U·uctures with average bone volumes were concentrated in the interior of the 

bone. 

Figure 1.3.2 D'tail of the human fern ral head demonstrating the macrostructural 

variation in thi . r gi n. Adapted from Blatcher, 1995. 

In contra t t lhL, 1h> archit 'cturc (hone volume) of the cancellous bone within human 

lumhar verl bra ha b 'n :hown t he relatively constant (Whitehouse et ai., 1971). 
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1.4 Development, Growth and Repair of Bone 

There are many different internal and external chemical and mechanical influences on 

the processes that determine, organise and maintain the external form and internal 

structure of bone. Many of which are still not fully understood. 

1.4.1 Bone Development 

All bones start as mesenchyme (primitive "fibrocellular" connective tissue containing 

undifferentiated cells) which undergoes condensation (cells proliferate and number of 

intercellular fibres increase). In some cases (e.g. bones of calvarium and skull) the 

condensation is predominately fibrous or membranous, most bones, however, go 

through a stage of chondrification (in which a cartilaginous model is formed) before 

ossification starts. The two processes are known as intramembranous and endochondral 

ossification respectively. Further development occurs via direct transformation from 

either condensed mesenchyme or cartilaginous model, in either case the fundamental 

process is similar; an organic matrix is laid down by osteoblasts and this is calcified 

with the deposition of amorphous and crystalline apatite. 

1.4.1.1 Intramembranous (Mesenchymal) Ossification 

As discussed, this is essentially the direct mineralisation of a highly vascular connective 

tissue. The early mesenchyme undergoes condensation during which a primary centre 

(or centres) of ossification is indicated by a localised increase in cells and fibres around 

a profuse capillary network. The osteogenic cells differentiate into osteoblasts 

(producing apatite as a differentiation product) and secrete the carbohydrates)protein 

complexes and collagen fibres that go to make up the organic matrix or osteoid of bone. 

The first trabeculae of bone are then calcified and built upon by further generations of 

osteoblasts differentiated from the surrounding vascular mesenchyme, trapping some of 

the original ones which then become osteocytes while others continue to add to the 

trabeculae. As the sequence of differentiation, matrix secretion, calcification and 

osteoblast entrapment proceeds old trabeculae thicken and new trabeculae are formed. 

so the centre of ossification expands until the region to be transformed has been filled 

with fine cancellous bone. Where the bone is to persist as cancellous bone the 

trabeculae thicken. spaces bec;ome occupied by haemopoietic tissue and the process 

slows. In regions where compact bone is formed the process of trabecular thickening 
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continues, as this occurs the collagen fibres become more organised and the entrapped 

cells occupy concentric sequential rows centred around a central vascular canal. so 

forming primary osteons. 

1.4.1.2 Intracartilaginous (Endochondral) Ossification 

In this case mineralisation is preceded by chondrification of mesenchymal connective 

tissue. The early mesenchyme undergoes condensation during which cells with oval or 

round nuclei (chondroblasts) are packed together forming a model of the developing 

bone. These cells then surround themselves with a coilagenous intracellular matrix . 

while the mesenchymal cells at the periphery become oriented to form a perichondrium. 

The cells of the inner layer of the perichondrium then differentiate into osteoblasts and 

lay down a layer of osteoid. i.e .• the organic matrix of bone. This then calcifies to 

become a collar of periosteal bone directly in contact with the cartilaginous model. 

during this process the mature chondroblasts at the centre of the model secrete 

phosphatase. The surrounding matrix calcifies slightly and the chondrocytes gradually . 
die from lack of nutrition resulting in disintegration of the collagen matrix. Next 

capillaries from outside the model push through what is now the periosteum and invade 

the degenerating cartilage bringing in stromal cells. The cartilage is quickly destroyed 

by the new proliferating and differentiating cells, blood vessels and a circulation are 

rapidly established. Some cells then differentiate into osteoblasts and start to form 
+1,e, 

bone around the remains of ),.calcified cartilage matrix. both in the region of original 

entry and at the advancing zone of cartilage removal. This results in a loose network of 

trabeculae which grow and fuse with each other and the periosteal shell as more bone is 

laid down around them. In long bones most of these trabeculae are removed almost as 

soon as they are formed to make way for a short marrow cavity, this slowly extends in 

both directions until it almost reaches the epiphysial lines which mark the zone of 

fusion between epiphysis and diaphysis occurring when growth in length has ceased. 

1.4.2 Remodelling - Internal and External 

During life bony tissue is continuously undergoing an almost continuous process of 

structural modification, known loosely as remodelling. which involves successive 

cycles of bone resorption and deposition. Bone remodelling can be split into two 

groups; internal and external remodelling. External remodelling is more often termed 

growth as. for a bone to increase in size yet keep its relative geometry constant, new 

tissue must be added in one location as old tissue is being removed from another. 
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Internal remodelling is more subtle, and occurs in both young "growing" bones and old 

"mature" bones, there is normally no net change in size or shape but a "renewal" of 

bone in situ. This is a perpetual process and may be triggered locally by the need for 

realignment or thickening of internal trabeculae and/or the external cortex as 

mechanical demands change, or the replacement of ageing bone with fresh bone. 

14.2.1 External Remodelling - Bone Growth 

Growth in the length of long bones is achieved by endochondral ossification (see part 

1.4.1.2). Cartilage is produced at the epiphysial growth plates by chondroblasts in 

longitudinally aligned columns (Figure 1.4.1), so increasing the length of the shaft. The 

cartilage then calcifies as it is pushed further from the growth plate (by the proliferation 

of new cartilage tissue) and invaded by bone cells. As osteoclasts erode the 

degenerating cartilage osteoblasts replace the calcified spinicules of cartilage with new 

bone. This process continues until growth in the length of the bone is complete. 

Figure 1.4.1 Detail of the epiphy eal growth plate at the distal end of the femur. 

Bone grow in diameter by apposition or membranous ossification. Bone matrix is laid 

down by 0 teobla t directly on existing bone surfaces. However, the mineralisation of 

thi osteoid on th p rio t al surface is extremely fast making it difficult to detect. 

1.4.2.2 Internal Remodelling - Bone Renewal 

Internal remodelling i cell mediated and occurs once bones have reached a certain age 

or size. Th am unt f bone renewed within a portion of a given part of the skeleton 

within a given time i dep ~ndant on many different variables. At one extreme, the rates 

of remod lling between left and right or ymmetlical bones are so similar it is possible 

to u e oppo ite b n' a control comparisons in experiments. At the other extreme, 
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remodelling rates in the same types of bones from animals of different ages can be 

different by as much as an order of magnitude, as can the rates of remodelling in 

different types of bones from the same animal. There are also different remodelling 

routes for different types of bone. In compact bone,remodelling occurs via a process of 

excavating and refilling Haversian canals or osteons. Before a Haversian canal is ever 

remodelled it is known as a primary osteon or Haversian canal, once it is remodelled it 

is subsequently called a secondary osteon or Haversian canal. 

Osteoclast 

Original Slle of Ha\erstan Canal 

(a) 

Current Cement or 
Reversal Line 

Osteoid 

Row of 
Osteoblasts 

New Bone 

Demarcation Line 

(b) 

OsteoblasL" Cement or Reversal 
Demarcation Line Line 

.. 
Direction of Remodelling Vessels 

(c) 

Figure 1.4.2 chematic representation of a transverse section through a Haversian 

canal undergoing (a) resorption and (b) deposition, and (c) a longitudinal section 

through a Haversian canal undergoing remodelling. 
Adapted from Martin and BUIT, 1989. 

The process of the remodelling of an osteon or Haversian canal is represented 

schematically in igure 1.4.2. First, chemical or physical triggers activate the 

differentiation of monocyte and 0 teoc1asts, these then resorb away the old bone from 

the vascular surface, Figure 1.4.2a, this is characterised by a scalloped appearance to 

the canal wall, with 0 tcocla t lying in Howship's lacunae. Once a certain "transverse 

depth" of ero ion i reached rever al occurs and the osteoclasts move on along the 

length of the canal, progressively eroding away the whole osteon, Figure 1.4.2c. The 
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point at which reversal occurs is marked by a cement or reversal line. Osteoblasts then 

colonise the vacant surface and begin to lay down osteoid which then calcifies, so 

relining the canal walls with successive layers of new bone (Figure 1.4.2b). As the 

osteoid is laid down osteoblasts are entrapped and become osteocytes. In this manner 

old "stale" bone and cells may be replaced with fresh young "active" tissue, so 

maintaining the bone nourishing network of capillaries, canaliculi and canals. 

Monocytes 
Lining Cell ____ / 

/ r- M ----... O"eocl.,~ --_._. / D 2 Activation M 
1 Quiescence 

Lining t 
Cell . ~ ------
~ 
6 Quiescence 

'---

o tcoid D 
Ncw Bone I[] 

Old Bone 0 

Osteoblast 

/ ......... 

3 Resorption 

~ ___ Osteoblasts 

~ ~ 
4 Reversal 

~enIO' 
~ FormatIOn RaiL. eyers me 

Figure 1.4.3 Schematic representation of the cancellous bone remodelling cycle. 
Adapted from Baron, 1976. 

Cancellous bone is "renewed" by a slightly different technique (Baron, 1976; Baron et 

al., 1980). This is partly due to the lack of osteons and partly because of the relatively 

large surface area present. Monocytes gather at a designated sight for remodelling 

where they begin re orption and coalesce into ~oc..Ytes. These Qsteo~tes then 

continue to resorb bone until a uitably sized cavity has been excavated. The cavity is 

then filled in \ ith osteoid by osteoblasts which calcifies to become new bone (Figure 

1.4.3). However, complications arise when some of the resorbing osteoclasts remain at 

the sight of e cavation when the osteoblasts arrive, (PaIfitt, 1993). This results in areas 

where re orption ha b en either aborted or interrupted leaving cavities waiting to be 

extended or filled, which may not occur until the next wave of remodelling. 

Furthermore, where e ea ation i completed there is a variation in the period of time of 

osteoblast arrival and bone deposition (Tam et ai., 1980). This results in a very 

complicated pattern of cavitie and new, old and calcifying bone (Figure 1.4.4) and 

wide variation ar ob erved in the linear rate of bone deposition from one part of a 

trabeculae to an other (Tam et ai., 1980). 
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Figure 1.4.4 Photomicrograph of fluorochrome labelled cancellous bone demonstrating 

the erratic nature of remodelling. 

1.4.3 Bone Repair Mechanisms· Fracture Healing 

The repair proce s around an implant has been likened to the fracture healing response 

in bone (Hiemke, 1990; Bauer, 1990; Kuhne ef ai., 1994) where an ideal implant would 

induce an identical respon e re ulting in complete fixation of the implant. Fracture 

invatiably re ults in both the loss of load bearing capabilities and a disturbance to the 

blood supply of th damaged bone. Firstly, as a consequence of this disruption in the 

blood supply 0 te cytes nearest to the fracture die, resulting in local necrosis of the 

bone around the fracture, (under normal conditions these osteocytes are dependent on 

nourishment deriv d from the fluids circulating within the canaliculi, which in tum 

extend to the urfac and make contact with the blood supply), this dead tissue must 

therefore be r moved and replaced with healthy bone. Simultaneously there is a 

demand for the rapid growth of load bearing connective tissue to bridge the gap and 

stabili e the damaged area. Thi second demand is met by the normally quiescent cells 

that reside in the inner layer of the petiosteum and the endosteum. The osteogenic cells 

of the pelio teum proliferate resulting in an apparent thickening of the periosteum and 

start to produc collars of extemal fracture callus around the fracture site (Figure 1.4.5). 

Those 0 teogcnic cell that lie close to undamaged bone (and are thus within reach of a 

ready supply of 0 yg"n) differentiate into osteoblasts and form osteoid which is rapidly 

calcified into bon ,while thos farther away become chondroblasts and form cartilage, 

which require liule or no a ygen for metabolism and possesses an organic matrix 

which i an ' client medium for the diffu ion of nutrients, in contrast to the highly 

min ra1i cd and d nsc matt'j of hone. Almost as soon as the cartilage has been formed, 
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so stabilising the fractured bone (with some load bearing properties restored), it is 

replaced by cancelloll bone via endochondral ossification (Section 1.4.1.2) in which 

capillaries,osteoc1a ts and osteogenic cells invade slightly calcified, degenerating 

cartilage, the uncalcified cartilaginous material is resorbed and new bone is deposited 

on remaining spinicule of calcified cartilage (Figure 1.4.5). 

Ck)t 

Dead Bone 

New Bone formed by 
Endochondral Ossification 

New Trabecular Bone 
from Marrow 

Endo teum 

Figure 1.4.5 The Fracture Healing of Bone Adapted from Bourne, 1972. 

In thi manner all cartilage caIlus is replaced by cancellous bone, in direct line with the 

shaft the space between trab culae are gradually filled in with successive layers of 

bone so forming new Ha er ian canals and compact bone. Thus load bearing 

capabilitie are re tored and a new ystem of capillaries are set up. 

A similar equenc of event occurs within the bone shaft, in this case dead bone 

material mu t fir t be rc orbed by monocytes, osteoclasts and other invasive cells 

before cancellOll ne can begin to grow from the surfaces of the fracture and fill the 

gap. Thi take time and under natural conditions the fragments are initially only held 

in place b the ten ion of urrounding muscles, hence the requirement for rapid 

production of fracture callus. Th detail of internal callus formation depend on the 

size of the re lilting gap b tw n the fracture urfaces, where a smaller gap results in a 

greater contriblili n f geni c II from the endosteum and Haversian canals. 
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CHAPIERI 
SUMMARY 

This chapter gives a general introduction to bone, regarding the subjects of bone 

physiology and structure, it is designed to convey the current status of understanding, 

and is not an exhaustive study of the subject Many aspects of this topic are still under 

investigation and what is now considered fact may soon prove to be fiction. The main 

points to remember are: 

• Bone is a highly complex tissue. with several levels of structural organisation 

ranging from the distribution of cortical and cancellous bone, to the arrangement of 

collagen fibres and bone mineral crystals. Seemingly small alterations in the 

structural organisation make significant changes in the properties of the bulk tissue. 

• The he~ of bone is dependent on the availability of oxygen and nutrients which 

are mediated by the local population of bone cells. These cells also maintain the 

local bone structure. Cell death or changes in the balance of cell types will have an 

adverse effect on the local bone. 

• Bone is continually interacting with its environment. understanding of the basic 

mechanisms (as far as they have been elucidated) which control this behaviour are 

important when considering possible replacement ma~erials, if they are to interact 

favourably with the host. 
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CHAPTER 2 

SYNTHETIC HYDROXYAPATITE 

2.1 Introduction 

Apatites. a broad group of calcium containing minerals based around the P043- group. 

(Table 2.1.1) have been of interest to geologists and mineralogists for many years as 

they represent a significant proportion of calcium and phosphorus in the earth's crust. 

Consequently, most of them possess, and are still referred to by mineral names. De Jong 

(1926) was the first to observe the similarities between the X-ray diffraction patterns of 

bone mineral and hydroxyapatite. Bone mineral is now widely (but incorrectly) 

regarded as being analogous to hydroxyapatite. 

Table 2.1.1 Comparison of the various naturally occurring calcium phosphates 

Name (Mineral Name) Empirical Formula Molar Ca:P Ratio 

Tetracalcium Phosphate Ca..t(P04hO 2.00 

Hydroxyapatite Ca 1O(P04)6(OHh 1.67 
Fluorapatite Calo(P04)6F2 1.67 

Cblorapatite Cas (P04)60 1.67 

Carbonate Hydroxyapatite C032- substituted forOH- 1.67 
(Dabllite) 

Carbonate Fluroapatite C032- substituted for P04 r >1.67 
(Francolite ) 

Tricalcium Phosphate Ca3(P04h 1.50 
(Whjtloddte ) 

Hydrated Calcium Phosphate CaHP04.2H20 1.00 
(Brushite) 

Anhydrous Calcium Phosphate CaHP04 1.00 
(Monetite) 
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' H DROXY APATITE FOR BONE REPLACEMENT 
CHAPTER 2 - SYNTHETIC HYDROXYAPATITE 

2.2.1 Cry tal .. tructure of Hydro. ] 'apatite 

The space-group )'mmclry of, palitc wa p stulaled to be P63/m or C62h by Hentschel 

(1923), the trllcturc of fillorapatil' being fir. t re olved independently in 1930 by both 

Naray-Slab6 and Mchm 'I as I 1m. 

Posner et al .. (1958) d monstrated that the 'tructure of hydroxyapatite was essentially 

the same a nu rapatite. wilh th flu rine i n being replaced by hydroxyl groups. Thus 

the unit cell of h 'dro 'ap. lite is char. cteri. tic of the he agonal system where a = b"* c, 

a=B=90' and Y= •• as d noted the letter P. The 63 symbol indicates that there is a 

screw a i (pc r. lIel I the a is) , nd th 1m mbol denotes the presence of a mirror 

plane, (perpendicular to the scre\ ' and cae) about which the lattice points are 

symmetrically di tribut 'J. I hu . equi alent point will be brought into coincidence 

when the whol > stru tur is: 

a) Rotated around the c a is in step (116 of 360°), i.e. there is a six fold, or 

he ad. a is pamllcl to th c a\.. 

b) Tran latcd alone. the a i < distance of ne half (3/6) the length of the c axis. 

The tructur of h dro 'apatit i ' ket h'd in Figure 2.2.1. 

Figure 2.2.1 

et al .. 1964. 

tructur' of h ' rll 'apatite pr ~ccted on the x,y plane, adapted from Kay 
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As can be cen from iour' 2.2. 1 there ar two di tinct types of calcium position, these 

are illu trated in Fiourc 2.2._ ( ) nd (b). In the first type, Ca(l), the calcium ions are 

located at c - (r c = 1) and c 1'_ \ ith the co-ordinates a = b = 1/3 and 2/3. They are 

tenned the columnar calcium and there are a net number of four per unit cell (Figure 

2.2.2a). The econd typ of calcium. a(2), ar found on planes parallel to the basal 

plane at c = 1/4 and c = 3 ~ (fiollr 2.2.2b), and the phosphate tetrahedral group can be 

regarded as imilarly located ( jourc 2.2.2c). Both the phosphate tetrahedral group and 

the Ca(2) caJ ium ions c, n b' c n ider d l arranged in equilateral triangles around the 

hydroxyl ions (Fiour 2.2.2 ). Thus if iewcd down the c axis the arrangement can be 

considered to be made lip t a stack of alternating calcium and phosphate triangles 

making up a hexa nal harm 1 ar t1nd the hydroxyl groups (Figure 2.2.3). These 

calcium ion are kn \: n l. the he aoonal alciums and as with the phosphate tetrahedra 

there ian t numb 'r of si p r unit cell. 

,. 

(a) 

(c) 

KEY: 

Calcium ,\ = b = O .. 123 nm 

• Pho,",phoru ... c = (l.<~75 nm 

0 Ilydmgcn H - 1\ - I)(P 

0 o )!!CI1 Y - h(1' 

, 
,r - - -

~.' , 0 
,0 ,'. - ___ ~CN .. - - - .~- - --
" 

, , 

(b) 

F--~ Q- - - - - -

" , 
-----T-----

,. 
~ , , 

(d) 

c 
, , . . , , . . 

... 
a 

~ ~ 
Figure 2.2.2 The r'li al p "ilions 

hydroxyapatite 

f th' lomc pecies within the unit cell of 

(Unit cell data from JCPDS, 1980) 
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The hydro yl group are I ated on the c axes at the comers of the unit cell (Figure 2.2.2 

Cd» with ant numb r of 2 ion per unit cell. In fluorapatite the fluorine ions are placed 

at c = 1/4 and c - 3 4 • exactly at the centre of the calcium triangles. However, due to the 

asymmetry of th h dro )1 ion. produced by the proton attached to the oxygen, it is 

geometrically imp iblc to place it at the intersection of a triad axis and a symmetry 

plane. Thi wa demon trated by Kay ef aL., (1964) who showed the OH- group to be 

displaced by up to 0.030 nm (0.3A) above or below c = 1/4 and c = 3/4. In order to 

preserve the charactcri tic of a P63/m structure and avoid too close a contact between 

ionic group, the OH - group mu t be arranged in either ordered columns with all the 

OH- group oriented in the arne direction, or in disordered columns with the polarity 

reversed at certain inter al along the c axis. The latter option being preferred by Kay et 

aI., (\964) a it facilitate the addition of fluoride impurities and OH- vacancies. 

KEY: 
@ Hydrm.yl 

iew do\\ n b a'd . CL 
b a 

b 
c~ 
~a 

• Calcium 

o 0 0 0 
~ • • - e . e . ®--it--o 0 0 0 
-.6-0 -.A- ~- -.6-(7-) 4Ii-- 0- -. ~-.6-

o <0 0 0 

• Pho phate 

Figure 2.2.3 The arrangement of Ca2+, OH- and P043- ions in the HA lattice. 

2.2.2 Substitution of Carbonate into Hydroxyapatite 

There are two types of C032- substitution proposed in the literature, these being the 

substitution of C032- for OH- (Type A) and C032- for P043- (Type B). Type A 

substitution was suggested by Eitel (1924) while Type B substitution was proposed by 

Borneman-Starinkevitch (1939). In Type A substitution the exchange of the larger 

33 



CHAP1ER2 
SYNTHETIC HYDROXYAPATITE 

planar C03T group for the smaller linear OH- group results in an expansion in the a-axis 

and a contraction in the c-axis and occurs when hydroxyapatite is treated with dry C(h 

at lOOO·C (Elliot. 1964). However. Trombe et aL, (1967) found that when fluorapatite 

is treated with dry C{h at 90(YC Type B substitution occurs, indicating that stronger 

ionic bonds exist between F and Ca than between OR and Ca. Le Geros et aZ., (1968) 

have demonstrated the substitution of C03T for P043- in hydroxyapatites precipitated in 

solution. They found that the a-axis decreased in the length while the c-axis increased as 

the carbonate content was raised due to the planar carbonate ion being smaller than the 

tetrahedral phosphate ion. Le Geros and Tung, (1983) reported incre.asing solubility 

with increasing carbonate content in the apatite. 

Table 2.2.1 Summary of C032- substitutions and effects on HA lattice parameters and 

crystallinity. (i increase and J, decrease. Le Geros and Le Geros. 1993) 

C032. Site Type a-axis c-axis Crystallinity 

(0.9423 nm) (0.6875 nm) 

A 

B 

ii 
J, 

2.2.3 Calcium Deficiency in Hydroxyapatite 

J, 

i 

Due to the ease with which calcium is readily substituted for a number of cations there is 

always some degree of impurity present (Posner, 1969) as illustrated in Table 2.2.2. 

This is particularly pronounced when the apatite is synthesised via a precipitation route 

where additives are required to maintain solution pH (especially in large industrial 

processes). As a result of the substitution, commercially available preparations have 

Ca:P ratios ranging between 1.65-1.72 (Jarcho et aZ., 1976; Akao et aL, 1981; de With 

et aZ., 1981 b). Un-treated precipitated powders tend to have lower than stoichiometric 

Ca:P ratios (Monma et aZ., 1981), while heat treated powders have higher than 

stoichiometric Ca:P ratios. A general formula has been suggested for non-stoichiometric 

calcium deficient hydroxyapatites: 

(2.2.1) 

Where x varies from 0-2 (Berry, 1967; Meyer, 1979) 

34 



CHAP1ER2 
CRYSTALLOGRAPHY 

Table 2.2.2 Comparison of the levels of impurity in commercially available apatites. 

Powder Origin (wt%) Mg Na AI Si Pb Mn Cu Fe 

MerckO. 0.2 0.3 0.06 0.05 <0.01 0.03 <0.01 0.1 

Mallinckrodt • <0.01 0.1 <0.01 - <0.01 <0.01 <0.01 
Labmade* <0.01 0.04 0.04 0.02 <0.01 <:0.01 <0.01 <0.01 
Tricalcium Phosphate BDH# 0.15 <0.05 0.03 0.15 <0.01 0.02 <0.01 0.02 

(Data from 0Peelen et aL. 1978; *Denissen et aL. 1980a; #Driessen et aL. 1982) 

As with carbonate ion substitutions, these substitutions affect the lattice parameters. The 

degree to which the lattice parameters are altered generally reflects the size and amount 

of the substituting ions. The crystallinity and dissolution properties are also affected 

(Table 2.2.3). 

Table 2.2.3 Ionic species reported to substitute for calcium and the consequent effects 

on the HA lattice parameters and crystallinity. 

Substituent Ionic Radius a-axis c-axis Crystallinity 

(0.9423 nm) (0.6875 run) 

ea1+ 0.99 

Mg2+ 0.66 .j, .j, J. 

Na+ 0.97 .. .. ... 
Al3+ 0.51 i i J. 
Pb 2+ 1.20 i i J. 

Mn 2+ 0.80 J. J. J. 

Sr 2+ 1.12 i l' ... 
K+ 1.33 .. .. ... 

Zn 2+ 0.74 i l' .... 

Where, i increase, J, decrease and .. no change, Le Geros and Le Geros, 1993. 

Substitution ofCa by Sr or Mg results in increased solubility (I.e Geros, 1984; Le Geros 

et al .• 1989). while the presence of Mg2+, Fe2+. Mn2+ and Al3+ ions in solution impede 

the growth of hydroxyapatite and promote formation of B-tricalcium phosphate. 

Magnesium in saliva is believed to result in the formation of tricalcium phosphate in 

dental callus (Schroeder. 1969) as tricalcium phosphate can have up to 10% of Ca ions 

substituted by Mg2+ which has the effect of decreasing the overall acid dissolution rate 

(Jenson and Rowles. 1957; Ando. 1958). The presence of Mg2+ has also been shown to 

stabilise amorphous calcium phosphates in solution, increasing the time taken to 
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transform to apatite (Blumenthal and Cosma, 1992). Moreover, Mg2+ works 

synergistically with other chemical species (eg. diphosphonates, adenosine triphosphate) 

known to stabilise amorphous calcium phosphates (posner, 1978a) and the presence of 

both Mg2+ and C032- substituents will have a synergistic effect on the solubility (Le 

Geros 1984). 

2.2.4 Substitution of Hydroxyl in Hydroxyapatite 

In addition to the carbonate substitution, OH- may also be substituted by F- and CI- ions. 

However Cl- substitution results in a loss of the hexagonal symmetry due to the 

alternating positions of the CI- ions leading to a doubling in length of the b-axis. While 

substitution by F- results in a decrease in the a-axis as a result of denser packing between 

the F- and Ca(2) ions which leads to an increase in crystallinity and decrease in 

solubility (Young and Elliot, 1966). When F- and C032- or Mg2+ ions are present as 

substituents, the effect of F- is dominant. (Le Geros, 1984; Le Geros and Tung, 1983) 

Table 2.2.4 Summary of OH substitutions and effects on HA lattice parameters and 

crystallinity. (1 increase, .1- decrease and - no change, Le Geros and I.e Geros, 1993) 

Substituent Ionic Radius a-axis c-axis Crystallinity 

forOH- (0.9423nm) (0.6875nm) 

Cl- 0.81 i .1- '" 
F- 0.36 .1- - i 

2.2.5 Synthetic Hydroxyapatite vs. Bone Mineral 

In bone, bone mineral is produced in solution in the presence of many complex and 

varied physiological fluids. Not surprisingly its calcium ions undergo substitution for 

many elements such as barium, lead, strontium and sodium while others ~iron, copper, 

manganese, tin, aluminium, are believed to be adsorbed on to the crystal surfaces 

(Posner, 1969; Vaughan, 1975). Furthermore hydroxyl groups are also reported to be 

readily exchanged with fluorine (Posner et aL, 1963), resulting in a highly complex 

chemistry (Table 2.2. S). Bone may be regarded as a calcium and mineral reservoir with 

these impurities playing important roles in the mineral homeostasis and metabolic 

processes of the surrounding tissue. It therefore follows that the presence of controlled 

levels of the appropriate impurities in any hydroxyapatite introduced in vivo could be 
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advantageous. Similarly. synthetic hydroxyapatite contains relatively little carbonate, 

which is present in bone mineral in quantities ranging from 1.5% to 4.5% by weight 

(Bocchi and Valdre, 1993). If the aim of a biocerarnic is to interact in an appropriate 

manner with its bio-surroundings then closer mimicry of natural bio-materials would be 

preferable,with a requirement for a knowledge of the constituents and their likely effects 

on the apatite at the least 

Table 2.2.5 Comparison of bone and hydroxyapatite. 

wt% Ca P Mg Na K C~ F Cl Sr, Pb, Ba. Ca:PRatio 
Fe,Zn,Cu. 

Bone 0 26.7 12.5 0.44 0.73 0.06 3.48 0.07 0.08 Sr=O.04 1.66 

Bone + 36.7 16.0 0.46 0.77 8.00 0.04 1.77 

Bone # 34.0 15.0 0.50 0.80 0.20 1.60 0.08 0.2 1.75 

Bone • 24.5 11.5 0.55 0.70 0.03 5.80 0.02 0.10 Traces 1.65 

HAA 39.89 18.5 1.67 

Data from: 0 McConnel. 1973; + Driessens, 1980; # Aoki, 1991; ~ Le Geros, 1992; 

A Theoretical values. see Appendix. 
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2.3 Preparation of Synthetic Hydroxyapatite 

Synthetic hydroxyapatite specimens are usually produced in a discontinuous manner. 

First a hydroxyapatite powder is prepared, the powder is formed into a green body by 

either compaction or slip casting and the green body is consolidated by sintering. 

2.3.1 Powder Preparation 

Synthetic hydroxyapatite powders can be prepared by a number of different routes. 

These can be generally split into three groups, aqueous reactions, solid state reactions 

and hydrothermal reactions. Hydroxyapatite powders produced by aqueous reactions 

tend to be calcium deficient as a result of cationic substitution, which results in the 

formation of B-tricalcium phosphate upon sintering and, if conditions are highly basic 

carbonate substitution may occur. Pure powders may only be reliably produced by the 

other routes. 

2.3.1.1 Aqueous Techniques 

These may be split into two groups, precipitation and hydrolysis methods. 

Precipitation 

Commercial preparations are generally produced by the precipitation method, which 

involves mixing reactants together in the presence of water (usually at a controlled 

temperature, atmosphere and pH) and leaving the resulting precipitate to age under 

conditions of continuous stirring for periods of up to 12 hours. Once aged, the 

precipitate is thoroughly washed. filtered and dried. The two most common methods 

quoted in the literature are that of Rathje. (1939) equation 2.3.1, and Hayek and 

Newesely, (1963) equation 2.3.2. 

(2.3.1) 

10 Ca(N03h + 6 (Nf4hHP04 + 2 H20 

-+ CalO(P04\s(OHh + 12 Nli4N03 + 8 HNC>.3 (2.3.2) 

In the first method (equation 2.3.1) phosphoric acid is added dropwise to a stirred 

suspension of calcium carboC\ate in water. The method may be modified by the addition 

of ammonium hydroxide to keep the pH of the reaction alkaline to ensure that 
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hydroxyapatite does not decompose after sintering (Akao, 1981). In the second method 

(equation 2.3.2) aqueous solutions of calcium nitrate and ammonium phosphate are 

prepared (again ammonium hydroxide may be added to control the solution pH, larcho 

et al .• 1976). The phosphate solution is then added dropwise to the stirred calcium 

solution. This method is highly sensitive to the concentrations of the reactants and the 

solution pH for fonnation of hydroxyapatite upon sintering. 

Hydrolysis 

Hydrolysis methods involve the hydrolysis of acid calcium phosphates (eg. dicalcium 

phosphate dihydrate) in carbonate, fluoride, chloride, ammonium, sodium or potassium 

hydroxide solutions depending on the desired composition of apatite. Calcium 

carbonate may also be hydrolysed to apatite in ammonium or sodium phosphate 

solutions (Le Geros et aL. 1980). 

2.3.1.2 Solid State Reactions 

In solid state reactions hydroxyapatite is produced via the stoichiometric mixing of 

reactants at specific temperatures. Examples of this method are given in equations 2.3.3 

and 2.3.4. The calcium compounds are mixed, formed and then sintered above 950°C. 

(2.3.3) 

(2.3.4) 

Le Geros and Le Geros, 1993. 

2.3.1.3 Hydrothermal Transformations 

The third method of synthesising hydroxyapatite is that of hydrothermal transformation. 

This process employs the use of elevated temperatures, pressures and controlled 

atmospheres to convert one substance into another via an exchange reaction. The 

reactions in equations 2.3.3 and 2.3.4 could be carried out hydrothermally by heating at 

275°C under steam pressure of 84 MPa (12000psi). This route has the added benefit of 

the option to preserve the original architecture, as in the production of porous 

hydroxyapatite from calcium carbonate corals or denatured bovine cancellous bone. 

Typical exchange reactions include that of Roy and Linnehan, (1974) which is carried 

out at 180-360°C under 105 MPa for 12 - 48 hours equation 2.3.5, and Yamasaki et aL, 

(1990) which is carried out at 30(rC under 30MPa for 2 hours equation 2.3.6. 
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(2.3.5) 

-+ CalO(P04)o(OHh + 18 H20 + 12 NH3t (2.3.6) 

2.3.2 Production of Dense Hydroxyapatite 

Following preparation of the hydroxyapatite powder, fabrication of a dense body ( >95% 

of the theoretical density of 3.151 g.cm-3• Barralet, 1995) from the material is usually 

achieved via the standard ceramics processing route of: 

• Cold compaction of the power into a green body via uniaxial or isostatic pressing. 

• Densification of the green body into a solid specimen by providing sufficient heat or 

microwave energy for the powder particles to coalesce or sinter. 

Much work has been carried out on the preparation and characterisation of specimens 

processed in this way. With many studies into the effects processing parameters on 

density, pore morphology and grain size, which in turn effects the physical properties of 

the specimen. Other methods have been proposed)but they are generally variations on 

this theme. For instance. Denissen et al., (1980a&b) have successfully produced 97% 

dense compacts with a grain size of 0.25 Ilm via the hot pressing of hydroxyapatite at 

900°C. 
-............ 

2.3.2.1 Powder Compaction 

A reduced compaction pressure leads to reduced particle contact and thus restricts the 

area available for sintering. However Rootare et al., (1978b) studied the sintering 

process of hydroxyapatite and found that while plastic deformation introduced in 

compaction is responsible for bringing the particles into close enough contact for 

sintering to occur. If compacted above a threshold pressure of 35 MFa (5000psi) the 

reduction in open pore volume was compensated for by the formation of increasing 

amounts of closed pore volume which inhibits shrinkage and thus densification during . 
subsequent sintering. Production of a fully dense compact via the cold compaction 

method is therefore unlikely. 

The selection of appropriate particle size optimises the driving force for reducing the 

surface area:volume ratio of a ceramic body. and to a certain extent controls the grain 

size. De With et al., (1981a) highlighted the importance of powder morphology by 
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compacting two powders with differing surface areas in a similar manner and comparing 

the results. unfortunately no particle sizes were given. However the powder with the 

higher surface area (smaller particles) was found to produce a more dense compact (with 

smaller sized pores) even though it was sintered at a lower temperature. It was also 

shown to have finer grains but this may be a result of the lower sintering temperature. In 

contrast Matsuno et al, 1992 studied the effects of using very fine powder particles 

(0.32-1.03 J.lm) and found that the larger particles led to improved densification. This 

implies the existence of an optimum particle size for maximising densification. Shareef 

et al .• (1993) combined mixtures of fine (sub micron). medium (3J.lm) and coarse 

(50I1m) particle powders as a method of producing machinable ceramics with a fine 

inter-connected porosity. 

2.3.2.2 Sintering 

Sintering is driven by energetic forces which compel a ceramic body to replace its high 

energy external (gas:solid) interfaces with lower energy internal (solid:solid) interfaces, 

so reducing its surface area:volume ratio. Sintering generally occurs by a mixture of 

liquid and solid state diffusion resulting in neck formation between particles. which then 

bond and become grains (Jarcho et al, 1976). Once bonded. further diffusion of matter 

occurs across grain boundaries. resulting in the apparent movement of grains closer to 

their neighbours. so facilitating pore shrinkage and further reduction of external 

interfaces which produces the characteristic densification associated with sintering. 

Once pores have shru~k to a point where they are spherical and no longer 

interconnecting it becomes energetically favourable to reduce internal (solid:solid) 

interfaces as opposed to external (solid:gas) interfaces. which results in grain growth. 

Therefore. selection of optimum sintering times and temperatures are important, "under" 

sintering (reduced temperature or dwell time) results in insufficient energy to drive. or 

insufficient time to complete the sintering process. while "over" sintering (excess 

temperature or dwell time) may result in decomposition of the ceramic. or dense 

compacts with large grains which are detrimental to mechanical properties. 

Rootare et al .• (l978a) demon~ated that a maximum density of 97-98% is obtained 

after 3 hours sintering at 1200·C. In contrast, Jarcho et al.. (1976) reported that HA 

powder cold pressed and sintered at 1000 or 1200·C for 1 hour produced compacts with 

grain sizes of O.l5-0.71J.lm and 99.6% theoretical density while Rao and Boehm (1974) 

found no increase in density with sintering beyond 2 hours at 900·C and 1 hour at 950. 

1000. 1100 and 1200·C. Akao et al .• (1981) varied sinter temperature from 1150 to 

1300·C and noted that density increases of 80.6-97.2% were accompanied by grain size 

increases from 1.32 to 3.04 11m when specimens were held for 3 hours at peak 
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temperature, similarly, De With et al., (1981b) found that density increased from 

approximately 72%-97% with sinter temperatures from llOO-1250°C while grain size 

increased from 1.5 to over 5.0 Ilm when specimens were sintered at peak temperature for 

6 hours. These differences in behaviour are a result of differences in the morphologies 

(Le., particle size and surface area) of the starting powders used in the various studies. 

Powders with smaller particle sizes (larger surface areas) require lower sinter 

temperatures and soak. times to produce high density compacts (de With et al., 1981a), 

however, powders with too fine a particle size are difficult to process (Mat~uno and 

Koishi, 1992). 

Fang et al., (1992) produced hydroxyapatite compacts of up to 91.2% dense using a 

microwave oven. Samples were first compacted in a cold press at pressures ranging 

between 35-140 MPa. Sintering was then carried out in air at temperatures of 1150-

12()(YC for lengths of 1-5 minutes at peak temperature. Not only were they able to 

produce a wide range of densities (27-91 % dense) but as sintering was completed within 

a few minutes there were large savings (over 90%) in both time and energy. 

2.3.2.3 Decomposition of Hydroxyapatite at Elevated Temperatures 

In addition to the limitations on sintering regime imposed by grain growth 

"hydroxyapatite" powders can decompose at high temperatures (Le., during sintering). 

De With et al., (1981b) noted the presence of B-tricalcium phosphate in specimens 

sintered above 1150°C, while Wang and Chaki (1993) varied both the sintering 

atmospheres and temperatures and found that in air, loss of OH- (dehydroxylation) 

occurred between 900-100<YC)with the appearance of B-tricalcium phosphate impurities 

at 1100°C as a result of decomposition of the hydroxyapatite. This dehydroxylation 

progressed with the appearance of tetracalcium phosphate at 1300°C and transition of B
trica1cium phosphate to a-tricalcium phosphate at 1350°C and was enhanced when the 

material was sintered under vacuum. However, in a moist atmosphere there was no 

evidence of dehydroxylation at any temperature. Conversely, XRO studies carried out 

by Knowles et aL. (1994) and Abrahams and Knowles (1994) found that hydroxyapatite 

sintered in air did not decompose until sintered at 1450 °C, although significant changes 

were seen in the lattice parameters above 1000 °C, these were ascribed t() loss of 

carbonate from hydroxyl sites. As with the sintering parameters for optimum 

densification, the disparity between different investigations regarding chemical stability 

and changes in the sintering temperature and soak time, were related to the 

characteristics of starting ~owders, namely, the precise chemical composition and 

history of the powder. The calcium to phosphorous ratio for the various powders are 

given in Table 2.3.1. 
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Table 2.3.1 Differences in Ca:P ratios of laboratory made and commercial powders. 

Powder 

Merck (De With et al .• 1981 a and b) 

Laboratory made (De With et aL. 1981a) 

Laboratory made (Wang and Chald. 1993) 

Plasma Biotal- P120 (Knowles et al .• 1994) 

Plasma Biotal- PSI (Abrahams and Knowles. 1994) 

*Data from Best. 1996. 

2.3.3 Production of Porous Hydroxyapatite . 

Ca:PRatio 

1.62 

1.64 

1.69 

1.70* 

1.69* 

Until recently relatively little work had been carried out on the preparation of 

intentionally porous materials (excluding the hydrothermal conversion of coralline 

material). Most work seems to have been directed at producing 100% dense bodies or 

applying a porous coating to metallic implants (eg. Bobyn et al., 1980). Many of the 

porous materials that have been produced are as a result of studies into compaction 

pressure of green bodies (Rootare et ai., 1978a; Matsuno and Koishi. 1992) and varying 

sintering temperature or time, (Akao et al.. 1981; Rao and Boehm, 1974; Matsuno and 

Koishi, 1992). The degree of porosity produced via such methods ranges from 50-

20% however materials properties may be unsatisfactory as under-pressing and under

sintering can lead to inhomogeneities in the dispersion of the powder as a result of 

uneven pressing and loss of strength as a result of incomplete consolidation of powder 

particles. Moreover, the pore size of materials produced via these methods, (0.1-20 Ilm 

depending on processing conditions and starting powders). is usually too small for 

successful osseointegration and the porosity is usually unconnected. As established in 

1970 by Klawitter a minimum pore size of 100-150 Ilm is required for healthy bone 

ingrowth. Furthermore Holmes (1979) found that interconnecting porosity is required of 

an osteonic diameter to allow paths for nutrients to reach the ingrown bone else it will 

die. 

2.3.3.1 Foaming Methods 

A more successful approach is that of Peelen et aI., (1978) who introduced macro

porosity into hydroxyapatite green bodies via the use of hydrogen peroxide. H202 was 

mixed with an aqueous slurry o~ the hydroxyapatite precursor, this was then cast, 

allowed to "rise". carefully dried and then sintered at a range of temperatures (1100-

1350°C). Sintered bodies were produced with porosities of up to 70% and pore sizes of 

150-250 Ilm (macro pores formed as a result of the additions) and 0.5-1.5 Jlffi (micro 
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pores fonned as a result of densification during sintering). This technique was also used 

by Driessen et al .• (1982) to produce porous compacts of B-tricalcium phosphate and 

hydroxyapatite. a porosity of 35-40% being achieved. 

2.3.3.2 Bum-Out Methods 

Lin et al., (l994b) produced porous compacts of hydroxyapatite and Bioglass by 

combining either the ceramic or glass powders with 5 and 500 ~m diameter 

polyethylene glycol particles before pressing the material under a hydrostatic pressure of 

270 MPa. During sintering the polymer was burnt out leaving be~ind a structure with 

interconnected porosity and pore sizes of approximately 120-240~m. 

Fang et al., (1992) produced hydroxyapatite compacts ranging in density from 91-27% 

with the use of a microwave oven. The variations in porosity were achieved by altering 

the pressures of cold compaction from 35-140 MPa or with the use of differing 

quantities of ammonium carbonate additions (which was found to be successful whether 

it was burnt off in or out of the microwave) and compacting at 140 MPa. However. pore 

sizes were found to be too small to encourage osseointegration although pore were inter

connecting in specimens with over 50% ;porosity. 

2.3.3.3 Hydrothermal Conversion 

Yamasaki et al., (1990) reported the preparation of porous ceramics via the 

hydrothennal hot pressing of Ca(OHh and (N~hHP04. "Semi-green" specimens were 

prepared by hot pressing at 300°C under 30MPa for 2 hours with porosity being 

introduced by the evolution of ammonium gas during the hydrothermal conversion. 

These specimens had a 51 % densi ty and 40% of the total porosity was interconnected 

with pore sizes of 100 - 40011m. The semi green specimens were then sintered at 

1050°C for 3 hours in air resulting in a density increase to 58% due to micro-pore 

shrinkage. so maintaining the macro-pore structure. 

Another reported hydrothennal technique for the production of porous hydroxyapatite is 

the hydrothermal exchange of calcium carbonate coral into hydroxyapatite (Roy and 

Linnehan. 1974). This method preserves the architecture of the coral resulting in highly 

inter-connected pores with porosity of 66% (Holmes et ai.) 1984). This is achieved by 

holding specimens under pressure 105 MPa (15 OOOpsi) in the presence of (NH4nHP04 

at temperatures of 18Q-360°C for 12 - 48 hours. 
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2.4 Characterisation of Synthetic Hydroxyapatite J 

2.4.1 Chemical Analysis 

Knowledge of the chemical content of any implant is important from a perspective of 

possible toxin contamination. However interest has recently developed in "impurity" 

levels as a result of the promotion of controlled levels of different elements to enhance 

biocompatibility (Andersson. 1995; Lau et aZ., 1991; Li et az.. 1994). Posner (1969) 

determined the levels of calcium deficiency in bio-apatite by comparing specimens 

before and after heating them above 8OO·C. Calcium deficient hydroxyapatites, when 

heated above 8oo·C dehydrate to form Ca3(P04n plus some residual apatite. If the 

Ca:P ratio is less than or equal to 1.5 then there is no residual apatite seen after 

pyrolysis. However. in order to determine the presence of any substituents in the 

material. assess its purity. crystallinity and determine the lattice parameters it is 

necessary to perform a combination of X-ray fluorescence. inductively coupled plasma 

spectroscopy. X-ray diffraction. and infrared spectroscopy. 

2.4.1.1 Detection and Quantification of Ionic Impurities 

Inductively coupled plasma spectroscopy (ICP) and X-ray fluorescence (XRF) are 

commonly used to determine the levels of rare earth and metallic impurities that may be 

present as substituents such as magnesium, sodium, aluminium, silicon, manganese 

copper and iron (Le Geros and Le Geros. 1993). However, only ICP is suitable for 

determining the presence of "light" elements such as fluorine and chlorine. XRF is also 

unsuitable for determining the levels of elements that have oxides with low vapour 

pressures such as carbon or mercury. 

Table 2.4.1 Results of ICP for some commercially available porous apatites. 

Ca P Mg Sr Na K AI 

Alveograf 43 19 0.096 0.0081 
Aigipore 38 17 2.5 0.18 0.67 0.048 0.018 
Calcitite 41 19 0.0011 0.009 0.0084 

Interpore 2000 43 18 0.1 0.75 0.27 0.071 

Si Zn Fe Mn S F 

AIveograf 0.017 0.078 
Aigipore 0.056 0.0037 0.011 0.013 0.25 3.52 
Calcitite 0.036 0.073 

Interpore 2000 0.069 0.2 

Data from Pinholt et al .• (1992). 

45 



2.4.1.2 X-Ray Diffraction 

CHAP'IER2 
SYNTHETIC HYDROXY APA1TIE 

This technique may be used to identify the presence of any solid crystalline compound 

provided its characteristic X-ray diffraction (XRD) pattern is known (Table 2.4.2). It 

provides information about the phases present rather than the combination of elements 

and can be used to assess the phase purity (single or multiphase) of a material, but is not 

generally used as a quantitati~e technique. 

Table 2.4.2 Relative intensities of some XRD reflections for hydroxyapatite. 

Relative Intensity (%) 100 

Reflection 211 

50-70 

112 
300 

20-50 

002 
202 
310 

20-10 

200 
102 
210 

Data from McConnel, (1973). 

XRD is also used to assess the degree of crystallinity which is generally indicated by 

the sharpness of the peaks in a XRD pattern, however when applied to small crystallites 

broad patterns may be obtained which do not reflect the crystallinity of the material 

(Posner, 1978a). Similarly~ stresses within the crystal lattice may be evaluated by peak 

broadening and peak shifting for example dehydroxylation (loss of OH-) is said to 

result in a 1-2- pe~ shift (Wang, 1993). However, refinement of the structure using 

techniques such as the Rietveld method (Knowles et al., 1994) are more accurate and 

may be used to obtain precise information concerning parameters such as the unit cell 

dimensions or the position and size of an ionic group present in the lattice. When 

assessing hydroxy apatites, specific attention is usually paid to the a- and c-axis lengths. 

the unit cell volume. the occupancy of the hydroxyl oxygen site [O(H)] (theoretical 

value = 0.5). the [O-P-O] angles and the [Ca(2)-O(H)] and [Ca(2)-Ca(2)] bond lengths 

(d ). the latter of which can be used to calculate the hydroxyl channel radius, re, using 

equation 2.4.1. 

r: d rCa(Z) - Ca(Z)] tan 1t 
e= 2 6 (2.4.1) 

These values are of particular interest as an increase in rc and a higher O(H) site 

occupancy indicates the presence of carbonate when in conjunction with an increase in 

unit cell volume and a-axis length. While an increase in c-axis length tends to indicate 

the formation of oxide ions (reported at temperatures in excess of 1450°C as a result of 
'.~'o 

H2q). The values of the [O-P-O] angles (6i ) can be used to calculate the tetrahedral 

distortion index (aDind ) as in equation 2.4.2. 
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(2.4.2) 

This value is a measure of the P04 moiety, it may be used to assess the extent of 

relaxation in the crystal structure and indicates the likelihood of carbonate substitution 

at this site. Lower values denote a more regular tetrahedral environment (Abrahams 

and Knowles, 1994). One drawback is the fact that any amorphous material may not be 

characterised using this method (it appears as background scatter or raises the base line) 

as a result of not having a distinct, ordered structure. 

2.4.1.3 Infra-Red Spectroscopy 

This technique provides infonnation about the ionic arrangements present and may be 

used to study amorphous material. It is the most suitable method for determining the 

presence of carbonate and distinguishing between the two types of substitution. There 

are two types of infra-red technique, Fourier transfonn infra-red spectroscopy (FITR) 

and Raman spectroscopy. FfIR is concerned with the .vibrations of polar bonds were a 

change in dipole moment occurs as a result in vibration. Raman spectroscopy is 

associated with vibrations of non-polar covalent b0nds where polarisation can be 

induced. The characteristic absorption bands of FTIR apatite spectra are summarised in 

Table 2.4.3. In addition to possessing different band locations within their spectra, the 

two carbonate types also affect the bands of the other ionic groups in the spectra. In A 

Type substitutions the stretch and libration (different modes of ionic vibration) hydroxyl 

bands decrease in intensity with increasing carbonate content and the phosphate bands in 

the 1200-1100 em-l region lose their definition (Doi et ai., 1982). While in B Type 

substitutions the phosphate band at 1088 em- l decreases in intensity with increasing 

carbonate content. In spectra produced at high temperatures (600°C) the hydroxyl 

stretch band drops to 3565 cm- l and an extra peak appears at 3537 em-I. This is 

believed to be due to the rearrangement of hydroxyl ions in the columns along the c-axis 

(Cant et al., 1971). 

Table 2.4.3 Wavenumbers of IR peaks observed in apatite related specimens (em-I). 

Phosphate+ 

962 473 1088 
1057 
1042 

601 
580 
570 

Table 2.4.3 continued over page. 
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Table 2.4.3 continued. 

HydroxylO 

Carbonate# 

A Type 

BType 

Surface absorbed 

ionic groups 

Substituants for 

Hydroxyl 

Ionic groups 
associated with 

Hydroxyl 

Oxygenated 
Hydroxyapatite* 

Libration Stretch 

633 3660 
3573 

878 1450 
1550 

875 1410 
1460 
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WaterO Carbonate# AmmoniurnO HydrocarbonsO 

1640 2200,2330 
2500-3600 

Chloride~ FluorideO 

3500 3546 

PhosphateO Silicate* 

880 3645 
3698 

436 peak at 633 
473 decreases 

3420 
3385 
3280 

2900 

(Data from +Klee and Engle 1970; 0Cant et al., 1971; ~Blumenthal and Posner, 1973; 

#Dowker and Elliot 1983; ·Pinholt et al., 1992) 

2.4.1.4 Quantitative Determination of Carbonate Content 

Infrared techniques for the determination of carbonate have been developed, but tend to 

be limited to the machine upon which they were developed. Most other techniques 

involve measuring the amount of carbon dioxide produced by reacting specimens with 

acid or heating them in oxygen. The most common technique cited in the literature is 

that developed by Conway (1962). This involves reacting the carbonate containing 

specimen with hydrochloric acid in one compartment of a partitioned and sealed 

container. While an other compartment contains a quantity of barium hydroxide which 

reacts with the carbon dioxide to form insoluble barium carbonate. After all the carbon 

dioxide evolved is assumed to have reacted with the barium hydroxide the remaining 

barium hydroxide is titrated with hydrochloric acid using a microburette and indicator. 

Thermal gravimetric analysis (TGA) may also be used to determine carbonate content as 

it measures the weight loss during heating of specimens over the temperature range at 

which carbonate is transformed to carbon dioxide (4000 C to I()()()<>C). 
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2.4.2 Assessment of l\1icrostructure 

The roughness of a surface has recently been demonstrated to have an effect on cell 

response in vitro (Best et al .• 1994).. .l Gomi et al .• (1993) have demonstrated that in 

vitro rougher surfaces induced a more aggressive response from osteoc1asts resulting in 

greater degrees of resorption. While Eggli et al., (1988) found the presence of 

interconnecting pores with a mean diameter of 20~m, when compared to material with 

little or no interconnecting porosity, improved the tissue response to macroporous 

ceramics. Therefore a thorough knowledge of the microstructural characteristics is 

important in order to fully assess implant behaviour. The microstructure (in particular 

the grain size and degree of microporosity) may also effect the mechanical 

characteristics of the material (Section 3.3.1). 

2.4.2.1 Grain Size Measurement 

There are many different procedures for the estimation of grain size. These may be 

classified into three basic groups and in order of increasing accuracy these are the 

comparative, planimetric and intercept methods. Guidelines for the use of these 

methods and the accuracy with which they can be used are set down in ASTM E 112 -

9l. Briefly, comparative methods are carried out via the visual estimation of grain size 

with the use of comparison charts of grains of known dimensions. This method is 

accurate to a whole grain size. Planimetric methods are carried out on micrographs. For 

instance in the Jeffries planimetric method a test circle of known diameter (78.8mm) and 

area (5000mm2) is placed over a micrograph (the magnification of which is usually 

manipulated so that around 50 grains fall with in the test circle) and both the number of 

grains that fall completely within the circle and the number of grains that are intersected 

by the circle are counted. The average grain size (in millimetres) is then obtained from: 

(2.4.3) 

Where, d = Average diameter; M = Magnification; n1 = Number of grains iniersecting 

circle; n2 = Number of grains within circle 

This is accurate to within half a grain size (or one quarter if sufficient measurements 

have been made to comply with Section 13 of ASTM E 112 - 91). Intercept methods 

employ the use of a test line of known length (usually 500mm), and either the number of 
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grains intercepted by the line (N). or the number of grain boundary intersections are 

counted (P). A magnification is usually selected so that 70-150 grain or grain boundary 

interceptions are obtained. The average grain size (in millimetres) is given by: 

(2.4.4) 

Where. X = Either N or P; LT = Length of test line. 

This method is accurate to half a grain size (or one tenth if sufficient measurements have 

been made to comply with Section 13 of AS1M E 112 - 91). An estimate of the grain 

size uniformity can be obtained by dividing the diameter of the largest observed grain by 

the mean lineal intercept. [3 where: 

(2.4.5) 

The theoretical ratio of L max 1[3 is 1.872 for a uniform grain distribution if the grains 

are tetrakaidecahedric in shape, where a tetrakaidecahedron is a regular octahedron that 

has been truncated to form a 14 sided polyhedron (Figure 2.4.1a). The greater this ratio 

the greater the degree of non uniformity in the grain size. Also. by rotating the test line 

through 90° anisotropy in the grain structure can be detected. 

These methods are devised for use with equiaxed, single phase microstructures and 

modifications are available to allow more flexibility in the type of material that may be 

studied. e.g .• the use of "wavy" test lines in intercept methods to compensate for 

deviations from equiaxed grain shapes. 

The parameters measured (e.g .• average grain diameter) are generally planar and do not 

provide a measure of the true grain size or the nature of the true grain size distribution, 

as a result of stereological effects. Only spatial parameters (such as average grain 

volume), calculated by serial sectioning or complicated calculations based on grain 

shape models provide a measure of the true grain size. However. stereological 

investigations have developed simple relationships between the mean lineal intercept 

and the mean true volumetric grain diameter.D, for instance, Fullman (1953) showed 

that D = 1.5 [3 if grains are considered to be spherical. Other studies in which the grains 

were assumed to be tetrakaidecahedral (Figure 2.4.1a) have produced similar equations 

e.g., D=1.68 [3 (Smith. 1987; Milleretal., 1966) andD=1.776 [3 (Pereira de Silva. 
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1966) and if grain ' ar' a.-sum'd D h~ P 'ntagondod~chahedral D =1.62 I3 (Bodyako et 

al., 19 0; milh, 19R7 ,wh r' a p~ntagondod~cahedron is a 12 sided polyhedron each 

side being a r 'gular p 'ntag n (Figure 2.4.1 b). Nevertheles development of three 

dimensi nal ' patial grain. iz' distribution from these methods is a very complex 

PI' cedure and image analy_ i. is generally employed for these evaluations. 

(a) (b) 

Figue 2.4.1 Th "o(' ti 'al grain _ hares, (a) tetrakaidecahedron and 

(b) pen tag ndodecah'dron. 

The use of imag' analysis in the dctermination of grain size requires that greater 

attention i. given D 'P> 'im 'n preparati lll, as grain boundary delineation must be very 

high and the l 'nt or etChing mu t he repeuluhk. It is usually necessary to edit the 

image in rder 1 'nhancc grain boundary delineation and to remove preparation 

artefa t which may affect the results. When measUling grain area, grains intersecting 

the live fram' border an intluence measurement accuracy and should be deleted from 

the image so that nly whol ' grains are counted. The lowest magnification at which the 

grain b undari scan b' clearly seen should be used to ensure the best statistical data 

(van del' V fl , 1984). Alternatively, for single-pha e structl1l'es the length of the grain 

boundaries p'r unit :1["a can he measured and divided by Tt/2 to obtain 1/[3, or the 

grain interi rs may b' d tected and chord lengths measured. The average chord length 

will be qual to [3. ]n the latter case rotation of the image and re-detection may be 

neces. ary to eliminat ani otmpy effects along with the deletion of grainsintersecting 

the Crame border to prevent under sjzing. 

Further guid lin f r the use or image analy i. in the assessment of grain size are set 

out in ATSM E 1382 - 91. 

2.4.2.2 Micro-Poro ity Measurement 

Modifications to the tcchniqu s described ahove for the calculation of grain size and 

distrihution can be applied to micro-porosity, where the porosity can be considered as a 

econd phase. For instance image analysis of unetched specimens could be used to 
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detect only the pores and subsequent measurement of chord length could then be carried 

out. Hamman (1987) compared measurements on cross (longitudinal) sections with 

those on planar (transverse) sections using image analysis and found, on the particular 

specimens under examination that measurements on cross sections gave 5% higher 

porosity values. He also found that linear intercept methods when compared with direct 

measurement from images tended to give a smaller pore size. This work highlights the 

influence choice of method and section plane can have on the results. However, 

conversion of the information to volumetric data is simplified by the fact that 

micropores can generally be considered as spherical (Smith, 1987). 

In addition, gas and mercury porosimetry can be performed on pores in the size range 3 

nm to 100 11m, although a minimum specimen size of 1 cm3 is usually required (Rootare 

and Craig,1974). Mercury porosimetry assesses pore size by measuring the pressure (Pr) 

required to force mercury into the pore. The pore size (JlPs) is calculated as in equation 

2.4.6, and by measuring the amount of mercury that was forced into the body at that 

particular pressure the pore size distribution can be assessed. 

P 
_ -2'Y cosS 

r - IlPs 
(2.4.6) 

Where, Y is the surface tension of mercury (=0.48 N.m-1) and S is the contact angle 

(134-140°). However there are several disadvantages associated with this technique, the 

main ones being the assumption of the surface tension and contact angle, sample 

compression at high pressures (up to 422 MPa) leading to false results in compliant 

materials and most significantly, network effects (Le., a large pore with a small opening 

will be "measured" as a small pore) (Smith et al., 1994). 

2.4.3 Assessment of Macrostructure 

Matching macrostructure to suit the host tissue has been established since 1970 when 

Klawitter determined that a minimum pore size of 100-150 Jlm is required for healthy 

bone ingrowth. Furthermore, Holmes (1979) found that interconnecting porosity is 

required to be of an osteonic diameter to allow paths for nutrients to reach the ingrown 

bone. The effect of morphology on the mechanical properties must also be considered 
. cJ.cN soas 

since modification of the internal macrostruct~~g:to distribute 10ads,10 stimulate or 

match the intended host tissue,will improve the biocompatibility. 
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2.4.3.1 Density Measurements 

Various techniques for the measurement of cancellous bone density, which may be 

applied to synthetic hydroxyapatite, were reviewed by Sharp et al., (1990). These 

authors suggested a method for standardisation of density measurements and outlined 

the three different types of density applicable to cancellous bone, where apparent and 

actual density differ when there is a second non-air phase (such as marrow in cancellous 

bone). 

. Mineralised Mass 
Apparent DenSity = Total Volume (2.4.7) 

. Mineralised Mass 
Real Density = Volume of Bony Matrix (2.4.8) 

. Total Mass 
Actual DenSity = Total Volume (2.4.9) 

Generally authors do not specify exactly which density they are quoting, although most 

authors measure the density of porous implants by weighing the specimens with a 

balance, measuring the dimensions with a micrometer and performing the appropriate 

calculation, giving apparent density. Some work has been carried out where 

Archimedes' principle of volume displacement has been used to calculate density. 

Specimens are weighed dry, submerged and saturated with water, the density being 

given by either equation 2.4.10 or 2.4.11, where PH20 = the density of water 

. _ Dry weight P 
Apparent DenSity - (Saturated weight _ Submerged weight) x H20 (2.4.10) 

Real Density _ Dry weight P 
- (Dry weight - Submerged weight) x H20 (2.4.11) 

Real density may also be calculated using gas or mercury porosimetry (Roo tare and 

Craig, 1974). 

2.4.3.2 Macro-Porosity Characterisation 

Shors et al., (1987) reported that the use of mercury porosimetry was unsuitable for 

cancellous bone due to the large pore sizes and high degree of porosity. In addition to 

this the manual methods previously described in section 2.4.22 are unsuitable for very 

large pores (over 100 Jl.m) as a result of the magnification and sample/view size 

constraints imposed by a typical optical microscope. As an example, statistical 
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constraints require that 70-150 "grains" are intersected by a test line when perfonning an 

intercept estimation method. if the "grains" are 100 11m in diameter the test line would 

need to be about 7-15 cm long at a magnification of x 10 (a minimum magnification for 

most optical microscopes). Similarly scanning electron microscopes cannot achieve 

magnifications below x 15-20. 

Hamman (1987) compared two methods of image analysis by applying them to a 

number of different porous coatings (pore sizes of 50 - 550 11m). One of the methods 

employed a version of the linear intercept estimation. with serial measurements made in 

plane with the section (to reduce anisotropy effects). while the other is described as an 

"interactive user defined region measurement". Average values for percentage porosity 

and pore size were calculated from both methods in both longitudinal and transverse 

directions. Minor discrepancies were found between the two methods when calculating 

porosity, with a systematic increase in porosity of 5% in the longitudinal direction. 

However there were significant differences between pore size measurements. with the 

line intercept method consistently undersizing the average pore size. This was believed 

to be as a result of the inclusion of minimum values in the linear intercept calculations. 

whereas the other method required an operator to select "representative" pores (with the 

use of a light pen) from each measurement field. Although the levels of subjectivity as a 

result of operator discrimination were not investigated and stereological influences were 

not considered it was concluded that choice of method and selection plane had a 

significant influence on the results obtained. 

Smith et al., (1987) studied the use of stereology to correct for truncation effects 

encountered in the two dimensional measurement of three dimensional properties such 

as the pore size and pore size distribution of 0.1 - 0.5 mm diameter pores using 

D =1.50 [ 3 ( i.e .• pores are assumed to be spherical). They found uncorrected data to be 

biased towards larger average pore sizes and that pore size ranges were upgraded by a 

factor of 1.27 or 1.50 depending on the estimation method employed (intercept chord or 

pore diameter). They concluded that with the application of stereology image analysis 

can be used to provide accurate detennination of true spatial characteristics from planar 

micrographs. 

Shors et al., (1987) who studied various corals and sea urchin structures. pointed out that 

it was generally difficult to obtain sufficient numbers of pores in a single frame for 

statistical significance in macroporous materials and therefore found that multiple 

measurements were necessary over different portions of the specimen. Once sufficient 
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measurements had been made they found that area fraction and internal perimeter were 

the two most useful and least ambiguous parameters. 

Rice (1993a) discussed the characterisation of porous materials with respect to 

mechanical relationships. He proposed that information about the percentage or volume 

fraction of porosity alone was insufficient to fully characterise a porous structure and 

that parameters such as minimum solid area (which reflects pore shape) and co

ordination number (which reflects the openness of the porosity) should also be assessed. 

Klein et al.. (1983b) pointed out that section thickness will affect porosity measurements 

as a result of pore orientation within the plane of section. This has recently (Johansson 

and Morberg. 1995a) been studied in specimens prepared for transmitted light 

microscopy, where sections thicker than 30Jlm were found to significantly overestimate 

the volume fraction of solid material. 

2.4.3.3 Structural Architecture (or Fabric) 

Image analysis has also been used to quantify structural/anisotropic parameters such as 

fabric and connectivity. 

Garrahan et al. f (1986) assessed the use of measurements of various structural features 

seen in sections of cancellous bone. The features considered were the ratio of nodes to 

free ends and the total lengths of different "types" of strut (fable 2.4.4) expressed as a 

percentage of the total length of all struts. They carried out intra-observer, inter

observer and inter-section studies (Le., tested the reproducibility of the method by 

measurement of a group of bone sections by the same and different operators) and found 

inter-section variation (measurements on different sections from the same sample) to be 

';considerable". intra-observer variation to be "low" and inter-observer to be 

"significant" for some of the measurements as a result of operators being required to 

define the borders of the measurement field. Significantly higher N:F ratio, N-L and N

N lengths and significantly lower C-F and F-F lengths were observed in healthy 

compared to osteoporotic patients, whereas there were no significant differences in N-F, 

C-C, C-N lengths. Correlation between the nodes and struts per mm2 and actual 

trabecular bone area indicate that they may be an indicator of connectivity. It is also 

proposed that connectivity could be related to lengths between free ends and that 

anisotropy could be related to the lengths between nodes (Compston et al .• 1993). 
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Table 2.4.4 Features assessed by Garahan et al., 1986, and Compston et aI., 1993. 

Feature 

Free ends (F) 

Nodes (N) 

F:NRatio 

% Cortex(C) to F length 

% C-Clength 

Feature 

%C-NLength 

%N-NLength 

%N-FLength 

% N-Loop (1...) Length 

% F-Flength 

Shors et aI., (1987) used a series of pre-defined measurement parameters common to 

most image analyses (and thus operator independent) and related them to the structural 

properties of a number of different porous materials (e.g .• various corals, sea urchin· 

spine. sea star etc.). They concluded that the use of image analysis was appropriate for 

the structural characterisation of biomaterials. Reproducibility studies were carried out 

on inter-operator setting of grey levels and found to vary by less than 0.5%. 

Table 2.4.5 Parameters measured and related properties (Shors et al., 1987). 

Parameter Measured 

Area fraction 

Internal perimeter 

Minimum crossing distance· 

Number of feature per area (nA) 

Equivalent circular diameter (d) 

Related Property 

Porosity 

Internal surface area 

Pore size6. 

Connectivity # 

Pore size6., Connectivity # 

... Four test lines are radiated from a point at 45° increments until the adjacent phase was 

encountered. The minimum distance through the point across the feature is the 

minimum crossing distance. 

/). The accuracy of these pore size measurement was highly dependant on the 

morphology of the voids. 

# A ratio between nA of the solid and nA of the voids in a sectioned specimen was 

representative of connectivity. In highly interconnected specimens nA is higher for 

the solid. In contrast the diameter of voids is greater for these materials. 

Whitehouse and co-workers (Whitehouse et ai, 1971; Whitehouse. 1974a and b; 

Whitehouse and Dyson. 1974) developed a method for the assessment of trabecular 

volume. trabecular widths and structural anisotropy using low magnification scanning 

electron micrographs of sections of polished, defatted but un-mounted cancellous bone. 

Images of the plane polished surface were traced and "Mean intercept lengths" were 
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calculated by dividing the length of a line that traverses an image of sectioned bone, by 

the number of times the line intersects a bone/void interface. This was done 

automatically and with the use of various graphical point counting methods 

(Whitehouse, 1974b) and found to be consistent A polar plot of mean intercept length 

vs. angle of line (from an arbitrary reference point) was then produced. Generally the 

points fell on the circumference of an ellipse and the ratio of major to minor axis was 

used as a measure of anisotropy in the plane of measurement 

Hodgskinson and Currey (1990 a and b) used image analysis to evaluate connectivity 

and anisotropy in order to explain the variation of Young's Modulus in cancellous bone. 

Connectivity was assessed by counting the number of separate pieces of bone in an 

image, the reciprocal of which was tenned "bone connectivity". "Marrow connectivity" 

being calculated in a similar way with the number of voids being counted. Anisotropy 

was evaluated using the technique described by Whitehouse (1974). Forty traverses 

were used in each direction with a 5° change of orientation between sets of traverses. 

(1400 scans over 180°) Hodgskinson and Currey then related anisotropy (or fabric) to 

Young's Modulus using equation 2.4.12. 

Fabric = X(R - I)CosYe + ~ 
R 

(2.4.12) 

Where, e is the deviation of the major axis of the ellipse from the direction of loading, R 

is the ratio of the major axis to the minor one and X, Y, and Z were constants. The 

process was fully automated with no operator dependence. 

Oxnard (1993) employed a non destructive method in which optical Fourier 

transfonnations of X-rays of cancellous bone were used to assess the anisotropy of bone 

specimens. However this technique appears to be limited to relatively large specimens 

(area of a vertebra) for statistical reasons associated with the variability of bone 

structure. 

It is also possible that ultrasound could be applied to measure the anisotropy as it has 

been applied in the measurement of the Young's modulus of cancellous bone - a highly 

structure related property (Bonfield and Tully. 1982; Rho et ai., 1993). 
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2.5 Summary 

This review of some of the literature regarding hydroxyapatite highlights the 

importance of adequate chemical characterisation. As a result of the complicated 

chemistry. the ease with which hydroxyapatite can decompose under certain conditions 

and the range of ionic substitutions which may take place. reproducible production of 

"pure" hydroxyapatite is inherently difficult (Tables 2.4.1 and 2.4.2). This. combined 

with a lack of standardisation in characterisation methods and insufficient information 

on the experimental techniques employed, makes comparison of results difficult It 

therefore seems that one technique is inadequate for the full characterisation of the 

material and that a combination of techniques which assess both phase purity and 

elemental contamination is required. 

Similarly. both micro and macro structure should be adequately assessed. Techniques 

for assessment of microstructure are fairly well developed. however assessment of 

macrostructural architecture. particularly anisotropy. appears to be more subjective. 

The methods adopted by Whitehouse and co-workers (Whitehouse et aI, 1971; 

Whitehouse. 1974a and b; Whitehouse and Dyson. 1974) and Hodgkinson and Currey 

(1990 a and b) appear to be the most appropriate. 
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CHAPTER 3 

MECHANICAL PROPERTIES OF 
BONE AND HYDROXYAPATITE 

3.1 Introduction 

A knowledge of the behaviour of bone under mechanical stress is vital when 

considering replacement materials. If not to enable prediction of the stresses and strains 

bones are expected to withstand in normal life, then to understand why bones behave 

(mechanically) as they do from a materials standpoint so that the effects of any changes 

in their environment or structure can be fully predicted. However as a result of the 

hierarchical structure possessed by bone, the properties tend to be characterised on 

several distinct levels, for instance; the properties of collagen (tendon) and bone 

mineral (hydroxyapatite) in comparison with the properties of individual trabeculae or 

bulk specimens of cancellous bone. 

Moreover comparisons between studies on the mechanical properties of bone carried 

out by different workers in different laboratories are hampered by the fact that tests tend 

to be carried out on the bones of a large number of different species. Kuhn et al., 

(1989) have shown that while human and canine trabecular bone from the distal femur 

possessed similar values of ash weight and apparent density, the variation of modulus 

and compressive stress with apparent density differed for the two groups. Similarly, 

Rice et al.. (1988) found data for human and bovine cancellous and cortical bone to be 

statistically distinct. This indicates that bone mechanical property relationships are 

species specific. 

The mechanical properties of polycrystalline dense hydroxyapatite are fairy well 

documented, however the properties of porous material and the dependence on the 

volume fraction of porosity still requires some clarification. 
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3.2 Mechanical Properties of Bone 

Bone can be considered as a highly complex composite consisting of 65-75 wt % 

mineral, 15-20 wt % collagen and 1-4 wt % assorted lipids and organic molecules. 

Furthermore, bone is a living tissue and constant remodelling must be accounted for 

when considering fatigue properties, mineral content or density dependence. Some of 

the main mechanical characteristics of bone are listed below: 

• Bone is viscoelastic - all its mechanical properties are strain rate sensitive 

• Bone is anisotropic - mechanical properties are sensitive to the direction of loading 

• Bone is viscoplastic - with time it will deform until fracture under any constant load 

Bone exhibits considerable variation in its structure as a result of species, age, 

environment and function which lead to significant differences in modulus, strength and 

toughness in both cortical and cancellous bone. The osteonal microstructure of cortical 

bone makes it highly anisotropic, although its density is relatively consistent (1.85-2.05 

g.cm-3 in human bone). While the mechanical properties of cancellous bone (which 

can be considered to ~e a foam) are highly dependent upon porosity and architecture, 

both of which vary widely, making it difficult to characterise. Indeed, quoting a single 

figure for the bulk mechanical properties of a piece of cancellous bone without 

discussing its anatomic site (Goldstein, 1987) and age (Burstein et al., 1976; Wong et 

al., 1985) is meaningless. In addition, the anisotropy due to the orientation of major 

trabeculae along lines of principle stress makes the mechanical characterisation of 

cancellous bone highly complex. Table 3.2.1 summarises some of the data available 

from the literature. 

Table 3.2.1 Data for the mechanical properties of bone 

Longitudinal 
Direction 

Transverse 
Direction 

Unspecified 
Direction 

Compressive Strength 
(MPa) 

Cortical Cancellous 
9.3 [4.5], 

237t 6.6 [6.3], 
I93t 3.6 [2.3]# 

4.9 [1.3], 
178t 1.0 [0.3], 
133t 0.6 [0.2]# 

2.4 - 6.2* 
1- 20§ 
1-13+ 

Tensile Strength 
CMPa) 

Cortical 

50¥ 
sot 
5It 

Young's Modulus 
(GPa) 

Cortical Cancellous 
25¥ 0.90 [0.71], 

18-22t 0.62 [0.71], 
17-20t 0.26 [0.17)# 

0.26 [0.13]§ 
0.42 [0.21]$ 

12¥ 

to-1St 
l1.St 

0.40 [0.07], 
0.06 [0.01], 
0.01 [0.01]# 
0.16 [0.11]§ 
0.20 [0.20]$ 
0.10·0.64* 
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Data from: *Linde et al.. (1992) high and low values from human proximal tibia; 

¥Bonfield (1989) human cortical bone; Kuhn et al., (1989) §canine and $human distal 

femur; Cowin et al., (1986) :l:bovine and thuman cortical bone; +Goldstein et al., 

(1983) human proximal tibia; #Martens et aI., (1983) human distal femur (bone from: 

head, neck, intertrochanter). Numbers in square parentheses are standard deviations. 

In a study of the effects of apparent density on mechanical properties of both cortical 

and cancellous bone Rice et al., (1988) determined that the mechanical properties of 

cortical bone could not be extrapolated from the properties of cancellous bone. 

Similarly, in a more recent study using conventional testing methods and ultrasound, 

Rho et ai., (1993) concluded that the mechanical properties determined for the 

individual trabeculae were not consistent with the properties of dense cortical bone, 

while agreement was found between interpolated results from bulk cancellous bone 

measurements and individual trabeculae. 

3.2.1 Cortical Bone 

3.2.1.1 Elastic Properties, Strength and Toughness 

The elastic and strength properties of cortical bone have been found to be dependent on 

the direction of the load applied by a number of authors (Reilly and Burstein, 1975; 

Yoon and Katz, 1976b; Behiri and Bonfield, 1984). However)as a result of the osteonal 

microstructure)it displays a certain degree of symmetry and is considered to be 

transversely isotropic (Reilly and Burstein, 1975; Yo on and Katz, 1976b) as its elastic 

properties transverse to the longitudinal axis are approximately isotropic and 

substantially different from those in the longitudinal direction (Figure 3.2.1). In the 

longitudinal direction cortical bone i<; relatively tough and ductile, while in the 

transverse direction it is relatively brittle (de Groot, 1983). The strength of cortical 

bone is also dependant on the polarity of the load (tensile or compressive) as it is 

asymmetrical (Gibson and Ashby, 1988) - bone is stronger in compression than in 

tension (Figure 3.2.1). 

The complexity of loading conditions in vivo,due to muscle actions as well as weight 

bearing, often results in multiaxial loading. Keaveny and Hayes (1993) 

demonstrated that by considering the forces applied to the femoral diaphysis through 

the abductor and the head. if bone were an isotropic material with equal strengths in 

tension and compression then it would be weaker along the medial aspect than along 
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the lateral one. This suggests that cortical bone has adapted this combination of 

asymmetry and anisotropy as a response to the multiaxialloading experienced in vivo. 

Slrcs ___ 

Tension 

Slrain 

omprcssion 

- - Longi tudinal 

- Transverse 

Figure 3.2.1 Compressive and tensile behaviour of cortical bone 

3.2.1.2 Viscoelastic Properties 

Cortical bone is both strain rate sensitive and viscopiastic. All its mechanical properties 

are time dependent (Behiri and Bonfield, 1984; Dabestani, 1989). Figure 3.2.2 

demonstrate the type of stress-strain behaviour that occurs at different strain rates, 

from which it can be seen that: 

• Cortical bone has a higher modulus at higher strain rates 

• The yield and ultimate strengths of cortical bone increase as the strain rate increases 

over the complete range 

• At very high (greater than 0.1 s-l) strain rates cortical bone becomes more brittle 

• At stain rat typical of more normal activity (less than 0.1 s-I) ductility increases as 

trajn rate increases 

• There is an optimum range of strain rates (in red) for maximum energy absorption. 

On consideration of some typical physiological strain rates, slow walking = 0.001 sec-I, 

brisk walking = 0.01 sec-I, slow running = 0.03 sec- I (Currey 1975; Lanyon et aI., 

1982, O'Conner el ai., 1982) it becomes clear that bone has adapted to absorb energy 

arising from relatively high impact activities. 

---- 0.1 -\ 

0.05s -\ 

0.01 s -1 

Strain 

Figure 3.2.2Schematic diagram illustrating the strain rate dependence of the 

mechanical properties of cortical bone. 
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In vivo. bone is continually undergoing repetitive low intensity loading, such as that 

experienced by the rib cage during breathing, or the femur when walking. A number 

of authors (Schaffler et al., 1989, Carter et al.. 1981) have reported that this cyclic 

loading can result in damage in the form of cracks at the microstructural level which 

may accumulate and contribute to eventual failure. High levels of stress over shorter 

periods of time have also been reported as responsible forfatigue damage, as in the 

fracture of race horse legs that have been subjected to rigorous training programs 

(Nunamaker et al.. 1990). The fatigue properties of bone have usually been determined 

from non viable specimens. so the effects of remodelling are unknown. However, 

because physiological levels of loading have been reported to induce fatigue damage 

and failure in vitro (Schaffler et al .• 1989), a number of authors believe that bone 

remodelling occurs to repair micro-cracks (Burr, et al.. 1985, Lipson and Katz, 1984). 

3.2.1.4 Apparent Density 

The density dependence of cortical bone is some what overshadowed by its anisotropy 

and the fact that density is constantly changing as bone is being resorbed and 

remodelled. Mature cortical bone tends to be of a relatively uniform density throughout 

the volume of a specimen and provided comparisons are made between similar 

specimens. (specimens cut from comparable bones along the direction of osteons or 

transverse to them) the mechanical properties can be seen to increase with density in a 

linear fashion (Behiri et al .• 19~. However care must be taken to compare specimens at 

the same stage of skeletal maturity as density changes due to increased mineralisation 

during ageing, secondary ossification etc. will affect the results. A typical mean value 

of apparent density of hydrated human femoral cortical bone is 1.86 [0.06] g.cm-3 

(Snyder and Hayes, 1990). 

3.2.1.5 Other Considerations 

There are many other factors believed to be important to the mechanical properties of 

cortical bone, i.e .• orientation of collagen fibres, content of the cement lines, bonding 

between mineral and collagen. Some of the more significant parameters being age, ash 

density (a measure of mineral content as a function of volume), osteon type, and 

collagen content The modulus and strength properties of cortical bone progressively 

deteriorate with age (Currey 1969a) ego the ultimate tensile strength of bone decreases 

from 140 MPa in the third decade to 120 MPa in the ninth decade. The most important 

change as far as fracture risk is concerned is the resulting reduction in energy 

absorption of 7% per decade (Burstein et al .• 1976). Thus bone is more brittle, less 

strong and more stiff with age. Currey (1969b) proposed that the variation in strength 
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with age may be related to changes in the average morphology of the apatite crystals 

with age. He also determined (1969a) that the median value of mineral within bone 

(66-67 wt %) is the optimum value for energy absorption and demonstrated (1988a) 

that up to 88% of the variance in modulus and strength can be explained using a power 

law model with volume fraction (proportional to apparent density) and mineral content 

as independent variables. Primary bone has been shown to be stronger and have a 

higher Young's modulus than Haversian bone possibly as a result of reduced amounts 

of mineralisation in the relatively new Haversian systems (Currey, 1975). Lipson and 

Katz (1984) demonstrated that primary bovine bone is isotropic while secondary 

(Haversian) bovine bone is transversely anisotropic. In studies of long bones Evans and 

Vincentelli (1969) identified two forms of osteon within cortical bone, one with 

collagen fibres predominantly parallel and one with collagen fibres predominantly 

perpendicular to the long axis of the osteons. They reported that variations in the 

relative proportions of these osteons affected the modulus and tensile strength of the 

bone. Similarly, Ascenzi et al., (1986) reported the existence of "transverse" and 

"longitudinal" lamellae within interstitial bone and osteons. Furthermore, they 

suggested that the oriented lamellae are distributed with respect to the bending 

forces in bone. However. Marotti (1993) has suggested that lamellar bone is composed 

of alternating densely and loosely packed layers of interconnected collagen bundles 

with no orientation. and suggests that the findings of other authors may be due to 

preparation or analysis method. artefacts. 

3.2.2 Cancellous Bone 

The cancellous bone structure is between 30 and 70 % porous (bone with less than 30% 

porosity is classified as cortical). A typical mean value of apparent density of hydrated 

human femoral cortical bone is 1.86 [0.057] g.cm-3 (Snyder and Hayes, 1990). In 

contrast a typical mean value of apparent density of hydrated human proximal tibia 

trabecular bone is 0.30 [0.09] g.cm-3 (Carter and Hayes, 1977). The magnitudes of 

their variations are similar but the percentage deviations are much larger for cancellous 

bone (30% compared to 3%). This is particularly significant as the mechanical 

properties of trabecular bone are very density sensitive. eg: the mechanical properties of 

trabecular bone within the proximal tibia can vary by up to two orders of magnitude as 

a result of density variations (Goldstein et aL, 1983). Care must also be taken to define 

exactly what type of density is being measured (see part 2.4.3.1). These wide density 

fluctuations can be explained by Wolffs Law (1870. 1892) which states that bone 
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enses its mechanical environment and can adapt to a new one by the control of its 

geometry, texture and density. Thus the trabecular regions of long bones, such as the 

cancellous bone located in the femoral head (i.e., a load bearing region), display a 

higher density compared with that towards the shaft. 

3.2.2.1 Elastic Properties, Strength and Toughness 

Cancellous bone is a natural foam but behaves in a similar manner to an engineering 

foam. A number of authors have demonstrated that the modulus of trabecular bone is 

related to apparent density by a power law relationship of the form:-

E = a + bp C (3.2.1) 

where a, b, and c are constants which depend on architecture (Gibson, 1985; Rice, et 

ul., 1988) with c having a value of approximately two. This has also been found to be 

true for the compre sive strength, (Rice et aI., 1988). Consequently a 25% reduction in 

density will re ult in a 56% decrease in mechanical properties. 

Mo t mechanical te ting of trabecular bone has been in the form of compression testing, 

as it is believed that in vivo failure of trabecular bone occurs primarily under 

com pre ion loads (as a result of loading in bones occurring predominantly in that 

mode). In compression, wet cancellolls bone behaves as an elastic-plastic foam, Figure 

3.2.3, exhibiting a linear region at low stresses (where individual trabeculae are 

deforming elastically by bending), followed by a region of plastic deformation (where 

individual trabeculae are deforming plastically by bending>.t~l1apse plateau (denoting 

plastic deformation due to plastic yielding and buckling of the trabeculae), truncated 

by a region of densification in which the stress rises steeply (where trabeculae are 

compacted together) (Gibson and Ashby, 1988). The ability to deform plastically by as 

much as 50% allows trabecular bone to absorb considerable energy while maintaining a 

minimum mass, furthermore lower density specimens, which have more pore space, 

exhibit a "longer" collapse plateau due to densification occurring at higher strains. 
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Figure .2.3 Stre s train behaviour of trabecular bone under compression 
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The behaviour of trabecular bone in tension, while being similar in the elastic region, is 

completely different post-yield (Figure 3.2.4). It exhibits elastic behaviour with sudden 

brittle failure at ultimate load)as yield occurs via the fracture of trabeculae)and as more 

trabeculae fracture the less load the specimen can take until complete fracture occurs. 

However, when the axis of load is skewed with respect to the main load bearing axis of 

the bone the stress stain curve is parabolic, with plastic deformation and greater energy 

absorption. This indicates that bone has adopted a structure which may absorb and 

distribute the stress concentrations in the vicinity of the articular surfaces of joints 

(Keaveny and Hayes, 1993). 

Stress Axis of load in parallel with 
main load bearing axis of bone 

Axis of load skew from main 
load bearing axis of bone 

Strain 

Figure 3.2.4 Stress strain behaviour of trabecular bone under tension 

3.2.2.2 Effects of Anisotropy 

Due to the aforementioned inherent texture In cancellous bone the mechanical 

properties are highly anisotropic, which has been demonstrated by a number of authors 

(Hodgkinson and Currey, 1990 a and b; Holmes el ai., 1984; Gibson, 1985; Harris, 

1991; Hert, 1994). Anisotropy has been shown to be related to the location within the 

bone (Whitehouse and Dyson, 1974; Goldstein et aI., 1983; Martens et aI., 1983), and is 

belifed to be a response to the physiological forces exerted on the bone (Wolff, 1870; 

1892). 

Gibson and Ashby (l988) described the special considerations required when studying 

the structure, properties and mechanical characteristics of highly porous materials. 

They propose that cellular materials can be divided into two groups honeycombs and 

foams. Honeycombs are made up from two dimensional cells and foams from three 

dimensional ones, where cell walls have random orientations in space. Foams may then 

be further subdivided into open and closed, where open foams have interconnecting 

cell and closed foam have cells which are sealed off from their neighbours. The cells 

of foams were found to have faces with an average of five edges irrespective of the 

number of faces per cell. Cancellous bone was classed as a mixed open and closed 
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foam with variable anisotropy. the extent of anisotropy and "openness" being dependent 

on its load bearing requirements (the principle requisite of bone being that as a frame it 

should carry sufficient load and have a reasonable stiffness, with minimum weight). 

These requirements were simplified into four cases and structures were modelled 

accordingly (Figure 3.2.5). 

(a) (b) 

(c) (d) 

Figure 3.2.5 Models for the structure of cancellous bone. 

From Gibson and Ashby, (1988). 

Where bone is subject to low isotropic loads, it has a low density, open equiaxed 

structure (Figure 3.2.5a), while higher isotropic loads result in a higher density and 

therefore more closed structure (Figure 3.2.5b). Bones under relatively high uniaxial 

stress have a structure with thick cell walls and occasional cross members with the 

walls oriented in the direction of loading so as to contain the largest principle stress, 

resulting in an almost prismatic structure (Figure 3.2.5c). Biaxial loading. results in an 

array of parallel plates oriented to contain the directions of largest principle stresses 

separated by slender cross members which act as spacers (Figure 3.2.5d). 

Thus bone with structures represented by Figure 3.2.5 a and b can be considered as a 

foam with open and closed equiaxed cells respectively, the behaviour of which was 

found to be dependent on density in the following manner: 

E* (p* J Es =Cl Ps Open cells (3.2.2) 
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Closed cells (3.2.3) 

Open cells (3.2.4) 

Closed cells (3.2.5) 

Bone with a structure similar to Figure 3.2.6c (Le., that of a foam with closed prismatic 

cells or a honey comb) or figure 3.2.6 d (plate like structure) can be considered as 

anisotropic and will vary with direction of loading where: 

Transverse loading (3.2.6) 

Longitudinal loading (3.2.7) 

Bone with an open prismatic structure will also be anisotropic, the behaviour of which 

will vary with direction of loading as follows: 

a; =cs(~ 1 
Es Ps ) 

Transverse loading (3.2.8) 

Longitudinal loading (3.2.9) 

a * * J .:::L = Cs (2-
ays Ps 

Transverse loading (3.2.10) 

a * (*) .:::L... = C6 L 
ays Ps 

Longitudinal loading (3.2.11) 

Detennination of whether a structure fell into the open or closed category was achieved 

by calculating the relative density. Generally specimens with a relative density below 

0.2 (Le., 80% porous) were considered as open foams, while those with relative 

densities above 0.2 were considered closed foams (Gibson, 1985; Gibson and Ashby. 

1988). 
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Generally "real" bone structure combines two or more of these cases and is inherently 

more complicated as a result of influences due to the presence of "fluid" contained 

within the cells (Le., bone marrow, lipids, etc.) and the fact that equations for both open 

and closed foams assume constant cell geometry, variations in which can lead to 

fluctuations in Poisson's ratio of 0.5 to -0.7 resulting in marked changes in mechanical 
behaviour. However. these rdationships :for the modulus and ultimate compressive 

stress of cancellous bone have heen shown to he in agreement with experimental data 

(Gihson. 1985; CUIl'ey. 198Xa; Linde eT ({I,~ (991), 

3.2.2.3 Viscoelastic Properties 

Very few creep experiments have been performed on trabecular bone, therefore 

conclusions cannot be drawn regarding these characteristics. The effect of varying 

strain rate, however, is well documented, with both modulus and strength being weakly 

sensitive (Carter and Hayes 1976 and 1977; Linde et al., 1991). Carter and Hayes, 

(1977) demonstrated that compressive strength and modulus are related to strain rate as 

follows: 

(3.2.12) 

Ec oc £ 0.06 P 3 (3.2.13) 

Thus an increase in strain rate from 0.001 sec·l (slow walking) to 0.1 sec- l (strenuous 

exercise) results in increases in strength and modulus of 30% (Keaveny and Hayes, 

1993). The load bearing capacity of cancellous bone is also affected by the presence of 

bone marrow. At physiological loading rates the marrow plays no role in the behaviour 

of trabecular bone. However, at very high strain rates (indicative of severe traumatic 

compressive loading, such as being injured by gunfire) the flow of the marrow through 

the inter-trabecular spaces is restricted. This results in enhanced mechanical properties, 

i.e., significant increases in strength, modulus and energy absorption, when compared 

to physiological loading or similarly traumatic loading of bone with the marrow 

removed (Carter and Hayes, 1977) . 

3.2.2.4 Fatigue Properties 

Fracture in individual trabeculae and tiny callus formations about these cracks have 

been observed by many authors (eg. Freeman et al., 1974, Wong et al., 1985). It has 

been suggested that these are fatigue cracks and that they are responsible for a number 

of bone disorders. However few controlled experiments have been performed and as a 
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result of the heterogeneity of bone, there is a large scatter in the available results. 

These results suggest that cancellous bone is more resistant to fatigue than cortical bone 

as a result of the differing mechanisms of failure (fracture and buckling of individual 

trabeculae vs. accumulation of micro-cracks which can propagate as cracks in cortical 

bone matrix). 

3.2.2.5 EtTects of Age and Ash Weight 

Age has a significant effect on the mechanical properties of bone as a result of changes 

in density and architecture which may reduce the properties by as much as an order of 

magnitude. As bone ages its density is reduced as a result of a reduction in the 

thickness and number of the individual trabeculae resulting in an increase in size of 

inter-trabecular spaces (Mosekilde and Mosekilde. 1990; Snyder 1991). In the lumbar 

spine bone density has been shown to be reduced by as much 50% from the second to 

the eighth decade (Mosekilde et al., 1987). Melsen et al., (1976) found the ash weight 

(a measure of the total mineral content) of cylindrical cancellous bone specimens to be 

well correlated with the ultimate compressive strength of the cylinders. 
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3.3 Mechanical Properties of Hydroxyapatite 

The mechanical properties of synthetic hydroxyapatite. as with all engineering 

ceramics, are highly dependent on processing route as a result of the effects of 

processing on the micro- and macrostructure of the final product. As discussed in 

Section 2.3 hydroxyapatite is generally produced by a cold pressing and sintering route. 

The microstructure ?f hydroxyapatite bodies produced via this method being a function 

of morphology of the starting powder, compaction pressure, sintering temperature and 

time. This leads to variations in grain size, micropore size and distribution. However, 

in porous hydroxyapatite (produced via either the addition of decomposing fillers to dry 

powders, or the addition of foaming additives (H202 or (NI-4hC03) to aqueous 

powder slurries, or the application of hydrothermal techniques to pre-formed materials 

such as coral) the porosity is the dominating factor in determining the mechanical 

properties. Some studies have also been conducted into the effects of phase purity on 

the properties of hydroxyapatites combined with other calcium phosphates. 

3.3.1 Grain Size 

Grain boundaries act as barriers to crack growth as a result of an increased energy 

requirement to propagate a crack across a grain boundary as opposed to through the 

grain (Orowan, 1933). Assuming that a crack initiates in a flaw within a grain due to a 

dislocation blockage (Petch, 1953). according to Griffith flaw theory (1920) the stress 

required to propagate a fracture across a grain boundary is inversely proportional to the 

square root of the length of fracture (3.3.1). Thus large grains will be detrimental to 

strength, as flaws in larger grains with lengths equal to the diameter of the grain will 

require less external energy to propagate across grain boundaries than similar flaws in 

smaller grains. 

(J = (Jo + Kd ·112 (3.3.1) 

Where 0' = strength. 0'0 = applied stress required to move dislocations along a glide 

plane. K is an empirical constant and d = grain size. 

Best (1990) found this relationship true for 90-98% dense hydroxyapatite specimens 

and de With etaZ., (l981a) reported that 98% dense specimens with a fme grain size (1 

J.lm) possessed a higher strength and fracture toughness (103 MPa, l.33 MPa.m 112) than 

94% dense specimens with a coarse grain size (2.9 ~m) (94 MPa. 0.93 MPa.m 112). 

However, the effect of grain size may have been masked by the concurrent effect of 
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porosity. Knudsen (1959) combined relationships for grain size and porosity and tested 

his relationship (3.3.2) on thoria specimens with porosities of 6.7-31.1 %, grain sizes of 

6.1-42.9 and found it to hold in bending and compression. 

S = kd-ae-bP (3.3.2) 

Where k and a are empirical constants, b is an empirical constant related to the porosity 

(assumed not to be affected by grain size) and P is the specimen porosity. 

Similarly, Akao et al., (1981) have demonstrated that an increase in density has a 

greater effect on compressive strength of hydroxyapatite than a coincidental increase in 

grain size and Matsuno et ai., (1992) studied the effects of porosity on fracture 

toughness and found it to increase linearly with density despite larger grain sizes. 

3.3.2 Porosity 

It seems there are several models regarding the contribution of porosity to the 

mechanical properties of porous materials. These may be classed into two broad 

groups; (a) models based on the effect of pores (spherical or shaped) as flaws or stress 

concentrators and (b) models based on the effects of pores as a second phase with no 

contribution to the mechanical properties i.e., load bearing is associated with average or 

minimum values of solid volume fraction. 

By considering the pores as fissures and applying Griffiths (1920) flaw theory, Le Huec 

et ai., (1995) proposed that in ceramics of the same percentage porosity, variations in 

average pore size may affect mechanical properties. They produced a series of 

specimens with similar densities but varying proportions of macro (400 11m) and micro 

(100 Jlm) pores (although they ignored the presence of pores <5 11m in size). However, 

the data they presented appeared to indicate that specimens of similar densities 

containing a larger fraction of macropores possessed superior mechanical properties. In 

comparison Shareef et a/., (1993) found that by combining coarse (50 11m) and fme (3 

Jlm) powders they were able to produce a machinable ceramic with a fracture toughness 

of 0.8 MPa.m 112 as a result of a fine interconnected pore structure. 

Ryshkewitch (1953) demonstrated that the compressive strength (0") of a ceramic varies 

with its average pore volume (V) in the following manner: 

0" = 00 e -nV (3.3.3) 
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Thi relationship ha been demonstrated for hydroxyapatite by a number of authors 

(Rao and B ehm, 1974; Peelen et aI., 1978; Akao et aI., 1981; Driessen et aI., 1982; 

Royer et ul., 1993). However, it does not appear to be suitable for ceramics with a 

porc it} e ceeding 50% (Duckworth, 1953). Similarly, Rice (l993b) has discussed the 

nature of the relation hip between porosity and mechanical properties in denser 

pecimen (pore volume fraction of 0.1-0.4) and concluded that stress concentration 

effects due to pore hape had little direct effect on the tensile or elastic properties but 

may affect mechanical behaviour in compression. He proposed that correlations 

bctween te t rc ult and predictions from previous models based on pore shape could 

be e 'plained by considering pore shape as a function of minimum solid (or load 

bearin o) area. 

Gib on and A hby (I ) demon trated that the mechanical properties of highly porous 

ceramic (pore volumc fraction 0.9-0.6) may be successfully predicted by modelling 

the tructure a an open or closed isotropic elastic brittle foam, with behaviour as 

shown in Figure 3.3.1. This was achieved by considering the load bearing geometry 

and failure mechani m of the individual struts. Furthermore, in work carried out by 

Hagiwara and Green (1987) on the elastic behaviour of alumina with porosities of 75-

90 %, the modulu v a found to comply with these predictions. 

Compre i e 
'tress Brittle Fracture 

~ 

Linear Elastic Region 

Strain 

Figure 3.3.1 Behaviour of an elastic brittle foam in compression. 

(Adapted from Gibson and Ashby, 1988) 

The relation hip derived by Gibson and Ashby (1988) for isotropic elastic brittle 

foam were similar to tho e derived for isotropic bone (section 3.2.2.2), where ultimate 

compre sive trc. wa found to be related to the square of the density, and 

compre ive modulu wa dependent on the square or cube of the density, depending 

on whether the porou tructure wa open or closed respectively. 
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Jarcho et al .• (1976) reported a reduction in fracture strength as a result of the presence 

of B-tricalcium phosphate (196 MPa for 100%, 160 MPa for 87% dense 

hydroxyapatite). While Royer and Viguie. (1993) found that specimens containing 
small amounts of tricalcium phosphate which had transfonned from the 6 to the a type 

had enhanced mechanical properties (flexural strengths of up to 150 MPa, compared to 

100 MPa for pure HA). This was attributed to the presence of a surface layer of 

tricalcium phosphate resulting in surface compaction and closing surface micro-cracks 

due to the volume increase that accompanies the transfonnation. They also found that 

the presence of CaO lowered the flexural strength to around 50 MPa. Wang and Chaki 

(1993) compared the mechanical properties of hydroxyapatite sintered in air moisture 

and vacuum. They found that as a result of dehydroxylation and subsequent 

decomposition of hydroxyapatite to tricalcium phosphate and tetracalcium phosphate. 

flexural strengths of specimen sintered in either air or vacuum atmospheres peaked at 

14.7 MPa (78% dense, sintered in air at 1200°C) and 11.6 MPa (76% dense. sintered in 

vacuum at l100°C). While material sintered in moisture was believed to have reduced 

sinterability but attained a flexural strength of 16.5 MPa (77% dense, sintered in 

moisture at 1300°C) with no signs of dehydroxylation up to 1350°C. 

Table 3.2.1 Summary of some current literature regarding the mechanical properties 

of dense and porous hydroxyapatites and the processing techniques employed. 
Processing Test Specimen Density Ultimate Modulus 

Route Conditions Details StressMPa 
(Sinter Temp. (CHVin 

in 'C) mm min-I) mm % GPa 
Raoand Conventional Compression 6.350 50 - 99 13.8 -138 
Boehm 12.71 
1974 (900 -1300) (?) 

Jarcho et aL. Conventional Compression; 4.60.21 100 917 [138] 
1976 

(1100) 3 point bend 2x2x30 1 100 112 [11] 34.5 
(1.25) 87 79 [19] 

Peelen Slip cast with Compression 100 30- 65 30 -170 
etal., H2~ 10-151 
1978 (1100-1350) (2.5 - 5.0) 

Rootare Conventional Compression 70 98 376 [13] 121 [6] 
et al .• 141 
1978a (1200) (?) 

Denissen Conventional Compression 40 92.5 130 [30] 
et al., Differing 6-71 97 410 [75] 
1980a startpowd~ (5) 97* 390 [40] 

*Hot pressed 99.9 430 [95] 
(1200) 

Table 2.3.1 Continued over page. 
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Table 3.2.1 Cont. 

Processing Test Specimen Density Ultimate Modulus 
Route Conditions Details StressMPa 

(Sinter Temp. (CHVin 
in 'C) mm min-I) mm % GPa 

De With Conventional Compression 50 90-95 798 
et aI .• (7) 121 
1981b (1100-1250) Ultrasound 105 

Akao et al .• Conventional CompreSSion 5 Square 80.6 308 [46] 42 [4] 
1981 101. 90.9 415 [46) 75 (4) 

96.1 465 [58) 79 [5] 
(1150-1300) (2) 97.2 509 [57) 81 [5] 

3 point bend 2x4x151 61 [8] 44 [4] 
104 (11) 80 [6] 
106 [10] 85 [6) 

(0.5) 113 (12) 88 (6) 

Driessen Slip cast with Compression 10 Square 60-65 50 [IS) 
et aI .• H20 2 301 
1982 (1300) (5) 

Holmes Hydrothermal Compression 7 34 8.4 - 412 0.0128 -
et aI .• conversion of 1.48 
1984 coral (1) 

Geesink Plasma Compression Apatite "dense" 650 
et aI .• sprayed Tension coating on Ti 85 
1988 Shear substrate 74 

(1) 4.50; 91 

Yamasaki Hydrothermal Compression 1 58 150 (20) 
et aI .• hot pressing 
1990 (1050) (7) 
Fang Burn out of Diametral 12.70 27 - 91 4.5 -47 
et aI .• (NH4hC03 11 (tensile) 
1992 in microwave 

(1150-1200) (0.051) 

Royer Conventional 3 point 220 
and Viguie. Mixed TCP biaxial 3.51 

1993 andHA flexure Ca:P<1.6 98 30 
(1250) 1.6 -1.66 98 150 

(0.1) >1.66 98 30 
LeHuec Compression 15 [3)0 22.5 348 

et al .• 15 (3)1 -30 141 (65) 
1995 (0.5) -36 117 

-44 77 (16) 
-51 32 [14) 
-58 23 (16) \ 

65.0 13 
Poumarat Retrieved Compression 15x12.5x81 

and Squire. from femur Xenograft 38 [7] 9.6 [3.7] 133 [52] 
1993 28 [7] 5.9 [2.7] 79 [37] 

Bovine bone 8.5 [4.2] 118 [62] 
(0.025) Human bone 8.9 [52] 77 [55) 

CHV = Cross head velocity; 0 = Diameter; I = Length, all ultimate stress and modulus 

values are compressive unless otherwise indicated and numbers in square parentheses 

are standard deviations. 
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3.4 Mechanical Testing of Cancellous Bone and Porous 
Hydroxyapatite 

Conventional methods of mechanical characterisation such as tensile. diametral and 

impact testing are unsuitable when applied to cancellous bone or porous ceramics due 

to the difficulties encountered in machining and gripping test pieces securely without 

pre-damaging them (Currey. 1970). 

The use of ultrasound to measure elastic properties has been reported for dense 

hydroxyapatite and cortical bone (Bonfield and Tully. 1982. de With et al., 1981 a and 

b). For accurate measurements the diameter of the transducers must be smaller than 

that of the sample and the distance between the transducers (Le .• the length of the 

sample) should be as wide as possible so as to increase the length of the path of the 

sound wave through the sample and hence the difference in time interval to be detected 

(Krasil'nikov. 1963). Mechanical testing and ultrasound results were compared in a 

recent study by Rho et al.. (1993) on human cancellous bone. However. ultrasonic 

results for Young's modulus were found to be slightly higher than the values obtained 

via more conventional means. 

Compression testing has been successfully used by a number of authors (Holmes et al.. 

1984; Hodgskinson and Currey. 1990 a & b) in the characterisation of cancellous bone 

and has also been adopted in the testing of porous and dense hydroxyapatite. as 

discussed by Driessen et al., (1982); Peelen et al., (1978) and de Groot (1987). 

However. in addition to difficulties experienced in comparing tests in the same and 

different laboratories as a result of the inherent variation in bone samples. even from 

the same site and species. there seems to be little standardisation as regards testing 

parameters such as cross head velocity. specimen dimensions and testing conditions. 

which all have significant effects on the results. 

3.4.1 Specimen Size 

A study by Harrigan et al., (1988). of the limitations of the continuum assumption in 

cancellous bone concluded that the' accura~y of a measurement over a "small" (0.7 

mean intercept lengths) samples of cancellous bone were una~ceptable. and that 

accuracy increased as intercept length increased. This suggests that a specimen for 

mechanical testing should be of a certain minimum size if representative results are to 

be obtained and that any structural studies should sample as large an area as possible. 
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However, real bone varies from place to place and too large a specimens size may 

result in statistical uncertainty regarding the structural variation that may occur within 

the specimen. It has been shown by Kuhn et al .• (1988) that canine cancellous bone 

structure is only reliably consistent over distances of up to 8 mm. For human and 

bovine bone however. this value would be expected to rise as a result of the increased 

bone size. 

3.4.2 Specimen Geometry 

A further investigation into the effects of geometry (size, shape and aspect ratio) on the 

mechanical behaviour of trabecular bone was performed by Linde et al., (1992), they 

found the most influential parameter to be the aspect ratio (length: diameter) which, on 

increasing, had the effect of decreasing values obtained for the loss tangent (damping) 

while increasing the Young's modulus, reproducibility and correlation between results. 

Other parameters under investigation were shape and size. Cylindrical and cubic 

shapes were compared and no significant differences were detected, while larger 

specimens had larger values of Young's modulus and failure energy. This was thought 

to be due to frictional effects arising from mismatch between the Poisson's ratios of the 

platens and the specimens, but was more likely to be as a result of movement between 

the essentially rigid platens and the free specimens. The authors concluded that in 

general, the Modulus results obtained during most tests are significantly 

underestimated. They proposed a standard specimen geometry of 6.5 mm side cube or 

6.5x7.5 mm diameter cylinder which would have a modulus 20-40% too low. 

Following this Keaveny et al., (1993b) decided to investigate the effects of geometry 

on ultimate compression strength (UCS) and concluded that UCS was also dependent 

on aspect ratio. They proposed that a cylinder with a large enough diameter to satisfy 

the continuum assumptions (Harrigan et al, 1988) and an aspect ratio of 2: 1 should be 

standardised. For human and bovine bone this works out at a diameter of 5 mm 

(minimum) and length of 10 mm. Cylinders were found to be better than cubes as they 

were easier to prepare with a greater degree of accuracy and surface area: volume ratio 

is reduced (density measurements more accurate). 

3.4.3 Environment 

Bone (especially cancellous) is highly sensitive to its environment during mechanical 

testing. In vivo, bone is kept at a relatively constant temperature of 37°C. However 
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much of the data available for the mechanical properties of bone has been obtained at 

room temperature. Smith and Walmaley (1959) observed a reduction in Young's 

modulus of 0.51 % per ·C increase in temperature and found these effects to be 

reversible over the range 9-43·C. Brear et aL, (1988) found that defatted specimens 

tested at 37·C had reduced mechanical properties when compared with results obtained 

from tests perfonned at room temperature (21-22°C). Modulus dropped by 7%. and 

strength by 13%. Sedlin and Hirsch (1966) found that the deflection to failure of wet 

cortical bone increased by 6% when temperature was raised from 21-37°C while 

Currey (1975) observed a similar 8% change in the immediate deflection following the 

application of a constant load over the range 17-37°C. 

De With et aL, (1981 b) demonstrated an average reduction in fracture strength of 24 

MPa in porous hydroxyapatite specimens over a density range of 74-97% when tested 

wet. in comparison to similar specimens tested in the dry condition. A similar trend was 

noted with the fracture toughness which was reduced by an average of 0.25 MPa.m1J2 

over the same density range. In contrast Thomas et al.. (1980) carried out a similar 

study where hydroxyapatite specimens were stored in a number of physiological 

solutions at 37·C for 8 weeks and no significant changes in strength were noted. This 

may be due to the fact that these specimens were dried before testing. However,both 

sets of authors demonstrated that strength of dense hydroxyapatite is strain rate 

dependent In contrast,wet cortical bone, as found in situ, is less brittle than fully dried 

cortical bone (Currey, 1988b; Evans, 1973), although rewetting after drying has been 

found to almost fully restore its original properties (Currey, 1988b). 

3.4.4 Storage and Viability 

Fixatives prevent degeneration of soft and hard tissue by the formation of crosslinks 

between tissue proteins (Robinson and Gray. 1990a). It is not surprising that this has a 

significant effect on the mechanical properties (Evans. 1973). Sedlin and Hirsch (1966) 

carried out a complicated series of experiments in which bone specimens were 

subjected to a range of different preservation techniques. They concluded that freezing 

bone at - 20· is a satisfactory method of tissue preservation, even though they found a 

5 % increase in ultimate stress when comparing the properties of a group of fresh and 

frozen bones. as there was no significant change in Modulus or energy to failure. A 

number of authors (Lissner and Roberts, 1966; Greenberg et al., 1968; Wall et aL, 

1970; Evans, 1973; Black, 1984) have since questioned this conclusion and performed 

additional experiments to detennine the effect of death on the mechanical properties of 
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bone. They found that the mechanical properties of dead and "live" bones were not 

significantly different if the dead bone was tested in the fresh or moist condition, 

however prolonged freezing was found to significantly alter the properties, probably as 

a result of freezing and defrosting cycles. This is not surprising when considering 

that trabecular bone may be over 50% soft tissue. Wall et al., (1970) also 

proposed that freezing bone in saline could result in dehydration as a result of 

irregularly sized ice crystal formation. 

3.4.5 Constrained Testing 

Linde and Hvid (1989) tested cylinders of cancellous bone from the human proximal 

tibia under a series of different constraint conditions (Le., specimens tested as normal, 

cemented to platens, on polished platens with oil lubrication, with external side 

constraints. in situ etc.) They found that fixing the specimen to the platens increased 

the modulus by 40% compared with specimens tested under normal conditions, while 

side constraint increased modulus by 22%, in situ testing increased modulus by 19% 

and coating polished platens with oil decreased the modulus by 6%. 

3.4.6 Underestimation of Modulus 

Odgaard and Linde (1991) studied the accuracy of detennining Young's modulus by 

conventional compression testing of rectangular specimens from the human proximal 

tibia. Two independent strain measurements were made during each test, one was 

made by an extensometer attached to the platens and the other was made by an optical 

system. The mean modulus calculated from the results of the extensometer 

measurements was 689 MPa, compared with 871 MPa from the optical measurements. 

The authors proposed that this variation was due to uneven strain distribution at the 

platen specimen interface and that all conventional compression tests underestimate 

modulus by about 20%. They also proposed that the underestimation was independent 

of specimen density. 
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3.5 Summary 

Bone mineral accounts for up to 70% of the weight of dry bone however both the 

mechanical behaviour and properties are completely different when compared to that of 

dense hydroxyapatite. 

Both cortical and cancellous bone fail plastically as a result of the presence of collagen 

and exhibit anisotropic mechanical properties related to either the osteonal structure (in 

cortical bone) or the architecture of the trabeculae (in cancellous bone). 

Dense hydroxyapatite fails by brittle fracture and its properties are isotropic. Porosity 

strongly influences the modulus and strength of hydroxyapatite. although it still fails by 

brittle fracture. 

The differences in magnitude between the elastic modulus of dense HA and cortical 

bone is similar to that of titanium (Table 3.5.1). However. the tensile and compressive 

strengths are.in comparison to titanium similar to bone. although a lack of fracture 

toughness makes it unsuitable for use in critical load bearing applications such as in 

total hip replacements. other than as a bioactive coating. 

Table 3.5.1 Comparison of mechanical properties for cortical bone. dense 

hydroxyapatite and titanium. 

Young's "Tensile" Compressive Fracture ~ , 

Modulus Strength Strength (MPa) Toughness 
/ \ .' .. ': 

(GPa) (MPa) (MPa.m1l2) 

Cortical Bone 10·22# 50 ·156# 133·237# 2-12* 

Dense HA 8800.121° 9QL\ ·124+ 3760 .50900 0.9~ ·1.3+ 

Titanhun Alloy 106 900 == 80 

Data from: 00 Akao et al., (1981); ~ Best (1990); * Bonfield, (1984); # Cowin et ai., 

(1986); 0 Rootare et ai., (1978a); + de With et ai., (1991a and b). 

/ 

The variation in the reported values of the mechanical properties of hydroxyapatite. 

indicated by the ranges in Table 3.5.1. is a result of the strong dependence of 

mechanical properties on specimen size and microstructure. a common trait in 

engineering ceramics. This variation in mechanical properties is in stark contrast to the 

behaviour of titanium alloys. 
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BONE REPLACEMENT 

4.1 Introduction 

The replacement of old, damaged or diseased bone is now an established procedure, an 

estimated 40 000 hip replacements are performed annually within Britain alone, of 

which 18 % are revisions (1995). As surgical technique and medical knowledge 

continues to advance, there is a growth in the demand for synthetic bone replacement 

materials, especially with health concerns regarding homologous bone grafts, which are 

associated with the risks of viral infections such as Hepatitis B and Human Immune 

deficiency Virus. Consequently, there is increasing interest in the development of 

synthetic bone replacement materials for the filling of both load bearing and non load 

bearing osseous defects such as in joint and facial reconstruction, with a resulting 

expansion in this field of research. However, there are many variables to consider 

when assessing a candidate implant material. The decision must be based on 

consideration of not only the "pure" material but also the bulk end {>roduct (intrinsic 

and extrinsic materials properties), the intended end use (physiological environment 

and loading requirements) and the biological response (toxicology, immediate and long 

term tissue response). Many materials have been proposed for bone replacement, 

ranging from stainless steel to ceramic/polymer composites, the biological and 

mechanical diversity of which is matched only by the variety of the methods used to 

assess them. This lack of test standardisation makes comparison of results between 

different labor.ltories almost impossible. 

As the subject of this thesis is the evaluation of a porous hydroxyapatite, this review 

will concentrate on bioceramic materials, although where necessary reference to 

ceramic coated metal implants and ceramic/polymer composites may be made. 
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4.2 Bioceramics 

Records of attempts to repair the human body with implant materials have been found 

dating from the era of the Egyptian, Greek and Hindu civilisations. The first use of 

bioceramics was recorded by Dreesman (1894) who reported the use of plaster of Paris 
to fill defects in bone. However, while being resorbable and causing little or no adverse 

tissue response, plaster of Paris was deemed unsuitable as it is inherently weak and lost 

strength rapidly as a result of resorption, thus the race to find a perfect bone 

replacement material began. Since then, a number of different materials have been 

proposed, from metal oxides such as alumina and zirconia to various calcium -

phosphate based ceramics, glasses and polymer composites. 

4.2.1 Bioceramic Classifications 

Bioceramics have been split into three broad classifications depending on the response 

they elicit from bone (Dobson et al., 1978; Hulbert et aI., 1983; Hench and Wilson, 

1993). These are summarised in Table 4.1.1: 

Table 4.1.1 Bioceramic classifications proposed by Hench and Wilson (1993). 

Cla"sification Tissue Response Implant I Examples 
Tissue Bond 

Toxic Tissue dies None Lead Oxide 
Arsenic Oxide 

Near Inert Formation of a non- None Alumina 
adherent fibrous Zirconia 
membrane around Carbon 
implant 

Bioactive Formation of an Chemical Hydroxyapatite 
interfacial bond with Bioactive glasses & 
the implant Glass-ceramics 

Resorbable Tissue replaces None Tricalcium phosphate 
implant as it degrades Bioactive glasses 

These different tissue reactions to implant material can be partly explained by 

considering the surface reactions which may occur in vivo. Surgery always results in an 

initial inflammatory response with the arrival of phagocytes and other cells involved in 

the repair process. No material is ever totally inert when introduced to the body and at 

worst materials can be toxic causing the death of the surrounding cells and tissue, either 

directly. or by the release of by-products that may also migrate with tissue fluids 

causing systemic damage to the patient (Black, 1984). 
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At the other extreme. introduction of materials that are near-inert or bioinert triggers 

the formation of a thin 1-3 Jlm thick "protective" layer absorbed to the surface of the 

implant (Hench and Wilson, 1993). This results in the "camoflage" of the implant such 

that cell differentiation and proliferation are not effected and there is no aggressive 

foreign body response (Heimke, 1990). However, there is no bonding between implant 

and host-tissue, therefore if motion occurs between the two, as a result of normal 

physiological activity, a collagen rich inter-layer will be formed (fibrous 

encapsulation). 

Fibrous encapsulation is the most common response to a foreign body, most metals and 

polymers demonstrate this type of reaction. which is termed biotolerant (Heimke, 

1990). The fibrous layer effectively isolates the implant from the tissue and the 

thickness of the fibrous layer is dependent on a combination of the chemical reactivity 

of the material and the relative motion between tissue and implant. More reactive 

materials, such metals that release metal ions and polymers that leach out monomers 

induce a thicker layer as the body attempts to isolate the source of irritation. Similarly 

increased relative motion between an implant and the host tissue also induces a thicker 

fibrous inter-layer (Heimke, 1990). 

Bioactive materials possess the ability to undergo continuing surface reactions with the 

host tissue. acting in a more "natural" manner. These materials are reported to rapidly 

form chemical bonds with the host tissue, therefore no fibrous layer is formed as there 

are no "hostile" chemical reactants or any subsequent motion. Examples of materials 

that exhibit this behaviour being certain bioglasses and calcium phosphate ceramics that 

bond to bone (Hench and Wilson, 1993; de Bruijn, 1993). 

Resorbable materials are required to be of a composition that can be either degraded 

chemically by the body fluids or digested by macrophages,and in reality, biodegradation 

usually occurs via a combination of the two. It is important that the degradation 

products are not toxic and should be easily disposed of by the cells. The difficulty lies 

in controlling the rate of degradation. which is controlled by a combination of 

chemistry and physical morphology (where parameters such as the surface area and 

density may be manipulated to fine tune the rate of degradation of a series of 

chemically identical implants). An example of a material that exhibits this behaviour 

being tricalcium phosphate which is rapidly resorbed into the body when placed in 

bony defects (Klein et al.. 1983 a and b). 
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The morphology of ceramic implants has been considered since the use of porous 

material was first described by Smith (1963). Hulbert et al., (1972) showed that porous 

disks of a near inert ceramic exhibited thinner fibrous encapsulation with faster healing 

in surrounding muscle and connective tissue than dense disks, as a result of a 

mechanical interlock which reduced motion between host tissue and implant However, 

there still seems to be some dispute regarding the optimum "type" of porosity (perhaps 

as a result of inadequate characterisation of morphology). Klawitter et aI., (1976) 

suggested that the optimum pore size for healthy ingrowth in polyethylene was 100-135 

Jlm with ingrowth observed in pores as small as 40 Jlm, however no comment was 

made on the connectivity of the structure. A number of authors have suggested that the 

degree of interconnectivity is.. more critical than the pore size, Eggli et al., 

(1988) demonstrated improved integration in interconnected 50-100 Jlm pores 

compared with less connected pores with a size of 200-400 Jlm. Similarly Kuhne et aI., 

(1994) compared two grades of 25-35% porous coralline apatite with average pore sizes 

of 200 and 500 Jlm and reported bone ingrowth to be improved in the 500 Jlm pore 

sized ceramic as a result of numerous 260 Jlm interconnections which were not present 

in the ceramic with 200 Jlm pores. Holmes (1979) who also studied a porous coralline 

apatite suggested that when implanted in cortical bone interconnections of osteonic 

diameter were required for transport of nutrients to the bone ingrowth. A number of 

authors have demonstrated the effect of porosity on the rate of resorption in resorbable 

bioceramics. Klein et aI., (1983a and b) and de Groot (1983) studied the mechanism of 

ceramic degradation concluding that the solid body broke down by dissolution of necks 

between grains, the free particles then being phagocytosed. Eggli et al., (1988) 

demonstrated that increased surface area led to faster resorption by comparing the in 

vivo behaviour of tricalcium phosphate cylinders with identical volume porosity but 

two different pore sizes. 

The effect of morphology on mechanical properties must also be considered and any 

substitute material for bone must allow elastic deformation and load distribution so as 

not to produce load concentrations (Holmes, 1979) or stress shielding. Stress analysis 

investigations have demonstrated that anisotropic structures reduce stress 

concentrations in comparison with isotropic ones when placed in systems likely to be 

preferentially loaded in one direction (Oxnard, 1993). Thus appropriate modification of 

the internal macrostructure to distribute loads and match the intended host tissue will 

improve the biocompatibility, such as has been demonstrated in the use of 
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hydrothermally converted corals with structures similar to anisotropic cancellous bone 

in the filling of cancellous bone defects (Holmes et al., 1984). The converted corals 

were reported to possess a similar stiffness to cancellous bone, but to have lower 

strengths and no plastic behaviour. However, after six months in vivo the resultant 

bone! implant composite exhibited similar behaviour to the original bone. 

4.2.3 Hydroxyapatite 

The case for using hydroxyapatite in the filling of osseous defects is fairly obvious 

since it has a remarkably similar crystal structure to that of bone mineral (de Jong, 

1926), which accounts for approximately 70% by weight (50% by volume) of natural 

bone. Much of the reported work in the field concentrates on the implantation of dense 

metallic or ceramic implants with porous hydroxyapatite coatings applied, while some 

work has studied the effects of implanting whole bodies of porous synthetic 

hydroxyapatite, tricalcium phosphate, an admixture of the two, or hydrothermally 

converted coral in small mammals. All authors agree that HA is bioactive, but there is 

considerable confusion regarding its osseoconductive or osseoinductive properties, 

where: 

• Osseoconduction is the ability of a material to encourage bone growth along its 

surface when placed in the vicinity of viable bone or differentiated bone forming 

cells. 

• Osseoinduction (osteogenesis) is the ability of a material to promote bone growth 

on its surface when placed in a non osseous site by inducing osteoblast-like cell 

differentiation (Pinholt et al., 1992). 

There is considerable evidence to suggest that hydroxyapatite is osseoconductive. the 

most convincing is that which compares the depth of bone ingrowth into cavities or 

porosity with and without the presence of hydroxyapatite (Stephenson et al., 1991; 

Moroni et al., 1994). Similarly, hydroxyapatite has been reported to encourage bone to 

bridge gaps (Maxian et al., 1994; Rahn et aZ., 1986). Although a ofgap 2 mm around 

an implant was reported to result in reduced bone apposition indicating that there is a 

finite maximum gap which can be bridged (Clemens et al., 1995). 

In contrast, the matter of osseoinduction is somewhat vague. Ohgushi et al., (1992) 

reported that porous hydroxyapatite implants implanted subcutaneously in rats 

exhibited only fibrovascular ingrowth. whereas implants dosed with bone marrow 

displayed bone formation. They suggested that this indicated that marrow stromal cells 
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were differentiating in the presence of HA indicating HA was osteogenic. Similar work 

was carried out by Kurashina et al., (1995) with identical results using porous rods of 

hydroxyapatite filled with autogenous periosteum in the muscle of rabbits. 

Unfortunately neither studies carried out any control experiments, where marrow cells 

placed either alone or in an inert capsule were introduced subcutaneously, to determine 

whether or not the presence of the hydroxyapatite induced cell differentiation or merely 

supported it. Conversely, Pinholt et al., (1992) reported a lack of osseoconductive or 

osseo inductive activity for granules of four commercial "apatite" materials when 

implanted subperiosteally in rats, despite observing bony tissue "encasing" granules in 

one instance, which was interpreted as osseoconduction. These differences may be 

explained by the work of Ripamonti (1996) in which porous hydroxyapatite was 

implanted in the muscle of baboons, rabbits and dogs. Significant differences were 

detected in the amount of bone induction between the three species (11.3% in the 

baboon, 0.5 % in the rabbit and 0.75% in the dog). 

Ideally one would wish for a replacement material to be slowly resorbed by the body 

once its task of acting as a scaffold for new bone has been completed. Degradation or 

resorption in vivo occurs via a combination of phagocytosis of particles and the 

production of acids which cause partial dissolution of hydroxyapatite. However. there 

seems to be some disagreement in the literature regarding the solubility of 

hydroxyapatite in a physiological environment. Gomi et ai., (1993) reported resorption 

of hydroxyapatite by osteoclasts in vitro and demonstrated that rougher surfaces 

induced a more aggressive response. Dhert et al., (1991) and Kangasniemi et al., 

(1994) reported the degradation of hydroxyapatite coatings with time in vivo. Martin et 

al., (1993) found that porous hydroxyapatite in a cortical site was resorbed while a 

similar implant in a cancellous site remained intact after a year in vivo. Similarly. 

Holmes (1979) reported the resorption of a coralline hydroxyapatite implant after 12 

months in canine mandibles, while in a later publication Holmes et al., (1984) reported 

little or no resorption for an identical implant in a "less load bearing" cortical site (distal 

radial diaphysis). Eggli et al., (1988) Renooij et al., (1985) and KUhne et al., (1994) all 

observed little or no resorption of porous hydroxyapatite in a cancellous site. The 

reason for much of the variation in reported behaviour could be due to variations in the 

porosity, Ca:P ratio and crystallinity of the different implants and coatings in different 

studies. 

Klein et al., (1983 a and b) proposed that the rate and extent of biodegradation of 

calcium phosphate ceramics is dependent on porosity. crystallinity (Le., grain size and 
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crystal strains) and composition. reflecting the ease with which particles may be 

detached and resorbed by cells. Hench and Wilson (1993) proposed that the extent of 

biodegradation decreases as Ca:P ratio increases. Eggli et al., (1988) found porosity to 

have a strong influence on the rate of resorptiono~calcium phosphates and Maxian et 

al., (1993, 1994) demonstrated the improved resorption of amorphous coatings when 

compared to crystalline ones. However. Dhert et al., (1994) reported that fluorapatite 

coatings on implants placed in the patella groove were partially resorbed on the upper 

(load bearing) surface whereas coatings on the sides of the implant and in previous 

studies Dhert et al., (1991) had remained intact. This is particularly significant as 

fluorapatite is believed to be less soluble than hydroxyapatite. The authors suggested 

that the resorption could have been due to either exposure to synovial fluid. mechanical 

abrasion or the thickness of the coating (it was only 20 lim on top compared with 50 

J..1m at the sides), before implants were encapsulated by overgrowth. However. the 

authors reported no difference in resorption between healthy and arthritic joints, the 

synovial fluid of which would have been expected to be more acidic. Unfortunately all 

implants were retrieved at the same time point so it was not possible to detennine if 

mechanical abrasion was solely responsible. Recently R6udier et al., (1995) reported 

that the resorption of coralline hydroxyapatite was dependent on porosity and host 

reaction with ingrowth and resorption occurring in the more porous (42.79 and 40.72 % 

open porosity) corals and fibrous encapsulation with little/no resorption occurring in the 

denser (17.48 % open porosity) coral. Unfortunately while total and open porosity was 

calculated for the three apatites pore sizes were not given. 

Thus. it would seem that there are a number of parameters which can considerably alter 

the in vivo behaviour of "hydroxyapatite" implants. and that they may be classified into 

two groups. host parameters and implant parameters. Examples of host parameters 

would be the species. implantation site and surgical technique (open or tight fit). 

Typical implant parameters include chemical stoichiometry, crystallinity and 

morphology. Understanding. characterisation and control of these variables should be 

accomplished where possible. 
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4.3 Biological Assessment 

Biological assessment can be considered as a two stage process, where candidate

materials are screened for local cellular response in vitro, and "bulk" tested in vivo. 

Knowledge of the behaviour of the material in both situations is vital for the tailoring of 

implant to host site. Cell culture allows the controlled study of cellular response at the 

candidate-material interface, for example, the degree of adhesion and proliferation of 

osteoblast-like cells on a candidate-material surface, and the rate and quality of extra

cellular matrix production will be of particular interest in the study of bone replacement 

materials. Similarly, knowledge of the influence of the presence of an implant in a 

surgical site on the local inflammatory and healing responses will be of importance. 

This is a highly complex interactive process (Kasemo and Lausmaa, 1991; Thomsen 

and Ericson, 1991; Glowacki and Spector. 1991). ranging from molecular reactions at 

the implant sUlface (Davies et al.. 1991a and b) to the effects of implant micro-motion 

(Bobyn et al .• 1987), although the complexity of in vivo responses can be broken down 

by the study of responses of isolated cell lines to specific conditions in vitro. However. 

the methods adopted for the in vitro and in vivo assessment of a material have become 

increasingly controversial. Many recent studies have focused on the advantages and 

disadvantages of different "test parameters" and the effects on the reliability or 

reproducibility of the "results" with varying "test methods". For instance. Hunter et al., 

(1995) considered the significance of the type of cell line used in vitro as regards the 

applicability to the in vivo response. While the effects of implant site (Kangasniemi et 

al., 1994) and host species (Ripamonti, 1996) on the tissue response. and section 

thickness or direction (Johansson and Morberg, 1995a and b) have demonstrata::l. the 

scope for artefact induced variation in vivo. Furthermore, the many differing methods 

of assessment result in difficulties in comparing the results of separate investigations. 

4.3.1 Biocompatibility 

Biocompatibility does not solely imply a lack of toxicity or the ability to be chemically 

compatible with the host tissue. It has previously been described as the ability of a 

material to illicit no response from the host tissue. however the current accepted 

definition is that of Williams (1987; 1994), where a material should perform 

"appropriately and in concert with a certain host response in a specific application". 

Therefore, in the correct applications the near-inert, bioactive and resorb able groups of 

materials may all be regarded as biocompatible despite their different tissue responses 
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and chemical and mechanical properties. For instance. where fixation is required. such 

as in bone filling applications. a bioactive material seems the logical choice. while in 

applications where blood comes into direct contact with the biomaterial) a passive 

response may be preferred. thus an inert material may be more appropriate. ~O 

~rbable biomaterials are finding considerable use in slow drug release applications. 

In the case of this study biocompatibility is considered as the ability of the material to 

support cellular colonisation and proliferation and promote the production of an extra

cellular matrix in vitro. An implant placed within a bony defect in vivo should enhance 

the strength of the defect during healing. bond with the host tissue (Le .• bone) invite and 

maintain the integration of bone. 

4.3.2 In Vitro Assessment of Bone Analogues 

4.3.2.1 Cell Lines and Culture Conditions 

There are a wide range of cloned cell lines available for use in the in vitro modelling of 

osteoblastic behaviour. however they are derived from a number of species (typically 

mouse, rat and human) and are usually from either sarcoma tissue or artificially 

transformed in order to provide an immortalised cell line that will not de-differentiate or 

reduce activity with increasing passage number in culture (Serre et al., 1993). Those 

studies that do use primary cultures tend to use cells extracted from foetal bone, which 

will exhibit different growth characteristics from adult bone (Courteney-Harris et al., 

1995). Akedo et al., (1992) demonstrated species variations in the relative amount of 

cell proliferation between human osteosarcoma TE85 and mouse MC3T3-El cell lines 

in response to treattnent with vitamin K2. while Clover and Gowen (1994) reported that 

MG-63 and HOS TE85 cells proliferated more rapidly than un-transformed HOb cells. 

with HOS cells being the most proliferate. These authors also reported that unlike MG-

63 and un-transformed HOb cells, the levels of alkaline phosphatase and osteocalcin 

secreted by HOS cells did not respond to treatment with 1,25(OHhD3. This is in 

contrast to Mulkins et at., (1983) who found that although the relative alkaline 

phosphatase activity in two HOS cell lines, SAOS and TE85. were different. alkaline 

phosphatase activity was increased with 1.25(OHhD3. possibly as a result of different 

culture conditions (10% FCS and 5% FCS respectively). Tremollieres et al., (1992) 

reported variations in the absolute levels of cell proliferation (but similar trends) 

between HOS TE85 and un-transformed HOb cells treated with progesterone and 

promegestone. while Hassager et aL, (1992) reported that HOS U-2. TE85 and MG-63 
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cell lines secreted different patterns of insulin-like growth factor binding proteins to 

untransformed human osteoblast-like cells. The reported disparity between the 

behaviour of cloned cell lines indicates that the use of these cell lines is compromised 

by the unpredictability of the relationship between these cells and un-transformed 

human osteoblast-like cells. 

The use of bone marrow or organ culture where several cell lines are simultaneously 

incubated may be a more accurate model of in vivo behaviour (de Bruijn, 1993; 

Courteney-Harris et al, 1995). However, fibroblastic overgrowth can be a problem 

with extended culture time (Robey and Termine, 1985). 

High density cultures in which cells may form 3-D spatial networks have been 

advocated by a number of authors (Ahrens et al.. 1977; Casser-Bette et al.. 1990; 

Hunter et al .• 1995) and are proposed to emulate the in vivo environment, so promoting 

terminal osteoblastic differentiation and calcification of the extra-cellular matrix. 

However, in a comparison between monolayer and micromass cultures of HOS TE85 

and un-transformed HOb cells Oi-Silvio (1995) reported monolayer cultures to favour 

proliferation and differentiation of both HOS and HOb cells. Spontaneous calcification 

of extra-cellular matrix was also observed in HOb cultures at 21 days in vitro. 

Similarly, the conditions for calcification also seem to vary from one investigation to 

another. Some authors maintain that the presence of B-glycophosphate is necessary for 

matrix calcification (Tenenbaum and Heersche, 1982; Ecarot-Charrier et al .• 1983), 

while others have reported successful matrix production and calcification with out 

special supplements (Serre et al.. 1993; Oi-Silvio, 1995). 

4.3.2.2 Qualitative Assessment 

The use of osteoblasts or osteoblast-like cells or precursors is most common in this line 

of investigation. Parameters that are most often assessed are the production and 

subsequent calcification of an extra-cellular matrix, and the morphology and attachment 

of cells at the material/cell interface. 

Extra-Cellular Matrix Production and Calcification 

In many studies biocompatibility is assessed by the successful production of a fibrous 

extra-cellular matrix by osteoblast-like cells, which is interpreted as expression of the 

osteoblastic phenotype (Robey and Termine, 1985; Faucheux et al .• 1994; Doherty et 

al.. 1994; Couteney-Harris et al .• 1995), however the instances when conclusive 
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evidence is reported for subsequent calcification of the matrix are few (de Bruijn, 1993; 

Serre et al., 1993; Di-Silvio, 1995; Ozawa and Kasugai, 1996). 

Cell Attachment and Morphology 

The formation and deposition of bone directly on an implant is believed to be 

dependent on the ability of osteoblast-like cells to adhere and spread on the material 

surface (Bagambisa and Joos, 1990). Hunter et al., (1995) studied the attachment of 

cells on the surfaces of various biomaterials and detennined that well spread)flat cells 

possessed the greatest number of adhesion plaques per cell. Thus cell morphology may 

also be considered as an indicator of biocompatibility. Furthermore, cell shape has 

been shown to affect proliferation. Folkman and Moscona (1978) suggested that 

rounder cells proliferate at a lower rate than flatter cells, while gene expression may 

also be affected by cell shape as a function of intracellular remodelling of the nuclear 

matrix (Jones and Boyde, 1976; Ben-Ze'ev, 1991). 

4.3.2.3 Quantitative Assessment 

Besides the production and calcification of an extra-cellular fibrous matrix by 

osteoblast-like cells, authors concentrate on cell viability, proliferation and expressions 

of osteoblastic phenotype to determine the biocompatibility of materials for use in the 

skeleton (Serre et al., 1993; Clover and Gowen. 1994; Courteney-Harris et al., 1995; 

Di-Silvio. 1995). Bone specific proteins such as osteocalcin and osteonectin, alkaline 

phosphatase activity and nucleic acid turnover are assayed to provide a measure of the 

degree and rate of differentiation undergone by cells within the culture (Best et al., 

1995; Clifford and Downes, 1995; Faucheux et al., 1994; Maxian et al., 1995). Again, 

the use of osteoblasts or osteoblast-like cells or precursors is most common in this line 

of investigation (Bagambisa and Joos. 1990; Couteney-Harris et al., 1995; Serre et al., 

1993), although some studies have been carried out using osteoclast-like cells (de 

Bruijn et aI., 1993f; Gomi et aI., 1993a. 1993b). 

4.3.2.4 Porous Hydroxyapatite In Vitro 
Hydroxyapatite surfaces appear to be able to support the proliferation of most cell 

types, with many monoclonal studies performed using macrophages. fibroblasts. 

osteoclasts and osteoblasts (de Bruijn, 1993; Gomi et al., 1993; Hunter et al., 1995). 
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Micro-molar concentrations of Al and Si have been reported to stimulate osteoblast 

proliferation and differentiation (Lau et al.. 1991), however, high concentrations of 

aluminium suppress bone mineral formation (Blumenthal and Posner, 1984). 

Magnesium ions have also been reported to inhibit hydroxyapatite formation 

(Blumenthal and Cosma, 1992). 

De Bruijn, et al.. (1993c) assessed the osteoblastic cell response to plasma sprayed HA 

coatings with differing amounts of amorphous material and demonstrated that the more 

amorphous material invited a more intimate association between the extra-cellular 

matrix and the coating. In contrast, Best et al.. (1995) demonstrated that the presence 

of TCP in a HA substrate led to substrate/cell interface degeneration resulting in 

reduced viability in osteoblast cells on the surface and particle phagocytosis. Levels of 

alkaline phosphatase and DNA were reduced by 50% in comparison with cultures 

incubated on pure HA compacts. However, the TCP containing material also possessed 

a greater degree of surface porosity which may have contributed to the cellular 

behaviour. Maxian et al.. (1995) reported that chemical resorption occurring in low 

crystalline HA enhanced osteoblast cell proliferation, cell attachment and growth, but 

reduced alkaline phosphatase activity, which may be a result of local variations in 

solution pH. A component detected in Endobon® and described as "amorphous" by 

Saalfeld et al.. (1994) was reported to leach out in H20 with time, altering the solution 

pH to 12.5 after a "few minutes" be\o(t.droppIl'lS to a pH of 10.5 after 1 day and a pH of 8 

after 3 days. 

De Bruijn et al .• (1993) carried out two-stage cultures on TCP and well crystallised HA, 

in which a bone like matrix was deposited on the substrata by osteoblast-like cells in 

the first stage and the~subsequently resorbed by osteoclast-like cells in the second stage. 

They found that matrix deposited on both the TCP and HA was resorbed by the 

osteoclast-like cells, but while some TCP was also removed the HA substrate remained 

intact. When single stage cultures were carried out in which osteoclast-like cells were 

introduced directly onto the substrates no resorption occurred on either material. 

Surface morphology 

Doherty et al.. (1994) reported that increased roughness in the surface of HA substrata 

resulted in reduced proliferation and attachment of osteoblast-like cells. Hunter et al.. 

(1995) found that where surfaces were rough, cells were less inclined to flatten out and 

spread which resulted in a reduced rate of proliferation as rounded cells divide at a 

lower rate than flattened cells. However, they suggested that flattening out on smooth 

surfaces may encourage osteoblastic cells to differentiate to fibroblastic cells. 
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In an investigation on the effects of surface roughness on the behaviour of osteoclast

like cells, rougher surfaces were reported to be more densely populated by osteoclasts, 

(Gomi et al., 1993a and b). These authors also investigated the effects of processing 

(Gomi et al., 1993b) and determined that the sintered (1250°C for 6 hours), well 

crystalline HA (with reduced microporosity) was not resorbed where as resorption pits 
HA 

were identified on the as-received and calcined (1130°C for 30mins)Ldisks. 

4.3.3 In Vivo Assessment of Bone Analogues 

4.3.3.1 Implantation Site, Biological Controls and Choice of Host 

Histological response may also be dependent on the site of implantation or seemingly 

small variations in the orientation of the implant. Uchida et al., (1984) observed little 

or no bone ingrowth in the majority of porous ceramics (calcium aluminate, 

hydroxyapatite and tricalcium phosphate) embedded in the skulls of rabbits and rats. 

However, in one hydroxyapatite implant considerable bony ingrowth was noted as a 

result of the presence of bone marrow which is believed to facilitate new bone growth 

(Ohgushi et al., 1992). Holmes et at., (1984) observed osteonal bony ingrowth in 

cortical sites and trabecular bony ingrowth in cancellous sites, while Martin et aL, 

(1993) studied the ingrowth of bone into coralline hydroxyapatite in cortical and 

cancellous sites over a period of a year. They reported that in cortical bone, ingrowth 

occurred at an elevated rate in the first 3 months and continued throughout the rest of 

the year. However in cancellous bone they found that ingrowth was greatest at 4 weeks 

post implantation and decreased significantly throughout the rest of the year. 

Many reports of hydroxyapatite integration lack biological controls (such as creating a 
-O\l~ 

defect and allowing it to heal with",an implant present, or substituting bone graft for the 

implant). This is possibly as a result of the difficulty in selecting and justifying an 

appropriate control which will not generate its own response above the response of host 

tissue to space filler (Le., fibrous encapsulation, macrophage activation), and difficulties 

in reproducing mechanical behaviour and structure in such a material. Kuhne et at., 

(1994) carried out two control studies as well as investigating the response of 

cancellous bone to porous hydroxyapatite with two pore sizes of 200 and 500 Ilm. The 

controls employed were a 6 mm diameter empty cavity and bone allografts. They 

reported different mechanisms for integration between the two controls with the cavity 

control exhibiting a mechanism similar to fracture heaUng. However, although no bone 

formation was observed in the 200 J.1m pore material, the 500 J.1m material appeared to 

93 



CHAPTER 4 
BONE REPLACEMENT 

follow a broadly similar route of bone repair to the graft control, with stabilisation by 

woven bone, cellular invasion, bone formation and vascularisation. 

The choice of host also has a significant affect on the observed response to the implant, 

for example, the mineral apposition rate in normal human bone has been reported as 0.8 

± 0.2 Jim day-l (Bloebaum, 1994), while in rats Heershe et aL, (1981) found it to be 3.0 

Jim day-I, while a similar rate has also been reported for rabbits (3.5 Jim day - Revell, 

1995). Furthermore in a recent study by Ripamont (1996) significant differences were 

detected in the amount of bone induction in porous hydroxyapatite implanted in the 

muscles of three species (baboon, rabbit and dog). Similarly, Rice et al., (1988) and 

Kuhn et al., (1989) have demonstrated that the mechanical properties of inter-spedes 

bones cannot be compared even when considering differences in apparent densities. 

4.3.3.2 Qualitative Histology 

There are several features that should be studied when making a qualitative assessment 

of tissue response, these are: 

• Presence of inflammatory cells 

• Presence of reparative cells 

• Presence of fibrous tissue encapsulation 

• Presence of normal (bone) tissue regeneration 

• Direction of tissue regeneration 

• Response of tissue surrounding the implant 

• Response of the implant material 

Generally, inflammatory cells such as multinuclear giant cells or phagocytes are rarely 

seen in the proximity of hydroxyapatite implants more than one week post-operatively, 

and the presence of fibrous tissue around hydroxyapatite is rare. However, the precise 

response from implant to implant may vary as a result of variations in defect size or 

surgical damage. Ogiso et al., (1994) suggested that encapsulation of hydroxyapatite 

may be due to fibrous ingrowth before bone formation from distant trabeculae can take 

place. Pinholt et al., (1992) observed fibrous encapsulation around a series of calcium 

phosphate materials placed subperiosteally except in instances where surgical insult had 

accidentally occurred to the neighbouring bone in which case some bone growth had 

occurred around the granules. 

There is considerable variation in the reported histological response to porous 

hydroxyapatite. Holmes et al., (1984) reported osteoclastic activity on hydroxyapatite 

implants up to 6 months post operatively with woven bone present until 2 months and 

complete integration of the implant with bone. Conversely, Lin et al., (1994b) studied 
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the histological response of bone into porous hydroxyapatite at 2, 4, 8 and 32 weeks 

and did not observe any foreign body response with new bone fonned on the surfaces at 

2 weeks. However, they reported inhibited vascularisation, with the centres of the 

pores remaining empty. Renooji et al., (1985) recorded lamella bone apposition 

directly on hydroxyapatite surfaces, extensive contact between bone and 

hydroxyapatite, pores partially filled with bone and no evidence of cell mediated 

resorption. However, this variation in results may reflect variations in implant 

morphology (pore size and connectivity) and chemistry. Bobyn et al.,~,~found that 

pores in chemically identical metallic porous implants with pore size ranges of 400-800 

Jlm contained fibrous tissue 12 weeks after implantation whereas smaller pores (50-400 

Jlm) were fully integrated with bone. Similarly, Eggli et al., (1988) reported reduced 

amounts of integration in the centre of porous hydroxyapatite implants with large pores 

(200-400 ~m) but little connectivity, while the amount of integration in hydroxyapatite 

with smaller interconnected (50-100 Jlm) pores was significantly higher. They also 

reported the histological response of porous hydroxyapatite and tricalcium phosphate 

implants with identical porosity which demonstrated the significant difference in 

phagocytic reaction between the two compounds. 

4.3.3.3 Histomorphometry 

There are a number of standard methods currently practised in the examination of bone 

biopsies (Melsen et al.. 1978; Revell, 1986) and these techniques have been adapted for 

the quantitative assessment of implant integration. There are two main groups of 

techniques, point counting and linear intercept analysis and both types have been 

successfully used to assess a number of different parameters. Some of the more 

commonly cited ones include: 

• Bone ingrowth in frame or defect area. 

• Bone ingrowth in pore space. 

• Implant surface covered by bone on-growth. 

• Thickness or depth of bone on-growth or ingrowth. 

Point counting methods are used to measure relative areas such as bone ingrowth within 

pore space or defect area. Lattices of points (that may be arranged in a network 

regularly or randomly) are laid over micrographs or placed in the eyepiece of an optical 

microscope, a typical example beiJ)g the Weibel lattice (Weibel and Elias. 1967). The 

number of "hits" are counted, where a hit consists of a point occurring on the feature 

under investigation. The percentage of area occupied by the feature in the view frame 

is the~calculated from: 
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(4.3.1) 

Where H is a hit, n the number of hits and Pt is the total number of points on the grid. 

Repeated counting at different areas of the specimen is usually advised to improve the 

accuracy of the estimate. The optimal number of points to count in order to achieve a 

reproducible result may be calculated from the formula developed by Hally (1964) for 

the relative standard error, where: 

R I · S d d E ~ 1 - Estimated Area e attve tan ar rror = -'-;:;:::;=:::::::==::;:::::::=:==-
'" Number of Points 

(4.3.2) 

Linear intercept methods are generally used to quantify surface features such as bone 

coverage. Lines are superimposed on the image and a hit is regarded as a place where a 

line intersects a feature. This method is used to estimate the coverage of a feature on a 

bone surfaces where 

C (~) _ Number places where feature surface is intersected 
overage () - Number of places where bone surface is intersected (4.3.3) 

As before, measurements are made on a number of fields until an accurate estimate is 

obtained. Different types of grid are available, they are typically composed of straight 

lines a notable exception being a Merz grid (1967; 1970). Merz grids are composed of 

alternating semicircles which build up a wave pattern This overcomes problems 

associated with anisotropy, and also incorporates an array of points for point counting 

methods (Revell, 1986; Moroni et aI., 1994). 

As with the estimation of grain size and porosity these manual techniques may be 

adapted for use with image analysis. However, special staining (Revell, 1986) or 

processing techniques are usually required in order to obtain a suitably delineated 

image. One such technique being the preparation of thick (100-200 Jlm) sections for 

back scattered scanning electron microscopy, in which bone appears grey, ceramic 

implant white and soft tissue black (Holmes et a1., 1987) 

A number of studies have been performed to assess the accuracy, reproducibility 

variability and degree of bias in Histomorphometry methods with regard to: 

• Inter and intra observer variation (Dequeker, 1976; Birkenhager-Freokel et al., 

1976; Delling et al., 1980) 

• Magnification (Olah, 1976) 
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• Biological variation (Sectioning) (Visser et aL, 1976 and 1980; lohansson and 

Morberg, 1995b) Visser et al., (1976) suggested that the trabecular volume of a 

second section should vary by >40% from the first to be significantly different 

• Measurement Methods (Kimmel and lee, 1976; Parfitt, 1976; Kuntz et al., 1980; 

Malluche et al., 1980; Birkenhager-Frenkel et al .• 1980; Morey and Wronski, 1980) 

• Section thickness (Johansson and Morberg, 1995a) 

Some of the results from these studies are summarised in Table 4.3.1, for instance Olah 

(1976) in a study on the effect of ocular magnification on the measurement of 

trabecular bone volume and density, found that there was no variation in measurements 

of trabecular bone volume made at x 25 and x 400, while measurements of trabecular 

bone density made at the two different magnifications varied by up to 30%. 

Table 4.3.1 Variability in Histomorphometry. 

Author Parameter Measured Parameter Variability Parameter Variability 
Assessed (%) Assessed (%) 

Birkenhenhager- Trabecular Volume Serial- 88 inter - 3 
Frenkel et aI., Osteoid Coverage (%) Sections 54 observer 23 

1976 

Olah 1976 Trabecular Volume Mag. x 25- no variation 
Trabecular Density (%) x 400 30 

Delling et al., Volume Measurement intra- 1.7 inter- 12 

1980 Coverage Measurement observer 4.1 observer 100 
(%) Serial- no variation 

Sections 

Keller and Young. Ingrowth (%) reproduc - 5% 

1987 ibility 

Johansson and Bone Area 100 J.UD 57 [11.57] 30 J.UD 55 [l0.18] 
Morberg 1995a Bone to Metal Contact 40 [12.12] 31 [9.54] 

(%) 50 J.UD 56 [10.18] 10 J.UD 54 [9.97] 
39 [9.60] 30 [8.98] 

Johansson and Bone Area Longitud- 53 [9.37] Transverse 51 [15.71) 
Morberg 1995b Bone to Metal Contact inal Section 34 [9.64) Section 30 [11.10) 

(%) 

Figures in square parentheses are standard deviations 
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Klawitter et al., (1976) discussed the conversion of planar to volumetric data when 

considering longitudinal sections through cylindrical implants using Equation 43.4, 

where AI-A3 are the area. •.. fractions as indicated in Figure 43.1. They used a rather 

unusual technique to quantify bone ingrowth by cutting out portions of micro

radiographs and weighing them. 

V I (m) _ 16Al x 8A2 x A3 100 o ume -10 - 25 x 

OAt 

Ii11 A2 

IIA3 

Figure 43.1 Definition of area fractions for Equation 43.4 

(43.4) 

More usually, authors evaluated the percentage of bone ingrowth either manually using 

a point counting technique (Eggli et al., 1988; Martin et al., 1993; Moroni et al., 1994) 

or with the aid of an image analyser (Holmes, 1979; 1986; Keller and Young, 1987; 

Shors et al., 1987; Ohgushi et al., 1992; Dhert et al., 1994). Keller and Young, (1987) 

used image analysis to study bone ingrowth in porous coatings while Holmes (1979) 

and Frayssinet et aI., (1993) studied ingrowth in macro-porous ceramics. Keller and 

Young, (1987) found that their technique had a reproducibility of 5% (Le., 

measurements made on the same specimen were within 5% of each other). Analysis 

was generally performed at magnifications between x 8 and 50. 

Bone Coverage 

Bone coverage or bone surface is a measurement of the amount of contact between the 

implant and host tissue. This was assessed manually by Maxian et al., (1993, 1994) 

using a linear intercept technique. Frayssinet et al., (1993) used fully automated image 

analysis to determine the bone implant interface whereas other authors have reported 

the use of image analysis in conjunction with either a light pen to trace the interfaces 

(Keller and Young, 1987; Dhert et al., 1994) or an automated method of image 

digitisation (Birkenhager Frenkel et al., 1980; Klein et al., 1983b; Dallant et al., 1987). 

Stea et al., (1995) also used image analysis to study the thickness of hydroxyapatite 

coatings and bone on-growth. Analysis was generally performed at magnifications of x 

100 - 200. 
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A number of authors have used fluorochrome labels to assess the apposition rate (i.e., 

the rate of bone ingrowth or bone turnover) within and around porous implants (Klein 

et al., 1983b; Ohgushi et aI., 1992; Ouhayoun et aI., 1992; Bloebaum et al., 1994; Lin 

et al., 1994b). The apposition rate of bone is commonly measured using Equation 4.3.5 

where D is the measured distance between labels, n is the number of measurements and 

t the time interval between administration of the labels. 

x=n 

~ (D) x 

Apposition Rate (ftm day-I) = x= 1 
o.t 

(4.3.5) 

However, due to stereological effects (i.e., the relative orientation of label to plane of 

section) a correction factor is required as the measured distance (D) (Figure 4.3.2) may 

not be the true distance (d) between the labels. 

Implant 

Labell 

Labcl2 

Section View 

~ 
Plane of Section 

Bone 

DirectIOn of Bone Apposition 

Figure 4.3.2 Stereological effects of specimen sectioning 

Assuming the plane of section has a minimum angle of 15° from the "label line" as 

resolving the difference between the two labels in a plane of section with an angle less 

than 15° would be impossi ble (Frost, 1976) the apposition rate may be calculated as: 

x=n 

0.74 ~ (D) x 

Apposition Rate (ftm day-i) = >-=1 

nt 
(4.3.6) 

Furthermore, when calcuLating apposition rates it should be remembered that 

discontinuous bone deposition will have occurred at various points within the specimen, 

leading to variations in "apposition rate" from point to point and that this phenomenon 

will be more marked with increasing lengths of time between the administration of 

labels (Tam et aL.. L 980). 
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Care must be taken when processing fluorochrome labelled tissue as aqueous based 

sodium or phosphate buffered formalin has a detrimental effect on the intensity of 

fluorochrome labels, whereas formal alcohol leaves the label intact (Frost, 1969). 

Implant Resorption 

Assessment of resorption has been carried out with or without the use of image 

analysis, by measurement of the cross sectional area of a similar specimen or measuring 

specimen density prior to implantation and comparing this with estimates of area or 

density as a function of the cross sectional area after implantation (Eggli et al., 1988, 

Klein et al., 1983a, Keller and Young, 1987). Resorption rates have been assessed by 

comparison of the cross sectional areas (Eggli et al., 1988) or coating thicknesses 

(Maxian et al., 1993) of different specimens implanted for varying lengths of time. 

Radio-opacity has also been used to indicate the degree of resorption (Klein et al., 1983 

b) and Renooij et aI., (1985) employed Sr-85 labelling of porous tricalcium phosphate 

and hydroxyapatite implants. The degree of resorption was quantified by the reduction 

in radioactivity of the retrieved implant. 

4.3.3.4 Strength of Implant and Host Tissue Bonding 

For reasons of simplicity, the preferred method of assessing the implantlhost tissue 

bond reported in the literature has been pull- or push-out testing, in which the 

interfacial shear strength is measured (Table 4.3.2). However, several authors dispute 

the suitability of this method for assessing the strength of a bond between implant and 

host tissue (Steinemann, 1986; Gross et al., 1987; Black, 1989; Lin et al., 1992; 

Probster et aI., 1994). They believe that results from this method are either erratic (as a 

result of misalignment between the direction of loading and the interface) or 

misleading, especially when comparing materials with varying surface roughness (due 

to measurement of the forces necessary to overcome both bone bonding and mechanical 

interlock). These authors promote tensile type tests, in which the main axis of loading 

is perpendicular to the implant/tissue interface. However, implants have to be specially 

designed with "gripping facilities" and the technique has generally only been assessed 

on dense implants implanted transcortically, as the gripping of porous implants and 

bone without damage can prove difticult (notable exceptions being Gross et aI., 1987 

and Lin et al., 1992). 
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Ohert et ai., (1991) and Kangasniemi et al., (1994) demonstrated that the different test 

methods could not be compared by testing a series of implants in an identical anatomic 

site by pushout and tensile testing. The significantly lower values for tensile tests as 

compared with shear tests (2.8l±0.99 cf. 13.3±2.1 MPa for hydroxyapatite and 

0.36±0.38 cf. 15.3±2.7 MPa for fluorapatite) indicate that the contribution of 

mechanical interlock to pushout results is quite considerable (Table 4.3.3). Similarly. 

investigators using tensile tests do not report increased fixation for rougher specimens 

(Gross et aL, 1987; Probster et ai., 1994; Kangasniemi et al., 1994) compared with 

reports from pushout tests (Bobyn et al., 1980; Saha et al., 1987; Maxian et aL, 1993; 

Hayashi et al., 1994). 

There have been several finite element studies into the boundary conditions of pushout 

testing in order to identify the most important parameters to reduce test variability 

(Ohert et al.. 1992; Orr et al., 1995). Assuming a cylindrical specimen with uniaxial 

alignment between the direction of loading and the specimen interface. the most 

important parameters were found to be clearance between hole and implant. the 

modulus of the implant and the degree of bone in- or on-growth. The thickness of 

surrounding tissue was reported to have a small contribution while the dimensions of 

the specimen made little difference. Therefore, while pushout testing may not be the 

best method for assessment of absolute values of bond strength it is the more practical 

method and may be used as a comparative test with which to assess the relative bond 

strengths of a series of specimens. 

One of the most important considerations when performing these tests is the assessment 

of the interface area. This was performed by most authors by measurement of implant 

dimensions before surgery and/or after test piece preparation. However. errors may be 

introduced as a result of specimen chippingorresorption during surgery. In order to 

overcome this problem some authors have suggested that measurement of the 

bone/implant contact area should be made and used to calculate the bone strength 

(Kiefer et al., 1986; Gross et al., 1987). but this may not be practicable where 

a,1\ interconnected porous material is under investigation. due to difficulties in the 

identification of the pore surfaces that constitute part of the interfacial area; besides it is 

the behaviour of the implant as a whole which is of more interest 
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Table 4.3.2 Some push-out tests perfonned on hydroxyapatite in the literature 

Specimen Specimen Implant 
Details Size (nun) Site 

CHV 
(nun min-I) 

Time 
in Vivo 
(weeks) 

Interfacial Shear Stress 

(MPa) 

Surface Pore Size (,um) -+ 20-50 50-200 20Q.4.()() 400-800 

Bobyn 
et al., 
1980 

Kiefer 
et al., 
1986 

Porous 4.5 0; 91 
Surfaced 
Co-Cr 0.5 
alloy 

Trans
cortical 
femur 
Dog 

4 
8 
12 

Surface Roughness (,um) -+ 

Rougb 
Surfaced 
Ti alloy 

50; 251 

1.0 

Femoral 

epiphysis 
Sheep 

13 

3.5 [1.1] 9.3 [1.2] 8.4 [1.4] 7.7 [1.2] 
6.7 [1.1] 17 [1.4] 16 [0.9] 10 [1.5] 
8.6 [0.7] 15 [1.3] 17 [1.5] 14 [3.2] 

106 45 

3.6 [0.3] 4.2 [0.9] 

Surface Roughness (J..LID) -+ 1.27-1.52 3.81 1000-200 pores 

Saba 
etal 
1987 

Rough 5-60;61 Trans
cortical 
femur 
Dog 

Surfaced 
Ti alloy 25.4 

Geesink HA 4.50; 91 Femoral 
et al., Coated trans-
1988 Ti alloy ? cortical 

Dog 

23 

6 
13 
26 
52 

Composition -+ 

Tanner HA+ 
et al., Biogla<;s 
1990 orPHB* 

2.4 0; 51 Femoral 
diaphysis 

3.0 Rabbit 

4 
13 
26 

1.04 

[0.32] 

3.17 

[0.81] 

11.54 

[2.96] 

HA coated smooth titanium 

"HAGlass" 

11.59 [3.14] 
20.65 [7.50] 
19.29 [6.27] 

49.1 [2.3] 
54.8 [2.6] 
63.9 [1.7] 
61.2 [2.4] 

PHB+40%HA 

1.53 [2.04] 
6.87 [1.16] 
8.44 [2.66] 

Surface Roughness (J..LID) -+ Ti only, 4.5-5.0 HA coated, 7.8-9.0 

Dhert 
et al .• 
1991 

Ueta 
1992 

Rough Ti 5.00; 71 
HA 

Coated Ti 
0.5 

Femoral 
Humeral 

trans
cortical 

Goat 

Porous 
HA 

3.00; 51 Femoral 
condyle 

? Rabbit 

Table 4.3.2 Continued over page. 

12F 
25F 
12H 
25H 

2 
4 
6 
8 

7.4 [5.1] 
9.6 [5.0] 
6.7 [2.0] 
7.5 [3.9] 

13.3 [2.1] 
17.3 [6.1] 
11.1 [5.2] 
13.3 [6.0] 

70% Porous HA with 2~ pores 

2.68 [0.36] 
4.46 [0.36] 
4.23 [0.67] 
4.39 [0.25] 
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Specimen Specimen Implant Time 
Details Size (mm) Site in Vivo 

CHV (weeks) 
(mm min-I) 

Coating Finish -+ 

Maxian HA 4.80; 201 Femoral 4 
et al., Coated Ti trans- 12 
1993 10 cortical 

Rabbit 

Surgical Technique -+ 

Maxian "Rough" 4.80; 201 Femoral 2 
et al., HA trans- 4 
1994 Coated Ti 10 cortical 12 

Rabbit 

Lin HA 50; 2.51 Femoral 6 
et ai., Coated trans- 12 
1994a Co-Cr-Mo 5.4 cortical 

Dog 

Surface Roughness (J.UIl)-+ 

Hayashi HA 60; 131 Femoral 4 
et aI., Coated trans- 12 
1994 Ti 0.5 cortical 

Dog 

Coating Finish -+ 

Salkeld HA 4.80; 181 Femoral 3 
et al., Coated trans- 6 
1995 Porous Ti 1.27 cortical 12 

Dog 26 

Coating Finish -+ 

Kla- HA 60; 181 Femoral 3 
witter Coated trans- 6 
et ai., Carbon ? cortical 
1995 Dog 4 

CHAPTER 4 
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Interfacial Shear Stress 

(MPa) 

"Smooth" "Rough" 

2.526 [0.166] 3.484 [0.616] 
3.517 [0.160] 6.244 [0.282] 

2-3 mmGap Press fit 

1.83 [0.22] 2.0 [0.4] 
1.87 [0.24] 2.3 [0.4] 
3.30 [0.70] 3.2 [0.5] 

Max 

18.5 
37.5 

3.4 [0.5] 8.4 [1.8] 

5.8 [2.1] 8.3 [3.0] 
5.7 [1.6] 13.3 [6.0] 

HACoated PorousTi 

13.05 [3.76] 9.78 [2.82] 
17.32 [3.10] 11.57 [5.18] 
17.72 [7.98] 14.75 [3.24] 
24.44 [5.81] 15.47 [4.03] 

Smooth Grooved 

5.16 [1.93] 
4.08 [1.51] 

6.12 [3.10] 

Figures in square parentheses are standard deviations 
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Table 4.3.3 Some tensile tests £erformed on h~drox~aEatite in the literature 

Specimen Specimen Implant Time Interfacial Shear Stress 
Details Size (nun) Site in Vivo 

(MPa) 
CHV (weeks) 

(mm min-l) 

Implant Shape -+ Cylindrical· Rectangular 

Gross Glass- 4 x4 x 81 Femoral 4 1.17 [0.2] 
et al .• ceramic trans- 8 2.39 [0.2] 
1987 40; 81 cortical 12 1.95 [0.5] 1.59 [0.2] 

Rabbit 
Cylindrical· Implant Orientation -+ Distally Proximally 

Glass- 40; 81 Femoral 4 1.04 [0.2] 0.74 [0.3] 
ceramic distal 8 1.78 [0.4] 

Rabbit 12 0.97 [0.08] 0.62 [0.1] 

Cylindrical· Implant. Oriented Distally. 
Surface Roughness (1lIll) -+ 0.06 10 28 52 

Glass- 40; 81 Femoral 12 0.82 0.97 0.96 1.11 

ceramic 
distal [0.08] [0.08] [0.07] [0.11] 

? Rabbit 

14% porous HA with<2 J.llIl Pores 

Lin Porous 40; 81 Tibial 2 0.717 [0.2861 
et aL. HA Semi- diaphysis 4 1.375 [0.627] 
1992 Cylindrical Rabbit 8 1.534 [0.544] 

16 1.594 [0.715] 
Z.5dO-3 

Surface Roughness (J.UIl) -+ HA HA Ti 
10 [0.71 3.4 [0.8] 4 [1] 

Kanga. .. - HA 50; 31 Femoral 6 0 0 0 
niemi Coated Ti trans- 12 2.81 [0.991 3.98 [0.90] 0.04 [0.07] 
et al .• 0.1 cortical 24 1.17 [1.35] 1.86 [1.861 0 
1994 Goat 

Surface Roughness {J.un) -+ 63 101 175 103 109 
Pores Pores t 

Priibster Coated or 40; 81 Femoral 24 1.55 2.81 3.08 2.52 3.20 
et aL. Grooved# distal [0.22] [0.11] [0.68] [0.281 [0.48] 
1994 Ti alloy 1 epiphysis 

Rabbit 

Figures in square parentheses are standard deviations 

*Flattened on one side. 
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4.3.3.5 Compression Strength of Implant Pre- and Post-Implantation 

The use of compression testing to evaluate the mechanical properties of cancellous 

bone is well documented (Section 3.4 ). It would seem logical then to apply this 

technique to candidate synthetic bone materials in the as received and post-implantation 

(with ingrown bone) condition. This technique has been adopted by Holmes et aL, 

(1984) in the study of bone ingrowth into hydrothermally converted corals. Holmes et 

al.. observed that the compressive moduli and ultimate strengths of specimens after six 

months in a cancellous bone site (0.16GPa, 24.9 MPa) were significantly higher than 

similar specimens tested as received (0.02-0.06GPa, 4.1 MPa). Martin et al.. (1993) 

reported compressive yield stress and modulus to increase linearly with time (from 4 to 

52 weeks in vivo) for specimens implanted in a cortical bone defect but found no 

correlation between mechanical properties and bone ingrowth. Unfortunately they did 

not give details of the compression strength of implants before implantation. Trecant et 

al .• 1994 have also reported the use of this technique to assess implant integrity before 

and after implantation. They found that the compressive strength of 50% porous blocks 

of hydroxyapatite (60%) and tricalcium phosphate (40%) increased from 2.6 ± 0.3 MPa 

before testing to 5.9 ± 1.7 MPa after one week in rabbit femurs and 6.8 ± 1.1 MPa after 

three weeks in dog femurs. However, the authors did not state whether or not the 

implants were placed in cortical or cancellous sites, and the implants were fixed in 80% 

ethyl alcohol before testing. 
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4.4 Summary 

It is clear that both in vitro and in vivo testing can provide valuable information about 

the performance of a material if care is taken in the interpretation of the results. 

However, there are a number of "operating" parameters which can considerably alter 

both the in vitro and the in vivo behaviour of "hydroxyapatite". These parameters 

may be classified into two groups, specimen parameters and host parameters. 

Exampleso:specimen parameters include chemical stoichiometry, crystallinity, the 

architecture of the pore structure (where specimens are porous) and the surface 

morphology. Typical host parameters would include the cell line or animal species and 

the culture conditions or the implantation site and surgical technique. 

The degree of variation in the reported results can be partly blamed on the wide range 

of basic "operating parameters" adopted by different researchers, which has resulted in 

much confusion. There is an apparent lack of understanding, characterisation and 

control of many of these variables. 

Histomorphometric techniques for evaluation of bone ingrowth, coverage and 

apposition rate are well developed, although previous studies that have demonstrated 

that the results are subject to variability of up to 100% due to parameters such as 

section thickness, inter-section variation and operator dependence. 

Lack of standardisation in the mechanical characterisation of retrieved implants has also 

resulted in an inability to directly compare the results of different experiments. 
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CHARACTERISATION OF 
POROUS HYDROXYAPATITE 

5.1 Introduction 

Porous hydroxyapatite (HA) implants offer the potential for osseous defect repair and 

much work has been performed to investigate the in vivo and in vitro response of this 

material However. in conjunction with the biological assessment of a material it is also 

important to characterise fully its physical, chemical and mechanical properties to aid 

understanding and control of any exhibited bio-response. In this thesis a commercially 

available porous hydroxyapatite. Endobon®, was examined. The main feature of the 

material is the preservation of the open macro-porous structure of bovine cancellous 

bone. This chapter details the investigation which was made into the chemical. 

structural and mechanical properties of this material. 
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5.2 Materials 

The material selected for this study is a commercially available porous hydroxyapatite 

registered by Merck GmbH., (Darmstadt, Germany) as Endobon®. The material is 

produced by the sequential defatting, pyrolysis and sintering of cancellous bone, which 

is obtained from the distal and proximal ends of bovine femora and humeri. This 

method allows the removal of the organic component of cancellous bone, while 

preserving the trabecular structure, and hydrothermally converting the bone mineral and 

amorphous inorganic components within cancellous bone into hydroxyapatite. The 

final product is a porous hydroxyapatite with a three dimensional interconnecting 

network of pores (Figure 5.2.1). 

500 IlIll 

Figure 5.2.1 Typical macrostructure of a hydrothermally converted porous 

hydroxyapatit specimen. 

5.2.1 Production of Porous Hydroxyapatite 

The following tion de ribe in general terms, the methods used by Merck GmbH., 

to produce hydrothermally converted porous hydroxyapatite from bovine cancellous 

bone. 
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Figure 5.2.2 Diagram of specimen origin 
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De-Fatting. The di tal and proximal ends of femora and humeri are sawn into 

2Sx25x7S mm long rectoids (Figure S.2.2). These blocks are then placed in a pressure 

vessel supplied with de-ionised water and pressurised to 1.8 atmospheres, at a 

temperature of 110 C for 2 hour. This process is repeated three times, with fresh 

water. The bone blocks are then removed from the pressure vessel and dried slowly. 

Pyrolysis. The bone blocks are then placed in a furnace with a reducing atmosphere 

and heated to 700 in order to carburise any remaining organic material. When this 

process i complete the furnace i flushed with oxygen and the carburised material is 

allowed to "burn off". The block are then cooled and carefully removed from the 

furnace. The block now con ist of pure mineral and are fragile due to lack of 

sintering. The may be con idered a a cancellous structured "green body" composed 

of 1 ()() Oil') particle . 

Acid lean. The material ha a high Ca:P ratio as a result of CaO formation on the 

material surface during the 0 ygen burn off proceedure. The blocks are therefore 

dipped in citric a id in rder t di olve out thi phase. Excess acid is then removed 

with de ioni cd \ atcr and the block are dried. 

Sintcring. Th dried bl ck · are heated to 12S(tC at a ramp rate of 5°C min -1 and held 

at temperature f r 3 hours. before C oling at a ramp rate of SoC min-1 in the furnace. 

Cutting and Inspection of Morphology. pccimen are hand cut using a water cooled 

diamond band saw for rectangular/. quare cro - ectioned specimens and a diamond 

tipped, " ater cooled trephine f r circular ros - ectioned specimens (Figure 5.2.2). 

During Utlin 'l , tht' rcoularity and den it) of the specimen architecture is as essed (i.e. 

the porous slrurlurc) and an ! overt anis tropic or dense regions are removed. Thi 
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results in the rejection of a considerable proportion of processed material. After 

cutting, the regularity of the porous structure of individual specimens are inspected 

once agatn. 

Autoclaving. To ensure minimal CaO contamination, the material is autoclaved. If the 

CaO level is too high (> I wt%), the material will crumble as a result of an associated 

volume increase in the CaO phase. 

Porous hydroxyapatite specimens produced using this method will be refered to as 

Endobon specimens in the rest of this thesis. 

5.2.2 Specimen Variability 

Initial studies of the first batch of 44 Endobon specimens (designated Batch OM), 

received from Merck in early October 1992, indicated a significant variability in pore 

orientation and porosity. The apparent density of these specimens was found to range 

from 0.4 - 1.3 g.cm-3 (Figure 5.2.3). 

40 
-'5 Balch OM 

t:>: 
.~o 

~ 25 
u 20 c:: 
() 
::l 15 0" 
~ 10 

LJ.. 
:) 

0 
02 0.5 O,S I I 1.4 1.7 

Apparent Density (g.cm·3 ) 

Figure 5.2.3 Variation of apparent density in Batch OM. 

To reduce variability in further batches of samples, a labelling protocol was adopted by 

Merck, enabling the location of the region in the bone from which the specimens were 

cut. This wa achie cd with the identification of the bone type (humeral, femoral), the 

slice number and th bloc!... po ilion (Figure 5.2.2). Subsequently, four batches were 

received that had been labelled and egregated on the basis of their differing appearance 

and contra t on r, diograph (Table 5.2.1) - the individual trabeculae of these 

material., and h nee their ani olropy, being clearly visible on a suitably ex.posed X-ray 

plate. 
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Table 5.2.1 Batch classifications as indicated by Merck (Dannstadt, Germany). 
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Figure 5.2.4 Apparent density variations within batches selected from X-radiographs 

Figure 5.2.5 

Batch X
M 

o 2 0 5 0 8 1. 1 1.4 1 7 

Apparcnt Densl!} (g.cm-~) 

Additional high density specimens. 

However, a can be cen from Figure 5.2.4, the apparent density ranges within the 

batches were still broad. with little den ity variation between the batches. Therefore, it 

wa necc ary to redefine the batches into three distinct density groups and to obtain an 

additional batch of high den ity pecimens (Figure 5.2.5). 
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5.3 Methods of Characterisation of Endobon 

The characterisation of Endobon was carried out in three parts: chemical analysis, 

structural classification and mechanical testing. Chemical analysis was performed to 

ensure that the material was composed of hydroxyapatite. The variation in apparent 

density mentioned in the Section 5.2 resulted in the requirement for a comprehensive 

analysis of the macrostructure. The microstructure was investigated to assess the 

presence of micro pores and to confirm the crystallinity of the material. The mechanical 

properties of Endobon specimens were assessed in compression with emphasis on the 

effects of apparent density and macrostructure. 

5.3.1 Chemical Characterisation 

In order to assess stoichiometry, phase purity and the crystallinity of the Endobon 

specimens, (properties that are reputed to influencegreatly biocompatibility, Klein et 

al., 1983a; de Groot, 1987; Bruijn, 1993), randomly selected specimens were carefully 

ground into a fine powder using a pestle and mortar. The powder, resulting from 

individual specimens, was then combined to produce sevm distinct batches of "Endobon 

powder" (see Table 5.3.1) and these batches underwent a series of analytical tests. 

Table 5.3.1 Endobon powder batches. 

PowderID Specimen ID Quantity 

EPl Endobon Blocks 20g 

EP2 Endobon Blocks 20g 

EP3 Endobon Specimens 109 

EP4 Endobon Specimens 109 
EPS Single Endobon Block 5g 

EP6 Endobon Specimens 5g 

EP7 Single Endobon Block 6g 

5.3.1.1 Elemental Analysis 

X-ray fluorescence (XRF) was performed on Endobon powder samples to determine the 

value of the calcium to phosphor us ratio (Ca:P) of the ceramic. The work was 

performed at Ceram Research (Stoke on Trent, England) where samples were dried at 

110°C before ignition at 1200°C. The Ca:P Ratio was calculated using equation 5.3.1. 

Ca:P Ratio = ( wt% of CaD) x [(Ar P2DS)+ (Ar CaD)] x ( Ar P ) 
wt % of P2Ds 2(Ar P) Ar Ca Ar Ca (5.3.1) 
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Where Ar = Relative Atomic Mass. Specimens were also analysed for magnesium, 

sodium. strontium. aluminium. silicon, zinc, barium, tin, zirconium, iron, chrome, lead, 

copper, titanium, manganese and potassium using both XRF and inductively coupled 

plasma spectroscopy CICP). ICP was perfonned at Medac (Uxbridge, England) where 

samples were digested in HCl and H202. 

5.3.1.2 X-Ray Diffraction 

X-ray diffractometry was carried out on Endobon powder (EP) 1-4 using a Siemens D-

5000 X-ray diffractometer in flat plate geometry with graphite monochromated Cu-Ka. 

radiation. Data were acquired from 5-110· 29, with a step size of 0.02° at 12 s per 

step. The diffraction patterns obtained by this method were then compared with ASTM 

standard patterns for hydroxyapatite on the EVA version 3.04 data base. 

The crystal structure was refined using the Rietveld method with the Generalised 

Crystal Structure Analysis System (Larson et al., 1990) program. The starting model 

used in refinement was based on the single crystal structure, as detennined by Kay et 

al., 1964 (Figure 2.2.1). Parameters such as the unit cell dimensions were refined 

before the structural parameters were varied. Specific attention was paid to the a- and 

c- axis lengths. the unit cell volume, the hydroxyl oxygen site lOCH)] site occupancy 

(theoretical value = 0.5). the [O-P-O] angles and the [Ca(2)-O(H)] and [Ca(2)-Ca(2)] 

bond lengths (d ). the latter of which was used to calculate the hydroxyl channel radius, 

(rd. using equation 5.3.2. 

r 
d rca(2) - Ca(2)] tan ~ 

c= 2 6 (5.3.2) 

These values were of particular interest. as an increase in rc and a higher O(H) site 

occupancy indicates the presence of carbonate when in conjunction with an increase in 

unit cell volume and a-axis length. In contrast. an increase in c-ruds length tends to 

indicate the fonnation of oxide ions (reported at temperatures in excess of 1450°C as a 

result of H20 loss). The values of the [O-P-O] angles (8i ) were used to calculate the 

tetrahedral distortion index (aDind ), as in equation 5.3.3. This value, which is a 

measure of the P04 moiety, may be used to assess the extent of relaxation in the crystal 

structure and indicates the likelihood of carbonate substitution at this site. Lower 

values « 5) denote a more regular tetrahedral environment 

;=6 
L (8j - 109.17)2 

aD ~i~=l~~~ _____ _____ 
ind=- 6 (5.3.3) 
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5.3.1.3 Fourier Transform Infrared Spectroscopy 

Fourier transform infrared spectroscopy (FT-IR) allowed the detection of expected 

ionic groups. such as hydroxyl and phosphate. as well as adsorbed water and other ionic 

groups. such as carbonate. Infrared spectroscopy was carried out on EP powders 1-4. 

using a Nicolet 800 System FTIR spectrometer. fitted with a photo-acoustic sampler, at 

a resolution of 4 wave numbers. operating from 4000 to 400 em-I. Prior to the 

detection of each powder. the specimen chamber of the photo-acoustic sampler (PAS) 

was purged with helium gas and dried using magnesium perchlorate. The signal 

generated by the PAS resulted from the detection of expansions in the gas surrounding 

the sample. The expansions in the gas being caused by the heating of the sample as a 

result of exposure to IR radiation. 

5.3.2 Density Characterisation 

5.3.2.1 Apparent Density 

Apparent density. as defined when applied to cancellous bone, describes the open and 

closed porosity of a structure. i.e .• the value obtained when including the volume of the 

pores as well as the trabeculae. Apparent density was calculated by dividing the weight 

of the specimen (W dry), measured on a digital balance accurate to O.OOOlg (Ohaus, 

model AP250D). by the specimen bulk volume calculated from the specimen length (1) 

and radius (r ). measured using a micrometer. as follows. 

Apparent density = ~ dry2 
1t r 

(5.3.4) 

In order to determine whether the assumption that the Endobon specimens were 

perfectly cylindrical would lead to unacceptable levels of accuracy, a group of 

specimens w~ randomly selected and their apparent densities calculated as described in 

equation 5.3.4 and using Archimedes' principle. This process involved weighing a 

specimen dry (Wdry), submersed (Wsub) and saturated (Wsat> in de-ionised water, the 

apparent density being given by:-

A d · ( Wdrv )P pparent enstty = (W sat _ W sub) H20 (5.3.5) 

where. PH20 = Density of deionised water. In order to ensure that water fully 

penetrated all the open porosity of the specimens. they were left under vacuum in de

ionised water for 30 minutes before weighing submerged and saturated. Both types of 
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measurement were repeated at least twice for each specimen and on different days to 

check repeatability. 

5.3.2.2 Real Density 

Archimedes' principle was used to determine the real density of Endobon specimens, 

i.e., the density of the individual struts, as an indication of the extent of closed porosity 

present in a structure, where: 

Real density =(W:~SUb»)PH20 (5.3.6) 

The accuracy of this method was checked with the use of helium pycnometery. This 

was carried out on specimens with a wide range of apparent densities, using a 

Micromeretics AccuPyc 1330, at Micromeretics Ltd., Bedfordshire, England. 

5.3.3 Microscopy of Endobon Specimens 

Scanning electron microscopy (SEM) and optical microscopy (OM) were performed on 

a variety of whole, sectioned, embedded, polished and etched "as-received" Endobon 

specimens, in order to study both the macro- and microstructure. Both techniques were 

used qualitatively and quantitatively, in conjunction with image analysis. 

5.3.3.1 Preparation of "As Received" Specimens for Microscopy 

Embedding 

Specimens were cleaned by ultrasonication in acetone for 5 minutes. They were then 

placed in 25mm diameter embedding moulds (Struers, Glasgow, Scotland) and held 

under vacuum in a Epovac (Struers, Glasgow, Scotland) for 30 minutes to ensure a high 

vacuum. Epofix epoxy resin (Struers, Glasgow, Scotland) was then mixed 15:2 by 

volume with hardener and. if required, dark blue dye was mixed into the epoxy resin for 

contrast in darkfield optical microscopy. The resin was then introduced into the moulds 

under vacuum, which ensured penetration to the centre of the specimens. The resin 

impregnated specimens were then left to cure overnight 

Sectioning 

Specimens were sectioned after embedding to avoid brittle fracture during the cutting 

process. Embedded specimens were sectioned into approximately 1mm thick slices 

using an Accutom-2 (Struers. Glasgow, Scotland) fitted with a Bakerlite bonded 
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diamond blade (Struers, Glasgow, Scotland) and running at 2000 RPM. The line 

pressures before and after the blade contacted the specimen were noted and the pressure 

change (~P) calculated. The feed was then adjusted until ~P = 0.1-0.2 bar, which 

resulted in a feed rate of approximately 0.2 mm s-1. After sectioning, specimens were 

re-embedded in 2Smm moulds (Struers, Glasgow, Scotland) for ease of handling. 

Grinding and Polishing 

This proce dure was performed on an Abramin (Struers, Glasgow, Scotland). A water

lubricated 125 grit wheel was used to expose and to level off section surfaces. Further 

grinding was then performed on resin bonded diamond wheels with sequentially finer 

particle sizes (63, 30 and 10 ~m) at a pressure of 20N for 5-10 minutes, or until 

scratches were removed. Polishing was performed under DP-Blue lubrication (Struers, 

Glasgow, Scotland) on cloth covered polishing wheels with 3 and 1 Jlffi diamond paste 

(Struers, Glasgow, Scotland). Care was taken to clean specimens thoroughly between 

wheel changes (with the use of an ultrasonic bath) to reduce particulate cross

contamination, especially when polishing. After polishing, sections were ready for 

study under the optical microscope. 

Etching 

Selected sections were etched to reveal the grain structure, with an aqueous 5% 

phosphoric acid solution. Sections were placed in high sided petri dishes and the acid 

solution was added drop-wise to the surface of the section. Etching was stopped 30s 

after addition of the first acid drop to the surface, by flushing with distilled water. 

Gold or Carbon Coating of Sectioned and Whole Specimens 

This technique was performed on sections or specimens for scanning electron 

microscopy. Sections or specimens were cleaned in acetone, mounted on cleaned stubs 

with carbon cement or conductive tape and a conductive track drawn from the section) 

or specimen surface to the base of the epoxy block or specimen (Le., in contact with the 

conductive stub), they were then left to dry overnight. A sputter coater (Balzers, Milton 

Keynes, England) was used to coat the sections before viewing. Sections were usually 

gold coated. but when energy dispersive X-ray analysis was performed, sections were 

carbon coated. 

The macro-structures of implanted specimens. sectioned for histology. were also 

studied. Sections of these specimens were prepared using the Exakt cutting-grinding 

technique. which is detailed in Chapter 6, Section 6.3.4.1. 
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All optical microscopy was performed using an Axioskop microscope (Carl Zeiss, 

Welwyn Garden City, England) capable of bright field (BF), dark field (DF), polarised 

and differential interference contrast (DIC) illumination in both reflected and 

transmitted light. Embedded sections of "as-received" specimens under reflected BF 

illumination and histological sections under transmitted BF illumination were both 

studied at magnifications of xI2.5. These images were transmitted directly from the 

microscope to an image analyser via a video link and were used for the quantification of 

macropore size, orientation and morphology as a function of apparent density (see 

Appendix). Micrographs of sections of "as-received" specimens taken at 

magnifications of x 100-500 under reflected DF illumination were used to study 

qualitative aspects of Endobon microporosity, such as the shape and distribution of 

micropores within the Endobon struts. 

5.3.3.3 Electron Microscopy 

Electron microscopy was carried out using JEOL 6300 series scanning electron 

microscopes. Sections and whole specimens were studied at a range of magnifications 

using an accelerating voltage of 10-20 keV. Microporosity was studied on polished 
sections in the unetched condition at magnifications of x 500 or x 2000. Grain size 

studies were made on etched and polished sections at magnifications of x 2000. 

Micrographs of these specimens were taken for processing on an image analyser (see 

Appendix). The macroporosity of whole specimens was studied qualitatively at 

magnifications of x 20. 

5.3.4 Image Analysis 

Image analysis was performed using a Quantimet 570 image analyser system, which 

consisted of a high resolution video camera linked to an analogue to digital converter, 

and microprocessor. It was also possible to link the camera directly to the Axioscope 

microscope (Carl Zeiss, Welwyn Garden City, England) enabling direct microstructural 

quantification. Analysis was performed using the QUIC menu system, with which it 

was possible to perform basic processing on images "acquired" by the video camera and 

displayed on the computer screen. By manipulation of black, grey and white levels it 

was possible to enable the computer to "detect" a series of "features" that required 

analysis. A series of pre-defined parameters, such as "feature" area, length, aspect 
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ratio, roundness and orientation, could then be selected and calculated for the individual 

identified features. It was also possible to measure the total "field" area and perimeter, 

where the field is the sum of all the identified features. Calibration was performed by 

imaging a feature of known dimension (such as a micrometre bar on a SEM 

micrograph, or a graticule under the microscope) and setting the pixel: J.l.m calibration 

factor appropriately. 

Details of the methods used for the preparation and detection of images can be found in 

the appendix. Methods for the determination of various macroscopic and microscopic 

features are as follows. 

5.3.4.1 Macropore Size 

The equivalent circular diameter (MP c<v of the individual pores was calculated from the 

measured "area" (Equation 5.3.7). However. although acceptable for equiaxed pores, 

this method was not appropriate for elliptical or elongated pores. Therefore pore 

lengths (MPl) and breadths (MPb) were also measured, where the pore length is the 

dimension of the longest axis, and pore breadth the dimension of the shortest axis. 

(5.3 7) 

5.3.4.2 Macropore Shape and Anisotropy 

Macropore shape was assessed by calculating the aspect ratio (from the length and 

breadth) of individual pores. 

Measurements of macropore orientation and the longitudinal and transverse intercepts 

were combined to assess specimen anisotropy. Individual pore orientations were 

measured by the image analyser and expressed as an angle of deviation from the 

horizontal of the longest axis of the pore. The longitudinal and transverse intercepts of 

the individual pores were also measured by the image analyser. where the longitudinal 

intercept was the maximum intercept length through a pore made by a horizontal line 

and the transverse intercept was the maximum intercept length through a pore made by 

a vertical line. The values of longitudinal and transverse intercept length and 

orientation were the plotted on two polar plots and anisotropy assessed in the 

longitudinal and transverse direction as described by Whitehouse and co-workers 

(Whitehouse et al. 1971; Whitehouse, 1974a and b; Whitehouse and Dyson. 1974) and 

Hodgskinson and Currey (1990 a and b). 
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The number of distinct macropores per . 5ec.tro(\ was calculated and used to assess the 

connectivity of the macro-porosity within the structure as described by Hodgskinson 

and Currey (1990 a and b). 

5.3.4.4 Grain Size 

The equivalent circular diameter (Gd) of the individual grains was calculated from the 

measured .area of each grain (equation 5.3. g). Unlike macropores, grains were 

generally equiaxed and therefore it was not necessary to measure both length and 

breadth. 

5.3.4.5 l\1icropore Size 

As a result of the large variation in micropore size, it was necessary to perform two sets 

of measurements at magnifications of x 500 and 2000 for each specimen. The 

equivalent circular diameter (J.1Pd) of both sets of micropores was calculated from 

individual measured pore areas (Equation 5.3. ~). However, the larger micropores 

tended to be oval in shape, so the lengths (J.1Pl) and breadths (J.1Pb) of these micropores 

were also measured. 

(5.3/1) 

5.3.5 Compression Testing 

Preliminary compression testing was performed using a floor standing Instron 6025 

Universal testing machine using a 1 KN load cell. Further compression testing of as

received Endobon and implanted specimens was performed using an Instron 4464 

bench-top test machine, fitted with a 2 kN load cell, using test templates created on 

Series IX Automated Testing System 1.26 (Instron, High Wycombe, England). All 

compression testing was performed using a specially designed jig that allowed 

specimens to be tested in Ringers solution at 37°C, (Figure 5.3.1). Specimens were 
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placed on the lower platen before addition of sufficient physiological fluid to cover the 

specimen. A pre-load of 0.005 kN was then applied with a crosshead velocity of 0.05 

mm s-l. The test was then switched to computer control. Load was applied axially to 

the specimen with a crosshead velocity of 0.001 mm s-1. The test was recorded 

electronically with a sample rate of 0.5 points s-1. 

Figure 5.3.1 Compre ion te ting a. sembly for testing of specimens under physiological 

condition. 

Failur u uaUy occlIred vIa brittle fracture duri,ng the colar. c plateau region of 

behaviour (Figure 3.3.1). Where thi ' did n H nCCLlr, testing wa aborted bdore 

pecimen ' reuc\pd the den il'icati n stage (Figur' ~.2.3). Ultimate comprc ive stre 

(UCS) was defined as the maximum compressive tress recorded during the te t. where 

comprcs.'ivc stress (ac) was calculated as in Equation 5.3.9. Compre ivc modllill (Ec) 

wa. determined rrom the . Iop' or the linear-clastic region or the tr /strain plot 

Load (N) 
crc= 2 (5.3.9) 

1tr 

where r = radius of pecimen in mm. 
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5.4 Results 

5.4.1 Chemical Characterisation 

5.4.1.1 Chemical Analysis 

Results of XRF and ICP spectroscopy are shown in Tables 5.4.1-5.4.3. The calcium to 

phosphor us ratios for the individual powder batches were calculated from XRF results 

(Table 5.4.1). With the exception of EP2, the Ca:P ratio was found to be in excess of 

the theoretical value (1.67), indicating either CaO contamination or phosphate 

defficiency. 

Table 5.4.1 Calcium : Phosphor us ratios 

EPI EP2 EP3 EP4 EP5 Theoretical 

CaO 55.6 55.4 55.2 55.3 55.4 56.84 

P20 S 
41.8 41.8 41.7 41.6 41.7 43.16 

Ca:P 1.68 1.67 1.68 1.68 1.68 1.67 

Endobon was found to contain significant and consistent levels of magnesium and 

sodium. Strontium was detected at levels of 200-600 ppm and aluminium levels varied 

from 30 - 15.0 ppm. Silicon, zinc and barium impurities were all detected at levels of 

around 100 ppm. Specimens were also analysed for tin, zirconium, iron, chro~7, lead, 

copper, titanium, manganese and potassium. Tin, zirconium and iron were detected at 

levels of less than 25 ppm, the other elements were present at levels of less than 10 to 

0.5 ppm (Tables 5.4.2 and 5.4.3). 

Table 5.4.2 Results of XRF (Figures quoted are oxide weight percentage of total ash). 

(wt%) Cao P20S MgO Na20 Al203 Si02 srO ZnO BaO 

EPI 55.6 41.8 1.00 0.67 <0.02 <0.02 0.03 0.03 0.02 

EP2 55.4 41.8 0.86 0.68 <0.02 <0.02 0.03 0.02 0.02 

EP3 55.2 41.7 1.06 0.76 <0.02 <0.02 0.08 0'.02 0.02 

EP4 55.3 41.6 0.80 0.55 0.12 0.03 0.06 0.02 0.02 

EP5 55.4 41.7 0.85 0.58 0.20 0.18 0.08 0.02 0.02 

Table 5.4.3 Results of ICP (Figures quoted as a percentage of total sample.) 

(%) Mg Na Al Si Sr Zn Ba 

EPI 0.57 0.69 0.003 0.01 0.020 0.017 0.015 
EP2 0.49 0.66 0.003 0.01 0.022 0.015 0.013 
EP3 0.59 0.77 0.003 0.01 0.060 0.013 0.011 
EP4 0.46 0.60 0.016 0.01 0.039 0.015 0.013 
EP6 0.48 0.67 0.007 0.01 0.044 
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Carbon and hydrogen analysis was also performed (Table 5.4.4). The detected levels of 

H were approximately 50% less than the theoretical value of 0.20 wt% (see Appendix), 

indicating that dehydroxylation occurred during the sintering process. There was some 

variation in the levels of carbon present 

Table 5.4.4 Carbon and hydrogen analysis results. 

Element EPI EP2 EP3 

C 0.09 0.03 0.04 
C 0.07 0.03 0.07 
H 0.12 0.14 0.10 
H 0.09 0.10 0.11 

5.4.1.2 X-Ray diffraction 

EP4 

0.09 
0.09 
0.11 
0.15 

Theoretical 

0.20 
0.20 

Agreement between standard patterns for hydroxyapatite (EV A version 3.04) and the 

reflection peaks obtained from X-ray diffraction of all powdered Endobon specimens 

was consistent in all specimens (Figure 5.4.1). However a small peak at 37.40 was also 

present. indicating some CaO contamination (Figure 5.4.1b). The peaks were narrow 

indicating high crystallinity. which was consistent with the fmdings of concurrent SEM 

work (Section 5.4.3). Attempts to perform full refinement of the data failed in all but 

two cases (Table 5.4.5). as a result of the inability to model the crystal structure 

accurately due to the considerable ionic substitutions occurring in the lattice. However, 

it was possible to determine the unit cell parameters (Table 5.4.6). 

Table 5.4.5 Results of Rietveld refinement of Endobon powders. 

ID Ca(2)-O(H) O(H) Ca(2)-Ca(2) Channel Distortion 
Length (nm) Occupancy Length (om) Radius Rc (om) Index D ind 

EP5 0.2390 [3] 0.604 0.415 [4] 0.1198 1.89 
EP7 0.2414 [3] 0.495 0.415 [4] 0.1197 7.08 

Numbers in square parenthesis are standard deviations on last significant figure. 

Table 5.4.6 Unit cell parameters for Endobon powders. 

ID a-axis (om) c-axis (om) Unit Cell Volume (om3) 

EPI 0.9426 [3] 0.6890 [2] 0.5301 
EP2 0.9419 [1] 0.6883 [1] 0.5288 
EP3 0.9422 [1] 0.6886 [1] 0.5294 
EP4 0.9432 [2] 0.6894 [2] 0.5308 
EP5 0.9421 [1] 0.6886 [1] 0.5294 
EP7 0.9417 [1] 0.6886 [1] 0.5288 

Theoretical 0.9423 0.6875 0.5286 

Numbers in square parenthesis are standard deviations on last significant figure. 
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Figure 5.4.1 Typical XRD patterns for Endobon powders, (a) full diffraction pattern 

for EP-3 and (b) expanded portion of pattern for EP-2, demonstrating some CaO 

contami nation . 
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5.4.1.3 Infra Red Spectroscopy 

Adsorbed water and substituted carbonate were found to be present in significant 

quantities in all the powder specimens (Figure 5.4.2). 
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Figure 5.4.2 Continued over page. 
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Figure S.4.2 Ff-IR spectra for powders EPI-4. 

However the relative amount of carbonate present appeared to vary. The peaks 

associated with the C013 V3 vibration mode were less pronounced in EP-2 and EP-3 

and tho e corre ponding to the Type B carbonate substitution appeared weaker when 

compared with the peak in spectra obtained from powders EP- J and EP-4. 
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5.4.2. Density Characterisation 

Apparent density was found to vary considerably (0.35-1.44 g.cm-3) within the 

population of 350 specimens, a result which reflects the natural origin of the material. 

Humeral specimens had a slightly lower mean density (0.65 [0.21] g.cm-3) than those of 

femoral bone (0.80 lO.251 g.cm-3) , possibly reflecting the differences in physiological 

loading in life. An extra set of dense specimens was required in order to have sufficient 

specimens for characterisation and implantation; but these were not labelled by Merck 

with the bone origins. The density distributions of the various batches can be seen in 

Figure 5.4.3. Endobon batches for the in vivo work were composed entirely of femoral 

and high density specimens (Figure 5.4.3 d). The implant batches were reclassified as 

in Table 5.4.7 to produce three distinct groups of specimens (Figure 5.4.4). 
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Figure 5.4.3 Den ity distributions of all specimens. 

Table 5.4.7 Densily re ults of batches selected for characterisation and implantation. 

Apparent DenSll} (g.cm-3) Balch B Batch C Batch A 

Range 0.51 - 0.68 0.86 - 0.98 1.09 - 1.38 
Mean [ tandard D \ muon 1 0.6110.(BJ 0.91 10.031 1.1810Jl6] 

Population 48 27 48 
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Figure 5.4.4 Density distributions of specimens in Batches B, C and A. 

As can be seen from Figure 5.4.5 agreement between the dry and wet methods of 

density measurement was good. The discrepancy between the "wet" and "dry" results 

of low density specimens tended to be greater, however difficulties were experienced in 

keeping these specimens saturated. Real density was not found to differ significantly 

through out the population of Endobon specimens, with a mean value of 3.009 [0.038] 

g.cm-3, which is consistent with a constant closed microporosity of 4.51 [1.21] % 

(assuming Endobon to be composed of pure hydroxyapatite with a theoretical density of 

3.151 g.cm-3, Barralet, 1995). However, the real density was found to be inversely 

related to the apparent density (Figure 5.4.5b). 
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Figure 5.4.5 Relationship between (a) "wet" and "dry" measurement methods and (b) 

Real and apparent densities of Endobon specimens. 

The gas porosimetry results are detailed in Table 5.4.8. The trend between the real and 

apparent density was not observed with these results. 

Table 5.4.8 Gas porosimetry results. 

Apparent DenSity 1.170 O.9~1 0.621 mean 

Real DenSIl) g.cm ~ 3.04410'(106J 3.034 [0.008] 3.040 [0.0151 3.039 [0.0(5) 

Numbers in square parenthesis are standard deviations. 
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Endobon specimens were found to possess a highly crystaJIine, equiaxed grain structure 

which did not appear to vary with apparent density (Figure 5.4.6). The average grain 

size (Gd) was found to be 1.57 [0.781 j.tm. 

Figure 5.4.6 Detail of the microstructure of an Endobon strut in cross section. 

The grain size distribution was positively skewed, with a modal value of 1.35 j.tm 

(Figure 5.4.7). 

20 

o~~~~~~~~~~ __ __ 
o. 15 1.35 2.55 3.75 4.95 

Grain Size (Jim) 

Figure 5.4.7 Frequency distribution of grain size. 
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The microporosity could be classified into two groups: 
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• Micropores <3 pm in size. These were isolated circular pores, randomly 

distributed throughout the ceramic struts, occasionally positioned within grains, but 

more usually located at grain boundaries and triple points. (Figure 5.4.9) 

• Micropores >3 pm in size. There were two distinct groups of pores in this size 

range, the larger pores (typically 10 }tm long) were elliptical and aligned 

longitudinally with the ceramic struts (Figure 5.4.10), while the smaller pores (3-5 

/-lm) were randomly oriented and irregular in shape. Both types appeared to be 

interconnected and more numerous in the centre of the struts (Figure 5.4.11). 

Image analysis of the relative areas covered by tw~he types of micro-pores in a 

polished, sectioned strut are detailed in Table 5.4.9. The frequency distribution of the 

micro-pore size is illustrated in Figure 5.4.8. It is evident that although the < 3 }lm 

pores are more numerous, the> 3 Jtm pores provide a greater contribution to the volume 

fraction of porosity. 

Table 5.4.9 Image analysis of micropores 

Microporc MagnificatIon Mean Microporc Mexlal Calculated 
Group of AnalysIs Mlcroporc SiLC Sil.C Range Mlcropore SiLC MlcropoTOSl ty 

(x) (}tm) (}tm) (}tm) (%) 

AU 2000 1.4 [1.2] 0.1 - 14.5 0.8 17.93 [6.09] 

<3}tm 2000 L.2 [0.61 0.1-3.0 0.8 5.73 [0.69J 

>3}tm :WOOand500 6.8 [:2.31 3.0 - 14.5 nJa 1::!.:!0 [5.51] 
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Figure 5.4.8 Frequency di tribution of micro-pore size. 
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51lID 

(a) 

(b) 

Figure 5.4.9 Distribution and morphology of the < 3 Ilm micropores in (a) polished 

and (b) etched sections. 
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(b) 
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Figure 5.4.10 Darkfield illumination of polished thick sections of Endobon, 

demonstrating the alignment of large micropores within the ceramic struts at (a) low 

(x 100) and (b) high (x 500) magnification. 
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'. 

(a) 

10 J.UIl 

(b) 

Figure 5.4.11 Comparison of (a) "10 /-Lm" micropore size and morphology within 

an Endobon ceramic strut and (b) osteocyte lacunae within trabecular bone. 
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No significant variation in macrostructure was noted between specimens with similar 

densities, which originated from either the humerus or femur. The features of the 

macrostructure, such as mean pore size, aspect ratio and connectivity were dependent 

on both the apparent density (Figure 5.4.12) and the degree of isotropy (Figure 5.4.13) 

of the specimen. It was impossible to distinguish between the individual structural 

effects of apparent density and isotropy. as the degree of anisotropy appeared to be 

related to the apparent density and was highly variable, however when studying 

specimens from the three density batches some trends in the size. shape and 

connectivity of pores became apparent and will be disscussed below (Table 5.4.10). 

Table 5.4.10 Image analysis of macropores. 

Batch n Modal Modal Modal Size 
ECD* Length Breadth Range 

B 192 1080 630 430 90-2600 

C 74 320 560 250 60-1050 

A 253 265 390 310 50-1850 

All sizes in J..lm. standard deviations in square parentheses. 

* ECD = Equivalent circular diameter. 

Mean Mean 
Aspect Ratio Connectivity 

2.15 [0.63] 0.66 [0.39] 

1.81 [0.53] 0.06 [0.03] 

1.51 [0.34] 0.03 [0.01] 
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(a) 

(b) 

Figure 5.4.12 Optical micrographs demonstrating the effects of density variation on 

macrostructure in isotropic specimens (a) 0.64 g.cm-3 (b) 1.32 g.cm-3. 
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(b) 
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Figure 5.4.13 Scanning electron micrographs demonstrating the effects of 

anisotropy on the macrostructure of specimens with similar densities (a) 1.32 g.cm-3 (b) 

1.14 g.cm-3. 
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Pore size 
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When considering the size of macropores within specimens from batches A, Band C 

(Table 5.4.10, Figure 5.4.l4), it can be seen that the mean and modal pore sizes 

increased with decrea ing density. Batch B specimens were also found to possess 

broader size ranges than the other batches (Figure 5.4.14a). This effect was particularly 

noticeable for the pore lengths (Figure 5.4.14b) but less distinct for the pore breadths 

(Figure 5.4.14c). 
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Figure 5.4.14 Variations in Endobon pore (a) ECD, (b) length and (c) breadth. 

Anisotropy and Pore Shape 

The degree of ani olrop) c hibited by pecimens from each batch in the longitudinal 

and transver c direction was as essed by measurement of the pore intercept lengths and 

pore orientation parallel to and perpendicular to the long axis of the cylindrical 

pecimen, re pectively, and plotting the results against pore orientation (where an 

orientation of either 0 or 180 indicate a pore aligned with the long axis of the 

cylindrical pccimen) a in Figure 5.4.15. These plots show that all specimens are 

transver ely isotropic (Figure S.4.ISa). However in the longitudinal direction Batch B 

specimen are highly anisotr pic (Figure 5.4.1Sb). 
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Figure 5.4.15 Average pore intercept lengths in the (a) transverse and (b) 

longitudinal direction, with orientation. 

Pore shape was assessed by measurement of the aspect ratio. Lower density specimens 

tended to possess pores with higher aspect ratios (Figure 5.4. L6). The variation in the 

orientation of the pores with the aspect ratio is represented in a polar plot (Figure 

5.4.17). This demonstrates the relationshi p between pore aspect ratio and alignment in 

Batch B specimens, such that the variation in the mean aspect ratio throughout the 

batches indicated that lower density specimens are more anisotropic in structure (Table 

5.4.10). 

Figure 5.4.16 

Figure 5.4.17 
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Connectivity 
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The connectivity of the porous structure (indicated by a decrease in the number of 

distinct pores in the cross-sections of specimens) was found to de.crease with density 

(Table 5.4.10). However, the influence of apparent density on the connectivity was less 

for anisotropic specimens than for isotropic specimens (Figure 5.4.18). 
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5.4.5 Mechanical Characterisation 

Endobon specimens with a wide range of apparent densities were selected for 

mechanical testing. Porous hydroxyapatite was generally found to fail in a manner 

typical of an elastic-brittle foam, exhibiting a linear elastic region followed by a 

collapse-plateau dominated by brittle fracture of the struts (Figure 5.4.19). 

Figure 5.4.19 
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However, the e act deformation behaviour and specific mechanical properties of 

individual pecimens wa highly dependent on the apparent density (Figure 5.4.20). 

Figure 5.4.20 a and b how that the relationship between the apparent density and 

ultimate compre ive tress, in the range of densities tested, could be described by 
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either an exponential (Figure 5.4.20a) or a quadratic (Figure 5.4.20b) relationship, as 

proposed by Ryskewitch (1953) and Gibson (1985; 1988) respectively. Regression 

analysis of the two relationships (Table 5.4. tl) indicated that the quadratic equation 

was more accurate at describing the experimental data, with a confidence level of 81 % 

as opposed to 77% for the exponential equation. 
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Figure 5.4.20 (a) Exponential and (b) power relationships between the UCS and 

apparent density of Endobon specimens 

Table 5.4.11 Relationships between mechanical properties and apparent density. 

Data Equation r Equation NO 

All ues daUJ. a = 0.42 e 2.6·fJ 0.88 (5.4.1 ) 

All ues data 0= 6.2 p2 0.90 (5.42) 

Isotropic ues data: 0= 6.7 p2 0.91 (5.4.3) 

Anisotropic ues data: 0= 5.9 p2 0.91 (5.4.4) 

Anisotropic ues data: 0=11 P - 4.3 0.90 (5.4.5) 

Isotropic Ec data: a =1.l p2 0.84 (5.4.6) 

Anisotropic E c data: a - 0.85 P - O.l 0 0.75 (5.4.7) 

Anisotropy was exhibited as a structure with a predominance of struts in the 

longitudinal djrection of the cylinder and was not found to have a marked effect on 

ues (Figure 5.4.21 a). The segregated data for both isotropic and anisotropic 

specimens could be described by quadratic equations (Figure 5.4.21 b, Table 5.4.11). 

However, Gibson (1985; 1988) predicted that specimens exhibiting the structure of an 

anisotropic open foam, tested in the longitudinal direction should be linearly related to 

the apparent density. This linear relationship was also found to be applicable to the data 

(Figure 5.4.21 c, Table 5.4.11). 
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Figure 5.4.21 Variation of ultimate compressive stress with apparent density and 
macrostructure 

The compressive modulus (Ee) was also found to be strongly related to the apparent 

density (Figure 5.4.22). As with the UCS the relationship between Ee and apparent 

density could be accurately described by a quadratic relationship, as predicted by 

Gibson (1985; 1988) for an isotropic open foam. 

Apparent Density (g.cm.,] ) 

Figure 5.4.22 Variation of compressive modulus with apparent density 

However, unlike the UC , the effect of anisotropy on Ec was more apparent, with a 

trend towards a reduced value of Be for anisotropic specimens at higher apparent 

densities (Figure 5.4.23a). 
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Figure 5.4.23 Variation of compressive modulus with apparent density and 

macrostructure 

Moreover, the segregated Ec data was found to behave as described by Gibson (1985; 

1988) with data from both isotropic and anisotropic specimens accurately fitting 

relationships predicted for open cell foams (Figure 5.4.23b, Table 5.4.11). 
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5.5 Discussion 

The characterisation of Endobon was split into three sections, chemical, structural and 

mechanical properties. The wide variation in all aspects of these materials properties 

made characterisation particularly complex. However, it was possible to draw some 

conclusions regarding the nature of the material. 

5.5.1 Chemical Characteristics 

In order to obtain sufficiently large powder "batches" for full analysis, a number of 

specimens were randomly selected and crushed to provide 7 distinct powder batches, 

EPI-EP7. As a result of subsequent analysis it was clear that there was variation in the 

levels of some ionic impurities (notably aluminium and carbonate) within each batch. 

Only two powders were successfully refined using Rietveld analysis (EP5 and EP7), 

notably these powders were composed of single specimens (20x20x40 mm blocks), it is 

therefore possible that the pooling of specimens may have led to mixing of powders 

with significant enough differences to contribute to the refinement difficulties. 

Unfortunately as a result of the minimal amount of powder obtained from the single 

blocks ICP was not perfonned on these powder specime(\s. 

Hydroxyapatite and bone mineral are known to accommodate a considerable range of 

lattice substitutions (Posner, 1969; Le Geros and Le Geros, 1993), therefore, due to the 

biological origin of the precursor material, it was expected that Endobon hydroxyapatite 

would contain some level of ionic substitution. However, the extent of ionic impurities 

detected were far in excess of the levels reported in the literature for commercially 

available and laboratory produced synthetic hydroxyapatite powders where a typical 

maximum level of a single ionic species is 0.3 wt% (Peelen et aZ., 1978; Denissen et aZ., 

1980a; Driessen et al.. 1982). Analysis of impurity levels assessed using XRF (Table 

5.4.2) and ICP (Table 5.4.3) indicated that magnesium and sodium impurities were 

consistently present at levels of 0.52 and 0.68 wt% respectively. These ions, which 

have been reported to substitute for calcium (Le Geros and Le Geros, 1993), are found 

in natural bone mineral and the levels of magnesium and sodium present in Endobon 

agree well with the reported levels of 0.44-0.55 wt% and 0.70-0.80 wt% for magnesium 

and sodium in bone-mineral (Mc Connel, 1973; Driessens. 1983; Aoki, 1991; Le Geros 

and Le Geros, 1993). Sodium substituted in the lattice is not believed to affect the 

dimensions of the unit cell. while magnesium substitutions have been reported to lead 
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to reduction in both the a and c axis length (Le Geros and Le Geros, 1993). This was 

not found to be true for the Endobon powders and no obvious trend was noted between 

the axis dimensions and the level of magnesium or sodium present (Figure 5.5.1a). 
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Figure 5.5.1 Variation in a-axis length with, (a) magnesium and sodium, and (b) 

aluminium impurity levels for powder EPl-4 

Generally, the unit cell dimensions calculated from XRD data for all powders (Table 

5.4.6) were shorter in the a-a is dimension and greater in the c-axis dimension than the 

theoretical values of 0.9423 and 0.6875 nm (JCPDS, 1980), with the exception of 

powders EPI and EP4 which possessed greater dimensions in both the a and c-axis. 

However, a number of other cationic impurities were also detected, and in conjunction 

with suspected carbonate ub titution, it is likely that the effects of individual ionic 

species were masked by the presence of other substituents, especially with such little 

variation in the level of ub tituent from one sample to another. 

Levels of alumina and iliea in exee s of 0.1 wt% were detected by XRF in some 

samples, however the variation in elemental silicon was not detected using ICP, the 

results of which indicated that silicon ions were present at a constant level of around 

0.01 %. Aluminium impurities were detected with fCP in two powder samples (EP4 

and EP6) at level of 0.016 and 0.007 %, compared with values of 0.003 % in the other 

samples. Aluminium ion ub tituted for calcium are reported to increase the length of 

the a-axi (Le Gero and Lc Gcro . 1993) and partial refinement of the XRD data for 

samples Pl -4 (Table 5.4.6, Figure 5.5.1 b) indicated that the a-axis of EP4 (0.9432 om) 

increased above the value of the other powders (0.9418-0.9426 om). This suggests that 

the large variation in aluminium content was not a result of external powder 

contamination in p wder sample EP4 and EP6, but that the aluminium present was 

substituted into the cry tallatlice. 
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Traces of strontium, zinc and barium impurities were also detected (Table 5.4.3) and, as 

for magnesium and sodi urn, these ions have been reported to be present in trace 

quantities in bone mineral (Mc Connel, 1973; Le Geros and Le Geros, 1993). Similar 

levels of zinc and barium were present throughout all analysed powder samples of 

0.015 and 0.013 wt%, re pectively. However, there was some variation in the 

strontium levels (0.02-0.06 wt%), but no correlation was observed between the lattice 

parameters and strontium, po sibly due to the interactions of the other ions present 

(Figure 5.5.2). 

0 'nis • I'n 
0 3\IS • 'r .. Ba • 

0.9·B5 065 ...... 09·B5 .020 ...... 

• 0 3 C 3 
0.9430 055 ] 09 .. BO • .018 ] 

.--. ::l ~ ::l . 

! 0.9425 C 
~ E C .016 -< 

) 045 ~ S 0 9425 • • • . Ol~ ~ v: Vl 

. ~ 0.9'+20 C • ... 
~ 0.9'+20 ~ ) 035 (1) • • (1) 

~ c - , C .012 :::.. '""'~ 
~ 0.9415 

.. 
~ 0.9'+15 • 025 • • • .010 • ;::;Q • (:i1 

0.9-1-10 .015 --- 0.9410 .008 '-' 
EP:! EP3 EPI EP4 EP2 EP3 EPI EP4 

Figure 5.5.2 Variation in a-axi length with, (a) strontium, and (b) zinc, barium and 

silicon impurity level for Po\ der EPI-4. 

The calcium to pho phor u ratio (Table 5.4.1), calculated from the results of the XRF 

analysis are all greater than the theoretical value for hydroxyapatite of 1.67. 

Considering the levels of ionic ubstituents present that are known to substitute for 

calcium, notably magne ium, odium and strontium (Posner, 1969; Le Geros and Le 

Geros, 1993), thi re ult uoge t that there may have been considerable loss of 

pho ph ate group .. However. the presence of a small peak at 37.40 in the XRD pattern 

indicates that there i orne aO pre ent. which is more likely to be the source of the 

elevated Ca: P ratio. 

The amOllnt of carbon detected within the Endobon powder speclmens was 

con iderably Ie, than i normally detected in bone mineral, which has been reported at 

levels of 1.6 wt% (Aok.i. 1991: Me onnel, 1973; Driessens, 1980; Le Geros, 1992). 

This is most likel duC' 10. of carb nate during the sintering process, which occurs at 

elevated temp ratures in a dry air atmo pherc (Knowles et al., 1994; Barralet, 1995). 

The carbon c ntcnt of powder ·ample EPI-4 was found to be dependent on the Ca:P 

ratio (Figure 5.5.3a) and the c-axi length (Figure 5.S.3b) which may indicate that 

Endobon-hydro yapatitc underg '~ B type carbonate substitution (Le Geros et ai., 
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] 968). Furthennore, the result of the successful refinement of EP7 indicated that there 

was considerable strain in the region of the phosphate tetrahedra, with a high value of 

7.075 for the distortion index, Knowles et ai.,(1994) reported values of 3-5 for material 

sintered between 102s-122YC. However, successful refinement of EPs determined 

that the O(H) occupancy was elevated (0.604 compared to a theoretical value of 0.5 

(Knowles et al.. 1994) and 0.495 for EP7) and the distortion index was calculated as 

1.89 suggesting that the region urrounding the phosphate tetrahedra is relaxed. This 

finding indicates that the OH site may have undergone substitution in preference to the 

P043- site. Furthermore, Hydrogen levels were stable at between 0.11-0.13 wt%, 

which is roughly 50% of the theoretical value of 0.20 wt% (see Appendix). Wang and 

Chaki, (1993) reported that dehydroxylation occurs in hydroxyapatite during sintering 

in a dry air atmosphere at temperatures in excess of 850-900°C, however the O(H) 

occupancy in EP7 wa only lightly reduced while being moderately elevated in EP5. 

This indicated that orne ubstitution must have occurred at the O(H) site, although the 

lack of significant variation in hydrogen content between the different specimens does 

not reflect the variation in carbon levels (Table 5.4.4). 
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Figure 5.5.3 Variati n in (a) a:P ratio and (b) c-axis with carbonate level for powders 

EPl-4 

Hence, these two ets of apparently conflicting XRD refinement results suggest that 

both A and B type carbonate may be occurring. This conclusion is confinned by the 

FT-IR pectra a th range of peaks between 1400-1550 cm-) in the Ff-IR spectra of 

EP 1 4 indicate the pr' ence of A and B type carbonate (Figure 5.4.2). Similar 

behaviour has been pre iou Iy reported by Vignoles (1984) and Barralet (1995) in 

sy tern with far greater levels f carbonate ubstitution. Vignoles proposed that B type 

sub tilulion only occurred after all the A ite were filled with carbonate (requiring 4 

wt% carbonale) whil' Barralet proposed that A and B sites were filled in equal 

proportion until half the A site were filled (requiring 2.45 wt% carbonate), from this 
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point he suggested that only B type substitution occurred. Since B type substitution has 

been observed in Endobon powders with carbonate contents of 0.04-0.09 wt% 

Barralets' mechanism seems the most suitable for description of the current data. 

However, the improved definition of the B type peaks in the FT-IR spectra for EP1, 

EP3 and EP4 suggest that carbonate is present primarily on the type A site at very low 

carbonate contents (>0.05 wt%) and B type substitution only occurs in the Endobon 

powder with higher levels of carbon content, as it becomes energetically favourable for 

both types of substitution to occur simultaneously. 

These results imply that during the production of Endobon from bovine cancellous 

bone, the natural apatite precursor was not converted to pure hydroxyapatite, but 

retained most of the ionic substituents found in bone mineral. The lack of significant 

levels of elements such as potassium might be expected as a result of the hydrothermal 

defatting procedure. during which some ions, weakly bound to the defective crystal 

surfaces, or present in the amorphous fraction of the inorganic element of bone. may 

have been leached out. Bone apatite is believed to be primarily B-type carbonate 

substituted (Le Geros and Le Geros, 1993). Loss of C032- from P043- sites is likely to 

have occurred during the sintering stage of production (Knowles et al., 1994) and the 

reduced levels of hydrogen indicate that OH- is also being lost (Wang and Chaki, 1993) 

it is therefore possible that substitution of C032- into OH- site occurs during this stage 

and some C032- is retained in the P043- site. Differences in the level of carbonate 

substitution may be due to variations in the amount of organic material removed from 

material with differing densities in the hydrothermal defatting procedure. This would 

lead to irregular atmospheric conditions during pyrolysis and sintering, where sintering 

atmosphere has been shown to affect the composition of the final product (Wang and 

Chaki, 1993; Barralet, 1995). The variation in levels of cationic substitutions could 

result from natural irregularities in the mineral content of individual bones as a result of 

environmental changes (such as diet, lifestyle and age) within the different sources of 

bovine bone (Rey, 1990). 

5.5.2 Structural Characteristics 

5.5.2.1 Micro-Structure 

Endobon was found to possess a highly crystalline structure, this is in disagreement 

with the findings of Saalfeld el al., (1994) who proposed that Endobon contained an 

amorphous fraction. This was due to an increase in pH observed in water containing 
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Endobon specimens. which was interpreted as the dissolution of an amorphous phase 

from the specimens. The results of the XRD on EPI-4 indicated that there was some 

CaO contamination within the specimens. it is likely that the increase in pH observed 

by Saalfeld et al .• (1994) was due to the dissolution of this phase. 

The grains were generally equiaxed in shape with a modal grain size of 1.35 J.1.m. This 

represents a significant change from the starting material. which would have been 

composed predominantly of poorly bonded bone mineral. with a plate or rod like 

morphology. approximately 2.5-5 x 20-35 x 40-50 nm or 2.5 x 5 x 25 nm respectively 

(Le Geros and Le Geros 1993; Posner 1978a). The change in size and morphology can 

be explained by considering the high interfacial energy possessed by a ceramic with nm 

sized acicular grains. By increasing the grain size and changing the grain morphology 

to a more equiaxed shape. the internal surface to volume ratio would be reduced, so 

decreasing the surface energy of the body. 

5.5.2.2 Micro-Porosity 

Using Archimedes' principle and gas porosimetry, Endobon specimens were found to 

have a real density of 3.01 - 3.04 g.cm-3, which equates to 95-96 % of the theoretical 

density of hydroxyapatite (3.151 g.cm-3, Barralet 1995), i.e. 4-5 % of closed 

microporosity. However. inspection of etched and polished cross sections of Endobon 

specimens indicated that the microporosity within the struts was, on average, 18 %. It 

was also apparent that the porosity fell into two groups; spherical pores < 3 J.1.m, and 

irregularly shaped or elliptical pores> 3 J.1.m. The fraction of the smaller « 3 J.1.m) 

pores agreed well with the value of porosity detected using conventional methods ( ... 

6%). Whereas, the fraction of the larger micro-pores was to: 12 %. This result indicates 

that the discrepancy between the direct observation and absorption techniques, results 

from the loss of the contribution by the larger (> 3 J.1.m) pores. Such a result would be 

expected if the larger micro-pores were inter-connected with each other and the macro

porosity, leading to water intrusion within the interconne'ted pore network, while the 

smaller micro-pores would remain isolated within the ceramic struts (Smith 1994). 

The location of < 3 11m pores on triple points and within grains indicates that they were 

formed during the sintering process, as a result of grain growth and coalescence 

respectively. In this case. the pores would be expected to be isolated from both each 

other and the external surface. Conversely, the size and alignment of the 10 11m 

elliptical pores suggest that these pores may be preserved osteocyte lacunae from the 

original microstructure of the bone, which are of a similar size, shape and distribution 
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in mature cancellous bone (Revell. 1986; Williams and Warwick, 1989). The 

irregularly shaped and randomly distributed 3-5 Ilm pores may be sections through 

preserved canaliculi. which in life provide a means of connection between the lacunae 

and the inter-trabecular spaces in living bone (Baud, 1968). 

5.5.2.3 Macro-Porosity 

Structural variation within individual bones due to the different loading conditions, and 

the effect of structural variation on the mechanical properies, are well documented 

(Wolff. 1870; 1892; Goldstein, 1987; Rice et at., 1988; Hodgskinson and Currey, 1990a 

and b; Snyder and Hayes. 1990). Whitehouse and co-workers (1971; 1974 a and b, 

1974) studied the structure of cancellous bone within the human verebra and femur and 

reported a series of different structural types. Similarly variation in structure from the 

bones of one individual to another have also been studied and found to depend on a 

series of interrelated parameters such as age, health, weight and activity (Currey, 1984). 

In order to reduce specimen variability resulting from the inherent variation in bone, 

Endobon blocks were screened for structural irregularity following conversion to HA 

and after the final product is cut from the converted blocks. However, as can be seen 

from Figure 5.4.3, there was still a considerable variation in the apparent density of the 

material. While all specimens exhibited similar basic structural characteristics to an 

open foam, with a three dimensional interconnecting network of struts and pores, some 

specimens also exhibited varying degrees of anisotropy which was particularly marked 

in low density specimens. This structural variation was reflected by changes in the 

macro-pore size. shape, orientation and connectivity. 

As expected the modal value of macropore equivalent circular diameter decreased with 

increasing apparent density (Figure 5.4.14a), however it was also evident that the lower 

density Batch B specimens had a broader range of macropore equivalent circular 

diameter~ than the other batches. This result may reflect the two populations of 

anisotropic and isotropic pores, furthermore, the distribution of Batch B pore lengths 

was bi-modal (Figure 5.4. 14b), while the distribution of pore breadths was mono-modal 

for all specimens with less variation in the modal value from batch A-B. These results 

indicated that a minimum modal pore size was maintained in the transverse direction 

for all bone structures, either isotropic or anisotropic (Figure 5.4. 14c). 

Anisotropy was found to be characterised by a variation in pore shape from round to 

elliptical)and the alignment of the long axis of the pores with respect to the long axis 

and transverse axis of the cylindrical specimen. More anisotropic structures possessed 
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pores with higher aspect ratios and more uniform alignment The variation in the 

average aspect ratio throughout the batches reflected the tendency of lower density 

specimens to be anisotropic in structure. i.e. for pore shape to be less equiaxed. This 

trend was also evident in the increased average angle of pore orientation (60°). which 

indicated that the pores of Batch B specimens were more closely aligned with the long 

axis of the cylindrical specimens. as compared to Batches e and A. both of which had 

average orientations of 45°. When considering Wolffs law (1870; 1892). which states 

that bone will remodel to meet its physical requirements with the minimum safe weight, 

it is not surprising that the low density material tended to be anisotropic as uniaxial 

loading will result in the production of lower density structures than isotropic loading to 

the same magnitude. This phenomenon was demonstrated by Whitehouse and Dyson. 

(1974) in the study of trabecular structure in the human femoral head. They found that 

open anisotropic structures predominated in low stress regions. while denser isotropic 

structures developed where stresses were elevated. 

The connectivity of a porous implant is believed to play an important role in 

encouraging tissue ingrowth (Eggli et al., 1988). Both the apparent density and the 

anisotropy appeared to affect this parameter. In anisotropic specimens. an increase in 

density resulted in an increase in the thickness of struts. rather than the number of 

struts. Hence in this case. connectivity was more strongly affected by the degree of 

anisotropy than the apparent density. Conversely. in isotropic specimens. connectivity 

was highly influenced by apparent density. where an increase in density was reflected 

by an increase in the number of struts (and hence the distinct number of pores in a cross 

section). rather than an increase in the thickness of the struts. 

5.5.3 Mechanical Characteristics 

In this investigation. an exponential relationship between ultimate compressive stress 

(UeS) and apparent density (Ryshkewitch. 1953) gave a significantly lower R value 

when compared to application of a quadratic relationship. which has been proposed for 

isotropic open engineering foams and isotropic cancellous bone (Gibson. 1985; Gibson 

and Ashby. 1988; Rice et al.. 1988). This finding is in agreement with the findings of 

Duckworth (1953) who studied Ryshkewitch's relationship using a number of porous 

ceramic systems and reported that the relationship became inaccurate for systems with 

> 50% porosity. Furthermore. specimens exhibited similar behaviour to an elastic 
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brittle foam (Gibson and Ashby. 1988). with a linear elastic region at low strains. 

followed by a collapse plateau due to failure of the individual struts by brittle fracture. 

The ability of the data for anisotropic specimens to fit both quadratic and linear ues 
relationships (S.1.1t. Table S.4.11). but to exhibit the predicted foam-like behaviour 

when considering the Ec. (Figure S.4.23. Table S.4.11). may be due to misalignment of 

the cell walls. and differences in cell wall thickness. From a study of specimen cross

sections. it is evident that the proportion of struts that were aligned with the long axis of 

the cylinder varied considerably from specimen to sPecimen (Figure S.4X!). although 

cell walls in high density. anisotropic specimens were thicker than comparative 

isotropic specimens. It is also possible that a slight change in the modelled and real 

structure of the anisotropic structures could account for this behaviour. The two 

different quadratic and linear relationships proposed for isotropic and longitudinally 

aligned anisotropic foams were due to variations in the modelled geometry and 

expected deformation behaviour (Gibson and Ashby. 1988), where anisotropic 

structures were considered as open honeycombs with uniformly aligned cells (Figure 

5.S.4a). However. in bone. the anisotropic cells range from aligned to staggered 

(Figure 5.S.4b) depending on the position and function of the bone. 

(a) (b) 

Figure 5.5.4 A simplified diagram of a longitudinal section through (a) Gibson and 

Ashby's model (1988) and (b) a more realistic model of anisotropic cancellous bone. 

In isotropic foams, Gibson and Ashby (1988) modelled the failure mode as the brittle 

fracture of transverse cell edges at strut junctions. while in anisotropic specimens, 

failure was due to the buckling and fracture of the longitudinal cell walls. 

Misalignment of the cell walls from the direction of loading would result in failure of 

anisotropic specimens by brittle fracture of the longitudinal cell walls at junctions with 

transverse struts, this effect would be more pronounced in structures such as in Figure 

5.S.4b and buckling would be inhibited by the staggered transverse struts. Furthermore. 

Gibson (1985) stated that only low density anisotropic hydroxyapatite specimens 

composed of thin struts would be expected to fail by buckling and fracture, as in higher 
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density anisotropic specimens, buckling becomes more difficult as a result of the 

thicker struts and failure will occur by brittle fracture initiated at defect sites on the strut 

surfaces and at junctions with transverse struts. Similarly. Gibson and Ashby (1988) 

modelled the linear elastic region in isotropic foams as the elastic bending of transverse 

cell edges on application of a compressive load. while in anisotropic specimens. the 

linear elastic region corresponded to the compression of the longitudinal cell walls 

when a load is applied in the longitudinal direction. The accuracy of this model will 

depend principally on the alignment of the longitudinal cells or pores as both models 

contain the longitudinally aligned struts. 
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CHAPTER 6 

IN VITRO PERFORMANCE OF POROUS 
HYDROXYAPATITE 

6.1 Introduction 

The osteogenic nature of synthetic. dense hydroxyapatite (HA) has led to great interest 

in its potential as a material for the augmentation of osseous defects. The similar use of 

low density HA. with its highly interconnected porosity. has also been advocated, 

particularly in cancellous applications where its structure more closely mirrors that of 

its host (Holmes et al., 1984). Furthermore, this structure invites the ingrowth of bone 

into the implant presenting a more securely fixed and integrated repair. However, 

although much work has been performed on the osteogenic cell response to synthetic, 

dense HA or HA coatings. (Best et ai., 1995; de Bruijn, 1993) little work appears to 

have been carried out on porous HA. as regards the reaction of cells to both the HA and 

the extensive interconnected macro-porosity. The purpose of this study was to 

investigate the response of human osteoblast-like cells to Endobon in vitro, with 

particular emphasis on the migration of the cells though the three dimensional porous 

structure. 
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6.2 Culture Materials 

6.2.1 Porous Hydroxyapatite 

Rectangular blocks of Endobon (E. Merck, Dannstadt, Germany), with a mean apparent 

density of 0.73 [0.11] g.cm-3, were supplied, with a square cross section with 

dimensions of approximately 15-20 x 15-20 x 40-45 mm. The cross section of these 

blocks was cut down to a side dimension of approximately 11 mm. Slices 

(approximately l.5 mm thick) were sectioned from the blocks ,using a Accutom-2 

(Struers, Glasgow, UK), to produce specimens with a square cross section with 

dimensions of approximately 11 x 11 mm, that would fit into 24-well culture plates 

with circular wells of 2 cm2 cross sectional area. Slices were then weighed using an 

. electronic balance (Ohaus. Cambridge, UK) and the dimensions taken from an average 

of 3 measurements on each side using a micrometer (Table 6.2.1). After measurement, 

the slices were washed in de-ionised water using a Sonorex TK-30 ultrasonic bath 

(Bandelin, Berlin, Germany), for 3 sets of 5 minutes, with a change of water each time. 

Slices were then allowed to air dry, before being autoclaved at 68.95 kPa pressure for 

10 minutes. 

Table 6.2.1 Details of Endobon Slices 

Slice ID Ma.lis Thickness Top Surface Apparent Density 

Number (g) (mm) Area (nun2) (g.cm-3) 

1 0.2464 1.87 131.0 1.00 
2 0.1491 1.92 106.1 0.73 
3 0.1474 1.68 132.4 0.66 
4 0.1540 1.83 131.5 0.64 
5 0.1323 1.59 109.3 0.76 
6 0.0855 1.59 106.7 0.50 
7 0.1278 1.63 133.6 0.59 
8 0.1130 1.32 112.2 0.76 
9 0.1162 1.10 127.9 0.82 
10 0.1039 1.21 109.3 0.79 
11 0.1223 1.37 125.8 0.71 
12 0.1102 1.34 110.6 0.75 
13 0.1313 1.30 127.8 0.80 
14 0.1089 1.28 124.6 0.67 
15 0.0957 1.33 104.8 0.69 
16 0.0950 1.31 103.3 0.70 
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All cells were cultured in 1 ml of culture media prepared by mixing the following 

reagents in the relevant quantities under sterile conditions at room temperature. Once 

combined. the medium was sterilised by filtration through 0.2 J.1m cellulose acetate 

filters (Sartorius. Sutton. UK) into sterile 20 ml bottles and stored at _20DC. This 

medium is hereafter referred to as DMEM+IO% FCS. 

Reagent Supplier Quantity Comments 

Dulbecco's modified Gibeo. Paisley UK 500ml With lOOOg.l ·1 

Eagle's medium (DMEM) glucose 

10% Foetal Calf Serum Gibeo. Paisley UK 50ml 

(FCS) 

1 M CSHlON203 Solution Gibeo. Paisley UK 10 ml Buffer 

(HEPES) 

Non-Essential Amino acids Gibeo. Paisley UK 5 ml Glutamine free 

(NEAA) 

10 000 units Penicillin and Gibeo. Paisley UK 5 ml In Saline 

10000 J.1g Streptomycin per 

ml Solution 

200 mM Glutamine Solution Gibeo. Paisley UK 5 ml In Saline 

L-Ascorbate acid Sigma. Poole UK 75 mg 

6.2.2.2 Balanced Salt Solution 

Earles balanced salt solution (EBSS) was prepared by mixing the following reagents in 

the relevant quantities. 

Reagent Supplier Quantity Comments 

Earles Balanced Salt Solution Gibeo. Paisley UK 1 Packet NaHC03 Free 

(EBSS) 

1 M CSHloN203 Solution Gibeo, Paisley UK 20ml Buffer 

(HEPES) 

De-Ionised water 980ml 

The reagents were combined. in a volumetric flask at room temperature and sterilised 

by filtration through 0.2 J.1m cellulose acetate tilters (Sartorius, Sutton, UK) into sterile 

500 ml bottles. 
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Phosphate buffered solution (PBS) was prepared by dissolving one PBS tablet (Sigma, 

Poole, UK), in 200ml of de-ionised water. Once prepared, the PBS had a pH of 7.4 and 

contained 0.01 M phosphate buffer. 0.0027 M potassium chloride and 0.137 M sodium 

chloride. The prepared PBS was sterilised by autoclaving at 68.95 kPa pressure for 10 

minutes. 

6.2.2.4 Trypsin Solution 

A 0.25% Trypsin solution was prepared by combining Trypsin (Sigma, Poole, UK) with 

PBS (prepared as above) supplemented with 20mM HEPES. 

6.2.3 Cell Lines 

Two types of cell source were used in this investigation. A pilot study was performed 

with human osteosarcoma cells (HOS TE-85), ECACC number 87070202, isolated 

from a tumour obtained from a 13 year old female. These cells have been shown to 

exhibit certain osteoblast-like characteristics (Tremollieres et al., 1992; Clover and 

Gowen, 1994). However, the immortalised behaviour of this cell line alters some 

aspects of its behaviour, particularly that associated with growth regulation i.e., 

proliferation and alkaline phosphatase activity, which renders them unsuitable for 

studies into these aspects of osteoblastic function (Hassager et al., 1992; Clover and 

Gowen, 1994). In this study passage numbers 10-12 were used. 

The main investigation was conducted with primary human osteoblast-like cells (HOb) 

isolated from the trabecular bone of adult femoral heads. removed during total hip 

replacement (Di-Silvio 1995). These cells, when grown in monolayer, have been 

shown to form mulitlayers , on confluence, with nodular formation at approximately 21 

days, and mineralization at 28 days (Di-Silvio 1995). These cells have been fully 

characterised and have been used without loss of phenotype upto passage 19 (Di

Silvio). In this study passage numbers IS-18 were used. 
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6.3 Methods 

6.3.1 Culture of Cells on Porous Hydroxyapatite Slices 

6.3.1.1 Sub-Culture and Passage of Cells 

The cells used in this study had all been stored frozen at -176°C in a suspension of 90% 

foetal calf serum (FCS) and 10% dimethylsulphoxide (DMSO). In order to ensure a 

viable culture, cells were washed, sub cultured and passaged, before being seeded on 

the hydroxyapatite slices. 

Frozen cells in 90% FCS, 10% DMSO were removed from the liquid nitrogen bank and 

thawed rapidly (in 2 minutes) to 37°C. 

Immediately on thawing, the cell suspension was diluted with 5ml of DMEM + 10% 

FCS, pelletted by centrifugation for 5 minutes at 2000 rpm and the supernatant 

aspirated. 15-20 ml of fresh DMEM+IO% FCS was then added to the cells (there were 

approximately 107 cells frozen in suspension), which were flushed through a Pasteur 

pipette to separate the cells into a homogenous single cell suspension. The cell 

suspension was then pipetted into a sterile 75 cm~ square areajlat bottom culture flask 

(Falcon, Oxford, UK.), which was incubated in a 37°C, 5% C02, 95% humidity, air 

atmosphere. . 

Once the cells had proliferated to form a confluent layer on the bottom of the flask, they 

were harvested by trypsinisation for seeding on the porous hydroxyapatite. The 

DMEM+ 10% FCS was aspirated, 5 ml of phosphate buffered saline (PBS) was added 

and the flask returned to the incubator for 2 minutes. The PBS was then changed and 

the culture incubated for a further 2 minutes. A 2 ml solution of 0.25% Trypsin in PBS 

and HEPES buffer was then added and the flask gently tilted to and fro to ensure 

complete coverage of the cells on the bottom of the flask; any excess fluid was 

removed. The cells were viewed using phase contrast microscopy (Olympus, London, 

UK.) until they became detached. 3 ml of DMEM+I0% FCS was then added 

immediately and the cells were removed from the flask surface using a plastic cell 

scraper (Falcon. Oxford, UK.). The cell suspension was flushed using a plugged 

Pasteur pipette in order to re-suspend the cells and any remaining cell aggregates were 

then removed by passing the resultant cell suspension through a 70 J..l.m pore,cell sieve 

(Falcon, Oxford. UK.). 
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The volume of the final cell suspension was measured with a pipette. 50 JlI of 0.4% 

Trypan Blue solution (Sigma, Poole. UK.) was then added to 50 Jll of cell suspension. 

The mixture was then placed in the central chamber of the haemacytometer, which had 

a known volume of 10-4 ml. Unstained cells that appeared within the measure grid 

were counted (Cv) and the viable cell concentration (Cd, of the original cell suspension 

was given by: 

Cc = Cv x 2 x 104 cells.ml-1 

Cell viability (%) was calculated using:

Cell Viability = ~; x 100 

6.2.1 

6.2.2 

where C l is the total number of cells (dead or alive) that appeared within the measure 

grid of the haemacytometer. 

The original suspension was then diluted to the appropriate cell density (2xl04, 4xl04 

or 8xl04 cells.cm-2), where a final cell concentration of 1.6x105 cells.ml-t gave a cell 

density of 8xl04 cells.cm-2 when plated out in a 24 well plate (wells of 2 cm2 area, 

excluding cell walls). After dilution. the suspensions were flushed using a Pasteur 

pipette to ensure DMEM+I0% FCS and cells were fully mixed before seeding of cells 

on hydroxyapatite slices. 

6.3.1.3 Determination of Cell Density for Culture on Porous Hydroxyapatite 

Human osteogenic sarcoma (HOS TE-85) cells were re-suspended in DMEM + 10% 

FCS at cell concentrations of 4x104, 8xl04 and 1.6x105 cells.ml-l. Six Endobon slices 

were placed in circular tissue culture wells (Falcon, Oxford, UK.) with a surface area of 

2 cm2 and 1 ml of cell suspension was added to each slice. Two slices were seeded 

with each concentration to produce cultures with starting cell densities as indicated in 

Table 6.3.1. Slices of each cell density were incubated for 24 hours and 72 hours in a 

37°C. 5% C02, 95% humidity air atmosphere. After culture, cells were prepared for 

scanning electron microscopy. 

Table 6.3.1 Details of specimens cultured with HaS cells 

Slice ID Nwnber 2 5 8 13 11 12 

Time in vilro (Days) 1 1 1 3 3 3 

Cell Density (cells.cm-2) 2xlO4 4xlO4 8xl04 2xl04 4xl04 8xl04 
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6.3.1.4 Culture of Human Osteoblast-like Cells on Porous Hydroxyapatite 

Human osteoblast-like (HOb) cells were cultured in DMEM + 10% FCS. Ten Endobon 

(E. Merck. Darmstadt. Germany) slices were placed in circular tissue culture wells 

(Falcon. Oxford. UK) with a surface area of 2 cm2. A cell suspension was prepared 

with a concentration of 1.6x105 cells.ml-1, Iml of which was added to each well. Cells 

were incubated on the slices as indicated in Table 6.3.2, in a 37°C. 5% CO2, 95% 

humidity air atmosphere. The culture medium was changed every 2-3 days. Mter 

culture, cells were prepared for light microscopy and scanning and transmission 

electron microscopy. 

Table 6.3.2 Details of specimens cultured with HOb cells 

Slice ID Numbers 1&3 4&6 7&9 10& 14 15 & 16 

Time in vitro (Days) 1 4 7 14 21 

Cell Density (cells.cm·2) 8xl()4 8xl()4 8xl()4 8xl()4 8xl()4 

6.3.1.5 Fixing of Cultures 

A 1.5% solution of glutaraldehyde (Robinson and Gray 1990a, Sabatini et al., 1963) 

buffered in 0.1 M sodium cacodylate (pH 7.2-7.4) was used to primary fix all cultures. 

The buffer was produced in a 0.2 M strength by dissolving 4.28g of sodium cacodylate 

(Agar. UK.) in 100 ml of de-ionised water and adding 12.5 M hydrochloric acid (BDH. 

Poole. UK.) drop-wise to the solution until the pH was lowered to between 7.2 and 7.4. 

A 3 % solution fixative was produced by the dilution of 25% glutaraldehyde (Agar, 

UK.) with de-ionised water. These reagents were prepared in advance and stored at 

4°C. The buffered fixative was then made up as required by mixing equal volumes of 

0.2 M sodium cacodylate buffer with 3% glutaraldehyde solution to produce a 1.5% 

glutaraldehyde buffered in 0.1 M sodium cacodylate (pH 7.2-7.4). Care was taken to 

ensure that the mixture had warmed up to room temperature before use (Robinson and 

Gray 1990a). 

Primary Fixation 

The cultures were transferred to a new well of the 24 well plate (Falcon, Oxford. UK.) 

taking care to keep the slices "cell side up". Iml of EBSS was carefully pipetted down 

the side of each well [not directly on the slices] and the plate replaced in the incubator 

for five minutes. This process was repeated a total of three times .. The EBSS was 

aspirated and replaced with 2 ml of 1.5% glutaraldehyde) buffered in 0.1 M sodium 

cacodylate (pH 7.2-7.4). The cultures were fixed for 3 hours at room temperature. after 

158 



CHAPTER 6 
METHODS 

which the fixative was removed and replaced with 1ml of 0.1 M sodium cacodylate 

buffer (pH 7.2-7.4). At this stage the under sides of the specimens were marked with a 

soft lead pencil for future reference. The specimens were then stored overnight at 4°C 

and one whole slice from each time point was processed for scanning electron 

microscopy (SEM). The second slice was divided in two, one half processed for 

transmission electron microscopy (TEM) and the other for light microscopy (LM). 

6.3.2 Scanning Electron Microscopy 

6.3.2.1 Preparation for Scanning Electron Microscopy 

After primary fixation, cultures were washed twice in 0.1 M sodium cacodylate buffer 

(pH 7.2-7.4) and dehydrated using a graded alcohol series (30%,40%,50%,60%,70%, 

90% and 96% industrial methylated spirits (BDH, Poole, UK.» with three changes at 

100 % ethyl alcohol (BDH, Poole UK) containing Na2S04 (BDH, Poole, UK.). 

Specimens were transferred to glass jars, and washed twice as before, but in 100% 

acetone (BDH. Poole UK). 

Specimens were desiccated using a Balzers C02 critical point dryer (Milton Keynes, 

UK.). The temperature of the critical point dryer chamber was then cooled to 17°C and 

pressurised before slowly replacing the air within the chamber with C02. When this 

proce dure was complete, the acetone was carefully drained off, making sure to keep 

the meniscus between the gaseous and liquid C02 above the slices in the specimen 

boat. Once all the acetone had been drained, the chamber was isolated for 45 minutes. 

The gas was then vented off and the chamber resealed. The temperature was then 

raised at a rate of 6°C.min-l to 42°C. The pressure was then reduced by slowly venting 

the C02 from the chamber. The specimens were then removed, mounted on SEM stubs 

with the use of carbon tabs (Agar, UK.) and sputter coated with gold for a period of 2-6 

minutes using a Balzers High Vacuum sputter coater (Milton Keynes, UK.). 

6.3.2.2 Scanning Electron Microscopy of Cultures 

This examination was performed using a JOEL WINSEM 6300 series field emission 

electron microscope. which enabled the use of low accelerating voltages (typically 1-5 

ke V). minimising the damage to the cells. Micrographs were taken at magnifications of 

X 20. to 3000 using Ilford FP4 Plus. 120 film (Agar. UK). 
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6.3.3. Transmission Electron Microscopy 

6.3.3.1 Preparation for Transmission Electron Microscopy 

Specimens for TEM were fixed as described in section 6.3.1.5 and stored at 4°C. Post

fixation was carried out directly before dehydration and processing through to resin. 

Post-Fixation of cultures for TEM 

The cultures were washed twice in 0.1 M sodium cacodylate buffer (pH 7.2-7.4) and 

then subsequently post fixed in 2 ml of a 1% osmium tetroxide solution (Agar, U.K.) 

buffered with 0.1 M sodium cacodylate (pH 7.2-7.4), which was carefully pipetted 

down the side of the well, and left for 1 hour at room temperature. The cultures were 

then washed twice in 2 ml of de-ionised water. 

Processing Through to Resin for TEM 

Specimens for TEM were dehydrated using a graded alcohol series (70%, 90% and 

96% industrial methylated spirits (BDH. Poole. UK.» with three changes at 100 % 

ethyl alcohol (BDH. Poole UK), - : dehydrated with Na2S04 (BDH, Poole, UK). 

Specimens were transferred to glass jars and allowed to incubate for a further 30 

minutes in 100% ethyl alcohol (BDH, Poole UK) at room temperature. An epoxy resin 

was prepared. based on a recipe proposed by Spurr (1969) but modified (Kayser, 1995) 

to increase hardness and pot life (Table 6.3.3). 

Table 6.3.3 Embedding resin modifications. 

Ingredient Standard Recipe (g) Modified Recipe (g) 

Vinyl Cyclohexene Dioxide (ERL· 4206) 10 10 

Diglycidyl Ether of Polypropylene Glycol (DER 736) 6 4 

Nonenyl Succinic Anhydride (NSA) 26 26 

Dimethylaminoethanol (S-l) 0.4 0.2 

After 30 minutes the absolute ethanol was aspirated and a 1: 1 mixture of the modified 

Spurr's resin and 100% ethyl alcohol (BDH, Poole UK) was introduced. The specimens 

were left uncovered overnight in a specimen rotator which allowed the alcohol to 

evaporate. The resin was aspirated and replaced with fresh resin which was allowed to 

infiltrate the specimens for a further 24-72 hours. Disposable embedding moulds 

(Agar, UK.) were prepared by filling a third of the mould with resin and allowing the 

resin to cure at 60°C for 18 hours. The specimens were placed in the moulds, cell side 

up, on the pre-cured resin (Figure 6.3.la), vacuum infiltrated for 3 hours with fresh 

resin and cured at 60°C for a minimum of 18 hours. 
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Once hardened (Figure 6.3.1 b), blocks were sawed in the longitudinal direction of the 

specimen (Figure 6.3.1c), into 0.5 mm thick sections. The sections were then trimmed 

using a razor blade and cut into 2-3 mm square fragments, such that each fragment 

contained a piece of cultured porous hydroxyapatite slice (Figure 6.3.1d). At this point, 

some fragments were additionally treated with a 50% aqueous solution of 

orthophosphoric acid for 30-60 minutes, in order to dissolve the ceramic)thereby 

improving the sectioning properties of the fragment (Figure 6.3.1 e). All fragments were 

washed in de-ionised water in an ultrasonic bath and cleaned with polypropylene. A 

few drops of fresh resin were pipetted into clean polyethylene capsules, taking care to 

ensure no air bubbles were introduced. The fragments were transferred to the capsule 

and allowed to sink to the bottom with the cultured surfaces oriented perpendicular to 

the axis of the cap ule (Figure 6.3. Lf). More resin was added until the capsules were 

two-thirds full and the whole assembly placed under vacuum for 2 hours before being 

placed, uncapped, in an oven at 60°C for at least 18 hours to cure. 
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Figure 6.3.1 Embedding of lices and preparation of resin blocks for microtomy. 
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The hardened, cylindrical blocks were then trimmed down with a hack saw (Figure 

6.3.1g) and if necessary further trimming was performed with a razor blade. The blocks 

were then ready for thin sectioning with an ultramicrotome (Figure 6.3.1h). 

Preparation of ultra-thin sections for TEM 

The blocks were mounted on a LKB UItratome III (LKB, Sweden) and the ceramic 

exposed by sectioning the resin with a glass knife. Once the surface of the ceramic had 

been exposed (indicated by shattering of the glass blade), a Diatome diamond knife 

(Reichert, UK) was fitted and 1-2 flm "semi-thin" sections made. The sections were 

floated out on de-ionised water (Figure 6.3.2b), collected and transferred to drops of 

water on glass slides and placed on a hot plate at 6O-70°C. As the water evaporated, the 

sections spread and adhered to the slide, once dry they were then stained with a 1 % 

Toluidine Blue solution (Raymond A Lamb, London, UK.) in 1 % Borax (BOH, Poole, 

UK.) (pH 11) at, 60-70°C. After 3-5 minutes excess stain was rinsed off and the 

sections were allowed to dry. Samples were then mounted in Canada balsam (Agar, 

UK.) prior to viewing with bright field illumination (Figure 6.3.2c). 
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Figure 6.3.2 Preparation of ultrathin ections for TEM. 
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Once an area of intere t had been identified, each block was trimmed using a razor 

blade t between 0.1 -0.5 mm2 to enable high quality sections to be obtained. After 
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levelling of the surface, "ultra-thin" (60-90 nm) sections either were cut directly from 

razor blade-trimmed sections (Figure 6.3.2.f), or in certain instances)some of the razor 

blade-trimmed blocks containing fragments that had not been treated with 

orthophosphoric acid during block preparation (Figure 6.3. Ie), were surface-treated 

with a drop of 33% hydrochloric acid solution for 1-2 minutes to remove the ceramic to 

a depth of 1-2 Jim (Figure 6.3.2e). Sectioning of fragment-treated and surface-treated 

blocks was much smoother than ceramic containing blocks. Ribbons of sections were 

produced rather than single sections, which were much easier to handle. As with "semi

thin" sections the "ultra-thin" sections were compressed during cutting, this was 

remedied by grouping ribbons with a hair probe, and then expanding the sections by 

exposing them to chloroform vapour. The ribbons or single sections were collected on 

cleaned copper grids that were covered with a support film and the assembly placed 

ribbon side up on c1ean\hardened filter paper in a petri dish to dry. The sections were 

double stained (Echlin, 1964) first with 2% aqueous uranyl acetate (BDH, Poole, UK.) 

for 10 minutes and then with Reynolds' lead citrate for a further 10 minutes (Reynolds, 

1963). Staining was achieved by floating the grids specimen side down on drops of 

stain that had been pipetted onto dental wax (Agar, UK). All staining was carried out in 

a blacked out, closed petri dish with pellets of sodium hydroxide around the sections in 

order to prevent degradation of uranyl acetate in the light and to remove carbon dioxide 

from the atmosphere, so preventing precipitation of lead carbonate (Figure 6.3.3). After 

staining, the grid were washed by repeated and rapid dipping in de-ionised water. 

They were then allowed to air dry on hardened filter paper in a closed petri dish. 

Sodium 
Hydro'.Jdc 

Pel I cts 

Lead Cilmle Ur.myl Acetate Pink Dental 
Wax 

Figure 6.3.3 A embly for taining of ultrathin sections for TEM. 

6.3.3.2 Transmi ion Electron Microscopy of Cultures 

Thi wa performed on a Philip TEM-CM12 transmission electron microscope using 

an accelerating voltage of 0 keY. Micrographs were taken at magnifications of x 3000 

to 30 000 using Kodak 4489 EM film (Agar, UK) 
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6.3.4 Light Microscopy 

6.3.4.1 Preparation for Light Microscopy 

After primary fixation, cultures were washed twice in 0.1 M sodium cacodylate buffer 

(pH 7.2-7.4) and dehydrated using a graded alcohol series (70%, 90% and 96% 

industrial methylated spirits (BDH, Poole, UK.» with three changes at 100 % ethyl 

alcohol (BDH, Poole UK), dehydrated with Na2S04 (BDH, Poole, UK.). Specimens 

were transferred to glass jars and allowed to incubate for a further 30 minutes in 100% 

ethyl alcohol (BOH, Poole UK) at room temperature. The ethanol was then aspirated, 

replaced with hard grade London White resin (LR Co. Basingstoke, UK) and the 

specimens infiltrated overnight. The resin was changed and the specimens left to 

infiltrate for a further 24 hours. Disposable embedding moulds (Agar, UK.) were 

prepared by mixing 1-2 drops of hard grade LR White accelerator, (LR Co. 

Basingstoke, UK) with 10 ml of hard grade LR White resin, and then filling a third of 

each of the moulds with the mixture and allowing it to cure. The slices were removed 

from the resin in which they had been infiltrated and placed in the prepared moulds on 

the pre-cured resin, cell side up. 20 rn1 of fresh hard grade LR White resin was mixed 

with 3 drops of hard grade LR White accelerator and added to the moulds. Hardening 

took appro imately 5-10 minutes and was carried out on ice to protect the cultures as 

the reaction was highly exothermic (Figure 6.3.4). 

~ Fresh Resin 

~ / Disposable 
Cultured Slice _____ 6_- I / Mould 

_p.'_ Ice 

Figure 6.3.4 Embedding of sections for light microscopy. 

Once hardened, resin blocks (Figure 6.3.5a) were trimmed and processed for light 

microscopy u ina the E akt cutting and grinding technique (Donarth, 1982; Rohrer et 

al., 1992). The re in block was trimmed (Figure 6.3.5b), so that the block could be 

sectioned tran versely with an Exakt diamond band saw (Medenex, Bath UK.) to 

produce thick (100-200 }lm) plane parallel sections (Figure 6.3.5c) and the section 

thicknes mea ured with a micrometer. The sections were mounted with Technovit 

7210 VCL precision adhe ive (Medenex, Bath UK.) on Plexiglas slides (Medenex, Bath 

UK.) with th u e of an Eakt vacuum-adhesive system (Medenex, Bath UK.), which 

ensured plan parallelism between the bonded and top surfaces of the section (Figure 
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6.3.5d). After polymerisation of the glue by blue wavelength light, the combined slide, 

glue and section thickness was measured and the slide and glue thickness calculated. 

The slides were placed in al\ Exakt microgrinding system (Medenex, Bath UK.) , 

consisting of a vacuum attachment that retained the slide, adjustable weights which 

controlled the grinding pressure and a water lubricated, diamond coated, circular 

grinding plate (Figure 6.3.5e). Adjustment of a micrometer attached to gold contact 

points allowed grinding to be stopped when the section had reached a predetermined 

thickness (calculated from the measured section thickness and the slide+glue thickness). 

Finer grinding was achieved with a series of polishing papers beginning with 800 grit 

(Medenex, Bath UK.) which has an average particle size of 22 Jun and finishing with 

4000 grit (Medenex, Bath UK.), which has an average particle size of 5 ]lID (Figure 

6.3.5f). Fine grinding was usually complete when sections had reached a thickness of 

10-20 11m. Sections were stained with a 1 % Toluidine Blue (Sigma, Poole UK.) 

solution in 1 % Borax (Sigma, Poole UK.) (Figure 6.3.5.g). 

Resin Block Band Saw 

ciJ 
TIimmcd Resin Block 

(a) (b) (c) 

Po6, hing P"P'" Gnnding Plale I Aeugh,' Slid, 

\ 

Thick Se"ion .. ' .. / 

+ ~ -..... w__-- ~ .. ,.... :: S!i? 
.",.,.,,.., ",.,., .. c:;::::;:x ,.,.,',.,.,',.,.,"',., --~-- t t 

(f) (e) (d) 

~'wecSti~ "." , Stained Section 

(g) 

Figure 6.3.5 Preparation of sections for light microscopy. 

6.3.4.2 Light Micro copy of Cultures 

This was performed on a Zeiss Axioskop microscope (Carl Zeiss, Oberkochen LTD. 

Welwyn Garden City, K) with a transmitted light source. Micrographs were taken at 

magnification of x 50 to 400. 
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6.4 Results 

6.4.1 Culture Trials with Human Osteoblast Sarcoma Cells 

Human Osteoblast Sarcoma (HOS) cells were successfully raised at concentrations of 

4.t>xlQ4, S.oxlQ4 and L6xl06 cell.t'Yl/-r on porous hydroxyapatite slices for periods of 1 

and 3 days (Table 6.4.1), with no instances of infection (or accelerated cell death) at 

either time point Toxic response was not observed. 

Time In Vitro 
(Days) 

1 
3 

Cell Densities (cell.cm-2) 
, ,2xl04 ,', 4xl04 "8xl04 

112 HOS 114 HOS 118 HOS 
3/2 HOS 3/4 HOS 318 ROS 

Table 6.4.1 HOS culture specimen parameters. 

6.4.1.1 Scanning Electron Microscopy 

1 Day Incubation Period 

In both the 112 and 114 HOS cultures groups consisting of 5-20 cells were observed 

randomly distributed on the surface, with instances of cell groups being more frequent 

in the higher concentration culture (Figure 6.4.1a). The appearance of the 118 HOS 

culture varied in that individual cell groups were not distinguishable from each other 

(Figure 6.4.1 b). 

Cell division was observed occurring in all 1 day cultures. (Figure 6.4.2). The cells had 

attached to the surfaces of the ceramic struts (Figure 6.4.2a), and were predominantly 

flattened in morphology, although some more rounded cells were also present (Figure 

6.4.2b). 

HOS cells were also observed extending their processes across the edges of some 

macropores (Figure 6.4.3a) and appeared to be bridging some of the smaller (50-

100~m) macropores (Figure 6.4.3b). 

The cells appeared to adhere in preference on the un-machined, smoother macropore 

surfaces rather than the cut surfaces of the hydroxyapatite slice which were almost 

uninhabited by cells (Figure 6.4.4a). 
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Figure 6.4.1 Distribution of cells on: (a) 112 HOS and (b) 118 HOS cultures. 

(a) (b) 

Figure 6.4.2 Dividing HOS cells after 1 day in. vitro demonstrating: (a) Flattened and 

(b) rounded morphologies. 
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(b) 

Figure 6.4.3 HOS cells after 1 day in culture: (a) Single cell bridging and (b) a group 

of cells invading small macropores. 

(a) (b) 

Figure 6.4.4 HOS cells demonstrating a preference for the smoother pore surfaces 

after incubation for: (a) 1 day and (b) 3 days. 
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Considerable cell division was evident after 3 days incubation, cells had achieved 

mono-layer confluency over the visible macropore surfaces in the 3/8 HOS culture and 

appeared to be migrating into the internal pores (Figure 6.4.5b). However, in both the 

3/2 and 3/4 HOS cultures, there were some regions in which the substrate could still be 

clearly seen beneath the cells (Figure 6.4.5a). 

There was a variation in the morphology of the cells in 3 day cultures. Non-confluent 

cells, "isolated" from their neighbours by the substrate in 3/2 and 3/4 HOS cultures 

were flattened (Figure 6.4.6a), while in the confluent regions present in all cultures, 

where cells were in continuous contact with each other, cells were more usually 

rounded. Moreover. there was evidence of a fibrous extra-cellular substance in some 

particularly dense regions of the 3/8 HOS culture (Figure 6.4.6b). 

As in the 1 day cultures the cells appeared to adhere in preference on the smoother 

macropore surfaces, this phenomenon was more pronounced as a result of the contrast 

in appearance between the highly populated macropore surfaces and the cut edges 

(Figure 6.4.4b). 
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(b) 

Figure 6.4.5 Distribution of cells on: (a) 3/4 HOS and (b) 3/8 HOS cultures. 

(a) (b) 

Figure 6.4.6 Variation in cell morphology (a) 3/4 HOS and (b) 3/8 HOS cultures. 
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6.4.2 Culture of Human Osteoblast Cells 
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Human Osteoblast (HOb) cells were successfully incubated on all porous 

hydroxyapatite slices at a concentration of 1.6x105 cell ml-1 for periods of 1, 4, 7, 14 

and 21 days with no instances of infection (or accelerated cell death) at either time 

points. Toxic response was not observed. 

Cell Density. 

(ceILcm-2) 1 

Time In Vitro (Days) 

4 7 14 21 

8xl04 118 HOb 4/8 HOb 718 HOb 14/8 HOb 2118 HOb 

Table 6.4.2 HOb culture specimen parameters. 

6.4.2.1 Scanning Electron Microscopy 

1 Day Incubation Period 

Observations for 118 HOb cells were identical to that of the 1/8 HOS cells, cells were 

evenly distributed over the smooth pore surfaces (Figure 6.4.7a) and had a flattened 

morphology (Figure 6.4.7b). 

4 Day Incubation Period 

Observations for 4/8 HOb cells were similar to that of the 3/8 HOS cells, with 

formation of confluent mono-layers and migration of cells into the porous structure 

(Figure 6.4.8a). However, unlike HOS cells some areas of surface ceramic were still 

visible allowing the close contact between the cells and macropore surface to be 

studied. There appeared to be a diffuse organic deposit associated with the ceramic 

surfaces in close proximity to cells and cell processes (Figure 6.4.8b). Extra-cellular 

matrix was observed in proximity to cells throughout the culture (Figure 6.4.9a), as was 

the production of vesicle-like spheroids (Figure 6.4.9b). Cells also appeared to be 

colonising the rough surfaces of some of the machined edges, where they demonstrated 

a preference for rough surfaces with crevices (Figure 6.4.9c). 

7 Day Incubation Period 

Globular deposits, associated with the extra-cellular matrix were detected in the 7/8 

HOb cell cultures (Figure 6.4.9.d). These cultures exhibited confluent multi-layers of 

cells on the uppermost smooth pore surfaces, and in-filling of smaller macropores and 

the formation of sheets of confluent cells was observed (Figure 6.4.10a). These sheets 

(Figure 6.4.1 Ob) bridged the larger macropores. a process hereafter referred to as 

capping. 
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(b) 

Figure 6.4.7 (a) Distribution and (b) morphology of 1/8 HOb cells. 

(a) (b) 

Figure 6.4.8 (a) Confluent mono-layer on upper pore surfaces of 4/8 HOb cultures and 

(b) ceramic surface in proximity to cells and cell processes in 4/8 HOb cultures. 
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(c) 

(b) 

(d) 

CHAP1ER6 
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Figure 6.4.9 Production of (a) extra-cellular matrix and (b) extra-cellular vesicles, and 

(c) colonisation of cells on a machined surface in 4/8 HOb cultures (d) granules 

associated with the extra-cellular matrix in a 7/8 HOb culture. 
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(b) 

Figure 6.4.10 (a) Example of cellular capping and (b) typical appearance of a cap upper 

surface in 7/8 Hob cultures. 

14 Day Incubation Period 

The regularity of the macropore capping increased on the 14/8 HOb cultures, as did the 

size of the capped pores (Figure 6.4.11). 

Views of "sections" of the confluent cell caps on the ceramic surfaces at the edges of 

cell caps were obtained as a result of cap tearing during the dehydration process due to 

cellular shrinkage. It was clear from these views that the caps were made of cell multi

layers (Figure 6.4.12a). Incomplete caps were observed on the larger pores which 

demonstrated that caps were formed by the apposition of cells from the pore edges into 

the centre (Figure 6.4.12b). There was extensive production of extra-cellular matrix by 

cells on the pore surfaces (Figure 6.4.13a) and cell caps. However, some of the cut 

surfaces were still un-colonised by cells (Figure 6.4. 13b). 

21 Day Incubation Period 

At this time point the regularity of cell capping continued to increase (Figure 6.4.14a) 

and there was extensive production of fibrous extra-cellular matrix on the upper 

surfaces, especially between the cells comprising the cell caps (Figure 6.4.14b). 
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(a) (b) 

Figure 6.4.11 Frequency of macropore capping at (a) 7 and (b) 14 days. 

(a) (b) 
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Figure 6.4.12 (a) "Sectioned" cell multi-layer, (b) an incomplete cell cap. after 14 days 

incubation. 
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(b) 

Fiure 6.4.13 (a) Extensive extra-cellular matrix formation on a confluent cell multi

layer and (b) cell-free cut surfaces after 14 days incubation. 

(a) (b) 

Figure 6.4.14 (a) Frequency of cellular capping. and (b) detail of extracellular matrix 

prodution around one cen. after 21 days incubation. 
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6.4.2.2 Transmission Electron Microscopy 

CHAPTER 6 
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Using transmission electron microscopy to study both decalcified and undecalcified 

sections it was evident that the general morphology of cells did not alter with time in 

culture (Figure 6.4.15) and that normal cellular activity was not inhibited by the 

presence of the ceramic (Figure 6.4.16). Cell multi-layers were detected on specimens 

that had been incubated for 7 days (Figure 6.4.15a) and occassionally surfaces devoid 

of cellular activity in the plane of the section were coated with an electron dense layer 

(Figure 6.4.17). 

Studies of the celVHA interfaces on both decalcified and undecalcified sections 

demonstrated the close relationship between the cells and the HA surface. The cells 

were observed in direct contact with the Endobon and appeared to mould themselves to 

fit the morphology of the surface (Figure 6.4.18). 

Surface roughness of the Endobon appeared to affect the bulk morphology of cells, 

those proliferating on the machined rough surfaces took on a more rounded appearance 

and did not appear to be well attached (Figure 6.4.19a). Similarly cells in crevices 

appeared to form 3 dimensional networks (Figure 6.4.19b), which correlated with the 

in-filling of small macropores observed using SEM (Figure 6.4.3b). In contrast, cells 

attached to the smoother macropore surfaces had a more flattened morphology and 

appeared well attached (Figure 6.4. 19c). 

TEM examination confirmed that the caps were composed of cell multi-layers (Figure 

6.4.20). Cap multi-layers (Figure 6.4.20a) and surface multi-layers (Figure 6.4.15b) 

also appeared to possess layers of extra cellular matrix between the cells. This matrix 

was also occasionally observed between cells and the Endobon pore surface (6.4.21). 
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(b) 

Figure 6.4.15 Morphology of HOb cells on the surface of an Endobon macropore after 

(a) 7 and (b) 21 day in culture. 

(E = Endobon) 
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Figure 6.4.16 Cell division occurring within a 14 day HOb culture. 
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1 pm 

Figure 6.4.17 Electron dense layer on Endobon surface in a 21 day HOb culture. 

(L = Electron Dense Layer, E = Endobon) 
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l~ 

Figure 6.4.18 HOb cell following the morphology of the Endobon macropore surfaces 

after incubation f r (a) 7 and (b) 14 days. (E = Endobon) 
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(c) 

1~ 
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Figure 6.4.19 H b cell after 14 days incubation on a variety of Endobon surfaces 

demon trating differing cell morphologies, (a) rough surface, (b) crevice and (c) flat 

surfac . (E = Endobon) 
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Figure 6.4.2 ection through cell caps in HOb cultures incubated for (a) 14 and (b) 

21 day. 
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Figure 6.4.21 Extra cellular matrix between HOb 14/8 cell and Endobon surface. 

(E = Endobon) 
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Figure 6.4.22 Cells proliferating (a) on the inner surface of the macro-pores and 

(b) within th> c ramic stru of Endobon pecimens after 7 days in vitTO. 

CE = Endobon) 
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Figure 6.4.23 (a) ell mutilayers on the smooth urfaces of the Endobon and (b) 

cell capping ov r th upp 'r macro-pore of Endobon specimens after 7 days in vitro. 

(E = Endobon) 
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6.4.2.3 Optical Microscopy 
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Thick sections through the ceramic slices revealed that cells were proliferating on the 

inner surfaces of the pores (Figure 6.4.22a) and within the dense struts of the ceramic 

(Figure 6.4.22b). 

Extensive cell multilayering was evidient on the upper surfaces of all cultures over 7 

days old (Figure 6.4.23a) and sections through cell caps were observed in 14 and 21 

day cultures (Figure 6.4.23b). 
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6.5 Discussion 

Previous assessments of the behaviour of porous hydroxyapatite in vitro have often 

employed the use of "standard" transformed cell lines. which are often derived from 

human sarcoma. foetal or animal tissue. as a result of the ease of attainment. the 

characterisation available in the literature and the ability of the cells to retain their 

phenotype irrespective of the passage. Such a cell line. TE-85. was used .. t in an initial 

pilot study on Endobon to ascertain the correct cell density. However. for assessment 

of the in vitro performance of Endobon. an un-transformed mature human osteoblast

like cell line was used. as the immortal characteristics of the transformed and sarcoma 

cells have been reported to effect some aspects of osteoblastic behaviour such as 

proliferation and alkaline phosphatase activity (Clover and Gowen. 1994). The mature 

human osteoblast-like cell line used in this work. has previously been characterised. and 

shown to exhibit osteoblast-like behaviour under the incubation conditions employed in 

this study (Di-Silvio. 1995). 

6.5.1 Acid Treatment of Blocks for TEM 

Three different routes were employed for the processing of ultra-thin sections for TEM 

(Figure 6.5.1). 

t Resin 
.,--------- DIock ------- Section 

Specimen 
Add 2 Resin 

Dissolution- DIock Section 

3 Resin Swface 
DIock - Treattnent -

Section 

Figure 6.5.1 Processing routcs summarised. 

This was due to problems encountered as a consequence of the direct sectioning of a 

polycrystalline ceramic (Figure 6.5.1 route 1). Sectioning was problematic, with the 

production of singlc sections which tended to stick to the knife. Furthermore. study of 

these sections revealed that many of the cells were found to be obscured by ceramic 

debris. produced as a result of fragmentation of the ceramic during sectioning. 

Washing of the ultra-thin sections in 50% hydrochloric acid for 2-3 minutes was found 
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to remove all the debris, however the integrity of the resin deteriorated. Moreover. 

fragmentation of the ceramic during sectioning invariably led to scoring of the resin 

embedded cells. Attempts were made to orient blocks in the ultramicrotome so that the 

cell layer would be cut before the ceramic. but as a result of the random position of 

cells on and in the porous ceramic some portion of the resin embedded cells was always 

scored. Therefore. some fragments were decalcified by treatment with orthophosphoric 

acid for periods of 30-60 minutes to dissolve away the ceramic before embedding in 

resin blocks (Figure 6.5.1 route 2). Sectioning was smoother (ribbons of sections were 

produced rather than single sections, which were easier to handle) and section integrity 

was good. However, as noted by Stevens et at., (1990) subsequent staining (with both 

toluidine blue and TEM stains) was poor. Location of the cell/ceramic interface was 

also difficult dming examination of these blocks. Treating the surface of trimmed resin 

blocks with a 33% hydrochloric acid solution for 1-2 minutes, before cutting of 

ultrathin sections, was found to be a more successful approach (Figure 6.5.1 route 3). 

This treatment only removed the ceramic to a depth of 1-2 !lm. which was adequate to 

cut 5-10 ultra-thin sections, and as a result of the reduced length of exposure to the acid. 

staining was not affected, moreover, a clear ceramic/cell interface was preserved. 

Table 6.5.1 Relative effectiveness of different processing routes. 

Processing Sectioning Resin Stain HA Scores HA 
Route Properties Inte~l·ity Intensity ~bris in Resin Interrace 

1 X ...J s::: X X ...J 

2 ...J X X ...J ...J X 

3 ...J " s::: " " " 
X Bad, "" Acceptable. " Good 

6.5.2 Culture Trials with Human Osteoblast Sarcoma (TE-85) Cells 

As a result of the high degree of porosity. it was necessary to carry out a series of trial 

cultures to determine a suitable cell "density". where density refers to the number of 

cells per unit area assuming the cells are seeded on a flat surface. High density 

cultures. where the cells arc rounded and multi-layered have been advocated by Hunter 

et a/., (1995) as these conditions are believed to be most like the in vivo environment 

and necessary for the production of a bone-like matrix. Faucheux et al .• (1994) carried 

out a series of in vitro experiments on Endobon. they used a cell density of 
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approximately 0.6 x 104 cells.cm-2 and placed 2 mm thick, 15.4 mm diameter Endobon 

specimens which were placed on an agarose layer within the cell culture dish to prevent 

migration of the cells from the specimen to the dish. In this study culture trials were 
seeded with cell densities of : .2 x 1()4, 4 x 104 and: .8 x 1()4 cells.cm-2 with the 

specimens being placed directly on the tissue culture plastic and incubated for periods 

of 24 and 72 hours. There was no evidence to suggest cell migration had occurred at 

either time point, thus the agarose was considered unnecessary. 

The irregular dispersion of cells on the macropore surfaces of the specimens seeded 
with cell densities of .2 x 1()4 (HOS 1/2) and 4 x 1()4 (HOS 1/4) compared to the ,_ 8 

x 104 (1/8 HOS) culture suggested that the latter cell concentration was more 

appropriate for the homogenous seeding of cells. Hunter et aI., (1995) demonstrated 

that a flattened morphology indicates that cells are well attached to a surface, therefore 

the predominantly flattened morphology of cells after incubation for 1 day on the 

Endobon was encouraging. Equally. the degree of cell division and possible production 

of a collagenous extra-cellular matrix after incubation for 3 days was promising, as this 

cell line has been reported to exhibit similar behaviour to osteoblast-like cells 

(Tremollieres et al., 1992. Kyeyune-Nyombi et a/ .• 1989). 

6.5.3 Culture of Human Osteoblast-Like Cells 

As expected. the behaviour of the HOb cells at 1 and 4 days was similar to that of the 

HOS cells at 1 and 3 days incuhation, except that cell coverage in some areas of the 4 

day HOb culture appeared less dense than for the 3 day HOS culture. with regions of 

ceramic visible at some points. This agrees with the observations of Clover and 

Gowen. (1994) who reported increased proliferation in TE85 HOS cells when 

compared to primary HOh cells. 

The activity of cells in the proximity of macropores was similar to that observed in the 

HOS cultures (Figure 6.4.3). This behaviour has previously been reported by 

Bagambisa and Joos. (1990) who studied the phenomenological behaviour of 

osteoblasts on 60-70% porous and dense hydroxyapatite. These authors suggested the 

cells migrated across macropores by the extension of long processes across the pore. 

that these processes attached to the opposite side and that the cell cytoplasm then 

flowed into the processes; so resulting in the spanning of pores by cell bodies. 

Bagamhisa and Joos. (1990) also reported the capping of macropores (Figures 6.4.10; 
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6.4.11) and suggested that this was achieved by a similar mechanism to single cell 

bridging. From the SEM observations made on Endobon this would seem to be true. 

The arrangement of cells in the incomplete caps in Figure 6.4.12b indicate that the 

pores are bridged by successive additions of cells to the cap edge and cell processes can 

be seen extending across the void. 

One of the most striking observations made on both types of culture was the appearance 

of the cells to avoid the machined surfaces of the ceramic slices. which possessed a 

greater degree of surface roughness. Even after 14 and 21 days of culture. when all 

other upper surfaces were covered in cell multi-layers regions of the cut surface were 

still exposed. In section, cells in direct contact with the smooth ceramic had a flattened. 

fibroblast like appearance. consistent with a well attached morphology. and were 

observed moulding to the ceramic surface (Figure 6.4.18). This observation was in 

distinct contrast to that of the cells on the rough surfaces. which were rounder and 

appeared to have less points of contact (Figure 6.4.19). This variation in behaviour 

suggests that the osteoblast-like cells migrated away from the rough surfaces to the 

smoother strut walls, where they were able to form more attachments. confirming the 

premise that the ability of a cell to attach to a surface defines the bioactivity of the 

surface (Bagambisa and Joos, 1990; Doherty et al .• 1994; Hunter et al .• 1995). 

Once conlluency was reached,multi-Iayers were formed on the surfaces and cells in the 

upper multi-layers (Le. not in contact with the ceramic) and within the cap multi-layers 

became more rounded. Extra-cellular matrix was identified within the cell layers (and 

occasionally at the cell/substrate interface). often in the proximity of rounded cells. 

Production of extra-cellular matrix seemed paIticularly intense in the 14 and 21 day 

cultures (Figure 6.4.20), this agrees with the findings of Faucheux et al., (1994) who 

repOlted a slackening of cell division at 10 days with production of extra-cellular matrix 

instead. Similar results were also reported by Di-Silvio (1995) in work using the same 

cell line as this study. 

Evidence of cell growth in the interior of the macropores from 7 days. would suggest 

that cells migrated into the interior of the ceramic, as well as producing confluent multi

layers over the uppennost surfaces and capping the macropores. However the sporadic 

nature of this internal colonisation, particularly deep within the ceramic. may indicate 

that this cellular activity resulted from some cells being washed into the interior of the 

ceramic during seeding. Alternatively. the variable nature of the ceramic structure 

could have lead to "direct" and "convoluted" pathways for cell migration. resulting in 
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the variable instances of internal colonisation. Faucheux et ai., (1994) also reported 

internal colonisation of Endobon specimens. 

Mineralisation of the extra-cellular matrix was not conclusively determined, although 

the production of matrix vesicles was detected in cultures from 4 days onwards, where 

matrix vesicles are believed to be closely associated with the mineralisation process, 

(Anderson et ai., 1980; Landis, 1981). Globular deposits, similar in morphology to the 

"crystals" reported by Courteney-HatTis et al., (1995) and the "granules" reported by 

Landis, (1981) were detected in 7 day cultures. However, most studies report 

conclusive evidence of calcification to occur in primary cell cultures between 21 and 28 

days of incubation (Courteney-Harris et al., 1995; Di-Silvio, 1995). 

Unlike many other studies of hydroxyapatite in vitro the visible surfaces of the ceramic 

did not appear to be completely coated with adsorbed proteins or inorganic precipitates 

(Bagambisa and Joos, 1990; Serre et al., 1993; de Bmijn, 1993). There was an 

indistinct deposit visible in the vicinity of cells and cell processes (Figure 6.4.8b), and 

an organic layer was detected on some surfaces where cells were not apparent in the 

section (Figure 6.4.17). This deposit may have been a form of adhesion protein 

secreted by cell processes which have subsequently moved (Bagambisa and Joos, 1990; 

Hunter et al., 1995). 
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IN VIVO PERFORMANCE OF 
POROUS HYDROXYAPATITE 

7.1 Introduction 

Having established that Endobon is able to support the proliferation of human 

osteoblast-like cells. In vivo studies were performed to assess the biocompatibility of 

Endobon when placed in an osseous environment. Much work has been conducted into 

the in vivo response of dense hydroxyapatite and hydroxyapatite coated implants 

(Denissen et ai., 1980b; Dhelt et at., 1991; Maxian et at., 1993), with few studies into 

the behaviour of porous hydroxyapatite in vivo. Many investigations which do assess 

porous hydroxyapatite fail to study the effects of variations in porosity on the bone 

ingrowth and implant integrity. 

This chapter details an investigation into the histological response to chemically similar 

porous hydroxyapatites (Endobon) with different degrees of porosity. 

Histomorphometric and biomechanical studies are also performed to assess the effect of 

bone ingrowth on the mechanical behaviour and fixation of the porous hydroxyapatite 

implants with time in vivo. 
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7.2 Materials 

7.2.1 Porous Hydroxyapatite Implants 

Specimens were supplied in the form of cylinders with a mean diameter of 0.458 

[0.006] cm and a mean length of 0.876 [0.040] cm (Figure 7.2.1). On receipt. apparent 

densities were calculated for all Endobon specimens. (Chapter 5, Sections 5.2.2 & 

5.3.2) In order to r duce int -implant variability, Endobon specimens for implantation 

were resu'icted to those of "femoral origin" only. Specimen selection for implantation 

was then limited further to those that fell within three distinct apparent density groups 

(Table 5.4.7). Th groups wer d signated Batch A, C and B after the radio-opaque 

classification initially given to the specimens by workers at Merck. (Chapter 5, 

Section 5.2.2). All specimens were filed down to a length of 0.655 [0.058] mm with a 

diamond file and heat terili ed before implantation. The average densities and density 

di tribution for the elected implants for implantation are given in Table 7.2.l and 

Figure 7.2.2, respectively. 

Figur 7.2. 1 Typical End bon p cimens, centre specimens filed for implantation. 

of implant batches (g.cm-3). 

Dcn~ily R;lIlge 
Mean [ IandanJ De iationl 

P pulalion 

Balch B 

0.51 - 0.68 
0.61 [0.04] 

39 

BalCh C 

0.86 - 0.96 
0.90 (0.03] 

10 

Balch A 

1.09 - 1.29 
1.18 [0.06] 

28 
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Figure 7.2.2 Density distribution of Endobon implants. 

7.2.1.1 Sterilisation of Implant Specimens 

15m1 glass test-tubes were cleaned and degreased using Hibiscrub and acetone in an 

ultrasonic bath, rinsed with de-ionised water and dried at 70°C. Specimens were placed 

inside the test tubes, the ends of which were then sealed with aluminium foil (see 

Figure 7.2.3). 

Endobon Specimen 

Figure 7.2.3 Implant sterilisation assembly. 

Sterilisation was performed by placing the assembly into a clean furnace, which was 

then ramped at a rate of 5°C per minute up to 200°C and held at temperature for 40 

minutes. The specimens were then allowed to cool to room temperature in the furnace. 

Once coo), a tight fitting rubber cap was placed over the aluminium foil to protect it 

whilst in tran it to the operating theatre. 

7.2.2 Animal Model 

All implantations were carried out on 6 month old New Zealand White rabbits of mixed 

sex. Implanl were placed in the distal end of the right femur. This site was selected as 

it presented the large 1 volume of load bearing cancellous bone within the animal. 

After operation animal were isolated in a recovery room overnight. They were 

sub equenUy k pt in open pens in groups of 5-6 and allowed full use of the knee. 
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Zero time points were obtained from trial implantations. Histology was also performed 

at this time point in order to assess the extent of bone pushed into the implant during 

the operation,to provide a base line for later histomorphometry. The most exhaustive, 

study was carried out with the low density specimens, where implants were initially 

scheduled for 5 weeks, 3 months and 6 months. However, as a result of problems with 

some animals developing skin necrosis around the external wound site (not near the 

implant), these animals had to be prematurely killed. This action resulted in a number 

of specimens available for mechanical testing at 10 days, therefore low density 10 day 

histology animals were added to the schedule. Two animals from different low density 

time points independently died at three weeks of natural causes (one had a lung 

infection, the other appeared healthy), and these were assigned as an extra histology 

time point. Having resolved the problem with the skin necrosis (detailed later), there 

was only one fatality in the other density implant groups. However, two implants were 

excluded from mechanical testing as a result of infection at the site of implantation 

resulting in pathological arthritis. 

Table 7.2.2 Implant densities and time points. 

Apparent Density 

Where: 

10/365 = 10 days 

3/52 = 3 weeks 

5152 = 5 weeks 

3/12 = 3 months 

6112 = 6 months 

(g.cm -3) 

0.507 [0.104] 
0.614 [0.042] 
0.666 [0.024] 
0.598 [0.040] 
0.902 [0.036] 
1.222 [0.049] 
0.614 [0.056] 
1.174 [0.064] 
0.610 [0.039] 
1.169 [0.046] 

In Vivo. 

Survival Time 

010 
10/365 
3/52 
5152 
5152 
5152 
3/12 
3/12 
6112 
6112 

Number of 
intact retrievals 

3 
9 
2 
9 
9 
9 
7 
9 
8 
10 

Numbers in square parenthesis are standard deviations. 
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7.3 Methods 

7.3.1 Implantation Procedure 

All implantation operations were carried out at the Royal Free Hospital School of 

Medicine, Hamp tead. Trial implantations were carried out under the supervision of 

vi itor from E. Merck, in order that the surgeons became familiar with the equipment 

and procedures before beginning the project. During this it was discovered that 

Endobon specimens should be of a maximum length of 6-7 mm to reduce the amount of 

bleeding from the marrow cavity. It was also recommended that implants, when fitted , 

should sil below the sub hondral plate. All operations were carried out by the same 

two urgeon . 

Eplph , I 
Grc)\\ th PI a Ie 

(a) 

(b) 

Heat Sterilised Porou 
HydroxyapaLite Cylinder 

Distal End 
of Femur 

inure 7.3 .1 P 'iti n f Implant within the distal end of the femur (a) magnetic 

res lIan . image fr m a r -tric cd knee (b) chemati diagram identifying key point . 
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Initially there was concern that specimens with very low apparent densities would 

crumble during the press fitting stage of the operation. However, this was not found to 

be a problem during a trial implantation during which specimens with an apparent 

density of 0.514 g.cm-3 survived the process intact. Implantations were carried out in 

the following manner:-

7.3.1.1 Location of Implant Site 

An approximately 40 mm long medial skin incision was made centred over the femoral 

condyle. This incision was oriented in a vertical direction for the resting rabbit. Loose 

dissection was used to release the skin from the underlying soft tissue and to reduce 

post operative adhesions. The joint capsule was incised parallel to the patella on the 

lateral side. The knee was extended and with gentle manual pressure the patella was 

dislocated medially and the knee again flexed. 

In three operations the skin was incised on the lateral side to enable easier observation 

of the wound. However in all three cases, severe skin necrosis developed and the 

rabbits had to be terminated prematurely. 

7.3.1.2 Removal of Bone Plug to Create Hole For Implant 

The desired position was marked using a stainless steel hammer and circular punch, 

thus cutting through the cartilage to the sub-chondral plate. A hole approximately 6 

mm in depth was drilled using a 4.5 mm external diameter, diamond tipped trephine 

and a compressed air powered drill (Figure 73.2a). During drilling, the centre of the 

hollow trephine was kept lubricated with sterile saline fed through the drill and the hole 

depth was monitored using the millimetre graduations on the side of the trephine. The 

trephine was removed with the drill running in reverse and sometimes the plug of bone 

would be removed with the trephine, but more usually it required separate removal. 

The punch, which had three internal spines, was reintroduced into the trephined hole 

using gentle taps with the hammer. The trabecular bone at the base of the hole was 

fractured using a sharp twist of the punch, which was then withdrawn, removing the 

piece of bone. The depth of the hole was checked using a measuring rod with 

millimetre graduations and if less than 6 rnm deep, at the shallowest point, then bone 

removal with the punch was repeated, with or without further drilling as required. 

197 



CHAPTER 7 
THE IN VWO PERFORMANCE OF POROUS HYDROXY APATITE 

(a) 

(b) 

igure 7 .. 2 Implantation pro e dure: (a) drilling of defect (b) inserted specimen. 
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The Endobon specimen was gently tapped into the defect using a metal tipped nylon 

rod and a hammer, where the nylon end was against the implant and metal end 

presented to the hammer. When in position the surface of the implant was shaped to fit 

in with the profile of the surrounding articular surface using the side of the nylon rod. 

Any debris or fractured pieces of Endobon were washed away with sterile saline 

(Figure 73.2b). 

7.3.1.4 Closing Up 

The knee was then straightened, the patella relocated and the capsule sutured using 

interrupted sutures. The skin incision was initially closed with either interrupted 

sutures or skin clips. Later this proceedure was revised to reversed interrupted sutures, 

where the knot fell on the inside of the wound after stitching. The latter method was 

used as this prevented unravelling, or pulling out of stitches or skin clips, which 

resulted in tears in the skin (especially with the skin clips) making subsequent 

resuturing difficult Initially there was also some difficulty with healing and in some 

cases the wound became necrotic and rabbits had to be terminated prematurely. This 

result was found to be due to a poor tolerance to silk sutures by the rabbits, which was 

remedied in later operations by the use of Vicryl sutures on the !xternal Med i al wound 

and PDS monofilament sutures on the internal l&~e.ral wound. No further 

complications were then experienced. 

7.3.2 Fluorochrome Labelling 

Rabbits selected for labelling were injected subcutaneously in to the loose skin at the 

back of the neck on three consecutive days of each designated week. (Table 73.1) 

Table 7.3.1 Auorochrome labelling protocols 

Label Concentration Dosage 

Tetracycline 20mg ml-1 0.5 mg kg -1 

Calcein Blue 50mg ml -1 0.2 mg kg -1 

Alizarin Red 30mg ml -1 0.5mgkg -1 

Calcein Green 30mgml-1 0.5 mg kg -1 

101365 = 10 days and 5152 = 5 weeks in vivo. 

Days Injected After Operation 

101365B 

6,7 

5152B 

6,7,8 

14,15,16 

21,22,23 

28,29,30 

5152 A and C 

13,14,15 

20,21,22 
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7.3.3 Retrieval of Implants 

Implants were retrieved after periods of 10 days, 3 weeks, 5 weeks, 3 months and 6 

months. Rabbits were terminated by injecting an overdose of anaesthetic 

(HyprorrnlDiazepam) and the distal end of the right femur was dissected out. In some 

cases the left femur and left and right patellae were also removed. The appearance of 

surrounding tissue, the extent of healing undergone at the site of implantation, the 

mobility of the joint and any other abnormalities were noted. 

7.3.3.1 Bone Dissection and Storage 

After termination, the distal end of the operated femur was completely removed and all 

soft tissue was stripped from the bones. Specimens for histology were trimmed and 

placed immediately in formal alcohol fixative (70% ethanol). Specimens for 

mechanical testing were wrapped in cotton swabs soaked in deionised water and stored, 

frozen at _20°C. Deionised water was used rather than Ringers solution or sterile saline, 

as the latter two have been reported to have a dehydrating effect when in contact with 

frozen bone (Wall etal.,l970). 

7.3.3.2 Location of Implants Post-Retrieval 

Radiographs 

In order to properly locate the implants to aid the accurate dissection for histological 

and mechanical specimens,radiographs of the distal end of the operated rabbit femora 

were taken in two directions (longitudinally and transversely). The settings for correct 

exposure were: 50 kV and 30 rnA for 0.25 s. However implants from Batch B (low 

apparent density) were difficult to image due to insufficient contrast between the 

mineral of the surrounding trabeculae and the porous implant. 

Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) was adopted as an alternative to taking radiographs 

of Batch B implanted specimens. MRI images are built up as a result of the presence of 

hydrogen ions in soft tissue and blood. It was therefore necessary to soak the 

specimens in deionised water at 4°C for at least 48 hours before scanning to ensure a 

clear image. Specimens were then towel dried and placed in sample presentation coil. 

A low resolution preliminary scan was made to determine the relative position of the 

bones within the coil and the implant within the bone. Each scan consisted of a series 

of images of consecutive "slices" through the bones. The slices were constrained to be 

at least two millimetres apart to avoid signal interference, so it was important to ensure 
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that they intersected the implants correctly. A maximum of 50 slices could be made 

over the length of the presentation coil, allowing three bones to be scanned at once. 

When the bones were correctly aligned, a high resolution scan was initiated, which took 

3-4 hours depending on the length of the echo time. Two scans were performed on the 

specimens, each with a different length of echo time (either 24 or 48 ms). This 

parameter affected the contrast of the image and thus the information it yielded. The 

two different echo times chosen resulted in scans which always showed the position of 

the specimen within the bone. However the shorter time produced the clearest images, 

which were found to show the precise position of the implant within the bone. 

7.3.4 Histology 
Histology was performed on at least two implants from each time and density point. 

Implants for histology were selected randomly from the group of surviving rabbits, 

except in cases where knees were "arthritic" or rabbits had been labelled 

subcutaneously with fluorochromes. All sections were prepared at the bone 

laboratories of the Histopathology Department at The Royal Free Hospital School of 

Medicine. 

7.3.4.1 Section Preparation 

The operated femora of the rabbits selected for histology from each time or density 

point were trimmed in a manner that left the distal condyle intact and then fixed in a 70 

% dilution of ethanol and formaldehyde immediately after dissection of the femur from 

the rabbit. All femora, fluorochrome labelled and unlabelled,were fixed in formal 

alcohol for a period of 4 days. Mter fixation, the tissue was dehydrated and embedded 

in Technovit resin. The resin blocks were then processed through to semi-thin (5-10 

pm) sections using the Exakt technique (Donarth, 1982; Rohrer et al., 1992). A 

detailed description of this process is given in Chapter 6 (63.4.1). Sections were all cut 

parallel with the longitudinal axis of the implants, with the exception of the top and 

middle 6112 sections, which were cut in the transverse direction (the bottom of these 

implants was sectioned longitudinally). 

At least one section from each implant was stained with toluidine blue. Where animals 

had been labelled with fluorochromes, one section was left unstained for fluorescence 

rrucroscopy. 
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7.3.4.2 lIistolo~ 

Stained sections were studied with the use of a Zeiss Axioskop optical microscope. 

Sections were studied under normal, plane-polarised and A-polarised transmitted 

illumination at a range of magnifications (x 12.5-10(0). After staining with toluidine 

blue, micro copic features appeared as indicated in Table 7.3.2. 

Table 7.3.2 Colour of microscopic features after staining with toluidine blue. 

Histological Feature 

Osteoid . cams 
Cement lines 

CalCIfication front 

Cell nuclei 
Cell Cytoplasm 

Endobon 

7.3.4.3 Histomorphomet ry 

Colour 

Light blue 

Bright Purple 

Dark, granular purple 

Dark blue/purple 
Light blue 

Dark, granular grey 

Histomorphomet ry was performed on micrographs taken at a magnification of x 25. A 

series of photographs were taken of each section. These photographs were then taped 

together to form a collage of the whole section (Figure 7.3.3a). Each collage was then 

split into 9 zones (Figure 7.3.3b). Histomorphomet ry was performed on each of the 

lones to build up a map of ingrowth variation within each section, as well as to obtain 

average values for the sections, as grouped in time and density points. 

(a) (b) 

Figure 7.3.3 (a) Collage of micrographs to give whole implant section. 

(b) Histomorphomet ry zones. 

Percentage of Bone Ingrowth 

The percentage of bone ingrowth was measured for each zone with the use of a Weibel 

grid (Weibel and Elias. 1967). composed of 42 points, which was placed over the 

appropriate part of the collage (Figure 7.3.4). 
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Weibel Grid 

Figure 7.3.4 Measurement of bone ingrowth with a Weibel grid. 
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A "hit" for bone ingrowth (HBI) was then scored where ever a point fell over an area of 

bone and the absolute percentage of bone ingrowth within the whole zone (AZBI) was 

calculated using equation 7.3.1. 

i=42 

L (HBI;) 
i=l 

AZBI = 42 x 100 (73.1) 

The absolute percentage of bone ingrowth within the whole section (ASBI) was the 

mean of the values for the nine zones (equation 7.3.2). Similarly a value for the amount 

of ingrowth within the deep end of the section was given by the mean of zones 7-9 

(Figure 7.3.3b). 
i=9 

L (AZBI;) 

AS i=l 
Bl = 

9 
(7.3.2) 

However, in order to convert these results into a volume term representative of the 

whole implant (A V sd, the volume percentage of ingrowth within the superior 

(AVSUpSI, equation 7.3.3), medial (AVMedsd and deep (AVDeepsl) regions of the 

section were calculated, using an expression derived from the cylindrical geometry of 

the implant, and an average of these three values was taken (equation 7.3.4). 

4-( AZSI J ) + (AZBI2 ) + 4-( AZBI3 ) 
AVSupSI= . 9 

AVBI = (AVSUPBI + AVMedBI + AVDeepBI ) 
3 

(73.3) 

(7.3.4) 

These mea urements were adequate for the comparison of the amount of ingrowth 

between different zones within the same implant, and different implants with the same 

apparent density. However, ab olute values could not be used to compare the amount 
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of ingrowth within implants of varying apparent density as the relative amounts of pore 

space available for bone ingrowth had not been taken into account. In order to correct 

for this effect, the absolute percentage of Endobon within each zone (AZHA) was 
~ 

calculated using equation 73.5 from measurements made by "point counting technique 

adopted for the bone ingrowth. 

i=x 

~ (HHAi) 
AZ - i=l x 100 HA- 42 (73.5) 

The value obtained from equation 73.5 was then substituted into equation 73.6 and the 

absolute percentage of pore space available for bone ingrowth within each zone (AZps) 

was calculated. 

(73.6) 

The relative percentage of bone ingrowth within a zone (RZBI) was then given by 

equation 73.7. 
i=x 

~ (HBIi) 
i=l 

RZBI = 42 
100 x-

AZps (73.7) 

The relative percentage of bone ingrowth within the whole section (RSBI) and whole 

implant (RVBI) was calculated as before (equations 73.8 -73.10). 

i=9 

~ (RZBIi) 

RS ;...i=-=..l __ _ 
BI =- 9 

4{RZBI 1 ) + (RZBI2 ) + 4{RZBI3 ) 
RVSUPBI= 9 

RV BI = (RVSUPBI + RVMedBI + RVDeepBI ) 
3 

(73.8) 

(73.9) 

(73.10) 

The accuracy of this method was verified by calculating the absolute volume 

percentage of Endobon within each implant (A V E). This value was then converted into 

a calculated apparent density (ADcalc) using equation 73.11, where RDstruts is the real 

density of the struts. 

RD 
ADcalc = AVE x lOOts (73.11) 
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The value of calculated apparent density were then plotted against the values of 

measured apparent density (ADmeruJ 

Coverage of Bone Ingrowth 

The coverage of the bone ingrowth on the implant surfaces within each zone \\ as 

measured by placing a Merz grid (Merz and Schenk 1970) over the appropriate part of 

the collage (Figure 7.3.5). 

II 
D 

Endobon 

Sone lngrmvth 

D I ntcr Trabecular Spaces 

Mer!. Gnd 

Figure 7.3.5 Measurement of bone coverage with a Men grid. 

A "hit" for bone coverage (Hsd wa scored where a line intersected a bone:Endobon 

interface. imilarly a hit for Endobon surface (Hc.s) was scored where a line 

inter ected either a bone:Endobon interface or a bone:trabecular space interface. The 

percentage of Endobon surface covered by bone ingrowth within the zone (Zse) was 

then given by equation 7.3.12 and the value of bone coverage for the whole eClion 

(S Bd wa calculated as the mean of all the zone values (equation 7.3.13). 

~ (Hac;) 
1=1 

ZB = 
J=) 

x 100 (73.12) 

L (Hc.sj) 
J=1 

i=9 

L (Zsc;) 
1=1 

BC= 9 
(73.13) 

As with the bone ingrowth, the area percentage of bone coverage for individual 

implants (A B ) wa calculated by determining the area percentage of coverage within 

the superi r (A uPBC, equation 7.3.14), medial (AMedBe) and deep (ADeeps ) 

r'gion of the cction, u ing an expression derived from the cylindrical geometry of the 

implant. and tak.ing an average of these three value (equation 7.3.15) 
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A uPB 
4(ZB J ) + (ZB 2 ) + 4(ZBC3 ) 

= 9 
(7.3.14) 

AS 
= (A uPBC + AMedBc + ADeepBc ) 

3 
(7.3.15) 

7.3.4.4 Appo ition rat 

luor chrome label are bound to ites of active bone depo ition hortl after 

admini tration (Teitelbaum and Nichola, 1976). This enables identification of bone 

de po it d at different point in time a the labelled bone fluore ces a characteri tic 

colour dependent on the label admini lered and the filter employed when viewed under 

ultra- iolet light (Table 73.3). Hydroxyapatite wa found to fluoresce weald with the 

IT 02 filter and appeared white. All other feature did not fluoresce and were 

therefore not i ibl . With the IT 09 filter only three of the labels fluore ced, all 

oth r fealur (including the hydroxyapatite) were not vi ible and appeared black. 

Tabl 733 lied bone under different filters. 

Ruorochrom 

Label 

T 1m ')chn 
Calc In Blu 

Appcamnce 

under U.V. Light \\Ith 
F1TC Filter 02 

Green 
Red 

Yclk)\\ 

Blu 

Appearance 
under U. V LIght ,\ Ith 

F1TC Fi I tcr 09 

Green 
Red 

Orange 

ot isibl 

pp ilion rate "er mea ured u ing micrographs taken at magnification of x 200 

and x 400. A a r ult of often non parallel labelled band of bone due to di crepancie 

b twe n th plan of e tion f the implant and the direction of bone appo ition. it wa 

n 'ce sar al ulate either an average value from everal di crete mea urement 

(hgllrc 7 .. a) r a ingl ontinuou mea urement made u ing a Quantimet 570 image 

anal 7.3.6b). ee e tion 5.3.4. for detail of the Quantimet 570 image 

Measured 

Labell cntrcLlIl~~ ~ ~ 

~.~ 
'. -.. " . - .'. 

~ 
........ . 

Mca.~urcd 

Area 

Figllr 7... Me . ur'ment f app ition rate with (a) di cr t mea urement and 

b a c ntinu 1I m 'a lIr menlo 
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Images for computer analysis were prepared in which specific regions between the 

leading edges of two labels were traced by an operator and centre lines were 

superimposed on the regions. Both the area within the region (shaded area in Figure 

7.3.5, AAR in pffil), and the length of the centre line, CLAR, (in }tm) were then 

measured and the apposition rate calculated as in equation 7.3.16. 

A . . {r; D 1 (AAR + CLAR) 
pposJuon rate \f'"m ay - ) = T' (D ) lme ays (73.16 ) 

7.3.5 Compression Testing 

7.3.5.1 Preparation of test pieces 

The precise position of the implants was located with the aid of magnetic resonance 

images (Figure 7.3.1) or X-radiographs (Figure 7.3.7). 

N 

Figure 7.3.7 X-Radiographs taken for specimen location. 

(1 = Femur containing an Endobon implant; N = Non-operated femur) 

The implants were removed from the operated femora with the use of a water cooled 

trephine with an inside diameter of 6.5 mm. The region of bone containing the implant 

was completely drilled out (Section AA) and excess bone was trimmed from the 

implant, ensuring that the ends (Sections BB & CC) were parallel to each other and 

perpendicular to the axis of the implant (Figure 7.3.8). The ends of the finished test 

piece were then ground flat with a diamond coated file. Test pieces were also prepared 

from non-operated femora, i.e. from pure bone, at the different time points. 
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B 

cellon 
Plane 

B 

C 

Implant 

igure 7.3. Oi cti n of inteorated implant for com pre ion te ting. 

7.3.5.2 T tin of p cimens 

All compr n te tin o of biological pecimens (i.e. those of integrated implant and 

th e of pure bone) wa carried out u ing an In tron 4464 bench top test machine fitted 

with a 2 k load c II and te t templates created on erie IX Automated Te ting 

y tern 1.26. Te ting wa carried out with the use of a specially designed jig, which 

all , d the pecimen to be evaluated in Ringers' solution at 3TC while load wa 

appli d a iall t the p cimen with a cro shead velocity of 0.001 mm s-l (Figure 

7.3.9. 

Ringer 
o\ulton 

at37·C 

Figure 7.3. T t pie e arrangement for compression te ting of biological peclmen 

A in Chapt r 5, ecti n 5._ .5, te t pie e were pretoaded before te ting was carried out 

und r om put r ontrol. The re ult were recorded electronically and the ultimate 

c mpr s i e trc ( wa calculated a in equation 7.3.17. The compr I e 

M dulu' (~ ), a calculated from the lope of the linear region of the tres train plot 

whi h rr p nded t th initial r gion of ela tic deformation during compre i e 

I adin (Figure J .. 1). 

u s l'lTlu 
IT r-

M a) (7.3.\7) 

Wh r L'llla\ i th rna imum I ad re rded during the t t in Nand r i the radiu of the 

sp illl n in mm. 
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7.3.6 Pu h-Out Te ting 

7.3.5.1 Preparation of te t pieces 
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The pr i e p iti n of the implant was located with the aid of magnetic resonance 

image (hgur 7 .. Ia) or X-radiograph (Figure 7.3.7). The test piece wa prepared 

fr 01 the p rat d femora by ctioning a indicated in Figure 7.3.10, ensuring where 

p ible that urface AA and BB were perpendicular to the axi of the implant. 

H .. c\ r. a th re wa ah ay orne inaccuracy in the cutting of the section a jig was 

d able to r tate in two direction allowing the longitudinal axi of the 

implant 10 e rre tl aligned with the direction of applied force (Figure 73.11b). 

A A 

8 

Implant 

Fiaur 7 ... 10 f integrated implants for pu hout te ting. 

7.3.5.2 Te tin of pecim n 

II ptL h- ut te ting f integrated pecimens wa carried out u ing an In tron 4464 

nch t p t , I machine fitted with a 2 kN load cell using test templates created on 

eric. I Aut mated T ting tern 1.26 (Figure 7.3.11a). Te t pieces were gentl 

clamp dint p iti n with the deep end of the implant centred over the hole in the 

pu h ut ji a upp rt plat . The jig wa then rotated 0 that the uperficial end of the 

implant wa. alioned with th pu h out pin (Figure 7.3.11 b). Once suitably aligned, 

op rall n pr dur \! er imilar to tho e de cribed for compre ion te ting ( hapter 

5. ti n 5 ... 5). T ting wa performed with a cros head velocity of O. 3 mm. ·1 

and Rinaer I, luti nat 37 wa pi petted onto the test piece. The te t were rec rded 

'I 'etr nicall . .. ith a ampl rat of 10 points -1. The interfacial hear trenoth (I ) 

\\ as cal lIl. t d II ing equati n 7 .. H~. 

IS 11' (MI a) 
ITI 

(73.1~) 

Wh'r Lp i th I ad requir d to di 1 dge the implant in N, 0 i the diamet r of th 

implant and I Ih loath f th implant in mm. Pu h out t t wer a1 0 carried ut on 

p im n. "implanted" in lie s of non-viable quine cancellou b ne in order to 
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determine the apparent interfacial shear strength as a result of friction between the 

implant and urrounding tissue. 

(a) 

(b) 

Fiour 7 .. 1 J (8) A embly for the pushout testing of implants and (b) close up of 

pc im n in t tino ji . 
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CHAPTER 7 

7.4 Results 

After retrieval of the femora)individual ceramic struts were still clearly identifiable on 

th vi ible urface of all implants that had been in vivo for 10 days. Blood clotting was 

evid nt within the implant and some loose fibrous tissue appeared to be advancing over 

the implant urfac from the edges of the defect into the centre, covering the rough 

ceramic urface. After 5 weeks in vivo the visible surface of the implant was coated 

with an opaque, mooth fibrous layer. The ceramic structure was still evident beneath 

this lay r, although th internal blood clotting was no longer apparent By 3 months the 

articular cartilag appeared fully healed over 50% of implants and this increased to 70 

~ after 6 month in vivo. X-radiographs or MRI images were necessary to locate these 

implant as the defect ite was indistinguishable from the slllTounding un-operated 

urfac (Figure 7.4.la). However, there were some instances of limited repair, usually 

a 0 iat d with incorrect implant positioning, where ceramic struts protruded above the 

ub-chondral plat (Figure 7.4.1 b),or infection. 

CIIl 

(a) (b) 

Figur 7.4.1 (a) ompl led and (b) limited cartilage repair after 6 months in vivo. 

704.1 Hi tology 

L w d n ity (Batch B) pecimen were tudied after 10 days in vivo. There was no 

evidenc of bon regeneration within the centre of the macro-porous structure of the 

implant and only i.olated area of bone reg nl;ration in the periphery of the implant. 

which did not appear to b in direct contact with the sUITounding bone in the plane of 

211 



CHAPTER 7 
IN VIVO PERFORMANCE OF POROUS HYDROXY APATITE 

the histological section (Figure 7.4.2a). The site appeared to be recovering from the 

surgical insult. with significant regeneration of bone occurring from the deep end of the 

defect and limited regeneration occurring at the defect walls (Figure 7.4.2b). The 

interior of the implant contained a mixture of clotted blood and assorted cells. There 

was no conclusive evidence of osseo-inductive behaviour at this time point, as the 

isolated instances of regeneration in the periphery of the implant may have been due to 

osseo-conduction from the surrounding bone. 

In all specimens the majority of bone ingrowth appeared to occur within the Hrst 5 

weeks and proceeded predominately from the distal end of the defect. in low density 

specimens the ingrowth penetrated approximately half the depth of the implant. with 

some integration from the walls of the defect (Figure 7.4.3a). However. the depth of 

penetration at this time point was reduced in the higher density specimens (batches C 

and A) (Figure 7.4.3b). The histological response to implants of all densities (batches 

B, C and A) after 5 weeks in vivo was similar. Fibrous encapsulation was not observed 

around the implants and there was evidence of the direct apposition of bone on the 

internal strut surfaces (Figure 7.4.4a). Cellular response was favourable with cells such 

as osteoblasts and osteocytes observed in close proximity to the implant surfaces 

(Figure 7.4.4b). Active areas of bone deposition, resorption (Figure 7.4.5a) and even 

remodelling (Figure 7.4.5b) were observed occurring within all implants that had been 

in vivo for at least 3 weeks. There was also some evidence of tissue integration within 

the ceramic struts (Figure 7.4.5a). From the fluorochrome labelling, it was evident that 

bone at the periphery of the implant was rapidly laid woven bone (Figure 7.4.6a), while 

the direct apposition of lamellar bone was observed on central. internal strut surfaces at 

3 and 4 weeks (Figure 7.4.6b). However, any bone observed within the implant 

macropores (usually near the periphery) that had been deposited in the first two weeks 

was woven in nature (Figure 7.4.7a). The chronological ordering of the labels, from the 

implant surface to the bone surface, also demonstrated that the majority of ingrowth 

within the implants started at the strut surfaces and grew into the macro-pores 

suggesting osseo-inductive behaviour (Figure 7.4.7b). 

At three months, bone had penetrated through-out the length of both Batch A and B 

implants (Figure 7.4.8a) and cartilage repair was also well progressed, particularly in 
.c 

high density specimens (Figure 7.4.8b). Active remodelling was still occurring, with 

revascularisation (7.4.9a) and invasion of bone marrow stroma in the distal implant 

macropores (Figure 7.4.9b). The importance of micro porosity became apparent as 

there was further evidence of vascular-, cellular- and osseo-integration. within the 

implant struts (Figure 7.4. lOa). There was also an isolated instance of osteoclastic or 
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macrophagocytic activity within a high density specimen on a ceramic surface (Batch 

A), where ceramic particles were observed within the cell (Figure 7.4. lOb). 

At 6 months the macro-porous structure of low density (Batch B) specimens had been 

incorporated into the structure of the surrounding cancellous bone (Figure 7.4.11a). 

Bone ingrowth was more evenly distributed throughout the length of the implant and 

the degree of cellular activity had abated; seams of active osteoblasts were no longer 

prevalent, but had been replaced by quiescent "bone lining" cells (Figure 7.4.11b). 

There was also evidence of increased vascularity within the implants compared to those 

at 3 months as well as continued integration within the ceramic struts. There appeared 

to be more cellular activity in the high density specimens (Batch A), although again this 

was less than that at 3 months. The degree of vascularity was also increased in the high 

density specimens, however. there were two distinct developments in the appearance of 

the bone ingrowth within the macro-porous structure of the high density specimens. 

Remodelling appeared to have reduced the amount of ingrowth within the centre of one 

implant, leaving only the periphery of the implants fully integrated (Figure 7.4. 12a). In 

contrast, the other implant prepared for histology was still fully integrated with bone 

which appeared to possess a structure similar to cortical bone (Figure 7.4. 12b). 
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(a) 

(b) 

Figur 7.4.2 Hi l 1 gi al app aran c of low d n ity (Bat h B) implants after 10 days 

in vi 0; (a) rna 1'0 pically (b) at P riph ry or implant. 

E = Endob n tIut, B = New Bone 
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(a) 

(b) 

CHAPTER 7 
RESULTS 

1000 }lID 

igur 7.4.3 Intcgrati n f (a) I w den ity (Batch B) and (b) high den ily (Batch A) 

implant aft r 5 w k in vivo. 
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, 

(b) 

(a B n appo ition and (b) c 'Ilular activity at th implant trut urfaces 

ant aft r 5 w k in vivo. (Bat h B pecimen .) 
E = Endobon tl1Jt, B = Cancellou Bon 
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(a) 

'-

50 Jim 

(b) 

Figure 7.4. Bone (a) re orption and (b) remodelling occurring on internal implant 

trut urfa c after 5 we k in vivo. (Batch B pecimen.) 

E = Endobon trut, B = Cancellous Bone 
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(a) 

(b) 

Figur 7.4.6 (a) Fluorochrome labelled bone demon trating (a) woven bone at the 

periph ry f an implant and (b) lam llar bone deep within the macroporosity of an 

implant. (Batch B p cimen; orange = 1-2 weeks, red = 3-4 week, green = 4-5 weeks.) 
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(a) 

(b) 

CHAPTER 7 
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igul' 7.4.7 Flu 1'0 hr me lab lled bone after 5 week in vivo, within low density 

implant rna rop r (a) n ar the periphery demonstrating woven bone deposited at 1-2 

w k (y llow) and lamellar bone deposited at 2- (blue), 3-4 (red) and 4-5 (green) 

w k; (b) in lh nll' demon trating direction of b ne apposition on strut urfaces. 
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(a) 

(c) 

(a) Integration of bone within a high density (Batch A) implant after 3 

m nth in vivo. artilage repair on upper surface of a (b) low and (c) high density 

( atch A) implant after months. 

E = Endobon Strut, F = Fibrous Tissue, C = Fibro-Cartilage. 
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(a) 

(b) 

ulari ation and (b) inva ion of marrow stroma, within an 

nth ;n vivo. (Balch A pecimen.) 

V = B1 d v, '1, B = Cancellou Bone, M = Marrow, E = Endobon. 
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(a) 

(b) 

Figur 7.4.10 (a Integration of bone within the microstructure of the ceramic trots. 

(h hag ytic activity on a trut surface within the centre of an implant. (Batch A 

, pc im n .) 

v = Bl0 d vc. J, B = ancellou Bone, E = Endobon Oc = Osteoclast. 
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(b) 

CHAPTER 7 
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1000 14m 

Figur 7.4.11 Hi t 1 gi al app ru"ance of low density (Batch B) implants after 6 months 

pi ally (b) detail of vasculruity and quie cent bone surfaces within 

v = Blo d yes 1, B = Cancellou Bone, E = Endobon. 
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(a) 

(b) 

igun.: 7.4.12Ma '1' opic app aran e of high den ity (Batch A) implants after 6 

m nth ;/1 \'i\'o; (a r m d 11 d (b) fully integrated. 
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7.4.2 Hi tomorphometry 

CHAPTER 7 
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'] he accura y of the point counting method was verified by calculating apparent density 

(ADL.t1d from the absolute volume percentage of Endobon (AVE), and comparing the 

results with the mea ured apparent density (ADmea<;). As a result of the findings in 

Chapt r 5 the real den it) of the truts was taken as 2.58 g.cm-3 (Sections 5.4.3 and 

5.5.2). A. can be een from Figure 7.4.13. the calculated apparent densities. across the 

range of alues tested, were generally greater than the measured apparent densities. A 

linear equation. con trained to pas through zero, was fitted to the data. and 

ucmonstmled that the point counting method was over-estimating by 14%. However, 

as the degree of over-e timation appears to be independent of apparent density, and to 

avoid confu i n. all value quoted in this thesis are uncorrected "as-measured" values. 

~ \I) - 11-1. \1) 
h ml'a~ 

(r = (93) 

o. -I. +--........ ""T'"'" ........ ..,.....~..,..... .......................... ..., 
05 0.7 0.9 1.I 1.3 1.5 

Measured Apparenl Den Ity (g.cm3) 

figure 7.4.13 Verification of point counting method. 

704.2.1 Percentage of Bone Ingrowth 

..-. 40 
Balch B 

....... 40 
Balch A ~ .CJ 0 .J::v 
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Tllnc ill l'iI'o (Da)s) TIme ill IIiI'D (Days) 

(a) (b) 

Hgure 7.4.1'+ Variation of bone ingrowth within (a) Batch B and (b) Batch A 

implants. 

Quantitative asse . ment of the volume of bone ingrowth within Batch B implants 

l'olltimwd that the majority of the bone ingrowth occurred within the first five weeks 
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and was comple! by 3 month (Figure 7.4. 14a). The rate of bone ingrowth in the 

Bat h A "pc imen \ a reduced in comparison to the rate of ingrowth in Batch B 

implants and c ntinued to ri e up to 6 months post-operatively (Figure 7.4.14b). 

4() 

0-+'----"--'----
Il \ 

PIXlrcnt DensIty Batch 
(a) 

~6 
..c:~ 

- E 5 :::: ::s 
e~ 
00 0 
c:> 
Q)~3 c: ._ 
0-2 
CO~ 

es 10 
o 

rn Batch B 

35 91 182 
Time in vivo (Days) 

(b) 

figure 7.4.15 Variation of bone ingrowth with apparent density (a) at 5 weeks and 

(b) with lime. 

Whc.n the volume of bone ingrowth was normalised for available pore space for 

inurowlh the difference in behaviour between the two batches of implants with time in 

ril'O was still apparent ( igure 7.4.15b). At the five week time point the relative 

v lume percentage of bone ingrowth varied with apparent density (Figure7.4.15a), 

ho\\ cver b 6 month there was no significant difference between Batch B and A 

implants (rlgure7.4.15b). 

7.4.2.2 Bon o,'erage of Implant Surfaces 

IUl 80 
Butch B ~ 

Balch ~ 
~ ~ 
'- flO ~ 60 «'( .... -- < 
(,) '-'" 
eJj () ~ 40 i:! e CJ C) , 

8 20 
;. 
0 20 

~ 
U ... 
C) c c: :::> 0 co CO 0 

100 ISO ZOO 0 50 100 ISO ZOO 
TIme if! I';m (Days) Time ill vivo (Day) 

(a) (b) 

figure 7.4.16 I ercentage f bone coverage within (a) Batch B and (b) Batch A 

implants with lime ifll'iv(). 

nlike the b nc ingrowth the bone coverage, or contact area between the implant and 

the bone mgr wlh. continued to rise with time for both batch A and B implants, up to 6 
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months (Figure 7.4.16). Furthem1Ore, the rate of coverage within the two systems 

app arcd imilar from 5 week to 6 months. At the five week time point the percentage 

of b nc cm ~rage varied with apparent density (Figure7.4.17a). However at 3 and 6 

months there wa, no ,lgnificant difference between Batch B and A implants 

(hgur 7.4.17b). 

APrurcnl Dcnsll} Balch 

(a) 

,...., 
~ 0 Bat~h n 
<'l 
~ • Batch \ 
~ 
(1) 
Of) 

E .t 
(1) .. o u 
<:) 
t:: o 

a:l 
35 91 

Time ill vivo 

(b) 

182 

(Days) 

i-'iollrc 7.4. J7 Variation f bone coverage with apparent density (a) at 5 weeks and (b) 

with time. 

7.4.2.3 Appo 'ition rates 

Apposition rate' ,,,ere calculated for all 5 week implants during weeks 3-4 (Table 

7.4.1). DetCnllination of the appo ilion rates of bone deposited between weeks 1-2 and 

2-3 in the Batch B pecimen was not possible as a result of the predominance of 

wo cn bone and the convoluted nature of the bone seams laid down during these time 

periods. rc ·pcctivel}. 

T bk 7.4.1 of bone ingrowth. 

Balch B Balch C Batch A 

3.H [O.3} 3.4 [0.21 2.8 [0.21 

The app sition mtc of bone at a distance of at least 2 mm from the surgical defect was 

3.1 10.21 Jlm.day -I. 

* 'orrcct~d for. tcreotogical effect. 
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7.4.3 ompre ion Te ting 

'I h m chanical behaviour of the low and medium density specimens (Batches B and 

) altered ignificantly after 5 week in vivo (Figure 7.4.lSc), with behaviour closer to 

that of the can 'cHou bone removed from the contra-lateral femur (Figure 7.4.1Sb), 

than the -la tic-brittle bcha\ iour di played before implantation (Figure 7.4.1Sa). The 

mechanical b haviour f the higher density material (Batch A) was virtually unaffected 

b the nc ingr \ th, e'en after 6 months in vivo (Figure 7.4.1Sc,d). 
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(d) 

figure 7.4.1 Compre ive behaviour of (a) Endobon specimens, (b) cancellous bone 

and retrie cd Fnd on implants after (c) 5 weeks and (d) 6 months in vivo. 

7.4.3.1 Itimate ompre ivc Stress 

At I da s, ther \\ as no ignificant difference in the ultimate compressive stress (UCS) 

of implanted 10\\ den ity (Batch 8) implants at 2.4 (0.81 MPa and as-received low 

dcnsit sp> imen at 2.5 10.91 MPa. However, at 5 weeks, the UCS of implanted 

material increased ignifi antly to 4.912.1 J MPa and continued to rise until 3 month in 

I'im, aft 'r which lhe value appeared to stabilise (Figure 7.4. 19a). The UCS of high 

dcnsit (Batch A) implant also increa ed with time in vivo (Figure 7.4, 19b), where as

rc ci cd Bal h A End b n had a mean U S of S.6 MPa. 
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A 

200 

"'igur~ 7.4.19 Variation of ultimate compressive stress with time in vivo for (a) Batch 

B and (b) Batch A implants. 

Aft r 5 week in I'iv() the U of the retrieved implants followed a similar trend to the 

riginal 'pc imcn ,reoarding the dependence on apparent density, with an increase of 

appro, imatel 2-3 MPa compared to the mean UCS of as-received specimens from the 

same den it ' balch (Batch B = 2.2, Batch C = 5.0, Batch A = 8.6 MPa) (Figure 

7.4.20a). Howe\,er, at _ and 6 months, there was no significant difference between the 

magnitudes f the trenoth of Batch B and A implants (Figure 7.4.20b), although the 

relalne dlff r n C~ in trcngths, between the as-received and implanted specimens 

varied. 
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hgl1r' 7"+.20 Variation f ultimate compressive stress with apparent density at (a) 5 

\ 'cks and (b) with lim. 

The U( S f hioh d ~n it (Batch A) implant/bone composites at all time points and low 

d 'nsity (Balch B) implant/bone composites at 3 and 6 montmwas significantly greater 

than that f un- perated cancellous bone from the contra-lateral femur (6.011.81 MPa). 
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7.4.3.2 "ompressivc Modulus 

Th' cOOlpres 1\ e modulu E) of implantJbone composites, consistently increased in 

modulu. from 5 wec\... to 3 months for both the low and high density systems, after 

which the \' lu tabilis d (figure 7.4.21). 
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fiOllrc 7.4.21 Variation of compressive modulus with time in vivo for (a) Batch Band 

(b) Batch A implants 

Implants fr 111 all batchc di played a ignificant reduction (by 57-75%) in modulus 

after fi c \\ee\...s ill vivo (Figure 7.4.22a) when compared to as-received Endobon of 

imilar d 'nSI! (Bat h B = 00410.11 GPa, Batch C = 0.8 [0.2] GPa, Batch A = 1.3 [0.4] 

Ol a). How \ r. at 3 and 6 month Batch B implants possessed a similar value of Ec to 

a '-rcceived Endobon of lhat density, while the value of Ec for Batch A implants at 3 

and 6 months \ as till ignificantly less than the original value of modulus at that 

density (hgure 7.4.22b). Apart from the value of modulus attained by the 5 week, low 

density sp cimen. the ~ alues were considerably greater than the modulus of the un

opcrated b nc fr III the contra-lateral femur (0.17 (0.04] GPa). 
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f-jour' 7.4.22 Varialion of compressive modulus with apparent density at (a) 5 weeks 

and (b) with tim. 
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Pu. hout testing f Batch B implant at 10 days demonstrated that, despite the minimal 

amount of b( n: ingrowth th rc \ as still orne degree of "bonding". The shear strength 

incrca cd with time up to months, at which point a plateau was reached, similar 

b 'haviour \\; as ob r\'cd with the Batch A specimens (Figure 7.4.23). 
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Fi 0 lire 7.4.24 Push ut behaviour of after (a) 5 weeks and (b) 6 months in vivo. 

The failure I11l'chani m of the pecimens during push-out testing varied for different 

implantation limes. pecimen tested after 5 weeks in vivo failed by a clean extrusion 

of thl' spccim ~n. \\ ith some crushing of struts at the end nearest the loading pin, 

Tesultin 1 in ,\ jaooed appearance to the stress/strain plot for the test (Figure 7.4.24a). 

II< W '\'cr, a I.'hange in the failur' mode of the te t from true push-out to fracture of the 

implant was ohserved at J and 6 month (Figure 7.4.26). At these time points, implants 

Were split into three (or more) a they were pu hed out, stress/strain plots for typical 

lests of thi , 1 'PC arc illustrated in Figure 7.4.24b, and demonstrate a sharper fall in load 

after failure. ,tlld' f sectioned portions of le l pieces after failure indicated that 
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individual , tru at r near the interface at all time points had sheared, leaving portions 

f erami in the urrounding bone (Figure 7.4.25). 

500~ 

ta) 

(b) (c) 

'igun: 7.4._ P Ii h'd s ction through push-out test pieces: (a) Upper portion of a 5 

\ c 'k implanl. Failure of; (b) a trut, and (c) the bone ingrowth within a 3 month 

implant. 
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CHAP1ER7 

7.5 Discussion 

The choice of implantation site has been shown to have a considerable effect on the 

perceived biological response to the implant (Dhert et al., 1991; 1994). In this study 

implants were placed in the distal end of the femur, located in the centre of the patellar 

groove. This site was selected as it presented a large volume of load bearing cancellous 

bone, and ensured that the mechanical stimulation around the implant would encourage 

bone ingrowth and remodelling. This site also allowed the assessment of the ability of 

a stable bone/implant interface to be formed and maintained with mechanical loading 

across the interface. 

7.5.1 Histology 

Heimke (1990), proposed that, ideally, implants should induce a response similar to that 

of fracture healing, when placed in an osseous defect KUhne et al., (1994) observed a 

similar sequence of events occurring in the repair of empty defects in the femoral 

condyle(used as controls), where the cavities were initially fIlled with a blood clot and 

invaded by mesenchymal cells, osteoblasts and fibroblasts within the first two weeks 

post-operatively. Extensive bone and osteoid formation were observed at 6 weeks and 

by 12 weeks the cavities were reported to be entirely filled with new cancellous bone 

(Figure 7.S.Ia). This sequence of events broadly described those initially observed 

within the Endobon implants, at 10 days the macropores were fuled with blood clot and 

mesenchymal cells. and extensive bone regeneration was noted at S weeks (Figure 

7.S.Ic). However. where bone was noted to ingress primarily from the edges inward 

within the cavity (KUhne et al., 1994) two distinct sequences were observed in the 

Endobon implants. Observations from the 10 day time point (Figure 7.4.2) indicate that 

bulk implants were initially osseo-conductive, with bone on-growth observed initiating 

from the defect walls towards the implant (as reported in the cavities by KUhne et aI., 

1994). Labelling demonstrates that this bone is woven (Figure 7.4.6a), indicating 

accelerated deposition at the periphery of the implant This result suggests that the 

primary purpose of the new bone is rapid fixation of the implant (as in the 

encapsulation of bone ends by callus in a fracture, Bourne, 1972). After this initial 

period, once bone on-growth and fixation had occurred, the Endobon appeared to 

induce the deposition of more ordered lamellar bone on its internal surfaces and within 

its pores (Figure 7.4.6b), thereby acting as a support for new bone and encouraging 
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(a) 

Di/'tXlion nl Bone [ngrO\\ th Mature Cancellous Bone 

Osteoid 

lc nd1) mal Cells Nc\\ Lamellar Bonc 

(c) 

10-14 day~ 4-6 wceks 

fil'ur' 7 .. -.1 S '11 'malic diagram of bone repair processes in: (a) An empty cavity 

(Klihne <.( al .. 19(4) (h) orallin hydroxyapatite (c) Endobon hydroxyapatite. 

h I1C or wth n its sur a c. Chronological order of labelled bone deposited on the 

int~rn.1 Ina r ·pore surfaces, from trut to bone surface indicated osseo-inductive 

hehaviour \\ ilhin the int'rnal macrostructure (Figure 7.4.7). This spontaneous 

d 'P sili)11 r tn' app 'ared to advance from the deep end of the defect (Figure 7.4.3), 

i. ' .. rrom th 'm st abundanll:iOurCC of potentially osteogenic cells. KUhne e( at., (L 994) 
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observed a retarded version of these events within coralline-hydroxyapatite implants 

with an average pore size of 500 JIm implanted in the same site (Figure 7.5.1b), 

although accelerated bone growth from the deep end of the implant was not reported. 

Similarly, Holmes (1979; 1984) studied the integration of new bone into coralline 

hydroxyapatite in both cortical and cancellous sites. In contrast to the findings of this 

work and KUhne et aI., (1994), Holmes et al., (1984) reported the new bone to be 

primarily woven throughout implants implanted in the cancellous site, until remodelling 

occurred between 2 and 4 months, this may have been due to either the increased size of 

the implant used (1.25 x 1.0 x 1.0 x cm), the change in species (dog), or site 

(metaphyseal, tibia). 

The close proximity of osteocytes to the ceramic, within bone deposited directly on the 

surface of the implant indicated a close association between the bone and the ceramic 

(Figure 7.4.4 and 7.45), suggesting that there may be some chemical interaction. An 

epitaxial relationship between bone mineral and hydroxyapatite has been illustrated by 

Doyle et al.. (1990) where transmission electron microscopy of a retrieved implant 

(where the implant contained hydroxyapatite powder in a polymeric matrix) 

demonstrated continuity between the mineral/apatite lattice patterns across the 

bone/implant interface. However, other authors have demonstrated that a series of 

distinct interface types may exist within a single hydroxyapatite implant (Davies et al., 

1991b; de Bruijn, 1993; Oguchi et aI., 1995). These authors report two distinct types of 

interface between the hydroxyapatite and the bone; direct contact and separation 

between the bone and implant by a 200 nm - 1 JIm "electron dense" layer. They also 

reported that collagen fibres were found to be oriented both parallel and perpendicular 

to the hydroxyapatite surface which may indicate differences in bonding structure 

(Davies et al .• 1991b) or surface reactivation (de Bruijn, 1993) within the directly 

bonded bone. However, close association with hydroxyapatite has been demonstrated 

for both types of interface (Oguchi etal .• 1995). 

The depth of implant position was found to have an important effect on the repair of the 

cartilage. The placing of implants above the sub-chondral plate tended to result in 

limited cartilage healing (Figure 75.2). From the appearance of histological sections it 

would appear that this is due to lack of strain-induced stimulation. as a result of the 

ceramic structure shielding the reparative fibrous tissue from the loading (Figure 

7.4.8b). The in vitro response to mechanical loading was discussed by Burger and 

Veldhuijzen (1993) in a review of data on the effect of mechanical stimuli on organ 

cultures and isolated osteoblast-like or chondroblast-like cell cultures in vitro. These 
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same site (Uchida et aI., 1984; Daculsi and Passuti. 1990; KUhne et at., 1994) found 

that the amount of ingrowth increased with increasing pore size. In contrast Eggli et 

al., (1988) reported increased integration in hydroxyapatite implants with SO-100 pm 

pores compared to hydroxyapatite implants with 200-400 pm pores. This result was 

postulated to be due to reduced connectivity between the pores in the 200-400 ]Jm pore 

material, a theory which had previously been proposed by Klawitter and Hulbert, 1971 

and Holmes, (1979). This explanation was also proposed as the reason for the lack of 

integration within a 200 ]Jm pore implant compared to the complete infiltration of a 500 

]Jm pore coralline hydroxyapatite implant reported by KUhne et aI., (1994). 

With the exception of Eggli et al., (1988) little/no quantification was reported in any of 

these studies, so direct comparison of the results with that of this work is difficult. One 

interesting observation is the lack of information on differences in the amount of 

ingrowth within different pore size systems with increasing time in vivo. Uchida et al., 

(1984) observed "denser" ingrowth of soft connective tissue within the material with 

larger pores and increased "ingrowth density" with time although no reference was 

made to the small pore material at extended time periods. Eggli et al., (1988) only 

reported data for one time point (not even the same time point) for each of the 

hydroxyapatite pore types, while KUhne et al., (1994) reported no integration within the 

200 ]Jm pore material, even at 6 months post-operatively. In contrast, Daculsi and 

Passuti, (1990) found that while implants with larger pores (400-600 ]Jm) promoted 

faster integration, after 3 months bone had also fully penetrated the implants with 100 

pm pores. These results agree with the finding of this work; that increased porosity 

leads to faster integration. However, for Endobon hydroxyapatite with pore sizes in the 

range of this study, the modal pore size does not affect the "final" volume of ingrowth 

at 6 months. Martin et aI., (1993) studied the change in ingrowth with time for 500 pm 

pore coralline hydroxyapatite. They reported an increase in relative bone volume up to 

38% at 4 weeks, after which it fell to 35% at 3 months,30% at 4 months and 17% at 1 

year post operatively. This behaviour was not observed within the Endobon implants, 

furthermore Martin et al., (1993) suggested that the trend may be due to "more porous 

implants .•.. placed in longer-term animals", a fact which other authors believe should 

have had the opposite effect (Uchida et al., 1984; Daculsi and Passuti, 1990; KUhne et 

al., 1994). It is more likely that the observed loss of bone was due to implantation in a 

non-load bearing site, as Martin et al., (1993) reported that although the amount of 

ingrowth decreased the mechanical properties remained stable between 8 weeks and 1 

year. 
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nsidcrin o the r 'Ulls f th .5 week ndobon implants alone, the variation in the 
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or wth (p r siz dependent). 

111 Hone in"ro\ 'Ih is Ill'diated by the mechanical environment (implant structure 

dcpl'n lent}. 

Ho" c.\'l'r onsid ·ring the re ult of other time points another mechanism seems 

possibk: 

( Th' \'\ Illm of b De ingr wth at "early" time points is controlled primarily by 

III >rphol( (1 ' S ~ funeti n f the peed with which cells can invade the structure 

(pore inl f - l: mne·tt It dependent). 

B ' onsid 'rin l th' nbs lute olume fraction of bone together with the absolute volume 

flaction of implant. It I' pos ible to tudy the total "structure" of the implant/bone 

system. 'r his is som 'what de ated compared to the volume fraction occupied by nOD-

I' rat db n' (rlllure 5.7.3) ugge ting that mechanism I is not occurring. 
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a 'n ' fr m th irnplantl_.1 Jlm.da - I). However the appo ition rate within the high 

d (2. Jlm.da - I), which indicates that mechanism IV may 

l • l 'l'urrin ll .1 lhi . lime ( int. H we er, at 3 month the relative amount of ingrowth 
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' I h fa't th: t th' r I,II\C \ lume of bone ingrowth within implants from the two 

bat'h s i imilar at III nth (Figure 7.5.4a), indicates that the final volume of bone 

ingrm th i ntr \I'd b ' the volume of pace available for ingrowth (mechanism ll). 

H \\ C\ r, th r \ 'as. larg' ariati n in th re ult of implants from this time period in 

10lh hale h , and th> ' ntinued ri in bone coverage up to 6 months indicate that 

quilibrium Ill, ' not t h. 'e b n r ached by the bone/implant system (Figure 7.5.4b). 

7.5.3 ' mpr 'sion e ting 

' I he Hit th' rn chanical behaviour of the low and medium density specimens 

ha lOur imilar to that of the cancellous bone (Figure 7.4.18 

that implantJb ne y tem i behaving in a imilar manner to a well 

I Illkd mp site. M reover, th' capacity of the newly formed bone to enhance the 

III 'hani ,tl p rf rman c f the implant after implantation for 5 weeks, hence the ability 

(I loads t) h' Inn milt d acr "th int rface, demonstrates the intimacy of the bond 

h t . '1\ th impl.ull and th b n . Thi increa e in trength was also reported by 

H llm's 'I II., 1 ). who plac d a p rou coralline hydroxyapatite implant (500 }1m) 

\ 'ithin n n-Im d b arin ite. The ultimate compre i e tress (UCS) 
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nd h ob rv'd c lIular infiltration of the ceramic struts may be an 

A!loth 'r Ir lid . \\ hi h \.\ m r obviou for Batch B than for Batch A was that the 
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o th imp\ nt 1t till m time pint and that the hear strength of cancellous bone has 

n r I rt ppr illlat \ 6 MPa ( tone el al., 1983). 
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I i lor-lin illustrating th' differ nt failure modes of Endobon implants 
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. \ hieh indicated that the strength of the interfacial 
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{ f th implant dunng push ut te ting wa being more evenly distributed a 
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}f a In k a I .ir d lin ati n bctwc n th implant and ho t ti sue. 

Olllparl (n th 'tr ~ 'train b havi ur f 5 week, and 3 and 6 month implants 

lit tc tinJ, illu trated that a greater degree of energy absorption was 
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occurring in the longer time point specimens (Figure 7.4.24). Considered with the 

maintenance of ISS at 3 and 6 months, these results also indicate that the change in 

failure mechanism may have been due to increased intimacy and "apparent 

homogeneity" between the bone/implant composite. Which would result from the 

internal remodelling (demonstrated by increased bone coverage, Figure 7.5.4), cellular 

invasion and bone ingrowth (Figure 7.4.10a) observed within the struts at 3 and 6 

months. 

These results, coupled with the similarity between the reported value for the shear 

strength of cancellous bone (Stone et al., 1983) and the results of the push-out tests 

indicate that the push-out tests were measuring the shear strengths of the bone/implant 

composites, not the bone implant interfaces. 
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EPILOGUE 

8.1 Summary of Findings 

The results of the chemical analysis (Part 5.4.1) indicate that Endobon is composed of a 

phase pure. but highly substituted carbonated-hydroxyapatite. with a high degree of 

variability in both the impurity levels and lattice substitutions from one powder 

specimen to another. Defmitive conclusions about the precise nature of the substituents 

present are difficult to make as a result of variations in the levels of ionic species 

present and the range of possible substitution sites. However, it can be concluded that 

the material is both A and B type carbonate substituted, and that it contains similar 

proportions of magnesium and sodium, which are believed to be substituted for calcium 

in bone mineral. 

The results of the micro-structural analysis (Parts 5.4.2-4) indicate that the micro

structure of Endobon did not vary significantly with apparent density, and possessed a 

constant, equiaxed grain structure. The modal grain size was found to be considerably 

greater than the reported size of bone mineral crystals. However. other aspects of the 

trabecular micro-structure were found to be preserved, such as the osteocyte lacunae, 

and possibly the canaliculi. The presence of these features led to a relatively high 

degree of "strut porosity" which was classified into two groups. a closed or isolated, < 3 

J.1.m fraction. and an open or interconnected, >3 J.1.m fraction. The closed fraction 

exhibited a morphology and distribution consistent with the "trapped" micro-porosity 

expected as a result of densification. grain growth and grain coalescence during 

sintering. The open fraction arose from the micro-structural features preserved from the 

original bone structure. 
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Macrostructure was found to vary considerably, as a function of both apparent density 

and structural architecture. This variation was reflected by changes in the modal pore 

size, pore shape (aspect ratio), pore orientation, and pore inter-connectivity. Low 

density specimens tended to exhibit more anisotropic structures, with the degree of 

anisotropy having a significant effect on the connectivity of a structure. 

The results of mechanical testing (Part 5.4.5) indicate that as received Endobon behaves 

as an elastic brittle foam when loaded under conditions of uniaxial compression. The 

ultimate compressive stress and the compressive modulus of isotropic specimens were 

found to be related to the square of the apparent density (r = 0.91, 0.84 respectively). 

This result was in agreement with the behaviour of an~isotropic open foam predicted by 

Gibson and Ashby (1988). However, some Endobon specimens possessed an isotropic 

structure, with struts having a preferred orientation parallel to the long axis of the 

cylindrical specimens. The mechanical behaviour of these specimens was also found to 

fit the predictions of Gibson and Ashby (1988). However, the applicability of the linear 

fit for the ultimate compressive stress data was questionable, while the accuracy of the 

linear fit to the compressive modulus data was relatively low (r = 0.75). This apparent 

irregularity in the anisotropic data resulted from variations in the degree and direction 

of anisotropy present in individual specimens. 

The results of the in vitro investigation demonstrated that Endobon was able to support 

the colonisation and proliferation of human osteoblast-like cells on its surface. Cells 

did not migrate to the tissue culture plastic, but fonned confluent multi-layers on the 

ceramic surfaces, and capped the macropores. The cells exhibited a preference for the 

smooth macropore surfaces over the rougher machined surfaces, and were observed 

colon ising the internal macropores of the structure, indicating that migration had 

occurred from the upper surfaces into the macro-porous structure. An extra-cellular 

matrix was formed. although evidence for subsequent calcification of this matrix was 

not conclusive, which may be due to insufficient time in vitro. 

The histological observations suggest that Endobon is a "biocompatible" material when 

placed in an osseous environment, with evidence of the normal behaviour associated 

with fracture healing, such as mesenchymal cellular invasion, bone deposition, bone 

remodelling, and revascularisation, occurring within the macro-porosity of the implant 

Endobon was found to be osseo-conductive, with rapid bone on-growth observed from 

the defect edges within the second week post-operatively. There was also some 

evidence to suggest that the material was osseo-inductive once stable (fixed) within the 
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osseous environment. with the spontaneous deposition of bone on the ceramic strut 

surfaces. Furthermore, the apparent invasion by some cells into the ceramic struts 

suggested that the material was intimately "accepted" by the cells. This intimacy could 

be either a result of the preservation of the trabecular bone-like micro-structure within 

the ceramic struts, which may allow the advance of cellular processes into the ceramic. 

or it may be due to the highly substituted bone-mineral like chemistry of the ceramic. 

Apparent density was found to influence the normalised volume of bone ingrowth 

within the macro-porosity at early time points (5 weeks), but this was not the case at 

later time points (6 months). Hence, the pore size could not have been responsible for 

the differences noted at 5 weeks. Calculation of apposition rates between weeks 3-4 

indicated that the rate of bone ingrowth was reduced in higher density specimens. 

Analysis of the macro-structure had demonstrated that low density specimens possessed 

a higher degree of pore inter-connectivity. Thus, the variation in ingrowth at early time 

points was ascribed to variations in macro-pore connectivity between the different 

densities. resulting in variations in the rate of osteogenic-cellular invasion. 

In low density specimens (Batch B) the "maximum" volume of bone integration was 

reached at 3 months. which coincided with the attainment of "peak" mechanical 

properties at 3 months post-operatively. This finding suggested that the degree of bone 

ingrowth was controlled by the mechanical environment at later time points. 

The mechanical properties and behaviour of the individual Endobon specimens under 

uniaxial compressive loading were found to alter after implantation. Initially, after 10 

days post-operatively, all properties of retrieved implantlbone "composites" dropped to 

values below those of the as-received material of comparable density. However, after 5 

weeks in vivo the new bone ingrowth resulted in an increase in the ultimate compressive 

strength (UCS) of the retrieved implants. such that the UCS of the retrieved implant 

matched that of as-received material of comparable density. Furthermore, the ues of 

retrieved implants at 3 months was comparable with that at 6 months for retrieved 

implants of similar density, and exceeded that of the as-received material. 

A similar trend was also followed for the compressive modulus of low density (0.61 

g.cm-3) retrieved implants. except that the compressive modulus of the as-received 

material was not exceeded at any time point Moreover, the compressive modulus of all 

high density (1.18 g.cm-3) retrieved implants was below that of the as-received material 

of the same density at all time points. The initial reduction in ues and protracted 

reduction in compressive modulus indicated that the implant had lost structural integrity 
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after implantation. This result was ascribed to internal micro-fracturing within the 

ceramic struts. Micro-fractures were evident in thin histological sections. and were 

found to contain bone ingrowth at later time points. However. the exact mechanism of 

micro-fracture has not yet been determined. Possible mechanisms that have been 

identified are: 

1 Mechanical micro-damage introduced during the insertion of the implant (tapping 

with hammer). 

2 Mechanical micro-damage introduced during physiological loading immediately 

after implantation. when bone ingrowth is minimal or non-existent. 

3 Chemical modification of the hydroxyapatite ceramic during the initial exposure to 

physiological solution. 

4 Swelling and dissolution of the CaO contamination as a result of exposure to 

aqueous based physiological solutions. resulting in cracking of the struts. 

Notably. the compressive moduli of implants at 3 and 6 months were comparable 

between both high and low density implants. indicating that the final volume of bone 

ingrowth may be controlled by the mechanical environment. even within the ceramic 

structure. 

The value of interfacial shear strength (ISS). as measured by pushout testing, increased 

with time up to 3 months. and was maintained at 6 months, which coincided with a 

change in the failure mechanism of the specimens during push-out testing. Specimens 

tested after 5 weeks in vivo failed by a "clean" extrusion of the specimen, with some 

crushing of struts at the end nearest the loading pin. However, at 3 and 6 months 

implants failed by disintegration of the implant/bone plug rather than pure push-out 

The interfacial shear strength of implants at 3 and 6 months was comparable for both 

high and low density implants. At these time points, the macro-porosity of the implants 

was fully integrated with bone, and failure occurred by the fracture of the implant into 

three (at 3 months post-operatively), or more pieces (at 6 months post-operatively). 

Study of sectioned portions of test pieces after failure indicated that the degree of 

integration controlled the failure mode by modifying of load distribution within the 

composite. 

The relatively low value of ISS measured for the Endobon specimens after 3 and 6 

months in vivo. compared with the results reported in the literature for hydroxyapatite 

and porous metal coated cylinders. indicated that push-out testing was measuring the 

shear strengths of the bone/implant composites, not the bone/implant interfaces. 
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• Endobon is primarily composed of a highly substituted hydroxyapatite, with <1 % 

second phase present in the fonn of calcium oxide. The main substituents present 

in the apatite lattice were identified as: 

• Carbonate for both hydroxyl and phosphate groups. 

• Magnesium and sodium for calcium. 

• The macro-structure of Endobon was highly variable, which reflects the natural 

origins of the material. While apparent density was found to be a good general 

indicator of structural variation, three parameters were identified that enabled the 

complete characterisation of the structural architecture; these were: 

• Modal pore size. 

• Pore connectivity. 

• Mean pore aspect ratio (anisotropy). 

• The microstructure of Endobon specimens exhibited characteristic features similar 

to that of cancellous bone (i.e. micro-porosity similar in size, shape and distribution 

to osteocyte lacunae and canaliculi), and was not found to vary significantly, even 

with apparent density. 

• Endobon specimens were found to exhibit the behaviour of elastic brittle open

celled foams when loaded in uniaxial compression. 

• The mechanical properties of Endobon specimens in compression were found to be 

highly dependent on both apparent density and structural architecture: 

The dependence of both ultimate compressive stress (UeS) and compressive 

modulus (Ee> on apparent density, for isotropic Endobon structures, were found to 

follow the predicted trends for open elastic-brittle foams as proposed by Gibson and 

Ashby (1988): 

• UCS oc P 2. 

• Eeoc P 2. 

The dependence of both ultimate compressive stress and compressive modulus on 

apparent density. for anisotropic Endobon structures. were found to follow the 

predicted trends for open elastic-brittle foams as proposed by Gibson and Ashby 
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(1988). although the relationship was less convincing between the UCS and 

apparent density. 

• UCS oc p. 

• Eeoc p. 

• In vitro assessment demonstrated that the colonisation and proliferation of human 

osteoblast-like cells was supported by Endobon, with the production of extensive 

extra-cellular matrix and cell migration into the interior of the ceramic macro-pores. 

• In v;vo assessment demonstrated that Endobon was "biocompatible" when placed in 

an osseous environment. with no aggressive cellular response. Endobon was found 

to be highly osseo-conductive. Lamellar bone was deposited directly on the implant 

suIfaces. once the implant had been fixed in the defect by the on-growth of a rim of 

woven bone. 

• Apparent density was found to influence the host response as a function of macro

pore connectivity. Lower density implants possessed a greater degree of 

interconnections between pores, which was found to result in faster osseo

integration. At later time points (3 and 6 months), the apparent density did not 

appear to influence the normalised volume of bone ingrowth within the macro

pores. 

• The mechanical properties and behaviour of the individual Endobon specimens 

under uniaxial compressive loading were found to alter after implantation. This 

result appears to be due to the loss of mechanical integrity after implantation, either 

as a result of mechanically or physio-chemically induced micrO-fracturing of the 

ceramic struts. 

• Push-out testing demonstrated a high degree of integration between the Endobon 

implants and the bone, with failure resulting from disintegration of the implantlbone 

plug rather than from pure push-out. at 3 and 6 months. This condition resulted in 

the test measuring the shear strength of the implantlbone composite rather than the 

implantlbone interface. 
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• High resolution transmission electron microscopy could be performed on sections of 

the intact bonelEndobon interface of implants, retrieved at different time points 

during this study, to investigate: 

• Whether epitaxial growth of bone mineral from the ceramic surface had 

occurred. 

• If there is an electron-dense inter-layer between the ceramic surface and 

bone. 

• The nature of any collagen alignment to the ceramic surface. 

8.3.2 In Vitro Studies 

• To determine the reason for the reduction in modulus in vivo, as-received specimens 

could be incubated in physiological solutions, in the absence of cells, for 1 - 10 

days, before compression testing. During the incubation the pH of the solution 

should be monitored. This procedure would establish if physio-chemical 

degradation or dissolution of CaO leads to the observed reduction in mechanical 

integrity. A separate group of specimens could also be tapped with a hammer, as in 

the implantation procedure, before mechanical testing, to determine if this leads to 

mechanical micro-fracturing and loss of modulus. 

• Human osteoblast-like cells should be incubated for longer (over 21 days) periods of 

time to determine if calcification occurs on the porous Endobon substrate. 

• In order to determine if the response to Endobon is a function of the relatively high 

levels of chemical "impurities" such as carbonate, sodium and magnesium, or 

related to the structural and surface morphology, quantitative analysis of human 

osteoblast-like cell cultures could be performed, using the following substrates: 

• 
• 
• 

Porous Endobon, 

Dense Endobon compacts produced from Endobon powder and 

"Pure" hydroxyapatite. 
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The work detailed in this thesis represents a completed study into the effect of 

macroporosity on bone integration in a load bearing cancellous site. However, the 

results have raised questions about the mechanisms controlling the rate and final 

volume of bone ingrowth into porous hydroxyapatite. 

• Longer term (1 year) implantations should be performed to determine whether the 

bone ingrowth had remodelled into a "final" configuration at 6 months. 

• Implantation of longitudinally anisotropic. transversely anisotropic, and isotropic 

specimens with the same apparent density. for periods of 10 days to 5 weeks, could 

provide information about the effect, on the rate of bone ingrowth, of altering the 

macrostructural pathways into the ceramic. 

• In view of the "control" of final mechanical properties by bone ingrowth, a study of 

the low and high density implants in a cortical site should be performed to assess the 

suitability of this material for filling cortical defects. 
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ASSESSMENT OF POROUS HYDROXY APA TI1E FOR BONE REPLACEMENT 

ApPENDIX 

A.1 Theoretical Values of Hydroxyapatite 

Relative atomic mass of hydroxyapatite unit cell: 

Ar HA = lO(Ar Ca) x 6(Ar P) x 26(Ar 0) x 2(Ar H) 

= 10(40.0800) x 6(30.9737) x 26(15.9994) x 2(1.0079) 

= 1004.6424 

Where Ar = Relative Atomic Mass, data from JCPDS (1980). 

Theoretical weight percentage of calcium: 

Ca wt% = 1~~H~a)x 100 

_ 10(40.0800) 100 
- 1004.6424 x = 39.89 % 

Theoretical weight percentage of phosphorl us: 

P wt% = l~~AIi!) x 100 

_ 6(30.9737) 100 
- 1004.6424 x 

Theoretical weight percentage of hydrogen: 

Hwt% _ 2(Ar H) 100 
- ArHA x 

- 2(1.0079) 100 
- 1004.6424 x 

Theoretical calcium to phosphor us ratio: 

= 18.50 % 

= 0.20 % 

Ca:P 
_ Number of Ca ions per unit cell 
- Number of P ions per unit cell 

= 1.67 
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APPENDIX 

A.2 Image Analysis 

A.2.t Preparation of Images for Analysis 

Images acquired directly from the optical microscope did not generally require any 

preparation besides the removal of any artefacts. such as air bubbles in the embedding 

medium. All images of Endobon specimens being analysed for macrostructure were 

aligned with the long axis of the cylindrical specimen running from left to right of the 

image as seen on the computer screen. However, images acquired from SEM 

micrographs often required considerable processing as a result of the low contrast often 

associated with these images. For analysis of grain size it was necessary to trace the 

boundaries of the individual grains manually. 

A.2.2 Detection and Measurement of Macroscopic Features 

Once an image had been "acquired" and processed it was necessary to "detect" the 

features. Analysis was performed using the QUIC menu system by selecting various 

parameters from the feature measurement window and applying them to the detected 

features. Detection of the macropores was performed by selection of the appropriate 

black level to detect only the ceramic (which appeared black in both as-received 

sections and histological sections). Direct detection of the macropores themselves 

proved difficult. as a result of bony ingrowth in histological sections. The detected area 

was displayed on the computer screen in the "image frame" overlaying the original 

image. so that it was possible to ensure the area delineated by the detected field matched 

the original image. 

'--- Image Frame __ --I 

(a) (b) 

Figure A.2.1 Schematic diagram of (a) the detection of ceramic and (b) inversion and 

editing of the detected image. 
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When detection was completed, the image was reduced to a monochromatic image as in 

Figure A.2.la. This image was then reversed and it was possible to "reject" areas that 

had been inadvertently detected (Figure A.2.1 b - cross hatch shading). Individual 

parameters were then specified for measurement and limits set for feature rejection, 

such as minimum area or diameter, which was useful for excluding small artefacts, such 

as cellular debris, detected in histological sections (A.2.2a feature 6). After 

measurement the "accepted" features were re-coloured, as in Figure A.2.2b. The 

relative sizes of the measurement frame and image frame were adjusted, so that 

segments of features that had been sectioned by the measurement frame were rejected 

(Figure A.2.2b features 7 & 8). 

(b) 

Figure A.2.2 A schematic diagram of macropores after feature measurement. 

Explanation of some of the pre-defined parameters: 

• Features 1-3 demonstrate the angle measured by "orientation". 

• Feature 9 demonstrates the measurement of "length" and "breadth", i.e., the 

longest and shortest feature dimensions. 

• Feature 10 demonstrates the measurement of "height" and "width", i.e., the 

longest chord lengths in the vertical and horizontal directions, respectively. 

A.2.3 Detection and Measurement of Microscopic Features 

The basic methods used for detection of macroscopic features were used in the 

detection of microscopic features. With the selection of the appropriate black level, it 

was possible to detect micropores directly from SEM micrographs. However, the direct 

detection of grains proved impossible due to the lack of contrast. As with the 

macropores, it proved easier to detect the grain boundaries, reverse the image and then 

edit out any detected micropores. Again care was taken to select appropriate image and 

measure frame sizes. 
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KBCKAlfICAL AHD BIOLOOICAL ASSI!!SSMEN'l' OP '1'HB OSSI!!OIN'l'EGRATION 
or POROUS HYDROXYAPATITE rKPLANTS 

K.A. "lng, S.M. Best, P.A. Revell·, K.E. Tanner, W. Bonfield. 

IRC in Blomedical Materials, Queen Mary and Westfield College. university of 
London. London EIeNS. ·IRC in Blomedlcal Materials. Royal Free Hospital School 
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IBTRODOCTION 
Porous hydroxyapatite Ca!o(PO.),(OH)2 implant. 

off.r the ~.ntial of tailored-.keletal repair and 
reconstruction in a vari.ty of orthopaedic procedures. 
Th. ca .. for uslng hydroxyapatite (IIA) in the filling 
of os.eous defect. ir fairly obvious as a r •• ult of 
ita bi~tibllity l.ll and the crystallographic 
• iaUarilll .. bet_ it and the apatitic natural bone 
.in.ral'). Wh.n u.ing .uch .. t.rial. in .urgical 
practic. it i. important to be able to predict both 
the la.d bearing capabiliti .. and the time taken for 
effective fixation, in order to allow for .election of 
appropriate .tr.ngth .. terial. and pr.dlction of 
pati.nt .ability re.pectively. 

Th. objective of this study was to characterise 
the ~han1cal behaviour of a commercially available 
porous HA. Endobone pre- .nd po.t- implantation. 
inorder to Study the process of osssoinugration with 
ti_. to allow ch.ract.ri.ation of both ingrowth 
r.lnforc ... nt .nd fixation. 

IlE'l'BODS 
Endobone, synthe.ised via the calcinat ion 

/hydroth.raal conversion of bovine spongio.a in • 
.. nn.r which l.ft the cancel lou •• tructur. intact 
(Figure 1.), was supplied by E. Merck in the form of 
cylindrical .peci_ns .. ith 4.5 ... diametar and 6-7_ 
length. Cue to the nature of the precursor material 
th.r ..... ~ degr .. of vari.tion in the density of 
the •• inoplant •. 

Prior to inoplantation the chemical (XRF. XRD. 
and IR.) .truc:cural (SEM) and mechanical. (coopressiv • 
• trength and eodulus) properties wer. determine for a 
.anopl. of .peci.an. With a bra.d range of densiti •• 

Specimens with Man density of 0.62 g CIII-' were 
s.l.ct.d for implantation from •• allpl. of 350 
speci_ of abeed clenaity. Specimens wer. 1q>lanted 
into trephined defect. gen.r.ted in the di.tal .nd of 
the right f..ur of six .anth old female New Zealand 
White ra1Jbits. Inplants r_ined in vivo for periods 
of 10 day •• 5 .... k •• 3 ~th. and 6 .anths. 

Selected speciaens for histology were labelled 
with fluorochromes cluring the .tudy. After sacrifice 
the ••• peci .. ns were fixed. .ectioned and stained 
wh.r. appropriat.. Quantitativ. hi.tology was 
perfor.ed to ...... the extent of ingrowth into the 
impl.nt. and the n.w bone coverage on implant 
surfaces. C.llul.r respons. was also .tudied. The 
re .. ining .p.ciaen .... r. mechanically tested vi. 
.ith.r conpr.ssion testing or pushout testing to 
...... the reinforcing .ffects .nd .trength of the 
bon./inopl.nt int.rface (i.e •• mea.ur. of fixation) 
r •• pectiv.ly. 

RESULTS • DISCUSSION 
Figure la shows • r~r.sentative longitudinal 

section through an Endobon speci_n. Endobone wa. 
found to be coapoeed of highly crystalline phase-pure 
hydroxyapatite with .mall amounts of magnesium. 
sodiua •• luainiua and .ilicon impurities. lIowever. 
there ... some peek shlfeing of alx>ut 0.1- and in1eial 
findings fra. r.fin ... nt of the structur. indicate 
enae ehe lattice is severely di.torted in the region 
of the phOspbate tetrahedra. FT-IR. spacer. indicated 
the presence of c.rbonat. in significant quantities. 
this finding coupled with the lattice distortion 
indicates that th.re may be some carbon.te 
subetitution for phosphat. groups. 

The stre.s .train behaviour of porous HA was 
found to be siml1ar to th.e of a classic elastic
brittle foea and thus the fr.cture behaviour of 
canc.llous bone. As c.n be s .. n from Figur. lb the 
~nanical properties ... r. also found to be highly 
dependant on density. 

r u..---___ .... 
'i _ 12 -"I. I." xlo

" 

• !II! (r • O. "0' • 

Ii · 
~ ~ . !' :~ .. ...!c:.::,:.;... _ ...... __ .-1 .• 
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(g c."I, 

(a) (b) 
.IGUU l"a) The ... ero structure of Endobone. 
(Bar_lmm), (b) UCS dependence on density. 

Integration of bone within the 1q>lants was good 
w1th intimate contact between the implant and new bone 
.nd no observed fibrous layer. Some woven bone was 
rapidly laid down in the first two weeks. with the 
clear apposition of lamellar bone by 2-3 week •• 
Ingrowth t.nded eo proceed predominately from the 
bot tan of the defect (Figure 2.) with some integration 
from the vaUs of the defece. Both ... cro and .,icro 
porosity appeared to play an important role in tissue 
integration. with evidence of organic ingrowth into 
the ·dense· HA struts. 

.. .! .IJ]III11ft 
........... _. 

11::1~ ii' I. 2S l~ I ",c 

i!ao :11,f 
• .. !' 

10 ~~o 0 

......ho!:~. DoMp ; .1& 10 J!t 
~'tlOA t' __ la Vi .. (Day., 

(a) (b) 
naaR8 :I. (a) Variation of ingrowth with poSition, (b) 
UCS of retrieved bone/implants. 

By 5 .... ks there w.s no significant difference 
in the strength of defects repaired with EI\dobone and 
unoperated bone (Figure 2b), despite incomplete 
integr.tion at this time point (Figure 2a) •• s • 
result of the reinforCing effects of the HA implant. 
Cellular respon.e was good with osteoblasts. 
osteocl.st •• nd osteocytes .11 observed in close 
proximity to the implant with no adver.e response. 

CONCLUSIONS 
Initial results suggest that Endobone is highly 

biQCOllt)atibl.. It act. as • support for new bone and 
encourage. bone ingrowth along its surface.. The 
dependence of the mechanical properties on den.ity 
could be exploited to .llow selection of different 
grade. of porous IIA to suit diff.rent implantation 
site •• thus reducing the ri.k of stress shielding ••• 
re.ult of dissimilar .. chanical properties. 
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Effects or Morphology on Osscointegration in Porous Hydroxyapatite 

K.A. Hing·. S.M. Best·. K.E. Tanner·. P.A. Revellt. W. Bontield· 

·IRC in Biomedical Materials. Queen Mary and Westfield College. Mile End Road. 
London. El 4NS. England. 
tIRe in Biomedical Materials. Royal Free Hospital School of Medicine. Pond Street. 
London. NW3 2QG. England. 

The biocompatibilityl. 2 of hydroxyapatite (HA) -ICalO(P04)c,(OHh1 and the similarities between 
the crystal structure of HA and natural hol1l.: mineraP make porous HA a vial'lle alternative to bone 
grafts. with the potential to repair and reconstruct skeletal defects in a variety of orthopaedic 
procedures. However. although the morphology of hiomedical implants has been of interest since 
the use of a porous ceramic was descrihed in 19634, Ihere has heen no thorough study of the 
effects of physical properties such as macro-pore size and apparent density on pure HA implants. 

The specimens used in this investigation were composed of Endol'lon® supplied by E. Merck. a 
commercially available porous HA synthesised via the hydrothermal conversion of bovine 
cancellous bone in a manner which maintained the trahecular stlUcturc. Three groups of specimens 
were selected for investigation. with apparent densities (If 1.19 ± 0.06 (Batch A), 0.90 ± 0.03 
(Batch C) and 0.61 ± OJl4 (Batch B) g cm·:,\. The average pore sizes for Batches A. C and B were 
460. 760 and 1380 ~m respectively. Despite the considerahle valiation in the macro-structure of 
the selected specimens. the micro-structure was constant with an average micro-pore size of 0.86 
~m. an average grain size of l.38 ~m and a real density of 3.04 g cm·3. 

Specimens from the three batches were implanted for a peliod of 5 weeks in the distal end of the 
right femur of six month old New Zealand White rahhits and selected specimens underwent 
fluorochrome bone lahelling. Integration of hom: within all the implants was observed with no 
fibrous layer between the implant and new hone. The histological response to all implants appeared 
similar with active areas of bone deposition. resorption and remodelling ohserved on all implants. 
However the actual volume of ingrowth. at 15%. within the Balch A specimens was reduced 
compared to that of both the Batch C implunL'i at 19% and the Balch B implants at 23%. 
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INTEGRA TlON OF TRABECULAR BONE 
INTO POROUS HYDROXYAPATITE 
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Introduction 

The biocompatibililY (I. 21 of hydmxyapmile (IIA).
«('..'110(1'04)6(011>2) IUld Ihe similariliel> belween Ihe 
l.Tystal structure of IIA and nmural bone mine~a1 (3] 
make ponlUs hydroxyapalile a vi'lble alternallve 10 
Ixllle gmfls, with the pOlellliul 10 repair and 
reconstruci skelelal defecls in a varielY of 
onhoJl;K.'lIic procedures. 
The objective of Ihis study was 10 slud~ Of. the 
(ll'oces.\ of os.\COinlegr.u ion of porous IIA ':"lIh Illne. 
to allow characterisution of both mgrowlh 
n:infIIl'1.'C11ICnt and Iixminn. 

Methods 

A cOInmercially avuil:INe rOlllus IIA. Ellliobon®, 
(ll'ooUl.'Cd via the hydrulhennal conversion of IxlVine 
cancellous bone was surplied by E. Merck. 
Darmstadt. Gennany. in the fonn of cylilllirical 
spccimens 4.5mm di:uneler and 6-7mm in lenglh. 
Specimens with mean density of 0.62 g cm·3 were 
selecled tor imrlmllation into Irerhined defecls 
genemled in Ihe disl:ll end of the righl f~mllr (If ~ix 
mnlllh old female New Zealand WillIe rabhlls. 
Implants rem'lined in vivo for pcriods of I 0 ~IYs. 5 
weeks and 6 months. Selecled 5 week spccllllens 
were L'Ihelled on cl.lnscculive d.'IYs wilh four differenl 
nuucuchromcs at tile ends of Wl.'Cks 1.2.3 and 4 in 
vivo. Afler 5.'Il.Tifice. Ihese specimens were lixed. 
seclioned and sillined with loluidine blue where 
apJllllflrime. Qumllillllive hislology was pc~'onncd 10 
assess lhe extenl of ingrowlh inlo Ihe IInrlunls. 
Specimens were mechanically lested by eilher 
Ctllllrres.~Km lesling (II' push 0111 lesling 10 a.~scs.~ Ihe 
reinflll'cing effects and the strength of the bone
implant interface, n.'Spcctivdy. 

Results 

Inlegmtion of bOlle within the implmlls was observed 
wilh intimate COntacl between Ule imrlmll and ncw 
bone and IIIl fibrous laycr. From Ihe Iluofl)chrulllc 
"Ihelling. il was evidenl thai some wovcn Ixlnc WIL~ 
mritlly laid down in Ihe first Iwo weeks al Ihe 
periphery of the imrlanl. with obvious IlPfIIlsilion of 
lamell'lr hone wilhin Ihc imrl:UlI by 3 weeks. 
Ingmwth lemletllo rrncecd pretlominalcly from Ihc 
Ixlllllm of Ihe t1efecl 1II1t1 by 5 weeks had fully 
pcnelraled arrfllximlltely half of Ihc lenglh of Ihe 
implanl wilh sUllie inlegmlilln from Ihe walls of Ihe 
tleh:1.1. Dolh IIl<lCm and micm fIIlRlSily .Ippcared III 
play 1111 imflllrlmll mle in tissuc inlegnllilln. wilh 
evidence Ilf ingmwlh illlllihe "densc· IIA slnlls. 

Compression lesling of relrieved imrlanls 
demonslraled Ihal, al 10 days, Ihere was no 
significanl differcnce in lhe ultimate comrressive 
stress (UeS) of implanted (3.6 ± 0.4 MPa) atId as 
received porous IIA (2.6 ± 1.1 Mila). However. at S 
weeks Ihe UCS of implmlled mlllcriul b.'\d increao;ed 
104.9 ± 2.1 Mp· ... despite incomplete osseointegration 
al this lime poinL Similarly the strength of the hosl 
tissuc/implalll illlerface had increased signilicalllly 
by 5 Wl.'Cks. 

Table 1 Push OUI lesling results 

SIlI.'Cimcn 

Control 
10 days in vivo 
5 weeks in vivo 

IlIIerface Slfcngth 
(MP'd) 

0.016 ± 0.003 
1.0& ± 0.88 
3.99± 1.79 

Conclusions 

Woven bone is mpidly laid down towards Ihe end of 
Ihe second weck at Ihe edges of Ihe dcfect. with 
ingrnwlh inlo the implanl hy Ihe second or Ulird week 
via the apflllsilillnof Imnellar bone directly OIIto lhe 
surface of Ihe matcrilll. Dy five weeks, the lower half 
of Ihe imlalll is comrletly inlegrated, with partial 
integmtion from Ihe cdges al lhe tor of lhe implant. 
Al six months. this osseoinlcgmlion is complete 
throughout the implant and cartilage repair has 
occured over Ihe lOp surface. 
nle cllpc'lcity of the newly formed bone 10 enhance 
Ihe meclllulic;t1 pcrfonnace of lhe imrllllli and. hence 
Ihe IIbilily of loads 10 be IfanSmilled across ·Ihe 
inlerface demonstrales Ihe inilmacy of the bond 
hctween UIC impllllll and Ihc hosl tissue. 

Acknowledgements 

E. Merek Gmbll. 64211 DlIflllS!.'Idt. Germany. for lhe 
funding of Ulis project. 

References 

1) Dcni!\.~en H.W.: Van Di.ik lI.J.A.: De Grool K.: 
Klurrcr PJ.: Vcrmidcn J,I'.W.: (ichring A.P. 
Meeh:U1icall'rurcrlies of Diomaleri:lls Ells lIaMings 
<l.W.: Williams I>.F. Jllhn Wiley & Slln.~ Ltd. (II)!!() 
2) Eggli P.S.: Mulll.'I' W.: Schenk R.K. 
Oin. Onhll. Rclm. Res. 132 121-138 (1988) 
3) I'osner A.S. 
Phyisiologic'll Reviews 49 (4) 7M-7'>2 (I(J6(J) 

287 



PUBLICA nONS 

AN IN VITRO STUDY OF THE RESPONSE OF 
OSTEOBLASTS TO POROUS HYDROXYAPATITE 

K.A. Hin~ •• D ..... .,t. S.M. 11",,1·. W. Rnnli"ld •• 
·IRC in llilllll\ .. 'tIi~~11 Mal~'fi;~s. (Ju~'Cn Mary mill Weslfield Cllllege. Mile End Rllm.l. Lllndlln El 4NS. England. 
tlRC inllillml.'tlk~11 Malerials. Inslilule IIfOrllKIJlaedics.Dmddey lIill. Simuollre. MiddleM:x IIA7 4 LP. Englanc.l. 

Introduction 

The Ilslellgenie 1\Hlure III' synlhelie. deuse 
hydrnxyaJlalile (lJA) has led In greal inlerest in its. 
Jl"lenlial liS a material lilr Ihe augmellialilln Ilf 
IIssellus deli.'Cls. ·1111~ silllilar use Ilf IIIW densily HA. 
wilh ils highly illlercllnn~'Clcd Jlllrnsity. l);Is aL~o ix-en 
advllcllled. Jlarlicularly ill c:lllcellllus lIpplielllillns 
where its slruclure mllfe cllIscly mirrnrs that IIf ils 
hllSI. funhenollre. Ihis Slruclure invites Ihe illgmwlh 
III' hlllll: illlll Ihe illlJllant JlreM:llling :1 mllre sceurl:ly 
fixl.'tIluld integraled rcJlair. 
IllIwever althllugh lIIuch wllrk h;L~ ~en perfllrllled 
lin Ihe ostellgenie cell resp"nse III synlhelic. de lise 
IIA. lillie work lIpJlClIfS III have ~en I.~.,.,.iedllul lin 
Jl(IfIlUS IIA. liS regard~ the reaclillu Ill' cells III hnlh 
Ihe IIA :lIld Ihe eXlensive intercllnlll:eted macru
pnmsity. 
The JlurJl(lsc III' this study was III invesligate the 
n:S[llIlL~ IIf Il~le()hh~ls III [IIIRIUS IIA in "ilTII, wilh 
Jlanicular emphasis lin Ihe migralilln IIf Ihe cells 
Ihllugh Ule Ihree dimellsillnal [II,r11IlS siructure. 

Methods 

A cllllllnercially IIvailahle Jl('J'()US IIA, EndnhulI®. 
wa~ sUJlplied hy E. Merck. Darmstadl. (iermlmy. 
wilh II lIIe:1IlIIpparent dcnsity IIf O.72!i ± 0.107 p em" 
3. 'l1lis malerial W;L~ Jlruduced via Ihe bydrnlhennal 
ec>nversilln III' hllVine cancelluus hlllle ill II lIIallller 
wbich left Ihe C;lIIl'cIlIlIlS slructure illtat,·t. Jlulllan 
IIsleuhlasi (lion) cells Clllllirell ill I>MEM + lII'iI· 
FCS + NEAA were used tbmughoul the study. 
Endllhllll ® slices (lImm x JlIIIIIl x I.!illlln) were 
JlI:lCed ill II tissue culture well (surl':lCe area 2 clll-2) 
lind Iml IIf t.'ell susflCnsilln (I.6x I O~ cells.ml- I ) 
addell. Aftercullure 1'111'1.4,7.14 anll21 days, cclls 
wcre lilell :11\11 Jlrcparcd lilr light, scanning lIlIll 
InUL~lIIis.~illn cll.'CtrunlllicrllSt.~l(ly. 

Results 

Aner I lIay in culture. the cdls ball allm:hed lllld 
nallened unlo the nl:lterial surJ':lCe (Fig. 1:1). Dy lIay 
4, the cells had Jlmli('er:lled Itl form II eOllnuell1 
mOllolayer mul there WliS evillellce III' cell lIIigr:llilln 
vill the illlcrcollnecled macm[lllrt.'S inl() Ihe 1I11lh:rial 
(Fig. Ill). Detween 7 111111 21 dllYs there WliS 
lIIultilayering III' the cells wilh t:xlensive JlflKluclilln 
IIft.'ollagcllllus cXIr.lceliular lIIatrill (Fig. k). III 
lIdllitillll, Ihc cells lilrlllell lIIultilayered slu:ets 
t.~lvcring tht: mllt.ToJl(lrcs (Fig. hI), II PrIlCI.'Ss referred 
III IL'I caJlPing. The regularily III' this nwcmpure 

t."pJling increllsed with lime in culture uJl til 21 d.,ys. 
IL~ lIillthe thicklless u('the lIIultilllyers. 

(lI) (h) 

(c) (II) 

Fi~ur." SI.'lIlning eleclmn milTugraphs of IIOD 
1.'Clls cultured lilr (:I) I, (II) 4 lind (e mid d) 7 d:IYs. 

Conclusions 

Cells grllwn lin the mlilerilil shllwell nllrmlll 
IIIl1rJlhlllllgy. with no evidence IIf IlIxic respunse. 
indicliling IIml Ihe mlllerilil i.~ hillcllmp:llihle. 
'111e migmlilln IIr Ihe cells intu Ihe Jl(II'IIUS slructure 
was delllllllstmlell. lL'I WIL'I the produelion of exira 
t.'Cllular matrix indiellliug the (l'ltellgt:llie n:lture of Ihe 
m:llerial. 
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ABSTRACT 
Porous hydroxyapatite (HA) implants offer the potential of osseous defect repair and much 
work has been carried out on both the in vivo and in vitro response of this material. 
However, in conjunction with the biological assessment of a material it is also important 
to fully characterise its physical, chemical and mechanical properties to aid understanding 
and control of any exhibited bio-response. In this study cylinders of porous hydroxyapatite 
with apparent densities between 0.4 and 1.3 Mg m,3 underwent chemical, physical and 
mechanical characterisation. Three groups of specimens with mean apparent densities of 
0.61,0.90 and 1.2 Mg m.J were then implanted into cancellous bone for a period of 5 
weeks before being studied histologically and mechanically. Before implantation the 
material behaved as an elastic, brittle foam and the ultimate compressive stress (UCS) was 
highly dependent on apparent density. After implantation the amount of bone ingrowth 
was found to vary with apparent density, the least amount of ingrowth being in the high 
density specimens. The osseointegrated, low density specimens exhibited mechanical 
behaviour similar to trabecular bone while the high density implant, which had a higher 
UCS than the cancellous bone, still behaved as a ceramic. These results suggest that 
implants may be selected for different applications using porosity as a guide to mechanical 
competence, and that the matching of mechanical properties to the host tissue results in 
a more compatible implant. 

INTRODUCTION 
The biocompatibility [1,2] of hydroxyapatite (Ca1o(PO.MOH)J and the similarities 

between the crystal structure of HA and bone mineral [3] has led to great interest in the 
potential of dense HA as a material for the augmentation of osseous defects. The use of 
low density HA, with highly interconnected porosity, has also been advocated as a viable 
alternative to bone grafts without the sterilization, infection, rejection and supply 

75 
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complications often associated with bone grafts. Furthermore, this porous structure invites 
the ingrowth of bone into the implant leading to a more securely fixed and integrated 
repair, particularly in cancellous bone where the structure closely mirrors that of the host. 
However, although the morphology of biomedical implants has been of interest since the 
use of a porous ceramic was described in 1963 [4], there has been no thorough study of 
the effects of physical properties such as macro-pore size and apparent density on (HA) 
implants before and after integration. 

MATERIALS AND METHODS 
Endobon® specimens, with a broad range of apparent densities (0.4' - 1.3 Mg mo3

), 

were supplied by E. Merck in the form of 4.5 mm diameter cylinders with a length of 6.5 
mm. Endobon® is produced via the hydrothermal defatting and calcination of bovine 
cancellous bone in a manner which preserves the trabecular macro-structure and converts 
the bone mineral into hydroxyapatite. 

Physical characterisation 
The specimens were physically characterised using a number of techniques, the bulk 

or apparent density was calculated from specimen dimensions and weight, while gas 
porosimetry was used to determine the real density, i.e., the density of the specimen 
"struts". In order to study the microstructure, specimens were vacuum embedded in epoxy 
resin, polished (Struers Abramin'Thf), and where appropriate etched with 10% phosphoric 
acid, prior to viewing using a Joel'Thf 6300-F scanning electron microscope. Macrostructure 
was assessed using a Zeiss 'ThfAxioscope light microscope to study the embedded, polished 
specimens. 

Chemical analysis 
For chemical analysis, specimens were ground down using a mortar and pestle. X-ray 

fluorescence was performed to determine the Ca:P ratio and detect any impurities, while 
X-ray diffraction using a Siemens'Thf D-5000 yielded information about the phase purity 
of the material. Any carbonate substitution in the apatite lattice was then determined using 
a Nicolet'Thf 730 infra-red spectroscopy unit. 

Biological performance 
Three groups of specimens with mean densities of 0.62, 0.93 and 1.17 Mg m·l were 

selected to be implanted in the distal end of the right femur of six month old New 
Zealand White rabbits. Defects were generated in the sub patella bone with the use of a 
saline cooled diamond tipped trephine. After removal of the bone plug implants were 
press fit into the defect and care was taken to ensure that the implants were flush with the 
surface of the bone. Any loose ceramic particles were then rinsed away with saline and 
the wound stitched internally with Viacryl'Thf and externally with PDS monofilamen'Thf. 
Specimens were left in 'Vivo for 5 weeks. Integration of bone within the specimens was 
studied histologically, two fresh integrated specimens from each of the three density 
groups were fixed in formal alcohol and embedded in Technovit™ resin and slices from 
each specimen were ground down to approximately 1 0 J1m and stained with toluidine blue 
for examination. 
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Mechanical testing 
Mechanical testing was performed in compression on both as-received specimens and 

osseointegrated implants with a cross head velocity of 0.001 mm s'" using an lnstronolM 
4464 testing machine. Specimens were tested in Ringer's solution at 37°C (Fig. la) to 
maintain continuity. Test pieces of the integrated implants were prepared by extracting a 
plug using a 6.5 nun inside diameter trephine. The surplus ends of the plugs were then 
carefully removed before testing (Fig. 1 b). Plugs of trabecular bone were also removed 
from identical positions on the contra lateral femurs as control specimens. 

RESULTS AND DISCUSSION 
Physical characterisation 

All specimens exhibited the same basic structural characteristics of a foam, with a 3 
dimensional interconnecting network of struts and pores (Fig. 2a). However specimens 
also exhibited varying degrees of anisotropy which was particularly marked in low density 
specimens. Specimens selected for the in vivo work had minimal anisotropy variation. 
Macrostructure varied considerably with apparent density as can be seen in Fig. 2b and 
c. This is reflected in the variation in pore size and a thickening of the ceramic "struts" 
whereas the microstructural features were similar in all specimens (Table 1). 

Chemical analysis 
The X-ray fluorescence results indicated that Endobon® did not contain significant 

quantities of impurities, although there were some traces of Mg, Na, Al and Si (Table 2). 
~ese.results were also used to determine the Ca:P ratio, calculated from the data as 1.68, 
hich IS close to the theoretical value of 1.67 for stoichiometric hydroxyapatite. This 

(b) Section 

t A 

Test Piece 

Figure 1 (a) Compression testing jig and (b) integrated test piece preparation. 

Table 1. Summary of physical characteristics. 

Apparent Macro-Pore Real Density Micro-Pore Grain Size 
Density Mg Size Length Mgm·3 Size ~m ~m 

m·l ~m 

O.61±0.04 1380±810 
O.90±O.O3 760040 3.039±O.O04 0.856±O.418 l.38±O.70 

1.19±0.06 460090 
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(a) (b) (c) 
Figure 2. Examples of Endobon® macrostructure: (a) Surface view. Longitudinal sections 
of specimens with apparent densities of (b) 0.65 and (c) 1.11 Mg m·l . 

slight discrepancy in Ca:P ratio may be due to pbase impurity sucb as traces of CaO or 
substitution of carbonate for phosphate groups. The X-ray diffraction patterns obtained for 
Endobon®, matched the ASTM standard for hydroxyapatite, and did not indicate the 
presence of any significant quantities of secondary phase, demonstrating phase-purity. 
However, there was some peak shifting of about 0.10 and refmement of the structura1 data 
indicated that the lattice was severely distorted in the region of the phospbate tetrahedra. 
Moreover, the infra-red spectra detected the presence of carbonate, which coupled with 
the lattice distortion indicates B-type carbonate substitution. Thus the slight discrepancy 
in Ca;P ratio is likely to arise from carbonate substitution, a consequence of either the 
stage in production when organic material is reduced to carbon before pyrolysis, or direct 
conversion from the bone mineral. Allhough it is still possible that traces of CaO, not 
detectable using XRD, are present as a result of the pyrolysis of the organic material and 
subsequent oxidisation of any unstable calcium salts present in the bone mineral. 

Biological response 
Endobon® displayed a highly osseoconductive surface as a result of the B-type 

carbonate substitution which also occurs in natural bone mineral. Integration within all the 
implants was good with direct apposition of bone on the imp.lant surfaces and no fibrous 
encapsulation (Fig. 3a). Cellular response was favourable With cells such as osteoblasts 
and osteocytes observed in close proximity to the implant surfaces exhibiting normal 
activity (Fig. 3a and b). Integration tended to proceed predominately from the bottom with 
some ingrowth from the walls of the ~efe~t. How~ver the .amoun~ of inte~tion varied 
with apparent density, with the least bemg m the hIgh denSity speCImens (FIg. 3c and d). 

Table 2 Results of X-ray fluorescence. 

Oxide CaO PzOs MgO NIlzO Al20 l Si02 

Weight % 55.4 41.7 0.85 0.58 0.20 0. 18 
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Mechanical testing 
Specimens exhibited similar behaviour to an elastic brittle foam, where linear elastic 

deformation at low stresses is followed by a collapse plateau due to the failure of the 
individual struts (Fig. 4a). The ultimate compressive stress (DCS) was found to be highly 
dependent on the apparent density (P) with a relationship similar to those previously 
postulated for cancellous bone and porous HA [5,6] (Fig. 4b): 

UCS = 5.87 pl99 (1) 

The mechanical behaviour of the low and medium density specimens altered 
significantly after implantation (Fig. 4c), will 'behaviour closer to that of the cancellous 
bone removed from the contra lateral femur (Fig. 4d), than the elastic-brittle behaviour 
displayed before implantation. The mechanical behaviour of the higher density material 
was less affected (Fig. 4c) by the bone ingrowth. This may be a result of the increased 
content of ceramic (thickening of struts) in the higher density material dominating the 
behaviour, where as the failure of the lower density material is controlled by the Large 
volume of bone ingrowth, which is less brittle. 

CONCLUSIONS 

These findings suggest that Endobon® is highly biocompatible. It acts as a support for 
new bone and encourages bone growth on its surfaces. The amount of bone ingrowth 

(a) (b) 

Oc 

B 

E 

(c) (d) 

:--~~~".~ 
.. $.. ••. 

Figure 3. (a) Direct apposition of hone, B, containing healthy osteocytes, Oc, on 
Endobon®, E, (x 1000). (b) Osteoblastic activity, Ob, around an Endobon® strut, (x 400). 
Bone ingrowth within (c) high density and Cd) low density Endobon®, (x 100). 
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Figure 4 (a) Compression behaviour of as-received specimens. (b) Dependence of ultimate 
compressive stress on apparent density (~ = 0.865). (c) Compression behaviour of 
explanted specimens during compression. (d) Compression behaviour of trabecular bone. 

varied with apparent density with the least ingrowth in the high density specimens. Before 
implantation the material behaved as an elastic brittle foam and the ultimate compressive 
stress (UCS) was highly dependent on apparent density. After implantation the 
osseointegrated low density specimens exhibited behaviour similar to trabecular bone 
while the high density material, which had a higher UCS than the cancellous bone, still 
behaved as a brittle material. These results suggest that implants may be selected for 
different applications using porosity as a guide to mechanical competence, and that the 
matching of mechanical properties to the host tissue results in a more compatible implant. 
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