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Summary

The aim of this this se ries  of s tud ies  w as to identify  m e th o d s  to p rev en t  a lveolar  ridge 

reso rp t io n  following too th  ex trac tions and  also to invesigate  conserva tive  m e th o d s  of providing 

anchorage  in a reas  of deficient bone  using titanium .

The healing of an extrac tion  socket following too th  rem oval has  been  s tud ied  in anim al models. 

These s tud ies  d em o n s tra ted  th a t  dur ing  the  p rocess  of healing a series  of even ts  occurred , such 

as the  form ation and m atu ra t io n  of a blood clot, in filtra tion  of fibroblasts  replacing the 

coagulum and  the  es tab l ish m en t  of a provisional m atrix  th a t  a llow ed for bone  form ation. In dog 

studies, re sea rchers  s tud ied  bone t issue  reac tions to  too th  ex trac t ion  using observa tions  from 

both w ith in  the  alveolus and  in the  su rro u n d in g  tissues. It w as o b se rved  th a t  the  in tra-a lveolar  

portion  of the  extrac tion  site becam e occupied by w oven  bone  which, following the  form ation  of 

a cortical ha rd  tissue ridge, becam e replaced mainly by bone  m arrow . Both the  lingual and the  

buccal hard  t issue walls u n d e rw e n t  a m arked  change. Thus, th rough  the com bined  effect of 

surface reso rp tion  and loss of bund le  bone, the  buccal bone  wall in pa r t icu la r  w as reduced  in 

th ickness as well as in height. These  changes have obvious im plications for any  su b se q u e n t  

im plant p lacem ent, particu larly  in the  aes the tic  zone. Although it has been  suggested  th a t  the 

p lacem en t of im plants  in fresh extrac tion  sockets m ay se rv e  to  m ain ta in  the  original shape  of 

the  ridge, rem odelling  in the  la ter  s tages of healing w as  found to re su lt  in the  loss of a significant 

am o u n t  of buccal bone. Fu rthe rm ore , it w as found th a t  while  the  p lacem en t  of b iom ateria ls  into 

sockets im m edia te ly  following extrac tion  failed to p re v e n t  re so rp t io n  and  loss of height of the 

buccal bone  crest, the  profile of the  ridge w as  b e t te r  p rese rved .  The aim  of the  first s tudy  h e r e 

in w as to  evaluate  the  effects of a novel bone  su b s ti tu te  sys tem  (Natix®, Tigran Technologies 

AB, Malm5, Sweden), consisting of po rous  t i tan ium  granu les  (PTG), and  a bovine-derived  

xenograft  (Bio-Oss®, Geistlich Pharm a  AG, W olhusen, Sw itzerland), on ha rd  t issue  rem odelling  

following th e ir  p lacem en t into fresh extraction  sockets  in dogs. Histological observation  

revealed  th a t  while bone  form ed a ro u n d  both the  xenograft  and  th e  t i tan ium  particles, bone w as 

also no ted  w ith in  t i tan ium  granules. Of the  five m odalit ies  of ridge p rese rv a t io n  techn iques  

used in this study, no one techn ique  proved  to be superio r .  Overall, the  t i tan ium  g ranu les  w ere  

observed  to have p rom ising  osseoconductive  p roperties .

Following the  loss of tee th  and in the  absence  of ridge p re se rv a t io n  techniques,  a lveolar bone 

reso rp tion  occurs w ith  significant consequences  for facial contours . As reso rp t io n  progresses , 

d en tu res  becom e less functional and  advanced  bone grafting  p ro ced u re s  is often necessary  to



restore tissue. Occasionally, resorption is so pronounced that restoration is unpredictable, 

leaving patients unable to function resulting in patients developing severe functional and 

psychological deficits. The emergence of zygomatic implants provided a solution for cases of 

extreme maxillary resorption, however, this solution is expensive and not without its own 

limitations. Additionally, no such solution exists for cases of extreme mandibular resorption.

Subperiosteal, non-osseointegrated implants have been used in the past with limited success 

due to cumbersome techniques and less than optimal materials. With the advancement of 

material science and digital imaging, subperiosteal implants it may be possible to use them as a 

support  for restorations, and also as a protective framework reinforcing highly resorbed 

mandibles prone to fracture. The aim of the second study here-in was to investigate the 

possibility of superficial titanium osseointegration. Ten rabbits were used and each animal 

received two trea tm ent groups in the right or left femur. One femur received a subperiosteal 

implant using a trough prepared in the bone area and micromini fixation. The other received a 

subperiosteal implant that was fixed to the bone using only micromini fixation screws. 

Histological examination revealed that there is a significant difference between the am ount of 

osseointegration as well as the am ount of bone covering of the titanium implants between the 

two trea tm ent modalities. It seems that the sub-periosteal implants placed into a trough 

performed be tte r  than the ones placed on top of the cortical bone. Differences in the histological 

plate length due to differing orientation sections were factored into the statistical analyses and 

w ere  found not to influence the results. In the third study, the changes occurring during 

maturation of the rabbit cortical bone around the titanium plate were examined using the 

nanoindentation technique. It was observed that the mechanical properties of the newly formed 

bone measured at the microstructure level were inferior to the m ature cortical bone below the 

plate.

The fourth study investigated the am ount of bone formation around a novel rectangular plateau 

design mini implant as p ar t  of a subperiosteal framework for dental anchorage in areas of 

deficient bone. Six white rabbits were used in this s tudy and each animal received a mini 

implant in the right and the left femur, it was dem onstrated  that all implants integrated 

successfully and new bone grew over them. These small rectangular implants, seem to have the 

potential to increase significantly the bone implant contact when incorporated into a 

subperiosteal framework. With the help of computerised tomography the areas with available 

bone can be identified and such a rectangular implant can be incorporated to the sub-periosteal 

framework to provide additional support.
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Chapter 1: General Introduction
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Dentistry has undergone num erous changes during the past quarte r  century, how ever no 

changes have been more profound than those in the field of implant dentistry. Endoseous 

ailopiastic implants can be found dating back to AD 600, but the surge in implants for tooth 

replacement did not flourish until the middle of the 1900s. These early efforts w ere  m et with 

an emphasis of the mechanical over the biologic(j/. it was not until the research emerging from 

P.! Branemark and others that implants captured the attention of dentistry. In the early 1960s a 

novel implant was under development which relied on direct bone anchorage for clinical 

function, in a process term ed osseointegration. Animal experiments which were perform ed at 

B ranemark’s laboratory clearly indicated that direct bone anchorage of an implant was possible, 

provided that a num ber of defined guidelines were followed [Branemark e t al. 1969). This was 

further documented in the first clinical report  that was published later (Branemark et al. 1977].

The scientific community remained unconvinced of osseointegration and its potentials for a 

long period of time. The reason for this was partly because in the 1970s there  w ere  no 

methods available to section intact bone to metal specimens. The first investigator to 

conclusively dem onstrate  osseointegration was Schroeder from Switzerland. His team used 

newly developed histological techniques to cut through undecalcified bone and implants 

w ithout separation of the anchorage (Schroeder et al. 1981].

Albrektsson e t al. (1981] presented information on a series of background factors that  required 

to be controlled for reliable osseointegration of implants. These factors included the 

biocompatibility, design and surface conditions of the implant, the status of the host bed, the 

surgical technique a t insertion and the loading conditions applied afterwards. It was essential to 

control these factors in order to achieve successful implant osseointegration. Albrektsson’s 

laboratory has since been devoted to learning more about these various background factors, 

such as biocompatibility of metals (Johansson et al. 1991], bone cement (Morberg & 

Albrektsson 1991] and hydroxyapatite (Carlsson et al. 1994], implant design, implant surface 

(W ennerberg et al. 1996), the status of the host bed (Buch et al. 1985) and the surgical 

technique (Eriksson & Albrektsson 1984).

A root form design, a precise surgical procedure, and an undisturbed healing time suddenly 

elevated endosseous dental implants to the realm of a highly successful and acceptably 

predictable procedure. Dentistry was presented with scientific studies that w ere  difficult to 

refute. The early emphasis was centred to the edentulous patient but a ttention tu rned  toward 

the partially dentate  patient after the Toronto conference in the early 1980s. The placem ent of 

implants was limited by the demands of an adequate ridge form to house implants. Surgeons’
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options w ere  limited by the bone’s size and form until 1989 w hen the first reports of 

simultaneous delivery of an implant into an extraction wound were published [Nevins et 

0/.1989], At approximately the same time, reports  on growing bone over implant fenestration 

or dehiscenses using guided bone regeneration expanded the population of candidates for 

t rea tm ent (Dahlin et al. 1989). Grafting of the floor of the maxillary sinus, nerve transposition 

of the inferior alveolar nerve, and eventually, vertical growth of bone all provided corrections 

that  were previously thought unlikely to be successful candidates for osseointegration (Cawood 

(williams) et. a/. 1990). Unfortunately, these types of procedures involve certain risks, high cost 

and a certain am ount of discomfort. Any of these reasons could deter  a num ber of patients from 

seeking treatment, action which could significantly affect their quality of life.

This research aimed to develop methods to prevent alveolar ridge resorption following tooth 

extractions as well as conservative methods to provide anchorage in areas of deficient bone by 

using titanium materials.
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Chapter 2: General Literature Review
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2.1 Bone structure

Bone is generally classified as either compact [cortical) or cancellous (trabecular]. Both types 

differ in their detailed structures, but have the same basic histological s tructure (Kiuru 2002], 

The microstructure unit of cortical bone is known as the osteon (Haversian system) and tha t  of 

cancellouse bone is known as a trabecular packet (hemi-osteon). Compact bone constitutes 

about 85% of bone in the body w hereas  cancellous bone forms the remaining 15%. Cortical 

bone is primarily found in the diaphysis; along the outer surfaces of long bones, while 

cancellous bone is found in the metaphyses and epiphyses of long bone, internal to cortical bone 

(Carter & Spengler 1978). It has a high surface area (Ralston 2005), thus has a higher 

remodelling ra te  than cortical bone (Martin et al. 1998). Although the calcified matrix of 

cancellous bone is similar to that of compact bone, the apparen t density (the ratio of bone mass 

to bulk volume) of cortical bone is higher than that of cancellous bone; ranging 1.8-2.0 g/cm^ 

versus 1.0-1.4 g/cm^. These differences in density are due to the presence of m arrow  filled 

spaces (Martin et al. 1998).

Porosity indicates the ratio of voids volume to the total volume (Martin et al. 1998). The 

porous structure of cancellous bone acts as a shock absorber by which load is dissipated. The 

porous structure also facilitates diffusion of nutrients to the bone cells and serves as a prim ary 

site for production of red cells.

Pores and cavities within the cortical bone are categorised as follows:

2.1.1 Haversian canals run along the long axis of the bone. Each Haversian canal is 

about 50|im in diameter and contains blood vessels, nerves and loose connective tissues. 

Haversian canals are connected to each other and to the surfaces of the bone through short  

canals known as Volkmann’s canals (Martin et al. 1998).

2.1.2 Volkmann’s canals are short  transverse canals that  connect the Haversian canals 

to each other and to the surface of the bone. They contain blood vessels and probably 

nerves (Martin et al. 1998). They appear  to be surrounded  by concentric lamellae of bone.

2.1.3 Resorption spaces are tem porary  cavities created by bone osteoclasts in the initial 

stage of remodelling. They are about 200|im in d iam eter (Martin et al. 1998). When they 

p resent on the bone surface, they are known as Howship’s lacunae (Nanci et al. 2003), 

which are usually occupied by osteoclasts. The resorption spaces lead to stress 

concentrations within the bone that may aid in the generation of microcracks (Burr 2004).
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2.1.4 O steocyte lacunae and canalaculi. Bone is a mineralised connective tissue that is 

composed of organic and inorganic materials.

2.2 Organic Matrix

Organic matrix consists by weight of about 30%-33% of bone (Nanci et al. 2003). About 90% 

of the organic matrix (osteoid) is collagen, which is predominantly type-1 collagen and accounts 

for about 85%-90% of the organic matrix (Currey 2002). Collagen, which is a fibrous protein, 

plays a principal role in determination of bone’s mechanical properties. It also provides loci 

for the nucleation of bone mineral crystals, which gives bone rigidity and compressive strength. 

The remaining 10% of the organic matrix (ground substance) comprises non-collagenous 

proteins such as proteoglycan, osteocalcin and osteopontin. These non-collagenous proteins 

mediate attachment of bone cells to the matrix and regulate bone cell activity during 

remodelling (Ralston 2005). This matrix may act as glue that holds the mineralized fibrils 

together (Fantner et al. 2006).

As the osteoid calcifieds, much of its water content is replaced by inorganic bone component 

that is almost entirely hydroxyapatite crystals (Martin et al. 1998). Both the collagenous and 

the non-collagenous bone matrix proteins are produced by osteoblasts in the initial stage of 

bone formation (Nanci et al. 2003).

2.3 Inorganic Matrix

Inorganic matrix (Mineral) consists by weight of about 70% of bone (Guyton & Hall 2000). 

About 95% of these inorganic components are in the form of hydroxyapatite (HA) crystals 

which are mainly composed of calcium and phosphate (Ralston 2005).

Some other salts such as magnesium, sodium, carbonate and citrate are reported to exist 

(Martin et al. 1998). For example, the phosphate groups are replaced by 4-6% of the carbonate 

changing the mineral to a carbonate apatite (dahllite) (Currey 2002).

The apatite crystal deposition usually increases during ageing and maturation of bone, which is 

associated with a change in bone mechanical properties. However there is still controversy 

regarding the exact shape of the mineral crystals (Currey 2002). They are described as platelet

shaped (Currey 2002). They deposit alongside collagen fibrils and bind tightly to them thus
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im prov ing  m echanical p ro p e r t ie s  and p re v e n t  sh e a r  in the  bone  (Guyton & Hall 2000], 

However, a considerab le  var ia tion  in m inera lisa tion  degree  b e tw een  different bones  exists.

Using high e lectron m icroscopy and  3D imaging apa ti te  crystals w e re  observed  to  be or ien ted  

a p p rox im ate ly  parallel to one a n o th e r  and  to th e  collagen fibrils w ith  w hich  they  a re  associated. 

The crystals  w e re  se p a ra te d  by a m in im um  distance  of 4 .2nm  and  w ere  obse rved  in a 

d is tr ibu tion  th a t  suggested  they  w ere  initially and  prefe ren tia lly  deposited  (nuclea ted) in gaps 

(hole regions) w ith in  collagen fibres. These  gaps distinct spaces  b e tw een  the  head s  and  the 

tails of th e  pro te in  m olecules called tropocollagen, which aggrega tes  to form microfibrils  of 

collagen (Currey 2002). The microfibrils com bine  to  form fibrils (Currey 2002).

T hese  m inera lised  collagen fibrils a re  a b o u t  5 0 -100nm  in d ia m e te r  and  held to g e th e r  by a n o n 

m ineralized, non-fibrillar organic  matrix. The degree  of m inera lisa tion , as well as the am o u n t  

of non-fibrillar organic matrix, w as  found to  va ry  significantly b e tw een  trab ecu la r  bone  sam ples  

and  w ith in  the  sample. It w as hypo thes ized  th a t  the  non-m inera lized , non-fibrillar organic  

m atrix  m ight ac t as the  glue th a t  b inds the m inera lized fibrils to g e th e r  and m ay resu lt  in a 

p r im ary  failure m ode of de-lam ination  b e tw een  the  m inera lized  fibrils. The m ineralized fibrils 

in tu rn  sp an  m icrocracks and  crack tips and  may also resis t  the  g row th  and p ropaga tion  of the 

cracks. They therefo re ,  con tr ibu te  to  the  f rac ture  toughness  of bone  (F an tn e r  e t  al. 2006). In 

cortical bone, cells a re  p rim arily  su rro u n d e d  by bone  matrix, w h e re a s  in the  cancellous bone 

they  lie b e tw een  lam ellae  o r  on the  surface of t rabecu lae  ad jacen t  to bone  m arrow .

2.4 Types of bone

2.4.1 Primary and secondary bone

in genera l,  bone  can fu r the r  be classified as p r im ary  or  secondary . P r im ary  bone  is form ed by 

en d o ch o n d ra l  ossification or  d irec t  sub -perios tea l  deposit ion  (C arter  & Spengler 1978). It is 

usually  t ra n s i to ry  and  is replaced by seco n d a ry  osteonal b o n e  tissue. It is less m inera lised  and  

has a h igher  p ro p o r t io n  of osteocytes  than  secondary  osteonal bone  t issue (Junqueira  e t al. 

1998). Secondary  bone  t issue is a resu lt  of r ep lacem en t  of existing  bone  in a process  know n as 

bone  rem odelling  (Mohsin e t  al. 2006). Bone can a lso  be classified as w oven ( im m atu re )  bone  

or lam ella r  (m a tu re )  bone.
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2.4.2 Woven bone

Woven bone is osteonless bone tissue that can be deposited de novo (no precursor bone]. It is a 

new^ly formed bone in which collagen fibres are loosely packed in an irregular fashion and are 

almost randomly oriented (Currey 2002). It is formed more rapidly that lamellar bone, being 

laid dow^n at more than 4|im a day. Due to the way by which it mineralises, it is usually quite 

porous. The final degree of its mineralisation is higher than of the lamellar bone (Currey 2002]; 

consequently it may be more brittle than the lamellar bone. Thus, its mechanical properties 

are inferior to that of other cortical bone. Woven bone also contains more osteocytes than 

lamellar bone and contains blood vessels (Nanci et al. 2003]. In woven bone, lacunae 

surrounding the osteocytes are w ider thus differing from those in lamellar bone (Currey 2002). 

Unlike lamellar bone, woven bone has a very thin or no osteoid seam, due to its very short  

mineralisation lag time (Jee 2001).

Large irregularly shaped vascular spaces are found in woven bone. These vascular spaces are 

lined with osteoblasts, which form successive layers (lamellae) of new bone. As a result, these 

vascular spaces are progressively reduced in size to what is now known as primary osteons or 

primary Haversian systems (Carter & Spengler 1978). Woven bone is most commonly found in 

immature, growing skeletons. When it is found in adult skeletons, it is usually a result of 

traum a or disease and indicates that it was laid down in a very rapidly. It also occurs as a 

normal adaptive response to elevated mechanical strains (Burr et al. 1998). Woven bone was 

reported to exist around endosseous implants during the early healing stage (Abrahamsson et 

al. 2004). It is ultimately replaced by more mature, load bearing lamellar bone (Chappard et al. 

1999).

2.4.3 Lamellar bone

It is formed in adults and represents  a m ature type of bone. It is formed in a slow process at 

less than l(im  a day (Currey 2002). It is a highly organised type, consisting of microscopic 

parallel sheets or lamellae. These lamellae are composed of an anistropic matrix of mineral 

crystals and collagen. The lamellae form a cylinder of bone within which a vascular canal runs, 

numerous osteocytes reside in lacunae within the lamellae. The entire structure is known as a 

Haversian system or an osteon. The osteon is the basic organisational unit in lamellar bone 

and is particularly evident in cortical bone. The osteons are generally oriented parallel to the 

long axis of the bone. It is composed of several bone layers with a thickness of 7|im (Carter et 

al. 1979). The final degree of mineralisation of lamellar bone is less than that of woven bone 

(Currey 2002). Lamellar Bone is found in primary and secondary osteons as well as in 

circumferential lamellar bone (Carter & Spengler 1978).
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2.5 Bone cells

There are four principal cell types in bone.

2.5.1 Osteoblasts (bone forming cells)

They are mononuclear cells that  are differentiated from mesenchymal cells or from their 

precursors at the periosteal or endosteal surface. They are responsible for the formation of 

the organic matrix (collagenous and non-collagenous proteins) [Cooper 1998). They also 

secrete a range of cytokines that aid in regulation of cell metabolism. Collagenous proteins are 

released mainly along the surface of osteoblasts apposed to the forming bone and are 

assembled to form osteoid (unclacified matrix), which acts as a scaffold for deposition of bone 

minerals. Osteoblasts produce the matrix at a rate of approximately l^ m /d ay .  Systemic 

hormones and local factors are believed to regulate their activity. When osteoblasts get 

trapped in the matrix they produce, they become known as osteocytes (Currey 2002, Nanci et al. 

2003).

2.5.2 Osteocytes

Osteocytes are found in spaces in the bone matrix known as osteocytic lacunae. Arising from 

these lacunae numbers of small tunnels known as canaliculi extend. Each osteocyte has several 

long processes that are running in the canaliculi and by which osteocytes communicate with 

adjacent osteocytes and with osteoblasts or bone-lining cells (Sommerfeldt & Robin 2001, Nanci 

et al. 2003). It was suggested that osteocytes have the ability to detect and to respond to 

mechanical stimuli: mechano-sensing cells (Ralston 2005). Osteocytes may also have a role to 

play in local degradation of bone.

2.5.3 Bone lining cells

Bone lining cells are osteoblasts that  are quiescent and inactive. They form a layer that covers 

the inner and the outer surfaces of bone as well as the surfaces of the Haversian and Volkman’s 

canals. In response to an appropriate  stimulus, they differentiate into osteoblasts. The bone- 

lining cells may control the movement of ions to and from the bone. Similar to osteocytes, 

bone-lining cells play a role in sensing stress and strain on and within the bone. They transmit 

signals which trigger bone form ation/resorption (Currey 2002).
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2.5.4 Osteoclasts

Osteoclasts are bone-resorbing cells. They are highly migratory and multinucleated bone cells 

that are derived from hemopoietic stem cells. The attachment of osteoclasts to the mineralised 

bone surface is facilitated by several mechanisms such as the concentration of osteopontin on 

the bone surface leading to the formation of what is known as the sealing zone. The osteoclasts 

make their way through bone by demineralising the adjacent bone with acids thus exposing the 

organic matrix, which is then dissolved by the action of released enzymes such as acid 

phosphatase. When osteoclasts occur on the bone surface, they are housed in small depressions 

known as Howship’s lacunae (Nanci et al. 2003).

2.6 Bone formation

Bone formation occurs by two main mechanisms, namely direct ( intram embranous) or indirect 

(endochondral) ossification. Intramem branous ossification occurs during embryonic 

development directly within soft connective tissue. It is achieved by osteoblast cell 

recruitm ent from mesenchymal (m arrow  stem) cells or from their precursors cells at endosteal 

or periosteal surfaces. These cells differentiate into osteoblasts and begin to secret bone matrix 

(known as osteoid), which leads to formation of bone. The osteoid calcifies to form primitive 

cancellous or compact bone that is then converted into m ature bone. Bone formed by this 

process includes flat bones such as the clavariae of the skull, the maxilla and the mandible. It is 

also reported to occur a t the implant-bone interface (Cooper 1998).

Endochondral ossification is a more common type of bone developmental process. Bone 

formed by this process is a result of aggregation of mesenchymal cells that  are transformed into 

chondroblastic cells. It takes place when a cartilaginous callus is invaded by vascular tissue 

containing osteoprogenitor cells and then replaced by bone (Ralston 2005).

2.7 Bone turnover

In o rder to maintain skeletal integrity and calcium homeostasis the quantity and quality as well 

as the shape of bone is continuously changing. Two processes are involved in bone turnover; 

modelling and remodelling (Table 1).
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2.8 Bone modeling

Modelling (change in shape and size) occurs on bone surfaces such as the periosteal and 

endosteal surfaces and leads to change in the bone’s size and shape by adding or removing bone 

(Currey 2002, Nanci et a/.2003]. It involves activation followed by either resorption [A-R] or 

formation (A-F) (Brunski & Hoshavif 1994). Thus, the process is not coupled biologically and is 

the result of independent sites of bone resorption and formation.

2.9 Bone remodeling

Bone remodelling [internal turnover or replacement of bone) is a process by which immature, 

damaged and old bone are resorbed and replaced by new lamellar bone tissue, in remodelling 

processes the internal bone surfaces rather than the external are most likely to be affected. 

This leads to a change in the internal bone structure without a significant change in bone size or 

shape. Remodelling first occurs soon after birth when the primary osteons are replaced by 

secondary osteons. About 10% of the adult bone skeleton is remodelled at any one time 

(Ralston 2005). Bone is a dynamic tissue that requires continuous remodelling in order to 

remove the immature bone in the early age and the damaged old bone through life. 

Furthermore, with remodelling, the balance of body mineral haemostasis (mineral exchanges 

between the bone and the blood) is achieved as well as adaptation of bone tissue to its 

mechanical environment. When bone is remodelled it is deemed metabolically and 

mechanically competent (Jee 2001). The remodelling rate of cortical bone is 2-10% per year in 

human cortical bone and changes with age: it is high in children and reduced in younger adults. 

Bone remodelling rates of 30% to 100% per year are not uncommon in rapidly growing 

children. Furthermore, bone formation rate (as expressed by % of turnover rate/year) and 

mineral apposition rate are substantially reduced with age (Nanci et o/.2003).
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Table 1. Bone turnovers (modelling and remodelling). From Post et al 2010

Modelling Remodelling

1. Occurs on almost the entire peroisteal 

and endosteal surfaces.

2. Usually results in a change in the bone 

size, shape or both.

3. Involves-activation followed by 

resorption or by formation.

4. Resorption and formation occur in 

different sites.

5. Leads to formation of bone where 

there was no bone before.

6. Occurs at periosteal and endosteal 

surfaces adjacent to the osteotomy of 

endosseous implants.

1. involves less than 20% of the bone 

surface area.

2. Usually does not lead to a change in the 

size or shape of the involved bone.

3. Involves-activation, resorption followed 

by formation.

4. Resorption and formation occur in the 

same site.

5. Leads to the replacement of older and 

damaged bone by secondary osteons 

(Haversian).

6. Occurs at endosseous implant-bone 

interface and extends a few microns 

av/ay from, the implant surface.

Each remodelling cycle is formed by coupling the activities of a group of osteoclasts and 

osteoblasts known as a Basic Multicellular Unit (BMU) or Bone Remodelling Unit (BRU]. Each 

BMU consists of about 10 osteoclasts and a higher num ber of osteoblasts (Martin et al. 1998]. 

These coupling activities of osteoclasts and osteoblasts maintain the balance betw^een bone 

resorption and formation; i.e. activation followed by resorption, which is then followed by 

formation (A-R-F). The remodelling cycle is known as Sigma, which is estimated to be about 16 

weeks in humans, 12 weeks in dogs (Brunski & Hoshaw 1994) and 6 weeks in rabbits (Roberts 

et al. 1984). The remodelling process consists of 5 distinct phases or stages; resting, activation, 

resorption, reversal and formation (Lee etal. 2002).

2.10 Resting

Resting represents  the stage at which the bone surface is in an inactive state. The resting bone 

surface is lined with a thin non-mineralised layer (endosteal m em brane) and bone lining cells 

(osteoblasts which line the bone surface after bone formation is completed). During the 

remodelling processes the latter cells are lettered from a resting state into a bone destructive
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mode and digest the un-mineralised layer to expose the mineralised bone to the osteoclasts 

w here they can attach Qee 2001). Osteoclasts cannot attach to the non-mineralised layer, thus 

either mineralisation or resolution of this unmineralised layer is required before the initiation 

of the resorption phase can take place.

2.11 Activation

The activation phase represents the initial stage in which an inactive (resting] bone surface is 

converted into an active surface (remodelling surface). Activation is characterised by the 

recognition of the bone site to be resorbed, digestion of the endosteal m em brane and 

recruitment of osteoclast precursors in peripheral blood to the site that is to be resorbed 

(Ralston 2005), followed by their subsequent differentiation into functional osteoclast, it has 

been estimated that the activation phase takes about 3-4 days in dogs, about 7 days in monkey 

(Giannobile et al. 1994).

2.12 Resorption

The activation phase is followed by the resorption phase in which osteoclast (bone resorbing 

cells) come into direct contact with the bone surface and create a localised acidic environment. 

The osteoclasts attach to the bone surface by forming w hat is known as a sealing zone. They 

resorb bone by secreting hydrochloric acid and proteolytic enzymes into the space underneath 

the sealing zone (Ralston 2005). The osteoclasts dig within the pre-existing bone forming a 

microscopic tunnel (cone) of approximately 100|im parallel to the involved cortical bone long 

axis. The formed cones are known as resorption cavities or cutting cones (Currey 2002). The 

resorption cavities that  form on the cancellous bone surface create saucer-shaped cavities 

(ditches), which are known, as Howship’s lacunae (Ralston et al. 2005). The resorption phase 

takes about 2 weeks in humans and monkeys and about 10 days in dogs (Giannobile et al. 1994).

2.13 Reversal

The reversal phase is a time between the end of resorption and the beginning of bone formation 

stage. Its length varies considerably depending on the lag between the resorption and the 

formation (Martin et al. 1998). It takes a few days in rabbits, 1 week in dogs and 2 weeks in 

humans (Roberts 1988, Giannobile et al. 1994) and in monkey (Giannobile et al. 1994). During
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this phase the resorbed surface contains mononuclear cells but not osteoclasts []ee 2001). The 

cement line is believed to correspond with the location of the bone surface during this period 

[Martin e t al. 1998).

2.14 Formation and mineralisation

The formation phase begins with the recruitment of osteoblast precursors which then 

differentiate into m ature osteoblasts to form new bone in order to fill the pre-existing 

resorption spaces (Ralston 2005). During this phase, the osteobalst produce bone matrix 

[osteoid: unmineralised matrix). The osteoid is then mineralized within a few days [Kapanen 

2002). The formation period is estimated to be 4.5 weeks in rabbits, 10 weeks in dogs, 13 

weeks in hum ans [Roberts 1988). Osteoblasts secrete alkaline phosphatase that promotes 

bone mineralisation by degrading the naturally occurring mineralisation inhibitor known as 

pyrophosphate [Ralston 2005).

There is a mineralisation lag time between the initiation of matrix formation and its 

mineralisation. The mineralisation lag time is about 10 to 15 days, which may lead to the 

formation of an osteoid seam of about 8 to lOiim. Complete mineralisation may take 3 to 6 

months irrespective of the bone type [Jee 2001). About 70% of mineral deposition occurs 

early during the mineralisation phase while the remaining 30% takes several months 

[Sommerfeldt & Rubin 2001). Minerals in the form of hydroxyapatite are initially deposited in 

the hole regions, between the heads and tails of the tropcollagen molecules and letter over and 

within the collagen fibrils. The rate of mineralisation appears to be controlled by a variety of 

inhibitors such as pyrophosphate that is found in the matrix. Osteoblasts secrete substances 

such as alkaline phosphatase that neutralises the inhibitory effect of pyrophosphate [Guyton & 

Hall 2000).

The degree of bone mineralisation affects its biomechanical properties. For example, 

increased mineralisation increases stiffness while ultimate displacement is decreased [Turner 

2002). Poorly mineralised bone was found to be very weak while hypermineralised bone is 

brittle. Meanwhile, bone mineralisation occurs when the rate is reduced [Misch et al. 2001). 

However, bone has a hierarchical structure, its composition and structure varies considerably 

with site, age, sex, physiological function and mechanical loading (Richie et al. 2005). This 

inconsistency should be considered when bone quality is investigated and comparison between 

results from different studies is made.
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In normal conditions, bone remodelling can either maintain nor remove bone [Frost 1994], 

Maintenance of bone occurs when the amount of bone resorbed is compensated for by an equal 

amount of newly formed bone, while the second event occurs when the amount of bone 

resorbed is more than amount of newly formed bone. Bone removal results in what is known 

as remodelling dependent bone loss and occurs in cases of reduced mechanical usage. It may 

result when strains within a bone remain below the minimum effective strain (Frost 1994]. On 

the other hand, when strain exceeds its minimum efficacy, remodelling returns back to normal 

Gee 2001).

2.15 Bone mechanical properties

Bone Tie is a viscoelastic material; its elastic properties and strength are dependent 

upon the rate and the duration of applied loading. It is also anisotropic because it’s 

mechanical properties such as elasticity and strength are dependent on the orientation 

of the bone microstructure with respect to the loading direction (Misch etal. 1999).

Three principal factors that characterise some of the mechanical properties of bone are 

ultimate force, maximum deformation, and energy that can be dissipated before 

fracturing. The ultimate force represents the maximum load that the bone can sustain 

before fracturing. The ultimate force depends on several factors such as the type of 

load and the loading rate.

Stress-strain curves in tension and compression obtained from cortical bone showed a 

similar trend to that obtained from engineering materials. The stress-strain curve 

consists of an initial almost linear elastic region until the proportional limit is reached. 

This region indicates that the specimen will return to its original shape if the load is 

removed. The elastic phase is then followed by yielding, at which point the specimen 

begins to plastically deform until failure occurs. In the tensile specimen, after yielding 

and when strain exceeds its minimum effectiveness, remodelling returns back to normal 

(Jee 2001). Normal point is reached when the load increases gradually but at a low 

rate until fracture occurs. The curve of a compression specimen shows a linear proportion
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followed with a short  yield region, with the load soon dropping slightly and continuing at roughly 

the same level.

The de form at ion  at failure d e p e n d s  on the loading rate as wel l  as the loading  

direction. The energy that bone absorbs before failure can be estimated from the area 

under the s tress -s tra in  curve, it therefore  d e p e n d s  on the ult imate  s tress  and  

strain and represents bone ductility.

Reilly and Burstein (1975) presented  evidence of the anistropic nature of human femoral 

cortical bone. They used bone specimens obtained from a population ranging in age from 19 to 

80 years. The specimens were tested in compression and underw ent strain rates between 0.02 

to 0.05 per second as with extensom eters attached to the bone surface. The main results of the 

study are presented in tables 2 and 3

Table 2. Loading direction and ultim ate strength of adult femoral cortical bone

Loading mode 

Longitudinal

Tension

Ultimate strength (MPa)

133

Compression

Shear 68

193

Transverse

Tension

Compression 133

51

Table 3. Moduli of femoral cortical bone (Reilly & Burstein 1975).

Longitudinal modulus 17.0 GPa

Transverse modulus 11.5 GPa

Shear (moudulus for torsion about longitudinal axis) 3.3 GPa
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The two tables above indicate the following points:

1) Cortical bone is strongest  in compression, 35% weaker  in tension and 69% weaker  in shear.

2) Compressive strength in both longitudinal and transverse directions was always greater  than 

the corresponding tensile strength.

3) The specimens loaded in the longitudinal direction were st ronger  in both tension and 

compression than when transversely loaded.

4) The tensile strength in a longitudinal direction was equal to the compressive strength in 

t ransverse direction.

5) The mean value of the longitudinal modulus was approximately 50% greater  than that  of the 

t ransverse modulus.

6) In general, longitudinally loaded bone specimens are s tronger than when transversely 

loaded in both compression and tension.

7) The strength anisot ropy of cortical bone is less pronounced in compression than in tension 

(Reilly & Burstein 1975, Carter & Spengler 1978).

2.16 Bone Damage

Bone in general is not very ductile and cannot sustain very high plastic deformation (Turner & 

Burr 1993).  When compact bone is subjected to cyclic (repeated) loading the mechanical 

propert ies are degraded gradually. If the load continues, the bone will ultimately fail at a value 

well below normal. This degradation in the mechanical properties has been attributed to 

microdamage accumulation (Carter & Hayes 1977) .  The r e s i s t an c e  of any  m at er ia l  to 

fa tigue fa i lure  is d e p e n d e n t  on its res is tance  to both  the  ini tiat ion  and g rowth of cracks 

(Mart in e t al. 1998).  These  two fa c to r s  a r e  in t u r n  h ighl y  d e p e n d e n t  on the  

m i c r o s t r u c t u r a l  c h a r a c t e r i s t i c s  of t h e  material.  Material that  has a low resistance to 

crack initiation has, on the other hand a high ability to resist crack growth (Mohsin et al. 2006) .  

Bone is one  of m an y  highly f a t i g u e - re s i s t an t  m a te r ia ls  t h a t  ob ta in  th is  p r o p e r t y  mainly 

from the i r  res is t ance  to crack gro wth  r a th e r  th an  crack init iat ion.  Th ere  are  several  

micros t ru c tu ra l  factors  t h a t  highly affect  c r a c k  i n i t i a t i o n  an d  g r o w t h .  T h e s e  f a c to r s  

i n c l u d e  p o r o s i t y ,  m i n e r a l i s a t i o n  a n d  collagen fibre orientation size, number  and diameter.  

They affect initiation and collagen g r o w t h  in d i f fe re n t  ways .  In genera l ,  a dec re a se  in the  

yield s t r en g th  leads to an increase  in the  potent i a l  for crack in it iat ion,  b u t  it also leads 

to an i n c re a s e  in the  r e s is t an c e  to cr ack  g ro w th  (Mart in et  al, 19 98 )  (see  loss of 

s t i f fness  and m ic ro c ra ck  ac cu m u la t io n  below).  The fibre size, n u m b e r  and  d i a m e t e r
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also  affec t th e  in i t ia t io n  and  c rack  g ro w th  th ro u g h  a m a te r ia l .  The in te rface  b e tw e en  

a fibre  and  the  s u r ro u n d in g  m a tr ix  is a so u rc e  of w e ak n ess  th a t  can in i t ia te  cracks. 

C onversely , the  c racks ten d  to  re m a in  small and  follow the  fibres instead of propagating 

across the s tructure (Martin et al. 1998],

S e c t io n s  w e r e  fo u n d  to  h a v e  an  e f fec t  on th e  d e n s i t y  a n d  l e n g th  of m i c r o c r a c k s .  

Microcracks that were found in the transverse sections were shorter than those found in the 

longitudinal ones, but their density was greater. M ic ro c ra c k  a c c u m u la t io n  in b o v in e  

f e m u r e  t h a t  w e r e  e x p o s e d  to  an  ax ia l  cyc lic  c o m p re s s iv e  load  w e re  fo u n d  to 

d ev e lo p  ra p id ly  d u r in g  th e  f i r s t  1 0 0 0 0  cycles an d  only slight accumulation occurred 

between 10000 and 50000 cycles. After 50000 cycles the accumulation increased rapidly. 

This trend was observed irrespec tive  of the sections; longitudinal o r  t ran sv e rse  (O'Brien e t 

al. 2003]. This was due to a microstructural barrier that was believed to govern the fatigue 

behaviour of bone (O'Brien et al. 2005a,) which may facilitate microcrack generation bu t delay 

or even prevent microcrack growth.

2.17 Modelling, remodelling and bone strain

There is a general agreem ent on the existence of a relationship between the bone modelling and 

remodelling processes and mechanical usage of bone, as in bone strain or deformation. In vivo 

and in vitro studies indicate that  mechanical stimuli play a major role in bone functional 

adaptation. Consequently, this relationship governs the shape, architecture and mass of the 

bone (Lanyon et al. 1982). When bone is subjected to an external force, it becomes strained 

(deformed from its original shape and size). In order to balance this force, an internal stress 

will be generated. The generated internal stress is equal to but in an opposite direction to 

external forces (Kiuru 2002). Frost (1987) proposed a theory that  describes the dynamic 

relationship between bone loading and its biologic response to that load. It explains the 

interrelationship between the modelling and remodelling. This theory has been known as the 

m echanostat theory  and proposed that modelling and remodelling would be initiated a t  some 

critical level in o rder  to maintain bone minimum effective strain. The minimum effective strain 

is defined as the level of strain necessary to maintain bone mass (Lanyon 1987). The 

mechanostat theory suggests tha t  bone has four microstrain zones that are related to the bone 

mechanical adaptation strain. Accordingly, bone mass is highly affected by the use of the 

skeleton (Mellal et al. 2004). These microstrain zones include disuse zone (bone loss or 

resorption), adapted zone (lazy zone, normal load, the steady state or homeostasis), mild
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overload zone (bone gain), and pathologic overload zone (irreversible bone damage). For 

instance, in a case of acute disuse such as micro-gravity and immobilisation (due to lack of 

physical exercise) and alveolar bone resorption after tooth loss, when strains within a bone 

remain below the minimum effective level, a loss of bone mass occurs as a result of its 

resorption and an increase in its porosity. On the other hand, when strain exceeds its minimum 

efficacy, remodelling returns back to normal levels. The disuse atrophy has been suggested to 

occur when peak strains drop below 50|i£ [microstrain] (Frost 1987). According to Rubin and 

coworkers (2001) low magnitude, high frequency stimuli may be enough to maintain bone 

mass. This could be useful in the trea tm ent of metabolic disease.

The adapted zone (steady state) occurs when the load was within the adaptive capacity of the 

loaded bone that is in the range of 50 to 1500 (Frost 1994). In this situation, the remodelling 

activity tends to stay within its normal range and no modelling would occur. During this zone 

bone strength and mass will be preserved. The adapted window is more likely to induce 

formation of organized and highly mineralised lamellar bone (Misch et al. 2001). It has been 

suggested that the adapted window would be the ideal strain condition next to the dental 

implant in order to achieve a long-term osseointegration (Misch et al. 2001).

Mild overload (physiological overload) creates strain that  ranges from 1500 to 3 0 0 0 | i e  and 

leads to new bone formation (modelling) and bone mass tends to increase. The remodelling 

tends to stay near its normal value. The new bone formation continues until the generated 

strain within the affected bone re turns to its normal value i.e. minimum effective strain.

The pathological overload zone i.e. when the strain is above SOOÔ ie, could lead to generation of 

microdamage, which is consequently targeted and replaced by remodelling. It could lead to a 

net bone resorption (Stanford & Brand 1999).

Thus, both the pathological overload and the acute disuse window will result in a net bone loss. 

While the mild overload zone induces a higher remodelling rate than the adapted window, it 

also leads to the formation of more woven bone ( Misch et al. 2001). It has been reported that 

when part  of the ulna in a mature sheep was removed thus causing increased principal strain in 

the radius, the long bone subjected to increased mechanical strain developed woven bone as a 

result of the adaptive response in order to offset the increase in the strain. However, strain 

magnitude, distribution and rate as well as non-mechanical influences should be considered in 

order to understand the nature of adaptive bone remodelling (Lanyon 1987). Nevertheless, it
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should be mentioned that there is no general agreem ent about borders of each zone and where 

each one ends the next one starts.

When the m echanostat theory was applied to bone surrounding the oral implant, Misch and 

associates (2001] suggested that  when strain conditions to the interfacial bone are in the mild 

overload zone, an increased bone remodelling response occurs, which leads to formation of 

woven bone that is less organised, less mineralised and weaker. The presence of woven bone 

at the interfacial area increases the biomechanical mismatch between the stiffness of the 

titanium and bone and consequently increases the magnitude of strain between the bone and 

the implant. When the interfacial strain reaches the pathologic overload zone it may cause 

microfracture of the bone, resorption a n d /o r  fibrous tissue formation. Therefore, the 

endosseous implants should be designed so that normal and shear strain on the implant-bone 

interface are kept below the pathologic or mild overload zones, in o rder to reduce the risk of 

woven bone formation or bone loss (Misch et al. 2001). However, according to Morris and 

coworkers (2004) if occlusal s tress is directed toward the cancellous bone, a long term 

osseointegration could be achieved because when damaged it repairs much faster than the 

cortical bone due to its great regenerative capacity (Morris et al. 2004).

The relationship between the remodelling and mechanical circumstances is probably trolled by 

a feedback mechanism. This feedback mechanism adjusts the bone strain level and maintains 

it a t  a determined and probably optimum level. Therefore, the aim of skeletal design is not the 

production of minimal strain levels, but to maintain an optimum level (Lanyon et al. 1982, 

Mosley 2000). Furthermore, Laynon et al. (1982) stated that "the adaptive remodelling is 

influenced by the disrtribution of strain ra ther  than the peak strain phase customarily 

achieved".

2.18 Post-surgical peri-implant bone reaction

The connection between implant surfaces and bone can either be mediated by connective tissue 

fibres or by intimate contact of bone and implant surface. While the first outcome indicates a 

failure of any implant system, the second one is the objective of the implant surgery and is 

known as osseointegration or functional ankylosis. However, commencement of either 

mechanism is influenced by many factors such as biocompatibility of implant materials, implant 

design, implant surface topography, host bed, surgical technique and loading conditions during 

healing (Albrektsson & isidor 1994).
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Osseointegration is defined as a direct structural and functional connection between living bone 

and the surface of a load-carrying implant (Branemark 1985, Branemark et al. 2001], 

Osseointegration as reported in a wide range of animal studies or from retrieval of 

osseointegrated and failed implants in humans using light microscopic analyses revealed a 

direct apposition of bone on the implant surface without an intervening of organised 

collagenous and fibroblastic matrix (Masuda et al. 1998]. However, under the electron 

microscope a zone of 100|im which is rich in non-collagenous proteins, similar to cement lines 

at the natural bone interface, has been found between the implant surface and the surrounding 

bone (Brunski 2000].

Osseointegration may be experimentally evaluated quantitively and mechanically. The 

quantitive evaluation is a m orphom etric m easurem ent of the am ount (percent) of implant 

surface covered by bone (Uehara e t al. 2004). Conversely, mechanical evaluation such as 

resistance to removal torque, measures the strength of bone-implant interface (Albrektsson et 

al. 2000a). A correlation between the histomorphometric values and mechanical measures for 

screw-shaped titanium implants has been reported (Johansson & Albrektsson 1987, Cordioii et 

al. 2000). Earlier studies mainly considered the am ount (quantity) of bone surrounding the 

implant and how much bone is required for an implant to be clinically successful. These 

investigators used static m easurem ent of bone, which is not necessarily an index for living bone 

(Garetto et al. 1995). However, recent studies investigated the dynamic nature of bone at the 

implant-bone interface, which gives an insight to better understanding of the bond nature between 

the bone and the implant surface, and explore factors that may modify this biological activity.

Studies on the tissue-implant interface involving various animal models such as dog, 

rabbit, goats, rat, and installed in different anatomical sites (e.g., maxilla, mandible, 

«femur, femur and knee) were reported. The great variation in the results found may be 

caused by factors such as characteristics of the implant, tj^ie of surgeiy, the healing period, 

location of the implant and relative health and functional state of the implant at the time of 

analyses, as well as methods of analyses and the animal species (Shirakura etal .  2003). Table 

4 displays these factors.
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Table 4. Factors that should be considered when a comparison between different study results is 

made (Modified from Sykaras etal. 2000).

Implant material Implant design Implant length Implant diameter

Implant surface 

topography

Implant surface 

chemistry
Implantation time Implantation site

Analysed length
Biomechanical

loading
Animal model

Orientation of 

histological section

All of these factors may lead to confusion in the interpretation of various study results. The implant 

surface is far from being considered totally covered by bone, and values for coverage reported 

in the li terature vary (Albrektsson & Johansson 1991).

The percentages of bone-to-implant contact have varied betw^een different studies. For 

instance, the morphometric measurements of implant-bone interface have show^n diifferences 

b e tw een  m andible  and maxilla as well as be tw een  various jaw regions in autopsy jaw 

specimens. One such study indicated the ratio of compact to cancellous bone was higher for 

mandible than m ax il la  (Friberg et al. 1995). Although an increase in bone formation around 

implants with time has been found in several animal studies, this increase was not linear. When 

the bone apposition around implants in rat femur was examined at 1 month and after two years 

after implant placement, Takeshita et al. (1997) reported a rapid bone formation after 1 month 

followed by progressive bone formation in the following two year-healing period (53% versus 89% 

bone-implant contact In rabbits in a 4-week healing period, the value was 59 ± 6.3% for one 

surgical implant placement technique (osteotome method) versus 71.1± 7.2% when another 

surgical technique (conventional method) was used (Nkenke et al. 2002). However, the method 

by which the bone implant contact was estimated should be considered. For instance, Nkenke 

and coworkers (2002) calculated the implant bone contact percentage when the implant and its 

surrounding bone were cut perpendicular to the implant. This could not be compared with results 

which were obtained when the implant and the surrounding bone were cut vertically. 

Morphometric analysis of the bone-implant interface by Hipp and colleagues (1987) revealed that 

after 4 to 7 months, 59% and 49% of screw-shaped titanium implant surfaces were found to be in 

close contact with bone in canine mandibles and radii, respectively.

Bone-to-implant contact was reported  to increase with time (a 12-week healing period 

c o m p a re d  w ith  a 6 -w e e k  p e r io d )  ( Iv an o ff  e t  al. 19 9 6 ) .  A n o th e r  m o rp h o m e t r i c  

analysis of the bone-implant interface (Abron e t al. 2001) reported  that  54% of screw shaped  

grit-b lasted  and acid etched titan ium  im plant surfaces w ere  found to be covered with bone
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fo llow ing  a 3 -w e ek  e x p e r im e n ta l  p e r io d  in r a t  fem ur .  The va lue  for m ach in e d  

im p la n t  su r fa ce s  w as  s ig n if ican tly  low er, a c c o rd in g  to  S en n e rb y  and  c o w o rk e r s  

(1 9 9 1 ) .  H ow ever,  as th e  au thors  only rep resen ted  the th read s  th a t  w ere  osseoin tegra ted  

a t the implant removal time, the results should be in te rp re ted  with caution. Nevertheless, 

the implant surface of clinically stable and osseointegrated titanium implants w ere  not 100% 

in contact w i th  m in e ra l i s e d  b o n e  as th e s e  s tu d i e s  s u g g e s te d  [S e n n e rb y  e t  al. 1 9 9 1 ) .

The definition of osseo in tegra tion  based on the s tab ility  of the im plant w ith in  the bone  

r a th e r  than  on h is to m o rp h o m e tr ic  ana lyses has b een  desc ribed  as "a p rocess  w hereby  a 

clinically asymptomatic rigid fixed of alloplastic m aterials is achieved and m aintained in bone 

during functional loading" (Zarb & Albrektsson 1991).

2.19 Bone-implant interface

Several clinical studies have reported  tha t  u nder  op tim um  circumstances, a long-term  rigid 

union be tw een  the im plant surface and the s u r ro u n d in g  bone can be achieved and 

m ain ta ined  for indefinite per iods of time. Therefore , in o rd e r  to maintain the rigid union, 

continuous remodelling of the bone supporting the implant in the presence of functional loading is 

essential [Misch etal. 2001).

The adaptive capacity of bone surrounding  loaded implants is dem onstra ted  as changes in 

size, shape and mass of the loaded bone. However, the rigid bony interface does not 

necessarily indicate that the total implant surface is in direct contact with bone and soft tissue may 

be p resent between the implant surface and the supporting bone (Ericsson et al. 1994).

Bone responds to implant in a similar way it responds when it fractures. Early events that were 

reported to occur after implant placement are: vascular disruption, serum protein deposition on the 

implant surface and formation of blood clot with fibrin-rich materials within the small gap between the 

implant surface and the surrounding bone (Watzek & Gruber 2002). Attachment of mesenchymal 

cells to the implant surface and their proliferation, secretion of osteoid followed by its 

mineralisation were reported as early as 2 weeks. Development of a histologically successful rigid 

implant-bone interface with an intimate implant-to-bone contact (osseointegration) has been 

described (Raghavendra et al. 2005). In general, features such as angiogenesis, formation of 

woven bone at the periosteal and endosteal surfaces as well as at the implant-bone interface, 

remodelling of the interface and its maturation (continuous remodelling of the interface and 

supporting bone) have been reported to occur around successful implants (Davies 1998).

23



U nderstand ing  the m echanism  by which the b iom ateria ls  in tegra te  with the ir  surrounding 

tissues is a key in explaining its long-term success. However, in spite of several studies on the 

mechanical and biological properties of implant biomaterials when used as a medical device, 

the mechanism by which they integrate with bone is not completely understood. The way by 

which bone forms around implants is debatab le .  Meanwhile, it is assum ed  (although m ore 

re search  is req u ired )  th a t  formation of bone around implants occurs through two distinct 

mechanisms: Distance Osteogenesis and Contact Osteogenesis (W ein laender et al. 2006).

In th e  f i r s t  m e c h a n ism ,  d is ta n c e  o s te o g e n e s is ,  (appositional bone formation) new bone 

arises from the old bone (the osteotomy walls) to w ard s  the im p lan t  su rface  while in the  

second m ech an ism  (con tact  osteogenesis) bone forms directly on the implant surface. In the 

first mechanism cement lines were found to separate the newly formed bone and the pre-existing old 

bone (Shirakura etal. 2003).

In contrast  to Davies (1998), Sennerby and coworkers observed that bone formation 

proceeded  from the pre-existing bone tow ards  the im plant (distance osteogenesis) in vivo and 

that the newly formed bone was separated from the implant surface by a layer of amorphous 

material of 100 to 400 nm wide (Sennerby et al. 1991). Clokie and Warshawsky (1995) reported 

that bone was deposited only on previously existing bone and extended toward the available space 

between the bone and the implant surface. The implant surface was also found separated from 

the surrounding bone by an amorphous layer, a granular electron-dense layer, or a layer of 

uncalcified collagen fibrils when the implant bone interface was examined using electron 

microscopy.

Thus, it was suggested that  titanium is biocompatible, but not necessarily osteoinductive (Clokie 

& Warshawsky 1995). It may be argued that implant initial stability and w hether a gap present 

between the implant surface and the surrounding bone may affect the mechanism by which bone forms 

around the implant. For example, when the implant design provides a space between its surface 

and the osteotomy walls, contact osteogenesis may occur. On the other hand, when there is an 

intimate contact between the implant surface and the osteotomy walls bone may be formed by 

distance osteogenesis (Sykaras 2000).

Similar findings were also reported by Weinlaender and co-workers (2006) in dogs. Guo-li Yang 

and colleagues (2008) found that bone formation around machined and plasma sprayed titanium 

surfaces was most likely to rise from the old bone (distance osteogenesis). However, is on HA 

ceramic coated implants and occasionally on plasma sprayed t itanium  surfaces new  bone
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w as found to form s im ultaneously  by contact and distance osteogenesis  (Weinlaender e t  al. 

2006). The authors also indicated that in the area of the cortical layer, two different bone  

reactions could be seen depending on the implant initial fit in the cortical bone. According to 

W einlaender and coworkers, the newly formed bone in the tightly seated implant, was usually 

preceded by old bone resorption and could be seen 3 weeks after the implantation time. On the other 

hand, when there was a gap between the implant surface and the surrounding bone, newly formed 

bone could be seen as early as 1 week after the implantation time and starting from the old bone 

(Weinlaender et al. 2006). Nevertheless, illustrations included in the above article may indicate 

a misinterpretation o f the sections. In one figure, the area which was believed to be new  

formed bone on the surface could have been just debris from the grinding procedure, since the criteria 

by which newly formed bone was distinguished from the old one was not set (Ankur Gupta e t  al. 

2 0 1 0 ) .

It has  b e e n  s u g g e s t e d  th a t  im p la n t  s u r fa c e  r o u g h n e s s  m a y  p r o m o t e  c o n ta c t  

o steogen es is  by both increasing surface area for fibrin attachm ent and by providing surface  

features w ith  w hich  fibrin could b eco m e  en tan gled  (Davies 1 9 9 8 ) .  In an a n im a l s tu d y ,  

B o tt ic e l l i  e t  al. ( 2 0 0 3 ]  r e p o r te d  that  b o n e  fo rm ed  by th e  tw o  m ech a n ism s  w as a lso  

found to occur in m arginal b one  d efec ts  around im plants .  H o w ev er ,  th e  d is ta n c e  

o s t e o g e n e s i s  m ay  occu r  f irst  fo l lo w e d  by th e  c o n ta c t  osteogenesis  once the newly  

formed bone reaches a certain distance from the implant surface (Botticelli et al. 2003]. 

Shirakura e t  al. (2 0 0 3 ]  claimed that tissue  response in rat maxilla to titanium differs from 

that to HA. While the HA-coated implants induced bone formation by contact osteogenesis, the 

bone w as formed by the distance osteogenesis  on implants that were sandblasted  with A I 2 O 3 ,  

This difference w as attributed to the osteoconductiv ity  of  the HA. In the case of the 

sandblasted implants, they observed that the new bone was s e p a r a te d  from the old b o n e  by 

the  c e m e n t  l ine and that  th e  im p la n t  su rfa ce  w a s  separated from the newly formed bone  

by fibroblast-like cells. On the other hand, no celG elem ent w as found to intervene between  

the implant surface (HA) and the newly formed bone.

The response of  the host to the implant material and the behavior of these materials in th e  

h o s t  are c o n s id e r e d  as th e  tw o  m ain factors  that  s ig n if ic a n t ly  a ffec t  th e  performance  

of these  materials w hen they are implanted (Puleo & Nanci 1999]. Bone form ation around  

im plants  re lies  on the recruiting  o f  p o ten t ia l ly  o s te o g e n ic  c e l l s ,  on th e ir  a t t a c h m e n t s  

to th e  im p la n t  s u r fa c e  and on th e ir  p r o l i f e r a t io n  and differentiation into mature cells  

(Cooper 2 0 0 0 ] .  Once o s teogen ic  cells differentiate, th ey  start secret ing  matrix and stop  

migrating. On the other  hand, non-d ifferentiated  osteogenic cells have the ability to migrate
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and once they reach the surface they synthesise and secrete matrix at the implant surface. The 

migration of osteogenic cells through blood clot matrix causes contraction of the fibrin s tran d s  in 

the clot matrix, which can detach the s trands  from the implant thus d isturbing or stopping 

contact osteogenesis and osteoconduction. Attachment of the blood clot to the implant surface 

is required in o rd e r  to enable the migrating cells to reach the implant surface. Thus, it is 

resonable to suggest that enhancement of such attachment may occur on a rough implant surface 

ra ther than on a smooth one (Davies 1998). For instance, in an in vitro study, Davies (1998) 

demonstrated a superior attachment of blood clot to a rough implant surface (a dual acid etched 

surface; Osseotite) w hen com pared  with a relatively smooth one. The rough surface may 

enhance fibrin attachment and consequently improve bone-to-implant contact. When the fibrin 

is well attached to the implant surface (which most likely occurs when a rough surface implant is 

used) migrating osteoblasts are able to reach the surface implant. This phenomenon was also 

illustrated histologically when the Osseotite implant was compared with a relatively smooth 

surface implant after 6 months of healing in the posterior region of human maxilla. In the same 

human histological study of the maxilla, a mean percentage of bone-implant contact of 72.96% for 

acid etched-implant surfaces and 33.98% for machined surfaces was reported (Lazzara et al. 

1999).

2.20 Stages of osseointegration

Immediatelly after implant, installation tips of threads are usually in close contact with 

host bone providing initial stability  for the implant. The im plant surface is not completely 

in contact with the host bone and spaces also exist. The spaces are initially filled with blood 

that comes from injured blood vessels forming a fibrin network (Watzek & Gruber 2002). As 

early as two hours after implantation a large num ber of erythrocytes, some neutrophils and 

macrophages were found to be embedded in the fibrin network. Small proportions of bone 

remnants dislodged during surgical preparation were also found surrounded by the blood 

elements (Abrahamsson et al. 2004). Protein depositions were also seen on the implant surface 

(Table 5).
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Table 5. Bone Healing Events

Events

Protein adsorbtion to implant surface

Blood clot formation and platelet activation

Formation of granulation tissue; angiogenesis and fibroplasia

Woven bone formation

Replacement of woven bone with lamellar bone 

On-going bone remodeling

In a 4-day experiment, thin regions which are in contact with the implant surface showed large 

numbers of chondrocytes remaining while the blood clot is replaced with fibroblast-like 

[mesenchymal) cells, which surrounded  vascular s tructures (Berglundh e t al. 2003, 

Abrahamsson et al. 2004). Inflammatory cells are also seen in several regions in the 

spaces as well as around the vascular structures. A lining of mesenchymal cells can be 

seen oriented parallel to and in close contact with rough-surface implants. Osteoclasts 

were seen on the proximal bone surface associated with areas of bone resorption.

Osteoclasts were also found on the surface of some bony remnants (Abrahamsson et al. 2004).

Woven bone w as re p o r te d  to occur as ea rly  as 1 w eek  a f te r  im p lan ta t io n  irrespective of 

the implant surface texture [Abrahamsson et al. 2004) and material; HA or titanium  (Shirakura 

e t al. 2003). Clokie and W arshaw sky (1995) suggested the large blood vessels su rrounded  

by woven bone could occur in the spaces betw een  the implant surface and the host bone in 

ra t femur as early as 3 to 4 days after implantation. These vessels eventually will be reduced 

in d iam eter as more bone deposites around them. Around machined implants, woven bone was 

found as a continuation of the cut bone surface, extending within a provisional tissue matrix toward 

the implant surface. The latter observation characterised the appositional t )^ e  of bone formation 

or distance osteogenesis (Davies 1998).

Futami et al. (2000) concluded that bone formation proceeds at different modes around the 

titanium implant in rat maxilla, depending on the nature of the recipient bones and the dimensions 

of the gap between the implant and osteotomy margin. Distance osteogenesis  (as a repara tive  

reaction) m ay be s t im ulated  as a resu lt  of microdamage generation, which is believed to occur 

around the implant site (Hoshaw et al. 1994a). As it has been reported, about 1mm of compact 

bone adjacent to the implant site was found to experience necrosis after implant placement and as a 

result of implant loading.
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Bone formation, wiiich occurred from the pre-existing bone toward the implant, was found to be 

preceded by active bone resorption in the lateral areas with narrow  gaps between the implant 

surface and the old bone (Shirakura et al. 2003). However, th is  is not the case when the bone at 

the base w as observed. Bone in the la tter section was found to form without any evidence of 

bone resorption when titanium plants were implanted into the rat maxilla (Shirakura et al. 

2003). Futami and coworkers (2000) concluded "ossification proceeds at different rates around 

the titanium implant in rat maxilla, depending on the nature of the recipient bones and the 

dimension of the gap between the implant and osteotomy region".

Several layers of densely compact osteoblast-like cells w ere  also found in the periphery of the 

tissue surrounding the machined implants. The blood clot remnants can occasionally be seen in 

contact with the implant surface. According to Davies (1998) and Abrahamsson et al. (2004) 

woven bone was found to be laid down directly on to rough surface implants with a distance from 

the old bone [contact osteogenesis] and from the old bone towards the implant surface [distance 

osteogenesis] (Davies 1998). The latter mechanism is the way by which bone forms around 

smooth surface implants (Abrahamsson et al. 2004). Primary osteons are also obvious at this 

stage and are aligned with osteoblasts and lacunae containing osteocytes. On the  o s teo tom y  wall, 

reversa l  lines w e re  observed  (Abrahamsson et a/. 2004).

The formation of woven bone increased over 2 weeks irrespective of the implant 

surface; machined or rough. Trabeculae of woven bone could be seen filling up the 

spaces around the implants. As opposed to the bone formation in the spaces around the 

machined implants newly formed bone was found in close proximity of the rough surface 

while central regions w ere  devoid of mineralized tissue and connective tissue could be 

s ee n  in c o n ta c t  w ith  the  im p la n t  su rface .  In the  t i s s u e  la te r a l  to  th e  p i tch  reg ion  

s ig n s  of b o n e  r e m o d e l l in g  ac t iv i ty  w e r e  observed  in L abrador  dogs (B erglundh et al. 

2003).  The rem ode lling  w as s lo w er  around the relatively sm ooth  surface im plant than 

the  rough one (A braham sson e t a/.2004). At 1 m o n th  fo l lo w in g  im p la n t ,  p la c e m e n t  

in to  c o r t ic a l  w o v e n  b o n e  w a s  o b s e r v e d  a t  the periostea l  and endostea l  surfaces within 

a few m ill im etres  of the plant surface (bone modelling), and progressed tow ards the implant 

(Roberts 1988). The formed w o v e n  b o n e  is a h y p o - m i n e r a l s e d  t i s s u e  w i th  l o w e r  

m e c h a n ic a l  p roperties .  As such, it has little load-bearing  capability. It also has a lattice 

s t ru c tu re  th a t  p rov ides  spaces  for p rospec tive  load -bearing  lam ellar  bone. The time 

re q u ired  for the formed woven bone to reach the implant surface varies according to animal 

species. For example, it takes about 2 weeks in rabbits. Roberts and coworkers observed 

increased periosteal bone apposition in long bones of young ra b b its  du ring  the  initial 6-
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w e ek  un loaded  heal ing per iod.  On the  o the r  hand,  they  obse rv ed  a m o d e ra t e  endos tea l  

callus wi th  little inc rease  in the  periosteal bone formation in older animals (Roberts 1988). 

After a 1 month  healing period,  large am oun ts  of the formerly formed woven bone 

was  replaced by lamel lar  bone.  This lamel lar  bone was seen in contact  wi th the  old 

bone  as well  as  a d j a c e n t  to  t h e  i m p l a n t  s u r f a c e .  In cent ra l ly  located  regions,  

t ra becu lae  of woven  bone  w e r e  p r e s e n t  in p r i m a r y  bone marrow.  In many  areas,  this 

pr im ary  bone m ar r o w  was  found to be l ined wi th a thin f rame of minera l ised  t issue.  

Remodel l ing activi ties inc luding the  format ion of seco n d ary  os teons  could be observed at 

this t ime in regions close to the  old bone (Abrahamsson et al. 2004). After a 6-week healing 

period,  the previous spaces adjacent  to the implants are filled wi th a mixture  of woven,  

paral lel -f ibred and lamel lar  bone.  Large ar ea s  of this bone are  cha rac te r i sed  wi th the 

p re sen ce  of seco n d ary  os teons.  Such bone t i ssues  w e re  also found in close contact  with 

implant  surfaces (Berglundh et al. 2003).  Signs of remodel l ing  are  also obvious  a t  this t ime 

(A braham saon  e t al. 2004).  Bone minera l  apposi t ion  ra tes of 1.7 ± O . l ^ m / d a y  a t  2 weeks  

increased in average  t o l .8  ± 0 .2 ^ m /d a y  at 6 weeks in minipigs (Nkenke e t al. 2003) and 

between week 10 and 14 a minimal decrease was observed (1.6 ± 0.4 | im/day).  The lattice of 

former ly  formed woven bone is then  filled with lamel lar  bone.  This results  in the formation 

of primary osteons and eventually matures  and has sufficient s t r ength  for loading.  The lat ter  

ev en t  is k now n  as lamel lar  compact ion  of im m atu r e  w o v e n  b o n e  ca llus .  The m a t u r a t i o n  

of fo r m ed  w o v e n  b o n e  is o b s e r v e d  a t  a b o u t  6 weeks  in rabbi ts  and 18 weeks  in 

hu m an s .  At this t ime the  former ly  formed woven bone reduced in size and reor ien ted  itself 

as internal  matura t ion and s trength were  at tained (Roberts 1988).  After 8 and 12 weeks  the 

minera l ised  t i ssue  increases  a r ound  sm ooth  and rough s u r fa ce  i m p la n t s  an d  only  smal l  

d i f f e r e n c es  can be o b s e r v e d  b e t w e e n  th e m .  R e m o d e l l i n g  of  n e w l y  f o r m e d  b o n e  

o c c u r s  w i t h  formation of secondary os teons  (Abrahamsson e ta / .  2004)

These  healing events  indicate tha t  osseointegra t ion  is a dynamic  process  at  an early stage 

as well as dur ing the  maintenance  per iod (Abrahamsson 

e t al. 2004) .  Bone r emode l l ing  is an e ssent ia l  m ech an i sm  for replac ing im matu re ,  

damaged,  or over-s t ressed bone on a cont inuous  basis (Roberts et al. 1984).  Despite the 

optimal surgical technique used for prepara t ion the  os teotomy site compact  bone ad jacent  

to an implant  (abou t  one mi ll imetre)  und er go es  necrosis.  Remodel ling  s t ar ts  a t  the  area 

adjacent  to the implant  surface in orde r  to replace the necrotic bone, which unevoidably  

occurs  in the  im plan t  s u r ro u n d in g  bone p roba b ly  as a resul t  of seve red blood vessels, 

t rauma caused by the drilling procedure and heat generat ion at the time of implant  surgery 

(Clokie & Warshawsky 1995). The sequence of such necrosis may be reflected in one of the
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following th ree  outcomes: 1) form ation of fibrous tissue; 2) necrotic bone rem ains  as a 

seq u es te r  w ithou t  repa ir  o r  3] bone remodelling and formation of new bone (Albrektsson 

1985).

The remodelling is achieved by cutting/filling cones originating from the endostea l  surface. 

The cutting/filling cones are almost oriented perpendicular to the long axis of the bone (unlike 

the physiogical remodelling which usually occurs along the long axis of the bone]. In rabbit, 

from 6 to 16 w eeks after im plant p lacem ent remodelling of a par t  of the woven bone to well- 

organised and m ature  secondary osteons is routinely observed [Roberts et al. 1984).

2.21 Factors affecting bone implant interface status

Several factors have been found to affect peri-implant integration (osseointegration). 

These factors include: material biocompatibility, surface m acrostructure (design) and 

m ic ro s t ru c tu r e  (ro u g h n ess ) ,  h o s t  bed, su rg ica l tech n iq u e  and load ing  cond it ions  

(A lb rek ts so n  e t al. 1981).  Bone re ac t io n  to  im p la n ta t io n  w as also found to vary  

depending on the area being investigated as well as on the time after implantation (Shirakura et al. 

2003). Available bone volume and bone density are also influencing factors for implant success 

(Steigenga et al. 2003). Since the body mainly in terac ts  with the surface of the implant 

several factors th a t  r e la t e  to  im p la n t  s u r fa c e  a r e  s u g g e s te d  to  p lay  a m a jo r  ro le  in 

im p la n t  b o n e  integration. Some of these  factors are  chemical composition, topography, 

roughness  and surface energy. These properties are highly interrelated and it is not always 

easy to separate their effects (Gottlander et al. 1997).

2.21.1 Material biocompatibility

Biocompatibility is the ability of a material to perform with a suitable response in a specific 

application and does not indicate total inertness (Equivel-Upshaw 2003). Therefore, reaction 

of bone peri-implant, which results in formation of osseointegration as described earlier, is a 

clear indication of material compatibility. Incompatible materials are usually encapsulated by 

a thick connective tissue and these materials will be eventually rejected by the body. 

Thickness of proteoglycan found interposed between implant surface and the surrounding bone 

was related to implant material compatibility. While a thick proteoglycan layer was associated 

with a low compatible implant material, a thin proteoglycan layer was associated with a one 

more compatible (Ellingsen 1991).
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For more than three decades, titanium was the most commonly used material in dental implants 

due to its biocompatibility, as well as its mechanical and physical properties such as resistance to 

corrosion, high s trength  and low weight. Depending on its oxygen content, commercially pure 

titanium may be categorised into four grades. Grade one contains the least oxygen while grade 

four contains the most (0.18% versus 0.4%) (Sykaras et al. 2000).

The thickness of the proteoglycan layer surrounding Ti-6A1-4V alloy was in the range of 500 to 

1000 A, while that surrounding commercially pure titanium (CP titanium) was in the range of 

200 to 400 A Qohansson et al. 1989). The most commonly used materials in endosseous implants 

are either bioinert such as commercially pure titanium (CP Titanium) and titanium alloy, or 

bioactive ceramics such as HA, tricalcium phosphate, tetracalcium phosphate and bioglass 

(Sykaras et al. 2000). Titanium is a non-noble metal which has the ability to form a very 

adhe ren t  self-repairing and protective surface oxide layer, which prevents further titanium 

corrosion. This layer forms immediately when the titanium is exposed to oxygen. An oxide layer 

thickness of 7-lOnm before implantation has been reported (Ellingsen 1991). However, Esposito 

et al. (1999) did not observe changes in thickness or compositions of the oxide layer after 

implantation.

Ti02 forms the main constituent of this oxide layer, however other oxides such as TiO and TizOs 

may exist too. Incorporation of other chemical elements such as calcium, phosphorus sulfur 

into the oxide layer has been reported  (Ask et al. 1989). Release of the metal from the implant 

surface in vivo is minimal due to the protective oxide layer. However, titanium particles were 

detected in pre-implant bone, regional lymph nodes, as well as in lung, liver, kidney and spleen. 

These particles could not be detected in the pre-im plant bone after a 5-m onth  period of implant 

placem ent (Schliephake e t al. 1993). Meanwhile, this increased release of titanium from the 

implant surface may be associated with increases in the implant surface area (Cooper 2000). It 

has been suggested that titanium release may interfere with the normal peri-implant bone 

mineralisation and remodelling, which could lead to loosening of the implant (Blumenthal & Cosma 

1989). However, when titanium fibres were implanted into the femur of rabbits and were left for 

up to one year the titanium concentration in serum and urine was not found to increase when 

compared with controls (Bianco et a/. 1996). Nevertheless, it is difficult to conclude that these 

ions unquestionably come from the implant titanium since they may come from other sources such 

as food. The effect of such titan ium  re lease may be biologically insignificant because  of its 

compatibility and tolerance (Schliephake et al. 1993).
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Titanium is used in oral implants in a pure form (99.75% pure). It is also used as an alloy [Ti-6- 

AL-4V alloy) (90% Ti, 6% AL and 4%V). However, titanium is a very active material and is rapidly 

passivated once exposed to air or water. The latter event results in formation of a layer of titanium 

oxide, primarily titanium dioxide (TiOz), but other oxides are also present. This layer is relatively 

stable and its thickness increases with time. One of the potential advantages of the oxide layer is 

its ability to interfere with or reduce titanium ion release (Equivel-Upshaw 2003). Thus, the 

peri-implant tissue reacts with the oxide layer and not with the titanium substrate  per se. An 

in vitro study (Ellingsen 1991), suggested that calcium ions from body fluid are absorbed to the 

titanium oxide layer through electrostatic interaction between the negatively charged oxide 

layer (anions) on the implant surface and positively charged calcium (cations) in the body fluid. 

This interaction induces a further adsorption of calcium-binding macromolecules proteins (such 

as albumen) on the implant surface. By this mechanism the non-cellular electro-dense layer of 

proteoglycan, which was reported to occur between the bone and the titanium implant surface 

(Albrektsson et o/. 1983) might bind to the titanium oxide (Ellingsen 1991) through its hydroxyl 

groups (Albrektsson etal. 1983).

Investigations were carried out in rabbits by Bernasconi et al. (1995) to evaluate a possible 

release of titanium  from implants into the tissues and to m easure  o ther e lem ents  at the 

bone- im plan t interface. P re lim inary  results  of this investigation  suggested that a minor 

diffusion of titanium and a possible deposition of calcium and phosphorus on the titanium surface 

may occur. The latter finding might indicate good biological behaviour of titanium. To conclude, 

titanium release could occur as a result of chemical diffusion, biological processes (i.e. phagocytosis) 

and mechanical wear of the implant surface (Bernasconi etal. 1995).

CP titanium and titanium alloys can make up the entire implant or can be used as a substrate to 

which a coating of bioactive material such as HA is attached. Available li terature indicates tha t  CP 

titanium has a long-term successful performance (> 5 years). This may be due to the formation 

of the surface oxide layer on CP titanium, which prevents further titanium corrosion. Intimate 

contact between the titanium implant surface and the su rround ing  bone u n d e r  light 

microscopy was reported (Albrektsson etal. 1981,1984) and re-osseointegration of a previously 

contaminated titanium surface implant was also achieved after the implant surface was treated to 

remove the contaminant (Kolonidis 2001).

Ceramics are compounds of a mixture of metals and non-metals. As an example 

hydroxyapatite (HA) is a calcium phosphate ceramic. During the formation of the ceramics, 

energy is released giving them a chemically stable structure, which m eans fu r ther spon taneous
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reactions are  unlikely to occur. As a resu lt  of this chemical stability, ceramics are considered to be 

the most inert of all materials. HA is a calcium phosphate ceramic (Sanden 2001). It has been claimed 

that HA is capable of forming a direct biochemical bond with bone due to its chemical similarity to 

the natural bone mineral (Thomas 1994, Sanden 2001). HA is found to be more efficient than 

titanium in absorbing proteins such as vitronectin and fibronectin from human body fluids. This 

may promote attachment of human mesenchymal stem cells to the HA and  consequen tly  the ir  

p ro lifera tion  and d ifferentiation will be facilitated (Kotobuki et al. 2005). HA has been used 

as an implant coating material due to its ability to accelerate bone healing and improve bone 

apposition around HA-coated implants as compared with uncoated titanium implants, thus better 

implant-bone integration can be achieved (Weinlaender et al. 2006).

It is believed that HA is biocompatible, non-toxic, osteoconductive and capable of providing a strong 

biomechanical bond with bone [de Lange et al. 1990), and the active nature of HA coatings was 

repo rted  by several investigators (Gross et al. 1997). According to some au thors (Wie et al. 

1998; Shirakura et al. 2003) the mechanism by which bone is formed around titanium and HA- 

coated implants differs. While bone formed around titanium  im plants arises by the distance 

osteogenesis process, bone formed around  HA-coated implants appears  to come 

s im ultaneously  by both d istance and contact osteogenesis (Wie et al. 1998).

G ottlander e t al. (1997) com pared bone formation around p lasm a-sprayed HA implants with 

uncoated CP titanium implants after 1 and 6 months of implantation in rabbit bone. They reported more 

bone contact with the coated implants in both healing periods. However, at the 6-month healing 

period the amount of bone inside an d /o r  outside the coated implants showed significantly lower 

percentages of bone than around the uncoated ones. This was attributed to HA macrophage- 

induced resorption. The difference in bone formation (if it exists) may be as a result of different 

cellular and tissue responses and to the implant surface character and possibly the animal 

model.

It has been postulated that pre-osteoblasts in the tissue derived from old bones, which are capable of 

transformation into osteoblasts, may have been introduced into the HA surface. Owing to the 

s im ilar ity  in the  crysta l s t ru c tu re ,  a possib ly  enhanced  proliferation and bone formation may 

have started. The HA surface may thereby have acted as a scaffold for bone formation from the 

implant toward the bone, thus creating a seemingly epitaxial bone growth (Wie e t al. 1998). 

However, using a high power electron microscope, a thin (20-100A) electron dense layer of non

mineralised organic bone materials was detected at the HA-coated implant-bone interface (de Lange 

et al. 1990, Piatteli et al. 1993). These materials resembled the lamina limitans of organic bone
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matrix and was also seen lining of the osteocyte lacunae. This layer was also reported to occur 

when the implant material was titanium implanted in the rat femur [Clokie & Warshawsky 1995).

Several studies have shown that HA-coated surfaces achieve very intimate bone to implant 

contact and have been claimed to reduce the healing period (Block et al. 1987, Cook et al. 1987). 

Thomas and coworkers (1987) showed that attachment to bone was achieved for HA-coated 

implants in half the time required for non-coated implants, but this difference diminished over the 

next 10 weeks. Another study in baboons (Carr et al. 1997) reported that after a 3-month healing 

period, plasma sprayed HA-coated implant gained greater percentages of bone integration than 

CP titanium but bone area did not differ. Nevertheless, in another study and after a 6-month 

healing period, Carr and colleagues (2000) demonstrated that the percentage integration and the 

bone area of HA-coated implants were similar to the titanium implant. Gottlander and 

Albrektsson (1991) reported that  one year after placement of implants in rabbit femur, 

significantly more bone was found to be in contact with the uncoated implants than the coated 

ones (76% versus 52.6%), while after 6 weeks, more bone was found to be in contact with thse HA 

coated.

Bioactive ceramics such as HA have poor mechanical properties, which may preclude their use in 

load-bearing situations (Sanden 2001). Thus, a combination of good mechanical properties and 

biocompatibility is required in order to achieve a long te rm  osseoin tegra tion . HA coated 

im plants  have been developed to modify the surface of a metallic implant substrate for better 

implant-tissue integration. Different types of metal have been used as substra tes  including 

titanium alloys, cobalt chrome alloys or stainless steel. However, adherence of the HA coating 

material to the metal substrate is a concern (Denissen e t al. 1990). HA is basically applied to the 

titanium implant surface by one of two methods: p lasm a sp ray  techn ique  and fabrication  of a 

s in te red  HA cylinder into which a titanium core is cemented. High bond strengths between 

the HA and the substrate  are required to withstand functional stresses and to avoid fragmentation 

of the coating materials (de Groot e t  al. 1987). However, the risk for HA-coat degradation and 

loosening (delamination) are still a concern. It was found that HA mechanical failure occurred 

primarily at the metal substrate-HA irrespective of the implant design (Cook etal. 1993a, 1993b).

Although HA-coatings have different characteristics, (Tufekci etal. 1997), bone formation on HA- 

coated implants was reported to increase by the release of calcium and phosphate ions in the area 

around the implant as a result of HA-coat degradation (Daculsi et al. 1990). Completion of the 

active bone turnover (remodelling) at the implant-bone interface was found to occur at a quicker 

rate around HA-coated implants than around rough and smooth surface titanium implants
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(Block et al. 1981]. Other investigators (Anselme et al. 1997) reported no effect of these ion 

releases on the osteoblastic cell adherence to implant surfaces, which w^ere believed to play an essential 

role in the potential bone formation in the implant-bone interface. For example, Anselme et al. 

(1997) found a relatively low level of cell attachment and growth on HA coatings. Cellular 

attachm ent requires protein adsorption on to the implant surface. Thus, these authors 

speculated that the bioactivity of HA may render the implant surface unstable and inhibit 

protyein adsorp tion  so leading, in turn, to less cellular a t tachm en t and growth.

In contrast to the mechansms outlined above, HA has a higher affinity for osteoblasts in vitro 

than does titanium, HA's stability was thought to be very important factor for cellular attachment 

(Chang et al. 1999). It has been speculated that HA has strong adsorptive properties for protein, 

so that serum pro te ins  are adsorbed  to HA and then mediate specific adhesion of osteoblasts. 

Although Chang and coworkers (1999) did not find significant differences in the percentage of 

cell attachment among various degrees of crystallinity; they reported a higher level of cell 

attachment on HA coated surfaces than on un-coated implants. The mobility of HA-coated implants, 

as tested using the periotest recorder, was significantly lower than CP titanium and titanium alloy 

implant, irrespective of the implant design (bullet, basket, platform or screw) (Ochi etal. 1994).

In a p ilo t  s tudy  involving tw o  dogs (S trnad  et al. 2000) o s teoconduc tiv ity  of sandblasted  

titanium implants w ere  compared with plasma-sprayed HA-coated implants, which were 

installed in unfavourable clinical situations (i.e. gaps ranged from 0 to 1 mm and a poor primary 

implant stability). When the implants and their surrounding bone were examined using light 

microscopy, m ost of the sand-blasted implant surfaces were found to be encapsulated with a 

layer of fibrous tissues and only 15% of these surfaces were in direct contact with newly formed 

bone. On the other hand, 72% of HA plasma sprayed implant surfaces were surrounded with newly 

formed bone. Furthermore, when the implants were installed in a press-fit fashion the HA-coated 

implants demonstrated more implant-bone contact than the sand-blasted implants did (19% 

versus 54%). The in vitro part of this pilot study also revealed deposition of calcium phosphate 

crystals on the surface of HA-coated discs after their exposure to a simulated blood plasma fluid. This 

deposition was accompanied with a decrease in calcium ions (Ca*+) and Phosphate ions (PO3 ) in the 

simulated blood plasma fluid. In contrast, the sand-blasted titanium was not affected by this 

exposure. This may indicate the degree of osteoconductivity of pure titanium and HA (Strnad et al. 

2000). Gottlander and coworkers (1997) found significantly more bone in contact with the HA- 

coated im plants  than  those  in contac t w ith  CP titan ium  implants (Nobelpharma) in rabbits 

after a 4-week healing period. However, when the amount of bone inside the threads was considered, 

there was no significant difference between the two systems (p= 0.2). In a 24-month healing
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period, although the same trend  was observed, the percentage of bone in the threads revealed a 

lesser value for HA-coated implants than for uncoated surfaces. This has been attributed to 

resorption that might be induced by m acrophages as a response to loosened HA particles 

(Gottlander et o/.1997). The substra te  surface roughness and implant design may have a 

detrimental effect on the uniformity of the HA-coating thickness. Unevenness of the coating may 

cause mismatching between the surgical drill and the outer surface of the implant, which will lead 

to rem oval of HA partic les  if n o t  well a t tached  a n d / o r  may cause unnecessary trauma to the 

bone (Gross etal. 1998]. However, there is much controversy concerning the long-term stability 

of HA coating and the bond between the HA-coating and the substrate (core). HA is used as a coating 

attached mechanically or may be chemically to the implant metallic substrate  (Gross e t al. 1998). 

HA-coating detachm ent was observed (Cook et al. 1993a, Cook et al. 1993b) and was more 

frequently seen on Hot Isostatic Pressing (HIP) implant surfaces than on the HA-plasma-sprayed ones, 

which may reflect the effect of the coating method (VVie et al. 1998).

Bone response to HA may differ according to the bone type. For example, Piattelli et al. (1993) 

used light and conofocal laser scanning microscopy and found that HA resorption on implant 

surfaces was minimal in areas  em bedded  in cortical bone, w hereas  greater resorption was 

observed in medullary spaces. The implant surfaces in the medullary space were lined by a 

fibrous tissue capsule, and in some areas a thin basophilic material was observed adjacent to the HA 

surface. In other sites, the HA-coating was absent or detached from the metal surface, dispersed in 

the extra-cellular fluids, or covered by soft tissue in which macrophages were present.

Roughness, thickness and the crystalline nature of twenty-four commercially available HA-coated 

implants from four manufacturers were investigated by Kim et al. (1994). The thickness of the 

coatings ranged from 50 to 80 |im. All groups showed cracks and porosity in the HA-coats. 

They also observed differences in the am ount of crystalline phase and coating composition (Kim 

etal. 1994).

Resorption of HA-coating is believed to occur in two ways: biological fluid-mediated and cell- 

mediated mechanisms. The fluid-mediated resorption results in corrosion-like dissolution. 

This dissolution occurs along the grain borders of HA crystals. By this mechanism, detachm ent 

of HA crystals from the coatings occurs. The detached crystals are then engulfed by cells in a 

phaygocytotic process (Piatteli e ta l ,  1993). The degree  of HA reso rp tio n  may be affected by 

TCP content,  its manufacturing method, degree of crystallinity, surface texture (microporosity) 

and type of bone in which it is located (Piatteli et al. 1993b). The microporosity of HA may be due 

to inclusion of foreign particles within the coating or may be due to the speed by which the HA
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particles cool during the coating procedure. The titanium substrate is cold, causing the first 

layer to co rrelation  betw een  the mechanical anchorage values of im plant to bone and 

histomorphometric measurements have been reported (Gotfredsen et al. 1995). A good correlation [r^ 

= 0.90) was found between the average roughness of the implant surface and pushout failure load 

(Wong etal. 1995).

However, Gotfredsen et al. [1995) reported a significantly lower removal torque value for machined 

implants than for TiOz-blasted implants. HA-coated implants were reported to show superior 

osseointegration in terms of both push out failure load and surface coverage by bone (Wong et al. 

1995). The non-tapping method of implant installment was recommended in order to reduce 

stress concentration on the bone around the implant. Nevertheless, when either screw type oxide- 

coated or non-coated titanium alloy implants were inserted into tapped bone, more bone 

opposition percentage was observed than for non-tapped (manually inserted) implants. 

Furthermore, no clear difference was observed between coated (74.5%) and non-coated tapped 

implants (68.4%). The non-tapping approach resulted in fotmation of connective tissue a t the bone 

implant interface. However, in this study, the implants which were installed by the non-tapping 

approach were loosely fitting because the implant sites were 0.1 to 0.3 mm larger in diameter than 

the actual implants. It w as assum ed  th a t  this interfacial gap was wide enough to be bridged by 

new bone and adverse connective tissue was formed at the interface. This study involved two 

monkeys and eight unloaded implants; four implants in each monkey. Two implants were tapped 

and the other two were not. After a healing period of 3 months, the area  around  the implants 

w as histologically evaluated (Akagawa et al. 1988). In a more recent animal study by the same 

au thors (1990) the use of HA as a coating material on titanium alloy substrates bone formation 

occurred at the implant-bone interface irrespective to the insertion technique (tapping or non

tapping) and no unwanted connective tissue was observed. The implants in this study were coated by 

means of a modified plasma-spray technique and the HA thickness was approximately ZO^m. 

The histological and histomorphometrical evaluation showed the consistency of the HA coat 

thickness and the lack of HA resorption. The results of this s tu d y  m ay re in force  the  finding 

ofthe b iocom patib ili ty  of HA and  i t’s capability  to enhance  enhancement of bone formation at 

the bone-implant interface.

A positive effect of HA on the am ount of new bone formation in simulated bone defects has been 

reported  by Strnad et al. (2000). This s tudy concurs with earlier results from Knox etal. (1991) 

who reported such a positive effect of HA when used in unfavourable clinical situations such as gaps 

an d /o r  compromised primary implant stability, Knox et al. concluded that the presence of HA on 

the implant surface appears to have a positive effect on the amount of bone fill within defects. In this
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study Knox et al. compared the height and the percentage of direct bone to implant contact in 

simulated extraction sockets in dogs.

In conclusion, the literature indicated the following drawbacks that should be considered when 

HA is used as a coating material:

• There is no coating technique that provides a titanium surface perfectly covered with 

pure ceramic.

• Due to inadequate biomechanical stability, detachment of HA coatings from the 

substrate may occur (Cook et al. 1993a, 1993b).

• Detached HA particulates may induce an adverse reaction at the bone-implant interface 

area.

• HA biodegradation may explain the reported high failure rate of HA-coated 

implants.

• A HA-coat is a good substrate for bacterial colonisation.

• Success could be predicted when using CP titanium implants than when using HA- 

coated ones.

2.21.2 Im plant design [surface macrostructure)

Implant design is one of three important reported factors on which implant primary stability 

depends (Martinez et al. 2001). Implant primary stability plays a major role in achieving 

osseointegration (Albrektsson et al. 1981, Martinez et al. 2001). In addition to implant design, 

implant surface roughness, bone quality and quantity and surgical technique are reported to 

play a major role in implant primary stability (Martinez et al. 2001).

Implant design plays an essentia l role in m aintenance of osseoin tegra tion . 

Continuous marginal bone loss and high failure rates of cylindrical implants has been 

reported (Isidor & Kaaber 1988). This bone loss may occur slowly and continuously 

around cylindrical implants which have no threads and may be due to generation of 

shear stresses at the bone-implant interface (Misch et al. 1999). In contrast, screw-shaped 

(threaded) implants demonstrate a steady state bone levels. Currently, screw-shaped (threaded) 

implants are the most commonly used design while smooth cylinder implants (press-fit) are 

hardly used. In an experimental study in dogs screw implants were found to have better bone 

anchorage than the cylinder implants (Gotfredsen etal. 1992).
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Threads are usually incorporated into implant design and serve to transform destructive forces 

such as shear forces into less destructive forces ones at the implant-bone interface (Misch et al. 1999, 

Steigenga et al. 2003). They are also used to improve initial stability and increase implant 

surface area. Thread features such as thread depth, thread thickness, face angle, pitch and 

helix angle are  considered as factors th a t  de term ine  the functional thread surface and effect the 

biomechanical load distribution of the implant (Steigenga et al. 2003). The most commonly cited 

thread shapes are v-shaped, square shaped or reverse b u t t re s s  (Misch e t al. 1999, Steigenga 

e t al. 2003, Steigenga e t al. 2004). The standard v-shaped is comparable to the buttress thread 

and has 10 times the increase in shear stresses at the implant-bone interface when compared 

with a square thread (Misch etal. 1999).

The v-shaped thread is not principally a load barer. The buttress thread shape is optimised for 

pull loads. The square thread shape is called a power thread. It provides an optimised surface 

area for intrusive, compressive load transmission, resulting in a lower strain in bone and 

reduces the sh ea r  loading (Misch et al. 1999, Steigenga et al. 2004). Steigenga e t al. 

(2004) studied effects of implant th read  geom etry on osseointegration and resistance to 

reverse torque in femur of rabbits and reported that the square thread design implants have more 

bone to implant contact and g rea te r  reverse to rque  m easurem ents  com pared  to the v-shaped 

and reverse buttress thread designs.

Another thread-type implant design known as Ankylos® (Friadent Gmbh, Mannheim, Germany) is 

available in the market. Ankylos has a rough surface with progressive threads. According to the 

designer the theory is based on the difference in the response of the cortical and cancellous bone to 

functional stress. Both features are aimed at directing of the functional stresses to the cancellous 

bone, which is more resilient and has a greater regenerative capacity when damaged (Morris et al. 

2004).

Two of Branemark’s im plant designs w ere  available in 1987: one with a self- tapping 

cylindrical design and the o ther  a conical fixture. The self-tapping implant was developed to 

be used in situations when the bone was of low density. The conical design was indicated for 

immediate implant p lacem ent in fresh ex traction  sockets. The conical im plant has a coronal 

n o n -th read ed  area  which will eventually  be denuded  of bone af te r  unavoidable  bone 

resorption which usually occurs following tooth extraction. This smooth part was incorporated to 

facilitate oral hygiene procedures  and to be less irritating to peri- im plan t soft tissue 

(Quirynen etal. 1992).

39



In one study by Quirynen et al. (1992) the failure rate of self-tapping fixtures was lower than that 

of standard Branemark implant systems before and after loading. This has been attributed to the 

exceptional primary stability of the self-tapping fixtures at the time of implant placement. This 

primary stability is a function of diameter mismatch between the self-tapping fixture and its 

bone osteotomy.

It is believed that occlusal forces must be dissipated over a large implant area in order for the bone 

to be preserved (Lum 1991). However, the importance of implant length is obvious on initial 

stability and on the overall am ount of bone in contact with the implant. The length also 

provides resistance to torque or shear forces when the initial implant stability is assessed 

(Steigenga etal. 2003).

Through the use of engineering calculations, the amount of force transferred to the crestal bone 

from horizontal occlusal load, relative to the implant length necessary to support that load, was 

analysed for hypothetical instances when the implant was embedded in a uniform mass of bone 

and when it was bicorticated. The analysis demonstrated that implants longer than 12 mm will 

not significantly reduce force transfer proportionately to the increased length. The amount of 

force transferred is directly proportional to the height of load application from the crestal bone 

(Lum & Osier 1992).

2.21.3 Implant surface texture (topography)

Increasing implant surface roughness increases the surface area of the implant (Wennerburg et 

al 1997). Early endosseous integration is important for long-term implant stability particularly 

in areas with low bone density such as the maxillary molar area. Therefore, increasing the rate 

of early integration is valuable to increase implant success rates in such circumstances. 

Several methods have been used to alter the implant surface texture in order to facilitate and 

encourage early osseointegration.

In general, two methods for alteration of implant surface roughness (texture) have been 

described in the literature; additive and subtractive. In the former method, a biocompatible 

material is added to the implant surface substrate such as a titanium plasma-sprayed coating 

(Klokkevold et al. 2001), while in the latter method a material is removed from the implant 

surface, for instance by blasting (Wong et al. 1995) and acid etching (Klokkevold et al. 2001).
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Several advantages are believed to be the outcome of increased implant surface roughness 

(Cooper 20003, which leads to a better wetability and therefore improved cell adhesion to the 

implant surface. Furthermore roughness leads to an increase in the strength of the implant- 

bone bond and also increases the biomechanical interaction of the implant with bone when 

compared with smooth surfaces.

Some investigations (Wennerburg et al. 1995, 1996, 1998) have shown that implant torque 

removal was significantly higher for rougher surface implants than it was for relatively smooth 

(machined] surface implants. Wennerburg and coworkers (1995) reported that after a healing 

period of 12 weeks in rabbits, a significantly higher removal torque was required to remove 

implants blasted with 25 |im or IS^m particles compared to the torques for smooth surface 

implants. The average surface roughness of the implants in this study was O.SSjim, 1.27nm and 

0.39[im respectively. However, when the implants were blasted with 25|im or 250nm and 

installed in rabbits for 4 weeks, there was a significantly less bone-to-implant contact for implants 

blasted with 250|im than those, blasted with 25nm particles (Wennerburg et al. 1996). 

This may be due to an increase in ion release and reduction in corrosion resistance of the titanium 

surface as the implant surface area increases by roughness (Wennerburg et al. 1996). 

Nevertheless, comparison of the same surface treatment after 12 weeks revealed no such 

difference (wennerburg et al. 1995).

Roughening of CP titanium implant surface can also be achieved by thermal acid etching 

(Hydrochloric and Sulphuric acid) surface treatment, i.e. dual acid etching. The resulting 

surface of one of the commercially available im plant system (Osseotite®) is characterised 

by small peaks and valleys with peak-to-peak distances ranges from l(im to S^m and peak-to-valley 

distances that generally ranging from 5^m to 8|im. A series of pits are superimposed onto the 

peak-and-valley landscape with a range of Ipim to 2^m, which leads to a complex three-dimensional 

surface texture.

A number of mechanical, histological and clinical studies have evaluated osseointegration of the 

rough implant surfaces. Furthermore, histomorphometric and removal torque studies with 

roughened surface implants have revealed greater bone apposition (Buser et al. 1991) and 

higher removal torque values than for implants with smoother surfaces (Klokkevold et al. 

2001). However, comparison of the same surface treatment after 12 weeks revealed no such 

difference (Wennerburg etal. 1995).
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Klokkevold e t al. (2001] observed an enhancem ent of bone-implant interfacial strength w hen  

dual acid etched screw-shaped implants (Osseotite®], as measured by resistance to reverse 

torque removal following a 2 month healing period in the femur of New Zealand white rabbits 

as compared to machined-implant surfaces. The mean torque values were 20.50 ± 6.59Ncm for 

the chemically etched and 4.95 ± 1.61Ncm for the machined implants. These values were lower 

than that reported  by Cordioli et al. (2000). The differences have been attributed to differences 

in the implant size and to structural differences at the bone implantation sites. Cordioli's s tudy  

(2000) may reflect the effect of implant surface trea tm ent on the type of bone formed around 

implants. For instance, they observed formation of compact bone along the parts of acid 

etched-implant surface (Osseotite®) which were previously located in the cancellous bone. 

However, this was not observed around smooth, blasted- or plasma sprayed-implant surfaces. 

This may be due to the micro-topographic nature of the acid-etched implant surface. Their 

result also revealed a positive correlation between the percentage of bone-implant contact and 

the reverse torque removal. However, despite the surface roughness of the Osseotite® implant 

system (Palm Beach, Florida, USA) being significantly less than that of the plasma-sprayed 

implant surfaces, the removal torque and bone-implant contact percentage values of the former 

w ere  higher (Cordioli et al. 2000). This was attributed to the micro-topography of the surface 

obtained by the acid etching method. This finding was, in part, contradicted by Klokkevold et 

al. (2001) w ho found that dual acid-etched (Osseotite®) implants implants had always lower 

values of torque resistance at all observation times than those of titanium plasma sprayed (TPS) 

implant surfaces.

These findings (Klokkevold e t al. 1997) w ere  later confirmed by the same investigating group 

using the same animal model (Klokkevold et al. 2001). Roughening implant surface by acid 

etching enhanced the strength of osseointegration as tested by the reverse torque removal. They 

found that the dual acid-etched implants had three to four times greater resistance to reverse torque 

removal than the machined ones irrespective of the healing period (1, 2, or 3 months). When the 

dual acid-etched implants were compared with TPSs, the acid-etched surfaced implants had lower 

values than the TPSs at all the observation times.

In an in vitro study, Davies (1998) reported  that surface complexity as a result of dual acid 

etching, such as that of the Osseotite implant, improves fibrin attachm ent to the rough implant 

surface when compared with smooth implant surfaces. When fibrin is anchored to the implant 

surface, migrating oseoblasts are able to reach the implant surface and produce bone directly on 

the implant surface (contact osteogenesis). This phenomenon is illustrated histologically using a 

dual-surface implant design in a human model comparing the osseotite to a machined surface
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af te r  6 m o n th s  o f  healing  in th e  p o s te r io r  maxilla (Lazzara e t al. 1999], With Osseotite®, it was 

also possible to  red u ce  the healing period  to  8 w eeks  instead  of 12 to  24 w eeks, which is 

r e co m m en d ed  for m ach ined  im p lan ts  (Lazzara e t al. 1998).

One s tudy  p re s e n te d  by Gottlow e t al. (2000) indicated  th a t  the Osseotite® surface  resu lted  in a 

significantly lo w er  bone-to - im p lan t  con tac t and  less rem oval to rq u e  w h e n  co m p ared  with the 

TiUnite® im p lan t  system . TiUnite is a type of im plan t  w ith  an  oxidized rough surface. 

A lbrek tsson  e t al. (200 0 b )  o b se rv ed  th a t  TiUnite im plan ts  had  a significantly h igher  bone-to- 

im plan t con tac t  an d  h igher  rem oval to rq u e  values th an  m ach ined  surface  im plan ts  in rabbit  

fem ur and  fem u r  a f te r  a healing  per iod  of 6 weeks.

H um an fibroblast  and  epithelia l cell a t ta c h m e n t  and also prolifera tion  w ere  found to  be affected 

by surface ch arac ter is t ics  o f  t i tan ium  in vitro  (Cochran e t al. 1994). For instances, surface 

t i tan ium  a lte red  os teo b la s t  proliferation, differentiation, and  m atrix  p ro duc tion  w hen  

osteoblast-l ike cells (MG63) w e re  used  (M artin  e t al. 1995). On the  o th e r  hand, Castellani e t al. 

(1999), w ho w o rk e d  with  t i tan ium  surfaces  of differing roughness  exposed  to r a t  bone  m arro w  

cells "could n o t  clearly  confirm  the  effect of surface roughness  on the  proliferation, 

d ifferentia tion  and  calcification of r a t  bone  m arrow ". Sauberlich e t al. (1999)  s tud ied  hum an  

gingival f ib rob las t  on the  surface  of t i tan ium  sub jected  to  d ifferent su rface  t r e a tm e n ts  and 

concluded "a m a rk e d  corre la t ion  b e tw een  the  cellular com patib ili ty  of the  modified t i tan ium  

and surface  m odification  m ad e  did no t becom e apparen t" .

In vivo  s tud ies  also c rea ted  an  inconclusive pic ture  of the  role of surface tex tu re .  For example, 

Buser e t al. (1991)  placed t i tan ium  im plan ts  w ith  six d ifferent surfaces  into m e ta p h y s e s  of the  

fe m u re  and  fem o ra  of  m in ia tu re  pigs for  3 and  6 w eeks .  Surface t r e a tm e n t s  of th e  t i ta n iu m  

in c luded  e le c t ro p o l i s h in g  (E), s a n d b la s t in g  w ith  m e d iu m  g rit  acid p ickling (hydrofluoric  

a c id /  n itr ic  acid) (SMP), s a n d b la s t in g  w ith  large g rit  and  acid a t tack  w ith  h ydroch lo r ic  a c id /  

su lphu r ic  acid (SLA), t i tan iu m  p lasm a  sp ra y  (TPS), and  a lso  H yd ro x y ap a t i te  (HA) flame 

spray ing . T h e se  su rfaces  h ad  no t  only  d if fe ren t  ro u g h n e ss ,  b u t  a lso  d if fe ren t  su rface  

co m pos it ion ;  th e  SLA s u r fa c e  h ad  so m e  of th e  g r i t -b la s te d  p a r t ic le s  e m b e d d e d  in the  

"h ighly  d i s to r t e d "  m e ta l  su r fa c e .  The  key finding w as  th a t  all the  im plan ts  revealed  "direct 

b one-im p lan t  co n ta c t” bu t  w ith  d i f fe r in g  p e rc e n ta g e s  of  b o n e  c o n ta c t  in th e  c an ce l lo u s  

bone .  T he  b o n e - im p la n t  co n tac t  w as  in the SLA and HA cases, w ith  co n tac t  p e rcen tag es  of 

50%  to 60%  (SLA) a n d  6 0 %  to 7 0 %  (HA). T he  a u th o r s  r e p o r t e d  th a t  " the  e x te n t  of th e  

b o n e - im p la n t  in te rface  is positively corre la ted  w ith  an increasing  ro u g h n ess  of the  im plan t 

surface.
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Wong and coworkers (1995] examined bone reaction to press-fit cylindrical implants made of 

three materials and given different surface treatments in trabicular bone sites in knees of mature 

miniature pigs. After 12 weeks of healing time, (HA) coated implants had the highest push-out 

loads and the largest surface coverage by bone i.e., a mean of 79.9% versus 38.5% for all metal 

groups. There was a highly significant correlation (r^ = 0.9) between the average roughness of the 

implant surface and push-out failure load.

Ericsson et al. (1994) studied reactions of peri-implant bone to machined screw shaped 

implants and titanium-oxide blasted implants in dog maxillae. At 2 months, both types of 

implant had a mean bone-to-implant contact percentage of about 40% (40.5% for rough surface 

implants versus 39.4% for the smooth). However, at 4 months the h istomorphometric analysis 

revealed a higher mean percentage of bone to implant contact for the rough surface implants (p 

< 0.05) than that  percentage for the machined surface (65.1% ±17.3% versus 42.9%±31.2%). 

In this study the bone implant contact was expressed as a percentage in the three best 

consecutive threads on each side of the implant (Ericsson et al. 1994).

In contrast with the aforementioned studies, other work did not reveal a major effect of 

roughness in vivo. Jansen et al. (1993) tested cylindrical plugs of th ree  different titanium alloys 

(CP Ti with 0.2 wt% palladium, Ti6A14V, and titanium-aluminium-iron [Ti-5Al-2.5Fel) and HA- 

coated Ti6A14V alloy in rabbit femure for 6 and 16 weeks. The materials did not have identical 

roughness. After measuring the am ount of bone apposition and o ther aspects of the bone 

reaction to the implants, the authors noted that the results dem onstrated no marked differences 

in bony reaction to the different implant materials and that HA coatings showed a loss of 

thickness.

Caulier et al. (1997) tested the response of "low density" bone to threaded, uncoated, CP Ti 

implants as well as the same metal plasma-sprayed with three different types of 

calcium/phosphorus-containing material (fluoroapatite, HA, and heat- treated  HA). After 

implantation times of 3 to 6 months in the maxillae of goats, differences were found between 

the h istomorphometric m easurem ents that were made. The authors found no significant 

differences "in the bone reaction among the various implant materials” although all coatings 

showed some decrease in thickness.

Successful long term maintenance of osseointegration is achievable by the ability of the peri- 

implant bone to respond and adapt to the functional loading throughout continues repair and 

remodelling. Overloading was proposed to occur when prolonged excessive forces that were
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imposed on the implant exceeded the ability of the bone-implant interface to w ithstand  and adap t to 

these forces. This subsequently leads to formation of fibrous tissue betw een the implant surface 

and the  peri-implant bone (Adell et al. 1981).

Long te rm  re tro spec tive  and  longitudinal s tud ies  have  provided  s trong  ev idence  to su p p o r t  high 

survival ra te s  of o sseo in tegra ted  im plan t  (A lbrektsson e t al. 1988). However, desp ite  the  high 

survival rates, im plan t  failures do occur. Consequently, im plan t  failures w e re  ch arac ter ised  into 

tw o  classes: ea r ly  and  late failure. While ear ly  failure indicates th a t  failure occurs before  the 

im p lan t  is p u t  to  function, the  late failure d eno tes  the  failure th a t  occurs m o n th s  or  even years  

a f te r  im p lan t  loading. The early  failure indicates failure to e s tab l ish m en t  of osseo in tg ra t ion  and 

in the  late failure osseo in tegra t ion  occurred  bu t  la te r  d e te r io ra ted  and  leads to failure (Esposito 

e ta l. 1998a, Esposito  e ta l. 1998b).

2.22 Biomechanical Testing

O sseo in tegra t ion  is defined as the  d irec t con tac t of biological ha rd  t issue w ith  a loaded im plan t 

su rface  at the  reso lu tion  of the  light m icroscope (B ranem ark  e t al. 1985). It is considered  the 

im p o r ta n t  factor explaining the  long-term  function and  success of com m ercially  pu re  t i tanium  

den ta l  implants. In addition, o sseo in tegra t ion  is necessa ry  to  develop a s t ro n g  and  stable 

in terface  th a t  can to le ra te  applied  loads. The s treng th  of the  interface is a m easu re  of bone- 

im p lan t  fixation and it is th o u g h t  to be d irectly  p ropor t iona l  to the  quality  of bone  available 

(A lbrek tsson  e t  al. 1990 and  1992). It is im p o r ta n t  to u n d e rs ta n d  th a t  load is an integral 

c o m p o n e n t  of this definition.

While inves tiga to rs  have used d ifferent m e thods  to s tudy  bone a t  the  im plan t  interface 

(co m pu te r ized  tom ography , da is itom etry , rad iography , u l t ra so u n d  and  histology), a load can 

only be eva lua ted  by using a biom echanical te s t  (tensile, to rs ion  o r  p u l l /p u sh  out). 

Biomechanical tes ting  p rovides a rap id  m ethod  for evaluation  of the  quality  of  bone  and  can be 

used  as a bone  g row th  assay. These tes ts  se rve  as a sim ple  and  inexpensive  m ethod  for 

a ssess ing  the  s t ren g th  of the  b one-im p lan t  interface. The biom echanical te s t  m an ipu la tes  the 

im p lan t  in re la tion  to the  bone  and, consequently ,  m easu re s  the  quality  of  b o n e  a t  th e  im plan t 

interface. Consequently , biom echanical tes ting  m ay fall s h o r t  in provid ing  in fo rm ation  on the 

type  of  bone  p re se n t  o r  the  s truc tu ra l  n a tu re  of bone  apposit ion  a t  the  interface.
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Before describing the research which has been completed, it is necessary to outline some factors 

that govern the way in which an implant is stressed in use. To drive an implant into a bone 

hole it is necessary to apply a turning force to the head of the implant. This "movement” is 

termed torque. When the leading end of the implant meets some resistance, a stress is 

developed along the length of the implant. The insertion of an implant involves the application 

of a load to an implant with the use of a screwdriver. If this load is applied axially along the 

length of the implant then the stress induced in the implant will be purely compressive. In 

practice, the load will be applied at an angle, to the long axis of an implant, and this will 

introduce bending or shear stresses to the implant. These stresses can be high at the start  of 

insertion, when most of the implant length is unsupported, and decrease as the implant is 

inserted. Consequently, the tensile s tress in the implant is derived from the torque applied to 

the implant head. The efficiency of the system may then be regarded as the ease by which the 

applied torque is converted into tension within the implant. The tensile stress in the implant, 

created from the external compressive load, will also induce a stress in the surrounding bone. 

The combination of the stresses in the implant and bone allow a bond to form between them.

2.22.1 Tensile Test

A tensile test places an implant in a stable position and measures the movement of the adjacent 

material as it is being pulled perpendicular to the vertical axis of the implant. Kotani et al (1992) 

measured the bone-implant bonding strength between bioactive ceramics and bone using rabbit 

femur. Tensile failure occurred when the load applied caused the implant to become detached 

from the bone, it was difficult to m easure the contact area between the bone and implant after 

the tensile test. Therefore, the bone-implant strength was not calculated. The tensile failure 

load correlated with the bone-implant bonding strength. Again, using the rabbit femurl model, 

Hong et at (1992) tested the interfacial tensile strength of the interface between hydroxyapatite 

(HA) and bone. They believed that interfacial tensile strength reflected the bonding strength 

between HA coating and bone and not the strength of the bone-implant interface. Other 

investigators (Nakamura e t al. 1985; Nagano et al. 1996) have performed similar studies using 

the tensile tes t  that  also evaluated the bonding strength between several biomaterial implant 

coatings and bone.
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2.22.2 Torsion Test

The torsion test evaluates the amount of torque needed to remove the implant from bone 

(Sennerby et al. 1992). This test involves a circular or rotational movement that allows for the 

removal or insertion of an implant. A study performed by Orr et al (1995) have found that the 

torsion test provided the most accurate results, when applied to an im plant/m aterial complex 

that had the same material properties (metal surrounded by metal). The technique used to 

measure removal torque may not be sophisticated and may be prone to measuring errors 

(Sennerby et al. 1992). However, reproducible data have been presented in a num ber of 

experimental investigations (Albrektsson and Arnebrant e t al. 1986; Sennerby et al. 1992) and 

clinical instances (Tjellstrom etal. 1988).

The removal test has been used to assess differences in implant material strength: for example, 

polished vs. rough and niobium vs. titanium. Carlsson et al. (1988) compared the ability to 

resist removal torque for polished and smooth titanium screw implants. It was found that a 

higher removal torque was required to remove the rough-surfaced implants, after 6 weeks of 

implantation time, in the rabbit femur. Rough screws seemed to improve the mechanical 

strength by providing for a more advantageous transfer of stress. The authors stated that 

removal torque was a useful test to compare implants with different surface topographies. 

Johansson et al (1991) inserted screw shaped commercially pure (CP) niobium and CP titanium 

implants in the rabbit femur. After a healing period of 3 months, a significantly higher removal 

torque was required to unscrew the niobium implants, compared to the titanium implants. 

Histomorphometrical analysis demonstrated  no significant differences in bone-to-metal contact 

between the two implant materials. It was postulated that the reason for the difference in 

removal torque was surface topography and not the am ount of bone at the interface. Moberg et 

al (1991) and Carr et al (1995) arrived at similar conclusions concerning the relationship 

between removal torque and surface topography.

Research studies have been published linking removal to rque values to the osseous-titanium 

bond strength (Sennerby et al., 1992). Although these studies have suggested that removal 

torque might be related to the amount a n d /o r  the type of bone surrounding the interface, 

further research was needed to confirm this relationship. Sennerby et al (1992) studied the 

healing of screw-shaped CP titanium implants in the rabbit femur and femoral part of the knee 

joint. The bone response was quantified by light microscope morphom etry  and implant 

anchorage was analysed by measuring the removal torque. Although there was more bone 

contact and more bone area in the knee joint threads at all intervals, less removal torque was
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observed. He suggested that differences regarding the am ount of bone at the interface and the 

removal to rque may be related to the type of bone at the interface. Therefore, several factors, 

such as implant surface structure, implant geometric variations, interface tissue s tructure  and 

type of surrounding bone may influence torque values when unscrewing an implant. As it is 

not entirely clear what factors influence removal torque, further research is needed to 

determine the type of association between removal torque and the bone-implant interface. 

Measures of insertional to rque are lacking and they may help to provide some interesting 

results when one is to consider the initial implant stability; bone quality and eventual implant 

success.

2.22.3 Pull Out and Push Out Testing

Pull out testing and push out testing are essentially the same. The implant bone complex must 

be stabilised and the implant will either be pulled or pushed out of bone. The pull or push out 

tes t  has been used to m easure the strength of the bone-implant interface. While both tests 

occur in the same plane, they produce forces in the opposite direction. In the pull out test, the 

force is applied to the superior aspect of the implant. In contrast, the force is applied to the 

base of the implant in a push out test.

Branemark e t al. (1969), in their experimental studies, used the pull out test to s tudy 

osseointegrated fixtures in the mandible and maxilla of dogs. They found the pull out strength 

for the mandible was three times greater than that of the maxilla. Since then, there  have been 

several experimental studies that  have performed pull or push out tests to assess the  stability of 

the anchorage of an implant in bone (Nunarnaker et al. 1976). The strength of bone a t the 

implant interface has been calculated by one of three ways: 1) the force needed to displace the 

implant out of bone, 2) the force required to displace the implant out of bone, divided by the 

area of bone (as determined by histology) and finally, 3) the force involved in displacing the 

implant from bone divided by the area of bone, bone contact, d iam eter and length of the 

implant. Maniatopoulos et al. (1986) compared the fixation strength of porous-surfaced 

implants to that  of conventional smooth and threaded implants in the dog mandible. Animals 

w ere  sacrificed immediately following implantation and at 3, 6 and 12 months. The pull out 

tes t  was used to evaluate the implant-tissue interfacial strength. The results suggested that  the 

strength of bone a t the interface increased over time for porous-surfaced implants. This was in 

contrast to the gradual loss of fixation that occurred for threaded implants and the low
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strengths recorded for smooth-surfaced implants. Although the threaded implants showed 

good initial fixation strength, this decreased over time. The porous-surfaced implants showed 

an increase in pull out strength over time [corresponding with an increase in bone ingrowth).

Gerner et al [1987] compared the strength of fixation of tricalcium phosphate [TCP] coated 

implants to titanium implants in the dog iliac crest. Radiographically, both types of implants 

w ere  closely surrounded by bone after 14 weeks. There was close contact between both 

implant types, both postoperatively and a t sacrifice. A pull out test was then performed at 14 

weeks on both implant types. The strength of fixation for TCP was significantly higher than that 

for titanium. Histologically, a higher percentage of lamellar bone tissue was found in direct 

contact with the TCP implant surface. The study revealed that the stronger the bone the higher 

the value of pull out force. Thus, it was concluded that pull out testing was useful in determining 

the strength of bone and ultimately the type of bone at the interface.

The finite element method [FEM] has been used to gain insight into the biomechanics 

and stress analysis of the testing configurations and to correctly define interface strength 

between two materials [Orr et al., 1995). The FEM is a 2 or 3-dimensional computerised 

mathematical model that is dimensionally, mechanically and physiologically correct. The 

interface zone is divided into small finite areas and each area is called an element. These finite 

areas are to be used in the final calculation of the interface strength. This method is regarded 

as an accurate design to m easure areas of any model configuration. When a load is applied to 

an implant, one can then expect the load to be transferred via the common interface to other 

parts by uniformly distributed stresses, in pull out tests, this stress is usually expected to be 

the only stress component present at the interface Therefore, it is assumed that the distribution 

of stresses over the interface is uniform. Moreover, the bond strength would simply be 

calculated by dividing the maximum applied force by the area of bone, in contact with the 

interface. If stress is not distributed uniformly the bond strength could be incorrect, 

considering the above calculation. Analytical studies have found that the pull and push out test 

may not produce a uniform stress at the interface, and so other measures should be made 

[Shirazi-adl, 1992]. It has been demonstrated  that  in the pull out test the failure is expected to 

initiate at regions of high stress and to propagate according to continuous redistribution of the 

interface stresses. The interface strength may not simply depend on the force at failure and 

interface area. Calculating the interface strength is much more complex, as the interface 

between the bone and implant is not a simple line bu t a complex region. When computing the 

interfacial strength, param eters such as thickness of bone surrounding the implant, length and
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d ia m e te r  of the  im plan t  and  the elastic  m odulus of the  su r ro u n d in g  bone  should  all be 

conside red  [Shirazi-adl, 1992}.

The FEM has been  used to investigate  the  influence of several p a ra m e te rs  on the  s tre ss  along 

the  in terface in bo th  the  pull ou t and  tors ional load. The tw o  m odels  w e re  com pared  with 

identical d im ensional and  b o u n d a ry  conditions; the  only difference w as  the  type  of load applied. 

It w as  found th a t  to rs ion  p ro d u ced  a m ore  uniform  s tre ss  d is tr ibu tion  w h en  applied  to  an 

im p la n t /m a te r ia l  com plex th a t  has the  sam e  m ateria l  p ro p e r t ie s  (metal and  metal). W hen two 

m ater ia ls  had  d ifferent p ro p e r t ie s  the  interface  w as m ore  ap p ro p r ia te ly  eva lua ted  using the  pull 

o u t  test. This te s t  p ro d u ced  a m ore  uniform  s tress  a long the  in terface (Orr e t  al., 1995). 

F u r th e rm o re ,  w h en  the p u rp o se  of an  investigation is to evaluate  d ifferences in new  bone 

form ed w ith in  the  interface zone  aga ins t  th read ed  implants, and  not the  bond s t reng th , the  pull 

o u t  te s t  w ould  be th e  logical choice. The  mechanical b reak ing  of the t issue  b e tw e e n  the  th reads  

of the im p lan t  in the  pull ou t  te s t  will help us to b e t te r  u n d e rs ta n d  the s t ren g th  of this 

m an ip u la ted  bone, as co m p ared  to  norm ally  healed  bone.

2.23 Dental Implants

Dental im plan ts  a re  artificial b iocom patib le  devices firmly anch o red  to the bone  th a t  can be 

used  to s u p p o r t  and  stabilise a dental p rosthesis .  This is a functional rep lacem en t  for a too th  or 

tee th  in the  form of a c row n o r  bridge, rem ovab le  d e n tu re  or  rem ovab le  partia l  den ture . 

E ndosseous  roo t  from dental im plan ts  can be th ough t of as artificial roo ts  on to  which the  dental 

p ro thes is  is a t tached . The u ltim ate  goal o f  an e n d o p ro s th es is  is to ob ta in  a functional 

in tegra t ion  of the nonliving im p lan t  with  living bone. The physical and  chemical p ro p e r t ie s  of 

th e  implant, its m ateria l  com position  and  its in te rac tions  w ith  living bone  a re  im p o r ta n t  in 

achieving m echanical in tegra tion . The o u te rm o s t  a tom ic layers o f  the  im p lan t  and  the  first 

m olecu la r  layers of b iom olecules ad so rb ed  on the  im plan t  will d e te rm in e  the  success o r  failure 

of the  implant.

T he choice of  m ateria l  for a pa r t icu la r  im plan t  application  will u lt im ate ly  be a com prom ise  to 

m e e t  m an y  differen t req u ired  p ro p e r t ie s  such as m echanical s t reng th , machinability , elasticity 

an d  physical and  chemical p ropert ie s ,  w ith  certa in  p ro p e r t ie s  being m o re  im p o r ta n t  than  

o thers . However, the  ability  of th e  t issue  a t  the  im plan t  in terface to  re sp o n d  to  the 

b iom echanical d is tu rb an ces  of th is  foreign m ateria l is one asp ec t  th a t  m u s t  be respec ted  

(Kasem o a n d  Lausmaa, 1985). Currently, th e re  is no w ay to p red ic t  h o w  a m ateria l  will react
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or disturb its environm ent when utilised as an implant. Choices can be based on general 

knowledge of chemical properties of materials and on empirical knowledge from experiments 

with different implant materials. Such considerations have been the basis for experiments in 

the past with many different materials such as polymers, ceramics, bioglass, metals and 

composite materials [Brunski, 1988}.

The concept of osseointegration has radically changed the field of prosthetic dentistry, 

craniomaxillofacial reconstruction and orthopaedic surgery. Presently, titanium is the most 

widely used metal for implant placement. Commercially pure titanium is a light and relatively 

non-corrosive materia/. This is im portant as an implant prosthesis should not add to the 

overall weight of the jaws. Titanium used for osseointegrated implants has the following 

composition: titanium: 99.75%, iron: 0.05%, oxygen: 0.10%, nitrogen: 0.03%, carbon: 0.05% 

and hydrogen: 0,012% (Albrektsson etal.,  1983). Within milliseconds after manufacturing, the 

titanium is covered with an oxide layer (Ti02) a few nanom eters in thickness. This oxide layer 

increases over the years  when implanted into the body. Furthermore, there is an active but 

gradual transitional zone from bulk metal, through the oxide layer, to the organic tissue 

components. The oxide layer may act as a protective barrier and can prevent direct contact 

between the metal and its environment. The purity of an implant is critical since a small change 

in its composition might change its electrochemical properties. It is the influence that the 

implant surface oxide layer exerts on the surrounding tissues and biological processes that may 

determ ine the success or failure of the osseointegration process. A high degree of 

biocompatibility, strength and corrosion resistance make these metals ideal for oral implants. 

Albrektsson et al (1983) states that the use of titanium for the fabrication of implants, is based 

on its biocompatibility and its possession of sufficient s trength to bear the load of a prosthetic 

device.

Another im portan t property  for an implant metal, along with a certain inherent strength, is a 

relatively low modulus of elasticity. These features present within a metal are im portant to 

decrease stresses in the bone, as the metal will flex with the bone. Titanium is stiffer than bone 

and can carry larger stresses. This means that any difficulties of mechanical failure are to be 

expected first in the bone or in the bond between the bone and titanium (Adell et al., 1981; 

Albrektsson, 1983). The titanium implant may be regarded as having high strength and may be 

considered as a rigid body. A threaded design has proven to be most efficient, as it will 

distribute stress in the bone over large surface areas (Sennerby et al, 1992). It has also been 

discovered that  rounding both the outer edge of the thread and the space between two threads 

helps to relieve stress concentration (Albrektsson, 1983).
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2.24 Osseointegration

Early research demonstrated  the presence of a collagen capsule between the implant and the 

adjacent bone. Branemark regarded this collagen m em brane as an indication of implant failure 

and suggested that an intimate relationship between a metal implant and its surrounding bone 

was needed for success. He was the first to dem onstrate  the clinical efficacy of this principle that 

he called osseointegration (Branemark et al. 1977]. Branemark et at (1985), in "Tissue 

Integrated Prostheses: Osseointegration in Clinical Dentistry," defined osseointegration as the 

direct contact of biological hard tissue with a loaded implant surface at the resolution of the 

light microscope. In addition, there have been multiple definitions of osseointegration proposed 

from both clinical and experimental investigations (Albrektsson et al. 1981; Branemark et al. 

1990). While the endpoint of the osseointegration process is understood, the exact mechanism 

that leads to this s tate remains unclear. Albrektsson et al. (1992) stated that osseointegration 

is a complex biological process influenced by many variables and accordingly resists 

comprehensive definition.

In 1977, Branemark et al. reported  on their experience with osseointegrated dental implants 

over a 10-year period. This was the first clinical s tudy of dental implants that scientifically 

dem onstrated  acceptable long-term results. The authors attributed their success to the use of 

titanium screws of a defined composition and surface finish. Furthermore, they utilised a 

technique for insertion that created minimal traum a and suggested not to load the implant 

before a prim ary am ount of bone healing occurred. Simultaneously, a publication presented by 

Adell at the 1982 Toronto conference detailing a 15-year follow-up of Swedish patients, led to a 

rapid and widespread acceptance of the approach now referred to as osseointegration (Adell, 

1981). Shortly following the Toronto conference, and with the understanding of the significance 

of the findings, the dental community was inundated by numerous dental implant companies. 

Each had their own implant design and, despite a lack of clinical data, each claimed that their 

version was superior based on theoretical ra ther than scientific principles. Albrektsson et al 

(1986) presented  an overview of currently used dental implants with preliminary and alarming 

conclusions. The discussion suggested that  only two of the currently used dental implant 

systems (the Nobelpharma [Gothenburg, Sweden] osseointegrated screw and the Small [Troy, 

Michigan] transosteal staple) met the proposed criteria for success (Harvard consensus 

developm ent conference, 1978: included a 10-year survival rate of at least 80% of the individual 

implants). In a report of a multicenter investigation, Albrektsson et al (1988) presented a total 

overview of all Nobelpharma implants inserted by 11 independent teams. Outcomes were
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compared with the results from those of the original group in Gothenburg and reproducibility of 

the technique was demonstrated.

2.25 Clinical Classification Systems for Bone

Classification systems exist which describe bone shape and quality in the human jaws. Most 

systems utilise clinical and radiographic findings to appreciate the relationship of hard and soft 

tissue structures. The feasibility of placing an implant in a patient can be determ ined after 

compiling this information and studying the morphological and structural features of jaw bone. 

As a great variety in both internal and external jaw anatomy may be encountered, it is 

im portant to thoroughly analyse anatomical s tructures using both clinical and radiographical 

examinations before contemplating surgery. Clinical assessm ent consists of visual inspection 

and the palpation and probing of the jaws and overlaying mucosa to assess the form and 

thickness of the soft tissues at any proposed surgical site. Radiographic analysis may involve 

periapical radiographs, orthopantomograms, lateral cephalograms, tomograms, occlusals and 

occasionally a CT scan. However, it must be rem em bered that even the most thorough 

preoperative analysis will fail to reveal subtle morphological details and will only become 

evident when the bone site is surgically exposed. The classification system described by 

Lekholm and Zarb is most commonly referred to in the literature (Lekholm et al. 1985).

Through their experience with implant placement Lekholm and Zarb have suggested that there 

are four groups for jaw bone quality ; 1] Almost the entire jaw is comprised of homogenous 

compact bone. 2) A thick layer of compact bone surrounds a core of dense trabecular bone. 3] 

A thin layer of cortical bone surrounds a core of dense trabecular bone of favorable strength. 4] 

A thin layer of cortical bone surrounds a core of low density trabecular bone. Their 

classification of jaw shape groups recognises five general groups; A] Most of the alveolar ridge 

ls53present. B) Moderate residual ridge resorption has occurred. C) Advanced residual ridge 

rmsorption has occurred and inly basal bone remains. A] Some resorption of the basal bone has 

started. E) Extreme resorption of the basal bone has taken place. Naturally, there are numerous 

combinations of jaw shape and bone quality. This clinical obsurvatioi tends to make each jaw 

unique frol an anatomical point of view. This classification system recommended that upper and 

lower jaws of shape B and C, when combined with quality groups 2 or 3, were considered best 

for therapeutic intervention. Therefore, these combinations of jaw bone form and quality 

provide the best conditions for implant placement and ultimate success.
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)enson (1989) described a second classification system that identified specific sites by bone 

quantity and quality and further recognises the importance of proximity to vital structures.

Jenson proposes the following classification:

2.25.1 Class A site

(1) The site has 10-mm or greater vertical bone present, and 6-mm or greater of horizontal 

bone available. (2) The implant does not penetrate  into the sinus or nasal fossa, impinge on the 

inferior alveolar nerve, or perforate the inferior border of the mandible. (3] Bone quality: both 

cortical and m arrow  vascular bone is present; overall bone density is good and bone has 

viability and strength. (4) The angulation of the implant is close to ideal (90° to the plane of 

occlusion). (5) Sufficient access of jaw-opening and interarch vertical clearance is available to 

provide for both surgical and prosthetic preparation. (6) No proximal jaw or tooth pathosis is 

present. (7) The general health and compliance (competence to follow oral hygiene 

instructions) of the patient are good.

2.25.2 Class B site

The site has 7 to 10-mm of vertical bone and a t least 4-mm of horizontal bone available.

The implant may penetra te  slightly into the sinus or nasal fossa or extend beyond the inferior 

border as long as the respiratory  epithelium or periosteum is not perforated. (3) Bone quality 

is satisfactory. (4) Malocclusions are limited to class 1 and modest degrees of class II and III as 

long as a maximum of 15 degrees angulation of the patient is not exceeded. (5) Sufficient 

interocclusal clearance and vertical mouth opening is available. (6) No associated jaw pathosis 

is present. (7) The general health and compliance of the patient are good.

2.25.3 Class C site

(1) The site has less than 7-mm of vertical bone or less than 4-mm of horizontal bone, especially 

w here  grafting procedures might be used (the implant should at minimum be 5 0 6 /0  in native 

bone). (2) There is a total lack of cortical stop with a greater than 2-mm penetration into the 

sinus or fossa, a greater than 2-mm penetration through the inferior border of the mandible has 

occurred or minor nerve transposition surgery is required. (3) Bone quality or density is poor. 

(4) Extremes of malocclusion require long cantilevers. (5) Interarch space and mouth opening 

are limited. (6) Associated jaw disease such as chronic periodontitis are present. (7) The 

patient may have medical conditions such as diabetes or there may be limited patient 

compliance.

54



2.25.4 Class D site

(1) T here  is a b sen t  a lveolar process  or  seve re  basal bone  loss requ ir ing  bone  graft 

reconstruc tion . Class D sites have  less than  50%  of th e  im plan t in n ongra f t  bone. (2) Near total 

aerification  of the maxillae req u ires  sinus lift and  graft p rocedures ,  in p o s te r io r  m an d ib u la r  

sites, extensive nerve  reposition ing  w ould  be requ ired . [3) Bone density  and  quality  is poo r  

bone  is lacking in m arro w -v ascu la r  com ponen t,  the re  is osteoporosis , reactive b o n e  o r  proximal 

per io en d o d o n t ic  scars  or  lesions. (4) Extrem e o r thodon tic  malocclusion w ould  requ ire  

o r thogna th ic  su rgery  before  p lacem ent. (5) Inadequate  interocclusal space  o r  jaw  opening 

w ould  req u ire  den toa lveo la r  o r  te m p o ro m a n d ib u la r  jo in t su rge ry  before  the  p lacem en t of 

im plants . (6) Lesions a re  p re se n t  n e a r  the site of p lacem ent, th e  p a t ie n t  is receiving 

postrad ia t io n  th e ra p y  o r  th e re  a re  a lveolar  cleft sites. (7] The p a t ien t  is in p o o r  medical 

condition  a n d / o r  m ay be noncom pliant.

The specific site classification sys tem  p ro p o sed  by Jenson (1989)  has  no t ga ined  universal 

acceptance, in con tras t  to  the  Lekholm and  Zarb system. The la t te r  classification has  been  used 

to  describe  total jaw  morphology, w h e re a s  the  specific site classification deals w ith  a small 

p o r t io n  of the  en tire  jaw  th a t  houses  the  implant. The site  classification need  no t  su p e rsed e  

the  total jaw  classification, bu t  gives a m o re  detailed  im press ion  of the field w h e re  the  relatively 

small endosseous  im plan t will be placed. The Lekholm and  Zarb classification sy s tem  is w idely  

u sed  in the  dental com m unity . Jenson 's  classification is suitable, however, it is no t  frequently  

utilised. Perhaps  an ideal and  useful classification system  w ould  encom pass  a spec ts  of both 

system s.

2.26 Bone Quality and Implant Success or Failure

R ecent years  have w itnessed  a d ram atic  increase  in the  use  of denta l im plants  for re s to ra t io n  of 

m as tica to ry  function and im p ro v em en t  of esthetics. A lbrektsson et a t  (1986) in troduced  the 

reco m m en d a t io n  th a t  a 5 -yea r  survival ra te  of 8 5%  and a 10-year survival ra te  of  80%  should  

be considered  as minimal req u irem en ts  for a successful implant. While a re la tively  specific 

surgical p rotocol m u s t  be em ployed, and  is ex trem ely  im p o r ta n t  for achieving th e se  results, 

m o s t  au th o rs  re p o r t  th a t  p ro p e r  d iagnosis  and t r e a tm e n t  p lanning  a re  equally  critical 

(A lbrektsson e t  fl/. 1986).
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The quality of bone may play an im portan t role in the long-term clinical success of dental 

implants. Therefore, dvaluation of available bone becomes an integral part of diagnosis and 

trea tm ent planning. Bone quality [viewed radiographacally as internal jawbone Structure) 

m ust be sufficient to provide an adequate site for implant placement, in dental restorations, 

supported  by osseointegrated implants, bone quality is extremely important [Lekholm et al. 

1985). Bone of high quality will ensure be t te r  implant stability and, consequently, better 

conditions for successful long-term implantation (Branemark et al. 1969). Morphologically, the 

quality of bone is related to the thickness of cortical bone which will provide a hint as to the 

quality of a bony region (Lekholm et al, 1985). Furthermore, mineralisation of bone will be 

reflected in the hardness of the bone and, therefore, the strength of bone.

Failure of root form implants or their inability to achieve osseointegration has been reasoned in 

many different ways. Bone quality is a consistent variable in all investigations and cannot be 

eliminated as it is a significant factor in the prognosis of an implant. In a retrospective 

multicenter evaluation (Enqguist e t al. 1988), frequent loss of osseointegrated fixtures occurred 

often before loading in upper jaws with poor bone quality. This investigation divided patients 

into two groups. Group A had acceptable jawbone quality (1 to 3) and group B included 

patients with extreme jaw bone resorption a n d /o r  poor bone quality (4 to 5). Group B was 

found to have an increased rate of failure of 13%, compared with 2% in Group A. The 

investigators concluded the criteria for jaw bone quality is of utm ost importance for the 

trea tm ent prognosis. The conclusions of these studies corroborate the belief of au thors [Adell 

et al. 1990; Cohen and Orstein 1994) who postulate that bone quality is the determining factor 

for the success or failure of implants.

While quality is generally accepted as a significant factor, the previous investigations have not 

evaluated if bone quantity was equally important. Bone quantity [reflected by the pattern  of 

jawbone resorption) is dependent on the am ount and shape of bone available. Low density 

bone is considered a negative factor with respect to the overall stability of an implant 

[Branemark et al. 1969). This is especially true  when bone volume is deficient. Patients who 

have been edentulous for many years may p resen t signs of severe atrophy of bone.

Bass et al (1991) performed a study  on the outcome of 1097 consecutively implanted endosteal 

implants into 303 human jaws. The purpose  of this investigation was to determ ine the 

correlation betw een implant success with the scored jaw bone resorption and jaw bone quality. 

This study revealed that bone of quality 4 exhibited the greatest rate of failure. Preoperative 

resorption values (1-5) had little effect on implant failure and bone quality appeared  to
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influence failure more than bone quantity. However, others stated that  the success rate for 

dental implants was dependent on both the quality and quantity of bone available for implant 

anchorage a t a specific site [Becker et al. 1995). Since bone quality coexists with the quantity of 

bone, one cannot ignore this param eter when evaluating bone quality.

2.26.1 Immediately placed dental implants

The conventional osseointegration protocol recommends months for bone healing of an 

extraction socket prior to placing an endosseous implant (Branemark et al. 1985). Initial 

observations with implants immediately placed in extraction sites suggested that  both 

osseointegration and bone reconstruction could occur within the extraction site (Paolantonio et 

al. 2001). It was thought that the advantage of immediate implant placement was that it 

minimized the time the patient must w'ear a removable or provisional appliance. The 

limitations of immediate placement are the occasional difficulties with implant insertion into 

the socket and the lack of sufficient bone to anchor the implant. The literature has a large 

num ber of studies about the clinical use of implants placed into fresh extraction sites in humans 

(Lazzara 1989).

Brose et al. [1989), used com puter assisted densitometry to study implants in humans and 

concluded that, based on density level, it was possible to place implants in fresh or healed 

extraction sites with equal chance of success compared to delayed placement. Brose et al. 

(1989) supported this by reporting the results of longitudinal follow up of 52 titanium cylinder 

implants placed in humans. They determ ined that bone remodelled to 90% of the presurgical 

level in 5 months both in the fresh and healed extraction sites with no difference in bone loss 

after 6 months.

Krump and Barnett (1991) recommended that  immediate implants be limited to areas where 

adequate bone exists at the proposed implant apex so as to prom ote implant stability upon 

placement, in their clinical study, 11 patients received 41 immediate implants and 154 delayed 

placement implants. They reported  a success rate of 98.1% following similar oservation periods. 

They stated that although the study was limited to the anterior mandible, other areas could also 

be considered if adequate bone existed.

Tolman and Keller (1991) reported  on a 6-year study of 301 implants placed immediately in the 

maxilla (44 implants) and the mandible (259 implants). They pointed out that there  could be
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marked implant instability if the implant did not fit the alveolus well, permitting space for soft 

tissue ingrowth. Complete removal of the periodical ligament and absence of local infection 

were considered necessary for success. They further recommended radical alveoloplasty 

because of expected cortical bone loss at the alveolar crest and extention of the implant to 

engage the inferior cortex of the mandible or the floor of the nose of the maxilla. In that study, a 

survival rate of approximately 96%  was reported in the maxilla and 99% in the mandible.

Bone loss following implantation in immediate versus delayed implant sites is well studied 

(Barzilay et al. (1988] and Parr et al. (1993)). All concluded that careful implant surgery and 

implant placement do little damage to the bone of the alveolar ridge beyond that done by simple 

extraction alone, and that close bone adaptation to titanium implants that have been 

immediately placed into extraction sites can be achieved. Furthermore, immediate maxillary 

implants dem onstrated  less bone apposition and greater variability than immediate mandibular 

implants.

2.26.2 Guided bone regeneration (GBR) and its use to treat bone defects around 

dental implants

A num ber of studies in humans and animals have been published describing a wide variety of 

techniques and materials to trea t  osseous defects associated with dental implants (Jovanovic & 

Nevins 1995). These osseous defects can be categorised as extraction site defects, dehiscences 

and fenestration, localized alveolar ridge defects and defects associated with peri-implantitis 

(Mellonig & Nevins 1995). In addition, o ther variables such as timing and location of implant 

placement, early exposure of the barrier, the type of bone grafting material and the distance 

between the implant and bone, have been reported to play a role in regenerative outcomes.

During the past 12 years, the use of barrier m em branes has significantly changed implant 

dentistry. This principle, often term ed ‘guided bone regeneration’, is utilised to prom ote bone 

regeneration in areas with localized bone defects in the alveolar process. Although barrier 

m em branes w ere  first tested in the late 1950s and early 1960s, the research team of Karring 

and Nyman recognized their clinical potential in the early 1980s. Based on these studies, 

barrier m em branes were again tested in the late 1980s in experimental studies of regeneration 

of bone defects in the jaws (Dahlin et al. 1988). Membranes w ere  placed over these defects and 

closely adapted to the surrounding bone surface, thereby creating a m em brane-protected  

defect. The placement of a m em brane gave preference to osteogenic and angiogenic cells
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originating from the adjacent bone m arrow  cavity, allowing the cells to populate and regenerate 

these defects with bone.

There are numerous reports on the successful implementation of this technique with different 

types of implants placed into extraction sites. The composition of the barriers  varies. An 

expanded polytetrafluorethylenee (ePTFE) barrier has been used in the majority of the 

published reports but several other types of barriers have been successfully used. A few 

experimental studies were performed in the early 1990s to evaluate the effects of barrier 

membranes around implants placed into extraction sockets (W arrer et al. 1991, Gotfredsen et 

al. 1993]. They all advocate the use of guided tissue regeneration to facilitate crestal bone 

healing around immediately placed implants.

In studies by W arrer et al. [1991) and Gotfredsen et al. (1993] it was stressed that complete 

osseointegration of dental implants occurred predictably when the m em brane remained 

covered throughout the healing period. Pronounced gingival inflammation and marginal bone 

resorption were observed when the m em branes became exposed and no plaque control was 

performed. Furthermore, the observation that some of the m em brane covered implants and 

none of the controls became exposed during healing also shows that implantation into 

extraction sockets using a m em brane is more sensitive to flap m anagem ent technique than 

insertion of implants w ithout a membrane. It may also be inferred that immediate implant 

placement should not be a ttem pted in areas with insufficient soft tissue to cover the recipient 

site. The reason behind this idea is that if the m em brane becomes exposed, the long term 

prognosis of the implants is questionable.

The influence of the dimensions of the extraction socket on bone fill in humans following GBR 

was evaluated by Gher et al. (1994]. Measurements were made to document the relationship of 

bone to implant at the time of implant placement and at the 6-month re-entry. All implants 

were clinically osseointegrated at the 6-month re-entry procedure. Complete bone fill seemed to 

occur in narrow  bone defects, while wide defects showed partial bone fill. In addition there 

was less bone fill in areas of thin or deficient cortical plates.

In the same year, in a multicenter clinical study, Becker et al. (1994] tried to determine the 

predictability for implants placed into immediate extraction sockets and augmented with e- 

PTFE barrier membranes. The results indicated that implants placed into immediate extraction 

sockets and augmented with e-PTFE m em branes have substantial amounts of bone formation 

adjacent to the implants. Sites in which the m em branes w ere  retained until stage two surgery
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had greatest am ounts of bone formation and fewer threads exposed when com pared with sites 

in which the m em branes w ere  removed early.

In a later clinical study, Wilson et al. (1998] gathered specimens (5 titanium plasma sprayed 

implants) from a 56-year old man and analysed them histologically and histometrically. Four of 

the implants had been placed in immediate extraction sockets, while one implant was placed in 

a m ature site and served as control. The histologic analysis showed a varying degree of bone- 

to-implant contact. These differences were most likely caused by the morphology of the peri- 

implant bone defects p resen t at the time of implant placement. The m em brane was not found 

to be necessary in sites with peri-implant bone defects under 1.5mm in horizontal dimension. 

The least am ount of bone- implant contact was seen in two molar implants with large peri- 

implant bone defects despite the placement of barrier membranes.

2.26.3 Bone grafts in combination with GBR and their use in treatment of bone 

defects around dental implants

The influence of bone grafts in combination with GBR on the healing of wide extraction site 

defects was then evaluated. Gher e t al. (1994) either grafted defects around hydroxyapatite 

(HA) coated implants and plasma sprayed implants with demineralised freeze dried bone 

allograft (DFDBA) or placed no graft material in o ther defects. Crestal bone opposition was 

noted at the most apical par t  of the socket crest for sites treated with DFDBA, w hereas crestal 

resorption was noted in the non-grafted group. Bone fill from the base of the deepest osseous 

defect was significantly g reater  for the grafted group than for the control group.

Landsberg et al. (1994) evaluated 32 implants placed in extraction sockets. A mixture of 

DFDBA and tetracycline was packed around the exposed implants. The implants were then 

covered with e-PTFE membranes, which were removed at abutm ent connection. Biopsy 

specimens from regenerated bone consisted of particles of DFDBA in contact with newly formed 

lamellar bone. Results of this s tudy indicated that wound healing of wide or extensive extraction 

site defects can be improved when a bone graft is placed in conjunction with GBR.

In 1998, two experimental studies by Brunei et al. (1998) and Kohal et al. (1998) evaluated the 

combined application of different bioabsorbable materials for healing of residual peri-implant 

defects following placement of non-submerged implants into fresh extraction sockets. In the 

first study, second and third mandibular premolars were extracted from 10 Beagle dogs. The 

coronal part of the distal sockets was surgically enlarged and this was followed by the insertion
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of hollow-screw non-submerged dental implants. For each animal the coronal peri-implant 

defects were trea ted  with one of the following procedures: 1) No trea tm ent (control site); 2) 

grafting with porous HA; 3] collagen m em brane over the defect and 4) grafting with HA covered 

with a collagen membrane. After 16 weeks, specimens were removed from the mandible and 

prepared  for h istomorphometric evaluation. In the sites covered with a collagen membrane 

alone, the total bone-to-implant contact (47%) was greater than that of the other trea tm ent 

modalities.

Kohal et al. (1998) extracted all mandibular premolars from 6 adult mongrel dogs. 3 extraction 

sites on each side were enlarged using a trephine bur. A 13mm titanium screw type dental 

implant (3.75mm diameter) was placed in each enlarged extraction socket so that  only the 

apical 3-4mm was engaged in bone. The three defects were then randomly treated with either 

1) canine (DFDBA) plus GBR using an e-PTFE m.embrane; 2) HA + e-PTFE; or 3)e-PTFE alone. 

Following 6 months, the quality of osseointegration was evaluated by measuring the torque 

necessary to remove the implants from their bony housings, and by histometric analysis in 2 

dogs not included in the removal torque testing. They concluded that there w ere  no differences 

between the two grafting materials with respect to removal torque. The combination of guided 

bone regeneration with a bone substitute increased the mineralised bone-to-implant contact 

and exposure of the m em brane resulted in a significant decrease in removal torque.

Henry et al. (1997) inserted twenty four implants into extraction sockets of 6 greyhound 

mandibles. Eighteen of the implants were connected with abutm ents and immediately placed 

into normal function, which the remaining six submerged implants served as controls. At the 

time of implant placement, areas of dehiscence were created adjacent to twelve of the implants 

in o rder  to study bone regeneration in extended m embrane-protected defects. Six of the 

defects were augm ented with autologous bone grafts and covered with expanded e-PTFE 

m em branes and ano ther  six were covered with expanded e-PTFE alone. On completion of the 

study at 16 weeks, h istomorphometric analysis demonstrated osseointegtration with direct 

implant contact for all implants, although the percentage of contact varied considerably. 

Clinically, sites w here  m em branes were used to regenerate bone defects dem onstrated  a high 

rate of m em brane exposure and a variable response to treatment. Taking into consideration 

the results of the studies above, non-resorbable m em branes have two distinct disadvantages. 

Firstly, they m ust be surgically removed and secondly they have a tendency tow ards prem ature 

exposure that may lead to complications, such as infection, bone loss, or even implant loss. 

Furthermore, as exposure is even more likely, the use of transmucosal implant designs is not
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fully compatible with the use of non-bioresorbable membranes. These factors may explain 

why, in a large num ber of the more recent studies, bioresorbable m em branes are used.

Recently, in a study by Peleg et al. (1999), there was a description of a technique that  combined 

autologous bone graft and lyodura (Freeze-dried human dura matter] as a resorbable barrier  in 

promoting bone formation in osseous defects around dental implants inserted into extraction 

sites. The clinical results seemed promising as there was a mean vertical bone increase of 

2.6mm at extraction sites.

Alliot et al. (1999), evaluated bone regeneration around non-submerged implants placed 

immediately in extraction sites in the canine mandible using a combination of synthetic 

hydroxyapatite and collagen membranes. Ten beagle dogs were used in this study. After 

second and third mandibular premolars  were extracted, hollow-screw implants w ere  placed in 

the distal extraction sockets. In each dog, one site was the control and received no treatment, 

while o ther defects randomly received HA graft, collagen m em brane alone or a combination of 

the two treatments. The histometric evaluation after 4 months of healing showed that at sites 

covered by m em brane alone or by m em brane and HA, the num ber of integrated threads was 

statistically higher than sites trea ted  only with HA. The extent of bone to implant contact was 

significantly different between treatments. However, the use of bioabsorbable grafting 

material alone did not significantly enhance peri-implant bone regeneration in immediate 

implantation.

2.26.4 Bone grafts

Ideally, a graft should be easily procured, be replaced by host bone, contribute to the strength of 

the surrounding bone, not transm it disease and not induce a host immunologic reaction (Becker 

et al. 1998). The search for an ideal bone substitute has been actively pursued for the last two 

decades. Allografts as well as alloplastic grafts have been implanted for ridge augmentation, 

periodontal regeneration and for augmentation of dental implants. Autologous bone is 

considered the gold standard  of grafting materials (Goldberg & Stevenson 1987). This type of 

bone graft has the potential to retain vital cells, is replaced by the host, and does not induce an 

immunologic reaction.

The rationale for implanting allogenic bone is the possibility of initiating bone induction. Urist e t 

al. (1983) isolated bone morphogenetic proteins from cortical human bone. These proteins 

have been shown to initiate the bone formation cascade in athymic mice (Reddi et al. 1989).
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When bone containing morphogenetic protein is implanted into ectopic sites of athymic mice, 

bone ossicles form within a twenty-one-day period. Compsite grafts of human bone and 

autolysed, antigen-extracted allogenic bone have been used to trea t partial or complete 

segmental defects in humans. Shigeyama et al. (1995), in an in vitro study, reported  limited 

cellular activity after addition of proteins extracted from commercially available freeze-dried 

bone (DFDBA) and fresh human bone. When compared with DFDBA protein extracts, protein 

from fresh hum an bone was significantly greater in term s of promoting cell attachment. 

Several studies have reported high variability of bone formation after implementation of 

commercially p repared  allogenic freeze-dried bone [Backer et al. 1995, Schwartz et al. 1996). 

One of the grafts that been evaluated is the anorganic bovine bone. This xenograft does not 

induce an immune reaction and has been reported to be osteoconductive (Cohen et al. 1994).

Demineralised freeze-dried bone allograft (DFDBA) is a commonly used graft material in the 

repair of osseous defects around implants. The disadvantages of using an allograft are the 

remote risk of disease transmission, variability, supply and handling properties. The advantages 

of using alloplasts are  that there is no risk for disease transmission and the supply is unlimited. 

However, alloplasts lack the bone inductive proteins that may be active within DFDBA 

(Melloning & Nevins 1995).

2.26.5 Healing around implants placed in bone defects treated with bone grafts 

alone

In a study in dogs by Becker et al. (1998) different grafting materials were evaluated 

histologically after implantation together with titanium micro screws into extraction sockets. 

Case reports  from 8 patients were used. Xenogenic bovine bone was used in 5 sites, DFDBA in 3 

sites and autologous bone in 3 sites combined with hum an bone morphogenetic proteins in an 

osteocalcein/osteonectin (hBMP /  NCP) carrier in two sites. For comparison of healing 

between the implanted materials, histologic evaluation and radiographic bone scores were 

determined. Biopsies of the extraction sockets were taken from 3 to 6 months after trea tm ent 

(average 4.6 months), it was concluded that DFDBA, anorganic bovine bone and autologous 

bone chips did not contribute to extraction socket repair. Retained implant material was the 

over-riding histologic conclusion at all evaluation intervals. The two sites that received 

hBMP/NCP, dem onstrated  clinically significant am ount of new bone formation. The micro 

screws implanted with either DFDBA or anorganic bone, were primarily connective tissue
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encapsulated. The micro screws that received an intraoral autologous graft were surrounded  by 

bone with connective tissue between bone and the screw (Becker et al. 1998).

In a recent experimental study, Hall et al. (1999] evaluated the healing of different bone grafting 

material adjacent to titanium plasma sprayed (TPS) endosseous dental implants in dogs. 

Implant osteotomy sites w ere  p repared  and standardised three-walled intrabony defects (3mm 

X 5mm X 5mm) were created mesial to each implant site. The grafting materials tested w ere  1) 

canine demineralised freeze-dried bone allograft (cDFDBA); 2) bioactive glass granules of 

narrow  size ranging from 300 to 355 microns and 3) bioactive glass granules of broad size 

range (90 to 710 micron (BRG). Thirty two implants were placed in four dogs and one site on 

each side of the mandible was not grafted and served as a control. Dogs were sacrificed 4 

months after graft placement. The histologic findings of this study demonstrated that intrabony 

defects around endosseous dental implants grafted with cDFDBA had the most bone-to-implant 

contact, m ost gain in height and least am ount of residual graft particles compared to the two 

bioactive glasses and control. With the use of canine demineralised freeze-dried bone alograft 

the implant surface had bone-to-implant contact and a gain in bone height similar to levels 

found on the non-grafted distal side of the implant.

2.26.6 Effect of primary bone contact in healing of endosseous implant

Healing a t implants with and without primary bone contact was investigated in an experimental 

study by Scipioni e t al. (1997). This study was conducted mainly to examine the possibility to 

use edentulous ridge expansion in order to predictably expand the compromised alveolar ridge. 

Furtherm ore it was used to investigate if p rope r  osseointegration could happen at sites where 

the implant following installation was devoid of direct bone contact. All mandibular premolar 

teeth were extracted in 5 beagle dogs. Following 3 months of healing ridge expansion surgery 

was performed. The buccal part of ridge was mobilised and the bone plate with its periosteum 

displaced in the buccal direction. In each quadrant, two unthreaded titanium plasma sprayed 

implant w ere  installed in such a way that the coronal border of the fixture was flush with the 

level of the lingual and buccal bone plate. The internal distance between the mobile buccal and 

the non-mobile lingual bone plated was identical to the d iam eter of the fixture, (3.3mm), while 

the distance between implant and mesial or distal bone was >5mm. In each quadrant, one 

additional fixture was installed in the non-reduced mesial part of the alveolar ridge (control 

site). After four months, biopsies were obtained for histologic examination, it was observed 

that  bone regeneration and osseointegration occurred to titanium fixtures placed in surgically 

created bone. The am ount of bone that was in intimate contact with the fixture surface was
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similar in tes t  and control sites. in addition, the peri-implant mucosa at test and control 

implants had similar dimensions and composition in terms of junctional epithelium and 

connective tissue.

Akimoto et al. (1999], evaluated the effect of gap width on bone healing around Branemark 

fixtures inserted into simulated extraction sockets of different widths in ten dogs. 9 weeks 

after extraction of the premolars, eighty implants, 10mm long by 3.3mm wide, were placed into 

simulated extraction sockets. Three experimental sites with gap sizes of 0.5mm, 1.0mm, and 

1.4mm, were created. The control sites had no gap. The dogs were sacrificed 12 weeks after 

implant p lacem ent and percentages of bone-to-implant were m easured histologically. Clinically, 

all control and test sites healed, with complete bone fill in the defects. However, as the gap 

widened the am ount of bone-to-implant contact decreased and the point of the highest bone to 

implant contact shifted apically.
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Chapter 3

Study 1: The Effect of Permanent grafting Materials on the 

preservation of the buccal bone plate after tooth extraction: 

an experimnetal study in dogs
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3.1 Introduction

The buccal bone plate is thought to be of critical importance for the selection of an appropriate 

t rea tm ent approach in patients undergoing post-extraction implant placement (Braut et al. 

2011). This thinking has led to the routine clinical application of strategic extraction and socket 

preservation techniques as measures to preserve adequate hard and soft tissue buccally for 

subsequent implant placement [Brugnami & Caiazzo 2011).

The buccal bone plate is fundamental in preserving the contours of the facial soft tissue profile 

in the aesthetic zone (Braut et al. 2011, Brugnami & Caiazzo 2011, Cosyn et al. 2011, Novaes et 

al. 2011, Schropp e t al. 2003). This zone is any dentoalveolar segment that is visible upon a full 

smile (Belser et al. 2004), usually regarded between the maxillary first premolars (Braut et al. 

2011). The buccal bone plate is a thin cortical bone with a lamina dura composed of 0.5mm 

thick bundle bone (Braut et al. 2011, Huynh-Ba et al. 2010) surrounding the teeth into which the 

periodontal ligament invests (Araujo & Lindhe 2005, Araujo & Lindhe 2009, Araujo e t al. 2005, 

Van der Weijden et al. 2009). The majority of extraction sites in the aesthetic zone have thin 

buccal walls (Araujo e t al. 2006, Braut et al. 2011, Huynh-Ba et al. 2010, Spray et al. 2000). 

Alveolar bone reacts by remodelling within 3 months after tooth extraction and this usually 

predisposes the thin maxillary buccal bone plate to partial or complete resorption (Araujo & 

Lindhe 2005, Araujo & Lindhe 2009, Araujo et al. 2006, Botticelli et al. 2004, Fickl e t al. 2008, 

Nevins et al. 2006, Schropp e t al. 2003). Approximately 50% of the socket will resorb leading to 

marked bucco-oral deformity (Fickl et al. 2008) compromised dimensions for implant 

placement, aesthetic failure and patient dissatisfaction (Brugnami & Caiazzo 2011, Buser et al. 

2004). Immediate implants themselves do not prevent bone remodelling (Araujo et al. 2005, 

Araujo et al. 2006, Botticelli et al. 2004, Quirynen et al. 2007).

The critical thickness of the buccal bone plate is 2mm (Braut etal. 2011, Buser 2011, Spray et al. 

2000). Atraumatic extraction techniques maintain the buccal bone plate (Al-Sabbagh 2006, Blus 

& Szmukler-Moncler 2010, Yalcin et al. 2009). Bone grafting procedures are often used to 

control bone resorption and reestablish the deficient dimensions of the alveolar process after 

traumatic extraction (Bashara et al. 2011, Buser 2011, Chen & Buser 2009, Chen et al. 2004). 

Alveolar ridge preservation (ARP), guided bone regeneration (GBR) and the more recently 

introduced novel approach of buccal plate augmentation (BPA) (Brugnami & Caiazzo 2011, 

Caiazzo et al. 2010) have been employed. These allow for optimal implant placement.
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3.1.1 Aim of study

The aim of the study was to evaluate the effects of a novel bone substitute system (Natix), 

consisting of porous titanium granules (PTG) and a bovine-derived xenograft (bio-oss), on hard 

tissue remodelling following their placement into fresh extraction sockets in dogs.

68



3.2 Literature Review

3.2.1 Tooth extraction techniques

Damage to bone  tissue during  extrac tion  resu lts  in bone  loss (Schropp e t al. 2003). An 

a t rau m a tic  ex trac tion  techn ique is highly im p o r ta n t  to  p re se rv e  the  buccal bone  plate for 

favourable  healing and  aes the tics  especially  w ith  im m edia te  im plan t p lacem en t in the  aesthe tic  

zone  (B raut e ta l. 2011, Yalcin e t al. 2009). Despite all efforts m ade  during  a trau m atic  extraction  

p rocedures ,  t ra u m a  to the  bund le  bone canno t be avoided  while severing  the  collagen fibres 

(Blus & Szm ukler-M oncler 2010). No one techn ique  p roves  to be su p e r io r  (Table 6).

Table 6 . Techniques documented for atraumatic tooth extractions

Study/studies Technique Comments

Al-Sabbagh (2006) Periotomes Used with minimal bone damage to sever the periodontal 

ligament attachment. Reported in various experimental studies

Yalcin et al (2009) Implant

drills

A prospective controlled trial used implant drills to initially thin 

the fractured root walls which were subsequently  removed with

a forceps

Blus & Moncler (2010) Piezosurgery Used to cut the periodontal ligament with vibrating tips up to 

10mm deep in an experimental study providing immediate 

implants. After 1 year, the immediate implants success was 

based on a criteria consisting of implant stability and absence of

infection

The ev idence for a flap or  a flapless su rge ry  during  ex trac tion  is inconclusive. Flap elevation 

caused  reso rp tion  of the  cresta l  bone  by 0 .7mm (Van d e r  W eijden e t al. 2009). Additional 

osteoclastic  re so rp tion  can occur on the  ex ternal surface of the  buccal bone plate (Araujo & 

Lindhe 2005, Fickl e t al. 2008). Conversely, ex trac tion  w ith  and  w ith o u t  flap elevation did not 

influence the  long te rm  ou tcom e of healing (Araujo & Lindhe 2009, Cosyn e t al. 2011, Fickl e t al. 

2008).
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3.2.2 Timing of implant placement

Timing of implant placement depends on the integrity of the extraction socket (Table 7).

Table 7. Timing of implant placem ent after tooth extraction (Adapted from Chen and Buser 

(2009))

Classification Definition Desired clinical outcome

Type 1 im m ediate placem ent An extraction socket w ith  no healing 

of bone o r soft tissue

Type 2 Early p lacem ent w ith soft tissue healing 

(4-8 w eeks)

A postextraction  site w ith healed soft 

tissues bu t no significant bone healing

Type 3 Early placem ent w ith partial bone 

healing (12-16 w eeks)

A postextraction  site w ith  healed soft 

tissues and significant bone healing

Type 4 Late placem ent (delayed; m ore than  6- 

m onths of healing)

A fully healed socket

The buccal bone plate must be considered for w he ther an implant can be placed immediately 

after extraction or delayed till 6 months after bone has been augmented since it plays a key role 

in the establishment and maintenance of soft tissue aesthetics (Buser et al. 2004).

Indications for immediate implant placement include an intact 2mm thick buccal bone plate, 

ideal gingival contour/level (Cosyn e t al. 2011] and a thick gingival biotype (Chen et al. 2004, 

Cosyn et al. 2011). Some or all of the buccal bone plate is lost after extraction or osteotomy. It 

is recom m ended that  immediate implant placement is not undertaken (Chen e t al. 2004). 

Rather, grafting should be performed and a delayed implant placed (Braut e t al. 2011, 

Hammerle et al. 2004).

The short-term  survival rates for both immediate and delayed implants are similar (Hammerle 

et al. 2004, Quirynen et al. 2007). Reported short-term survival rates for immediate implants 

are over 95% (Braut etal. 2011, Chen & Buser 2009, Chen etal. 2004, Quirynen eta l. 2007).
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3.2.3 Biological socket healing after tooth extraction

3.2.3.1 Histological events following extraction. Internal changes

Several s tud ies  analysed  bone  form ation  w ith in  the  socket a t  a histological level (Araujo & 

Lindhe 2005, Botticelli e t al. 2004, Esposito e t al. 2006, Van d e r  W eijden e t al. 2009]. The 

coagulum  w as  rep laced  by a connective  t issue  m atr ix  w ith in  2 w eeks. W oven bone  form ed at 

th e  base  and p e r ip h e ry  of the  socke t a fter  14 days and  w as gradually  rep laced  by lam ellar  bone 

and  bone m arrow . Bundle bone  and per iodon ta l  l igam ent fibres w e re  now  absent.  On day 30, 

m inera lized  bone  occupied 88%  of the  socke t volume. The level of bone  regenera t ion  never  

reached  the  coronal level of the  socke t (Schropp e t al. 2003]. This occurred  s im u ltaneously  with 

bone  resorp tion , w h e re b y  on day 180 m inera lised  bone  had reduced  to 15% and bone  m a rro w  

volum e had increased  to 85%  (Esposito  e t al. 2006).

3.2.3.2 External changes

Spon taneous  loss of a lveolar bone height and  w id th  w as observed. The m ost  coronal buccal 

bone  plate  (2 -3m m ] consists  solely of bund le  bone (Araujo & Lindhe 2005, Araujo e t al. 2005, 

B raut e t al. 2011). R esorp tion  of the  buccal and  lingual walls took  place th rough  the  com bined 

effort of bund le  bone  loss and surface reso rp tion  in the  first 8 w eeks following extraction  

(Araujo & Lindhe 2005):

• Phase 1: th e  bund le  bone  lost its function an d  w as  reso rb ed  by osteoclasts  and replaced 

with  w oven  bone. Vertical re so rp t io n  was g rea te r  a t  th e  buccal bone  plate  than  the  

lingual bone  plate (lingual bone  plate) (Araujo & Lindhe 2005, Pietrokovski & Massler 

1967, Schropp  e t al. 2003) and  accom panied  by horizonta l  loss on bo th  walls(Botticelli 

e ta l. 2004 , Esposito e t al. 2006).

• Phase 2: re so rp t io n  also occu rred  from the  o u te r  surfaces of bo th  walls. The reason  for 

this has  n o t  been  clearly a sce r ta ined  (Araujo & Lindhe 2005).

3.2.3.3 Dimensional changes of the socket

The residual ridge shifts palatally  in the  maxilla and lingually in the  m andib le  a t  the  expense  of 

the  buccal bone  p la te  in all a reas  of the  jaws a f te r  too th  extrac tion  (Pietrokovski & Massler 

1967). In a 2009  sys tem atic  review, the  reduc tion  in socke t w id th  w as  w eigh ted  a t  3 .87m m  and 

the  m ean  clinical mid-buccal he igh t loss w as  1.67mm. Socket fill in height w as  2 .57m m  (Van der  

W eijden e t al. 2009). The g re a te s t  a m o u n t  of bone loss w as  in a horizonta l d im ension  from the  

buccal a sp ec t  (Araujo & Lindhe 2009, Botticelli e t al. 2004, lasella e t al. 2003, Schropp e t al.
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2003, Van der Weijden et al. 2009). Up to 50% of the buccolingual width can be lost over 12 

months (Schropp e t al. 2003). Tw^o-thirds of the reduction took place in the first 3 months 

[Araujo & Lindhe 2005, Araujo & Lindhe 2009, lasella et al. 2003, Lekovic e t al. 1998, 

Pietrokovski & Massler 1967, Schropp e t al. 2003). The bias in these studies v^as regarded as 

low (Van der Weijden et al. 2009). The resulting ridge could approximately be 3mm wide 

(Lekovic et al. 1998). Given that  a s tandard  body implant requires a minimum of 6-7mm bone 

dimension (Chen & Buser 2009, Nevins et al. 2006) this decrease in volume will interfere with 

the implant success regarding placement, function and aesthetics (Schropp et al. 2003).

3.2.3.4 Soft tissue changes

Soft tissue changes in relation to bone remodelling remain unclear (Huynh-Ba et al. 2010). The 

buccal bone plate resorbs apically which increases the risk for mucosal recession (Araujo et al. 

2006, Braut et al. 2011, Chen et al. 2004, Esposito et al. 2006, Hammerle et al. 2004, 

Pietrokovski & Massler 1967). During the first 3 months following extraction, a mean gradual 

gingival recession of 0.7mm occurred (Schropp et al. 2003). Additional volumetric shrinkage of 

0.5-0.7mm has been observed with flap elevation (Fickl et al. 2008).

When dealing with thin gingival biotypes, Fickl et al (2008) suggested that the osteoclastic 

activities occurring within and outside the socket will merge together leading to a more 

pronounced loss of the buccal bone plate. Consequently w hen the buccal bone plate resorbs, the 

soft tissue complex can no longer be stabilised and will collapse into the socket. The room for 

bone regeneration is reduced, leading to the observed bucco-oral shrinkage (Esposito et al. 

2006, Fickl et al. 2008). In cases involving thick biotypes (3.5-4.5mm) (Buser et al. 2011), there 

is a decreased risk of buccal bone plate resorption and mucosal recession (Cosyn et al. 2011, 

Hammerle et al. 2004).

3.2.4 Socket healing following extraction and immediate implant placement only 

3.2.4.1 Histological events following immediate implant placement

in an animal experimental study, the initial coagulum was replaced 28 days later with 

connective tissue and newly formed woven and lamellar bone. The buccal bone plate was 

located at varying distances apical to the SLA border. Resorption was progressive. After 60 days, 

the bundle bone was absent, the buccal crest was located further apically and prim ary osteons 

characterised the implant-bone interface (Araujo et al. 2006). However, it is not known
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w hethe r  woven bone is replaced over time with lamellar bone and bone m arrow  in the marginal 

portion of bone surrounding implants (Araujo et al. 2011).

3.2.4.2 Dimensional changes of the socket

Paolantonio et al (2001) stated that immediate implant placement may preserve alveolar ridge 

anatom y and prevent buccal bone plate resorption. However, experiments failed to prove this 

hypothesis (Table 7) (Chen & Buser 2009). According to a num ber of studies, there  was an 

observed reduction in the height and width of bone with immediate implant placement (Table 

8). The thickness of the buccal bone plate and the dimension of the horizontal gap influenced 

the hard tissue alterations that occurred (Araujo et al. 2006, Ferrus et al. 2010, Nevins et al. 

2006, Spray et al. 2000). Systematic reviews conclude that immediate implants do not provide 

a predictable outcome due to the inconsistent resorption patterns, implant diameters and 

placement sites reported in animal and hum an studies (Esposito et al. 2006, Van der Weijden et 

al. 2009).

Table 8. Reduction of socket height and width with im m ediate implant placement

Study Height/Vertical reduction 

(mm)

W idth/Horizontal reduction 

(mm)

Ferrus et al 

(2010)

1.4 at buccal bone plate in incisor region 

0.7 at buccal bone plate in p rem olar  

region

2.3 at sites with thin buccal bone 
plate

0.9 at sites with thick buccal bone 

plate

Araujo & Lindhe 

(2006)

2.5 at buccal bone plate 

0.7 at lingual bone plate

NA

NA

Araujo & Lindhe 

(2005)

2.6 at buccal bone plate 

0.2 at lingual bone plate

NA

NA

Botticelli et al 

(2004)

0.3 at buccal bone plate 

0.6 at lingual bone plate

1.9 at buccal bone plate (156%) 

0.9 at lingual bone plate (130%)

3.2.4.3 The gap between the buccal bone wall and the implant

Consistency between the findings of studies by different authors showed that no bone 

augmentation is needed if the peri-implant space is l -2 m m  wide and the buccal bone plate is 

intact because spontaneous bone fill and osseointegration is expected in both animal and
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clinical studies (Chen e t al. 2004, Hammerle et al. 2004]. A 65% vertical gap fill has been 

recorded (Ferrus eta l. 2010).

Table 9. Comparison of recorded gap widths between the buccal bone plate and the implant.

Study Width of 

gap (mm)

Comments

Paolantonio et al 

(2001]

< 2 Well designed study. A tight contact with no augm entation  

existed between the socket walls and the fixture which 

could have influenced the results. However m ost of the 

sites w ere  molars and premolars which have thicker 

buccal bone plate and resorption may still maintain its 

presence

Botticelli et al 

(2004)

1-3 Nonrandomised prospective clinical trial. The gap 

predictably healed with new bone formation and defect 

resolution

Ferrus et al 

(2010)

>1 The fill was more significant in the aesthe tic  zone 

especially if the gap was large (> lm m ] with 84%  fill a t  a 

thick buccal bone plate vs. 67% at a thin buccal bone plate

Covani et al 

(2003]

< 2 Demonstrated tha t  barr ier  m em branes are  not always 

necessary, especially for small defects not exceeding 2mm 

as they have the potential to heal spontaneously

Despite this spontaneous healing, Araujo et al [2011] dem onstrated in a split-mouth study using 

premolar sites of dogs with narrow er implant fixtures, that  placement of a xenograft in this void 

provided additional am ounts of hard tissue at the socket entrance, improved the level of 

marginal bone to implant contact and modified the pattern  of bone resorption.

S.2.4.4 Soft tissue changes and aesthetic outcomes

Table 8 suggests that the immediate placement of implants would not preserve the buccal bone 

plate crest vertically and mucosal recession could result (Araujo et al. 2006, Araujo e t al. 2006, 

Chen & Buser 2009]. In dog studies, the marginal 1mm of the buccal implant surface was 

exposed (Araujo e t al. 2011, Araujo et al. 2005]. During an 18-month study, 1mm recession of 

buccal mucosal margin was reported  with a trend towards greater recession in thin gingival 

biotypes than thicker biotypes (Evans & Chen 2008]. In a 3 year prospective study, 40% of cases 

in the an ter ior  maxilla had regained the midfacial gingiva to its original level and 79% of cases 

had acceptable aesthetics (Cosyn et al. 2011]. Although aesthetics was often cited as a reason
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for immediate implant placement, data on the aesthetic outcomes are lacking (Chen et al. 2004, 

Quirynen et al. 2007],

3.2.4.5 Buccolingual positioning of immediate implants

A general consensus exists in the literature regarding the implant position in relation to the 

buccal bone plate [Al-Sabbagh 2006, Buser e t al. 2004, Evans & Chen 2008, Quirynen et al. 

2007). Optimal buccolingual positioning of an implant depends on buccal bone plate thickness 

(Araujo & Lindhe 2005, Braut et al. 2011, Buser et al. 2004) and appropriate  implant angulation 

for a good emergence profile (Quirynen et al. 2007). This creates the illusion of a natural tooth 

thus avoiding a titanium shadow from showing through the gingival tissue (Al-Sabbagh 2006). 

The buccal bone plate can be perforated during the angulation of immediate implants (Yalcin et 

al. 2009) if placed directly into the extraction socket. Placement in a facial position will lead to 

resorption of the buccal bone plate (Al-Sabbagh 2006, Blus & Szmukler-Moncler 2010, Buser et 

al. 2004, Chen & Buser 2009) and a high potential for gingival recession (Al-Sabbagh 2006, Chen 

& Buser 2009, Evans & Chen 2008, lasella etal. 2003, Quirynen etal. 2007). To prevent this, the 

apical portion of the socket is prepared 1-1.5mm more palatal (Blus & Szmukler-Moncler 2010, 

Buser 2011, Buser et al. 2004).

3.2.5 Socket healing following extraction, immediate socket grafting and delayed 

implant placement 

3.2.5.1 Histological events following immediate socket grafting

Comparative studies elucidated that ungrafted extraction sockets were dominantly filled with 

bone marrow and lamellar bone (Cardaropoli et al. 2005, Esposito et al. 2006, lasella et al. 

2003). Approximately 50% of augmented socket was occupied by mineralised bone which is 

distinctly less than extraction-only sockets. Approximately 80% of this was woven bone in 

direct contact with deproteinised bovine bone xenografts (Bio-Oss) (Araujo et al. 2010, 

Cardaropoli et al. 2005, Carmagnola et al. 2003, Fickl et al. 2008). In the apical and lateral 

portions, preexisting bone was extensively reinforced by new bone apposition (Araujo et al. 

2008, Araujo et al. 2010, Araujo & Lindhe 2009, Nevins e t al. 2006).

Bashara et al. (2011) conducted a 6-month controlled experimental study comparing Bio-Oss 

and porous titanium granules on hard tissue remodelling. Intimate contact between titanium 

and the newly formed bone both inside and around granules was evident. Bio-Oss had newly
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formed bone around its particles bu t little evidence of it being replaced by bone. It was 

principally integrated with bone at the periphery of the sockets, while a significant am ount of 

connective tissue was found in the centre. These two findings were in accordance with previous 

studies (Araujo et al. 2008, Araujo e t al. 2010, Araujo & Lindhe 2009, Carmagnola et al. 2003, 

Esposito et al. 2006, Fickl et al. 2008). Although Bio-Oss occupies a large area within bone, it 

was not found to be in direct contact with the implant and so integration was not affected 

(Bashara etal. 2011).

3 .2 .5.2 Maintenance of the buccal bone plate and socket dimensions

Reviews state that  it is advantageous to preserve the postextraction socket dimensions with 

augmentation therapy  before implant surgery to compensate for the resorption at the buccal 

site (Buser 2011, Chen & Buser 2009, Chen et al. 2004, Quirynen et al. 2007). The need for bone 

augmentation increased as the BP integrity was lost or compromised (Braut et al. 2011, 

Carmagnola et al. 2003, Covani et al. 2003, Hammerle et al. 2004, Nevins et al. 2006).

In a series of nonrandomised dog studies, Araujo and Lindhe observed the influence of Bio-Oss 

on the healing of fresh mandibular premolar extraction sockets. They dem onstrated delayed 

initial socket healing in terms of new bone formation but also resulted in better preservation of 

the dimensions of alveolar ridge than non-grafted sites after 6 months of healing (Araujo & 

Lindhe 2009). Incorporation of Bio-Oss in the tissue involved osteoclastic activity on the surface 

of the xenograft, osteoblasts laying down bone mineral in the collagen bundles and 

osseointegration (Araujo et al. 2010). Bio-Oss did not prevent buccal bone plate resorption after 

extraction (Araujo et al. 2008, Fickl et al. 2008) but may have provided an osseoconductive 

scaffolding effect for new bone formation (Araujo et al. 2010, Araujo & Lindhe 2009, Bashara et 

al. 2011). Grafting appeared to limit the bucco-oral shrinkage to a certain extent but was unable 

to preserve the entire socket volume (Araujo et al. 2008, Fickl et al. 2008).

A 6-year prospective clinical study by Jemt et al (2005) showed that local socket grafting 

seemed to create sufficient bone volume for implant placement after 6 months, but individual 

variations in resorption patterns made the grafting procedure unpredictable in the long-term. 

Ungrafted sites’ buccal bone plate height decreased considerably more than grafted sites (Table 

10). The buccal bone plate crest was always more apical than the lingual bone plate crest 

(Araujo & Lindhe 2009, Barone e t al. 2008, Bashara et al. 2011, Fickl et al. 2008, lasella e t al. 

2003, Jemt & Lekholm 2005, Nevins et al. 2006). Nevins et al (2006) showed that grafted 

sockets lost less than 20% of the buccal bone plate in 79% of sites whereas control sockets
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d e m o n s tra te d  a loss of m ore  th an  20%  in 71%  of the  sites. The sam e stud ies  all p ro v e d  th a t  the  

ex trac tion-alone  sites had m ore  horizontal w id th  reso rp tion  com pared  to  grafted sites.

Table 10. Comparison of reduction of buccal bone plate heights in grafted versus ungrafted 

postextraction sockets.

Name of study Type of study Grafted socket 

decrease (mm)

Ungrafted socket 

decrease (mm)

Lekovic et al (1998) 6-month controlled 

split-mouth trial

-0.38 -1.50

lasella e ta l  (2003) 6-month randomised, 

controlled, blinded, 

clinical study

+ 1.30 -0.90

Nevins et al (2006) 3-month randomised 

controlled clinical trial 

using CBCT

-2.42 -5.24

Fickl e t a l  (2008) 4-month randomised 

experimental study

-3.20 -2.80

Barone et al (2008) 7-month randomised 

controlled clinical trial

-0.70 -3.60

Fickle a t  al (2009) followed up the ir  2008  s tu d y  w ith  a random ised  controlled  experim enta l  

trial concluding th a t  overbuild ing  the  buccal bone plate  in com bina tion  w ith  socket 

p rese rva tion  does no t seem  to be a su itab le  techn ique  to  co m p en sa te  for the rem odelling  af te r  

extraction.

3.2.5.3 Buccal Plate Augmentation Technique

Caiazzo and  Brugnami (Brugnam i & Caiazzo 2011, Caiazzo e t al. 2010)  sh ow ed  th a t  placing a 

bone  graft overlying an in tac t buccal bone  plate  in a surgically  c rea ted  pouch  he lped  m ain ta in  or  

im prove the overlying soft t issue  co n to u r  w ithou t  in terfering  w ith  the  na tu ra l  healing  of the  

alveolus. The buccolingual difference pre  and  p o s t  au gm en ta t ion  ranged  from -0.5-2.0mm, 

w h e re a s  in the  control g roup  it w as  -2.5-0.0mm. T here  is a paucity  of re sea rch  evidence  to 

su p p o r t  this techn ique  limited to  th e se  s tud ies  only. It ap p e a rs  to  be m ore  feasible, p rom is ing  

and a less invasive option for im plan t  p lacem en t bu t  m ore  stud ies  a re  needed.
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3.2.5.4 Soft tissue maintenance and aesthetic outcomes

Minor mucosal recession (< lm m ) was recorded for one implant in a 3 year prospective study 

characterized by high pink aesthetic scores proving that a long-term stability outcome with this 

technique can be expected (Buser et al. 2011]. lasella e t al [2003] recorded a thicker gingival 

thickness in grafted sockets. Fickl et al (2008] showed that grafting the buccal bone plate 

stabilised the buccal soft tissue from invagination.

3.2.6 Buccal bone plate thickness 

3.2.6.1 Factors influencing the thickness

In a well-designed study using cone beam com puter tomography (CBCT], the buccal bone plate 

in the an ter ior  maxilla was found to be rarely greater than 1mm (Braut et al. 2011], only in 

approximately 10% of teeth [Buser 2011]. Approximately 90% of the teeth had a missing or 

thin buccal bone plate [Braut eta l. 2011, Buser 2011] as a result of the facial position of anterior 

teeth (Nevins et al. 2006]. The thinnest buccal bone plate was present for central incisors [4- 

8%] and the thickest for premolars (> 25%] [Braut et al. 2011]. CBCT offers image resolution of 

0.123mm, enables great accuracy for linear measurements, lower radiation exposure and a 3D 

image of an intact tooth still p resen t in the patient's arch [Braut e t al. 2011]. These findings 

were consistent with those of Huynh-Ba et al. [2010], who assessed an terior immediate 

implants in an on-going prospective randomized controlled multicentre clinical study.

The buccal bone plate has been described as significantly thinner compared to lingual bone 

plate [Araujo et al. 2005, Araujo et al. 2006, Huynh-Ba et al. 2010, Spray et al. 2000] making 

them more fragile and more easily resorped [Araujo & Lindhe 2005, Esposito et al. 2006, 

Novaes etal. 2011].

The buccal bone plate showed statistically higher bone density defined by thin m arrow  spaces 

compared to the lingual bone plate [Table 11].

Table 11. Bone density of buccal and lingual bone plate widths’ evaluated in thirds (mean ± SD). 

Adapted from (Novaes et a l  2011)

Position Coronal third Middle third Apical third

Buccal 88.21 ± 3.43 89.45 ± 5.42 90.71 ± 4.85

Lingual 83.31 ± 2.45 81.50 ±2.74 85.07 ±4.15
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T he w id th  of the  buccal bone  p late  also increased  from the coronal th ird  to  the  m ost  apical third , 

b u t  all the  buccal th irds  w ere  significantly th in n e r  than  the  lingual th irds  (Araujo e t al. 2006, 

Spray  e t al. 2000). However, it is the  coronal third, p red o m in an t ly  com posed  of bund le  bone, 

th a t  d ic ta tes  the  aesthe tic  ou tcom e of im plants  a t  the  buccal aspec t  (B raut e t al. 2011). If this 

s t ru c tu re  is missing, m ucosal recession is likely to  deve lop(B rau t  e t al. 2011).

Only tw o  s tud ies  m en tioned  the  effect o f age on the  buccal bone  plate. Increasing age resu lted  in 

decreas ing  th ickness  of the  buccal bone  plate  a t  the  coronal th ird . This is expec ted  as crestal 

b o n e  is the  first affected in the  p resence  of chronic  local infections e.g. pe r iodon ti t is  [Braut e t al. 

2011). Also g rea te r  horizontal and  vertical re so rp t io n  following extrac tion  w as  expected  in 

o lde r  pa tien ts  in a w ell-perfo rm ed  s tudy  by lasella e t al [2003).

3.2.6,2 The critical thickness influencing mucosa! recession and aesthetics around 

implants

N um erous  s tud ies  d e m o n s t ra te  th a t  a t  least 2m m  of buccal bone  plate  in aes the tic  sites is 

d es irab le  to m inim ise re so rp tion  effects and  to su p p o r t  facial soft t issue which  negates  gingival 

recession  [Araujo e t al. 2006, Braut e t al. 2011, B user 2011, Huynh-Ba et al. 2010, Spray e t al. 

2000).  The po ten tia l  for bone  loss dec reases  significantly and bone  apposit ion  is m ore  likely to 

occur  as buccal bone plate th ickness  a p p ro ach es  1.8-2.0m m  after  im m edia te  im plan t  o s teo tom y 

[F errus  e t al. 2010, Spray e t al. 2000).

The aim  of the  p re se n t  s tu d y  w as  to  eva lua te  the effects of a novel bone  su b s t i tu te  system  

[Natix®, Tigran Technologies AB, Malmo, Sweden), consisting of po rous  t i tan ium  granules  

[PTG), and  a bovine-derived  xenograft  [Bio-Oss®, Geistlich Pharm a  AG, W olhusen, Switzerland), 

on h a rd  t issue rem odelling  following the ir  p lacem en t into fresh ex trac tion  socke ts  in dogs.
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3.3 Materials and Methods

Six Beagle dogs, 1 -2  yea rs  old and  w eighing b e tw een  13 and  15kg each, w e re  used  for study. 

The s tu d y  protocol w as in acco rdance  w ith  the  policies of the  D ep a r tm en t  of Health  in Ireland 

and  w as  a p p ro v ed  by the re levan t ethics com m ittee  in Trinity  College Dublin. All surgical 

p ro ced u re s  w e re  pe rfo rm ed  u n d e r  genera l anaes thes ia .  Food w as w ithhe ld  for 12h before  each 

p rocedure .

The anim als  w e re  p rem ed ica ted  30 min p re -opera t ive ly  with O .lm l/k g  of acetyl p rom az ine  

[A ceprom azine  m alea te  BP, 2 m g /m l;  Novartiss, Basel, Switzerland) by a su b cu tan eo u s  injection. 

A naesthetic  induction  w as  achieved  w ith  0 .0 5 m g /k g  of th io p en to n e  sod ium  (Rho"ne Me'rieux, 

Dublin, Ire land) in travenously . An en do trachea l  tube  w as inserted , and an aes th es ia  was 

m a in ta ined  using h a lo thane  (Halothanes, Mumbai, India) and  oxygen. Local infiltration w ith  2% 

lignocaine and  1 /8 0 ,0 0 0  ep in e p h r in e  w e re  used  for analgesia  and  to aid in haem ostas is  

(Lignospan, Septodont, Mazamet, Cedex, France). Buccal and lingual incisions w e re  m ad e  in the  

p o s te r io r  p re m o la r  region in both  q u a d ra n ts  of the  m andibles. Buccal and  lingual full-thickness 

flaps w e re  e levated  to  expose  the  a lveo la r  crest. T hree  p rem o la rs  (F2, P3 and  P4) w ere  

hem isec ted  on both  s ides using f issure  burs. The canal of each mesial ro o t  w as rea m e d  and filled 

w ith  gu tta -percha . The distal roo ts  w e re  carefully rem oved  using elevators.

In every  dog, six m odalities  w e re  tes ted ;  Natix® g ranu les  (TG) (Tigran Technologies AB, Malmo, 

Sw eden) w ith  and  w ith o u t  a covering  doub le- layered  Bio Gide m e m b ra n e  (M); Bio-Oss (Bio) 

(Geistlich P harm a  AG, W olhusen, Sw itzerland) with and w ith o u t  a covering doub le- layered  Bio 

Gides m e m b ra n e  (Geistlich P h a rm a  AG, W olhusen, Switzerland); and  a socke t left em p ty  (E) 

w ith  and  w ith o u t  a covering doub le - laye red  Bio Gides m e m b ra n e  (Figs 1 and  2). A to tal of 36 

sam ples  (six from each m odality) w e re  included in this s tu d y  and  a balanced  design w as used as 

il lustra ted  in Table 12.
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Figure 1. Clinical photograph illustrating the socket sites after the extraction of the m esial roots.

Figure 2. Clinical photograph illustrating a socket site, a socket grafted with Bio-Oss® (Geistlich 

Pharma AG, W olhusen, Switzerland) and a socket grafted with Natix® (Tigran Technologies AB, 

Malmo, Sweden) granules.

Table 12. Experimental Design

LP2 LP3 LP4 RP2 RP3 RP4

D o g l TG+M Bio+M E+M T.G Bio E

Dog 2 Bio+M E+M T.G Bio E TG+M

Dog 3 E+M T.G Bio E TG+M Bio+M

Dog 4 T.G Bio E TG+M Bio+M E+M

Dog 5 Bio E TG+M Bio+M E+M T.G

Dog 6 E TG+M Bio+M E+M T.G Bio

TG, titanium granules; M, membrane; E, empty; Bio, Bio-Oss®; LP, left premolar area; RP, right 

premolar area.

The buccal and lingual flaps were mobilized by periosteal incisions and sutured together so as 

to achieve primary healing. The flaps w ere  repositioned and sutured using interrupted sutures
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with 3 black silk. Following the surgical procedure, the animals were given 150mg oral 

Clindamycin twice daily for 7 days. Sutures were removed 10 days after surgery.

The animals were sacrificed by an intravenous injection of 200m g/kg of pentobarbitone 

following a 6-month healing period. Block biopsies were taken from the experimental sites. 

After 48 h of fixation in formaldehyde, the biopsies were transferred to 70% alcohol and 

sequentially embedded in a light-curing epoxy (Technovit 7200 VLC, Heraeus Kulzer GmbH, 

Wehrheim, Germany). The segments w ere  scanned using a commercially available desktop 

micro-CT scanner (ScyScan 1172 microCT, SkyScan N.V., Kontich, Belgium). All scans were 

obtained at lOOkV and 100 mA, using an a lum inium -copper filter to optimize the contrast, and 

set a t 16.7 mm pixel size, 3601 rotation, four frames averaging, a rotation step of 0.41 and ring 

artefact correction set at 12. The reconstruction software (NRecon v.1.4.4, SkyScan N.V., 

Brussells, Belgium) was used to create images for m orphom etry  using the microCT analysis 

software (CTAn., v. 1.8.1.2, SkyScan N.V., Brussells, Belgium).

A volume of interest consisting of each remaining root with the corresponding alveoli were 

sectioned out and relined. Three bucco-lingual micro-CT sections from each root and alveoli 

w ere  hence cut. Furthermore, three mesio-distal sections including both the root and the 

defectwere cut. These sections w ere  saved for the analyses.

The shape and dimension of the alveolar process at the mesial and distal roots w ere  presum ed 

to be similar. The vertical distance between margins of the buccal and lingual bone walls was 

determ ined in the following way.

A line was draw n parallel to the long axis of the endodontically treated roo t/socke t  and 

extending coronally from the apex of the roo t/socket to the centre of the roots/sockets  (C-C). 

Subsequently, horizontal lines [L, lingual and B, buccal) perpendicular to line CC w ere  drawn 

projecting from the most coronal portions of the buccal and lingual bone crest (BC, LC). (Figs 3 

and 4). M easurements of the difference between the buccal and the lingual crests w ere  made 

using a perpendicular line between BC and LC. Each m easurem ent thus made for a root- 

containing specimen was subtracted from that of the corresponding socket (Araujo & Lindhe 

2005).

82



Figure 3. CT scan of a buccal-lingual section representing  a tooth site illustrating the m ethod of 

linear m easurem ents.

Figure 4. CT scan of a buccal-lingual section representing  an extraction site grafted with Natix® 

(Tigran Technologies AB, Malmo, Sweden) titanium  granules illustrating the m ethod of linear 

m easurem ents.
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Additionally, an area m easurem ent was made by drawing a line from the coronal aspect of the 

buccal bone to the most apical extent of the base of the mandible. The area circumscribed as 

demonstrated  in Fig. 5 was m easured for all six modalities in mm2. This area for each root 

containing specimen was subtracted from that of the corresponding sockets (Fig. 5). As the 

study design is a Latin Square with two blocking factors (dog and site), the analysis of the 

outcome m easures models the effects of modality adjusted for the blocking factors. Tukey’s 

"honest significant difference" post hoc tes t  was used to adjust for multiple comparisons in 

relation to testing for significant pairwise differences between each modality. The family-wise 

probability for this test was set a t 5%. All analyses were conducted in R (R Core Team 2011).

Figure 5. CT scan of a buccal-lingual section represen ting  an extraction site grafted with Natix® 

(Tigran Technologies AB, Malmo, Sweden) titanium  granules and illustrating the m ethod of area 

m easurem ents.

Histological sections were prepared  according to the cutting-grinding technique described by 

Donath &Breuner (1982) and Rohrer&Schubert (1992). One central, mesio-distal section of 

each socket was prepared. Approximately 100 mm thick sections w ere  stained with HTX- 

eosin for light microscopy (LM) and digital imaging.

Examinations w ere  performed in a Leitz DMRBE microscope (Leica, Wetzlar, Germany) at 

magnification X25 and X50 using LM. Imaging software (Celle'S, Olympus Soft Imaging 

Solutions GmbH, Mu' nster, Germany) was used to obtain digital pictures (Figs 6-9).
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Figure 6. M icrophotograph of a buccal-lingual section representing an extraction site grafted with 

Bio-Oss® (Geistlich Pharm a AG, Wolhusen, Switzerland).

X
Figure 7. M icrophotograph of a buccal-lingual section representing an extraction site grafted with 

Bio-Oss® (Geistlich Pharm a AG, Wolhusen, Switzerland).
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Figure 8. M icrophotograph of a buccal-lingual section representing an extraction site grafted with 

Natix® (Tigran Technologies AB, Malmd, Sweden) titanium  granules.

%
Figure 9. M icrophotograph of a buccal-lingual section representing  an extraction site grafted with 

Natix® (Tigran Technologies AB, Malmo, Sweden) titanium  granules.
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3.4 Results

It was observed that  the crest of the buccal bone was more apical than the crest of the lingual 

bone in all micro-CT sections. Furthermore, the bulk of the alveolar bone was larger on the 

lingual side. The healing in all the trea tm ent groups was uneventful and clinically there 

appeared to be good integration between the surrounding bone and the titanium granules. 

Eventually, no one technique proved to be superior.

Strip charts show the distribution of the area and distance differences by modality (Figs 10 and 

11). Tables 13 and 15 show  the analysis results for the modality factor alone as neither blocking 

factors (dog or site] w ere  significant. We see no evidence for any significant effects across 

modality for either outcome measure. Tables 14 and 16 p resen t the pairwise differences 

between modalities. Following adjustm ent for multiple hypothesis testing using Tukey’s 

"honest significant difference”, none of these pairwise differences achieved statistical 

significance.

e
£

TG  TG *M
“ I---------------------r
BIO

M odality

Figure 10. Distribution of the area differences by modality.
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Figure 11. Distribution of the distance differences by modality.

Table 13. Results of model fit for differences in area

Coefficient Estimate Standard Error t-value P-value

Bio -7.10 3.27 -2.17 0.04

Bio+M -0.67 2.96 -0.23 0.82

E 0.07 2.96 0.02 0.98

E+M 2.73 2.96 0.92 0.37

TG 2.20 2.96 0.74 0.47

TG+M 3.52 2.96 1.19 0.25

TG, titanium  granules; M, m em brane; E, empty; Bio, Bio-Oss®.

Table 14. Estimates of pairw ise differences between m odalities for differences in area

Modality Bio Bio+M E E+M TG

Bio

Bio+M -0.31

E 0.42 0.73

E+M 3.09 3.40 2.66

TG 2.55 2.86 2.13 -0.53

TG+M 3.87 4.18 3.45 0.78 1.32

No pairwise difference is significant using Tukey’s adjusted P-value. 

TG, titanium granules; M, membrane; E, empty; Bio, Bio-Oss®.

88



Table 15. Results of model fit for differences in distance

Coefficient Estimate Standard Error t-value P-value

Bio -0.65 0.40 -1.63 0.12

Bio+M 0.17 0.35 0.48 0.64

E -0.70 0.35 -2.02 0.06

E+M -0.08 0.35 -0.24 0.81

TG 0.45 0.35 1.30 0.21

TG+M 0.12 0.35 0.34 0.74

TG, t i tan ium  granules; M, m em b ran e ;  E, em pty; Bio, Bio-Oss®.

Table 16. Estimates of pairwise differences between m odalities for differences in distance

Modality Bio Bio+M E E+M TG

Bio

Bio+M 0.17

E -0.70 -0.87

E+M -0.08 -0.25 0.62

TG 0.45 0.28 1.15 0.53

TG+M 0.12 -0.05 0.82 0.20 -0.33

No pa irw ise  difference is significant using T ukey’s ad jus ted  P-value. 

TG, t i tan ium  granules; M, m em b ran e ;  E, empty; Bio, Bio-Oss®.

3.4.1 Histological observations

An exam ple  of a histological section th rough  a socket filled w ith  Natixs granu les  is p re sen ted  in 

Fig. 8. A h igher  p o w e r  pho to m ic ro g rap h  d e m o n s tra te s  the  in t im ate  contac t b e tw een  the  

t i tan ium  and  the  new ly  form ed bone  (Fig. 9). The p resence  of new ly  form ed bone  w as noted  

bo th  inside and  a ro u n d  the  granules, p e rh a p s  due to g ranu les  provid ing  an  os teoconductive  

scaffolding. In contrast ,  the  inorganic  bovine graft m ateria l  has newly fo rm ed  bone  a ro u n d  the  

partic les  and  a t  6 m on ths  th e re  is little ev idence of the  inorganic  bone being rep laced  by bone  

[Figs 6 and 7). F u r the rm ore ,  and  in accordance  w ith  p rev ious s tudies, th is  inorganic  bone  w as 

principally  in teg ra ted  w ith  bone  a t  the  p e r ip h e ry  of  the  sockets, while a significant a m o u n t  of 

connective  t issue  w as  found in the  centre.
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3.5 Discussion

An increased interest in tiie use of porous titanium [Ti) and Ti alloy scaffolds for dental or 

medical applications has been observed over recent years. Their space-maintaining ability, low 

elastic modulus (similar to that  of the bone) and the facility of new bone to grow within them 

are some of the reasons for this interest (Schwartz et al. 1997, Wen et al. 2001). It has been 

reported tha t  a typical PTG is 5 0 0 -1 0 0 0  |im in diameter, and because of its high porosity, has a 

titanium surface area of approximately 2 cm^ (Wohlfahrt et al. 2010). Thus, the large surface 

area and the high degree of bone to granule integration may lead to superior osseoconductivity 

than solid particles (Bystedt & Rasmusson 2009). In the present study, although the differences 

between modalities were not statistically significant, titanium granules appeared to provide an 

effective scaffold for bone regeneration. From the histological observation in the p resent study, 

the potential for osseoconduction was evident from the presence of osseointegration and bone 

fill within the granules.

Most of the supporting l iterature for the use of titanium granules relates to orthopaedic surgery. 

Alffram et al. (2007) reported on a 9-15-year follow-up of five cases of hip surgery in which PTG 

were used to provide support for the fixation of hip stem prostheses in humans. Turner et al. 

(2007) evaluated a hip replacement model in dogs. Both Alffram et al. (2007) and Turner et al. 

(2007) tested this new material as a filler in the space between the implant stem and the bone. 

In both studies, the material was shown to be strong enough to prevent movements during the 

initial healing period and to dem onstra te  good osseoconductivity. Although the requirem ents 

for this biomaterial may be different for orthopaedic surgery and dentistry, these in vivo results 

are promising.

A clinical pilot study by Bystedt and Rasmusson (2009) evaluated the titanium granules as a 

bone graft substitute for use in sinus grafting procedures. The study found that the 

augmentation with titanium granules was successful even when the augm entation and fixture 

insertion were performed simultaneously. Although three out of 23 fixtures failed, this can be 

considered acceptable. One issue discussed in this study was the possible hazardous effect on 

bone tissue of high tem pera tu res  during drilling through the grafted site. However, Alffram et al. 

(2007) stated that non-alloyed titanium is a relatively soft material and so the use of a proper 

coolant should avert this problem.
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In in te rp re t in g  the  results  of this study, it is im p o r ta n t  to keep  the  lim itations in m ind such as 

species d ifferences and  the  a ssum ption  th a t  distal and  mesial p rem o la r  roo ts  in dogs have 

s im ilar  volum es. Additionally, the  statistical analysis  p e rfo rm ed  may have been  m ore  reliable if 

com bina tions  o f  m odalities w e re  no t included.

3.6 Conclusion

Of the five m odalities  of ridge p rese rva tion  techn iques  used  in this study, no one techn ique  

proved  to  be superior .

3.6.1 Publication details

This s tu d y  w as  accepted  for publication in the  Journal of Clinical Oral Im plan ts  Research on the  

2 4 ‘h of April 2011. (Appendix 1)
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Chapter 4

Study 2: A study investigating the quantity of new bone 

formation around a sub-periosteal plate fixed to cortical

bone.
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4.1 Introduction

When using endosseous implants in patients with highly resorbed jaws a significant am ount and 

quality and quantity of bone is needed. These autogenous grafts are usually harvested from the 

hip and are transferred  and secured in different parts of the maxilla or mandible. This means 

that  multiple procedures are needed to be employed even before the installation of the implants

Recently and due to advances in biomaterials and stereolithography, subperiosteal implants are 

posing an attractive option for the trea tm ent of the atrophic jaws (McAllister. 1998, Kusek 

2009). The s tandard  subperiosteal technique required two surgical procedures. One, to 

replicate the bone anatom y with a very technique sensitive bone impression and a second one 

to place the implant. With the advancement of CT technology and stereolithography the first 

procedure is no longer necessary (Stoler. 1996]. Additionally, increased levels of 

osseointegration and structural strength have been achieved with the titanium alloys and their 

enhanced surfaces.

The first a ttem pts a t dental implantoiogy in the m odern era date back to the middle of the 

twentieth century. Success with endosseous dental implants was limited due to encapsulation 

of the implant surface by a fibrous layer, preventing true bone to implant contact and a 

subsequent reliance on mechanical undercuts to retain the prosthesis (Balkin, 1988}.

A significant breakthrough, due to the pioneering work of Per-lngvar Branemark, resulted in the 

principle of osseointegration, which was subsequently defined as "a direct structural and 

functional connection betw een ordered living bone and the surface of a load carrying implant" 

(Branemark, 1985). Long term  clinical studies provided a scientific foundation for 

osseointegration using biologically inert implant materials such as titanium and certain calcium 

phosphate ceramics (Adell et al., 1981). The knowledge gained from Branemark’s early work 

has been used in the development of many other dental implant systems now on the market.

It has been traditionally accepted that the process of osseointegration takes up to three months 

in the mandible and betw een four to six months in the maxilla (Albrektsson et al., 1986). 

Subject to biological and mechanical variables, such as bone quality and architecture, and 

implant length and width, predictable and successful osseointegration is now routinely possible, 

provided that careful surgical and restorative protocols, evolved over the last two decades, are 

followed (Albrektsson etal., 1981).
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While long-term implant success rates of 97% and above are now routinely expected under 

optimal conditions, successful osseointegration is far from guaranteed in a num ber of clinical 

situations (Fiorellini et al., 1998], Risk factors for failure include a history of periodontal 

disease, smoking, irradiation therapy  and impaired bone vascularity (Goodacre et al., 2003]. In 

particular, increased failure rates have been reported in areas with low bone density or reduced 

bone height in the posterior maxilla. This has been especially the case for screw type implants 

with a machined surface Qaffin and Berman, 1991, Jemt, 1993).

In more recent years, research has focused on reducing the traditional time period required for 

successful osseointegration in order to achieve a faster rehabilitation of partially and 

completely edentulous patients. Clinicians aspire to provide the associated functional and 

aesthetic advantages of immediate or early loading, while still achieving the high clinical success 

rates now expected [Nkenke et al., 2003],

The osseointegration of endosseous dental implants involves the two fundamental processes of 

bone modelling and bone remodelling.

The prognosis of implant installation in atrophic jaw is generally very good [Albrektsson et al 

1986). However, a certain am ount and quality of bone is necessary. Autogenous bone grafts are 

widely used for augmentation of extremely atrophic jaws, before or simultaneous with implant 

placement. However, preliminary experimental studies have indicated that the earlier 

abandoned subperiosteal implants could be of interest in the trea tm ent of extremely atrophic 

jaw. Complete osseointegration of the subperiosteal implant was noted in the study by Schmid 

and co-workers (1991], whereas the implants were only partially covered by newly formed 

bone. Additionally, large m arrow  spaces in the space between the implant and the m em brane 

were noted.

It was our intention to investigate the possibility of superficial titanium osseointegration and 

assess the quantity of newly formed bone around rough surface titanium subperiosteal implants 

that could be used in the future as part of a subperiosteal mesh.
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4.1.1 Aim of Study

The aim of the study was to investigate the possibility of superficial titanium osseointegration 

and assess the quality of newly formed bone around rough surface titanium subperiosteal 

implants that could be used in the future as part of a subperiosteal mesh.
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4.2 Materials & Methods:

4.2.1 Experimental Animals

The protocol followed w as in acco rdance  w ith  the  animal re search  policies of the D ep a r tm en t  of 

Health and  Children in Ireland. Ten, s ix -m onth  old w hite  rabb its  w e re  used  in this study. The 

rabb its  w eighed  ap p rox im ate ly  2kg each. Rabbits w e re  housed  in g ro u p s  of tw o in the  animal 

house, B ioresources  units, T rin ity  College Dublin. All rabb its  w e re  given free access to food 

( labo ra to ry  chow) and  w a te r  a t  all times. The anim al holding facility w as on a tw elve h o u r  

l ig h t /d a rk  cycle and  the  room  te m p e ra tu re  w as  kep t  be tw een  20 and  23®C.

Each anim al received both  t r e a tm e n t  groups  in the righ t o r  left femur. One fem ur received a 

sub-periostia l  im p lan t  (G l)  th a t  w as  fixed to  the  bone using fixation screws. The o th e r  fem ur 

received a sub-periostia l  im p lan t  using  a t rough  (G2) (bed) p re p a re d  in the  bone  a rea  as well as 

m ic rom in ip lan t  fixation (Table 17). This trough  w as p re p a re d  free hand  which m eans  th a t  the 

p ro ced u re  w as no t s tandard ized .  The subperio s tea l  im plan ts  w e re  Leibinger t i tan ium  alloy 

im plan ts  (Kalamazoo, Michigan U.S.A.) com m only  used for maxillofacial fixation purposes .  They 

have a sm o o th  surface w hich  w e  modified by sandb las t ing  th em  in o rd e r  to  increase  the ir  

roughness .  The length of the  im p lan t  w as 2 .5mm and the  th ickness 1m m  (Figure 12). Only the 

middle p a r t  of the  im plan t  w as  evaluated . A license to  perfo rm  the  s tudy  was obtained 

(Appendix II).

Table 17. Experimental Group Distribution According to Implant Site.

Rabbits

No.

1 2 3 4 5 6 7 8 9 10

Right Gl G2 Gl G2 Gl G2 Gl G2 Gl G2

Left G2 Gl G2 G l G2 Gl G2 Gl G2 Gl

Gl; Group 1. G2; Group 2.

4.2.2 Surgical Procedure

A nesthesia  w as  achieved with  a 1:1 m ix ture  of xylazine hydroch lo r ide  (2% ) and  ke tam ine  a t  a 

dose  of 0.15 m l /1 0 0  g, I.M. The skin of the  hind legs w as  shaved  and  sp rayed  liberally with  

70%  alcohol. The medial p a r t  o f  both  fem ur w ere  exposed  via a skin incision and  careful
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subperiosteal dissection. To facilitate later precise implant localisation, a sign was made in the 

bone surface using a burr. The commercially available titanium implant was placed 

unambiguously according to the previously made localisation sign with complete congruence 

with bone surface. One implant was placed on each femur. Perforations in the underlying 

cortex w ere  made with a 1-mm burr  and the implant was fixed with two 5-mm fixation screws 

and sutured as previously described (Figure 12). A similar procedure was performed at the 

contralateral femur and trough was made and used as a rest for the titanium implant without 

using any screw. The periosteum and muscular layers were repositioned and sutured. The 

skin flaps on both sides were then sutured using 3.0 black silk interrupted suture and complete 

wound closure was achieved. Immediately after the surgical procedure, a single intramuscular 

injection of oxytetracycline (50mg/Kg) [Aldrich Chemical Company, Inc., Milwaukee, WI, USA) 

was administered to each rabbit.

Figure 12. Subperiosteal dissection of rabbit hind leg (left) followed by placem ent of the implant 

(right).

Each rabbit was monitored closely postoperatively and antibiotics (Gentamicin, 0.05ml/kg) 

were administered intramuscularly once daily for 5 days. Analgesia was administered post

operatively and subsequently as necessary. For the duration of the recovery period, animals 

were housed in the Bioresources unit under veterinary supervision. One animal died during the 

healing period.

Following the 3-month healing period, the animals were sacrificed by intravenous injection of 

200mg/Kg of phenobarbitone. Each titanium plate was resected along with the surrounding
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bone from each femur using a disc (Superlex®, Edenta AG, Switzerland) mounted in a straight 

hand piece at 100 round per second using w ater  as coolant

4.2.3 Dehydration and embedding procedures

The dehydration and embedding procedures are in accordance with the protocol used at the 

Royal College of Surgeons in Ireland, it was described in details by O’Brien (2000) and O’Reilly 

(2 0 0 2 ).

4.2.4 Dehydration procedure

Before embedding, a block of bone containing the mini-implant and about 5mm of the 

surrounding bone was obtained for each experimental site. The soft tissue surrounding the 

femur was completely removed using a scalpel with a num ber 15 blade. The bone specimens 

were then dehydrated. Each specimen was first completely immersed in a vial containing 80% 

ethanol for four days. The 80% ethanol solution was then changed with 95% and 100% ethanol 

respectively for one day each. A fresh solution of 100% ethanol was applied for one more day. 

Finally the specimens were immersed in acetone for two days.

4.2.5 Embedding Procedure

All femurs were separately embedded in a methylmethacrylate polymer (MMA) (Sigma- 

Aldrich). The MMA consisted of a m onom er (pure methylmethacrylate), a softener (dibutyl 

phthalate) and a catalyst (benzoyl peroxide). The softener was added to the m onom er to avoid 

brittleness of the finished polymer while the catalyst causes the solution to polymerise when 

the tem pera tu re  is increased. The solution was made up using the following protocol (O’Brien 

2000): methylmethacrylate 200ml, dibutyl phthalate 50ml and benzoyl peroxide 7g. Each 

femur block was placed in a separate  vial and infiltrated with the MMA solution at room 

tem pera tu re  under vacuum desiccation (50mm Hg) over a period of three days. The polymer 

was changed with fresh MMA solution daily. They were then placed into an oven a t 55°C for 

four days to polymerize.
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4.2.6 Preparation of the ground sections

In order to obtain three sections of 150-200nm thici<ness from each experimental site, the 

em bedded blocks w ere  mounted on a diamond saw [Minitom®, Struers, Copenhagen, Denmark 

(Figure 13). A cut was made vertically through the centre of the experimental site and the block 

was sectioned in half. One side would be used for study 3 and from the other side three sections 

(300|im thickness) w ere  obtained.

Each section was placed over a sheet of no. 400 silicon carbide paper (Wet and dry, waterproof 

abrasive paper®, D O’Sullivan & Company Ltd, Cork, Ireland). Another piece of carbide paper 

was w rapped  around the glass slide and the section was manually ground down under running 

water. The thickness was checked regularly using a m icrom eter screw until the thickness of 

150-200|im was obtained. Specimens were washed using tap w ater  and placed in a test tube 

and washed with distilled water. Specimens were then dried using paper and mounted on glass 

slides using mounting medium DPX® (Eukitt's mounting medium, Hamburg, Germany) under a 

glass cover slip.

Figure 13. The Minitom® machine (Struers, Copenhagen, Denmark).

4.2.7 Histological Examination of the Ground Section

The histological slides were magnified under a light microscope by 12.5 times and the images 

were captured with an Optronic CCD digital Microscope camera. Analysis software (Scion 

Image Beta 4.02 Win, from Scion PCI Frame Grabber boards) was calibrated to present all the 

m easurem ents from the histological slides in millimeters (Figure 14).
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Histometric analysis was carried out for each site of the titanium plates as follows:

Quantification of bone contact with the titanium plate was measured for both the original bone  

and the newly formed bone, by two measurements. Firstly, a linear m easurem ent of bone in 

direct contact with the titanium plate was made. Secondly, the area of new  bone formation 

covering the plate was made. Comparisons were also made between the control titanium plate 

and the titanium plate placed on the trough.

Figure 14. Histological section

4.2.8 Measurements

Twenty titanium plates w ere evaluated with three measurements made for each section.

1. Linear m easurem ent of percentage for the periphery of titanium plate in direct contact with 

bone. (FigurelS).

2. Linear m easurem ent of bone in contact with the superficial aspect o f  the titanium plate 

(Figure 16).

3. Projected (mm^) area of new bone formation superficial to the titanium plate (Figure 17).

Depending on the orientation of each section, minor differences were observed in the 

histological length of each implant. This was taken into consideration and controlled for in the 

analysis of variance.
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Figure 15. Linear measurement of percentage of bone in direct contact with titanium plate

t 
1
Figure 16. Linear measurement of percentage of bone covering the titanium plate.

Figure 17. Percentage of area of new bone formation on the titanium plate.
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4.2.9 Data Analysis

A regeneration model was used to study both the length of new bone formation (percentage of 

the length of plate and area of new bone formation) to evaluate possible differences between 

the plate placed with the trough and that  placed more superficially. The histomophometrical 

analysis was done on the outside of the plate. Analyses of variance was used with modality and 

plate length and plate histological length as independent variables, and percentage of bone to 

implant contact around the implant and projected area of of new bone as dependent variables.
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4.3 Results

4.3.1. Linear measurement of percentage for the periphery of titanium plate in 

direct contact with bone.

The values for the percentage of bone in direct contact with the titanium plate surface are 

displayed in Table 18. For modality 1 the values ranged from 70.5 to 83.1 the mean (SD] was 

76.5 [3.79). For modality 2 the values ranged from 78.5 to 89.9 and the mean (SD) was 

86.5(3.46]. The model was significant (F Ratio = 14.1536, p< 0.0005). The results of the effect 

tests are  displayed in Table 19. A significant difference [p=0.0002) was found for modality 

controlling for the histological length of the titanium plate.

Table 18. Values for percentage for the periphery of titanium plate in direct contact with bone

Modality 1 BiC % 80.5 70.5 83.1 75 75.5 76.6 76 75.2

Plate

(mm)

Length 6.9 6.1 6.02 6.88 6.96 6.01 6 6.98

Modality 2 BIC % 88.5 78.5 89.4 86.4 86.8 85.7 88.5 88.2

Plate

(mm]

Length 6.02 6 6.96 6.08 6.99 6.98 6.1 6.09

Table 19. Effects tests for percentage of the periphery of titanium plate in direct contact with 

bone. (Appendix III)

Source F-Ratio P Value

Modality 25.7597 0.0002

Length of the Plate 0.1420 0.7124

4.3.2 Linear measurement of bone in contact with the superficial aspect of the 

titanium plate

The values for bone in direct contact with the superficial aspect of the titanium plate surface are 

displayed in Table 20. For modality 1 the values ranges from 1.41 to 1.53 and the mean (SD) 

was 1.50 (0.006). For modality 2 the values range from 1.71 to 1.86 and the mean (SD) was 

1.78(0.002). The model was significant (F Ratio = 40.8492, p<0.0001). The result of the effect
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tests are displayed in Table 21. A significant difference (p=0.0001] was found for modality 

controlling for the histological length of the titanium plate.

Table 20. Linear m easurem ent of bone in contact with the superficial aspect of the titanium plate

Modality

1

Length of new bone 

formation (mm)

1.53 1.48 1.68 1.41 1.48 1.56 1.52 1.49

Plate Length (mm) 6.9 6.1 6.02 6.88 6.96 6.01 6 6.98

Modality

2

Length of new bone 

formation (mm)

1.8 1.78 1.71 1.86 1.72 1.8 1.85 1.78

Plate Length (mm) 6.02 6 6.96 6.08 6.99 6.98 6.1 6.09

Table 21. Effect test for linear m easurem ent of bone in contact with the superficial aspect of the 

titanium plate (Appendix III)

Source F-Ratio PValue

Modality 55.5492 <0.0001

Length of the Plate 4.0940 0.0641

4.3.3 Projected (min^) area of new bone formation superficial to the titanium 

plate

The values for bone in direct contact with the superficial aspect of the titanium plate surface are 

displayed in Table 22. For modality 1 the values ranges from 1.27 to 1.4 and the mean (SD] was 

1.30 (0.006). For modality 2 the values range from 1.88 to 1.95 and the mean (SD) was 

1.78(0.002). The model was highly significant (F Ratio = 1160.071, p<0.0001). The results of 

the effects test are displayed in Table 23. A significant difference (p=0.0001) was found for 

modality controlling for the histological length of the titanium plate.

Table 22. Projected (mm^) area of new  bone formation superficial to the titanium plate

Modality

1

Area (New 

formation) mm^

bone 1.28 1.32 1.29 1.34 1.27 1.31 1.32 1.28

Plate Length (mm) 6.9 6.1 6.02 6.88 6.96 6.01 6 6.98

Modality

2

Area (New 

formation) mm^

bone 1.91 1.89 1.93 1.88 1.94 1.92 1.9 1.95

Plate Length (mm) 6.02 6 6.96 6.08 6.99 6.98 6.1 6.09
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Table 23. F-Ratio and P Value of projected (mm^) area of new  bone formation superficial to the 

titanium plate (Appendix III)

Source F-Ratio P Value

Modality 1999.681 <0.0001

Length of the Plate 0.0689 0.7971

4.4 Discussion

The subperiosteal implant was originally described in the 40s and it is a modality that has been 

continuously used up to the late 80s. They were initially fabricated from chrome cobalt alloy 

and although in some of the earlier studies they showed good initial success there was a clear 

drop in outcome over 5 and 10 years (James et a l, 1988, Bodine and Yanase, 1985, Zwerger et 

al. 2007). Since the introduction of the highly successful endosseous implants in the 60s their 

popularity declined.

Recently and due to advances in biomaterials and stereolithography, subperiosteal implants are 

posing an attractive option for the trea tm ent of the atrophic jaws (McAllister. 1998, Kusek 

2009). In a preliminary histologic study, Aaboe et al. 2000 studied the osseointegration of 

subperiosteal implants and used bovine bone substitute and various m em branes (resorbable 

and non-resorbable) to cover them. All implants integrated successfully.

Currently, there are limited available studies that dem onstrate  histologically the quantity as 

well as the nature of bone covering these sub-periosteal structures when placed on the cortical 

bone and when different techniques have been used for their placement and stabilization. It was 

the aim of the study herein was to investigate the possibility of superficial titanium 

osseointegration and assess the quantity of newly formed bone around rough surface titanium 

subperiosteal implants when these are placed either on a trough or just resting on the cortical 

bone.

The limitations of the study are considered. The animal model used for this study was rabbit 

ra ther than human. They w ere  young rabbits with active osteoblasts in the periosteum. In cases 

of extreme bone resorption in humans, it is likely that this process is not active in elderly 

patients. It is not the intention of the au tho r  to review the subperiosteal implant. Rather, the aim 

is to seek anchorage of the implant in areas of deficient bone.
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4.5 Conclusions

The results show that there is a significant difference between the am ount of osseointegration 

as well as the am ount of bone covering the titanium implants between the two trea tm ent 

modalities. It seems that  the sub-periosteal implants placed into a trough performed be tte r  than 

the ones placed on top of the cortical bone. Differences in the histological plate length due to 

differing orientation sections were factored into the statistical analyses and w ere  found not to 

influence the results.
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Chapter 5

Study 3. A study investigating the quality of new bone 

formation around a subperiosteal plate fixed to cortical bone.
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5.1 Introduction

5.1.1 Obtaining mechanical properties of materials (mechanical testing)

The s tandard method of obtaining the mechanical properties of a material is to manufacture 

tensile or compression samples from the material in accordance with an l.S.O. or British 

standard and then test these samples in a Universal Mechanical testing machine again in 

accordance with an l.S.O. or British standard  testing procedure.

The figure below is an example of a tensile tes t  specimen machined to a British s tandard  and to 

be tested in a Mechanical testing machine. It is very often difficult and sometimes impossible to 

construct a tensile or compression sample from some components or materials as these 

required samples particularly if they are tensile are relatively large compared to the am ount of 

material available in a sample of bone from a jaw of an animal for example.

| * - i   1  i M - ----------
I  I

Figure 18. Tensile test specim en machined to a British standard 

5.1.2 Hardness testing

Hardness testing is one way of getting the mechanical properties of a material without 

manufacturing a tensile or compression sample from the material and testing it according to a 

standard. The standard  hardness tes t  consists of placing the test sample in a hardness  testing 

machine w hereby  a steel ball or diamond is allowed to impinge upon the surface of the test 

piece under the action of a controlled load. The basic principle is that the softer the material the 

larger the area of the impression and it is this principle which is employed to calculate the 

hardness of the materia/. The diagonal or depth of the impression is measured and a calculation 

use to approximate the area. This is then cross referenced to calculate the hardness. An 

approximation of yield stress of the material can be obtained from this hardness value. This 

simple and quick hardness test does not calculate the elastic Modulus [stiffness) of the material 

(Oliver & Pharr 1992).

m
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5.1.3 Nano-indentation

In Nano in den ta t ion  a very soph is t ica ted  m achine is used to  place Nano inden ts  on the  surface 

of a material. It is s im ilar  in principle  to a basic h a rd n e ss  tes ting  m achine  in th a t  an  in d en to r  is 

a llow ed to  im pinge upon  the surface of a specim en  u n d e r  the  action of  a controlled  load. The 

m ain  ad van tage  is th a t  it can obtain  elastic m odulus  (stiffness] values for the m ateria l  as well as 

accu ra te  h a rd n e ss  values. Also because  it is Nano scale it can m easu re  differences b e tw een  the  

h a rd n e ss  and  m odu lus  of different phases  conta ined  w ith in  one  specim en  of the  m ateria l  each 

of which m ay be m icrons  in size. (Oliver & P harr  1992]

5.1.4 Sample Preparation

The re q u ire m e n t  to apply  such small inden ts  to a surface  accura tely  necess i ta tes  very  careful 

p re p a ra t io n  of the  m ateria l  surface. It is requ ired  to  be flat and  also have a ve ry  low surface 

roughness .  The lo w er  the  surface  ro ughness  the  m ore  accura te  the  Nano inden ta t ion  results  are  

likely to be. Sam ples usually a re  req u ired  to be first sec tioned  and  m o u n ted  in resin. They are  

then  g round  using varying g rades  of w e t  Silicon Carbide p a p e r  using a final g rade  of  P800 o r 

P1200 grit. They  a re  th en  polished  flat using 6 m icron d iam ond  and  finally 1 m icron  d iam ond 

grind ing  pas te  on soft cloths in a clean en v iro n m en t  free from con tam ina tion . (Oliver & Pharr  

1992]

5.1.5 Principle of Nano Indentation

T here  a re  tw o  basic m e thods  of Nano indenta tion , load control and  d isp lacem en t control.

The g raph  in (Figure 19] is typical of the  one  p roduced  by a N ano-indentor. Load is displayed on 

the  vertical y axis while  d isp lacem en t is p lo t ted  on the  horizonta l x-axis. The elastic m odulus  is 

the  s lope of the  initial po rtion  of the  un loading  curve which  is dP /d h .
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Figure 19. Example of a typical graph produced by the Nano-indentor

The downward application o f the indentor into the specimen corresponds to the upswing o f the 

graph. The upward retraction o f the indentor from the specimen corresponds to the downswing 

o f the graph (O liver & Pharr 1992].

5.1.6 Types of indentor used in Nano indentation

A variety o f indenters used in nanoindentation testing are made of diamond. This is to assure 

that its high hardness and elastic modulus m inim ize the contribution to the measured 

displacement from the indenter itself. There are flat punches, spherical indenters (b lunt 

indenters) and pyram id indenters (sharp indenters). The most frequently indenter used in 

nanoindentation testing is the Berkovich indenter, a three-sided pyram id w ith  the same depth- 

to-area relation as the four-sided Vickers pyram id used in micro-hardness. The Berkovich 

geometry is preferred to the Vickers because a three sided pyram id can be ground to a point, 

maintaining its self-sim ilar geometry to very small scales. Figure 20 shows a sketch of the 

Berkovich indenter.

N 9no Indenter'XP

Figure 20. MTS Nanoindenter, Tennessee, USA. Berkovich indenter.
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5.1.7 Measurement of hardness and Elastic Modulus

Figure 21 be low  show s the con tac t profile u n d e r  m axim um  loading and  m axim um  un loading  

with  a sh a rp  indenter .

S u rfa c c  p to filc  a i lc t  
c o in p k tc  iuil(vading

In ituil surt'acc
ItxJentcf

Figure 21. Contact profile under maximum loading and maximum unloading with a sharp 

indenter.

The key quan t i t ie s  from a nano in d en ta t io n  te s t  a re  the  peak  load, Pmax, th e  d isp lacem en t  a t  peak 

load, hmax, the  final con tac t depth, hf, the  contact a rea, Ac and  the  initial un loading  contact 

stiffness, S=dP/dh, th a t  is, the  slope of the  initial portion  of the unloading  curve.

As the  in d e n te r  is driven  into the  material, both  elastic and plastic  p rocesses  occur, resu lting  in 

a h a rd n e ss  im press ion  th a t  conform s to th e  sh ap e  of th e  in d e n te r  to som e con tac t dep th ,  he. As 

the  in d en te r  is w ith d raw n , only the  elastic port ion  of the d isp lacem en t is recovered , which 

effectively allows one to s e p a ra te  the  elastic  p ro p e r t ie s  of the  m ateria l  from the  plastic.

5.1.8 Viscoelasticity

A Visco elastic m ateria l  is one  w h e re b y  the  m ateria l exhibits  a t im e  d e p e n d e n t  elastic  response . 

Many biological m ateria ls  would  exhibit Visco elasticity. A good exam ple w ould  be hum an  

muscle w h e re  if for exam ple  a sam ple  of muscle  is sub jec ted  to  a fixed tensile  o r  com press ive  

load in a Mechanical tes t ing  m achine  it will deform  differently  depend ing  on th e  ra te  a t  which 

the  s t ra in  is applied  [i.e. s tra in  ra te  sensit ive o r  d ep en d en t)  u n d e r  the  applied  load. Therefo re  

with a biological m ateria l such as bone  th e re  will be plastic an d  elastic de fo rm ation  bu t  the 

m easu re  p ro p e r t ie s  will d e p e n d e n t  on h o w  fast you app ly  the load, in o rd e r  to obtain  th e  elastic
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modulus [stiffness] of the material w e will need to measure only the elastic response of the 

materio/. (Oliver & Pharr 1992)

5.1.9 Aim of Study

The aim of the study was to investigate the mechanical characteristics of newly formed bone by 

using a novel method to assess the process of osseointegration.
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Materials and Methods

5.2.1 Experimental Animals:

The protocol followed w as in accordance  w ith  the  anim al re search  policies of the  D ep a r tm en t  of 

Health and Children in Ireland. Ten, s ix-m onth  old w hite  rabb its  w e re  used in this study. The 

rabb its  w eighed app rox im ate ly  2kg each. Rabbits w e re  housed  in g roups  of tw o  in the  animal 

house , B ioresources units, Trin ity  College Dublin. All rabb its  w e re  given free access to food 

( lab o ra to ry  chow) an d  w a te r  a t  all times. The anim al holding facility w as on a tw elve  h o u r  

l ig h t /d a rk  cycle and  the  room  te m p e ra tu re  w as  kep t  b e tw een  20 and  23-C.

Each animal received bo th  t r e a tm e n t  g ro u p s  in the right o r  left femur. One fem ur received a 

sub-periostia l  im p lan t  (G l)  th a t  w as fixed to  the bone  using fixation screws. The o th e r  fem ur 

received a sub-per ios t ia l  im p lan t  u sing a t rough  (G2) (bed) p re p a re d  in the  bone  a rea  as well as 

m icrom in ip lan t  fixation (Table 24). The length of the  im plan t  w as  2 .5m m  an d  the  thickness 

1m m  (Figure 12). Only the  m iddle  p a r t  of the  im plan t w as  evaluated . A license to perfo rm  the  

s tudy  w as  ob ta ined  (Appendix II).

Table 24. Experimental Group Distribution According to Im plant Site.

Rabbits

No.

1 2 3 4 5 6 7 8 9 10

Right Gl G2 Gl G2 Gl G2 Gl G2 Gl G2

Left G2 Gl G2 Gl G2 Gl G2 Gl G2 Gl

Gl; Group 1. G2; Group 2.

5.2.2 Surgical Procedure

A nesthesia  w as achieved  w ith  a 1:1 m ix tu re  of xylazine hyd roch lo r ide  (2% ) and  ke tam ine  a t  a 

dose of  0.15 m l /1 0 0  g, I.M. The skin of  th e  hind legs w as  shaved  and  sp ray ed  liberally with 

70%  alcohol. The m edial p a r t  of both  fem ur w ere  exposed  via a skin incision and  careful 

subperio s tea l  dissection. To facilitate la te r  p rec ise  im plan t  localisation, a sign w as  m ad e  in the  

bone  surface using a burr .  The com m ercially  available t i tan ium  im plan t  w as  placed 

unam biguously  accord ing  to  th e  previously  m ade  localisation sign w ith  com ple te  congruence
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with bone surface. One implant was placed on each femur. Perforations in the underlying 

cortex w ere  made with a 1-mm burr  and the implant was fixed with two 5-mm fixation screws 

and sutured as previously describe (Figure 12]. A similar procedure was performed a t the 

contralateral femur and trough was made and used as a rest for the titanium implant without 

using any screw. The periosteum and muscular layers were repositioned and sutured. The 

skin flaps on both sides were then su tured using 3.0 black silk interrupted  su ture and complete 

wound closure was achieved. Immediately after the surgical procedure, a single intramuscular 

injection of oxytetracycline [50mg/Kg] (Aldrich Chemical Company, Inc., Milwaukee, WI, USA) 

was administered to each rabbit.

Figure 22. Subperiosteal dissection of rabbit hind leg (left) followed by placem ent of the implant 

(right).

Each rabbit was monitored closely postoperatively and antibiotics (Gentamicin, 0.05ml/kg] 

w ere  adm inistered intramuscularly once daily for 5 days. Analgesia was administered pos t

operatively and subsequently as necessary. For the duration of the recovery period, animals 

w ere  housed in the Bioresources unit under veterinary supervision. One animal died during the 

healing period.

Following the 3-month healing period, the animals were sacrificed by intravenous injection of 

200mg/Kg of phenobarbitone. Each titanium plate was resected along with the surrounding 

bone from each femur using a disc (Superlex®, Edenta AG, Switzerland) mounted in a straight 

hand piece at 100 round per second using w ater as coolant
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5.2.3 Dehydration and embedding procedures

The dehydration and embedding procedures are in accordance with the protocol used at the 

Royal College of Surgeons in Ireland. It was described in details by O'Brien (2000) and O’Reilly 

( 2002 ).

5.2.4 Dehydration procedure

Before embedding, a block of bone containing the mini-implant and about 5mm of the 

surrounding bone was obtained for each experimental site. The soft tissue surrounding the 

femur was completely removed using a scalpel with a num ber 15 blade. The bone specimens 

w ere  then dehydrated. Each specimen was first completely immersed in a vial containing 80% 

ethanol for four days. The 80% ethanol solution was then changed with 95% and 100% ethanol 

respectively for one day each. A fresh solution of 100% ethanol was applied for one more day. 

Finally the specimens were immersed in acetone for two days.

5.2.5 Embedding Procedure

All femurs were separately embedded in a methylmethacrylate polymer (MMA) (Sigma- 

Aldrich). The MMA consisted of a m onom er (pure methylmethacrylate), a softener (dibutyl 

phthalate) and a catalyst (benzoyl peroxide). The softener was added to the m onom er to avoid 

brittleness of the finished polymer while the catalyst causes the solution to polymerise when 

the tem perature  is increased. The solution was made up using the following protocol (O’Brien 

2000): methylmethacrylate 200ml, dibutyl phthalate 50ml and benzoyl peroxide 7g. Each 

femur block was placed in a separate vial and infiltrated with the MMA solution at room 

tem perature  under vacuum desiccation (50mm Hg) over a period of three days. The polymer 

was changed with fresh MMA solution daily. They were then placed into an oven a t 55°C for 

four days to polymerize.

5.2.6 Preparation of the ground sections

A cut was made vertically through the centre of the experimental site using the Minitom® 

(Struers, Copenhagen, Denmark) and the block was sectioned in half. One block was used for the 

histology in study 2 as discussed before and the other one was used for the nano indentation
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(Figure 23). Before placing the em bedded blocks into the nanoindentor the surface was 

polished using a silicon polishing paper (800 grit) and 2 diamond polishing discs. Final 

smoothness was 1 micron. Each em bedded block had to stay in the nanoindentor for 17 hours.

A

B

C

Figure 23. Embedded blocks (A,B,C)

Recreation models were used to examine the effect of area, animal and interaction betw een area 

and animal for both hardness and models of elasticity. We test the bone at a low strain rate that 

removes the viscoelastic effect. We indent 3 times to ensure that any perm anen t plastic 

deformation has occurred. Therefore, on the third indent, it is only elastic deformation that  is 

occurring and therefore we get the most accurate m easure of elastic modulus. Proof that  it is

V
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only measuring the elastic response is shown by the fact that on the third application of the load 

there  is no hysteresis on the loading and unloading curves [ie. they travel up and down the 

same path](01iver & Pharr 1992],

5.3 Measurements

Parameters for Nanoindentation tests on bone in this s tudy were as follows. A load of 50 mN 

was applied 3 times consecutively at each indent location using a Berkowitz indentor. Elastic 

Modulus and hardness  were taken from the last unloading curve on each sample. The reason for 

applying the load 3 times is to remove the viscoelasticity effect. You will observe the hysteresis 

getting smaller with each indent. This load of 50 mN produced a depth of approx 1800 nm or 1.8 

microns.

Nanoindentation is a novel way of looking at the process of osseointegration and testing the 

mechanical characteristics of newly formed bone. These properties were tested in 12 sites. 4 

"internal” sites, 4 "peripheral" sites and 4 "new bone” sites. (Figure 24). A regression analysis 

was used to analyse the data.

Figure 24. Measurement sites for osseointegration in newly formed bone.
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Thickness of the plate; 1mm. Length of the plate; 2.5mm. Distance A =0.8mm ,B=0.4mm , 

m easurem ents were made contiguous to the titanium as well as 0.4mm from into the newly 

form bone on the external surface on the plate. The m easurem ents were made at 4 points 

0.8mm apart  along the length of the plate

5.4 Results

The mean value for hardness and modulus of elasticity for three areas tested are displayed in 

table 25 and 26 respectively.

Table 25. Mean values of Hardness and Module of elasticity for the 3 areas in GPa (Giga Pascals]

New Bone Peripheral Bone Internal Bone

Mod. of Elast. 33.2 GPa 32.5 GPa 38.9 GPa

Hardness 0.44 GPa 0.63 GPa 0.80 GPa

Table 26. Mean values (GPa) of Hardness and Module of elasticity for the 9 animals.

1 2 3 4 5 6 7 8 9

MofE 27.2 36.1 36.2 38.5 34.7 27.0 32.5 42.5 38.5

Hard. 0.6 0.8 0.7 0.7 0.6 0.5 0.6 0.6 0.7

In the effects test for both measurements, the bone internal to the plate showed an appreciably 

higher value. Both effects studies [area and animals) were significantly different for both area 

and animals [Table 27 and 28).

Table 27. Effects test for Module of elasticity

DF F Ratio Probability

Area 2 25.9 <.0001

Animal 8 18.9 <.0001

Area/Animal 16 4.7 <.0001

Table 28. Effects test for Hardness

DF F Ratio Probability

Area 2 107.9 <.0001

Animal 8 9.2 <.0001

Area/Animal 16 5.9 <.0001
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5.5 Discussion

It was our intention to investigate the possibility of superficial titanium osseointegration and 

assess the quantity of newly formed bone around rough surface titanium subperiosteal implants 

that could be used in the future as par t  of a subperiosteal mesh.

The changes occurring during maturation of the rabbit cortical bone were detected using the 

nanoindentation technique. It was dem onstrated that  although integration of the miniplates to 

the rabbit femur bone was achieved and a significant am ount of bone was formed over the 

plates in a period of 3 months, the mechanical properties of the newly formed bone measured at 

the microstructural level were inferior to the m ature cortical bone below the plate.

When placing a subperiostal implants, it is expected that only a small am ount of bone will be 

covering them compared to the standard endosseous implants. This lack of "quantity” of bone 

makes the mechanical properties or else "quality" of bone surrounding these implants more 

important. It seems that Smonths of healing is not enough to achieve optimal integration and 

bone m aturation around these implants. As there is enough evidence to support that 

nanoindentation techniques accurately measure time dependent properties of bone, a potential 

direction for future research would be to measure the maturation of cortical bone around a 

similar sub-periosteal implant over time (Isaksson et al. 2010). Thus it may be possible to 

identify the most appropriate  time for loading as well as the long term  effect that this loading 

may have.

Both models of elasticity and hardness were found to be g reater within established bone than 

the newly formed bone. This result may be a reflection of the observation of the value, and may 

be not different if viewed over a longer time.

Although histomorphometric analysis has been the gold standard  way of measuring the 

quantity of osseointegration, nanoindentation was recently introduced as a reliable way of 

measuring the biomechanical properties of bone tissue around implants. A multimodality 

experimental approach was used in our study combining nanoindentation m easurem ents with 

histology. The m easurem ents were made contiguous to the titanium plate as well as into the 

newly formed bone on the external surface on the plate 12 weeks after the insertion of the plate. 

Vayron e t al. 2012, investigated the evolution of the hardness and indentation modulus of newly 

formed bone tissue as a function of healing time .They used a sample of 3 titanium coin shaped
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implants which w ere  placed in 3 rabbits and they performed both histological and 

nanoindentation tests at 4, 7 and 13 weeks. The results from Vayron et al. 2012, dem onstrated  

that the biomechanical properties of newly formed bone w ere  different from those of m ature 

bone tissue which is in agreem ent with our study.

In another recent animal study by Jimbo et al. 2012, 10 threaded implants were placed in 10 

rabbits in order to examine the effect of nanoscale hydroxyapatite (HA)-coated implant surface 

on osseointegration after 3 weeks of healing. These implants w ere  compared to 10 o ther 

implants (grit-blasted, acid etched and heat treated). While both implants showed similar BIC 

the nanoindentation was sensitive enough to demonstrate  the tissue quality was significantly 

enhanced around the HA -  coated implants.

Baldassarri et al. 2012, evaluated the long term  evolution of the elastic modulus and hardness of 

cortical bone around human retrieved plateau root formed implants. 30 implants were 

retrieved after 0.3 to 24 years under functional loading. Both hardness and elastic modulus 

presented increased values as time after implant installation increased but remained stable 

after 5 years from installation.

The study herein adds to the existing body of evidence and dem onstrates tha t  the 

nanoindentation method can offer valuable insight into the elastic properties of the 

microstructural component of bone. Properties measured by this technique could prove useful 

in the development of theoretical micromechanical models and in finite element modelling. 

Thus, nanoidentation characterization of the mechanical properties of bone at the 

macrostructural level could provide information useful in understanding the complex biological 

and cellular mechanisms that take place around titanium implants.

The limitations of this study in relation to the impact of the embedding material on the results 

may relate to the effect of nano-indentation on the embedding material itself. However, this 

factor was common to all of the modalities used.

5.6 Conclusion

Nanoindentation may provide a valuable asset in the assessm ent of the mechanical aspect of 

bone formation in proximity to implant versus design and characteristics.
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Chapter 6

Study 4: A study investigating the amount of bone formation 

around a novel rectangular plateau design mini implant as 

part of a sub-periosteal framework for dental anchorage in

areas of deficient bone.
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6.1 Introduction

6.1.1 Implant morphology

Through pioneering work lead by Branemark [Branemark et al. 1969), Screw root formed [SRF) 

titanium endosseous dental implants came to prominence and have been in use for nearly four 

decades. Long-term follow up studies showing positive implant osseointegration further 

boosted the use of SRF endosseous implants by the dental community (Adell et al. 1981, 

Branemark et al. 1977), with the result that Branemark’s cylindrical threaded design was 

formally accepted by the American Dental Association in 1986, as the pre-em inent morphology 

for endosseous dental implants.

In addition to SRF endosseous implants, a num ber of o ther dental implant designs (endosseous 

and non-endosseous) have been employed. Non-endosseous implants including subperiosteal, 

ramus frame and fibre mesh designs are now largely obsolete. Endosseous implants of varying 

design and morphology as well as a variety of non-root form and root form designs have been 

developed (Albrektsson & Sennerby 1991, Balkin 1988) however, most if not all of these 

systems have been surpassed by SRF design endosseous implants. In the light of improved 

implant success criteria, the validity of some of the early implant data is questionable. Often , 

implant survival rates have been misconstrued as implant success rates, resulting in misleading 

data as to the efficacy of some early implant systems (Albrektsson & Sennerby 1991).

6.1.2 SRF and PRF endosseous implant designs

The SRF endosseous dental implant has evolved to become the most commonly used implant 

morphology and is used by prom inent international dental implant brands, including Nobel 

Biocare, 3i Implant Innovations, S traumann and Astra Tech. In comparison, the PRF (plateau 

root formed) dental implant is less commonly used, with earlier PRF variants such as the Core- 

Vent Microvent (Core-Vent Corp) and Miter 2000 (Miter, Inc) becoming obsolete (Chess 1990). 

At present, the PRF design is employed by the Bicon dental implant (Figure 25).

Vehemente e t al. (2002) report an overall survival rate of 90% in Bicon dental implants after 5 

years. The au thors suggest that  the Bicon dental implant has similar overall survival rates when 

compared with o ther current implant systems. However, the authors concede that  the limited
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published literature documenting the clinical use and success of Bicon implants is not ideal for a 

complete assessm ent of its success.

Figure 25. Bicon dental implant with conventional PRF morphology (external octagon variant 

w ithout sloping shoulder).

6.1.3 Implant stability

it has been shown that SRF implant thread morphology has a direct impact on stability of the 

implant (Carlsson et al. 1988, Gotfredsen et al. 1992]. Indeed, Steigenga et al., (2004] 

emphasises the importance of thread shapes which improve implant stability as they reduce the 

num ber and duration of implantation techniques, in a rabbit study, the team examined SRF 

implants exhibiting three differing thread morphologies (v-shaped, square shaped and reverse 

buttress). The team studied BIC (histological analysis] and reverse torque testing (RTT] values 

of the implants a t 3 months, and observed significantly greater bone-implant integration and 

RTT values for the square thread design implants, concluding that square threads encouraged 

improved early bone healing and implant stability. However, the experim ent neglected to 

m easure implant stability at insertion in order to establish prim ary stability.

Due to different morphology, the PRF dental implant has a reduced primary stability due to a 

limited interference fit (Chess 1990]. The primary stability or RTT values of PRF implants are 

difficult to assess due to the lack of available data in the literature.

6.1.4 Bone Healing

Comparing SRF and PRF implants in terms of long-term success is ham pered by limited 

scientific data. In Lemons’ studies (Lemons 2002, Lemons 2004], observations about peri- 

implant bone healing are based on explanted human SRF and PRF implants in clinical function 

for over a year. Although the explants provide scientific evidence for that length of time, one
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can only speculate as to the long-term function and properties of the peri-implant bone in these 

cases.

The early bone healing period already discussed above, is affected by elevated fracture healing 

in protected blood-clot filled bone spaces, m em brane protected bone defects and experimental 

implant designs (Buser et al. 2004, Cardaropoli et al. 2003, Hollinger & Wong 1996). In term s of 

SRF implants, Berglundh et al. (2003) and Buser et al. (2004) have described 

in tram em braneous formations of woven bone in large experimental wound compartments. 

These publications describe the different bone healing patterns in ‘contact’ and ‘contact-free’ 

regions surrounding an implant. However, little or no data exists on bone healing kinetics or 

biomechanical properties for PRF implants. Some histological analysis detailing the dynamics of 

early bone healing in HA coated PRF implants has been published in recent years (Coelho & 

Sukuki 2004, Coelho & Suzuki 2005). However, the study does not make reference to the actual 

kinetics of the osseointegrative process.

6.1.5 Microscopic analysis of peri-implant bone healing

Light microscopic analysis of undecalcified sections facilitates the visualisation of peri-implant 

bone healing. It is possible to discriminate between mineralised and non-mineralised 

connective tissue (Masuda et al. 1998). Quantatative data can also be gained through this 

technique, through analysis of different param eters  at the bone-implant interface and in the 

surrounding peri-implant bone. These param eters include bone-to-implant contact (BIC), 

mineral apposition rates (MAR) and bone area fraction occupancy (BAFO). The quality and 

reliability of both qualitative and quantitative analyses depend heavily on sample preparation 

and the expertise of the analyst viewing the sections (Pazzaglia et al. 1994).

6.1.6 Bone to implant contact (BIC)

The process of osseointegration is characterised by a direct structural and functional connection 

between ordered  living bone and the surface of an implant, without intervening fibrous tissue 

(Branemark e t al. 1985). The degree of BIC is reliant on implant composition and surface 

characteristics, host species, surgical site and technique, loading conditions and time 

(Albrektsson & Sennerby 1991, Masuda et al. 1998). Historically, BIC has been measured 

histomorphometrically or radiographically. BIC can been assessed through different 

methodologies including ‘best th read ’ data (W ennerberg et al. 1996), average BIC per thread.
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an d  total BIC contact as a p e rcen tage  of total im plan t surface, so com parison  of resu lts  is often 

difficult (Gotfredsen e t  al. 1992, W e n n e rb e rg  e t  al. 1996).

Roberts  advocates  high reso lu tion  m ic ro rad iog raphy  over light m icroscopy  as the m o s t  accura te  

m e thod  for assessing  BIC (Roberts  e t  al. 1987). However, o the rs  have challenged the  validity of 

rad iograph ic  studies, based  on re se rva tions  a b o u t  th e  reso lu tion  limits of rad iog raphy  in 

a ssess ing  osseo in tegra tion  (Pazzaglia etal.  1994, Sykaras e ta l.  2004).

The adv en t  of microfocus co m p u te r ised  tom o g rap h y  (micro-CT) b ro u g h t  forw/ard the  th ree  

d im ensiona l charac ter isa t ion  of b one-im p lan t  s t ru c tu re s  [Van O ossterw yck  e t  al. 2000). This 

te chn ique  has detailed  sim ilar  resu lts  for overall bone  s truc tu re ,  a l though micro-CT has 

advan tages  which include increased  speed  of data  requisition , reduced  a r te fac t  genera t ion  and 

minimal invasiveness. F u r the rm ore ,  they  rep o r ted  th a t  micro-CT does no t p roduce  significant 

artefacts .

Johansson  & A lbrektsson (1987) s tud ied  the  s truc tu ra l  a t t r ib u te s  of increased  BIC in rabb it  

femur. Using t i tan ium  SRF implants, analysis of RTT to g e th e r  w ith  histological analysis 

revealed  increased  RTT values w ith  increased  BIC for im plan ts  up to  one y ea r  old. However, 

da ta  from o th e r  s tud ies  failed to  su p p o r t  th is  obse rva tion  [Gotfredsen et al. 1992).

In 2009, Leonard and  co -w orkers  designed  a s tu d y  to pe rfo rm  histological com parison  of the 

bone  healing p rocess  a ro u n d  PRF and SRF im plan ts  over the  m o s t  dynam ic  period  of peri- 

im plan t bone  healing (first th ree  m on ths  p o s t  p lacem ent)  in o rd e r  to o b se rv e  if bone  healing is 

significantly d ifferent for PRF and SRF implants. The resu lts  indica ted  a com parab le  

dev e lo p m en t  of secondary  stability  for both  PRF and  SRF im p lan t  designs bu t also highlighted 

the p ro m in e n t  role of w oven  bone  (callus) in the  bone  healing  process  a ro u n d  PRF implants. 

They concluded the  p o o r  loading capacity  of im m atu re  w oven  bone  m akes  PRF im plants 

unsu itab le  for early  loading.

6.1.7 Aim of Study

To s tu d y  a novel design PRF (p la teau  rec tangu la r  form ed)  m in i- im plan t  w ith  a v iew to using 

such an im plan t  to  a n ch o r  a sub -per ios tea l  f ram ew ork  as a p a r t  of a novel m e th o d  of dental 

anchorage  in a reas  deficient o f bone.
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6.3 Materials & Methods

6.3.1 Experimental Animals

The protocol followed w as  in acco rdance  with the  anim al re search  policies of the  D ep a r tm en t  of 

Health and  Children in Ireland. Six, s ix-m onth  old w h ite  rabb its  w e re  used  in this study. The 

rabb its  w eighed  app ro x im a te ly  2kg each. Rabbits w e re  housed  in g roups  of tw o in the  animal 

house, B ioresources  units. T r in ity  College Dublin. All rabb its  w e re  given free access to  food 

( labo ra to ry  chow] an d  w a te r  a t  all times. The an im al holding facility w as  on a tw elve  hour  

l ig h t /d a rk  cycle and  th e  room  te m p e ra tu re  w as kep t  b e tw een  20 and  23-C.

Each anim al received a m in i- im plan t  in the right and  left femur. A license to perfo rm  the  s tudy  

w as ob ta ined  (Appendix II).

6.3.2 Dimensions o f the mini-implant

The coronal p la teau  of the  im p lan t  (1m m  height, 7m m  length and  3.5 m m  w id th )  w ould  s tay  

supra-cres ta l ly  and  w ould  ac t as a "stop" which w ould  allow only the  body of the  im plan t (4m m  

height, 5m m  length and  2.5m m  w id th )  to su b m erg e  into the  bone. The size of the  3 p la teaus on 

the  apical a rea  of the  body of the  im plan t  w e re  0 .5m m  (Figure 26).

Figure 26. Example of Mini-implants
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6.3.3 Surgical Procedure

A nesthesia  w as  achieved w ith  a 1:1 m ix ture  of xylazine hydroch lo r ide  (2% ] and  k e tam ine  a t  a 

dose  of 0.15 m l /1 0 0  g, l.M. The skin of  the  hind legs w as  shaved  and  sp rayed  liberally with  

70%  alcohol. The m edial p a r t  of both  fem ur w e re  exposed via a skin incision and  careful 

subp er io s tea l  d issection  (Figure 27]. To facilitate la te r  p recise  im plan t  localisation, a sign w as 

m ad e  in the  b o n e  surface  using a burr .

Figure 27. Preparation of the femur bone for im plantation of the mini-implant.

The m in i- im plan t  w as placed unam biguously  accord ing  to  the  prev iously  m ade localisation sign 

w ith  com ple te  congruence  w ith  bone  surface. One m in i- im plan t  w as  placed on each femur. The 

size of the  o s teo to m y  w as  (4m m  deep, 5 ,5m m  long and  3m m  wide). The mini im plan t  w as press  

fitted into the  o s teo to m y  until the  coronal p la teau  res ted  uniform ly  on the  c res t  of the  bone  

a ro u n d  the  o s teo to m y  (Figure 28). The p e r io s teu m  and  m uscu la r  layers w e re  reposit ioned  and 

su tu red .  The skin flaps on bo th  s ides w e re  then  su tu re d  using 3.0 black silk in te r ru p te d  su tu re  

and  com plete  w o u n d  c losure  w as  achieved. Im m edia te ly  af te r  th e  surgical p rocedure ,  a single 

in tram u scu la r  injection of oxytetracycline (50m g/K g) (Aldrich Chemical Company, Inc., 

Milwaukee, WI, USA) w as  a d m in is te red  to each rabbit.
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Figure 28. Placem ent of the m ini-implant in the femur.

Each rabbit was monitored closely postoperatively and antibiotics [Gentamicin, 0.05ml/kg] 

were administered intramuscularly once daily for 5 days. Analgesia was administered pos t

operatively and subsequently as necessary. For the duration of the recovery period, animals 

were housed in the Bioresources unit under veterinary supervision.

Following the 3-month healing period, the animals were sacrificed by intravenous injection of 

200mg/Kg of phenobarbitone. Both femurs were resected 5mm mesially and distally from the 

end of the mini-implant using a disc (Superlex®, Edenta AG, Switzerland] mounted in a straight 

hand piece at 100 round per second and using w ater as coolant.

6.3.4 Dehydration and embedding procedures

The dehydration and embedding procedures are in accordance with the protocol used at the 

Royal College of Surgeons in Ireland. It was described in details by O’Brien (2000] and O’Reilly 

(2002].

6.3.5 Dehydration procedure

Before embedding, a block of bone containing the mini-implant and about 5mm of the 

surrounding bone was obtained for each experimental site. The soft tissue surrounding the 

femur was completely removed using a scalpel with a num ber 15 blade. The bone specimens 

were then dehydrated. Each specimen was first completely immersed in a vial containing 80% 

ethanol for four days. The 80% ethanol solution was then changed with 95% and 100% ethanol

128



respectively for one day each. A fresh solution of 100% ethanol was applied for one more day. 

Finally the specimens were immersed in acetone for two days.

6.3.6 Embedding Procedure

All femurs were separately em bedded in a methylmethacrylate polymer [MMA] (Sigma- 

Aldrich]. The MMA consisted of a m onom er (pure methylmethacrylate], a softner (dibutyl 

phthalate) and a catalyst (benzoyl peroxide]. The softener was added to the m onom er to avoid 

brittleness of the finished polymer while the catalyst causes the solution to polymerise when 

the tem pera tu re  is increased. The solution was made up using the following protocol (O’Brien 

2000): methylmethacrylate 200ml, dibutyl phthalate 50ml and benzoyl peroxide 7g. Each 

femur block was placed in a separate vial and infiltrated with the MMA solution at room 

tem perature  under vacuum desiccation (50mm Hg] over a period of three days. The polymer 

was changed with fresh MMA solution daily. They w ere  then placed into an oven at 55°C for 

four days to polymerize.

6.3.7 Preparation of the ground sections

In order to obtain three sections of 150-200|im thickness from each experimental site, the 

em bedded blocks were mounted on a diamond saw (Minitom®, Struers, Copenhagen, Denmark) 

to obtain a thickness of approximately 300|im. The mini-implant sites were oriented so that the 

diamond saw was parallel to the experimental site and perpendicular to the femur. The cuts 

were made vertically through the centre of the experiment site. Three sections (300|im 

thickness) were obtained, one mesial, one central and one distal to the central specimen (Figure 

29).

Each section was placed over a sheet of no. 400 silicon carbide paper (Wet and dry, w aterproof 

abrasive paper®, D O’Sullivan & Company Ltd, Cork, Ireland). Another piece of carbide paper 

was w rapped  around the glass slide and the section was manually ground down under running 

water. The thickness was checked regularly using a m icrom eter screw until the thickness of 

150-200|im was obtained. Specimens w ere  washed using tap w ater  and placed in a test tube 

and washed with distilled water. Specimens were then dried using paper and mounted on glass 

slides using mounting medium DPX® (Eukitt’s mounting medium, Germany) under a glass cover 

slip.
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Figure 29. Sectioning of the ground sections.

6.3.8 Histological Examination of the Ground Section

The histological slides were magnified under a light microscope by 12.5 times and the images 

w ere captured with an Optronic CCD digital Microscope camera. Analysis software (Scion 

Image Beta 4.02 Win, from Scion PCI Frame Grabber boards] was calibrated to present all the 

m easurem ents from the histological slides in millimeters.

6.3.9 Measurements

Twelve mini-implants were evaluated and a linear m easurem ent of percentage of bone in direct 

contact (BIC) with the body of the mini-implant was made (Table 29). Since the coronal plateau 

of the mini-implant was covered by the periosteum we also wanted to see if it would be 

surrounded  by bone as the miniplates did in the study 3.
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6.4 Results

M easurement analysis; Depending on the angulation of the cut during the preparation of the 

ground sections, the length of the body of mini-implant would range from 9.8mm to 10.98mm. 

Linear m easurem ent of implant length, new bone formation and bone implant contact was 

expressed as mean (±SD] (Table 30).

Table 29. Linear m easurem ent of bone in direct contact with the implant surface (BIC).

Sample Number
Implant Length 
(mm) BIC in (mm)

Bone Implant Contact 
(BIC%)

1 10.04 5.06 50.3
2 10.08 4.4 40.7
3 10.78 4.59 42.5
4 9.8 5.26 53.6
5 10.09 5.37 53.2
6 10.71 5.09 47.5
7 10.01 5.32 53.1
8 10.03 5.28 52.7
9 10.77 5.22 48.4

10 10.81 4.42 40.8
11 10.92 5.33 48.8
12 10.01 4.43 44.2

Table 30. Mean and Standard Deviation of Linear m easurem ent of bone in direct contact with the 

implant surface

Implant Length 
(mm) New Bone Formation (mm)

Bone Implant Contact 
(BIC%)

Mean 10.3975 4.9808 47.9833
Standard
Deviation 0.4267 0.3976 4.886

6.5 Discussion

This study aimed to investigate a novel design of rectangular mini-implant with a view to using 

such implant to anchor part of a sub-periosteal framework for dental anchorage in areas of 

deficient bone.
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In the  p re s e n t  study, osseo in tegra tion  did occur. The p e rcen tage  of bone  in d irec t con tac t  w ith  

the  im p lan t  surface (BIC) w as found to  be a round  50%. This is significantly lo w er  th an  the  

o sseo in tegra tion  (BIC] observed  in s ta n d a rd  ti tan ium  im plan ts  which fort tu rn e d  im p lan ts  is 

usually over 60%  (A lberktsson 1993). The possible explanation  m ay be th a t  the  th ickness  of 

the  cortical p la te  of the  rab b i t  fem ur is insufficient to  su p p o r t  com ple te  in teg ra tion  of the 

implant. This could lead to loss of b one  a t  the  cortical a lveo la r  m argin  during  the  healing and 

rem odeling  stage.

T here  w as  no significant difference in o sseo in tegra t ion  b e tw e e n  all im plants  and  a significant 

observa tion  is th a t  the sup ra-c res ta l  p la teau  of all 12 m in-im plan ts  w as  covered by a significant 

a m o u n t  of  bone  similarly  to m in ip la tes  in s tu d y  3.

in in te rp re t in g  the  resu lts  of this study, it is im p o r ta n t  to keep cer ta in  l im itations in mind. 

Rabbits m ay not resp o n d  the  sam e  as  hum ans, m aking  d irec t application  of the  resu lts  to 

hum ans , in approp r ia te .  A no the r  l im itation  re la ted  to th e  small n u m b e r  of an im als  used leads to 

a certa in  a m o u n t  of s tatistical uncerta in ty .

Bone m odelling  in th e  form of subperio s tea l  and endostea l  w oven  bone  w as  prev iously  rep o r ted  

to  occur a ro u n d  im plan ts  placed [Garetto  e t al. 1995). In th e  p re se n t  study, th e  newly form ed 

subperio s tea l  bone  w as  found to  cover the w hole  im plan t  and  ex tend  apically by varying 

am ounts .

This s tudy  on rabb its  w as  observational and  thus, did no t  in co rp o ra te  conventional im plan t 

design into th e  s tu d y  setup. As a result, d irec t  com parisons  can n o t  be m ade. In spite  of this, it is 

im p o r ta n t  to  no te  th a t  o sseo in tegra t ion  w as  observed  w ith  this im plan t  design.

6.6 Conclusions

As all im plan ts  healed  successfully and  bone  g rew  over  them , it s eem s th a t  th e se  small 

rec tangu la r  im plan ts  can significantly increase  the  bone  im plan t  contact. With the  he lp  of 

co m p u te r ised  to m o g rap h y  the  a reas  w ith  available bone  can be identified and  such a 

rec tangu lar  im p lan t  can be inco rpo ra ted  to  the  sub -pe r io s tea l  f ra m e w o rk  to  prov ide  additional 

support.
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General Discussion

Several grafting materials have been used over the years as space fillers in order to preserve the 

bone height and volume following tooth extraction. Although autologous grafts are universally 

considered as the gold standard for grafting materials in term s of osteogenic potential, they are 

prone to resorption (Wheeler 1997], Of the o ther materials used, forms of deproteinated bovine 

bone (cancelous, cortical or a mixture of both] w^ith or w ithout the use of the guided tissue 

regeneration technique would seem the m ost common (Araujo et al. 2008, Cardaropoli e t al. 

2005). In some of these studies, socket grafting had a favourable outcome, but in others the 

benefits were questioned. Although it has been dem onstrated  that  a deproteinized bovine bone 

xenograft (DBBX) promotes enough hard tissue formation in o rder  to maintain the 

dimensions/profile of the alveolar ridge, it was also observed that it delayed socket healing 

compared with the empty control (Araujo e t al. 2008, Araujo & Lindhe 2009). Of note in this 

study by Araujo & Lindhe (2009) is the observation that  the use of a m em brane alone can have 

effects similar to those observed when a combination of m em brane and a grafting materio/. 

This finding is in broad agreem ent with the Carmagnola et al (2003) human biopsy study, in 

which, after 4 months of healing, the bone maturation was more advanced in the extraction sites 

covered by a m em brane compared to the sites that w ere  grafted with Bio-Oss®.

It has been suggested by many authors that DBBX particles placed into bony defects fail to 

resorb  and remain as inert foreign bodies surrounded  by host bone (lezzi et al. 2008, Traini et 

al. 2008, Traini et al. 2007). On the other hand, others reported  that after months of healing, 

osteoclastic activity is seen in the particles and speculated that over time these particles 

remodel and new bone formed. However, it is acknowledged that this process is slow and 

according to (Tadjoedin et al. 2003) the replacement occurs at a rate of about 10% per year 

(Berglundh & Lindhe 1997, Hammerle et al. 1998, Htirzeler e t al. 1997, Klinge et al. 1992). DBBX 

seems to have good osteoconductive properties and this, in combination with its slow 

resorption, may be advantageous for contour preservation (Jensen & Sindet-Pedersen 1991, 

Traini et al. 2007). Heterogeneity in study design, for example, the use of different species, 

including humans, makes it difficult to d raw  firm conclusions from the above studies. In study 

herein in dogs, following an observation period of 6 months, DBBX (Bio-Oss®) particles were 

still evident, with little evidence of their replacem ent by bone.

The purpose of socket preservation, ridge augmentation and sinus grafts is to allow successful 

placement of implant fixtures. For this placement to be successful, enough osteogenesis is
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required a t  the implant interface so as to achieve a successful function [lezzi et al. 2008). It 

appears that, although DBBX particles may occupy a large area within augm ented bone, the 

graft material is not found in direct contact with the implant and so integration is not affected 

(Scarano et al. 2004, Valentini et al. 1998). Although a study herein did not show any advantage 

to using titanium granules over DBBX in preserving the alveolar ridge, promising 

osseoconductive properties were identified. Further studies are needed though in order to 

investigate the effect on integration of the use of titanium particles for bone preservation and 

their consequences for osseointegration.

As discussed above, it is common practice to a ttem pt preservation of the alveolar ridge after 

extractions. Unfortunately, this was not the case in the past and as a result a relatively high 

proportion of the elderly population have severe resorption. Several techniques have been 

developed to tackle the problem of atrophic jaws. However, no one technique can claim 

predictability and affordability over others in treating the majority of these patients. 

Subperiosteal, non-osseointegrated implants have been used in the past with limited success 

due to cum bersome techniques and less than optimal materials (Zwerger et al. 2007). With the 

advancem ent of material science and digital imaging, sub-periosteal implants, particularly when 

superficially osseointegrated, may provide a predictable and affordable solution for these 

patients (Aaboe et al. 2000, Sandner & Bloching 2009).

One of the possible advantages of sub-periosteal implants, apart  from perhaps financial 

considerations, is shorter  t rea tm ent time. There are limited available data that dem onstra te  

histologically the nature of bone covering these structures or any analyses of the quality of this 

bone or the evolution of its biomechanical properties. It is conjectured that  a better 

understanding and characterization of the histologic and biomechanical properties of newly 

formed bone around a subperiosteal structure may lead to a more accurate prediction of their 

success or failure. The results from the study herein demonstrate  significant differences in 

osseointegration together with differences in the am ount of bone covering the implants when 

these are placed on a trough ra ther  than just resting on top of the cortical bone. It may be 

advisable that  in the future, placement of subperiosteal implants should be preceded by 

preparation  of a m odest trough on the cortical bone, perhaps using a tem plate generated by 

scanning the jaws.

Although histomorphometric analysis has been the gold standard way of m easuring the 

quantity of osseointegration, nanoindentation was recently introduced as a reliable way of 

measuring the biomechanical properties of bone tissue around implants. A multimodality
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experimental approach was used in our study combining nanoindentation m easurem ents with 

histology. The m easurem ents  were made contiguous to the titanium plate as well as into the 

newly formed bone on the external surface on the plate 12 weeks after the insertion of the plate. 

Vayron et al. 2012, investigated the evolution of the hardness and indentation modulus of newly 

formed bone tissue as a function of healing time .They used a sample of 3 titanium coin shaped 

implants which w ere  placed in 3 rabbits and they performed both histological and 

nanoindentation tests at 4, 7 and 13 weeks. The results from Vayron et al. 2012, demonstrated 

that the biomechanical p roperties  of newly formed bone were different from those of mature 

bone tissue which is in ag reem ent with our study.

In ano ther recent animal s tudy by Jimbo et al. 2012, 10 threaded implants were placed in 10 

rabbits in order to examine the effect of nanoscale hydroxyapatite (HA)-coated implant surface 

on osseointegration after 3 weeks of healing. These implants were compared to 10 other 

implants (grit-blasted, acid etched and heat treated}. While both implants showed similar BIC 

the nanoindentation was sensitive enough to demonstrate  the tissue quality was significantly 

enhanced around the HA -  coated implants.

Baldassarri et al. 2012, evaluated the long term evolution of the elastic modulus and hardness of 

cortical bone around hum an retrieved plateau root formed implants. 30 implants were 

retrieved after 0.3 to 24 years under functional loading. Both hardness and elastic modulus 

presented  increased values as time after implant installation increased but remained stable 

after 5 years from installation.

The study herein adds to the existing body of evidence and dem onstrates that the 

nanoindentation method can offer valuable insight into the elastic properties of the 

microstructural com ponent of bone. Properties measured by this technique could prove useful 

in the development of theoretical micromechanical models and in finite element modelling. 

Thus, nanoidentation characterization of the mechanical properties of bone at the 

macrostructural level could provide information useful in understanding the complex biological 

and cellular mechanisms that  take place around titanium implants.

The remaining study herein was merely attem pted to develop a predictable method to 

increasing the (BIC] and as a result improve the long term  prognosis of the subperiosteal 

framework. Even in highly resorbed jaws islands of bone, sufficient to accommodate very small 

implants can occasionally be found, it was thought that  a plateau form (PF) endosseous dental 

implant may be the m ost appropria te  design and the easiest to incorporate into this titanium
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framework. Most of the existing implant systems employ a solid screw (SS] design which binds 

into the wall of an osteotomy site of narrower diameter resulting in a close contact between the 

implant threads and bone (Roberts et al. 1984], Plateau form (PF) endosseous dental implants 

differ from the screw design in having a series of separate fins along the bone interfacing 

portion of the implant. Plateau form (PF] implants are pushed into an osteotomy site of the 

same diameter with the implant. It has been advocated that PF implants provide a more 

functional load bearing surface for the efficient resistance and distribution of occlusal loads to 

the supporting bone (Morris & Ochi, 2000). The results of finite element analysis (PEA) studies 

have supported this theory (Rieger et al. 1989, Bozkaya et al, 2004).

In 2009, Leonard et al., designed a study to perform histological comparison of the bone healing 

process around plateau root form (PRF) and screw root form (SRF] implants over the most 

dynamic period of peri-implant bone healing (first three months post placement] in order to 

observe if bone healing is significantly different for PRF and SRF implants. The results indicated 

a comparable development of secondary stability for both PRF and SRF implant designs but also 

highlighted the prominent role of woven bone (callus] in the bone healing process around PRF 

implants.

The remaining study herein investigated the performance of a novel design plateau rectangular 

formed mini-implant with a view to using such an implant to further anchor a sub-periosteal 

framework. All implants integrated successfully and new bone formed over the 1mm thick 

supra-crestal portion of the implant. It seems that these small rectangular implants can 

significantly increase the bone implant contact of the sub-periosteal/plateau implant 

combination. In the future computerised tomography could be used to identify suitable areas of 

bone into which such implants could be incorporated so as to provide additional anchorage for 

the sub-periosteal framework.

General Conclusions

• Of the five modalities of ridge preservation techniques used in this study, no one 
technique proved to be superior. The titanium granules were observed to have 
promising osseoconductive properties.

• The results show that there is a significant difference between the amount of 
osseointegration as well as the amount of bone covering the titanium implants between 
the two treatment modalities. It seems that the sub-periosteal implants placed into a 
trough performed better than the ones placed on top of the cortical bone. Differences in
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the histological plate length due to differing orientation sections were factored into the 
statistical analyses and were found not to influence the results.

• As all small rectangular implants integrated successfully and bone grew over them, it 
seems tha t  these small rectangular implants can significantly increase the bone implant 
contact. With the help of computerised tomography the areas with available bone can be 
identified and such a rectangular implant can be incorporated to the sub-periosteal 
framework to provide additional support.
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CONDITIONS

(a) The experiments shall be performed only at the registered premises detailed overleaf and no other 
premises.

(b) A written record shall be kept of every experiment performed under this licence and such record 
shall be produced whenever required by the Minister or by an Inspector appointed under the said 
Act.

(c) A return shall be furnished to the Minister at such time or times as the Minister may require, in 
such form and containing such particulars as the Minister may direct, of all experiments performed 
under the said Act by the licensee.

(d) No experiments using curare, or agents having similar effects, may be performed without the 
special permission of the Minister,

(e) Only animals from breeding and supplying establishments registered by the Department o f Health 
may be used in animal experiments.

(f) Every person performing procedures on an animal must hold a valid licence

(g) All animals shall be provided vi t̂h housing, an environment, some freedom of movement, food, 
water and care which are appropriate to their health and well being.

(h) The environmental conditions in vi^ich animals are bred or kept shall be checked daily.

(i) The animals shall at all times be under the care and supervision of a competent person.

(j) A named competent person responsible for the establishment shall be entrusted vwth the task of
administering or arranging for the administration of appropriate care to the animals bred or kept in 
the establishment.

(k) Adequate arrangements shall be made for the provision of veterinary advice and treatment.

(I) Any restriction on the extent to which an animal can satisfy its physiological and ethologica! needs
shall be limited to the absolute minimum.

(m) The well being and state of health of the animals shall be observed by a competent person to
prevent pain or avoidable suffering, distress, or lasting pain.

(n) The registered place(s) shall be maintained substantially as at the time registration was granted
by the Minister.

(o) The registered place(s) shall be appropriately staffed at all times so as to ensure the we// being of
the animals.

(p) Practical arrangements must be made to provide for the care and welfare of animals at all times,
including the holiday periods.

(q) In any procedure, the degree of seventy imposed shall be the minimum consistent with the
attainment of the objectives of the procedure

(r) The licence holder shall ensure that detailed records are maintained of the source, use and final
disposal of all animals accommodated in the establishment for Scientific purpose and that these 
records are available for inspection by the Minister for Health or an Inspector appointed by the 
Minister.
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1.2P 25.355000 2.0191646
1,31 34 512000 2 2574946
2,IN 33 266600 2 0191646
2,2P 38 899600 2.0191646
2.31 36.188000 20191646
3,IN 35.086000 2.2574946
3.2P 29 230200 2.0191646
3,31 44 089600 2.0191646
4,1N 33.091200 2.0191646
4.2P 40 264000 20191646
4,31 42 093800 20191646
5.1 N 31 585800 20191646
5,2P 29 541500 2.2574946
5,31 41 927200 2.0191646
6,1N 27 898200 2.0191646
6,2P 23 728400 2.0191646
6,31 29 093400 2.0191646
7.1N 32470200 2.0191646
7,2P 27 256750 2.2574946
7,31 36 655800 2.0191646
8,1 N 49 507400 20191646
8,2P 36 009000 2.0191646
8,31 42.074000 2.0191646
9.1 N 33 091200 2.0191646
9.2P 40 264000 20191646
9,31 41.683500 1 8432366
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animal*Area 
Leverage Plot

70-1----------

1 0 - 1 — I— 1----------1— I— I— I— I— I-------- 1— 1—

25 30 35 40 45 50

animaPArea Leverage. P«.0001

Least Squares Means Table
Level Least Sq Mean Std Error
1,1N 23.201000 2.0191646
1.2P 25355000 2.0191646
1.31 34.512000 2 2574946
2.1N 33 266600 2.0191646
2,2P 38.899600 2.0191646
2,31 36 188000 2.0191646
3.1N 35 086000 2.2574946
3.2P 29.230200 2.0191646
3,31 44 089600 2.0191646
4.1N 33.091200 20191646
4,2P 40 264000 2.0191646
4.31 42 093800 20191646
5.1N 31 585800 2.0191646
5.2P 29 541500 2 2574946
5.31 41 927200 2.0191646
6.1N 27 898200 2.0191646
6.2P 23 728400 2.0191646
6.31 29.093400 2.0191646
7,IN 32470200 2.0191646
7,2P 27 256750 2.2574946
7,31 36 655800 2.0191646
8,1N 49.507400 2.0191646
8.2P 36.009000 2.0191646
8,31 42.074000 2.0191646
9.1N 33.091200 2.0191646
9.2P 40,264000 2.0191646
9.31 41.683500 1 8432366
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Response Hardness 
Whole Model 

* Actual by Predicted Plot

5 0 9 -

<« 0.7s
I 0 5 -ra
I

0.3-

0.1 0 3 0 4 0 6 0 8 1.0 1.2

Hardness FVedicted P< 0001 
RSq=0 79 RMSE=0 1142

Summary of Fit

RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 
Observations (or Sum Wgts)

Analysis of Variance 
Sourca OF
Model 26
Error 105
C Total 131

0.786399 
0 733508 
0.114196 
0.621576 

132

Sum of Squares 
5 0411636 
1 3692726 
64104362

Mean Square F Ratio
0.193891 148681
0.013041 Prob>F

<0001

Effect Tests
Prob > F

<0001 
<0001 
<0001

Residual by Predicted Plot
0.3

0 .2 -

0.0

-0 1 -

- 0 2 -

-03 -

0.3 0.4 0.6 0.8

Hardness R’edicted

Source
animal
Area
animal* Area

Nparm DF Sum of Squares F Ratio
8 8 0 9648160 9 2481
2 2 2 8132685 107 8650

16 16 1.2394359 5.9402
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animal
Leverage Plot

la
3 0 9 - 
13 «
a  0.7-

0 5 -•>
>u

0.3-

0.45 0.50 0.55 0.60 0.65 0.70 0 75 0 80

anmal Leverage. P« 0001

Least Squares Means Table
Level Least Sq Mean Std Error Mean
1 0.63491667 0 03068921 0622929
2 076940000 0 02948524 0.769400
3 0 65723333 0.03068921 0669714
4 066480000 0.02948524 0664800
5 0.61726667 0.03068921 0627714
6 0 45640000 0 02948524 0.456400
7 054825000 0.03068921 0.554500
8 0 55046667 0.02948524 0.550467
9 0 66522222 0.02865450 0.674000
Area

0 9 -

0 7 -

0 5 -

0 3

0 4 0 5  0.6 0.7
Area Leverage. P« 0001

0.8

Least Squares Means Table 
Level Least Sq Mean
IN 0 43970000
2P 0.61839444
31 0 79655741

Std Error Mean
0.01725813 0.438727
0.01748979 0.625488
0.01710194 0.796622
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animal* Area 
Leverage Plot

m
3 0.9- 
</)

K 0.7-
8, - 
? 0.5-
0)
>
0)

0 3 -

0 4 0 5 0.6 0.7 0 8 0 9 1.0

animal*Area Leverage. P< 0001

Least Squares Means Table
Level Least Sq Mean Std Error
1,1N 0 41760000 0 05106994
1,2P 0 68440000 0 05106994
1.31 080275000 0.05709792
2.1N 0,51980000 0 05106994
2.2P 0.91480000 0.05106994
2.31 087360000 005106994
3.1N 0 48250000 0.05709792
3.2P 050380000 0 05106994
3.31 0 98540000 0.05106994
4,1N 037760000 0 05106994
4.2P 0 81240000 0 05106994
4.31 080440000 0 05106994
5.1N 048240000 0 05106994
5.2P 0 47100000 005709792
5.31 0 89840000 0.05106994
6.1N 0.42740000 0.05106994
6.2P 0.37940000 0.05106994
6.31 0 56240000 0 05106994
7.1N 051600000 0 05106994
7.2P 046075000 0.05709792
7.31 0 66800000 0 05106994
8.1N 0 35640000 0.05106994
8.2P 052660000 0.05106994
8.31 0 76840000 0.05106994
9.1N 0 37760000 0.05106994
9.2P 0 81240000 0.05106994
9.31 0 80566667 0 04662026
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Multivariate
Correlations

Modul
Hardness

Modul
1.0000
0.5438

Hardness
0.5438
1.0000

4 rows not used due to missing or excluded values or frequency or weight variables missing, negative or less than one.

Scatterplot Matrix
r=0.5438

60-

50-

Modul40- .s '

30-

20 -

10=
r=0 5438

0 9 -
0 8 -

0.7-

0 .6 -

0.5-

0.4-

Hardness

0 3 -  
0  2 -

10 20 30 40 50 60 0.1 0.3 0.4 0.6 0.8 1 1.1

177


