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Synopsis

The reconstruction of critical-size bone defectof@ing tumour resection or
bone loss due to trauma is topical today and reladethe complexity of the
treatment involved and poor healing outcomes. dnebbioengineering, the
current trends are to explore novel methods ofiregathese defects by using
various bone substitutes. Various graft matert@se been used for the
restoration of these defects. A graft ideally reeénl promote osteogenesis,

osteoinduction and osteoconduction.

The aim of this investigation was to assess th®lbigical, radiographic and
mechanical properties of the tissue regenerateviollg the application of
tricalcium phosphate (TCP) scaffolding and recorabtn human bone
morphogenetic protein 7 (rhBMP-7) for the recondinn of a critical-size

osteoperiosteal mandibular continuity defect inrédabit model.

Highly purified and freeze dried recombinant hunBvP-7 was used. It was
produced by Chinese hamster ovary cells in culimgkpurified from the culture

media.

All the TCP samples had a porosity of 80% and ayenaore size of 100 —
500um. For the rhBMP-7 loaded scaffolds; rhBMP-aswreconstituted
according to a recommended specification and 40@rg loaded by adsorption

into the TCP scaffolds.
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Nine adult New Zealand white rabbits (3.0-4.0kg)revesed for the planned
study. In each case a unilateral osteoperiostealdibular body critical-size

defect was created. In six cases the critical-siefect was filled with the

rhBMP-7 on the TCP scaffolding, and in three cabesTCP was used alone.
Assessments were made with plain radiographs 4t &, and 12 weeks follow-
up. Three months post-operatively the animals wsaificed, the mandibles
removed and the surgical sites were assessed with lseam CT radiography,

tested mechanically and analysed histologically.

More bone regeneration was seen radiographicatlyngstologically within the
mandibles that received rhBMP-7 in the TCP, witidemce of both woven and
lamellar bone formation. Union was obtained at shegical site with no
cartilage formation. The regenerated bone wasimenfto the area that had
received the scaffold, with no calcification of therrounding soft tissues. The
TCP was also resorbed more completely in this exygtal group. Very little
bone was formed in the cases where the defectillexb Wwith TCP alone. The
mechanical properties of the regenerate in thetbat received the rhBMP-7
and TCP were also significantly superior to thosthe cases that received TCP

alone.

Histologically the overall mean of the percentaggenerated bone volume in
the rhBMP-7 and TCP cases was 29.41% + 6.25, wihdefor the TCP alone
cases was 6.35% + 3.08. The difference betweemrhgps was statistically

significant (p = 0.014).
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Mechanically the failure moments for the TCP alamases were found to be
very low (0-48mNm) while those for the rhBMP-7 ah@P cases were higher
but there was considerable variation between tiescéb5-2115mNm). Some
of the cases in this group achieved failure momeatsiparable to normal

untreated bone.

In conclusion TCP scaffolding and rhBMP-7 can bedusuccessfully for the
reconstruction of critical-size mandibular defeictghe rabbit model and TCP
loaded with rhBMP-7 was significantly superior its icapacity for bone
regeneration histologically when compared to TGsha@l The resultant bony
regenerate could also at times have mechanicalepiep similar to those of
natural bone. But due to the variability of thecamanical properties further

investigations are required before clinical appima
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1 Bone

1.1 Introduction

Bone is a unique hard form of connective tissueaa®sult of its heavily
calcified extracellular components. Like all otlsennective tissue it consists of
cells, fibres and extracellular matrix, with thdotfeed matrix being the most
abundant. The resulting strength enables boneetfornm its functions as a
frame for the locomotion of the musculoskeletaltsys and to protect vital
organs. Bone has a tensile strength nearly equiat of cast iron but at less
than one third its weight (Thibodeau and PattonQ720 These material
properties together with the general design of lresalt in exceptional stiffness
and strength that give bone the ability to withdtg@mysiological loads without

breaking (Currey, 2002) also due to a degree ahsit flexibility.

1.2 Composition

The extracellular matrix of bone (bone matrix) iemposed of two main
chemical components:

. Inorganic salts

. Organic matrix

About 66% of the matrix by dry weight is composédnorganic salts while the
remaining 34% is organic.In vivo, water forms 10% of the bone mass

(Athanasiou, et al., 2000).
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1.2.1 Inorganic Salts

Bone hardness is the result of the deposition l@iwa and phosphate crystals
(hydroxyapatite). These crystals form 85% of th&ltinorganic matrix, with
the remaining 15% being mostly calcium carbona®@q)l as well as small

amounts of magnesium, sodium, sulphate and flug&ée.

1.2.2 Organic Matrix

Collagen fibres and ground substance are the nuistituents of the organic
matrix. The ground substance, a mixture of protamd polysaccharides
released by connective tissue cells, is activelyolved in the metabolic
functions of bone cells including growth and repdéimlso acts as an adhesive
between the cellular and fibrous components obtiree.

Chondroitin sulphate, a large protein, and glucasaman amino sugar, are
examples of ground substance materials found i b@ue to the chemical and
physical properties of these constituents, grourustaince adds to the overall

strength of bone and helps increase its resiliemcempressive forces.

1.3 Bone Structure

1.3.1 Compact Bone
In the adult skeleton, compact bone forms 80% af tbtal bone mass
(Thibodeau and Patton, 2007). It is hard and demise only 10% porosity thus

containing minimal amounts of cells and blood viségikavitsas, et al., 2001).
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The main structural unit of cortical bone is thdiryrically shaped osteon or
Haversian system (Havers, 1691). Each osteonwsutisoa Haversian canal that
runs lengthwise through the bone. These canaldaicorblood vessels,
lymphatics and nerves thus providing nutrients amadethod for removal of any
waste products of the bone cells.

Each osteon is made up of up to 4 different strest(Figure 1.1):

Lamellae — concentric, cylinder-shaped layers afiftad matrix

o Interstitial lamellae are islands of calcified nmatbetween
osteons, remnants of previous osteons than haverbeedelled

* Lacunae — small spaces between lamellae contaioomg cells and
tissue fluid

e Canaliculi — very small interconnecting canals lesw lacunae and
Haversian canals

» Haversian (central) canal

o Volkmann canals are transverse canals connectingersian

canals

Due to the longitudinal arrangement of the ostdbestensile and compressive
strength of compact bone in the longitudinal dimctthave been reported to

range between 79-151 MPa and 131-224 MPa respbc{iaszemiski, 1996).

1.3.2 Cancellous (Spongy) Bone
20% of the adult skeleton bone mass is composedantellous bone with
trabeculae (bony trusses), not osteons, as thetwtall units (Thibodeau and

Patton, 2007). Trabecular bone has a porosityimgrizgetween 50-90% with the
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Figure 1.1 Compact & Cancellous Bone in cross sec{iU.S. National Cancer
Institute’'s Surveillance, Epidemiology and End RssySEER) Program

[http://training.seer.cancer.gov/anatomy/skelesslite.htnjl Last accessed

11/09/2010)
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trabeculae aligned in the direction of stress appibn, thus varying between
different bones (Sikavitsas, et al. 2001). Bonksamnd vasculature are found
within the trabecular spaces. The tensile and cessjve strength of trabecular
bone vary with density but have been reported twyeabetween 5-10MPa

(Yaszemiski, 1996).

The cells in both cortical and cancellous bonewtetineir nutrients and excrete
their waste products into the surrounding vascuatu This vasculature is
derived from feeder arteries that supply the medyltavity (in the cancellous
bone) of the bone directly, and from blood vesselhe periosteum that branch

off into the cortical bone.

1.3.3 Bone cell Types
There are three main types of cell in bone:

e Osteoblasts (Bone formers)

» Osteoclasts (Bone resorbers)

e Osteocytes (Mature bone cells)
Osteoblasts are small cells, derived from mesenchymal stenis,celhich
synthesise and secrete osteoid. Osteoid formp#re bone ground substance
(i.e. the organic component of bone), and consistollagenous proteins. The
osteoid collagen molecules align into triple hedi¢gkat bundle into fibrils (1.5-
3.5nm diameter), which then bundle up into collafieres (50-70nm diameter)
(Rho, et al. 1998). These fibres line up in regyatterns serving as a
framework for the deposition of calcium and phosglaystals (Thibodeau and

Patton, 2007).
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Osteoclasts are large multinucleate giant cells derived fromermnatopoietic cells
of the bone marrow. They are formed by the fusibseveral precursor cells
and contain large numbers of mitochondria and lysws (Thibodeau and
Patton, 2007). These cells secrete acids andgbytiteenzymes which dissolve

mineral salts and digest the organic matrix of bone

Osteocytes are mature, nondividing osteoblasts surroundeddbgoid that have

stopped secreting matrix and lie in lacunae withabone.

1.3.4 Bone Marrow

Bone marrow is found within trabecular bone andrtezdlullary cavity of long
bones and is a specialised type of connectivedisalled myeloid tissue.

Two types of marrow exist,ed marrow, which is virtually the only type of
marrow found in children, is mainly involved in tipeoduction of red blood
cells. Yellow marrow gradually replaces red marm@asvthe person gets older,
due to the fatty deposits in the marrow cells. sTgmocess results in the gradual
cessation of production of red blood cells in marrdout these cells still
maintain their potential for red blood cell prodoatif required to do so, as in

periods of prolonged anaemia (Thibodeau and Pak@dv).

1.4 Bone Functions

Bone has five primary functions within the body:

* Support — the skeleton acts as a support for the variody parts
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e Protection — the body’s delicate vital organs are encase@ ibony
protective ‘shield’ created by the cranial vaultdathe rib cage for
example

* Movement — together with their joints and the attached riasscbones
bring about movement

* Mineral Storage — Bones are an excellent natural reservoir ofiaalc
phosphorus and various minerals. They are therefatimately
associated with the body’s homeostatic mechanis$rat dontrol blood
calcium levels

» Haematopoiesis — that is the production of red blood cells by bemhe
marrow, which is located primarily in the pelvids, sternum, flat bones

of the skull and some long bone epiphyses in thit ad

1.4.1 Calcium Homeostasis
The skeleton stores 98% of the body's calcium. @bnof calcium ion
concentration in the blood is essential for bonangtion, blood clotting,
transmission of nerve impulses, and maintenanskelftal and cardiac muscle
contraction (Thibodeau and Patton, 2007). Two fwres control the blood
calcium levels:

e Parathyroid hormone — secreted by the parathyiaidg

» Calcitonin — secreted by the thyroid gland

1.4.1.1 Parathyroid hormone
Parathyroid hormone is a polypeptide containingaddino acids. When the

calcium ion levels in the blood flowing through tbarathyroid gland fall below
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physiologic limits it releases parathyroid hormdi@H) which stimulates an
increase in the activity of osteoclasts. This Itasun bone matrix breakdown
releasing calcium into the blood (Figure 1.2). PHKO0 increases renal
absorption of calcium from urine & stimulates vitanD synthesis, which

increases calcium absorption from the intestineljddeau and Patton, 2007).

1.4.1.2 Calcitonin

Calcitonin is a 32-amino acid linear polypeptiderrhone that is produced
primarily by the parafollicular (C-cells) of theyttoid gland. It is released when
high calcium ion levels are detected in the blond & stimulates osteoblasts to
deposit calcium in bone (Figure 1.3). Calcitongoahas an inhibitory effect on

osteoclasts (Thibodeau and Patton, 2007).

1.5 Bone Development

Osseous development can take place through one waof methods;
intramembranous ossification or endochondral asdibn. Intramembranous
ossification occurs within a connective tissue membrane. Mgsgnal stem
cells within the membrane differentiate into ostasts and these start to secrete
the organic matrix composed of collagen (protein) ggound substance
(mucopolysaccharides). Calcification then commenoace hydroxyapatite
crystals are released by the osteoblasts and asitiked onto the organic bone
matrix (Figure 1.4). Bone formed in this way isngelly quite flat and cannot
grow by interior expansion but only by appositiogedwth and remodelling, the

skull would be an example of such a bone (ThibodealiPatton, 2007).
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Figure 1.4 Diagram of the intramembranous modelbohe ossification.
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Co Ltd, Jan 1997)
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Most bones are formed @pdochondral ossification. This involves the gradual

calcification of a cartilaginous model startingrfrahe centre and spreading to
the ends of the developing bone (Figure 1.5). d3&um forms around the
cartilaginous model, osteoblasts differentiate fromesenchymal stem cells
within it and start to deposit a collar of bonelard the diaphysis. The adjacent
cartilage immediately starts to calcify and onceblaod vessel enters the
changing cartilage a primary ossification centréorsned (Figure 1.5, stage D).
The bone formed is weak, immature woven bone tlatlg remodels into

stronger lamellar bone over time (Mistry and Mikd&)05). Secondary

ossification centres eventually form in the epigsy$Figure 1.5, stage G) and
these grow to meet the ossification progressingiftbe diaphysis (Figure 1.5,

stage J).

Bone grows in diameter by remodelling (Figure 1tBat is by resorption of its
inner (medullary) surface by osteoclasts and déposof new bone on its outer
(periosteal) surface. There are five phases inreéhedelling process (Parfitt,
1984):

* Quiescence — inactive cells present on the bone surface (80%one is
in this state at any one time)

» Activation — biochemical or physical signals, released faneple due to
increased demand from exercise, attract cells (eagrophages) to the
site, these differentiate into osteoclasts

* Resorption — by osteoclasts of the inorganic and organic amapts of

the bone (Howship’s lacunae formation)
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Figure 1.5 Diagram of the endochondral model ofebossification. (Moyer D,
University of Virginia School of Medicine, Bone abdne formation,

CTS/Physiology, Lecture 14, September 30, 200t {//www.med-

ed.virginia.edu/courses/cell/BoneSample/MMHndt Bbtmal] last accessed

11/09/2010)

-34 -



* Reversal — osteoclasts leave and mononuclear macrophagecks

secrete a cement-like substance on the bone surface

« Formation — Osteoblasts fill the lacunae with bone matrix domhe

minerals to induce osteon formation

During childhood and adolescence bone depositiaurscat a faster rate than
bone resorption so bones become larger. Up toatee of 35 the rate of
deposition and resorption occur at similar ratesafier 40 years of age the rate

of resorption outstrips the rate of deposition snébstrength starts to reduce.

1.6 Bone Fracture Repair

Bone fracture results in loss of function and daen&g adjacent structures,
usually blood vessels. This vascular damage trggge cascade of healing
events that, in a fit & healthy person, result amplete repair of the fracture.
Fractures can be compound into the mouth or thrahglskin, comminuted or
simple and may be displaced or undisplaced. Fmadtaaling can be divided

into four stages:

» Initial haemorrhage into the site and clot formatio

* Haematoma formation and organization
Neutrophils are the first cells to arrive in thadture site. These are

followed by macrophages and together these remoy@ecrotic bone
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fragments. Fibroblasts and capillaries then peddife into the injury site
from the adjacent undamaged vessels. This formselacconnective

tissue (granulation tissue) in the fracture site

* Callus formation
Osteoblasts migrate to the site from the adjacenbgteum and bone
and together with the fibroblasts start to depositagen to form a callus
which covers the whole fracture. The part of tledlus within the
medullary cavity of the bone is the internal callubis will be
remodelled to form the new bone; the external sadicts as a splint and
will be resorbed eventually after healing. Thdusals then ossified by
both endochondral ossification and bone matrix digjom on its outer

surface by the osteoblasts, forming woven (spobgpke.

e Callus remodelling
The woven bone is gradually replaced by lamellam(gact) bone and is
remodelled by osteoclasts according to the diraationechanical stress

to restore the original shape.

The whole healing process takes approximately 6ksvakepending on the

severity of the break and the age & health stattiseoindividual.

Physiologically, mechanical stresses have an impbeffect on the healing of
the fracture. This is because physiological stees$ compression result in a

greater rate of bone deposition producing quiclealing. This is the rationale
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behind early return to function following open retlan and internal fixation.
The size of the external and internal callus i® akduced if the fracture ends

are apposed more closely by the fixation method.

Several factors may affect the healing processas\ad in fracture repair:
* Fracture ends movement — Movement between the hails eesults in
excessive callus formation and slows tissue unvamch in the long

term may result in fibrous union (non-union) duedttlage deposition.

* Interposed soft tissues — These too delay healidgcan result in non-

union.

 Gross misalignment — Delayed healing may also tredtdm

misalignment of the fractured ends.

* Infection — Infection of the fracture site will @i healing, may progress

into chronic osteomyelitis and may result in nomean

* Pre-existing bone disease — Osteomyelitis, ostespmrosteopetrosis,
diabetes, steroid medications and bisphosphonateslit result in less
effective bone healing either due to reduced baresitly, reduced bone

quality, reduced osteoclast/osteoblast functioreduced blood supply.
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2 Cytokines in the repair of critical-size boneet#$ of the mandible

2.1 Discussion

Cytokines are signalling polypeptide molecules thegulate a multitude of
cellular functions including differentiation, prfdration, migration, adhesion
and gene expression (Mistry and Mikos, 2005). Foample; bone
morphogenetic proteins are cytokines that stimulagsenchymal stem cell
differentiation into osteoblasts as well as aidihg function of osteoblasts

directly. Bone morphogenetic proteins thereforegasteoi nductive properties.

A review of the literature demonstrated the ussiximain types of cytokine in
the induction of bone in critical-size bone defentthe mandible, these are:

= Vascular Endothelial Growth Factor (VEGF)

= Transforming Growth Factgy (TGF-J3)

= Insulin-like Growth Factor (IGF)

= Fibroblast Growth Factor (FGF)

» Prostaglandin E1 (PGE1)

= Bone Morphogenetic Protein (BMP)

2.1.1Vascular Endothelial Growth Factor

Only one study reported the use of VEGF in the irepd critical-size
mandibular defects. Kleinheinz J, et al. (2002dU¥EGF165 in a collagen
type | carrier in the repair of bicortical holesthre rabbit mandible. 56 rabbits
were operated and the defects were filled withagmh type | implants, collagen

implants complexed with 0.8ug VEGF165, or left wiih any filling.
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Specimens were taken at 3, 7, 14, and 28 daysopesatively and analysed
histologically and histomorphometrically looking tite blood vessel density,
total blood vessel surface area, bone surface ameglabone density. This
showed persistently high numbers of blood vessélddalys post-operatively in
the group that received VEGF165 in a collagen earwhen compared to
controls. The density of the regenerated bone alss significantly higher in
the study group that received the VEGF. It waschated that the activation of
angiogenesis using VEGF165 leads to more intenshgtogenesis and bone
regeneration. The large number of cases usedisnréiport strengthens the
values of the results obtained but the defect etkaven though described as a
critical-size defect was not a continuity defecthates were simply created in
the mandible. This type of defect can heal morsilegdhan a complete

continuity defect.

2.1.2 Transforming Growth Factpr

In 1998 Sherris, et al. used TGE-together with demineralised bone matrix
(DBM) to reconstruct a critical-size mandibular el&f devoid of periosteum, in
a canine model. The study was a randomized, hlingéacebo-controlled,
prospective animal pilot study performed on 6 cakegroup 1 (n=3) the defect
was reconstructed with DBM alone and while in gr@ufm=3) DBM plus TGF-
Bl (250 pg TGH1l/g DBM) was used. Radiographic, histological, and
biomechanical (four-point bending) testing perfodm&2 weeks after graft
implantation showed that the group which receivéaFB1 and DBM in the
defect had significantly stronger bone when comgbaoethe control group that

only received DBM (P < 0.02). In fact only fibrousion, as opposed to the
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bony union in the TGFB1/DBM group, occurred in the control group. The
difference between the groups was very large, la@gpposed to fibrous union,

so this partially makes up for the small sample ¢$&zcases).

Also in 1998, Zellin, et al. showed that the amoahtbone regeneration in
critical-size defects in the rat mandible repawéth recombinant human TGF-
Bl (rhTGFB1) was dose dependent, when the periosteum wasiaft. The
results were the same no matter what type of camads used for the rhTGFL
(3% methyl cellulose gel, porous Cagarticles, or poly(lactide-co-glycolide)
beads). However, when the periosteum was remorad the surgical site
(with microporous expanded polytetrafluoroethylebarrier membranes),
rhTGF1 inhibited bone regeneration. These results siggat TGF1 has a
proliferative effect on cells already committedth® osteoblastic lineage, but
may actually be inhibitory to the induction of asgenic cells in vivo. Again
the defects created where not continuity defects bdar holes, but useful

information was still obtained from the results.

Shigeno, et al. (2002) reported the use of P&HRA a collagen sponge carrier in
the repair of critical-size defects in the mandbdé 12 adult beagle dogs (9.0-
12.0 kg). The %', 3% and 4" premolar teeth on both sides of the mandible were
extracted. After the extraction sites healed, aebdefect (10.0 x 15.0 x 10.0mm
or 10.0 x 10.0 x 10.0mm) was created. A collageangp (10.0 x 10.0 x
10.0mm) containing TGB1 in saline at concentrations of id) 5.Qug, or
10.Qug was placed at the bottom of the defects. The asinmere killed four,

six, or eight weeks post-operatively. Soft X-raydaone-salt measurement
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analyses of the surgical sites showed greater fmn®ation in the defects into
which TGF81 had been incorporated than with the control defachich only
received the collagen sponge loaded with salinehe Bone had in fact
regenerated in defects that had received the fGBy four weeks. The authors
used too many variables with a small number of £aseprobably would have
been better if a single dose strength of TgFwvas used. The defect was again
not a continuity defect which this time was notregetrue-and-true defect since

there was bone at the base of the hole.

More recently, in 2005, Srouiji, et al. reported tise of TGH31 and/or insulin-
like growth factor 1 (IGF-1) in a hydrogel carrier the repair of critical-size
mandibular defects in twenty-five 3-month-old SpragDawley rats (300g). 3
x 4mm mandibular lower border bone defects werateck Bone defect healing
was tested after 3 and 6 weeks radiographicallyft (3eray & Three-
dimensional computerized tomography) and morphobldlyi. Histologically,
significantly more bone formation was noted aftewéeks in the groups that
received either TGB4, IGF-1 or TGRB1+IGF-1. The percentage of
radiographic defect closures was greatest in thepy that received either TGF-
Bl or TGFB1+IGF-1 (38% & 37%). Again the defects createdhis project

were not continuity defects.

2.1.3 Fibroblast Growth Factor
The use of FGF in the repair of critical-size mé&utir defects was reported in
1999 by Xu, et al. They looked at the effect o$ibdibroblast growth factor

(bFGF) on bone formation induced by recombinant &iimone morphogenetic
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protein-2 (rhBMP-2) in the repair of mandibular €& in 56 rabbits.
Polylactic acid (PLA) was used as a carrier. Tdigbits were divided into five
groups. Mandibular three-walled defects (1.5 cm&d@n, full thickness) were
created in right side in each case. The defectsaoh group were then filled
with grafts as follows; PLA/rhBMP-2/bFGF, PLA/rhBME, PLA/bFGF, PLA
and nothing as control. Healing was assessed gwbbically and
histologically at 2, 4 and 8 weeks post-operativelfhe group that received a
composite graft of bFGF and rhBMP-2 on the PLA iearhad the best bone
growth at 4 weeks post-operatively (P < 0.05), wieempared all the other

groups.

Lu and Rabie (2002) compared the healing of clistze mandibular defects in
42 rabbits repaired in six different ways; autogenendochondral (EC) bone,
autogenous intramembranous (IM) bone, fresh-fraa&genic IM bone only,
fresh-frozen allogenic IM bone and demineralizedebmatrix powder prepared
from intramembranous bone (DBM(IM)) only, and frdsbzen allogenic IM
bone and basic fibroblast growth factor (bFGF) rdixath DBM(IM) powder,
non-grafted controls. The cases were killed e8t@reeks. The amount of new
bone formation was quantified by image analysithefhistological slides. The
group that received the composite allogenic IM BoR&F/DBM(IM) graft had
bone regeneration that was superior to all othaftgrincluding autogenous
endochondral bone) and nearly as good as the dghaipreceived autogenous
IM bone. Though the bone defects created were Igk§ x 10mm ostectomy),
the authors clearly stated that a continuity defgicthe mandible was not

created.
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2.1.4 Prostaglandin E1

The bone inducing capabilities of prostaglandin (BGE1) and BMP-5 were
compared by Arosarena and Collins (2003). Theystwds a prospective
controlled trial. Bilateral critical-size mandilaml defects were created in 29
Sprague-Dawley rats with each hemimandible assigwedn experimental
group, which were filled in one of seven ways; whllagen/polylactic acid
(PLA) (group 1), PLA with BMP-5 (group 2), PLA witPGE1 (group 3),
collagen/calcium hydroxyapatite cement (HAC) (gratp HAC with BMP-5
(group 5), or HAC with PGE1 (group 6). The contgybup (group 7) had
unfilled defects. The animals were sacrificed rafi2 weeks, and the surgical
sites were analysed histologically using sterealdgchniques that provided
quantitative estimates of the three-dimensional mmsition of the defects. The
HAC/BMP-5 group contained significantly more newnkoand less fibrous
tissue than all the other groups<9.02 and p < 0.01, respectively). The groups
containing PGE1 (groups 3 & 6) demonstrated sigaiftly more osteoid
development than the other experimental groups (p.601) suggesting it

actually delayed bone healing.

2.1.5 Bone Morphogenetic Protein
BMP has been extensively used for the repair ¢itatisize mandibular defects.
There are over 20 sub-types of BMP, these all foghpart of the transforming

growth factorp superfamily. Six main sub-types of BMP have besed in the

literature:
= BMP-2
= BMP-3
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= BMP-4
= BMP-5 — described in the section of ProstaglandiraBove
= BMP-7 — also known as osteogenic protein 1 (OP-1)

= BMP-9

2.1.5.1 Bone Morphogenetic Protein 9

Alden, et al. in 2000 reported on the use of BMRr BMP-2 adenoviral
vectors (CMV promoters) in the repair of criticées mandibular defects in
athymic nude rats. 13 rats had bilateral 4mm diantoles created in the body
of the mandible and the 26 surgical sites weredilin three different ways; 9
with BMP-9 with the CMV promoter, 9 with BMP-2 artle CMV promoter
and 8 with the CMV promoter alone. Gross tissuan@ration, radiographic
analysis and histological analysis showed signitigabetter bone regeneration
in the both the group receiving BMP-9 adenoviralctees and BMP-2
adenoviral vectors compared to the control thay sateivedp-galactosidase
gene adenoviral vectorp € 0.05). One of the sites treated with BMP-2 shdw
near complete healing at 12 weeks post-operativEhe weakness of this study
is that the defects created again were not comyirdéfects; they in fact were
just 4mm diameter circular defects created at tigdeaof the mandible with a

bur.

2.1.5.2 Bone Morphogenetic Protein 4
Arosarena and Collins (2005) compared the effectgs of BMP-4 and BMP-2
at varying doses in the repair of unilateral cakisize mandibular defects in 82

Sprague-Dawley rats. Hyaluronic acid polymer earwas loaded with 0.01,
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0.1, 1, or 1Qg of BMP-2 or BMP-4, while in the controls the detffeeceived
either hyaluronic acid sponges loaded with grovetttdr dilution buffer or was
left unfilled. The animals were sacrificed afteww®eks, and the surgical sites
were analysed histologically using stereologic meghes that provided
quantitative estimates of the three-dimensional mmsition of the defects.
Carriers containing BMP-2 or BMP-4 at a concentratof 1Qug, induced
significantly more bone production in the defeatsnpared to the controlp €
0.01 andp = 0.0001, respectively). BMP-4 induced thickertical bone and
more trabecular bone while BMP-2 resulted in moaetipl defect bridging.
They concluded that, in the rat model, doses betviegnd 1Qg of BMP-2 and
>10ug of BMP-4 would result in bony union. The largemrher of cases used
and the clear description of the method and resuhgh were very significant,
make the conclusions made by the authors partlgusarong; but the defect
created (5mm x 5mm) again did not result in losstha continuity of the

mandible.

2.1.5.3 Bone Morphogenetic Protein 3

In 2003 Arosarena, et al. investigated the repagrical-size defects created in
the left mandibular bodies of thirty-seven maleckex rats. The defects were
filled with a bone marrow cell suspension (group d)synthetic bone matrix

consisting of bovine collagen and calcium hydroxatap cement (group 2), the
matrix and marrow cells (group 3), the matrix witbOug of bone growth factor

mixture (group 4), or the matrix with bone grow#ttor mixture and marrow

cells (group 5). The animals were sacrificed after weeks, and the

nondemineralized specimens were processed histalbgi The bone growth
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factor mixture consisted mostly of BMP-3 and T@&F-Stereologic techniques
were used to determine and compare the volumadracand volume estimates
of mature bone, new bone, osteoid, marrow, rem@im@ment, and fibrous
tissue in each defect. Volumes of mature bone, hewe, and remaining
cement did not differ significantly among the greyp = 0.30 for mature bone,
p = 0.17 for new bone, and p = 0.34 for cement)weieer, group 4 and 5
specimens contained significantly more osteoid langer marrow spaces than
did the group 2 and 3 specimens (p < 0.001 for)bdthe specimens in groups 2
and 3 contained significantly more fibrous tissngrowth than did those in
groups 4 and 5 (p < 0.001). The authors thus cdeduhat the synthetic bone
substitute containing bone growth factor mixture(gps 4 & 5) was effective in

stimulating new bone and osteoid development inrdbhenandibular model. A

good number of cases were used and the results wellepresented and

explained. The combination of the BMP-3 and TgEHd not allow the

determination of whether each would have beenfastefe alone.

2.1.5.4 Bone Morphogenetic Protein 2

2.1.5.4.1 BMP-2 use in Primates

In 1996 Boyne started a pilot study looking at tleair of bilateral critical-size

mandibular defects (2.2cm resections through thereerthickness of the

mandible) in the adult maMacaca fascicularis (rhesus) monkeys using BMP-2
on a collagen type-l sponge (Helistat) as a carrigr three animals 0.8mg
BMP-2 per cc was placed in one side and 0.2mg BNperZc was placed in the

contralateral side. In another 4 animals 0.4mg BMper cc was placed in the
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defect on one side while the contralateral defeas Willed with a particulate
autogenous graft of cortical cancellous bone whels used as a control. In all
seven animals, the alveolar ridges were regenecateghletely with restoration
of contour and cortical bone, and histomorphometnalyses revealed excellent
calcified bone matrix to marrow spaces ratios. nirthese results the authors
concluded that BMP-2 can bring about bony regermratn critical-size

mandibular defects in rhesus monkeys.

Again in 2001, Boyne looked at the repair of catisize mandibular defects in
primates using BMP-2 in a collagen carrier. Thgreups were assessed,;
mandibular resection defects in middle-agelhcaca fascicularis animals,

mandibular resection defects Macaca fascicularis animals over 20 years of
age, and (c) simulated bilateral cleftsMiacaca mulatta animals 1 1/2 years of
age. In the simulated bilateral cleft cases ode wsias filled with BMP-2 while

the contralateral side was filled with autogenoasdtipulate bone and marrow.
Histomorphometric analysis of all the cases shoesextllent bone regeneration
in all the defects confirming that BMP-2 was aseefive as autogenous

particulate bone and marrow.

Also in 2001, Boyne and Shabahang evaluated thdéingeaf critical-size

mandibular defects in monkeys using BMP-2 on 3edét carriers; calcium
carbonate coral (BioCoral), poly(methylethyl mettyéate) material (HTR) and
porous bone mineral (Bio-Oss). 20mm defects weemated in both the
mandible and the maxilla and implants were placedach defect. All carriers

produced the same amount of implant osseointegrabiat the calcium
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carbonate coral did not induce alveolar bone regeioa unlike HTR and Bio-

Oss with BMP-2 that produced near complete regéinera

In 2001 and 2002 Marukawa, et al. also reportedhenrepair of critical-size
mandibular defects in the rhesus monk®a¢aca mulatta) with BMP-2 but
using poly-D, L-lactic-co-glycolic acid-coated getasponge (PGS) as a carrier.
20mm and 30mm size defects were created in theectgp studies and in all
cases there was excellent bone regeneration batiographically and
histologically. No controls were used in the 2&@ady but in the 2001 paper
some of the defects were filled with either PGShalor left empty. These sites
only showed a little bone deposition on the peniphef the surgical site and

were otherwise filled with fibrous tissue.

Boyne, et al. in 2006 repeated the work he had @ongoung and middle-aged
primates but this time used aged monkeys (20 ye#ly as these are
comparable to 80 year old humans, to assess whetdeage reduced the
effectiveness of the BMP-2 due to reduced avaitgthdf mesenchymal stem
cells. Bilateral critical-size mandibular defeuwtere created and rhBMP-2 in a
collagen sponge (Helistat) was placed in the defecThere was complete
regeneration of the defects by four months postaipely showing that aged
primates had a potential for bone regeneration eoaije to that of younger
primates, as in fact the first author had alreadmanstrated in previous work

(Boyne, 2001).
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2.1.5.4.2 BMP-2 use in Dogs

Toriumi, et al. in 1999 reported on the repair om3 full-thickness critical-size
defects in the canine mandible using rhBMP-2 inod/(factide-co-glycolide)
particle carrier. Six dogs received the carrighwie rhBMP-2 while 3 controls
received the carrier alone. Radiographic photatemetry was performed on
serial dental radiographs of the reconstructed setgnto determine bone
density and the degree of bone resorption over 8btims. After animal
sacrifice histological and histomorphometric anatysvere performed on the
surgical sites. Controls, that received only thgier in the surgical defect, did
not produce any bone in the defect. The animaatéd with rhBMP-2
demonstrated good bone formation that was comparakliographically to that
of normal host bone by 3 months. Radiographic gdensity measurements
showed some evidence of early bone resorptionr(itminof the cortical bone
and decrease in height) in the rhBMP-2-induced bd3# no further resorption
was noted in the induced bone by 11 months afteonsruction. The bone

density of the induced bone increased over the Gtxins.

In 2000, Barboza, et al. also reported on the repfacritical-size mandibular
defects in the dog. RhBMP-2 in an absorbable getiasponge (ACS) carrier +
hydroxyapatite (HA) was used to repair bilateralags Il alveolar defects
surgically created in 4 adult mongrel dogs by esting the mandibular fourth
premolars and reducing the alveolar ridge. Higpolal evaluation 12 weeks
after the repair of the defects showed limited bangmentation in the sites that
received rhBMP-2/ACS (0.7 +/- 0.6mm), while theesithat received rhBMP-

2/ACS/HA exhibited clinically relevant ridge augntation (5.5+/- 1.6mm).
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However, the bone that formed in the former waspobrer quality as it
contained sparse bony trabeculae amidst HA pastifllerovascular tissue, and

marrow. The created defect was again large bud montinuity defect.

Critical-size defect repair in the canine mandivies again assessed by Nagao,
et al. in 2002. RhBMP-2 in a poly D, L lactic-ctyeplic acid (PLGA)/gelatin
sponge complex (PGS) carrier was used to repaateodl rectangular bone
defects (10 x 8 x 7 mm) in the premolar regionveglve adult beagle dogs. On
examining the surgical sites with soft x-rays, &démensional computed
tomography, histologically and peripheral quantrf&atcomputed tomography,
the control group that received only PGS showedbane regeneration. In
contrast, in the group that received the BMP-2,Ipdarmed bone was found in
all defects from 4 weeks onward and was marked®awdeks, and the density
of the newly formed bone was similar to that of serounding cortical bone at

12 weeks.

2.1.5.4.3 BMP-2 use in Rats

Higuchi, et al. (1999) looked at the repair of talal round through-and-through
bone defects (5 mm in diameter) in the angle ofrttandible in eight Long-

Evans rats, using rhBMP-2 in a PLGA/gelatin sportB&S) carrier. The

control side received only the PGS carrier. Ths wgere sacrificed after 4
weeks and the surgical sites analysed histologi@adtl histomorphometrically.
In the control group, bone formation was preseny afong the border of the
surgical site. In all cases in the BMP-2 grougjgnificantly larger quantity of

newly formed bone was observed, with the bone ddfeing completely filled
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with new bone in 4 of 8 rats (P <0.0001; paire@stt The authors thus
concluded that rhBMP-2/PGS induced effective boregeneration on

mandibular defects in rats.

Also in 1999, Kubler, et al. reported the use ofhan natural BMP-variant
(EHBMP-2) in the repair of critical-size defects fats’ mandibular angels.
Complete repair was achieved with the use of a cwmatbn of granular
collagenous bone matrix (ICBM) with EHBMP-2. TheHBEMP-2 was

produced by expression in E. coli through speatiiatation of the amino acid
sequence. The substitution of 12 N-terminal amimidsa by a nonsense

sequence results in a negligible affinity of EHBMPRe the extracellular matrix.

Park, et al. (2003) reported on the use of liposomdiated and adenoviral
gene transfer for the generation of autologous BM#educing mesenchymal
stem cells (BMSC). Primary BMSCs isolated from thefemur were treated
ex vivo with either an adenovirus or a liposomeayag human BMP-2 cDNA.

These cells were then placed in critical-size mamdr defects in the rat.
BMSCs treated with a reporter gene vector or utdted8MSCs served as
controls. After healing the surgical sites weralgsed by in situ hybridization,
radiography and immunohistochemistry. Both groapgenetically modified

cells produced BMP-2 for at least 2 weeks. Inlib@some group, the critical-
size defects were completely repaired by 6 weeter agurgery, while in the
adenoviral gene transfer group complete bone hgaliccurred in 4 weeks.

None of the control groups showed bone healing &teveeks. The authors
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concluded that both gene transfer methods maysepté¢he best vector systems

for future clinical trials of bone regeneration BWIP-2 gene therapy.

2.1.5.4.4 BMP-2 use in Pigs

Wurzler, et al. (2004) compared mandibular regdimrawith an autologous
bone transplant or rhBMP-2 in a collagen carrietlofving the creation of a
5cm critical-size defect in the mandible of ninett@®@en mini-pigs. Bone
regeneration and consolidation of the defects wasyaed radiographically and
histologically. Complete regeneration of the staidefect with functional
stability was observed in the group that recenNedrhBMP-2, while in the bone
transplant group the bone bridging took longer #edlefore functional stability
was achieved more slowly. As a result the autboreluded that the rhBMP-2
implant was superior to autologous bone transgtamthe repair of critical-size

defects in the Gottingen mini-pig.

2.1.5.4.5 BMP-2 use in Rabbits

Mao, et al. in 1998 reported on the use of rhBMiR-the repair of critical-size
defects in the rabbit mandible and calvarium usmg carriers, namely chitin,
coral, coral-based porous HA (CHA), and xenogerancellous bone. The
repaired defects were examined radiographicallgtologically (under light

microscope and scanning electron microscope), bgunohistochemistry, and
biomechanically 2, 4, 8, and 12 weeks post-opezBtivIn all composite graft
groups, except in the CHA group (HA takes longeresorb) by 12 weeks the
graft had been replaced completely by bone. Oriyoiis tissue and a little

peripheral new bone formed in the defects in thatrob groups that had
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received only the carrier materials. The authansctuded that all the carriers
used in this study would be effective for the useBMP-2 in the repair of

critical-size bone defects in the rabbit.

In 2003, Ueki, et al. looked at the effectivenespdaylactic acid/polyglycolic
acid copolymer and gelatin sponge complex (PGSjiecawith or without
rhBMP-2 in the repair of condylar defects in sidgult male Japanese white
rabbits. Unilateral defects were created in allmafs, in twenty animals the
defect was repaired with rhBMP-2 in the PGS carrieranother twenty the
defect was repaired with PGS alone and in the memgitwenty no graft was
placed. Once the animals were sacrificed the salkgites were assessed
histologically. Four weeks after implantation, @tb of bone and cartilage-like
tissue was observed in all rabbits that receive® RB@fts (with and without
rhBMP-2), this was significantly bettep € 0.05) than the control group where
there was no growth of bone tissue, but the |attsy developed a cartilage-like
layer covering the operated surface. The authongladed that PGS with or
without rhBMP-2 could induce the regeneration ofvrigone and cartilage-like

tissue in the rabbit condyle.

Okafuiji, et al. (2006) and Kimura, et al. (200@5cussed the repair of a critical-
size mandibular defect in rabbits using rhBMP-2 @11% atelocollagen gel
carrier. Okafuji, et al. worked on 8 rabbits arsbessed the healing using
micro-computed tomography (muCT) in vivo. This wfld that the bone
density increased slightly at the bone marrow bigléhe seventh day, and kept

expanding gradually during the course of the expent which lasted for 28
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days. The authors could construct 3D images froenmiuCT scans enabling
them to visualize bone formation in vivo more aetety. They concluded that
the muCT and 3D image reconstruction were useful the follow-up of
reconstructed critical-size mandibular bone defantsthat the atelocollagen gel
is effective as a carrier of rhnBMP-2. Kimura, etused 12 rabbits and covered
the BMP/atelocollagen graft with PLGA membrane. sthipathological
examination of the graft sites at 1, 2 and 3 wesl@ved many spindle cells
had proliferated and invaded blood clots, and allsaraount of immature
trabecular bone had formed, this kept proliferagngdually during the second
and third weeks. There was however, only a sligtier@nce (not significant)
between the experimental group and the controlgesuregards to the amount
of bone formation during the 3 week experimentaligite Nonetheless the
authors, possibly erroneously, concluded that etdilmgen gel as a carrier of
rhBMP-2 and PLGA as a covering membrane were efeéor the treatment of
critical-size defects in the rabbit mandible. Tiremason for the lack of a
significant difference between the groups was pobbdue to the short follow-

up period.

Chen, et al. in 2007 reported on the use of BMR-the repair of critical-size
bone defects (12mm x 5mm x 4mm) in sixteen rabbéindibles using a
collagen-based targeting bone repair system. Was achieved by adding a
collagen-binding domain (CBD) to the N-terminalraitive BMP-2 to allow it
bind to collagen specifically. They showed in-witthat the collagen-binding
bone morphogenetic protein-2 (BMP2-h) had maintiitiee full biological

activity as compared to rhBMP2 lacking the CBD. nieeralised bone matrix
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(DBM) was used as a carrier for the BMP2-h. Hisgatal and radiographic
examination of the surgical sites at 12 weeks skothie quantities of newly
formed bone to be 18.7+4.6% for the group thativecePBS/DBM, 29.4+4.6%
in the group that received rhBMP-2/DBM and 45.1%6.1 the group that
received rhBMP2-h/DBM, with the difference betweeach group being
statistically significant. The authors thereforencoded that the collagen-based
BMP-2 targeting bone repair system induced betberelformation not only in

quantity but also in quality.

2.1.5.5 Bone Morphogenetic Protein 7

In 2004 Wang, et al. reported on the repair of ataral 5cm mandibular
continuity defects in five Gottingen mini-pigs. Foanimals were treated with
the rhOP-1 in carboxymethylcellulose (CMC) and agdin (300(g rhOP-1, 2g
collagen, 1g CMC), and one animal was treated ®@MC and collagen alone.
After 12 weeks bony continuity was reestablished the rhOP-1-treated
hemimandibles. The bony regenerates were of goatbarical shape, volume,
and showed functional remodeling. There was incieffit bony regenerate in
the control and this was of lower volume (volumeD-CT scan 29.81 chs.
8.85 cni). To produce 1mm of bending, 1972N were neededHerrhOP-1-
treated hemimandibles, 2617N for the untreatedratateral sides, and 642N
for the control. The authors concluded that CM®istation of collagen carrier
biomaterials for rhOP-1 provided good plasticity vasll as excellent space-
keeping properties and may not interfere with asthaction. But a small

number of cases were treated and no comparisormads with cases treated
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with rhOP-1 with the collagen carrier alone to gethe CMC actually did not

delay the healing process.

In 2004 and in 2005 Abu-Serriah, et al. reportedheneffect of rhBMP-7 in a
type | collagen carrier on the repair of unilate@itical-size continuity
mandibular defects in six adult sheep. A 35mm apteosteal defect was
created at the parasymphyseal region of the mandibth the continuity of the
mandible being maintained using a bony plate. Blahels were injected at
selected time intervals during the follow-up peridthe animals were killed
after 3 months and bone samples were examined |dgstally,
histomorphometrically, and by fluorescence micrpgcoA mixture of woven
and lamellar bone that contained many cells witgdanuclei was seen. This
had not reorganised to form cortical bone and H&VP-7-induced bone was
more porous than the native bone. The newly-forrbede restored both
endosteal and periosteal layers. The rhBMP-7-indummne was biocompatible
and induced no ossification of soft tissue or abrargrowth of nearby vital
structures. The mineral apposition rate was ([@n®8ay (range 0.62-
5.63um/day), a value close to that reported in humahss $uggested that the
rhBMP-7 had a limited effect in accelerating théeraf mineralisation, but
promoted the pre-mineralisation processes, andapsrthe formation of woven
bone. The mechanical properties of the regenefadee@ were very variable.
The new bone in three samples contained fibrogagisind was weaker and less
stiff than the untreated contra-lateral side (gtken10-20%; stiffness, 6-15%).
The other half had better-quality bone and wasisogmtly stiffer and stronger

(p < 0.05), with strength 45-63% and stiffness 8%&4of the contra-lateral side.
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The authors concluded that the rhBMP-7 resultegffiective bone regeneration
within a critical-size defect in the sheep modet that the wide mechanical
variations of the regenerated bone suggested thttef basic bone biology
research is needed to provide better understaraditige cellular and molecular

events which take place during the process of oxleoction.
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3 Scaffoldings used for bone regeneration in @itgsze bone defects.

3.1 Discussion

Scaffold biomaterials are necessary for criticaédbone defect reconstruction
as they provide two main functions; firstly restgyithe shape of the critical-
sized defect and secondly acting as a biologicadlaotive structure for the cells

and/or growth factors to promote bone formatiosigoconduction).

A review of the literature showed that there is auwerwhelming variety of
substances used as scaffolding in the repair ofiaficcial skeletal defects. All
scaffolds can be divided into two main broad groujp® natural and the
synthetic types. These groups are then furthedigigled into various

subgroups as shown in Table 3.1.

3.1.1 Natural scaffolds

3.1.1.1 Collagen

Saadeh, et al. (2001) evaluated the efficacy ot tymollagen implants in

repairing critical-sized mandibular defects in tveemale Sprague-Dawley rats.
Full thickness, round, 4mm diameter defects weeated in the ramus of the
right mandible of all the rats. In six rats thded¢ was filled with a precisely

fitted disk of allogenic collagen type | gel, irethremaining six rabbits the defect
was left empty. The animals were killed 6 weekstguaratively and healing of
the bone defects was assessed in a blinded fastsomg radiological,

histological and densitometric analysis. All cohtmandibles had clearly
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NATURAL SYNTHETIC
Collagen Ceramics
» Gels, nanofibers, poroys = Calcium phosphate cements

scaffolds, films

Fibrin

Injectable adhesive gel

Alginate

Hydrogel

Silk

Nanofibers, films

Hyaluronan

Gels, sponges, pads

Chitosan

Sponge, porous scaffol

nanofibers

Agarose

Hydrogel

0 Low-temperature
calcium orthophosphate
cements

Bioactive glasses
u

Hydroxyapatite

B-tricalcium phosphate

Titanium

Polymeric materials
» Poly(a-hydroxy esters)
o Poly(L-lactic acid)
o poly(glycolic acid)
o Poly(lactic-co-glycolic
acid)
Poly(propylene
fumarate)
poly(anhydride)
poly(phosphazene)

polyethylene glycol

Ceramic reinforced polymers

Table 3.1 Types of scaffolding materials used ardpair of bone defects.
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demarcated bony edges at the defect border witheotive tissue spanning the
defect, while all the implanted mandibles were fbua have indistinct bony
edges at the defect border with a thin layer okasasts and viable bone
spanning the defects. There was a statisticailyiitant difference in the bone

density between the two groups (p = 0.01).

In 2004 Abu-Serriah, et al. investigated the rep&iosteoperiosteal critical-size
mandibular defects in six sheep using rhBMP-7 typa | collagen carrier. The
animals were killed after 3 months and bone samplese examined
histologically, histomorphometrically, and by fl@éscence microscopy. There
was complete bony union and full integration of tiesvly formed bone, which
showed a mixture of woven and lamellar bone thatained many cells with
large nuclei. This had not reorganised to formicaltbone and the rhBMP-7-
induced bone was more porous than the native bome.newly-formed bone

restored both endosteal and periosteal layers.

3.1.1.2 Fibrin

Groger, et al. reported in 2003 on the use oftilbor the repair of critical-size

mandibular bone defects in minipigs. Periostealscekre isolated from four

minipigs, expanded in vitro and seeded with fibglue into Ethisorb 510

fleeces. Tissue constructs were used to repaicalrgize mandibular defects
and compared with two minipigs with untreated bdegects. Bone healing was
evaluated after 90 and 180 days radiographicallg asing a histological

scoring system. The radiographs showed increaskodensity of defects filled

with the cell-fibrin-fleece-constructs comparedwihe untreated control group
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after 90 and 180 days. The defects repaired bydhdibrin-scaffolds obtained
the highest histological mean score 2.9 (range &-380 days and 2.1 (range 2-
3) at 90 days while the control group scored 2 anat the respective time
intervals. So the scaffold seems to have spethe@ipealing process initially but
the difference between the experimental group &edcontrol group does not
seem to have been significant after 180 days. dEfiect was therefore not of a

critical-size as the authors suggested.

3.1.1.3 Alginate

In 2008, He, et al. assessed the biological efiéctovel calcium alginate film
(CAF) on bone tissue regeneration in bilateralgaitsize mandibular defects in
45 adult rabbits. The defects were covered eftir CAF or conventional
collagen membrane (CCM) or left empty as the cdsitrdhe animals were
killed after 1, 2, 4, 6 and 8 weeks. Morphologi@atl histomorphometric studies
were performed to evaluate the bone regeneratitiarpa This showed that the
regeneration pattern was centripetal in-growth frone defect rim. The
quantitative histomorphometric analysis revealed significantly greater
percentage of newly generated bone in the CAF tefban that in both the
CCM and empty defects from 2 to 6 weeks post-op@igt(p < 0.01). After 6
and 8 weeks, significantly more mature lamellar dotvad formed with CAF
than with CCM. Empty control defects showed bonenfttion starting from the
defect margins and incomplete healing even aftere8ks. The CAF guided
early bone growth and appeared more effective dsioabsorbable GTR
membrane than CCM. The authors concluded thatebglts suggest that bone

defects augmented with CAF may offer most promisiegults from a
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histological and histomorphometric perspective caragd to conventional

collagen membranes.

3.1.1.4 Silk, Hyaluronan, Chitosan and Agarose
At present there are no reports on silk, hyaluromditosan or agarose being
used for the repair of critical-size defects in thandible. They have however

been used for the repair of critical-size defeststher bones.

Fini, et al. in 2005 reported on the use of andtgble silk fibroin (SF) hydrogel
in the repair of critical-size defects in fourtestult New Zealand White rabbit
distal femurs. A synthetic poly(D,L lactide-glya#¢) copolymer was used as
control material. The rabbits were sacrificed @l 12 weeks and the femurs
were assessed histologically, histomorphometricalhg with high-resolution
radiographic investigations. Bone defect healing @nd quality of the newly
formed bone inside the defects were determined bgsoring trabecular bone
volume (BV/TV), trabecular thickness (Tb.Th), trabkar number (Tb.N),
trabecular separation (Tb.Sp), mineral appositiate r(MAR) and bone
formation rate (BFR/B.Pm). Both materials promobeshe healing when used
to fill critical size defects in rabbit femurs. Tmew-formed bone of the SF
hydrogel treated defects showed significantly higB€/TV, Tb.Th, MAR and
BFR/B.Pm and lower Th.Sp values in comparison wiit control gel (p <
0.05). The authors therefore concluded that SFdya accelerated the bone

remodeling processes.
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Zanchetta, et al. (2003) evaluated the effectiveraedsa hyaluronic acid-like
bacterial exopolysaccharide (HE 800) in the remdircritical-size defects in
parietal bone of male rats. The right hole wagdillvith either HE 800 or with
collagen used as a negative control, while theheleé was left empty. After 15
days, the holes and surrounding tissues were exahby direct examination,
radiographically and histologically. In the sudisites repaired with HE 800,
bone healing was almost complete (95.9% +6.2). vigtularisation was also
observed along with organized trabecular bone. comérol group that received

collagen in the defect did not demonstrate sigaiftthealing (17.8% £18.1).

Chitosan glutamate (obtained by the deacetylatibrechotin, which is the

structural element in the exoskeleton of crustageamxed with hydroxyapatite
was used by Mukherjee, et al. (2003) for the repfaritical-size defects in the
calvaria of 100 rats (8mm diameter). The rats velveded into five treatment
groups (20 per group): (1) empty defect as cont(®), defect filled with

chitosan/hydroxyapatite only, (3) defect filled lwithe chitosan/hydroxyapatite
containing bone-marrow aspirate, (4) defect filgith chitosan/hydroxyapatite
containing 40ug rhBMP-2, and (5) defect filled withitosan/hydroxyapatite
containing osteoblasts cultured from bone-marropirate. The animals were
sacrificed at 9 weeks (10 per group) and 18 weg@gpéer group). The calvaria
containing the defect were harvested, and the baneral density (BMD) was
determined by dual energy X-ray absorptiometry. hRust strength

measurements were also performed. The BMD valtesnpty controls were
significantly lower than those of other groups athb9 and 18 weeks. The

mechanical properties, however, were not signitigadifferent between the
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samples. Mineralized bone spicules were more prentiin the defect areas
that were filled with chitosan/hydroxyapatite andtemblasts cultured from
bone-marrow aspirate. The authors concluded Heathitosan/hydroxyapatite
paste could be used effectively to deliver osteadtiste factors for the repair of
critical-size bone defects. The reason no stediby significant differences

were seen between the different groups is thaethes very wide variation in

the mechanical properties as well as the bone aliglensity measurements for
the cases within each of the groups. It might Haelped if the authors limited

the number of groups and as a result increaseduimders of cases within each

group.

Cuevas, et al. in 1997 used human recombinantcatilioblast growth factor
(hraFGF) loaded in agarose for the repair of @itgize defects in the parietal
bones of rats (Agarose is a polysaccharide whichixed heterogeneously with
agaropectin, another polysaccharide, to form Agapntrol animals received
agarose alone in the defect. The animals wereifisadr 3 weeks post-
operatively and the bone healing was evaluatedlbgitally. HraFGF-treated
animals showed a continuous bridge of regenerate@ lextending from one
edge of the defect to the other. None of the paragfects that had been treated
with agarose alone contained new bone in the dgmiréion of the defect. The
authors thus concluded that hraFGF promoted bagenszation in critical-size

defects.
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3.1.2 Synthetic Scaffolds

3.1.2.1 Ceramics

3.1.2.1.1 Calcium Phosphate Cements

In 2002 Wikesjo, et al. assessed rhBMP-2 in a ealgphosphate cement carrier
(alphaBSM) for vertical alveolar ridge augmentation six adult Hound
Labrador mongrels. Three animals received rhBM#pRaBSM (rhBMP-2 at
0.40 and 0.75mg/mL) in contralateral jaw quadrartstal implant
volume/defect approximately 1.5mL). Three animabkceived alphaBSM
without rhBMP-2 (control group). The animals weeeisficed 16 weeks post-
operatively, and block biopsies were processedifstological and histometric
analysis. RhBMP-2/alphaBSM induced substantiah@rgation of the alveolar
ridge. Control sites exhibited limited new bone nfiation. Vertical bone
augmentation averaged (x SD) 4.9 £ 1.0mm (rhBMR-R.40mg/mL), 5.3 +
0.3mm (rhBMP-2 at 0.75mg/mL), and 0.4 + 0.4mm (coljt new bone area 8.5
+ 4.2mnf, 9.0 + 1.9mm, and 0.5 + 0.4mf) new bone density 55.1 + 6.4%,
61.1 + 6.0%, and 67.7 + 9.5%. Residual alphaBSMpmr@ad < 1% of the new
bone. Bone density for the contiguous untreatecelranged from 65 to 71%.
The authors concluded that surgical implantation roBMP-2/alphaBSM
appears an effective protocol for vertical alveoladge augmentation

procedures. But this may not be applicable tacalisize bone defects.
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3.1.2.1.2 Bioactive Glasses
Bioactive glasses have as yet not been used inrdpair of critical-size
mandibular defects but there have been reporthaf use in the repair of

critical-size defects in other bones.

Wheeler, et al. (2000) was the first to report ba tise of bioactive glasses in
the treatment of critical-size defects in bone. ey hhistologically and

biomechanically evaluated, in a rabbit model, bfmmened within critical-sized

distal femoral cancellous bone defects filled withS5 Bioglass particulates,
77S sol-gel Bioglass, or 58S sol-gel Bioglass amahgared the bone in these
defects with normal, intact, untreated cancellooseband with unfilled defects
at 4, 8, and 12 weeks. All grafted defects hademmone within the surgical

area than did unfilled controls (p < 0.05). Thecpatage of bone within the
defect was significantly greater for the 45S5 mateahan for the 58S or 77S
material at 4 and 8 weeks (p < 0.05), yet by 12ksesguivalent amounts of
bone were observed for all materials. By 12 weeklsgrafted defects were
equivalent to the normal untreated bone. The résorpf 77S and 58S particles
was significantly greater than that of 45S5 pagsc{p < 0.05). Mechanically,

the grafted defects had compressive stiffness atpnv to that of normal bone
at 4 and 8 weeks. At 12 weeks, 45S5-grafted defeatl significantly greater
stiffness (p < 0.05). At 8 and 12 weeks, all grdfdefects had significantly
greater stiffness than unfilled control defects<(f.05). In general, the 45S5-
filled defects exhibited greater early bone ingtowvitian did those filled with

58S or 77S. However, by 12 weeks, the bone indrawteach defect was

equivalent to each other and to normal bone. T&8% &nd 77S materials
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resorbed faster than the 45S5 materials. Mechénicdne compressive
characteristics of all grafted defects were eqenblor greater than those of

normal bone at all time points.

3.1.2.1.3 Hydroxyapatite

In 1998 Lemperle, et al. compared bone regeneratibilateral 15mm x 20mm
critical-size calvarial and 30mm unilateral critisize mandibular defects in
eighteen adult mongrel dogs. The defects wereeidft empty, implanted with
coralline hydroxyapatite (HA) blocks, or autografteith iliac cancellous bone.
All defects were protected with a macroporous titanmesh and the segmental
mandibular defects were additionally stabilized ioyernal plate fixation.
Specimens were retrieved after 2 and 4 months &mee tundecalcified
longitudinal central sections including the ostewyointerfaces were prepared
from each specimen for histometry and histologyctiSas were analyzed for
volume fractions of bone, soft tissue, and implastng scanning electron
microscopy, backscatter electron imaging and histam computer software.
Interestingly, in the mandibular model, the empéfedts exhibited the greatest
amount of bone formation after 4 months (47.3 pajcevhich was greater than
the amount of bone in the autografted group (3€&ent) and significantly
greater than the amount of bone within the hydrpayige implants (19.0
percent, p<0.05). In the cranial defects, the guatited specimens demonstrated
the greatest volume fraction of bone after 4 moi#7s3 percent), which was
significantly greater than within both the emptyaits (18.2 percent, p < 0.05)
and the hydroxyapatite implants (18.2 percent,0p08). New bone formation in

the mandibular defects united the cut ends at 4timsoregardless of treatment
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and originated predominantly from the periosteunictvliemained present only
along the alveolar border after surgical closurén the calvarial defects,
periosteum was not preserved and bone regeneratdgdpetally, originating
from the diploé without any evidence of dural ogEmesis. Bone bridging was
incomplete in the empty cranial defects at 4 manthsboth the mandibular and
cranial specimens, new bone at 2 months was a mixduwoven and parallel
fibered bone. At 4 months, the new bone had reneddalmost entirely into
mature Haversian bone. The authors concluded ttiet demonstrated a
remarkable ability of defect protection with a n@morous protective sheet to
facilitate bone regeneration in critical size méndiar and cranial bone defects.
When active osteogenic periosteum was presenty #sei mandibular model,
they concluded that defect protection alone wascserit to allow for healing
even of critical size defects. When periosteum wahsent as in the cranial
defects, the limited spontaneous bone formationefitexd from the added
contributions of cancellous grafting and osteocatiste implants, both of

which promoted bone bridging across the defects.

Mao T, et al. (1998) reported on the use of rhBMiR-the repair of critical-size
defects in the rabbit mandible and calvarium udmg carriers, namely chitin,
coral, coral-based porous HA (CHA), and xenogerancellous bone. The
repaired defects were examined radiographicallgtologically (under light
microscope and scanning electron microscope), bgunohistochemistry, and
biomechanically 2, 4, 8, and 12 weeks post-opezBtivIn all composite graft
groups, except in the CHA group, by 12 weeks theftdrad been replaced

completely by bone. Only fibrous tissue and adlitieripheral new bone formed
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in the defects in the control groups that had reszkionly the carrier materials.
The authors concluded that all the carriers usdtflisastudy would be effective

for the use of BMP-2 in the repair of critical-sizene defects in the rabbit.

In 2003 Arosarena, et al. investigated the repagrical-size defects created in
the left mandibular bodies of thirty-seven maleckex rats. The defects were
filled with a bone marrow cell suspension (group d)synthetic bone matrix
consisting of bovine collagen and calcium hydroxatap cement (group 2), the
matrix and marrow cells (group 3), the matrix witbOpg of bone growth factor
mixture (group 4), or the matrix with bone grow#rttor mixture and marrow
cells (group 5). The animals were sacrificed after weeks, and the
nondemineralized specimens were processed histalbgi The bone growth
factor mixture consisted mostly of BMP-3 and T@&F-Stereologic techniques
were used to determine and compare the volumadracand volume estimates
of mature bone, new bone, osteoid, marrow, rem@im@ment, and fibrous
tissue in each defect. Volumes of mature bone, bewe, and remaining
cement did not differ significantly among the greyp = 0.30 for mature bone,
p = 0.17 for new bone, and p = 0.34 for cement)weieer, group 4 and 5
specimens contained significantly more osteoid langer marrow spaces than
did the group 2 and 3 specimens (P < 0.001 for)bdtie specimens in groups
2 and 3 contained significantly more fibrous tissugrowth than did those in
groups 4 and 5 (P < 0.001). The authors thus cdedlthat the synthetic bone
substitute containing bone growth factor mixture({gps 4 & 5) was effective in

stimulating new bone and osteoid development irahenandibular model.
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The bone inducing capabilities of PGE1 and BMP-5reweompared by
Arosarena and Collins (2003). Critical-size manthb defects were created in
29 Sprague-Dawley rats and were filled in one ofese ways; with
collagen/PLA (group 1), PLA with BMP-5 (group 2)L.®R with PGE1 (group
3), collagen/calcium hydroxyapatite cement (HAQp(gp 4), HAC with BMP-
5 (group 5), or HAC with PGE1 (group 6). The cohtgooup (group 7) had
unfilled defects. The animals were sacrificed rafi2 weeks, and the surgical
sites were analysed histologically using sterealdgchniques that provided
guantitative estimates of the three-dimensional mwsition of the defects. The
HAC/BMP-5 group contained significantly more newnbkoand less fibrous
tissue than all the other groups €P0.02 and P < 0.01, respectively). The
groups containing PGE1 (groups 3 & 6) demonstraiguificantly more osteoid
development than the other experimental groups (B.091) suggesting a

property of bone healindglay.

Henkel, et al. (2004) assessed a new compositeigcateramic of HA and TCP
fabricated by a sol-gel process at 120°C. Crista¢ mandibular defects were
created in eighteen 1y old Gottingen minipigs whvetre divided into three
groups depending on how the defects were filledugrl, 409$-TCP plus 60%
HA (the new product), group 2, HA alone and grougeBred as a control with
only gelatinous material being placed in the defddie animals were sacrificed
after eight months and the surgical sites were @x@inmacroscopically and
microscopically. In groups 1 and 2 biodegradatbmore than 93% of the new
calcium phosphate formula was found 8 months pesaawely. No difference

was observed between pure HA (group 2) and the c@tibn of HA and beta-
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TCP (group 1). In both groups complete bone foromatiwvas seen
macroscopically. In the control group incompletsné formation was noted
(48.4%). This was significantly less than groupsrid 2 (p < 0.001). The
authors concluded that the new calcium phosphameg to be suitable for

filling critical-size bone defects. But it was mtperior to the HA alone.

Henkel, et al. again in 2005 assessed the repaurit€al-size mandibular
defects in the anterior mandible of 16 adult migisp The defects were filled
with the HA and TCP composite ceramic mentionediptesly in one group, in
another group the composite ceramic was used irbic@tion with cultured
autologous osteoblasts, and in the control gro@pdisfects were left empty.
Five weeks postoperatively, the animals were saedfand the defects analysed
macroscopically, histologically and radiographigallThe highest rate of new
bone formation was in the composite ceramic groitpout osteoblasts (73% of
the defect). The composite ceramic was degraddteatame speed as new bone
was laid down. In the control group, bone formatioh ‘only’ 59% was
observed. Additional transplantation of autolog@msseoblasts in combination
with the composite ceramic group did not resultiore bone production than in
the control group. The authors concluded that thesv bioactive calcium
phosphate matrix composite seemed to be a promisome replacement
material. But it seems that its properties weneeeskly affected by the addition
of osteoblasts. The fact that 59% bone regeneratias seen in the control

group means that the defect created was probablgfrocritical size.
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Again in 2006, Henkel, et al. assessed a HA and T@Rposite ceramic this
time sintered at 700°C. Bilateral critical-sizded®s (>5 cm) in the mandible of
15 adult Gottingen minipigs were filled in 5 diféeit ways; group I, biphasic
CaP matrix (HAB-TCP, 60%:40%), group II, monophasic CaP matrix
(HA:100%), group llI, conventionally sintered purgdroxyapatite (HA), group
IV, conventionally sintered3-tricalcium phosphatep¢(TCP), and group V,
gelatin sponge. The animals were sacrificed 8 nwpthst-operatively and the
defects were assessed macroscopically, histoldgieald morphometrically. In
the groups that received the composite ceramicaipgr | & 1), complete bone
formation was observed in the defect area, andbtteggn material was resorbed
almost completely. Incomplete bone formation andsser resorption rate of
the scaffolding were noted in groups Il & IV. Tlkewas a statistically
significant difference in bone formation rate betwehe composite ceramics
(93%) and the classical types of ceramics 58% (0.&1). The authors
concluded that the biological behaviour of the ri@aP biomaterials (composite
ceramics) was better than that of the old-typeesaat ceramic bone-grafting

materials.

3.1.2.1.4B-tricalcium phosphate

The articles discussing the useet CP in the repair of mandibular critical-size
defects have been discussed in the previous semtitwydroxyapatite.

B-TCP has also been used in other bones for therreparitical size defects.
Li, et al. (2005) looked at the repair of criticate defects in the left metatarses
of 20 sheep usin@-TCP. The defects were treated in one of threesyay

group 1 (n=8)B-TCP loaded with mesenchymal stem cells (MSCs) inbta
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from bone marrow aspirates from the sheep was usegtpup 2 (n=8p-TCP
was used alone and in group 3 (n=4) the defectlefbempty. The sheep were
sacrificed on the 6th, 12th, and 24th week postipaly and the surgical sites
were examined radiographically, histologically, dested biomechanically. The
sheep in group 3 were sacrificed on the 24th westgperatively. The results
showed that new bone growth was observed radiographand histologically
at the surgical sites of the experimental groupeady as the 6th week
postoperatively, but not in the control group, asteoid tissue, woven bone and
lamellar bone occurred earlier than in the con#blthe 24th week, radiographs
and biomechanical test revealed an almost competar of the defect of group
1, and only partly in group 2. The bone defectgroup 3 had not healed. The
authors concluded that porofis-TCP together with autologous MSCs were

capable of repairing segmental bone defects inpshmetatarses.

In 2006, Jung, et al. evaluated the effect of ugHIgCP with different particle
sizes on the ability of rhBMP-4 to enhance bonenfaion in the rat calvarial
defect model. 8mm diameter, calvarial criticalesdefects were created in 100
male Sprague-Dawley rats. Five groups of 20 aninealsh received either
rhBMP-4 (2.5ug) usingp-TCP with a particle size of 50 to 14, rhBMP-4
(2.5u9) usingB-TCP with a particle size of 150 to 508, ap-TCP control with

a particle size of 50 to 156, ap-TCP control with a particle size of 150 to
500um, or a sham-surgery control, respectively, and ewewaluated by
measuring their histological and histometric paremse following a 2 and 8
week healing interval. There were no significaiffedences in the defect

closure, new bone area, or augmented area betvtben the two rhBMP-48-
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TCP groups or between the tyelT CP control groups at 2 and 8 weeks. The
authors thus concluded that rhBMP-4 combined withee small- or large-
particle B-TCP had a significant effect on the induction @né formation
compared to either a small- or large-partigt&€ CP control or a sham-surgery
control. Within the parameters of this study, vagyithe particle size of beta-

TCP did not seem to have a significant effect onebformation.

3.1.2.2 Titanium

Lemperle, et al. (1998) compared bone regeneratidmlateral 15mm x 20mm
critical-size calvarial and 30mm unilateral critis'ze mandibular defects in
eighteen adult mongrel dogs. The defects wereeidft empty, implanted with
coralline hydroxyapatite (HA) blocks, or autogrdfteith iliac cancellous bone.
All defects were protected with a macroporous titanmesh and the segmental
mandibular defects were additionally stabilizedilgrnal plate fixation. The
paper is discussed in more detail previously in dBetion on hydroxyapatite.
The authors concluded that they demonstrated arkaivla ability for defect
protection with the macroporous protective sheeticiwhfacilitated bone
regeneration in the critical size mandibular andn@l bone defects. When
active osteogenic periosteum was present, as inmi@edibular model, they
concluded that defect protection alone was sufiicte allow for healing even

of critical size defects.

Herford and Boyne (2008) reported on 14 patients wiere selected from a
larger group having received BMP-2 in different eggdries of mandibular

defects. The rhBMP-2 in all the cases reported ugasl alone with a collagen
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carrier without concomitant bone materials. Theesaisvolved lesions of the
body and angle of the mandible in 2 categoriesdédfects resulting from
neoplastic diseases; and 2) defects secondary teorogelitis (related to
bisphosphonates or irradiation). A total dose ao48 mg of rhBMP-2 was
delivered to the surgical site in concentrationd & mg per cc (depending on
the size of lesion). Cases were followed over aopgefrom 6 to 18 months.
Occlusal function was restored with implant-bormeconventional prosthesis.
All of the cases reported had successful osseaisration of the edentulous
area followed by prosthetic treatment. Bone fororatn the surgical area could
be palpated at the end of 3 to 4 months and idedtrhdiographically at the end
of 5 to 6 months. The maintenance of a periosteatlepe was achieved by the
use of a superiorly placed titanium minibar in tier portion of the defect, or
with the use of titanium mesh superiorly. This Migtdéenting up to the mucosa
was thought to be necessary to maintain the smaaesfeous regeneration. The
authors concluded that the use of rhBMP-2 withartcomitant bone grafting
materials in large critical sized mandibular dedegbroduced excellent
regeneration of the area establishing the basigh®rreturn to prosthodontic

function.

3.1.2.3 Polymeric materials

3.1.2.3.1 Poly{-hydroxy esters)

3.1.2.3.1.1 Poly(L-lactic acid)
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Schliephake, et al. (1998) reported on the uselyfigctic acid (PLA) tubes and
pyrolized bovine bone for the repair of bilaterahk defects in the mandibles of
15 Gottingen minipigs. In five animals, group tnRdefects on one side were
bridged by a system of PLA tubes and pyrolized bewnone alone (alloplastic
scaffold), and on the other side with alloplastaffolds loaded with 11fg
recombinant human basic fibroblast growth factdtbbfGF). In five other
animals, group 2, defects of 4cm were also sinyilarldged by the alloplastic
scaffold alone on one side and on the other sidle the scaffolds loaded with
230ug rhbFGF. In five control animals, group 3, bilaleR-cm defects were
created that were left empty on one side and bddgé an empty PLA tube on
the other. Mitogenic efficacy of the growth facteas assessed on fibroblast
cultures by di-methyl-thiazol-2-tetrazolium-bromidssay before implantation.
After 5 months, there was negligible bone regerarain the control defects
(group 3), regardless of whether they had beerctefipletely empty or bridged
by empty PLA tubes. The 2cm defects (group 1) sldotuedging in 8 of 10
tubes, with complete consolidation by bone ingrowttiour defects. The 4-cm
defects (group 2) showed bony union in six caséh, @amplete bone fill in two
tubes, and four defects incompletely filled. The&SlBFhad no appreciable effect
with regard to velocity, quantity, and three-dimensal structure of bone
formation, neither in the short nor in the long ed#¢ despite clear in vitro
efficacy. The authors concluded that the repaise@fmental defects using
polylactic acid membranes appears to be possibteveder, a single-dose

application of bFGF is apparently ineffective, pbgsbecause of rapid dilution.
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The use of PLA together with growth factors in thepair of critical-size
mandibular defects was again reported in 1999 byeXal. They looked at the
effect of basic fibroblast growth factor (bFGF) bane formation induced by
recombinant human bone morphogenetic protein-2(rREM in the repair of
mandibular defects in rabbits. PLA was used asraier and healing was
assessed radiographically and histologically. Tdreup that received a
composite graft of bFGF and rhBMP-2 on the PLA iearhad the best bone
growth at 4 weeks post-operatively (p < 0.05), wisempared to PLA with
rhBMP-2, PLA with bFGF, PLA alone, and a no grafinttol. The authors
concluded that PLA has good biocompatibility, absdility and
osteoconductibility, rhBMP-2 and bFGF cooperatethambone healing process,

and PLA/rhBMP-2/bFGF might be a promising bone stiis.

Arosarena and Collins (2003) discussed the bonecing effects of PGE1 and
BMP-5 in critical-size mandibular defects creatad2® Sprague-Dawley rats
that were filled with collagen/PLA or collagen/dalm hydroxyapatite cement

(HAC). The article is discussed previously in fgetion on hydroxyapatite.

Schliephake, et al. (2008) again discussed theofideLA in the repair of
critical-size bone defects in the mandibles of 4%te rats. Fifteen rats
received p-DL-lactic acid discs loaded withp@6rhBMP-2 (Group 2), 48y
rhBMP-2 (Group 1) and unloaded discs without BMRaoi@ 0) each on one
side of the mandible. Unfilled defects of the saize on the contralateral sides
of the mandibles served as empty controls. AftetHand 26 weeks, implants

of each group were retrieved from five animals eaott submitted to flat panel
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detector computed tomography. Bone formation amtkhiess of augmentation
was assessed by computer-assisted histomorphomat@roup 2 significantly
more bone was produced than in Group 1. ImplantsGadup 1 induced
significantly more bone than the blank controlsyomiter 6 weeks, whereas the
difference was not significant after 13 and 26 vgeeRifferences between
Group 2 and Group 1 were clearly significant atérweeks. The thickness of
bone tissue was maintained in Group 2 whereasredsed in Group 1 and was
negligible in Group 0. The authors concluded thatPLA implants with 96g
rhBMP-2 were able to bridge a non-healing defecthie rat mandible and
maintained the thickness of an augmented volumewedder, a continuous
supply of osteogenic signals appears to be reqyihess the better result with
the higher rhBMP-2 concentration) to compensateaftverse effects during
polymer degradation, further supporting the coriols they had made in their
earlier article (Schliephake, et al. 1998). Thecbmpatibility of the PLA

therefore remains a significant problem when it esrto clinical application.

3.1.2.3.1.2 Poly(glycolic acid)

Poly(glycolic acid) has not yet been used in thmaireof critical-size defects in
the mandible but had been used in other sites.itbare et al. (1998, 1999)
reported on the use of poly(glycolic acid) in tlepair of critical-size defects in
calvarium of rabbits. In the 1998 article theyladged periosteum from 30 New
Zealand White rabbits, grew it in cell culture, éllbd it with the thymidine
analog bromodeoxyuridine for later localizationdaseeded it into resorbable
polyglycolic acid scaffold matrices. In group I=@0), the calvarial defects

were repaired using the resorbable polyglycolicd aicnplants seeded with
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periosteal cells. In group Il (n=10), the defectsrevrepaired using untreated
polyglycolic acid implants. In group Il (n=10),dldefects were left unrepaired.
The rabbits were killed at 4 and 12 weeks postdpetg. The defect sites were
then studied histologically, biochemically, and icaglaphically. At 4 weeks
islands of bone were found in the defects repaingith polyglycolic acid
implants with periosteal cells (group 1), wherehe tdefects repaired with
untreated polyglycolic acid implants (group Il) wefilled with fibrous tissue.
Collagen content was significantly increased inugrd compared with group Il
(2.90 £ 0.8Qg/mg dry weight versus 0.08 = Oydd/mg dry weight, p < 0.006).
At 12 weeks there were large amounts of bone igidp whereas there were
scattered islands of bone in groups Il and lll. iRdensitometry demonstrated
significantly increased radiodensity of the defgt#s in group |, compared with
groups 1l and 11l (0.740 + 0.250 OD/nfrwersus 0.404 + 0.100 OD/minand
0.266 + 0.150 OD/mfy respectively, p < 0.05). Bromodeoxyuridine latss,
detected by immunofluorescence, was identifiedhm newly formed bone in
group | at both 4 and 12 weeks, confirming the kbuation of the cultured
periosteal cells to this bone formation. It mididve been useful to have
another group where the periosteal cells were glacehe defect without the
polyglycolic acid implants to check for the contrilon the scaffold itself was

making on the regeneration.

In their 1999 article Breitbart et al again repdireritical-size cranial vault
defects in rabbits using periosteal cells. Thisetithe periosteal cells were
transduced retrovirally with the bone morphogengtiotein 7 (BMP-7).

Human BMP-7 complementary deoxyribonucleic acid gaserated from a cell
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line using reverse transcription polymerase chaiaction and cloned into a
retroviral vector plasmid. Retroviral vector paki were then used to transduce
the rabbit periosteal cells. The transduced peradstcells demonstrated
substantial production of both BMP-7 messengerniifoteic acid by Northern
blot analysis and BMP-7 protein by enzyme-linkedmumosorbent assay.
These cells were then seeded into polyglycolic &#f@dA) matrices and used to
repair the critical-size defects. At 12 weeksedéesites repaired with BMP-7-
transduced periosteal cells/PGA had significantigreased radiographic and
histological evidence of bone repair compared \hibse defect sites repaired
with negative control-transduced cells/PGA, nordtarced cells/PGA, PGA
alone, or unrepaired defects. Again a group wist fransduced cells and no
PGA might have been useful, as the effect of tladfald itself on the healing

was not being directly assessed.

3.1.2.3.1.3 Poly(lactic-co-glycolic acid)

In 1999, Higuchi, et al. looked at the repair ofataral round through-and-
through bone defects (5 mm in diameter) in the emglthe mandible in eight
Long-Evans rats, using, rhBMP-2 in a PLGA/gelapworsge (PGS) carrier. The
control side received only the PGS carrier. Ths mgere sacrificed after 4
weeks and the surgical sites analysed histologi@adtl histomorphometrically.
In the control group, bone formation was preseny afong the border of the
surgical site. In all cases in the BMP-2 grougjgnificantly larger quantity of

newly formed bone was observed, with the bone ddfeing completely filled

with new bone in 4 of 8 rats (p < 0.0001). Thehaw$ thus concluded that
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rhBMP-2/PGS induced effective bone regenerationmandibular defects in

rats. However, these defects were not continefeas.

Critical-size defect repair in the canine mandivks assessed by Nagao, et al.
(2002). RhBMP-2 in a PGS carrier was used to rdpkateral rectangular bone
defects (10 x 8 x 7 mm) in the premolar regionveélvve adult beagle dogs. On
examining the surgical sites with soft x-rays, &démensional computed
tomography, histologically and peripheral quantri&atcomputed tomography,
the control group that received only PGS showedbane regeneration. In
contrast, in the group that received the BMP-2,Ipdarmed bone was found in
all defects from 4 weeks onward and was marked®awdeks, and the density
of the newly formed bone was similar to that of serounding cortical bone at

12 weeks.

In 2001 and 2002 Marukawa, et al. reported on #yw@air of critical-size
mandibular defects in the rhesus monki\agaca mulatta) with BMP-2 using
PGS as a carrier. 20mm and 30mm size defects eveated in the respective
studies and in all cases there was excellent boegeneration both
radiographically and histologically compared to frols. The article is

discussed further in the section on BMP-2.

Abukawa, et al. (2004) treated critical-size defentone porcine mandible with
PLGA loaded with mesenchymal stem cells (MSCs)aigal from the ilium.
Four full-thickness bony defects (2 x 2 cm) wereated in the pig's mandible.

The loaded PLGA scaffolds (n = 2) were placed imio of the defects. One
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unseeded scaffold and 1 empty defect served asrotantAt 6 weeks
postimplantation, the pig was sacrificed, the mbledharvested, and the grafted
sites were evaluated clinically, radiographicalbnd histologically. The
construct-implanted defects appeared to be fillétth Wward tissue resembling
bone, whereas controls were filled with fibroustis. Radiographically, the
tissue-engineered constructs were uniformly radiedewith bone distributed
throughout. The interface between native bone amtsteucts was indistinct.
Complete bone ingrowth was not observed in conteflects. Osteoblasts,
osteocytes, bone trabeculae, and blood vessels idengéfied throughout the

defects implanted with constructs.

Critical-size mandibular defect repair in rabbigng PLGA was also assessed
by Ren, et al. (2005). The defects were fillednwwRLGA loaded with MSCs,
PLGA scaffold alone, and nothing in the control  gpo The animals were
sacrificed after 3 months and the surgical siteevassessed histologically. The
surgical defects had healed completely in the gitoegted with PLGA loaded

with MSCs but did not heal in the other two groups.

3.1.2.3.1.4 Poly(propylene fumarate)

Trantolo, et al. (2003) assessed the osteoinductiypacity of a bioresorbable
bone graft substitute made from the unsaturatedeptdr poly(propylene
glycol-co-fumaric acid) (PPF) for mandibular recwastion in twenty adult

Sprague-Dawley rats. Animals in group A (n=10) evetreated with

implantation of the PPF-based bone graft substittegroup B animals with

similar defects (n=10), the drill holes were leftheal unaided. The amount of
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new bone formation and the presence of an inflammatnfiltrate were

evaluated at 7 weeks postoperatively. Histolog@aalysis of the healing
process revealed enhanced in vivo new bone formatith the PPF bone graft
substitute. These findings were corroborated byhiemorphometric analysis
of new bone formation. The authors concluded thatresults of this study
demonstrated biocompatibility of the porous PPFetascaffold in a mandibular
defect. However, the defects were just 3mm dianeieer-cortical defects of

the mandibular ramus, so not critical-size defects.

3.1.2.3.1.5 Poly(anhydride)

In 1998, Ibim, et al. tested the osteocompatibititypoly(anhydride-co-imides)
polymers based on poly[trimellitylimidoglycine-co6l
bis(carboxyphenoxy)hexane] (TMA-Gly:CPH) and
poly[pyromellitylimidoalanine-co-1,6-bis(carboxypiexy)hexane] (PMA-
Ala:CPH), in the healing of bone defects in rata#h 3mm diameter defects
were filled with the poly(anhydride-co-imide) mags and compared to the
control PLGA. The animals were sacrificed at 39612, 20, and 30 days and
tissue histology was examined for bone formatianlymer-tissue interaction,
and local tissue response by light microscopy. Sthdies revealed that matrices
of TMA-GIly:CPH and PMA-Ala:CPH produced responsgsilar to the control
PLGA with tissue compatibility characterized by aldnresponse involving
neutrophils, macrophages, and giant cells througllo&i experiment for all
matrices studied. Matrices of PLGA were nearly ctatgly degraded by 21
days in contrast to matrices of TMA-Gly:CPH and PMkR:CPH that

displayed slow erosion characteristics and maimesef shape. Defects in
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control rats without polymer healed by day 12, defeontaining PLGA healed
after 20 days, and defects containing poly(anhgddo-imide) matrices
produced endosteal bone growth as early as day 8oamed bridges of cortical
bone around the matrices by 30 days. In additidreret was marrow
reconstitution at the defect site for all matrisasdied along with matured bone-
forming cells. The authors concluded that theidgtauggested that the novel
poly(anhydride-co-imides) were promising polymensttmay be suitable for
use as implants in bone surgery, especially in teigaring areas due to their
slow erosion characteristics. But, the fact tle polymers delayed healing
when compared to the empty defects puts the utlitthese products for the

repair of critical-size bone defects into question.

3.1.2.3.1.6 Poly(phosphazene)

There is only one report on the assessment ofetbairof bone defects with the
use of poly(phosphazene) and it was not used iicalrsize defects. Veronese,
et al. (1999) assessed membranes or microcapsulesle mfrom
polyphosphazenes for the treatment of four rabbitlt bone defects. The
authors stated that polyphosphazene membranesrgdepath alanine ethyl
ester and imidazole had a degradation rate tha¢smonded to the healing rate
of natural bone. They concluded that these menalsramere much more
successful in  promoting healing of rabbit tibia e than
polytetrafluoroethylene membranes. However, théena was used more as a

barrier membrane for guided tissue regeneratidrerahan as a scaffold.

3.1.2.3.1.7 Polyethylene glycol
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Polyethylene glycol, also known as poly(ethylenedex has been used in
copolymer constructs for the repair of criticalesidefects in the mandible in
two main forms; poloxamer gel, which is a noniorrtlock copolymer
composed of a central hydrophobic chain of polyfglene oxide) flanked by
two hydrophilic chains of poly(ethylene oxide), amlyactiv€, which is
poly(ethylene oxide)-p-bromotoluene a hydrogel dpper (PEO/PBT).

Meijer, et al. (1996) reported on the repair of éaefects with PEO/PBT
hydrogel copolymers in beagle dogs. The defectse wiled with either
precalcified or nonprecalcified porous cylindric ®PBT 80/20 implants, or
hydroxyapatite granules held together with PEO/PB¥30, or were left
unfilled. A significantly higher percentage of miakzation was present in the
cavities filled with the precalcified PEO/PBT 80/2@polymer than in the
control defects. As a result of swelling by fluigtake, the press-fit inserted
copolymer implants showed a significant reductiopore size, thus preventing
optimal bone ingrowth. The authors concluded ttwh lprecalcification of the
copolymer and underfilling of the defect, to ceeapace for the copolymer to
increase in diameter, stimulate postoperative fightion and bone ingrowth in

PEO/PBT 80/20 copolymers.

In 2008, Issa, et al. evaluated the poloxamer g& potential carrier of rhBMP-
2 for the repair of critical-size mandibular defeat fifty-six male Wistar rats.

They also checked if collagen sponge can furthgrrave the healing process.
The rats were divided into two main groups (forrgme at 2 and 4 weeks),
which were further subdivided into four groups wibven animals in each

group the defects were then filled as follows; me @roup the defect was filled
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with 4ug rhBMP-2 in aqueous solution, in another groughwiig rhBMP-2 in
aqueous solution with collagen sponge, in anoth#r 4ug rhBMP-2 combined
with the poloxamer gel, and in the remaining growjgh 4ug rhBMP-2
combined with poloxamer gel with collagen spongée”A2 and 4 weeks the
animals were sacrificed and the hemi-mandibles vwemhofor histological
analysis. There was a statistically significarftedlence in bone regeneration
between all the analysed groups (p < 0.01), anddw®at the periods of time (p =
0.0118). There was no association between thentesdt used and time of
sacrifice (p = 0.642). Results showed that the rPB2lused in this study was
able to induce bone regeneration and that its met@s optimized significantly
when it was combined with the poloxamer gel was emvkred with collagen

sponge.
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4.1 Aim of the study

The aim of this investigation was to assess thlbgical, radiographic and
mechanical properties of the tissue regenerateviollg the application of
tricalcium phosphate (TCP) scaffolding and recorabtn human bone
morphogenetic protein 7 (rhBMP-7) for the recondinn of a critical-size

osteoperiosteal mandibular continuity defect inrédebit model.

Hypothesis

The addition of rhBMP-7 to TCP will increase theatity and quantity of bone

regeneration.
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5.1 Preclinical investigations

5.1.1Rabbit mandible anatomy
Assessment of the veterinary anatomy text books a@ihdlry mandibular
specimens showed that the bone of the ramus ofalflgit mandible was too
thin to be used for the creation of the criticalesdefect (Figures 5.1 & 5.2).
Furthermore, several muscles of mastication aela¢d in this region (Table
5.1), and reflection of these muscles may inter@tk the animal welfare.
The rabbit dentition consists of (per quadrant):

« Makxilla; incisors 2, canines 0, premolars 3, mo3

* Mandible; incisors 1, canines 0, premolars 2, ngoBafFigures 5.3, 5.4)
Radiographic evaluation of the mandible showed thatpremolar and molar
teeth took up most of the posterior body of the difae (Figure 5.3); the risk of
damaging the teeth therefore also precluded thesfsr creation of a critical-
size defect. The anterior half of the body of th@ndible was noted to contain
only the mental foramen and an incisor tooth orhesde (Figures 5.1, 5.3 &
5.4). This site was therefore selected for theattwa of a critical-size
mandibular defect (just over one quarter of theybotlithe mandible on one

side) without compromising the rehabilitation oé thnimal.
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Zygomatic arch Orbit

Fenestrated region of rostrum ‘Canal for passage of temporalis tendon
Condyloid process of lower jaw

Position of temporomandibular joint

External auditory meatus

Cup-like portion of zygomatic arch

Pocket in lateral face of zygomatic arch Position of coronoid groove

Masseteric fossa Angular process

Figure 5.1 Lateral view of the anatomy of the skultl mandible of the rabbit.
(Russell AP. The mammalian masticatory apparatus: iatroductory

comparative exercise. Karcher SJ. 1998:271-286).

Superficial temporalis

Posterior deep masseter

Superficial masseter part 1B

Superficial masseter part 1A Reflected portion of superficial masseter

Figure 5.2 Lateral view of skull and mandible witluscles of mastication still

attached.
(Russell AP. The mammalian masticatory apparatus: iatroductory

comparative exercise. Karcher SJ. 1998:271-286).
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Muscle Mass Major Components Subdivisions
—— Superficial
Temporalis —— Lateral
—— Deep
L Medial
— Reflected Portion
Superficial T PartiA
’» — Part 1B
Masseter — Part2
L — Anterior
Deep
(Zygomaticomandibularis) - Posterior
Medial .
Pterygoideus ——[ Superior
Lateral )
~—— Inferior

Table 5.1 Rabbit muscles of mastication.
(Russell AP. The mammalian masticatory apparatus: iatroductory

comparative exercise. Karcher SJ. 1998:271-286).
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Premolars

Incisor

Figure 5.3 Lateral plain radiographic film of anpéanted rabbit mandible

showing the long roots of the incisor, premolar aralar teeth.
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5.1.2 Dry mandible specimens
Creation of the critical-size defect was performmedour dry rabbit mandible
specimens to test the most effective method fontaaiing the integrity of the

mandible after mandibular resection (Figures 54.%).

5.1.2.1 Surgical site creation

A surgical tungsten carbide fissure bur was foumthe the most effective and
easily available tool for the creation of the saagjisite defect. This was used on
a surgical handpiece rotating at 40,000 revolutipersminute. Water irrigation
would be used intra-operatively on the live caseasto avoid overheating of

the surgical site.

5.1.2.2 Surgical site support

Two different methods for post-operative supporthed mandible were tested.
The first method (Figure 5.6) involved the creatajrtwo through-and-through
bur holes, in line with each other, with a 1mm déden fissure bur; one on each
side of the mandible just posterior to the lastantboth and above the inferior
border of the mandible. A 1.1mm diameter Kirsheergical wire was then
placed across these holes and cut so that Smmrefwas left protruding from
each side of the mandible. Two 2mm diameter 8mng lotanium screws
(Synthes cortex screw, Synthes GmbH) were thereglato the outer cortex in

pre-prepared holes 5mm anterior to the Kirshneesvir
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Figure 5.4 Lateral view of dry explanted rabbit riite.

Figure 5.5 Superior sagittal view of dry explantabbit mandible.
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Figure 5.6 Close up view of first tested method rfeandibular support using

Kirshner Wire and titanium screws.

Figure 5.7 Superior view of surgical Figure S&trior view of surgical defect.

defect.
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The screws and Kirshner wire were then joined togreon each side with fast
setting, cold curing pink acrylic. This producetfeetive support for the
surgical site allowing creation of the surgical et#f(Figures 5.7 & 5.8), but
would have required the rabbits to have externghtéirs attached to the
mandible which might have increased the risk ofimpjto the animal and the

possible spread of infection within the surgicét si

A second method was therefore tested. Before thation of the surgical
defect, a horizontal bur hole was created withSanin diameter surgical fissure
bur just in front of the roots of the first premokooth and 1mm above the
inferior border of the mandible. This hole was m#al a depth of at least 14mm
to ensure perforation of the contralateral man@ibblody. A 2mm diameter,
12mm or 14mm long (depending of width of mandibinium screw (Synthes
cortex screw, Synthes GmbH) was then inserted gagn the cortex of the
contralateral mandible (Figures 5.9 to 5.12). Threvided the necessary
support required after the creation of the surgifect. The screw head was
placed flush with the cortical bone of the mandi@tegure 5.12), to facilitate
complete closure of the surgical site post-opeeltiand avoid the risk of

infection.
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Figure 5.9 Superior view of titanium  Figure ®lhferior view of titanium screw

screw in place. in place.

Figure 5.11 Posterior view of titanium screw ingaan the dry mandible.
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Figure 5.12 Inferior close-up view of the titanisarew in place in the dry

explanted rabbit mandible.
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5.1.3 Cadaveric work

The effectiveness of the previously described satglefect creation method as
well as the surgical site support technique was tlested on two cadaveric
rabbits. Two New Zealand white rabbits weighingk8. were killed using an
overdose of pentobarbitone sodium (140mg/kg). #eision was made along
the inferior border of the mandibular body on tlght side. The platysma was
reflected and by supra-periosteal dissection eleydhe buccinator, the mental
nerve and foramen were identified, just anteriorthe first premolar tooth
(Figure 5.13). The medial surface of the mandiblbtaly was then exposed and
the tongue was elevated. The 2.0mm diameter uiarsicrew was then inserted
through the body of the mandible just anteriori® first premolars as described
above to reinforce the lower border of the mandii®éore creating the critical
size defect (Figures 5.14 & 5.15). The mental oeascular bundle was ligated
and cut. A straight body ostectomy was then peréal on that side with the
first cut made 2mm anterior to the first premokand the second cut was made
across midline in the region of the mandibular sgygis (Figures 5.16 & 5.17).
The segment of bone was removed together with $keczated periosteum &
incisor tooth (Figure 5.17). In both cases thegisal defect was created
successfully, with no perforation of the oral muxosr damage to the

contralateral lower incisor tooth.

The anterior intraoral mucosal defect created s#agnto the removal of the

right incisor was sutured with resorbable braidatuies (4-0 Vicryl Rapide*

[Polyglactin 910] Suture, Ethicon). The prefabtachtricalcium phosphate
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Mental Nerve

Figure 5.14 Placement of titanium screw for reioémnent of the mandible.
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Figure 5.17 Unilateral critical-size surgical ddfereated.
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scaffolding was then adapted to the created defettt a Swann-Morton
Surgical Scalpel Blade, No.15. This was then sstum the surgical defect by
enclosing it within the surrounding soft tissuesthwimultiple polyglactin
sutures. The skin was then closed in layers witha subcuticular continuous
suture done with a 5-0 resorbable monofilament nate(Monocryl

[poliglecaprone 25] Suture, Ethicon).

5.1.3.1 Plain film radiography

Plain film radiographs were taken with size 1 Effeed AGFA Dentus M2
radiographic film (Figure 5.18) which was placedraorally with the x-ray
beam directed from beneath the chin at 90° toithe(frue mandibular occlusal
view). A 50kV, 2mA and 0.32sec setting of the x-raachine was found to
produce the best radiographic appearance. A 30stande between the x-ray
film and the machine cone was maintained so atatalardise the exposure for
all the cases (Figure 5.19). The radiographic ssssent showed accurate
positioning of the titanium screws as well as theatcium phosphate

scaffolding in the surgical sites (Figure 5.20).

5.2 Clinical cases

5.2.1 Cases

Based on the positive results obtained with thendandible and cadaveric work
described previously, the second fixation methadguthe single titanium screw
was selected for use with the clinical cases. Aparwas obtained from the

Home Office under the Animals (Scientific Proced)ract 1986 to carry
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Figure 5.19 X-ray machine with attached objectiveasuring tool.
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Tricalcium

phosphat
scaffoldin(;\

Titanium Contralateral
incisor tooth

Figure 5.21 Draping method on one of the clinicaes.
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out regulated procedures on living animals. Tenltalew Zealand white
rabbits (3.0-4.0kg) were used for the planned studijhese rabbits were
obtained from a supplier in France as the locapbers were closed for a year
for refurbishing. They were therefore given a 2lweeriod for acclimatization
prior to any treatment being performed. The ansmvetre kept in a dedicated
animal house under veterinary supervision in thealSrAnimals Research
Teaching Department, Biological Services, Vet Sthoaoiversity of Glasgow.
Surgery was carried out on two cases initiallywo separate sessions to assess
the recovery of the animals post-operatively aritheethe surgical technique if
deemed necessary. Both animals recovered welvanel eating normally by 3
to 4 days post-operatively. The remaining eigisesavere treated following the
same treatment protocol in a further four sessio@e of these cases died
immediately post-operatively due to anaesthetic glaations, unrelated to the

operative procedure, and had to be excluded frenstindy.

5.2.2 Surgical procedure

Each case was premedicated with @.5fentanyl (opioid analgesic)
transdermal patch applied the afternoon prior eodiwrgery. On the day of the
surgery meloxicam (non-steroidal anti-inflammatodyug) at a dose of
0.2mg/kg was administered subcutaneously, one hpte-operatively.

Hypnorm (fentanyl citrate & fluanisone), at a dosle 0.5ml/kg, was given

intramuscularly thirty minutes pre-operatively amgidazolam (short-acting
benzodiazepine), at a dose of 2mg/kg, was admiatsténtravenously at
induction. The case was then intubated with 3 d@mBn endotracheal

intubation tubes and given isofluorane, nitrousdexiand oxygen with the
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saturation being constantly monitored. Buprenorehjopioid analgesic), at a
dose of 0.05mg/kg, and oxytetracycline (antibigtat)a dose of 30mg/kg, were
both administered subcutaneously prior to commentiaatment. Ointment
was placed in both eyes and these were taped Biguir¢ 5.21). Full theatre
surgical conditions were adhered to with cliniciasubbing and wearing
surgical gowns and gloves and the surgical siteféisted with povidone-iodine
followed by the case being draped leaving onlyghgical site visible (Figure
5.21). Bupivacaine 0.25% (long acting local anetsth at a dose of 1mg/kg
was given locally in the surgical site for post-igive analgesia. As described
in the cadaveric specimen cases earlier, an imcises made along the inferior
border of the mandibular body on the left side.e Phatysma was reflected and
by supra-periosteal dissection elevating the bwatom the mental nerve and
foramen were identified, just anterior to the fipsemolar tooth. The medial
surface of the mandibular body was then exposedladongue was elevated.
The 2.0mm diameter titanium screw was then insdtesligh the body of the
mandible just anterior to the first premolars (F&6.22) as described in the dry

mandible specimens.

The mental neurovascular bundle was ligated and ciét straight body
ostectomy was then performed on that side witHiteecut made 2mm anterior
to the first premolar, and the second cut acrosanlidline in the region of the
mandibular symphysis. The segment of bone was vethtogether with the

associated periosteum & incisor tooth (Figure 5.23)
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Figure 5.23 Unilateral critical-size surgical ddéfgcone of the clinical cases.
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Figure 5.24 Placement of TCP scaffolding into stagsite in the clinical case.

Figure 5.25 Closure of the surgical site with résdile sutures.

- 110 -



The anterior intraoral mucosal defect created lyoreng the left incisor was
sutured with resorbable braided sutures. The prefted TCP scaffoldings
were then adapted and contoured to the createdtd@fgure 5.24) using a
fresh no.15 scalpel and secured in the surgidakctiby enclosing it within the
surrounding soft tissues with multiple polyglactatures. The skin was then
closed in layers with a final subcuticular continososuture done with a 5-0

resorbable monofilament suture (Figure 5.25).

Plain film radiographs were taken as described alioveach case immediately
post-operatively. All animals were observed cdhgfuntil they regained full
consciousness. Meloxicam at a dose of 0.2mg/kg wdministered
subcutaneously for two days post-operatively anel ithabbits were closely
monitored for any possible loss of appetite or \Wweig Further plain film
radiographs were taken at four, eight, and tweleeks of the follow-up period.
For these follow-up radiographic assessments thbitsawere sedated with
Hypnorm (fentanyl citrate & fluanisone), at a dased.5ml/kg, this was given
intramuscularly thirty minutes prior to the proceelu The animals were then

observed until recovery a few hours later.

Three months post-operatively the cases were gattifwith an overdose of
pentobarbitone sodium (140mg/kg), the mandiblesewsurgically removed
(Figures 5.26, 5.27 & 5.28), and the soft tissuefcdly dissected off (Figure
5.29 & 5.30). The specimens were labelled andedtan ice in 10% neutral

buffered formalin for twenty four hours (Figure 5)3 They were then removed
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Figure 5.26 Dissection of a case, 3 moatftes placement of graft.
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Figure 5.27 Explanted mandible of case 10 beformoxal of attached soft

tissue, superior view.

Figure 5.28 Explanted mandible of case 10 beforeoval of attached soft

tissue, inferior view.
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Figure 5.29 Close-up of the superior view of thegsal site of case 10 after

removal of most of the soft tissue.

Figure 5.30 Close-up of the inferior view of theggoal site of case 10 after

removal of most of the soft tissue.
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ice.

Figure 5.32 Explanted mandibles of all cases ieZee at -80°C.
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from the formalin scanned in the i-CA®&nd frozen at -80° Celsius (Figure

5.32).

5.2.3 Cone beam computed tomography

Cone beam CT is a versatile radiographic methodishzarticularly valuable
for the radiographic assessment of the bones dhtteeand jaws. This
radiographic assessment method was chosen disedasié of use, high image
resolution and capability to construct three dinnemal radiographic images of

the specimens.

Each of the specimens was removed from the fornslation, placed on an
acrylic platform which was placed on an invertedspic container which itself
was placed on a purpose built metal framework (féiglb.33 & 5.34) for use
with the i-CAT® (Imaging Sciences International) cone beam CTrsmanThe

specimens were then scanned in the i-EAiBing a setting of 6 centimetres,

0.25 voxel, and 40 seconds at high resolution.
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Figure 5.33 i-CAT scanner, with the explanted mandible on the custamie

platform.

Figure 5.34 Close-up of the explanted mandiblehenacrylic platform in the i-

CAT® scanner.
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5.2.4 Mechanical testing

5.2.4.1 Preliminary investigations

5.2.4.1.1 Selection of testing method

The principles used for the mechanical testinghef $urgical specimens were
based on the previous work of Kontaxis, et al. @00 The mechanical
properties of the regenerated bone in the surgites were therefore tested by
applying the principle of cantilevers. This methads used as it allowed
histological analysis of the specimens afterwarBlsor to mechanically testing
the surgical specimens, six dry rabbit hemi-mamrdgpecimens were tested to

assess the effectiveness and reliability of thentgsnethod.

Two different patterns of fracture of the test hevandibles were noted. In
some cases the fracture occurred through the sotkbe first premolar tooth
(Figure 5.35), where there was less bone thaneamtin-tooth bearing part of
the anterior body. This was also noted in previsuslies. To avoid this, the
hemi-mandibles were embedded in dental stone amopegt within an

aluminium box frame (Figures 5.36 & 5.37) up to 2ramterior to the first

premolar socket. In the other cases, fracture roeduhrough the long rooted
incisor rather than through the anterior body. fiyoand eliminate this effect the

loading was applied 14mm anterior to the first ppansocket.
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Figure 5.35 Dry rabbit mandible specimen showinlgifa along the first

premolar tooth socket.

Dental Ston

Aluminium
box.frame

¥ Loading ?m;'wmwmﬂ@;‘ o
mark

Figure 5.36 Specimen in the Figure 5.80#Anium box frame

aluminium box frame.
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5.2.4.2 Clinical case testing

5.2.4.2.1 Specimen preparation

The mandibles were divided into left and right henandibles at the symphysis
with a surgical grade rotating diamond tipped sawese hemi-mandibles were
then mechanically tested as cantilevers as descriveviously. On each
specimen three lines were marked; a horizontal bnethe lateral surface
midway between the upper and lower borders of thierer body of the
mandible (Figure 5.35), a posterior line on thesdbsurface at right angles to
the first line and 2mm anterior to the first prearadocket, and a second line on
the dorsal surface 12mm anterior to the second(liee 14mm anterior to the

premolar socket) (Figure 5.36).

5.2.4.2.2 Specimen mounting

The hemi-mandibles were mounted in pairs of “L” @ sections of extruded
aluminium 4.7mm thick (Figures 5.37 & 5.38). Thetgms were 25mm long,
32mm high and 15mm wide. Half the sections hadtd3!5 mm long and 7mm
wide in the 15mm side. Dental stone was spreath®imner surface of a section
without the slit and hemi-mandible placed in thenst ensuring that the 2mm
line was at the edge of the longer side of thei@ea@nd that the mid-line was
horizontal. The specimen was pressed into plagmitomize the thickness of
the stone and to produce a continuous layer ofestorresist the loading force
applied to the mandible. After the stone had setsicond section containing
the slit, which provided room for the ramus of thandible, was fixed in place

against the first section using dental plasterafd? The procedure achieved the
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required stability having the hemi-mandible beimgnfy located within the
rectangular space produced by the apposed pairse (Figures 5.36 &

5.39).

To hold the mounted specimen in the mechanicaintgshachine a larger
rectangular aluminium block, 63.5mm long, 63.5mighhand 30mm deep, with
a central cavity 40mm long and 40mm high was usednobunt the hemi-
mandible in the paired aluminium sections (Figuse®0 & 5.41). The boxed
specimen was placed within the cavity of the laaminium box and secured
firmly in place by 2 lateral screws and one vettsmew (Figure 5.40). At the
ends of these screws were rotatable thrust patisvéra used to compensate for

any non-parallelism of the aluminium sections (IFg35.40).

The holder was supported on a rectangular aluminilate attached to the
moveable cross head of the test machine (Figur2).5The central slot in the
plate allowed the lateral and rotational movementhe holder in order to
ensure that the loading point on the mandible waatéd over the load cell of

the test machine.

Mechanical loading of the specimen was carried wgihg the loading jig
(Figure 5.43) which consisted of a stainless dtds 20.5mm long and 8mm in
diameter. The tube was internally threaded to hiwserods, one with a right-
handed and one with a left-handed thread. The |l@merwas screwed to the
centre of an insert located in the centre of tlal loell of the test machine; the

upper rod terminated in a loading saddle into whidhhemi-mandible fitted.
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Figure 5.38 “L” shaped sections of extrudedrahium.

Figure 5.39 Specimen in the box frame cedéan tape.
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Specimen
in box
frame

Vertical

Figure 5.41 Lateral view of the large aioioim frame.
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Aluminium plate
with slot

Load cell

Figure 5.42 Specimen loaded into mechanical guréi5.43 Loading jig.

testing machine.

Figure 5.44 BOSE Elecroforce® 3300 test instrunwatit VDU of the control

computer which displays the load and displacement.
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The horizontal position of the holder was adjustedhat the loading point was
over the loading mark (Figure 5.36) on the upperfase of the mandible.
Rotation of the counter-threaded tube allowed teling saddle to be raised

without rotating the loading saddle itself.

5.2.4.2.3 Mechanical testing machine

Tests were carried out using the BOSE Elecrofor@3®0 test instrument

shown in Figure 5.44, which contains a magnetioator that can be moved at a
specified rate. The specimens were mounted asibedcabove (Figure 5.42),

the loading saddle brought into contact with thearpsurface of the mandible
while monitoring the load, and the actuator waseairiupwards at 1mm/s until

fracture of the specimen occurred. The displacerandtload was recorded at

10 points per second.

After completion of the mechanical testing, the hemandible in the paired
aluminium sections was removed from the holder, the sections were
separated, the stone and plaster removed and tslangdape stripped from the

mandible. The specimens were then analysed higtalily as described below.

5.2.5 Quantitative histological assessment

The surgical site with the regenerate was remowvedn fthe rest of the
hemimandible by sectioning anterior to the firsempolar. These mandible
sections were then decalcified in 10% formic acidI week before sectioning
in the sagittal plane into two halves. These twalvés were embedded

separately in wax, processed and one section femin lelock was stained using
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Contralateral
incisor

Posterior Anterior

Figure 5.45 H&E stained sagittal section acrossairtbe surgical specimens at
x10 magnification. The vertical lines demonstrdte three assessment fields

described in the text.
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haematoxylin and eosin (H&E) (Figure 5.45).

5.2.5.1 Quantitative analysis of bone content
Two decalcified, H&E stained sections from each dilale (one from each
specimen half) were viewed at x20 (Figure 5.46) @ magnification. Three
fields were selected (Figure 5.45):

1) Proximal end of the regenerated tissue, adjacethegpremolar tooth

root

2) Mid surgical field

3) Distal end of the regenerated tissue, towardsythmpkysis
These were captured digitally on a photo microsc¢Pég/mpus UK Ltd,
Watford, UK) fitted with a Colourview lllu camerasimg CellB software. The
digital image was opened in Adobe Photoshop ElesnéhD and after
background correction was converted to greyscasedthe threshold function,
unstained areas were converted to white and thenetisin stained areas
rendered black to create a binary (two-colour) iemaghis was subjected to
clean-up by comparing the binary image to the H&&ined image, and any
connective tissue elements other than bone werevern(Figures 5.46 & 5.47).
The binary image was then imported into ImageTowhge analysis software
(version 3.00, UTHSCSA, Texas USA). The proportafnblack and white
pixels was counted and expressed as a percentafee dbtal image. The
average of the six values measured for each mandgjale a quantitative

measurement of the total bone volume (adapted Rewell, 1983).
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Figure 5.46 H&E stained section of the regeneratdeu x20 magnification,

showing bone and intervening fibrous tissue.

Figure 5.47 The same image converted into binamdb after clean up, leaving
the bone coloured black (x20).
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5.2.5.2 Statistical analysis

The results were expressed as mean bone volumef (#tad) and standard
error. Statistical analysis of the results wasdemted using the Student’s t-test.
The value used for the statistical analysis wasntiean bone volume of all 6
fields or the mean of the 2 central fields. Difieces were considered

significant if p < 0.05.
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Results
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6.1 Clinical Findings

The surgery proceeded uneventfully in all of thg@erkmental cases. All the
cases recovered well following surgery and wergailly placed on a soft diet.
All rabbits started to eat normally and put on Virtigpy four days post-
operatively (Figure 6.1). The surgical site wagutarly monitored and there
was no wound breakdown or development of infectiddone of the cases
needed any further surgical interventions. Duehi loss of the lower left
central incisor, the opposing upper left centratisar had a tendency to
overgrow due to the reduced wear. This tooth wasried down every 4 weeks

when the rabbit was sedated for the radiograplsiesssnent.

6.2 Gross appearance of surgical site

Following explantation of the mandibles and remmfahe associated soft
tissues, general evaluation of the surgical siteatestrated the appearance of
new bone formation within the cases that receiv&MP-7 with TCP. This
new bone appeared to be fused to the adjacent hantraated bone (Figure

6.2).

6.3 Radiographic assessment

6.3.1 Plain Films

The serial radiography (0, 4, 8 & 12 weeks) shogetiual replacement of the
tricalcium phosphate (TCP) scaffolding with radipague tissue, and it was
noted that the TCP implant was gradually remod#deitie shape of the surgical

site (Figures 6.3 & 6.4).
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Figure 6.1 Case 10, one week post-operatively.
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Figure 6.2 Clinical image of explanted mandibula@@men in one of the cases

treated with TCP and rhBMP-7.
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It was apparent that overall there was more extensemodeling and dense
radio-opacity in the cases that received the TGEdd with BMP-7 than those
that received the TCP alone (Figures 6.5 & 6.6)the cases that received TCP
alone (Figure 6.5), the regenerated tissue dideein to bridge the original gap
between it and the proximal bone and the grafifits@intained the grainy
appearance of the TCP with no hints of differemdratinto outer and inner
cortices. In these cases the regenerated tisdusotlishow marked remodeling

over time to match the width of the contralaterdégFigure 6.3).

In the TCP and BMP-7 cases (Figures 6.4 & 6.6)ethveas remodeling of the
regenerated tissue into what appeared to be coenphadging of the critical
defect. There was some possible differentiatiormmfouter and inner cortex,
particularly on the medial surface. The width loé regenerated tissue was also

reduced to a size more similar to that of the adateral side (Figure 6.4).
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Figure 6.3 Case 4, TCP scaffolding alone, at (ydt&weeks.

Contralateral Extensive graft Remodelled
tooth 0 remodelling 4 _ graft

Figure 6.4 Case 5, TCP and rhBMP-7, at 0, 4 anééka:
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remodelling with
No bridging of gap possible cortex
between graft and formation medial
proximal bone

Figure 6.5 Case 6 TCP alone at 8 wks. FigureCa$e 10 with BMP-7 at 8 wks.
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6.3.2 Cone beam computed tomography

Once the animals were sacrificed (3 months) and niaadibles surgically
removed these were scanned as described previausly i-CAT® scanner.

CT data confirmed the impression obtained from #malysis of the plain
radiography that there was more extensive remaglefrthe graft in the cases
that received the TCP loaded with BMP-7 than ththe# received the TCP
alone (Figures 6.7 to 6.10). In the former, thanscshowed reorganization of
the regenerated tissue into what looked like arerogbrtex and an inner
trabecular region (Figure 6.8, images 10.00 & 1R.00here was complete
fusion of the regenerated tissue with the proxilmahe segment (Figure 6.8,
image 1.00) with a radiodensity similar to thatline. The width of the
remodeled graft was similar in size to the contesld non-operated side but
appeared deficient anteriorly (Figure 6.8, imag€® & 4.00) probably due to
the lack of the presence of an incisor tooth witte graft. In the group that
received TCP alone, there was no bridging of the lggtween the graft and the
proximal bone (Figure 6.10, image 1.00) and theoekhng of the scaffolding
was very limited with a clear deficiency of the teal height in comparison to
the contralateral side (Figure 6.10, images 8.002800). There was also no
development of a visible outer cortical or innen@alous appearance as seen in

the cases which received TCP and rhBMP-7 (Figut@,6mage 10.00).

There were no radiographic signs of infection iy ahthe experimental cases.

None of the titanium screws appeared displacedasd, and no mandibular

fractures were detected.
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Incisor tooth
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Figure 6.7 Panoramic reconstruction from the i-€AEan of the mandible in

case 10, treated with TCP and BMP-7.
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Incisor,”

Figure 6.8 Axial (1.00), and coronal sections (2-0R0.00) of the surgical site
reconstructed from the i-CATscan of a case treated with TCP and BMP-7.

The sites for the various coronal sections are gthdn the axial scan in yellow.
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Figure 6.9 Panoramic reconstruction from the i-EAEan of the mandible in a

case treated with TCP alone.
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Incisor /

Titaniulh_)
/Screw

Incisor Titanium Screw

Figure 6.10 Axial (1.00), and coronal sections @6-022.00) of the surgical site
reconstructed from the i-CATscan of a case treated with TCP alone. The sites

for the various coronal sections are marked oragi&@ scan in yellow.
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6.4 Mechanical testing

Fracture in all the specimens occurred by a craglearing on the dorsal surface
of the anterior portion of the body of the mandillee crack propagated rapidly
across the width of the mandible, leading to amjatofall in load (Figure 6.11).
The maximum load that occurred at fracture was robab (Nhay and the
distance between the 12mm loading point (descrgrediously) and the site of
failure on the dorsal surface of the specimen wassured (L). The failure
moment, which is considered as the most appropnme@sure of loading when

using cantilever mechanical tests of this type, thias calculated:

Failure Moment = Nax X L

The values of the failure moments for all the dadnd untreated sides of the

specimens are shown in Table 6.1.
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120 | /
Z 100
80 \_Load N

Displacement, mm

Figure 6.11 A typical mechanical test result shgnram abrupt fall in load at the

failure point.
Specimen | Treated side Untreated side
Number | mNm mNm
2 170 719*
3 54.8 679*
4 48.2 1404
5 383 689*
6 0 588*
7 300 1332
8 20.0 604*
9 2040 2772
10 2115 2652

* failures involving incisor tooth.

Table 6.1 Magnitude of failure moments for all Spens.
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6.4.1 Treatment side

The failure moments of the treated side were gledifferent among groups.
Specimens 4, 6 and 8 of the TCP only group showeddtrengths; no load
could be recorded in case 6 and case 8 showed thspéacement before
eventual fracture. It appears that these specirhaddibrous union which was
confirmed histologically (Figure 6.14, pgl147).

The histograms in Figure 6.12 show the wide rarfgaechanical properties of
the bone regenerate with a tendency of higher nmechlaproperties in cases
with significant bone formation as shown histol@dfigz. Intergroup variations
were marked; in two cases that received TCP wiBMB-7 the mechanical
properties of the treated side reached similarseteethat of the normal bone on

untreated side.

6.4.2 Untreated side

On the untreated side some specimen fracturesvieddhe incisor teeth despite
the standardised loading point, possibly due toomianatomical variations
between the cases. Table 6.1 shows that in thes cakere the fracture was
affected by the incisor tooth, the failure momemisviess than 1 Nm. In those
cases not affected by the tooth the failure momexg greater than 1 Nm. No
specimens fractured through the premolar socketkéh@o the embedding in
dental stone and aluminium box frame as describadiee When the
magnitude of the failure moment strengths was mdnked turned into
histograms this also separated the specimens wudogtoups, with those that
fractured across the incisor tooth obtaining mumhelr failure moment values

(Figure 6.13).
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Figure 6.12 Histogram of the failure moments of T&P only cases (denoted

by *) that were weaker than the specimens treatdd WCP and rhBMP-7.
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Figure 6.13 Histogram of the failure moments of timereated sides, showing
lower values for the specimens that failed acrbssincisor tooth (denoted by
*)_
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6.5 Quantitative histological assessment

6.5.1 Gross histological appearance

Visual inspection of the H&E stained sections undfgx magnification showed
more bone regeneration within the cases that redéeRCP with rhBMP-7, with
evidence of differentiation into woven and lametigres of bone (Figure 6.15).
There was histological union between the regengrbttne and the adjacent
untreated bone at the surgical site with no cgdilBormation noted. There was
no evidence of bone marrow formation and the regeéee bone was confined
to area that received the scaffold. No calcifmatof the surrounding soft
tissues was noted. Many osteocytes and osteoblases visible but very few
osteoclasts. The TCP was also resorbed almostletetypin the rhBMP cases
(Figures 6.16 & 6.17). The pattern of bone formatvaried even in the cases
that received TCP and rhBMP-7. In some cases & fawhed cortex was
identified, whilst in others the new bone formatimas primarily cancellous.
Very little bone was formed in the cases wheredéiect was filled with TCP
alone (Figure 6.18). In two of the cases with Taldhe there was evidence of a
chronic inflammatory response, with macrophageslamgpphocytes, in relation
to the TCP scaffold (Figure 6.19). This appearamas also seen focally in the

rhBMP cases, particularly in relation to the unrbsd TCP scaffold.

A small amount of acellular eosinophilic materiahsvoted in the connective

tissue of the regenerate in all the cases. Thereaif this material is unclear

and it was not included in the assessment of tine bolume.
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Premolar root

Figure 6.14 H&E stained section of a case thativedeTCP alone showing

minimal bone formation (x10).

Figure 6.15 H&E stained section of a case thativederhBMP-7 showing

woven and lamellar bone formation (x40).
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Figure 6.16 H&E stained section of a case thativederhBMP-7 showing

minimal amounts of scaffolding (x20).

Figure 6.17 H&E stained section of a case thativedeTCP alone showing no

bone and large amounts of retained scaffold (x40).
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Figure 6.18 H&E stained section of the mid-surgiiteld of one of the cases

treated with TCP alone. Minimal bone formatiomvsdent (x20).

Figure 6.19 Inflammation in relation to the scaffah a case that received TCP

alone (x40).
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6.5.2 Binary image analysis

The overall mean of the percentage regenerated Yolnene, in all the three
fields tested, in the rhBMP-7 cases was 29.41%25,6vhile that for the TCP
alone cases was 6.35% + 3.08 (Figure 6.20). Tiferelnce between the groups
was statistically significant, p = 0.014. If tpercentage of regenerated bone
volume in the mid surgical field alone was compdretiveen groups, the value
for the rhBMP-7 cases was again statistically $igatly higher than that of
the TCP only cases, p = 0.009 (rhBMP-7 cases, 228®; TCP only cases,

2.9% + 1.8) (Figure 6.21).
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@ Mean bone volume

% Bone

TCP alone TCP & rhBMP-7

Figure 6.20 The percentage overall mean bone volartiee two groups and the

standard error. The difference in mean bone faonawvas significant (p =

0.014).

mean bone volume (centre block) +/-SEM

@ mean bone volume

% Bone

TCP alone TCP & rhBMP-7

Figure 6.21 The percentage mean bone volume insomgical field of the two

groups and the standard errors. The difference @anmbone formation was
significant (p = 0.009).
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Discussion
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7.1 Discussion on the study rationale

The outcomes of this study confirmed the suitabiht the rabbit model for the
analysis of the healing of a mandibular continwtitical-size defect. All the
animals returned to function without adverse effecthe rabbits returned back
to normal chewing and mandibular loading withireav fdays after surgery and
this might have had a positive impact on the bazsdihg and remodelling. The
rabbit mandible is large enough to allow the cmratf a significantly-sized
bone defect in a standardised, reproducible manRabbits are also relatively
small mammals and are therefore easily housed aradi dor within dedicated

veterinary facilities.

The rabbit is also a mammal that is similar biotadly to the human and has
been recognised as an appropriate model to studg b@mengineering in the

craniofacial region (Mao, et al. 1998, Lu and RaB@02).

The periosteum was surgically removed together \hilh associated incisor
tooth and about 20mm of the body of the mandibleréate a critical-size defect
that simulated the clinical scenario in oral canuatients where the periosteum
would generally be removed along with the bone dpaiemoved following

tumour invasion.

Three rabbits were allocated to the control grauprove the concept that the
created defect was of a critical size and the skhtin its own would not induce
enough bone formation to reconstruct the defechis vas confirmed when

statistically significant differences in bone regmtion were found between the
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groups even though the number of rabbits usedhi®rproject was small (six
cases that received rhBMP-7 and 3 the received dl@fe). This finding is in
agreement with previous published data regardiegsike of a critical defect

(Hollinger and Kleinschmidt, 1990).

The use of screw fixation to maintain the mandibutéegrity, before creating
the critical-size continuity defect, was a noveltnoel. The effectiveness of this
technique was tested on dry rabbit mandibles awdl@dweaic cases, before the

live application.

RhBMP-7 had been previously used effectively orows for the reconstruction
of a critical-size mandibular defect in the sheepdal by our group (Abu-
Serriah, et al. 2004). We reported that bone reigd¢ion was not confined to
the boundaries of the defect, and therefore dicdsatsfactorily restore the shape
of the resected mandible. The rationale behindgugie TCP scaffolding in this
study was to control the shape of bone regeneratiam attempt to restore the
normal morphology, ‘medio-lateral width’ and vesdicheight of the excised
mandibular bone segment. The gross appearancéeofegenerated bone
confirmed the effectiveness of the TCP and rhBMm7 achieving this

objective.

A multidisciplinary assessment method was used/éduate the outcome of the

surgical interventions. This involved radiographgsessment with plain films

and cone-beam computed tomography, mechanicalngestnd histological
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analysis. This allowed the quality and quantitytiskue regeneration to be

assessed and the relationship between the vari@bbesinvestigated.

In this study there is a lack of immunohistochergistnalysis that would have
allowed a better understanding of the pattern oeb@generation. All the cases
were sacrificed after three months; this did ntmvalany long term follow-up of

the surgical site, which might have shown bony negate with even better

radiographic, mechanical and histological propsréiesix and 12 months.

7.2 Radiographic assessment

The radiographic assessment of both the plain fant the cone-beam CT was
performed in a subjective manner. But, there wdreious differences noted
between the cases that received TCP scaffoldingrlaBMP-7 and those that
received the TCP alone. TCP was more remodeledirdedrated with the

regenerated tissue in the cases that received@Reand rhBMP-7.

Lagravere et al (2006) concluded that the cone-b€anprovides an effective
option for the determination of material densityemhexpressed as Hounsfield
Units (Brooks, 1997). Hounsfield units (HU) are remafter Sir Godfrey
Hounsfield, born in 1919, an electroengineer wheettgped the first clinically
useful CT machine. HU are considered a standatdirel accepted unit for
reporting and displaying reconstructed X-ray coredubmography CT values.
An objective method of evaluating bone density gghne Hounsfield scale was
proposed by Norton and Gamble in 2001, who dematestra strong correlation

between the obtained bone density value and silgegpiality score. However,
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within our study group, the radio-opacity of theidual TCP scaffolding within
the grafted site would have made objective radjgigiaanalysis of the quantity
of bone regeneration difficult as the numbers olet@diin HU would have been

affected by the TCP.

Mulconrey et al (2008) evaluated bone formation an@P scaffolding
degradation when used with BMP-2 for spinal deftymiusions. They
suggested that the TCP would degrade at the sateeama that of bone
formation. This was not the case in our studymBeeling may have continued
in our cases if the animals were kept for a lorfigéow-up interval, however

this would need a different study to be proven.

It would have been ideal to include X-ray microcatga tomography
(MicroCT) scanning (Laib and Ruegsegger, 1999) tf assessment of the
microarchitecture and quantity of bone regeneratibthe microscopic level.
Unfortunately, these were not available to the angthwhen the research was
carried out. One of the main advantages of ustaffading for the restoration
of mandibular defects is the restoration of thepghand continuity of the bone.
This objective was achieved in this study and cwere the problems that we
reported previously regarding excessive bone fdaonausing BMP-7 for

mandibular reconstruction (Abu-Serriah, et al. 2004

Despite the fact that the scaffolding was not hgitked in the created defect,
we could not detect radiographic evidence of digésdent or displacement of

the scaffold. The newly formed tissue followed toatour of the adjacent bone
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margins. Cone-beam CT demonstrated that the wadtth height of the
regenerated bone matched the opposite non-opesated However, we could
not detect the formation of a medullary cavity captaphically. This high level
of morphological differentiation may have been agkd with a longer follow-

up interval.

In all the cases which received TCP and BMP-7 t&as no radiographic line
of demarcation between the regenerated bone angrdtvenal and distal edges
of the created defect. This is a demonstratiorthef full integration of the

regenerated bone with the surrounding untreated.bon

7.3 Mechanical assessment

There was a wide variation in the values of failonement obtained for the
specimens treated with rhBMP-7 (54.8mNm - 2040mifjure 6.12, pgl45).
The two high values (2040mNm & 2115 mNm) obtainestevcomparable to
the failure moments of the untreated sides th&tdahcross the anterior body.
This would suggest that the potential for acquirthg original pre-operative
mechanical properties was possible with the useh&MP-7 in TCP for

repairing the critical-size defect.

There is considerable variation in the literatusgarding the effect of a
prolonged healing time on the mechanical properiedioengineered bone.
Depending on the animal model used, the length astgperative follow-up
before animal sacrifice varied from; 5 weeks (Hénkeal. 2005) to 8 months

(Henkel, et al. 2006) in minipigs, 6 weeks (Saadsthal. 2001) to 12 weeks
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(Arosarena and Collins, 2003) in rats, and 3 wdéksand Rabie, 2002) to 3
months (Pekkarinen, et al. 2006) in rabbits. Tdregér the follow-up intervals
did not always necessarily improve the quality g tmechanical properties of

the bioengineered bone.

The mechanical testing performed in previous waku-Serriah, et al. 2005,
Kontaxis, et al. 2004) showed the regenerate irticalisize defects
reconstructed with BMP-7 and BMP-2 (Toriumi, et 2001) had a wide range
of mechanical properties which was similar to aadihgs. In our cases the
rhBMP-7-induced bone achieved a mean of 36% oftrength of the bone on
the non-operated side. The mechanical propertiethe control sides also
varied substantially (Figure 6.13, pg145); from 4dNm to 2772mNm in the
cases where the fracture occurred within bone. prasence of an incisor tooth
within the control side made the mechanical testimaye complex, due to the
need to avoid fracture through the tooth socket.cuatom-made aluminium
frame (Figure 5.37, pgl19) was constructed andldhd was applied 14mm
anterior to the premolar socket to try to minintisis occurrence. The variation
in mechanical properties in this study group miglso be due to the varying
proportions of woven and lamellar bone formatiortha bioengineered tissues
that were seen histologically. The possible vemmt in the concentration of
rhBMP-7 within the grafts, even though standardisesdthods were used for the
loading of the TCP, may also have influenced theliguof bone formation
resulting in changes in the mechanical propertidstomorphometric analysis
demonstrated a large proportion of trabecular spatdhe regenerated bone,

when compared to bone on the control side. Sontheotases that received
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TCP with rhBMP-7 developed an outer cortex that wagle radiographically
(Figure 6.6, pgl36). This should have improved rtiechanical properties of
the bioengineered bone, due to the higher percerdbgompact bone present in

cortical bone.

This study, along with previous work by our grodfpu-Serriah, et al. 2005,
Kontaxis, et al. 2004), has further emphasizedpibtential bone regenerative
properties of rhBMP-7 and has also shown that sgeal TCP scaffolding could
result in the regeneration of bone with mechanicaperties similar to those of
natural bone in some cases. There was a closeiasso between the quality
of histological bone formation and the mechanicapprties achieved, whepe

was found to be +0.7 using Spearman's rank cowelabefficient.

7.4 Quantitative histological evaluation

Classically, histomorphometric analysis of boneoimes the application of
probability theory to geometry by the use of estesa rather than exact
measurements. Repeated counting was used in tarceake the estimates as
accurate as possible. Histomorphometric analysms b carried out in three
ways; simple eye-piece grids, semiautomatic insémis) in which a digitising
tablet is linked to a desk-top microcomputer, diyfautomatic computer-linked
image analysis equipment (Revell, 1983). The ntktiged in this report was a
modification of these techniques and used decattifiections in combination
with image analysis, conversion into a binary imagth a manual clean-up
with removal of connective tissue and computerige@| analysis. Although

the measurements were made on two dimensional snage information
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derived may be interpreted on a three dimensionalsb Results are usually
expressed in percentages (Revell, 1983). Deaalcifections present many
advantages as specimen processing and sectionageneare considerably
easier. The weakness of this method of assesssatt the mineral content of
the regenerated bone cannot be assessed, theshimegue does not provide the
information on the dynamics of bone formation whiolay be assessed from

calcified sections or x-ray microtomography.

The histological and binary image analysis of thgenerate in the critical-size
defects in this study showed that TCP loaded wviBMP-7 was significantly
superior in its capacity for bone regeneration th@# alone (Section 6, Figures
14-21). It was noted that the regenerated boneenhsr lamellar or woven in
appearance, as seen in previous studies (Abu-Beatial. 2004, Boyne, 1996,
Toriumi, et al. 1991), with evidence of some ouwertex formation in some of
the cases. Previous studies have shown that Idregding periods, of up to one
year, are required for the complete maturationhaf tegenerated bone with
complete formation of an outer cortex and medulayity (Boyne, et al. 1999,

Kirker-Head, et al. 1995, Toriumi, et al. 1999).

In order to avoid the influence of the innate ostdoctive and osteogenic
properties of the bone on the edge of the surgital the analysis was also
performed on the 2 images from the centre of thigical site. This provided a
more reliable measure of the effect that rhBMP-@ Wwéhin the scaffold, with

minimal influence from the adjacent bone on borgeneration. The extent of

variation in bone formation across the surgica démonstrates the influence of
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the intact bone boundaries at either end of thgicalrdefect on osteogenesis.
Comparison of the histological nature of the bioraegred bone in the middle
of the scaffold with that of the proximal and distads adjacent to native bone
showed both a reduction in the amount of bone fdroeerall and an increased
proportion of woven bone at the centre. Thiscatkd that much of the new
bone formation was initiated at the interface betw¢he scaffolding and the
intact mandibular bone. This is likely to be dudhe diminished vascularity at
the centre of the scaffold. It is well known tiascular proliferation is limited

to a few millimetres from the intact bone margirBhe low oxygen tension at
the centre of the scaffold secondary to the dirhids blood supply is an

important reason for the reduced quality of the dodormation. The same
process will apply with remodelling as the ostestdahave to access the
scaffold before remodelling can occur. In factited remodelling was noted at
the centre of the scaffolding in comparison to pineximal and distal margins

adjacent to the surrounding intact bone.

The inflammatory infiltrate seen in some cases &ekto be a reaction to the
TCP scaffolding, but this did not manifest itselfttwany clinical signs or
symptoms as the rabbits completed the study suocdlgssiith no signs of

infection.

No cartilaginous remnants were found in any of gpecimens suggesting that
the new bone regenerate was formed by intramembusnessification as
opposed to endochondral ossification, althoughaasitional phase involving

cartilage formation could not be excluded (Abu-Bérret al. 2004).
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As described earlier, the TCP = rhBMP-7 was secureglace within the
adjacent soft tissues and this did not resultgnicant foreign body reactions.
Rigid fixation of the scaffolding in situ would haween ideal; however, the
fragile nature of the TCP prevented any type adrimtl fixation. This is one of
the drawbacks of this type of scaffolding which mayit its application to
anatomical areas which may be subjected to dirdzttantial mechanical forces

during the early stages of healing.

This project combined two materials with two partas properties; TCP being
osteoconductive and rhBMP-7 being osteoinductiVéis leaves out the third
and just as important property necessary for barendtion that is, bone
osteogenesis. This is a property held by the pdient mesenchymal stem
cells. It would be useful to study the impact eéding mesenchymal stem cells
in a three dimensional scaffolding to maximise #ffect of the cytokines in
promoting bone regeneration in critical-size boeéedts. This could improve

both the quality and rate of bone regeneration.

Comparison of the radiological and histologicaldimgs within the two groups
appeared to show a positive correlation. Withdases which received rhBMP-
7 and the TCP showing both histological and radipgic signs of early bone
differentiation into an outer cortex but no evidera inner medullary cavity

formation.
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The findings of this investigation should be intetpd with caution before
clinical application. Our preclinical findings weerin healthy subjects, the
tissues surrounding the created surgical defecte wsact, and the blood
supply was not compromised. This would often retHe case in older patients
with limited regenerative ability due to osteopdasoand diminished blood

supply due to previous radiotherapy within the siaigsite.

The ultimate aim of this preclinical study is tarslate the bioengineering
technology into a format with a human applicationfacilitate maxillofacial
rehabilitation following resection or following wenatic loss. We believe that

as a result of this study we are actively approagthis target.

7.5 Future Study

The next phase of the project would be to lookhat regeneration of bone in
similar critical-size defects repaired with TCP a@tiger with mesenchymal stem
cells (MSCs) as well as rhBMP-7. The aim wouldtidgroduce histologically

and radiographically better quality of bone regatien, with more consistently
higher mechanical failure moments with values ckoseatural bone for most if

not all of the experimental cases.

7.6 Clinical implications of the study

The reconstruction of critical-size bone defectdof@ing tumour resection or
bone loss due to trauma is very topical due toctiraplexity of the treatment

involved and poor healing outcomes. The resultghid study show that
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rhBMP-7 together with a TCP scaffolding may potalhyibe an effective bone

bioengineering tool that could be used in suchsase
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Conclusions
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RhBMP-7 in a prefabricated TCP scaffolding provedé an effective method
for bone regeneration in mandibular critical-sizfedts in the rabbit model

which could have possible future clinical applioas.

The rabbit model proved to be an effective model toe creation of a
standardised critical-size mandibular defect ardlographic, histological and

mechanical assessment of bone formation.

TCP scaffold on its own does not induce enough Bomaation to reconstruct

critical-size rabbit mandibular defects.

Close correlation was found between the mechangraberties and the

histological quality of the regenerated bone.

Within 3 months satisfactory bone regeneration acgseved when the TCP and
rhBMP-7 were applied in a critical-size mandibldane defect. In some cases,
the mechanical properties reached the standardntkated bone on the

contralateral side.

Hypothesis

The addition of rhBMP-7 to TCP will increase theatity and quantity of bone

regeneration.

The hypothesis is accepted.
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Bone regeneration in critical-size bone defects using tissue engineering.
Preliminary Report. K. Naudi, A. Ayoub, D. Lappin, J. McMahon, L. Di
Silvio. University of Glasgow Research Seminar, 2@BwardedFirst Prize

for best project presentation).

Aims

To assess the quality of bone regeneration in tcalrisize osteoperiosteal
mandibular discontinuity defect using BMP-7 oniadicium phosphate (TCP)
scaffolding with mesenchymal stem cells. Would theality of bone

regeneration be better if mesenchymal stem celthBMP-7 are used with the
scaffolding for the reconstruction? Would the camabion of mesenchymal

stem cells, rhBMP-7 and TCP improve the qualitpohe regeneration?

Materials and Methods

Nine adult white New Zealand rabbits (3.0-4.0kgyevesed. The rabbits were
divided into two treatment groups; in 6 cases ted was filled with rhBMP-7
in the TCP, in the remaining 3 cases the defectfillad with the TCP alone.
Radiographic assessment with plain radiographsoaeased out at 0, 4, 8, and
12 weeks. Three months post-operatively the amsimedre sacrificed, the
mandibles were removed and the surgical sites sedaadiographically; with

plans for histomorphometric analysis and mechanésting.

Results
Initial radiographic analyses demonstrated evidesfcggnificantly better graft

remodelling occurring within the group that receitke rhBMP-7 and TCP.
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Bone regeneration in critical-size mandibular defects using tissue
engineering, K. Busuttil Naudi, A. Ayoub, J. McMahon, D. Lappih. Di
Silvio. United Kingdom Society for Biomaterials Annual Cerdnce, Liverpool

2008.

Introduction

The gold standard for bone grafting is still augmos cortical and cancellous
bone from the iliac crest due to its combined agedc, osteoinductive and
osteoconductive properties. Autograft availabiityhowever, limited and often

associated with donor site morbidity.

Aims

The aim was to assess the quality of bone regeoeran a critical-size

osteoperiosteal mandibular discontinuity defectngisbone morphogenetic
protein 7 (rhBMP-7) on a tricalcium phosphate (TGRaffolding. Would the

guantity and shape of bone regenerate be betteBNIP-7 had been used with

scaffolding for mandibular reconstruction?

Materials& Methods

This investigation was conducted on nine adult g/hiew Zealand rabbits (3.0-
4.0kg). In all the cases a critical size continulefect was created in the
anterior part of the mandible. Under general ahasg| the mandible was
exposed by raising a mucoperiosteal flap via a suddibular approach. A
12mm long 2.0mm diameter titanium screw was ingetieough the body of

the mandible in the region of the first premolaysreinforce the lower border
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(Figure 1). A straight body ostectomy was perfornaterior to the first
premolar, and the second cut was made across midlirthe region of the

mandibular symphysis. The segment of bone was vedchwith the covering

periosteum and incisor tooth (Figure 2 & 3).

Figure 1. Rabbit mandible Figure 2. Surgical defe

Figure 3. Surgical defect created in one of thegas

The rabbits were divided into two groups. In sases the critical-size defect
was filled with rhBMP-7 in a prefabricated scaffioig of TCP (Figure 4). In
the remaining cases the defect was filled with phefabricated scaffolding
alone. Radiographic assessments with plain radpbgravere carried out at O, 4,

8, and 12 weeks follow-up.
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Figure 4. Scaffolding in defect Figure 5. Regrated bone

Three months post-operatively the animals werefgzsen, the mandibles were
removed and the areas where the critical-size tefas created were assessed

with cone beam CT radiographs.

Results
Clinical Findings. The regenerated bone (Figurefeared to be continuous

with the adjacent bone, and had remodelled to @ simnmensurate with the

defect size and there was no incidence of infection

Figure 6. Axial CT Figure 7. Coronal CT

Radiographic Findings. Both plain radiography & eobheam CT scanning

(Figures 6&7) showed significant bone regenerationthe surgical defects
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repaired with the TCP scaffolding containing rhBMRvhen compared to the
sites repaired with TCP scaffolding alone, wherdahia latter the healing was

incomplete with no bridging of the surgical defect.

Conclusion
The restoration of critical-size mandibular defeictgabbit mandibles using a
combination of rhBMP-7 with TCP scaffolding was falto be a successful

technique. This would suggest the possibility atifa clinical applications.
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Bone regeneration in a critical-size mandibular defect using tricalcium
phosphate and bone morphogenetic protein 7. K. Busuttil Naudi, A. Ayoub,
J. McMahon, D. Lappin, L. Di Silvio. Triennial Carence of the Royal

College of Physicians and Surgeons of Glasgow 2008

Aims
The aim was to assess the quality and quantitypélvegeneration in a critical-
size osteoperiosteal mandibular discontinuity defsing bone morphogenetic

protein 7 (rhBMP-7) on a tricalcium phosphate (TG&3ffolding.

M ethodology

The investigation was conducted on nine adult wNigev Zealand rabbits (3.0-
4.0kg). In all cases a unilateral straight bodgo®my was performed anterior
to the first premolar following insertion of a tii@am screw to reinforce the
lower border. The segment of bone was removed thihcovering periosteum
and incisor tooth. In six cases the critical-sisdect was filled with rhnBMP-7
in a prefabricated scaffolding of TCP (Group 1h the remaining three cases
the defect was filled with the TCP alone (Group Rxdiographic assessments
with plain radiographs were carried out at montimiervals. Three months
post-operatively the animals were sacrificed aredrtfandibles were removed.
The surgical sites were assessed with cone beamadidgraphy, mechanical

testing and histomorphometric analysis.
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Results

Clinically the regenerated bone appeared to beirmomis with the adjacent
bone and had remodelled to a size commensuratetgtidefect size. Both
plain radiography & cone beam CT scanning showgdifstantly more bone
regeneration in group 1, while in group 2 there wa®mplete healing with no

bridging of the surgical defect.

Results of the mechanical testing and histomorpteerenalysis will follow.

Conclusions

The restoration of critical-size mandibular defeictgabbit mandibles using a

combination of rhBMP-7 with TCP scaffolding was falto be a successful

technique. This could suggest the possibility e@ife clinical applications.

- 189 -



Bone regeneration in a critical-size mandibular defect using bone
mor phogenetic protein 7 on tricalcium phosphate scaffolding. K. Busuttil
Naudi, A. Ayoub, J. McMahon, D. Lappin, L. Di Sitvi 19" International

Conference on Oral and Maxillofacial Surgery, Shen@hina 2009

Objectives

To assess radiographically, mechanically and logtodlly the quality and
guantity of bone regeneration in a critical-sizeéeoperiosteal mandibular
discontinuity defect following the application obire morphogenetic protein 7

(rhBMP-7) on a tricalcium phosphate (TCP) scaffioddi

Methods

The investigation was conducted on nine adult Nealahd white rabbits (3.0-
4.0kg). In all cases a unilateral, osteoperiosteahdibular continuity critical-

size defect was created. In six cases the crsical defect was filled with

rhBMP-7 in a prefabricated scaffolding of TCP (Gool). In three cases the
TCP was used alone (Group 2). Plain radiographse vwaken at monthly

intervals. Three months post-operatively the atlsmeere sacrificed, and the
surgical sites were assessed with cone beam Cagragihy, mechanical testing

and histomorphometric analysis.

Results
Clinically the regenerate appeared to be continwatls the adjacent bone and
was remodelled to a size commensurate with thectlefize. Both plain

radiography & cone beam CT scanning showed sigmfly more bone
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regeneration in group 1, while in group 2 there wasmplete healing with no
bridging of the surgical defect. Mechanical testgaye variable results but the

failure moments for group 1 were consistently highe

Conclusions
The restoration of critical-size mandibular defeictgabbit mandibles using a
combination of rhBMP-7 with TCP scaffolding was sessful. This would

suggest the possibility of future clinical appliocats.
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Histomor phometric evaluation of boneregeneratein a critical-size defect in
the rabbit mandible treated with tricalcium phosphate scaffolding loaded
with bone mor phogenetic protein 7. K. Busuttil Naudi, A. Ayoub, D. Lappin,
J. McMahon, L. Di Silvio, K. Hunter. United KingdoSociety for Biomaterials

Annual Conference, Belfast 20009.

Introduction

Bone defects in the human maxillofacial region whigrise as a result of
trauma, infection or tumour resection cause sigarft aesthetic, functional and
psychological disabilities. The gold standardreconstruction of these defects
has been autologous cortical and cancellous boaie gAutograft availability
is, however, limited and often associated with dosite morbidity. Current
trends have been to explore methods that move &wayusing autografts by

using various bone substitutes.

Aims
The aim was to evaluate the quality and quantitybohe regenerated in a
critical-size mandibular defect in the rabbit mgdetonstructed with tricalcium

phosphate (TCP) scaffolding and bone morphogepeti®ein 7 (rhBMP-7).

Materialsand Methods
Nine adult New Zealand white rabbits (3.0-4.0kgyavased; in six cases the
critical-size defect was filled with the rhnBMP-7anTCP scaffolding (Group 1),

and in three cases the TCP was used alone (Group 2)
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Surgical procedure

In each case a unilateral osteoperiosteal mandiboldy critical-size defect was
created (Figure 1). The prefabricated tricalciunogphate scaffolds, with or
without rhBMP-7, were then secured in the surgaefiect (Figure 2). Three
months post-operatively the cases were sacrificedl the mandibles were

surgically removed.

Figure 1. Dry mandible. Figure 2. TidRlefect.

Spoecimen preparation

The surgical areas were removed from the resteofrtndible. The mandibular
sections were decalcified in 10 % formic acid fovdek before sectioning them
in a sagittal plane. The two halves of the mamrdi#dction were embedded
separately and one section from each block wasestaising haematoxylin and

eosin (H&E).

Quantitative analysis of bone content

The sections were viewed at 20x (Figure 3) andm@gnification. Three fields

were selected; the proximal end of the regeneréis=iie, adjacent to the
premolar tooth root, a mid surgical field and thstal end of the regenerated

tissue, towards the symphysis.
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These fields were captured digitally on a photoroscope (Olympus UK Ltd,
Watford, UK) fitted with a Colourview lllu camerasimg CellB software. The
digital image was opened in Adobe Photoshop ElesnéhD and after
background correction was converted to greyscadegdJlthe threshold function,
unstained areas (with no bone formation) were caedeo white and then the
eosin stained areas (with bone formation) wereessdiblack to create a binary
image (Figure 4). The binary image was then imgbnté¢o ImageTool image
analysis software (version 3.00, UTHSCSA, Texas WSAhe proportion of
black and white pixels was counted and expressed @ercentage of the total

image.

Satistical analysis

Statistical analysis of the results was conductdgithe Student’s t-test.

Figure 3. H&E (x20). Figure 4. Binary ineag

Results

Gross histological appearance

There was more bone regeneration within the casgoap 1, with evidence of
both woven and lamellar types of bone (Figure 3here was union at the
surgical site with no cartilage formation. In gpolisome cases showed hints of
outer cortex formation. No evidence of bone marfommation was seen and
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the regenerated bone was confined to the areadteived the scaffold, with no
calcification in the surrounding soft tissues. TIeP was also resorbed more
completely in group 1. Very little bone was formgdthe cases where the

defect was filled with TCP alone (Group 2).

Figure 5. Lamellar bone. Figure 6. Chart of beakime.

Binary image analysis

The overall mean of the percentage regenerated bolnene, in all the three

fields tested, in group 1 was 29.41% + 6.25, wttikg for group 2 was 6.35% +
3.08 (Figure 6). The difference between the gromas statistically significant,

p = 0.014. If the percentage of regenerated hvohegme in the mid surgical

field alone was compared between groups, the veduegroup 1 was again

statistically significantly higher than that of g2, p = 0.009 (Group 1, 22.8%

+5.0; group 2, 2.9% £ 1.8).

Conclusions

Analysis of the regenerate in the treated critgiaé defects in this rabbit model
showed that TCP loaded with rhBMP-7 was signifigagtiperior in its capacity
for bone regeneration than TCP alone. This cowdehsignificant clinical

applications.
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Mechanical Testing of Bone Regenerated with BMP-7 in TCP Scaffolding.
K. Busuttil Naudi, J. Barbenel, J. McMahon, D. Lapg.. Di Silvio, A. Ayoub.

British Society for Dental Research Annual ConfesgrGlasgow 2009.

Introduction

The gold standard for bone grafting is still augmos cortical and cancellous
bone. This is due to the combined osteogenic, oostactive and
osteoconductive properties of the graft. Autogmfailability is, however,
limited and often associated with donor site matkidThe current trends are to
explore other methods that move away from usinggrafts for the repair of

these defects by using various bone substitutes.

Objectives

The objective was to assess the physical propestidse bone regenerated in a
critical-size unilateral mandibular defect in thablbit model treated with bone
morphogenetic protein 7 (rhBMP-7) in a tricalciumhogphate (TCP)

scaffolding.

Methods

Nine adult New Zealand white rabbits (3.0-4.0kgyavased; in six cases the
critical-size defect was filled with the rhnBMP-7 anTCP scaffolding (Group 1),
and in three cases the TCP was used alone (GraupTB)ee months post-
operatively the cases were sacrificed and the rbéxliwere surgically

removed. The mandibles were divided into hemi-nitZled at the symphysis

and mounted within custom made aluminium blockd$ t#ere mounted into a
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BOSE Elecroforce® 3300 test instrument. The mecahrproperties of the
regenerated bone in the surgical sites were thetaddy applying the principle
of cantilevers. The maximum load that occurredratture was recorded and
the distance between the loading point and the dfitéailure on the dorsal

surface of the specimen was measured. The failoraant was then calculated.

Results

The failure moments for group 2 were found to beyvew (0-48mNm) while
those for group 1 were higher but there was conslude variation between the
cases (55-2115mNm). Some of the cases in growghigéwed failure moments

comparable to normal untreated bone.

Conclusions
The repair of critical-size mandibular defects wit#BMP-7 in TCP scaffolding
could result in the regeneration of bone with meata properties similar to

those of natural bone.
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Radiographic evaluation of the bony regenerate in a critical-size
mandibular defect filled with mesenchymal stem cells on a tricalcium
phosphate scaffolding. K. Naudi, R. Alfotawei, A. Ayoub, D. Lappin, J.
McMahon, K. Hunter, J. Barbenel, L. Di Silvio. Assation of British

Academic Oral and Maxillofacial Surgeons Annual (@pence, Belfast 20009.

The gold standard for bone grafting is still augmos cortical and cancellous
bone. This is due to the combined osteogenic, oostactive and
osteoconductive properties of the graft. Autografailability is, however,
limited and often associated with donor site matpid The current trend is to
explore methods that move away from using autagraftthe repair of these

defects by using various bone substitutes.

The aim of this project is to assess the radiogcaphoperties of the bone
regenerated in a critical-size unilateral mandibulafect in the rabbit model
treated with mesenchymal stem cells seeded onicadctum phosphate (TCP)

scaffolding.

Eight adult New Zealand white rabbits (3.0-4.0kgr&vused; in six cases the
critical-size defect was filled with the mesenchymsi@m cells seeded onto the
TCP scaffolding (Group 1), and in two cases the T¥2aRB applied alone (Group
2). Three months post-operatively the cases wasfised and the mandibles
were surgically removed. The explanted mandibleszwwhen scanned using an

i-CAT® cone beam CT scanner.
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The results were compared with our previous ingasitns where bone
morphogenetic protein 7 and TCP were used for ¢fpair of similar critical-

size defects. In these cases there had been eddsdmone formation. The
actual differences in the pattern of bone formatmah be presented and its

clinical significance will be discussed.
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