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Preface
The focus of this series of studies is on the cementation aspects of a cemented
endoprosthesis for the reconstruction of mandibular segmental defects. The
current techniques of reconstruction are based on autogenous grafting and face
difficulties with morbidity, long treatment time requiring highly skilled experts and
reduced success with medically compromised patients. The orthopaedic fraternity
had successfully utilised endoprosthetic replacement for limb reconstructions for
decades and this may serve as a potential model for the development of a viable
mandibular reconstruction option. Despite the long term success of the cemented
endoprosthesis, there are known problems like infection and aseptic loosening that
are attributed to the biologically inert cements. Therefore, the cementation of such
prostheses needs to be examined and improved.
The aim of this project was to determine the biological effects after placement of
cements in the mandibular environment after resection procedures and oncologic
therapies such as radiation and evaluate the feasibility of using novel cements that
may have better bioactivity for cementation
A clinician from the Department of Oral & Maxillofacial Surgery, National Dental
Centre Singapore planned and performed the animal surgery at Smghealth
Experimental Surgery Centre, Singapore under the supervision of Professor H
Tideman. The specimen processing and analysis and in vitro mechanical research
were performed at the Department of Biomatenals of the Radboud University of
Nijmegen, The Netherlands.

Chapter I
Introduction and study objectives

Significant mandibular defects may result from extensive trauma, severe
osteomyelitis and ablative surgery for cancers of the head and neck. These result in
high morbidity, with mastication, speech and facial aesthetics being severely
compromised without appropriate reconstruction. The aims of such mandibular
reconstructions are to re-establish form and function. This can be accomplished by
anatomical restoration of facial contours and framework and muscle reattachments.
Currently, there are several reconstruction techniques available for treatment of
the discontinuity defect of the mandible, such as reconstruction plates, autogenous
bone graft in customised trays ' or micro-vasculansed bone flaps 2 3 The
disadvantages of the current techniques are donor site morbidity 4, infection and
failure of the bone graft. Most efforts have focused on replacing the defects with
vital bone and tissues This approach has an element of unpredictability as there are
many variables involved and various complications often occur. 5 The age of the
patients, medical problems, local healing potential and source of bone graft are all
factors that make every case different and therefore less predictable As a result,
other approaches are being explored In the field of tissue engineering, only two
documented examples of using an engineered bone transplant to reconstruct the
mandible and maxilla have been published 6 7 β This method of reconstruction,
requires a period of implantation for scaffold maturation in a separate body site and
microsurgical transplantation after the maturation. Tissue engineering using
customized bone transplants will be the ideal solution, but its routine clinical
applications will not be available in the near future.
In the orthopaedic arena, arthritis has been plaguing human for more than a
century and the orthopaedic surgeons have been developing solutions to treat this
debilitating condition Wiles developed the first prosthetic total hip replacement in
1938. ' Then Sir John Charnley of the University of Manchester revolutionised
arthroplasty with the introduction of polymethylmethacrylate (PMMA) cement to
fixate the joint components l 0 He operated on the first case of cemented femoral
head prosthesis in 1958 and reported 6 cases in a publication. " Since then, both
national registries l 2 l3 and the literature support and validate the success of the
cemented prosthesis Charney's low friction arthroplasty had more than 90%
implant survival after 10 years M and 81% after 25 years. I 5 Following a similar
concept, an endoprosthetic system for the mandible could also be a viable option
Tideman et al recently coined the concept of a modular endoprosthesis for
mandibular reconstruction in an animal study l6 The forces within the mandible
though complex, do not exceed the forces of the long bones With an
appropriately designed prosthesis, the PMMA cement should also be able to act as
an equally durable grout. The mandibular bone has good quantity of cancellous
bone for the flow and microlockmg of the acrylic cement. The endoprosthesis
could be made in a modular fashion and this will bring about a standardization of
mandibular reconstruction. Similar to the orthopedic field, mandibular
reconstruction will then become simpler, faster, less skill dependent, involving
fewer surgical procedures, eliminating donor site morbidity and most importantly
more predictable The endoprosthesis could even be designed for abutment
connections if teeth replacement is desired.
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Polymethylmethacrylate (PMMA) earned its first use in medicine as a material for
denture base fabrication and other parts of dentistry in the 1930s l 7 ι β " The use of
the material as a cement to improve implant or prosthesis fixation was championed
by two groups in 1953 2° 2 I and popularised after Charnley's work. Biologically,
PMMA is considered to be inert and stable. It is insoluble and does not degrade
over time and function PMMA was established very early on to have good
biocompatibihty 22 23 There are, however, several documented shortcomings of
plain PMMA cement, which include' I) lack of bioactivity and bonding between the
cement and bone, which results in an intervening fibrous layer between the bone
and PMMA 24, 2) thermal necrosis caused by a highly exothermic setting reaction "
2é
, 3) chemical necrosis and tissue toxicity due to residual monomer and DMPT
release 27, 4) a brittle material with insufficient fatigue resistance that is susceptible
to failure when tensile forces are present 2e , and 5) significant volumetric shrinkage
of the cement during polymerization, which induces stresses and undermines the
integrity of the cement-bone interface.29 The most common cause of arthroplasty
failure is aseptic loosening, which accounts for almost two-thirds of revision hip
arthroplasties and one-half of revision knee arthroplasties 30 Although, there is a
multifactorial etiology for aseptic loosening, it has been associated with the
mechanical integrity and mechanical properties of the PMMA bone cement The
mam reason for its long term failure is also aseptic loosening, which accounts for
about 75% of all failed primary total hip joint replacements.31 32 The proposed
mechanism is fatigue crack propagation in the cement under cyclical loading which
m turn produces particles or debris that results bone resorption and loosening of
the prostheses33 34 The principal reason for this phenomenon is the lack of
bioactivity and bone-cement bonding of PMMA cement.35
Novel cements for mandibular endoprosthesis - Tissue response and
viability
In view of the problems of PMMA cements, development of bioactive PMMA
cements through modifications occurred, with numerous new formulations
produced. Two of the strategies that have been utilized to create more bioactive
PMMA cements are the addition of bioactive components and the addition of pores
for tissue ingrowth Due to their excellent bone biocompatibihty, calcium
phosphate compounds have been frequently used as fillers in cements to aid in
increasing the bone-to-cement contact and decreasing the formation of the fibrous
capsule. 3 'Tricalcium phosphate is one of the calcium phosphate compounds that is
slowly resorbable. Studies have also shown that a porous material aid in the
anchoring of the implant with ingrowth of soft or even bone 37 3e To achieve this,
addition of carboxymethylcellulose can create a porous PMMA structure. 3 ' The
inclusion of a calcium phosphate compound like Tncalcium phosphate, creation of
porosity or even both combined can result in an improvement of bone
biocompatibihty and healing response towards PMMA.
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Potential challenges
With the use of bone cements in the mfrabony space of the mandible, there are
some potential tissue biocompatibihty issues They arise as the mandible includes
several unique anatomical features, i.e the inferior alveolar nerve and teeth There
is currently no information on the effects of placing bone cements m both direct
contact and close proximity to these tissues. Therefore, it is crucial to investigate
the tissue response of the specialized dento-oral tissues to bone cement exposure.
Further, it has to be emphasized that the management of advanced head and neck
cancers usually involves surgery, with radiation therapy and chemotherapy as
adjuvant therapies in order to achieve the highest survival rates and with the least
morbidity *0 When exposed to radiation, ionization of atoms in living tissue causes
nuclear DNA damage which, if irreparable, results in cell death. The mechanism of
action is relatively unselective between tumor and normal tissue. Radiation has
effects on all tissues of the body, but the radiosensitivity of the different tissues
varies. In view of the tissues found in the region of oral cancers, the effect on bone
is the major problem. Reports showed early depressive effects of radiation on bone
marrow and its haemopoietic stem cells 3I , reduction in osteoblasts and osteocytes
"", significant decrease in cellulanty and vascularity of the surrounding periosteum n
and overall reduction in vascular patency and blood flow. ^ Together it means that
irradiating the bone will lessen the ability to heal and may result in necrosis, and
infections. Therefore, this integral part of oncological management should be
investigated as it can directly affect the success of any reconstructive technique.
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Hypothesis and A i m of the thesis
This current thesis is focused on the tissue response of mandibular tissue when
bone cement is applied in this region. It was hypothesized that bone cement does
not evoke an unfavorable tissue response and allows the mechanical stabilisation of
a mandibular endoprosthesis even under compromised healing conditions.
Therefore, the aims of this thesis are:
1. To review the literature on the existing bone cements and discuss their
potential use in a mandibular endoprosthetic system (Chapter 2).
2. To investigate the temperature changes in a cemented endoprosthesis
model - an in vitro and in vivo study (Chapter 3).
3. To investigate the in vivo tissue response of mandibular tissue to a
cemented endoprosthesis under normal and irradiated circumstances
(Chapter 4).
4. To investigate the biocompatibility and bone formation with porous
modified PMMA in normal and irradiated mandibular tissue (Chapter 5).
5. To investigate the mechanical stability of cemented implants using novel
modified PMMA bone cements: an in vitro study using synthetic bone
(Chapter 6).
This thesis is based on the research work performed at SingHealth in Singapore in
close cooperation with the Radboud University Nijmegen Medical Centre, The
Netherlands.
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Introduction
Polymethylmethacrylate (PMMA) was first used as bone cement in the 1950s when
Sir John Charnley of the University of Manchester successfully adapted it for the
cementation of an orthopedic prosthesis in a long bone.' This event revolutionized
the treatment of joint disease Since then, millions of cemented limb prostheses
have been performed, and the medical literature has documented their phenomenal
success.
However, cemented endoprostheses also have their share of problems, as failure
does occur and has been postulated to be due to the PMMA cement. Infection and
aseptic loosening of the prosthesis are the most common complications that
necessitate prosthesis removal. As a result, there are concerns regarding the
shortcomings of PMMA cement, and research into biologically superior cements
over the last few decades has led to the creation of other bone cements such as
the modified PMMA cements, calcium phosphate cements, glass lonomer cements
and composite resin cements. Another research direction has led to the creation of
cementless arthroplasty, which is also widely used and has shown considerable
success Yet another prospective solution is the creation of an osteoinductive
cement which would have superior healing capability and bony integration
All of these advances have occurred mainly in the orthopedic arena, and the
application of bone cement in the field of craniofacial surgery has been only for
defect contour augmentation. Recently, however, there has been interest in using
bone cement for endoprosthetic replacement of the mandible.2 Significant
mandibular defects may result from extensive trauma, severe osteomyelitis and
ablative surgery for cancers of the head and neck These result in high morbidity,
with mastication, speech and facial aesthetics being severely compromised without
appropriate reconstruction. The aims of such mandibular reconstructions are to reestablish form and function This can be accomplished by anatomical restoration of
facial contours and framework and muscle reattachments Currently, there are
several reconstruction techniques available for treatment of the discontinuity defect
of the mandible, such as reconstruction plates, autogenous bone graft in customised
trays 3 or micro-vasculansed bone flaps 4 5 The disadvantages of the current
techniques are donor site morbidity ', infection and failure of the bone graft Most
efforts have focused on replacing the defects with vital bone and tissues This
approach has an element of unpredictability as there are many variables involved
and various complications often occur. 7 The age of the patients, medical problems,
local healing potential and source of bone graft are all factors that make every case
different and therefore less predictable. As a result, other approaches are being
explored. In the field of tissue engineering, only two documented examples of using
an engineered bone transplant to reconstruct the mandible and maxilla have been
published. 8 ' l0 This method of reconstruction, requires a period of implantation
for scaffold maturation in separate site and microsurgical transplantation after the
maturation. Tissue engineering using customized bone transplants will be the ideal
solution, but its routine clinical applications will not be available m the near future.
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Therefore, the concept of an endoprosthetic modular reconstruction of the
mandible is a potentially viable option that may eliminate the current problems
faced by the other techniques as such a device will be easily available and costeffective. 2 This novel approach follows the modular endoprosthetic reconstruction
concept that has been routinely used in limb-sparing surgery over the last 2
decades." This technique involves the removal of all diseased bone and the
replacement of the missing portion of bone with an artificial device fixated within
the remaining bone. The modular system combines standardized units to allow
simplicity and flexibility in the reconstruction of defects of various sizes. The
endoprosthesis equates to fixation of the prosthesis via cementation of an
appropriate stem into the cancellous and marrow space of the host bone (Figure
2-1.; Modular mandibular endoprosthesis -apart (above) and assembled (below).
Figure 2-2.; Fixation and assembly of the endoprosthesis after 2cm segmental
resection of the body of mandible. Figure 2-3.; Radiograph of modular mandibular
endoprosthesis). The choice of cement for the novel system is vital for its success
as it has to provide the mechanical properties to allow the cement to act as a grout
for the transfer of forces and have good biocompatibility with both bone, dental
and nerve tissues found in the mandible. The cement also needs to exist in the in
vivo environment for long periods of time without degradation. Among the many
studies in the bone cement literature, none covers the whole range of available
materials. This review paper examines and presents an overview of the various
types of bone cements currently obtainable followed by a discussion of their
potential use in this new approach as well as the prospective usage of tissue
engineering techniques to develop of new cements that can overcome the
weaknesses of the current materials.

Figure 2-1. Modular mandibular endoprosthesis -apart (above) and assembled (below)
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F/gure 2-2. Fixation and assembly of the endoprosthesis after 2cm segmental resection of
the body of mandible

Figure 2-3. Radiograph of modular mandibular endoprosthesis
Plain Po/ymethomethocry/ote (PMMA) cement
Following Chanley's success in using plain PMMA in total joint replacements, the
cement was used in other applications, such as fracture fixation, tumor surgery and
percutaneous vertebroplasty. The widespread acceptance of the cement is a result
of its simplicity of manipulation, low cost, good physical strength and ready
availability. There has been a consistently high tolerance to the material, and
survival of cemented prostheses in the hip and knee using PMMA bone cements is
more than 90% after 15 years.12·I3
More than 30 brands of plain PMMA cement are commercially available and
approved by the relevant regulatory authorities of the United States of America
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(United States) and the United Kingdom. They are similar in composition H , and
include two components, a powder and liquid, which are mixed together to create
the final cement. The powder portion comprises prepolymerized PMMA or a
PMMA-based polymer, a radiopacifier of barium sulphate (BaS04) or zirconium
oxide (Zr02) particles and an initiator of benzoyl peroxide (BPO). The liquid
portion comprises methyl methacrylate monomer, N,N-dimethyl-p-toluidine
(DMPT) as an accelerator and hydroquinone as an inhibitor of the polymerization
reaction.
The mechanical characteristics of PMMA bone cement around a cemented
prosthesis allow the cement to evenly distribute the stresses and loads from the
prosthesis to the bone. The mechanical requirements for these systems are known
and all plain PMMA cements currently marketed meet the main requirements of
compressive strength > 70 MPa, tensile strength > 50 MPa, bending strength > 50
MPa and modulus of elasticity > 1800 MPa. M There are many other mechanical
aspects to consider, and these are covered by technical publications that provide
extensive descriptions of the mechanical properties of the cements and their
evaluation l5· '*; however, it is out of the scope of this review to give further details.
Biologically, PMMA is considered to be inert and stable (Figure 2-4.; Light
micrograph showing PMMA installed in the cortical bone of a goat tibia showing
PMMA being surrounded by a thin fibrous capsule). It is insoluble and does not
degrade over time and function. PMMA was established very early on to have good
biocompatibility.1718

Figure 2-4. Light micrograph showing PMMA installed in the conical bone of a goat tibia
showing PMMA being surrounded by a thin fibrous capsule. The scale bar represents 200
micrometers.
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There are, however, several documented shortcomings of plain PMMA cement,
which include: I) lack of bioactivity and bonding between the cement and bone,
which results in an intervening fibrous layer between the bone and PMMA " , 2)
thermal necrosis caused by a highly exothermic setting reaction 20 2I , 3) chemical
necrosis and tissue toxicity due to residual monomer and DMPT release 22, 4) a
brittle material with insufficient fatigue resistance that is susceptible to failure when
tensile forces are present '5 and 5) significant volumetric shrinkage of the cement
during polymerization, which induces stresses and undermines the integrity of the
cement-bone interface.23 The most common cause of arthroplasties failure is aseptic
loosening, which accounts for almost two-thirds of revision hip arthroplasties and
one-half of revision knee arthroplasties 24 Although, there is a multifactorial
etiology for aseptic loosening, it has been associated with the mechanical integrity
and mechanical properties of the PMMA bone cement. An important parameter is
the low impact and fatigue strength of the cement, which is especially crucial during
functioning and continuous exposure to tensile stresses. It has been demonstrated
under in vivo conditions that porosity is the major factor influencing the mechanical
behavior of bone cement. "
The next step in the evolution of PMMA cement was the development of antibioticcontaining cements in 1969 by Buchholz 2 ' on the basis that a deep infection
following total joint replacement is a devastating complication for the patient. The
diagnosis of a mild infection is difficult 27, isolation of the causative organism is
problematic 2e 2 ', systemic antibiotics are ineffective 30 3I and treatment usually
requires multiple operations, with amputations and mortality sometimes
unavoidable.32 33 The addition of antibiotics to a PMMA cement and their
subsequent release enable a high concentration of antibiotics in the vicinity of the
implant34 Since their inception, antibiotic-loaded PMMA cements have become the
standard of care in Western Europe, including the United Kingdom and Scandinavia
There is good evidence of their efficacy and advantage over plain PMMA cements in
reducing primary infections and improving the success rate in revision cases.35 3 ' 37
Currently, in most parts of the world except the United States, these cements are
used both prophylactically in primary arthroplasties and in revision surgery. Based
on its pharmacological properties, gentamicm was the first and is still the most
common antibiotic incorporated into bone cements. Studies have shown that the
antibiotic is released at high concentrations during the early stage after
implantation. One study found evidence of significant level of gentamicm level in the
immediate surrounding tissue ( 150mcg/ml) up to 5 5 years after implantation 3e
Other antibiotics less commonly used are tobramycin, vancomycin, fusidic acid,
erythromycin with Colistin and clindamycin. The addition of an antibiotic does affect
the physical and mechanical properties of the cements, but they are still within the
clinical requirements M
Although the incorporation of antibiotics into bone cements has raised concerns
about such issues as the induction of antimicrobial resistance, allergic reactions,
toxic side effects, mechanical deterioration of the cement and prolonged release of
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sub-therapeutic levels of antibiotics ", there is no evidence of any significant
problem.
In summary, PMMA cement and its antibiotic-containing formulations are well
established and the gold standard to which all other bone cements must be
compared. They should be the default cements chosen for any new approach. The
choice between a plain and an antibiotic-loaded PMMA is not so clear. There are
different practices m different geographical regions In the United States of America,
antibiotic-loaded cements are cleared for use only m revision arthroplasties, 37
whereas they are routinely used in primary arthroplasties in some European
countries. Thus the clinicians must consider the accepted practices of the region
and the risk factors of individual patients prior to selection of the cement There
are some published guidelines on this matter 37
Modified PMMA cement
Although PMMA has had wide acceptance and historical success as a prosthetic
cementation material, its inherent problems have long been criticized. The principal
reason for cemented arthroplasty revision is aseptic loosening after long-term
implantation, which accounts for approximately 75% of all failed primary total hip
joint replacements.40 4 I The mam mechanism is fatigue crack propagation m the
cement, which initiates from "weak zones," ι e, the bone-cement interface, cementprosthesis interface or the particles within the cement mantle, under cyclical
loading l 6 42 This mechanical failure then produces particles or debris that are
phagocytized by macrophages, which in turn produce tumor necrosis factors that
cause bone resorption and aseptic loosening.43 The mam reason for this
phenomenon is the lack of bioactivity of PMMA cement 44 Therefore, there is no
bone-cement bonding and no direct transfer of forces from the cement to the
bone This issue has prompted the development of modified PMMA cement
formulations
Numerous approaches to improve PMMA cement have been proposed and much
research has been conducted, producing many modifications with good potential.
Some published reviews have comprehensively described these strategies.45 46 47
Table 2-1 summarizes the different problems targeted and the solutions and
approaches used to modify the cement. There are also many combinations of the
different approaches to simultaneously solve multiple problems, which are based on
the different applications of the cement and the characteristics desired for a
particular purpose. The most popular modified PMMA cements in recent years are
the alternative radiopacifier cements, bioactive cements and hydrophihc, partially
degradable and bioactive cements (HPDBC).45 However, for most of these modified
cements, complete information about their optimum proportion, complex
mechanical characteristics, biocompatibility and long-term stability is unavailable.
Hence, although this category of cements has much potential, presently there is no
proof of their long-term success.

25

Problem
targeted
Poor adhesion

Category of
cement
Cross linked

Solid phase
Improved adhesion

Inert cement

Bioactive

Lack of
degradability

Partially degradable
Biodegradable

Highly exothermic
reaction
High elastic
modulus
Low tensile
strength,
fracture
toughness and
fatigue life

Modified monomer

Toxicity of
DMPT

Reduced DMPT
Solution to solution
Antioxidant
Alternative
accelerator
Uniformly dispersed
radiopacifier

Nonuniform
dispersal of
BaS04 or Z r 0 2
Toxicity of
radiopacifier

Reduced modulus
Reinforced

Approach used
Add methylene glycol dimethacrylate
Add ethylene glycol dimethacrylate <e ^
Add poly (ethylene glycol) dimethacrylate <e *'
Partial replacement of MMA by hydroxypropylmethacrylate ^
Use tributyl borane and partially replace MMA with
4-trimethacryloyloxyrthyl tnmellitate 5 I
Add 3-methacryloxyproyl-trimethoxysilane "
Add hydroxyapatite "/ apatite wollastomte glass S4/
recombinant human growth hormone " / hydroxyapatite +
chitosan "
Add the above with an additional polymer (bispheno glycidyl
dimethacrylate "/ ΡΕΜΑ "/ ΡΕΜΑ with n-butyl
methacrylate se/ 4 META-PMMA "/ methacryhc acid "7
diethyl ammoethyl methacrylate " )
Add 3-methacryloxyproyl-trimethoxysilane/3ammopropyltriethoxysilane / 3-glycidoxypropyl
tnmethoxysilane/ soluble calcium salt " ' 3
Use poly (hydroxyalkenoate)/poly ({R}-3-hydroxybutyrate)/
PMMA-graft-poly ({R}-3-hydroxybutyrate)" "
Add cancellous bone "/ nanosized ΑΙ 2 θ3 *sl ß-TCP " /
sodium fluoride 6e/ α-TCP "/ chitosan microspheres + ßTCP 7 0
Add epoxy-SiOj " / micro- or nanosized T i 0 2 72 / chitosan 5 '
and an additional polymer (bisphenol glycidyl dimethacrylate
+ tnethylene glycol dimethacrylate + MMA " / ΡΕΜΑ A>l
DEAEMA " )
Add a comonomer that dissolves in MMA 73
Use polybutyl methacrylate instead of PMMA ',s
Use ΡΕΜΑ with η-butyl methacrylate 7<
Add fibers of graphite 75/ stainless steel 7il titanium "/ Kevlar
® 29 7e/ polyethylene (PE) 7 '/ ultra-high molecular weight
polyethylene e 0
Add particulates of rubber-toughened PMMA powder β ι / poly
(isobutylene) e2/ acrylomtnle-butadiene-stryene eV poly
(caprolactone) "I polybutyl methacrylate <5/ alumina
powder e5/ chitosan a '
Add carbon nanotubes 8 7
Reduce DMPT by 50% β β
2 PMMAs predissolved in MMA solutions e '
Add vitamin E ">
Use a higher molecular weight accelerator 45/polymerizable
tertiary amines "/tertiary amine with long chain fatty acid n
Use nanosized barium sulphate <s

Use a bromine-containing chemical <s
Iodine-containing chemical ' 3
Bismuth compound , 4
Tantulum powder ' 5
Heavy metal-containing organic material '
MMA, methylmethacrylate, PMMA, polyMMA, DMPT, N,N-dimethyl-p-toluidine, ΡΕΜΑ, polyethyl
methacrylate, ß-TCP, ß tncalcium phosphate, BaSO«, barium sulphate, Z r 0 2 , zirconium oxide
Alternative
radiopacifier

Table 2-1. Problems targeted and strategies to improve potymethylmethacrylate cement
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Calcium Phosphate Cement (CPC)
Calcium phosphate cement (CPC) is a blend of various calcium phosphate powders
that form an apatite phase or brushite when they set.97 CPC that forms HA during
hardening is called apatite cement, and CPC that forms brushite during setting is
called brushite cement.98 The original CPC formulation was developed by Brown
and Chow (US Patent No. 4,518,430)." The setting of CPC is based on a
dissolution-reprecipitation mechanism, which is induced by mixing calcium
phosphate powders with a liquid phase. The precipitated crystals interlock to form
a hard mass.98 The advantages of CPC are the slow exothermic reaction and setting
without shrinkage. In addition, its composition is similar to that of bone, and it
possesses excellent bone biocompatibility (Figure 2-5.; Calcium phosphate cement
installed in the cortical bone of the tibia of a goat. At the cement-bone interface,
new bone was deposited .In addition, degradation of the cement can be observed,
which was due to cellular activity (* = remodeling lacuna)). The use of a bioactive
material capable of releasing calcium and phosphate ions has the potential to
promote osteoconduction. Studies show bone growth on the surface and into the
pores of this material after implantation.100 As a result of its great potential as a
grafting material, a large number of CPC formulations have been prepared and
studied for possible clinical applications. In the field of dentistry, oral surgery and
craniofacial surgery, CPCs have been found to be useful grafting materials for
periodontal, jaw and craniofacial defects.101,102·l03·l04

Figure 2-5. Calcium phosphate cement installed in the cortical bone of the tibia of a goat.
At the cement-bone interface, new bone was deposited .In addition, degradation of the
cement can be observed, which was due to cellular activity (* = remodeling lacuna)). The
scale bar represents 200 micrometers.
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All CPCs consist of a solid and a liquid component. The solid component consists
of two or more calcium phosphate compounds, while the liquid component can be
water, saline or sodium phosphate. The combination of the two components in a
specific proportion results in a phase transformation with the calcium phosphate
dissolving and then precipitating into a less soluble calcium phosphate, which is
determined by the pH of the cement setting reaction.105 Mechanically, CPCs have a
compressive strength equal to or greater than bone, but a significantly lower tensile
strength (I-10 MPa). Therefore, CPCs can be used only in non- to low-load-bearing
applications, such as cranioplasty, facial contouring and periodontal defects. Their
use has also yielded good results in the fixation of bone fractures. 106,107 A study that
attempted to use CPC to fix titanium implants found that the material was
biocompatible and osteoconductive, but that the load failure values when using
CPC as a grout were significantly lower than those of PMMA.108 Numerous
attempts have been made to improve CPCs via such methods as I ) optimization of
osteoconduction through the creation of pores l 0 9 (Figure 2-6.; Light microgram
showing injectable calcium phosphate cement provided with PLGA microparticles, 4
weeks after implantation degradation of the microparticles occurred associated
with the ingrowth of new bone and additional degradation of the calcium phosphate
cement), 2) improvement of the strength of the cement through the incorporation
of various fillers ll0- '" and 3) applications for delivery of therapeutic molecules such
as antibiotics, anti-cancer drugs and anti-inflammatories."2, " 3 The few CPCs
commercially available, Norian Skeletal Repair System ® (Synthes Ine, West
Chester, PA, USA), BoneSource ® (Stryker ®, Kalamazoo, Ml, USA) and α-Bone
Substitute Material ® (Etex corporation, Cambridge, MA, USA), are only
recommended for non-weight bearing applications.
PLGA microparticles

Figure 2-6. Light microgram showing injectable calcium phosphate cement provided with
poly(lactic-co-glYColic acid) (PLGA) microparticles, 4 weeks after implantation degradation
of the microparticles occurred associated with the ingrowth of new bone and additional
degradation of the calcium phosphate cement
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CPC can also be used for the manufacturing of ceramic scaffolds with precise
dimensions and predetermined structure. Currently, rapid prototyping techniques
are used to make customized scaffolds. These methods are based on extrusion
freeformmg or fugitive wax molds, which is followed by a sintering process "' , " 5
The procedure makes use of an aqueous calcium phosphate slurry. Self-setting CPC
can be used as replacement of the slurry, which would make the production
process easier, as sintering of the scaffold is no longer required
In summary, CPCs have been proven effective in clinical applications in non-loadbearing situations and maxillofacial and craniofacial surgery Novel formulations
with different modifications are actively being researched and improvements have
been made in the mechanical and biological properties of this family of cements.
Thus, in the not-too-distant future, a product may exist that can handle a loadbearing situation and confer all of the other biological advantages of CPC. The
tissue engineering approach utilizing calcium phosphate derived scaffolds with stem
cells or osteoinductive proteins is a promising method in the future, but there are
some important issues that need to be studied before this can occur
Calcium Sulfate Cement (CSC)
This cement, also known as gypsum or plaster of Pans, has been used extensively m
dentistry and as a bone graft substitute in 1961 by Peltier.1" For its preparation,
calcium sulfate powder is mixed with water, resulting in crystallization. This process
is random and the final product contains many defects. Surgical-grade CSCs involve
the use of calcium sulfate hemihydrate."7 CSC inhibits fibrous tissue ingrowth and
encourages angiogenesis and osteogenesis because of its mild acidic environment
and gradual resorption." 8 The resorption of the cement occurs via dissolution and
is complete in about two months'" Studies have shown that CSC is bone
biocompatible and comparable to autogenous bone in healing rate when used as a
bone graft substitute and bone void filler in animal defect models l20 However, its
very rapid resorption and low compressive strength are shortcomings that hamper
the clinical application of CSC. I21 Another innovation is the addition of an antibiotic
m CSC, which makes it effective in the treatment of acute bone infections
associated with bone loss. Mechanically, a commercial CSC formulation (MIIG®X3,
Wright Medical Technology, Arlington, TN, USA) has been reported to achieve a
reasonable compressive (~96 MPa) and tensile (~I6 MPa) strength.122
CSC has shown good promise as a bone defect filler and bone substitute, with good
biocompatibihty and resorptive capability to allow bony ingrowth and replacement.
However, the mechanical properties of the cement do not measure up in loadbearing situations. Furthermore, the cement frequently undergoes too rapid a rate
of resorption, which means insufficient bony ingrowth and replacement, early
loosening of the cemented prosthesis and therefore, failure.
Glass-lonomer Cement (GIC)
Glass-ionomer cement (GIC), also known as polyalkenoate cement, was originally
developed as a dental restorative material It has been very successful as it is highly
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biocompatible and shows beneficial properties, such as adhesion to tooth structure
and release of fluoride ions, which confers resistance to caries. As a result, the
development of GIC for medical usage has been suggested.123 Interest in medical
applications of GIC has been generated for it possesses unique properties that give
it advantages over PMMA cement.
The setting reaction of GIC occurs through the transfer of ions from the glass to
the matrix. This reaction is not exothermic, which eliminates the risk of thermal
damage to the surrounding tissue and also allows the cement to be a drug delivery
system through the provision of temperature-sensitive drugs. Second, GIC does
not have any volumetric shrinkage on setting. Third, this cement is able to bond to
bone and metals, which means that there is chemical bonding in addition to the
normal mechanical interaction on which PMMA relies. Last, the cement exhibits
osteoconductive properties after implantation in bone, in contrast to biomert plain
PMMA.
However, the mechanical properties of GIC have proven to be adequate only for
low to moderate load-bearing applications In addition, more recent studies that
have focused on the biocompatibihty of GIC have reported in vitro toxicity
reactions that have been linked to fluoride ion release, the release of aluminum
from the cement and the low pH of the cement during setting and maturation.12'' In
vivo studies have yielded better results, with extensive bone formation on the GIC
surface. Studies have also reported adverse effects of GICs on nerve function l25 l2é,
which contramdicates the use of GICs in situations with exposed nerves and neural
tissues. Unfortunately, this effect was unknown to others, resulting in four cases of
post-otoneurosurgery aluminum encephalopathy l27 and a case of facial nerve
paralysis.128
Clinical use of the material has had mixed success GIC has performed well in
otorhmolarnygohcal applications, but not when used as an allograft bone expander
or in revision arthroplasty Early re-loosening has been found as well as aluminum in
the surrounding bone. Therefore, it is concluded that the GICs currently available
are not suitable in load-bearing situations. However, research has led to the
improvement of the physical properties of GIC, with resin-modified versions, highly
viscous cements and the addition of filler particles such as HA. I2 ' l30
In view of these findings, no GIC currently exists that is suitable for cementation of
an endoprosthetic system. The main concerns are the mechanical properties of the
cement in load-bearing situations and possible biocompatibihty issues, as there is an
abundance of nerves and other highly specialized dental tissues in the region.
Composite Resin Cement (CRC)
Dental composite resins are composed of a resin matrix that is mixed with other
materials to produce properties superior to the individual components. The first
particulate-filled composite was patented in 1951 by Knock and Glenn.131 This was
further improved by Bowen, and a new resin, bisphenol glycidyl dimethacrylate
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(BIS-GMA), was patented in 1962, in which the silica filler particles were treated
with vinylsilane to allow their chemical bonding to the resin matrix.132 This material
was widely accepted as a dental restorative material and is the basis for the current
composite resins of today
A composite resin consists of four mam components: an organic resin matrix, an
inorganic filler, a coupling agent that creates bonding between the inorganic and
organic components and an initiator/accelerator, which results in the curing of the
material. In modern dental composites, the resin matrix comprises BIS-GMA,
urethane dimethacrylate (UDMA) and triethylene glycol dimethacrylate (TEGDMA).
These components were developed to replace the methylmethacrylate m acrylic
resin and boast several advantages, such as reduced polymerization shrinkage, quick
setting and superior hardness. This resin matrix is then highly reinforced with filler
particles to give rigidity, increased tensile and compressive strength, decreased
polymerization shrinkage, a decreased coefficient of thermal expansion, decreased
water sorption, an increased modulus of elasticity and abrasion resistance. Silicates
and glasses of different sizes are used as filler particles.
Fiber-reinforced composites have been developed for bone fixation and loadbearing implants l33 Bone fixation devices made from fiber-reinforced composites
have been shown to be well adapted to bone and offer stiffness and strength ' "
Carbon fiber-reinforced composites also demonstrate good biocompatibility and
have been found to perform well as intervertebral implants and bone fixation
screws. Fixation plates made from this material can even rival their titanium
counterparts.133 Other developments have produced different composites that are
tailored for various applications in the area of orthopedic implants and bonegrafting materials.
As for cementation purposes, hydroxyapatite composite resin is a CRC that has
been developed as an alternative to PMMA for the stabilization of fractures during
cancellous screw fixation n* The cements combines HA with 3 acrylic monomers,
of BIS-GMA, 2,2 bis-(4-methacryloyloxyethoxyphenyl) propane (BIS-MEPP) and
TEGDMA. Studies have shown that hydroxyapatite composite resin cement has
high compressive strength, minimally exothermic polymerization and good
biocompatibility.134 I35 CRCs used in vertebroplasty also demonstrate good
mechanical properties, bioactivity and direct bone apposition on the cement l36 l37
One such commercially available product is Cortoss® (Orthovita Malvern, PA,
USA).
Although studies have shown the good biocompatibility of CRCs, there are
controversial biological issues related to the composite materials. Bisphenol-A, a
precursor of BIS-GMA, has been found to be estrogenic.138 ' ^ Although BIS-GMA
does not stimulate the progesterone receptors of breast cancer, there are
reservations about long-term effects due to the chemical components that do leach
out and accumulate in local and distant tissues.140 I41
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The literature has shown that CRCs are good potential candidates for the
cementation of an endoprosthesis and have several advantages over conventional
PMMA cement. However, the products of biodégradation from the cement and
their by-products may have long-term effects on the surrounding tissues and
organs. These effects occur especially when CRCs are applied in load-bearing
situations, which can result in increased degradation of the cements because of
stress and motion.
Cement/ess fixation
In the 1970s, researchers assumed that premature loosening and failure of
cemented prostheses were related to "cement disease" M2· M3 As a consequence,
some investigators directed their research and development efforts towards
prostheses that do not require any cementation. Cementless fixation was achieved
by the application of surface-coated implants that provide initial stability and allow
osseous ingrowth onto and into the prostheses. The biological fixation of the
implant to the bone that is finally obtained allows the transmission of forces across
the interface [M MS There is growing interest in this method as it preserves bone
stock and eliminates the use and disadvantages of cement.
The most frequently used approach to modify the bone-bonding capacity of an
endoprosthesis is the application of a calcium phosphate coating by plasma spraying.
Calcium phosphate coatings have been shown to be non-toxic, non-allergenic and
non-inflammatory.M6 M7 These bioactive coatings encourage the growth and
apposition of bone along the implant surface.|4β M ' Although meta analysis shows
that cemented total hip replacements still demonstrate better survival, uncemented
implants are continuously improving with changes in their design.150 Comparative
studies between cemented and uncemented fixation are still limited and provide
only medium-term data (5-10 years) l51 ' " Long-term evaluation is required to
determine whether cementless fixation offers any significant advantages with
regards to prosthesis survival and revision complexity over cemented fixation.
Cementless fixation is a potentially viable option for the fixation of a mandibular
endoprosthesis, but the design of the prosthesis is critical as the mandible has a
varying curvature and cross-sectional area at different locations. The stem of the
prosthesis needs to be customized to provide a precise fit and have a sufficiently
large surface area to provide adequate immobilization during fixation and early
function.
Osteoinductive bone cements
All the cements mentioned in the above sections are either inert or
osteoconductive. However, the endoprosthetic system may be used in areas or
tissues that are compromised, such as irradiated tissues after oncologic treatment.
In these circumstances, osteomductivity of the cement is desired as it can recruit
the pluripotent cells from surrounding tissues and stimulate their differentiation
into osteoprogemtor cells. I53 This will promote the rate of bone healing m normal
situations and improve the success in unfavourable regions. The phenomenon is
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shown by certain biomatenals that stimulate bone deposition even when placed in
ectopic sites away from the skeleton, but the principle has been largely
unexplamable IM ' "
Calcium phosphate cements and ceramics have been reported to possess
osteoinductive properties I M ' " l57 They showed bone formation in the pores of
porous calcium phosphate biomatenals However, not all calcium phosphate
compounds exhibit this behaviour Pertinent studies concluded that the factors
critical to the osteoinductivity of the biomatenals are (I) chemistry, (2) sintering
temperature, (3) material dissolution, (4) 3-dimensional topography, (5)
microporosity, (6) macroprosity, and (7) the animal model studied l53 l54 It is only
when the biomatenal fulfills all the required criteria that bone induction will occur
There are also attempts to augment the osteoinductivity by incorporating bone
morphogenetic proteins (BMPs), which are well recognised bone inductive proteins,
into the biomatenals In animal studies, superior osteoinductivity have been shown
when BMPs are loaded onto the calcium phosphate biomatenals l5e l59 l60 ' "
Nevertheless, the creation of osteoinductive biomatenals still need optimization
and customization for each different application For example, endoprosthesis
cementation requires a material that shows structural integrity and mechanical
strength primarily in addition to the osteoinductivity
Conclusion
Several bone cements are available, but currently only PMMA-based cements are
appropriate for use in the proposed mandibular endoprosthetic system Plain
PMMA has the longest track record and is still the default choice for the initial
development phase of this therapy If there is a significant risk of infection, then an
antibiotic-loaded cement should be selected However, modified PMMA cements,
composite resin cements (CRCs) and cementless fixation options have to be
studied and the creation of new osteoinductive cements that have favorable bone
response, partial resorption with bone ingrowth and stronger bone-cement
bonding is important to ensure better success of the novel mandibular
endoprosthetic system
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List of Abbreviations
ß-TCP -

β tricalcium phosphate.

BaS04 -

Barium sulphate

BIS-GMA -

Bisphenol glycidyl dimethacrylate

BIS-MEPP -

2,2 bis-(4-methacryloyloxyethoxyphenyl) propane

BPO -

Benzoyl peroxide

CPC -

Calcium Phosphate Cement

CRC -

Composite Resin Cement

CSC -

Calcium Sulfate Cement

DMPT -

N,N-dimethyl-p-toluidine

GIC -

Glass-lonomer Cement

HPDBC -

Hydrophilic partially degradable and bioactive cements

MMA -

Methylmethacrylate

ΡΕΜΑ -

Polyethyl methacrylate

PMMA -

Polymethylmethacrylate

UDMA -

Urethane dimethacrylate

TEGDMA -

Triethylene glycol dimethacrylate

ZrOj -

Zirconium oxide
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Introduction
Polymethylmethacrylate (PMMA) was introduced about 50 years ago m the medical
field for femoral head replication " 2 I , cramoplasties ', spine fixation 7 and
intracranial aneursysm A Sir John Charnley of the University of Manchester is
credited for leading the adaptation of PMMA for the cementation of an orthopaedic
prosthesis in the long bones. 2 There has always been some reluctance by the
medical community to fully accept PMMA cement One of the reservations was the
possibility of thermal necrosis of the surrounding bone as a result of the heat
generated during the polymerization reaction of the cement, which can lead to
loosening of the prosthesis and eventual failure of the implant ' l 8
PMMA cement is created through the combination of two primary components, a
powder consisting of copolymers based on polymethylmethacrylate (PMMA) and a
liquid monomer, i.e. methylmethacrylate (MMA). When the powder portion is
mixed with the liquid portion, two processes occur. The combined absorption of
the liquid by the powder and dissolution of the powder by the liquid creates a
dough-like consistency Then a chemical reaction called "addition-polymerization"
takes place, resulting in the hardening of the cement. The initiator m the powder,
Benzoyl Peroxide, and the activator in the liquid, Dimethyl-para-toluidme, interact
in the "initiation reaction" to produce numerous free radicals. These free radicals
then interact with the vinyl double bonds of the MMA monomer to create
polymensable molecules These form multiple active growing polymer chains by
combining with more MMA molecules in the propagation phase This rapid process
continues until almost all the monomer has been converted to polymers The
reactions are terminated by the direct coupling of two active polymer chains or the
transfer of a hydrogen atom from one active molecule to another
The
polymerisation ends when all the active molecules are eliminated.
The radical polymerization reaction is very exothermic, producing 57 kj per lOOg of
MMA. n The maximum in vitro temperature during the polymerization reaction is
about 60 o C-80 o C. 20 Another study stated that the centre of the cement mantle
reaches 67-124 0 C, 24 which is significantly higher than the denaturation temperature
of collagen (56°C). This increase in temperature may cause heat necrosis and
subsequently aseptic loosening of the cemented prosthesis 3 " The threshold for
thermal tissue damage is also influenced by exposure time. ' Lundskog indicated
that bone which has been heated to 47 0 C for one minute will resorb and be
replaced by fat l7 Another group also showed that there is permanent disruption of
blood flow and tissue necrosis of the bone at 60 o C. 5 The in vivo polymerization
temperature has been observed to be lower, probably due to a smaller quantity of
cement, the cement being applied in thin layers, absorption and elimination by the
blood circulation as well as the dissipation of the heat by the prosthesis and the
surrounding tissue. 20 Reckling and Dillon showed that the mean maximum
temperature was 48 0 C with an increase of 3-17 0 C, 20 while another study recorded
temperatures above 56°C for 2-3 minutes. β Animal studies also indicated that the
temperature increase did not induce any significant adverse effect. " Another study
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using finite element analysis predicted no thermal damage if the cement mantle was
3-5mm thick. I5 However, all these studies are based on the orthopaedic joint
replacement and may not be relevant for a mandibular endoprosthesis.
Therefore, the aim of this study was to assess the magnitude and duration of the
temperature changes around a mandibular endoprosthesis through an in vivo and
an in vitro study. The in vivo study focused on the effects of the polymerization
reaction under natural conditions, while the in vitro study focused on the additional
effect of the cement mantle thickness on the final temperature change. The in vitro
study was also used to assess the temperature changes occurring in the stem of the
prosthesis during the polymerization of the cement mantle.
The hypothesis was that the temperature changes around a PMMA cemented
mandibular endoprosthesis are minor and unlikely to cause significant thermal
damage to the surrounding tissues.
Materials & Methods
In vivo study

Six pathogen-free young adult monkeys of about 4 years old (Macaca fasciculans),
weighing approximately 3.5kg, were used in this study The monkeys had full
dentition with partially erupted 3rd molars. The study was accepted by the
Institutional Animal Care and Use Committee of SingHealth, Singapore and the
animal laboratory has been certified by the International Association for
Assessment of Laboratory Animal Care.
The mandibular endoprostheses were made with help of skull models as explained
m a previous study. I4 They were manufactured of titanium alloy (Ti-6AI-4V) with a
dual etched outer surface (Biomet Microfixation, Jacksonville, USA) (Figure 3-1).
The endoprosthesis is a 3-piece modular system. 22 The height of the body of the
prosthesis was 70% of the original height of the mandible, whilst the contour on the
buccal, lingual and caudal aspects followed the original contour of the mandible. The
stems were made to fit closely in the marrow space of the mandible They were
rounded off at the ends to reduce the shearing forces at the stem-cement interface
The dimensions of the implant body were 15 mm long and 12 mm high and the
stems were 10 mm long, 7 mm high and I mm thick, with two holes to counteract
rotational movements.
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Figure 3-1. Monkey endoprosthesis -apart (above) and assembled (below)

Before surgery, the animals were fasted overnight. They were given 0.05mg/kg
atropine i.e. preoperatively and were sedated with IO mg/kg ketamine. All animals
were weighed prior to surgery. Induction of anesthesia was performed by a
veterinarian using 3% Halothane. Endotracheal intubation was then done with oraltracheal tubes of gauge 3.5 mm. The anesthesia was maintained with 1-2%
Isoflurane. The animals were given 2mg/kg carprofen (Rimadyl®, Pfizer Ine, New
York, USA) for analgesics and 5mg/kg enrofloxacion (Baytril®, Bayer Health Care,
Leverkusen, Germany) and 15mg/kg amoxycillin s.c. (Betamox®, Norbrook
Pharmaceuticals World Wide, Ireland) as antibiotics.
Preoperative lateral radiographs were taken of all animals, while positioned with
their right mandible facing the plate. The radiographs were taken using a Siemens
POLYMOBIL Plus® machine (Siemens Medical Solutions, Erlangen, Germany) set at
40kv for 2ms at a distance of 70cm.
The surgery was carried out via an intra-oral approach beginning with two vertical
incisions between the second bicuspid and first molar as well as behind the second
molar. A horizontal incision, 2-3 mm below the attached gingiva, connected the two
vertical incisions. The periosteum was reflected to expose the area of the planned
resection. The resected segment contained the two permanent molars and included
the attached gingiva on both sides.
The marrow space of the monkey mandible contains cancellous bone. In order to
create space to accommodate the stem, a 9 mm high and 11 mm deep groove was
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made with a 12 mm long tapered fissure burr on the posterior (distal) and anterior
(mesial) ends of the bone. This study assessed only the anterior stem cementation.
The position of the stem was marked and three 0.5 mm wide holes were drilled
through the buccal cortex (Figure 3-2) under copious irrigation. The temperature
of the holes was then allowed to stabilise and recorded as the baseline
temperature. All temperature measurements were taken with a type k
thermocouple (CIE TM-305 thermometer, Rapid-Tech Equipment, Knox City
Centre, VIC, Australia), which has a sensitivity of 0.1 °C, accuracy of 0.3% and a
0.5mm measurement tip. Then, the prosthetic stem modules were fitted into the
marrow space and cemented using Palacos® cement (Biomet Ine, Warsaw, USA).
The cement was mixed according to manufacturer's instructions. The cement was
allowed to turn doughy before application into the created groove. The amount of
cement used to fix the stem was calculated by using a pre-weighed piece of doughy
cement to load the cavity and then subtracting all the excess cement. Separately,
approximately 0.5 g of the cement was loaded in a plastic container as a control to
register the polymerization reaction at room temperature. This specimen was
named "cement block". After seating of the stems, the temperature recording of
the Mandible-Prosthesis Unit (MRU) with the thermocouple started. The
temperature was measured at 4 location of the MRU, i.e. mandibular surface, hole
I, hole 2 and hole 3 (Figure 3-3). The temperature readings were taken once every
minute until all the areas had returned to the baseline temperature or had reached
a stable level (3 consecutive unchanged readings).

Figure 3-2. The temperature measurement positions of the mandible-prosthesis unit
(MPU). (The grey area represents the prosthesis) Blue square - spot on buccal cortex
directly above stem (mandibular surface), Yellow circle - I mm from tip of stem (Hole I),
Purple circle - 3 mm superior to the edge of the stem (Hole 2), Red circle - 5mm from
the anterior edge of stem (Hole 3) and Green square - spot on the exposed portion of the
endoprosthetic stem (only done for in vitro study)
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F/gure 3-3. Meosurement of a test location of the MPU using the type k thermocouple
After the temperature recordings, the body of the endoprosthesis was connected
to the cemented stem modules (Figure 3-4). Finally, the wounds were closed and
the animals were returned to their housing as described before.14

Figure 3-4. Final assembly and fixation of the endoprosthesis
After 3 months of implantation, the animals were sacrificed and the mandibles were
harvested for histological preparation. After fixation in 4% formalin, dehydration
and embedding in MMA, three sections of each stem were made using a modified
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inner circular saw technique. The sections were stained with basic
fuchsin/methylene blue and examined using a light microscope Olympus Microscope
Model CX3I (Tokyo, Japan) and Olympus Soft Imaging Solution Cell A software
(Miinster.Germany) to determine the thickness of the cement mantle and the
histological status of the tissue at the cement-bone interface. The tissue at the
cement-bone interface were examined and graded on a scale adapted from Jansen
et al l0 (Table 3-1).
Reaction Zone
Interface
quality

Inflammatory
zone quantity

Foreign body
reaction zone
quantity

Foreign body
reaction zone
quality

Response
Direct bone-to-cement contact without soft tissue interlayer
Remodelling lacuna with osteoblasts and/or osteoclasts at
surface
Localised fibrous tissue not arranged as a capsule
Fibrous tissue capsule
Inflammation
0-4 cell layers
5-9 cell layers
10-30 cell layers
>30 cell layers
Not applicable
0 cell layers
1 -9 cell layers
10-60 cell layers
>60 cell layers
Not applicable
Direct bone-to-cement contact without intervening tissue
layer
Reactive tissue is fibrous, showing fibroblasts and collagen
Reactive tissue is granulous, containing both fibroblasts and
many inflammatory cells
Reactive tissue consists of masses of inflammatory cells with
little or no signs of connective tissue organization
Cannot be evaluated because of infection or other factors
not necessarily related to the material

Score
4
3
2
1
0
4
3
2
1
0
4
3
2
1
0
4
3
2
1
0

Table 3-1. Hard Tissue Histologic Grading Scale (Jansen et al)'"
In vitro study
In addition to the in vivo study, an in vitro study was performed using three fresh
Macaca fasicularis mandibles. The mandibles were sectioned bilaterally at the first
molar region, which resulted in three separate specimens (2 posterior and I
anterior specimens) with four exposed cross-sections (Figure 3-5). The crosssections were prepared similarly to the live animals to accommodate the stems of
the endoprosthesis. The depth and height of the grooves, as prepared to create
space for the stems, were kept constant, but width of the groove in the buccolingual direction was varied. Three different groove widths were created, resp. 2
mm groove width (2M), 3 mm groove width (3M) and 4 mm groove width (4M),
which resulted in cement mantles of different thicknesses. The temperature
measurement holes, cement preparation and cementation technique were kept all
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similar to the in vivo study. All temperature recordings of the MPU were done in
the same sequence as in the in vivo study with the inclusion of an additional
measurement point at the exposed portion of the prosthetic stem module (Figure
3-2). After the temperatures were measured, the prostheses were removed and
the cement mantle thickness measured using a Leica Wild M650 microscope (Leica
Microsystems, Wetzlar, Germany) and digital veneer calipers.

Figure 3-5. The mandible sectioned between the first and second molars to yield cross
sections for stem cementation (in vitro study)
Analysis and Statistical considerations

After collecting all the temperature measurements, the following six parameters
were investigated: (I) the mean amount of PMMA used for the cementation of the
prosthesis, (2) the thickness of the cement mantle, (3) the time to reach the
maximum temperature, (4) the maximum temperature, Τ ^ , (5) the maximum
temperature change, Tma)<A, which was calculated by the Tmax-baseline temperature,
and (6) the time for the temperature to return from Jmxi to the baseline/stable
temperature.
Descriptive statistics were presented to summarize the above parameters of the
study samples. The Wilcoxon signed rank test was used to compare between the
match-paired data on the parameters of interest. The statistical analysis was
performed using the Statistical Package for Social Scientists (SPSS) version 11.0
(SPSS Inc., Chicago, III, USA). An intergroup Ρ value <0.05 was considered
statistically significant.
Results
The median amount of cement used for cementation in the in vivo study was
calculated to be 0.6 g (range 0.5-0.6). In the in vitro study, the median amount of
cement was 0.3 g (range 0.3-0.4) for 2M, 0.4 g (range 0.3-0.5) for 3M, and 0.5 g
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(range 0.4-0.5) for 4M. The median weight of all the cement blocks used as control
was 0.5g (range 0.4-0.6g).
The histological measurements indicated that in the in vivo study the median
thickness of the cement mantle, i.e. cement layer between the prosthetic stem and
bone was I.I mm (mean 1.08mm, range 0.6-1.9, SD 0.28). For the in vitro study,
the median cement mantle thicknesses were 0.5 mm (mean 0.51mm, range 0.3-0.7,
SD 0.14) for 2M, 1.0 mm (mean 1.02mm, range 0.7-1.3, SD 0.16) for 3M and 1.4
mm (mean 1.41 mm, range I. I -1.8, SD 0.19) for 4M.
The cement blocks heated up quickly and reached their maximum temperature
(T max ) a median of 10.0 (range 8.0-12.0) minutes after initiation of mixing. As for the
MPU, the Τπαχ was reached after a median of 9.0 (range 7.0-10.0) minutes in the in
vivo study and an overall median of 11.0 (range 7.0-15.0) minutes for the in vitro
study (Table 3-2). The time to reach T max increased with increasing cement mantle
thickness and 4M took a statistically longer time to reach Jnax (p=0.003).
The median baseline temperature for the cement and bone was 28.80C (range 22.830.6) for the in vivo study and 24.2°C (range 21.3-28.8) for the in vitro study. Both
were far below the normal body temperature of 38 0 C for the Macaca fasicularis.
The median T max of the cement blocks, 58.0oC (range 48.5-70.4) was much higher
than the temperature for the MPU of the in vivo and in vitro study (Table 3-2). The
MPU of the in vivo study showed a median maximum temperature (Tmax) of 31.0°C
(range 28.5-33.0), with the peak T max of 33.0oC at hole I (I mm from the stem).
The in vitro study achieved a median T max of 26.7 (range 22.6-31.4) which was
lower than the in vivo study. 4M showed higher T m a x than 3M (p=0.027).
The maximum temperature change (T maxA ) which takes into consideration the
baseline temperature showed a median overall increase of 33.I 0 C (range 22.0-46.9)
for the cement blocks. Whereas, the MPU of the in vivo study showed a median
TmaxÄ of l.80C (range 0.3-3.5), and a median TmaxÄ of 2.I 0 C (range 0.0-4.0), 2.I 0 C
(range 0.0-4.4), and 4.30C (range 0.0-6.1) for 2M, 3M and 4M respectively (Table
3-2). The Tmaxn of 4M was significantly higher than that in 2M (ρ<0.001), 3M
(f>=0.00l) and the in vivo study (/)=0.00l). When we analysed the temperature
changes of the different test locations of the MPU, we found that the median T ^ ^
was 2.9CC (range 0.2-4.7) for the mandibular surface, 3.20C (range 0.7-5.3) for the
stem prosthesis, 2.80C (range 0.5-6.1) for hole I, 2.30C (range 0.3-4.4) for hole 2
and 1.0°C (range 0.0-.2.4) for hole 3. Comparative analysis showed that the T m a x n
for hole 3 was significantly lower than the mandibular surface (p<0.00l), hole I
(p<0.00l) and hole 2 (p=0.00l). The TmixA for hole 2 was also significantly lower
than the mandibular surface (/5=0.024) and hole I (p=0.026). There was no
statistical difference between the other groups.
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T e s t Position
T i m e tO Tmax

(mms)

T ™ , ("C)

TmaxA ( 0 C )

Time from Tma«
to baseline
(mms)

Cement Block
Mandible surface
Stem prosthesis
Hole 1 (1 mm)
Hole 2 (3 mm)
Hole 3 (5 mm)
Cement Block
Mandible surface
Stem prosthesis
Hole 1 (1 mm)
Hole 2 (3 mm)
Hole 3 (5 mm)
Cement Block
Mandible surface
Stem prosthesis
Hole 1 (1 mm)
Hole 2 (3 mm)
Hole 3 (5 mm)
Cement Block
Mandible surface
Stem prosthesis
Hole 1 (1 mm)
Hole 2 (3 mm)
Hole 3 (5 mm)

I n vivo

Overall

2 m m groove ( 2 M )

3 m m groove ( 3 M )

4 m m groove ( 3 M )

100 (range 8 0-11 0)
9 5 (range 7 0-10 0)

-

Total
58 0 (range 48 5-70 4)

8 0 (range
8 0 (range
8 5 (range
8.0 (range

7 0-100)
7 0-10 0)
7 0-10 0)
7.0-10.0)

30 3 (range 28 5-32 2)

-

Total
34 1 (range 22 0-46 9)

31
31
30
3/.0

2 (range
1 (range
6 (range
(range

29 8-33 0)
30 9-32 4)
29 1-319)
28.5-33.0)

9 5 (range 8 0-10 0)
10 0 (range 10 0-11 0)
105 (range 100-120)
10 0 (range 10 0-12 0)
I I 0 (range 9 0-12 0)
/0.0 (range 8.0-/2.0)

I05(range70-I30)
I05(range80-I30)
105 (range 90-13 0)
I I 5 (range 9 0-13 0)
105 (range 80-15 0)
( (.0 (range 7.0-15.0)

27 0 (range 22 6-28 1)
26 8 (range 23 3-30 2)
27 5 (range 25 9-28 7)
26 2 (range 23 5-29 1)
27 2 (range 25 2-28 0)
26.9 (range 22.6-30.2)

25 8 (range 24 2-27 6)
25 0 (range 23 5-26 0)
26 7 (range 26 4-28 1)
25 6 (range 24 2-25 9)
26 6 (range 23 0-28 0)
25.8 (range 2 3 . 0 - 2 8 . / )

2 1 (range 1 0-3 5)

-

Total
8 0 (range 5 0-13 0)

1 9 (range
2 0 (range
0 7 (range
1.8 (range

0 5-3 0)
0 9-3 2)
0 3-2 1)
0.3-3.5)

7 0 (range 3 0 - I I 0)

-

Total

6 0 (range 4 0-12 0)
5 0 (range 3 0-12 0)
2 0 (range 1 0-9 0)
6.0 (range (.0-12.0)

Table 3-2 The median temperature changes for the in vitro and in vivo studies

2 4 (range 0 2-3 0)
2 4 (range 1 0-4 0)
2 4 (range 1 5-3 0)
1 7 (range 0 3-3 0)
1 0 (range 0 0-1 7)
2. f (range 0.0-4.0)
6 0 (range 6 0-6 0)
5 0 (range 4 0-7 0)
5 5 (range 3 0-7 0)
6 0 (range 3 0-7 0)
1 5 (range 0 0-5 0)
6.0 (range 0.0-7.0)

3 4 (range 1 2-4 4)
18 (range 0 7-3 8)
3 2 (range 2 0-3 7)
1 9 (range 1 3-2 9)
1 1 (range 0 0-2 0)
2.1 (range 0.0-4.4)
6 0 (range 2 0-12 0)
5 5 (range 5 0-1 10)
5 5 (range 4 0-7 0)
5 0 (range 5 0-6 0)
5 0 (range 3 0-6 0)
6.0 (range 2.0-/2.0)

I I 5 (range
I I 5 (range
I I 0 (range
I I 5 (range
105 (range
11.0 (range

110-13 0)
110-12 0)
100-13 0)
100-13 0)
100-130)
10.0-13.0)

27 8 (range 26 7-28 7)
27 9 (range 26 3-28 9)
28 9 (range 26 2-31 4)
27 2 (range 25 0-28 9)
25 5 (range 23 5-27 4)
27.1 (range 23.5-3/.4)
4 4 (range 4 3-4 7)
4 6 (range 4 3-5 3)
4 8 (range 3 5-6 1)
3 3 (range 2 6-4 4)
1 4 (range 0 0-2 4)
4.3 (range 0 . 0 - * . / )
7 0 (range
7 0 (range
6 5 (range
6 0 (range
5 0 (range
7.0 (range

6 0-8 0)
7 0-8 0)
4 0-7 0)
6 0-7 0)
0 0-7 0)
0.0-8.0)
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After reaching the Tma)<, the temperature decreased quickly The temperature of all
the cement blocks returned t o baseline temperature 8.0 (range 5.0-13.0) minutes
after reaching T max A t the MPU, the temperature readings returned t o baseline a
median of 6.0 (0.0-12.0) minutes after Tmix and the wider the groove, the slower
the return of the temperature to baseline (Table 3-2).
The histological analysis of the cement-bone interface of all stems was performed
using the grading scale in Table 3-1. 1 0 The data w e r e analysed according t o each
parameter. The mean score of the interface quality (IQ) of the cement-bone
interface was 1.75 (range 1-2, SD 0.45). The inflammatory zone quantity ( I Z Q ) had
a mean score of 3.17 (range 1-4, SD 1.12). The mean score of the foreign body
reaction zone quantity (FBRQuan) and foreign body reaction quality (FBRQual) was
1.92 (range 1-2, SD 0.29) and 2.58 (range 1-3, SD 0.67) respectively. The data is
summarized in Figure 3-6. The data f r o m the histology showed the presence of a
thin fibrous capsule intervening between the cement layer and the bone. The bone
was filled w i t h osteocytes and the fibrous capsule was filled w i t h fibroblasts and
there was a thin layer of inflammatory cells between the fibrous capsule and the
cement (Figure 3-7 & 3-8).

Histological Grading of the Cement-bone Junction

Interface Quality (IQ) Inflammatory Zone
Quantity (IZQ)

FBR Zone Quantity
(FBRQuan)

FBR Zone Quality
(FBRQual)

Figure 3-6. Hard tissue histological grading of the cement-bone junction
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F/gure 3-7.Light micrograph showing cross section of"the titanium stem, the PMMA cement
(dear space) and the surrounding bone of the mandibular endoprosthesis showing PMMA
being surrounded by bone

Figure 3-8. Histological appearance of the cement-bone interface showing PMMA (clear
space) being surrounded by a thin fibrous capsule with minimal inflammatory cells and
healthy bone with osteocytes
Discussion
This study investigated the potential thermal injury of a novel mandibular
endoprosthetic system. The study consisted of two parts, i.e. an in vivo part in
58

Chapter 3

which the temperature changes were measured during an animal experiment and an
in vitro part in which the effect of cement use and cement mantle thickness were
investigated. The surgical procedures and measurement techniques for both parts
were similar.
The median in vivo cement mantle thickness was found to be I I mm and showed
a wide range. This was also observed in the in vitro study. There are a few reasons
for this variability Firstly, the groove had an ovoid shape rather than a rectangle.
Such an ovoid shape cannot be avoided as the middle portion of the mandible
contains much more cancellous bone, while the superior and inferior aspects have
roots and cortical bone respectively. This results in less resistance during surgical
removal and creation of the groove. In addition, the stem cannot be centered
accurately in the middle of the groove and thus one side can be thicker than the
other
The Tma), determines the potential of protein denaturation and cell death. The data
gathered showed that cement blocks of similar weight reached a median Tma)< of
58.0oC (range 48.5-70 4) On the other hand, the Tmax of the MPU was very minimal
for both the in vivo (median 31 0 o C, range 28.5-33.0) and in vitro (median 26 7 0 C,
range 22 6-31.4) studies and never exceeded the normal body temperature (380C)
of the animal. The temperature stayed significantly below the protein coagulation
temperature of 43-460C. This was even significantly less than the findings of the
other studies 2023 This result can be explained by the small quantity of cement used
(<l Og) and the thin layers of cement (overall range 0 3-19 mm). The heat
generated is small and this heat is quickly dissipated by the surrounding tissues The
tissues also have a high specific heat capacity (~3600 Jkg 'K ' 6 compared to iron 450
Jkg 'K ') The in vivo had a higher Tmaxcompared to the in vitro study as the baseline
temperature of the former was higher Also, it has to be noticed that body
temperature refers to the temperature as found in the core of the animal During
the surgical procedure, the bone and surrounding tissues are exposed to the lower
room temperature In addition, use of saline solution for cooling during drilling and
a decreased blood supply will all lower the temperature of the exposed tissues.
Another important parameter was the TmaxA, which indicates the maximum amount
of temperature change due to heat absorption. The Tma)<A was low in the m vivo
study (median of l.80C, range 0.3-3.5) and does not pose a risk for thermal
damage The results from the in vitro study showed two trends, i.e the more
cement used and the nearer the area to the cemented stem, the higher the TmaxV
As a consequence, structures more than 3 mm away from the stem will experience
very little temperature change.
All the temperature increases in the mandibles were transient, taking a median of
6 0 (0.0-12.0) minutes to return to the baseline temperature.
The histological results supported the results of the temperature measurement.
There was good bone viability at the cement-bone interface with no necrosis
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(Figure 3-8). The thin fibrous capsule was expected as PMMA cement is not
bioactive and therefore there is no bonding between the cement and bone (Figure
3-7). There was a mild inflammatory reaction next to the capsule but that cannot
be extrapolated to the immediate post cementation situation.
There were a few limitations in this study. We only utilized one thermocouple
which meant that we could only capture temperature at I minute intervals. If we
had used 5-6 thermocouples and continuous monitoring of all test locations, we
could have obtained precise temperature changes and timing. However, our data
are adequate to support our conclusion that the temperature changes were minor
and transient. The second limitation was an inability to achieve similar baseline
temperatures for all specimens. This was unavoidable as live animals were used in
one part of the study and frozen mandibles in the other part
On basis of the obtained results, the following recommendations can be given for
PMMA cementation of mandibular modular stem prostheses: (I) cool saline
irrigation has to be used on the mandible and prosthesis during the rapid
polymerization phase of the cement (8 to 15 minutes after mixing of the cement),
and (2) a thinner groove creation will result in the usage of a smaller quantity of
cement and therefore less temperature changes.
Our results and recommendations agree very well with orthopedic literature. The
polymerization and heating characteristics of PMMA for cementation purposes of
orthopedic prostheses are also well described. I3 In orthopedic reconstructions,
cementation of the joint prostheses usually produces a cement mantle of 3-5mm in
thickness. In vivo studies showed that a mantle of this thickness was unlikely to
cause significant thermal damage. 2<U2 The possibility was further reduced by precooling of the cement and alteration of the chemical composition of the cement.
In conclusion, this study showed that the quantity of the PMMA cement used and
the distance away for the prostheses stem influence the change in temperature.
Nevertheless, the use of PMMA cement around a mandibular endoprosthesis will
not result in large temperature changes or significant tissue damage. The heat
resulting from the setting reaction is quickly dissipated by the surrounding tissues.
As a result of the findings, the hypothesis that the temperature changes around a
mandibular endoprosthesis is minor and unlikely to result in significant damage to
the surrounding bone and structures has to be accepted.
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Introduction
Head and neck malignancies constitute the sixth most common type of cancer and
account for significant morbidity and mortality.(Dah/strom et ai, 2008) (G/7 and Fi/ss,
2009) Unfortunately, many patients are diagnosed with Stage 3 and 4 advanced
disease, with T3 or T4 tumours and the cancer spreading to the regional lymph
nodes. Since the 1990s, the gold standard treatment for these advanced stages has
been combined modality treatment, which includes surgical resection followed by
postoperative radiation with or without chemotherapy. (Hurvitz et al., 2006) More
recently, radiation therapy and chemotherapy have also become common adjuvant
therapies to most oncologic surgeries with the aim of reducing complications and
improving treatment outcomes. (G/7 and Fliss, 2009)
Radiotherapy can be employed alone for such radiosensitive malignancies as
nasopharyngeal carcinoma and lymphomas and in combination with surgery for
better locoregional control of less radiosensitive tumours. (Vikram et al., 1984) It
has also been shown to be more effective if it is started within six weeks of surgical
treatment. (Tupchong et al., 1991) Since its inception, there was progressive
evolution of radiotherapy techniques to enhance the therapeutic ratio by the use of
multiple beams directed at the tumour volume to minimise the radiation dose to
the surrounding normal tissue and delivery of the total radiation dose in multiple
fractions over a several-week period. This led to new techniques like intensity
modulated radiation therapy (IMRT), hyperfractionation and chemoradiation
combination therapy.
During radiation exposure, the ionisation of atoms in living tissue causes nuclear
DNA damage that, if irreparable, results in cell death. The mechanism of action is
relatively unselective between the tumour and normal tissue. Radiation has an
effect on all body tissue, but the radiosensitivity of different tissues varies. With
regard to the tissues found in the region of oral cancers, the major issue is the
effect of radiation on bone. Previous studies have reported the early depressive
effects of radiation on bone marrow and its haemopoietic stem cells, (van Os et ai,
1993) a reduction in osteoblasts and osteocytes, (Dudz/ok et ai, 2000) a significant
decrease in the cellularity and vascularity of the surrounding periosteum, (Gungdr et
ai, 1982) an overall reduction in vascular patency and blood flow (Hopewell, 2003)
and elevated bone remodelling. (King et ai, 1979) There have also been reports of
molecular-level changes in the osteoblasts that result in an inhibition of cell growth
as well as alkaline phosphatase activity (Sokuroi et ai, 2007) and vascular endothelial
growth factor expression (VEGF) (Anderson et ai, 1992) and collagen production.
(Sokurai et ai, 2007) Taken together, this evidence suggests that irradiating the
bone reduces its ability to heal and may result in necrosis and infections.
When cancers originate in the oral cavity, there is frequent bone involvement.
Mandibular involvement usually results in segmental mandibular resection.
Following such resection, there is considerable morbidity, with adverse effects on
patients' speech, masticatory function and aesthetics. Reconstruction then becomes
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necessary to assist them in regaining a good quality of life. (Urken et ai, 1991)
Several reconstruction techniques exist, with the free vascularised flap constituting
the current gold standard option, (Goh et al., 2008) although it is associated with a
high cost (Petruzze// et al., 2002) and donor site morbidity. (Zimmermann et al.,
2001) Such factors as the age of the patient, medical problems, local healing
potential and the source of the bone graft render every case unique and thus less
predictable. There are other promising methods that employ tissue engineering,
(Womke et al., 2006) gene therapy (Rutherford et ai, 2003) and titanium
endoprostheses, (Lee et ai, 2008) but they have not yet been tested extensively nor
in situations involving postoperative irradiation.
Over the past decade, modular endoprosthetic reconstruction has become a
routine method in limb sparing surgery. (Malawer and Chou, 1995) This technique
emphasises the removal of all diseased bone, with the missing portion of the bone
replaced with an artificial device fixed within the remaining bone with bone cement.
A modular system combines standardised units to allow flexibility in the
reconstruction of various defect sizes. Studies carried out on Macaca fascicularis
have shown that the method offers potential for mandibular reconstruction. (Goh et
ai, 2009)(Lee et ai, 2009) As there is a lack of information on its effectiveness with
perioperative radiation, we set out to investigate the effect of additional
postoperative radiation therapy to this system.
The aim of this study was to assess the tissue response when postoperation
radiation was given to an endoprosthetic mandibular reconstruction procedure.
This pilot in vivo study compared the clinical, histological and histomorphometrical
parameters to determine the potential negative impact of the additional radiation.
The hypothesis was that postoperation radiation would be unlikely to cause
significant negative impact on wound healing and success of the mandibular
endoprosthetic system.
Material and Methods
Six young, adult male Macaca fascicularis, each weighing approximately 3.5 kg, were
employed in this study. Permission was granted by the Institutional Review Board
and Institutional Animal Care and Use Committee of SingHealth, and the animal
laboratory has been certified by the International Association for Assessment of
Laboratory Animal Care.
The six animals were divided into two groups of three. Both groups underwent the
same surgery, but group I was subjected to postoperation brachytherapy of the
mandibular region.
The modular endoprostheses were fabricated with the aid of computed
tomographic data on cadaveric skulls. They were made of titanium alloy (TÌ-6AI-4V)
with a dual acid-etched outer surface.). The endoprosthesis is a 3-piece modular
system with 2 stem modules to be cemented to the resected bone margins and a
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body module that connects to the stem modules on either side. The height of the
body module was 70% of the original height of the mandible, while the contour on
the buccal, lingual and caudal aspects followed the original contour of the mandible.
The stem modules were made to fit closely in the marrow space of the mandible.
They were rounded off at the ends to reduce the shearing forces at the stemcement interface. The prosthesis body was 15 mm long and 12 mm high and the
stems were 10 mm long, 7 mm high and I mm thick, with two holes to counteract
rotational movements. The stem modules have connections that can be inserted
into the body module and a stud was placed into the center of the body module to
lock the stem modules in place and prevent loosening and disassembly. This design
is modified from an earlier version that has been described in an earlier study. (Lee
et ai, 2008).As in this previous study, a problem was observed with loosening of the
connection screws, a revised design without screws was used in the current study
with identical dimensions as described previously (Fig. 4-1).

Figure 4-1. Macaco fasicuiaris with posterior and anterior modules assembled with central
module and locked with a new stud system
The animals were made to fast overnight. They received 0.05 mg/kg of atropine s.c.
preoperatively and were sedated with 10 mg/kg of ketamine s.c. All of the animals
were weighed prior to surgery, and they were shaved to remove the hair from the
right mandibular region. Anaesthesia induction was performed by a veterinarian
using 3% halothane. Endotracheal intubation was then carried out using a tube with
a diameter of 3.5 mm that was secured around the central incisor with a ligature
wire. Anaesthesia was maintained with 1-2% isoflurane. Upon induction, the
monkeys were given 2 mg/kg of carprofen (Rimadyl®, Pfizer Ine, New York, USA)
for analgesia, 5 mg/kg of enrofloxacin (Baytril®, Bayer HealthCare, Leverkusen,
Germany) and 15 mg/kg of amoxicillin s.c. (Betamox®, Norbrook Pharmaceuticals
Worldwide, Newry, Northern Ireland). Preoperative lateral radiographs were
taken of all of the animals, which were positioned consistently with their right
mandibles facing the plate. The radiographs were taken using a Siemens
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POLYMOBIL Plus® machine (Siemens Medical Solutions, Erlangen, Germany) set at
40 kV for 2 ms at a distance of 70 cm
The resection included a segment containing the first and second permanent molars
and the attached gingiva An intraoral approach was adopted, beginning with two
vertical incisions between the second bicuspid and the first molar as well as behind
the second molar A horizontal incision 2-3 mm below the attached gingiva
connected the two vertical incisions The periosteum was reflected to expose the
lower border of the mandible and the planned osteotomy sites A tapered fissure
bur was employed to perform the resection, and the block was subsequently
removed Bleeding from the inferior mandibular canal was easily staunched A 12mm-long tapered fissure burr was used to create a 9-mm-high, I l-mm-deep
intramedullary space in the mandible on either side of the resection to fit the
stems As a rule, the tooth germs of the third molars were visible in the proximal
segment, whereas the contour of the apex of the second bicuspid was sometimes
visible in the distal segment The modules containing the stems were fixed in the
proximal and distal segment using PMMA cement Palacos® (Biomet, Jacksonville,
FL, USA) The body of the endoprosthesis was then connected and a stud was
placed to connect the modules (Figure 4-1) The full thickness of the buccinator
muscle was dissected from the skin over a length of approximately 5 cm The
mylohyoid muscle was dissected free from the aponeurosis so that it could be
pulled over the endoprosthesis and tied to the buccmnator muscle with 3/0 Vicryl
sutures (Ethicon Ine, Somerville, NJ, USA) The mucosa was then closed over this
muscle with 4/0 interrupted Vicryl sutures (also Ethicon Ine), which resulted in a
two-layer closure Occlusion was checked after extubation, and radiographs of the
operated side of the mandible were taken immediately, with the animals placed in
the same position as before The monkeys had an uneventful recovery and were
put on a soft diet for the first two weeks, after which a normal diet of monkey
chow was resumed They received 2 mg/kg of carprofen sc (Rimadyl®, Pfizer Ine,
New York, USA) for analgesia for two days and 5 mg/kg of enrofloxacm (Baytril®,
Bayer HealthCare, Leverkusen, Germany) and 15 mg/kg of amoxicillin s c
(Betamox®, Norbrook Pharmaceuticals Worldwide, Newry, Northern Ireland) for
five to seven days
Postoperat/on radiation
Following surgery, the circumference of the mandible was measured to determine
the size of the bone The region of interest (ROI) was found to extend from the
midline to I 5 cm laterally in the sagittal axis and from the third molar to the canine
region of the right mandible A Ryles tube was attached to the buccal gingiva and
secured with two sutures in the animals of group I (in the third molar and canine
regions), with the position verified via radiographs
At one month postoperation, the three animals in group I were subjected to
brachytherapy The brachytherapy planning was done with a specialized treatment
planning system (Abacus-Gammamed, Vanan medical systems, Germany) The
treatment length was 3cm at 0 5 cm, seed stop intervals and prescribed to 18 Gy in
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six fractions to 0.5 cm depth from axis of tube. Each 3Gy brachytherapy fraction is
given twice weekly over three weeks with a remote afterloadmg high dose rate
brachytherapy machine with an indium-192 source (Gammamed, Vanan medical
systems, Germany)
After radiation, the animals were given a soft diet of fruits and softened monkey
feed for the first two weeks. Postradiation monitoring was carried out to
determine the acute local effects of the radiation at weeks 1, 2, 3, 4, 8 and 12. The
parameters that were assessed included (I) swelling of the cheeks/jaws, (2)
mucositis and (3) difficulty eating/nutrition intake. Twelve different locations in the
oral cavity were checked for mucositis, and its grading was performed similar to
the W H O criteria (Table 4-1).
Assessment Location
1. Upper labial mucosa (upper lip)
2 Mandibular labial mucosa (lower lip)
3 Right buccal mucosa (right cheek)
4 Left buccal mucosa (left cheek)
5 Right lateral and ventral tongue
6 Left lateral and ventral tongue
7 Floor of mouth (right)
8 Floor of mouth (left)
9 Hard palate
10. Soft palate
Mucositis Grading
Grade 0 = normal, no mucositis
Grade 1 = soreness and erythema
Grade 2 = erythema, ulcers (can eat solids not relevant)
Grade 3= ulcers, requires liquid diet only
Grade 4 = alimentation not possible
Table 4-1. WHO Criteria for Mucositis Grading and the Locations Assessed

Two animals (one radiated and one non-radiated) had to be sacrificed prematurely
due to loosening of the device and were excluded from further analysis At six
months postoperation, the remaining four animals were sacrificed for analysis by
acceptable humane method and the specimen consisting of the operated side of the
mandible, including the joint, was harvested.
Analysis

Radiographs of each specimen were taken using the previously described technique.
The entire specimen was scanned using a Cone Beam 3-D Dental Imaging System ICATI (Imaging Sciences International, Hartfield, PA, USA) to determine the
endoprosthesis's position in the mandible and then sectioned into three parts
(anterior stem, body and posterior stem) Subsequently, micro-CT images were
made of the anterior and posterior stem specimens using a Sky-Scan 11072
(SkyScan, Aartselaar, Belgium) with a focal spot of 6 mm and a pixel size of 18 mm.
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The specimens were secured to the sample holder and placed into the micro-CT
specimen chamber. Transmitted X-rays were absorbed and transformed into light
by a phosphorous screen, and light was detected by a CCD camera comprising a 2D 512 χ 512 array of pixels. This digitised signal was then transferred to a PC, on
which the micro-CT slices were recorded and reconstructed. The micro-CT slices
were reconstructed perpendicular to the long axis of the stem. Then, for each
animal and in each slice, the region encompassing the anterior and posterior stem
was selected for trabecular bone volume (TBV) measurements. The circular ROIs
on the buccal, lingual and inferior sides of the stems were selected manually. The
ROIs had a diameter of 0.52 mm and were always positioned manually 1.5 mm
from the stem (Figure 4-2). If a ROI was observed to be in the region of the
cement, then it was moved away. The ROI was interpolated through each slice
extending from the stem-body junction to the distal end of the stem, thereby
forming the TBV of each stem for analysis. Using the binary images, selection of the
bone area was performed manually and in the same manner for each specimen. A
TBV percentage (TBV%) was calculated with the micro-CT software provided.

Figure 4-2. micro-CT image with regions of interest (Black dots) selected

After the micro-CT imaging, each part of the specimen was dehydrated in a graded
series of ethanol and impregnated with methylmethacrylate (MMA). Eight weeks
later, the MMA-impregnated samples were polymerised in glass jars. The
temperature was controlled by placing the jars in a water bath at room
temperature to prevent bubble formation. After complete polymerisation, ΙΟ-μπν
thick sections were cut using a modified inner circular sawing microtome technique
(Leica® RM2I65, Wetzlar, Germany). At least nine sections were made of each
specimen (i.e., three sections per implant component) and used for histological
analysis. The sections were stained with methylene blue and basic fuchsin.
Histologic evaluation comprised a description and histomorphometric analysis
carried out by two observers (LKW and SL) using histological grading scales
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adapted from Jansen et al. (Jansen et ai, 1994) (Tables 4-2 and 4-3) to quantify the
quality of the tissue response around the cemented stems and the body of the
endoprosthesis. Consensus was reached following discussion in cases of differences
in the grading process. The total score of all three sections was calculated as a
mean score.
Statistical
analyses
were
performed
for
the
micro-CT
imaging and
histomorphometry using GraphPad Instat 3.05 software (Graph-Pad Software Ine,
San Diego, CA, USA) and the non parametric Mann-Whitney U Test. Differences
were considered significant at p-values less than 0.05.
Reaction Zone
Interface
quality (IQ)

Response
Direct bone-to-cement contact without soft tissue interlayer
Remodelling lacuna with osteoblasts and/or osteoclasts at
surface
Localised fibrous tissue not arranged as a capsule
Fibrous tissue capsule
Inflammation

Inflammatory
zone quantity
(IZQ)

0-4 cell layers
5-9 cell layers
10-30 cell layers
> 30 cell layers
Not applicable

Foreign body
reaction zone
quantity
(FBRQuan)

0 cell layers
1-9 cell layers
10-60 cell layers
> 60 cell layers
Not applicable

Score
4
3
2
1
0
4
3
2
1
0
4
3
2
1
0

Foreign body
reaction zone
quality
(FBRZQual)

Direct bone-to-cement contact without intervening tissue
layer
Reactive tissue is fibrous, showing fibroblasts and collagen
Reactive tissue is granulous, containing both fibroblasts and
many inflammatory cells
Reactive tissue consists of masses of inflammatory cells with
little or no signs of connective tissue organisation
Cannot be evaluated because of infection or other factors not
necessarily related to the material
Table 4-2. Hard Tissue Histologic Grading Scale (Jansen et al.)
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3
2
1
0
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Reaction Zone
Foreign body
reaction
zone quantity
(FBZRquan)

Response
0-4 cell layers
5-9 cell layers
10-30 cell layers
> 30 cell layers
Not applicable

Foreign body
reaction
zone quality
(FBZRqual)

Reactive tissue is fibrous, mature, not dense, resembling
connective or fat tissue in the non-injured regions
Reactive tissue is fibrous but immature, showing fibroblasts
and little collagen
Reactive tissue is granulous and dense, containing both
fibroblasts and many inflammatory cells
Reactive tissue consists of masses of inflammatory cells with
little or no signs of connective tissue organisation
Cannot be evaluated because of infection or other factors
not necessarily related to the material
Interface
Fibroblasts conuct the cement surface without the presence
quality (IQ)
of macrophages or foreign body giant cells
Scattered foci of macrophages and foreign body cells are
present
One layer of macrophages and foreign body cells are present
Multiple layers of macrophages and foreign body cells are
present
Cannot be evaluated because of infection or other factors
not necessarily related to the material
Table 4-3. Soft Tissue Histologic Grading Scale (Jansen et al.)

Score
4
3
2
1
0
4
3
2
1
0
4
3
2
1
0

Results
Clinical findings
Resection followed by insertion of the endoprosthesis was completed in 1.5 hours,
on average, with minimal blood loss. As planned, the six animals were divided into
two groups of three, with those in the first group undergoing the aforementioned
surgery followed by brachytherapy one month after radiation. The three animals in
group 2 did not undergo additional brachytherapy.
The postradiation monitoring of group I revealed minimal swelling of the cheeks
and jaws, and none of the animals encountered difficulties in eating the food
provided. In the mucositis assessment, the animals displayed ulceration mainly at
the right buccal mucosa. These changes were temporary and had been resolved by
four weeks postradiation (Table 4-4).
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Site

Monkey 1

Monkey 2

Monkey 3

Upper Labial Mucosa

0/0/0/0/0/0

0/0/0/0/0/0

0/0/0/0/0/0

Mandibular Labial Mucosa

0/0/0/0/0/0

1 /O/O/O/O/O

0/0/0/0/0/0

Right Buccal Mucosa

0/0/0/0/0/0

1 /0/0/0/0/0

0/0/0/0/0/0

Left Buccal Mucosa

0/0/0/0/0/0

0/0/0/0/0/0

0/0/0/0/0/0

Right Lateral and Ventral Tongue

1/o/o/o/o/o

ι /o/o/o/o/o

2/0/0/0/0/0

Left Lateral and Ventral Tongue

0/0/0/0/0/0

0/0/0/0/0/0

0/0/0/0/0/0

Right Floor of Mouth

0/0/0/0/0/0

0/0/0/0/0/0

0/0/0/0/0/0

Left Floor of Mouth

0/0/0/0/0/0

0/0/0/0/0/0

0/0/0/0/0/0

Hard Palate

0/0/0/0/0/0

0/0/0/0/0/0

0/0/0/0/0/0

Soft Palate

0/0/0/0/0/0

0/0/0/0/0/0

0/0/0/0/0/0

Right Buccal Alveolar Mucosa

2 / 2 / 2 / 1 / l/X

2/2/ I

3/2/2/1/0/0

min

Right Lingual Alveolar Mucosa
0/ I / o / o / o / o
0/0/0/0/0/0
11 ι / o / o / o / o
X - Animal was sacrificed due to loosening of the prosthesis and breakdown of the wound
Table 4-4. Mucositis Grade of Monkeys (I I 2 13 I 4 18 112 weeksj postradiation

T w o o u t of the three animals developed fistulas at the buccal gingiva (Figure 4-3),
one of which healed, whilst the other progressed t o a sizeable dehiscence. The
animal with dehiscence revealed prosthesis loosening during radiographic
examination and was sacrificed prematurely.

Figure 4-3. Large dehiscence at the buccal mucosa exposing the endoprosthesis
T w o of the three animals f r o m the non-radiated group 2 also developed fistulas at
t w o t o three months postoperation, one of which healed while the other worsened
into a significant dehiscence. This animal with dehiscence was also found t o be
associated with loosening of the prosthesis and sacrificed prematurely.
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The two animals that were sacrificed prematurely as the result of prosthesis failure
were excluded from analysis.
ΛΙ/cro-CT findings
The micro CT findings of the two animals without radiation were compared with
the two radiated animals (Table 4-5). It was found that the gross readings did not
differ remarkably.
Anterior
Buccal
TBV%

Anterior
Lingual
TBV%

Anterior
Inferior
TBV%

Posterior
Buccal
TBV%

Posterior
Lingual
TBV%

Posterior
Inferior
TBV0/o

Non RT 1

76

1381

2 84

7 94

6 05

2 25

Non RT 2

8 59

1321

II 74

178

1839

10 87

Mean

8 09

1351

7 29

1287

1222

6 56

RT 1

12.43

7 03

1048

107

9 34

231

RT2

17 18

1662

2 27

1677

16 64

7 84

Mean

14.80

II 82

6 37

13.73

1299

5 07

Previous study
(screws) mean

1083

14 58

2941

38 44

43 07

45 89

Animal

Table 4-5. Total bone volume measurements using micro CT
However, when readings of the previous study (Lee et al, 2008) with the device
using connection screws were compared, there were gross differences in numerous
areas seen, with lower bone volume seen in the device without screws. However,
statistical analysis did not reveal the presence of significant difference (p>0.05)
Histology and histomorphometr/ findings
There was a thick fibrous capsule and band of inflammatory cells seen at the
cement-bone interface of both the anterior and posterior stems (Figure 4-4) The
inflammatory response as observed in the fibrous capsule surrounding the
endoprosthesis in the irradiated animals (Figure 4-5) was less compared to the
control animals (Figure 4-6). No bone growth around the inferior part of the body
of the prostheses unlike the previous study. In contrast there was loss of the
buccal cortical bone at some sites of the stems (Figure 4-7). The soft tissueprosthesis interface showed mainly fibrous tissue with a varying amount of
inflammation (Figure 4-8).
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Figure 4-4. Histological section of overall stem region showing the stem, cement and bone
regions with fibrous capsule at the bone-cement interface

100 μίΛ

Figure 4-5. Histological section at the stem region showing fibrous capsule with little
inflammatory cells in irradiated animals
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F/gure 4-6. Histological section at the stem region showing fibrous capsule with large
quantity of inflammatory cells in control animals

Figure 4-7. Resorption and loss of buccal cortical bone (*) at the stem region
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Figure 4-8. Histological section showing the soft tissue-prosthesis interface, with fibroblasts
showing some capsular pattern immediately next to the prosthesis
The results of the hard tissue histomorphometry grading scales were presented in
Figure 4-9. Using the hard tissue grading scale in Table 4-2, the mean values and
standard deviations of the hard tissue response at the endoprosthetic stem were
1.0 ± 0.0 (IQ), 1.0 ± 0.0 (IZQ), 1.5 ± 0.7 (FBRQuan) and 2.0 ± 1.4 (FBRQual) for
the radiated group and 1.0 ± 0.0 (IQ), 1.0 ± 0.0 (IZQ), 1.2 ± 0.2 (FBRQuan) and 1.2
± 0.4 (FBRQual) for the non-radiated control group. No statistical significance was
present between all the groups for all parameters.
Hard tissue histomorphometrical grading at endoprosthesis stem

Inflammation Zone Quantity

Foreign Body Zone Reaction Quantity

foreign Body Zone Reaction Quality

Figure. 4-9. Hard tissue histomorphometrical grading results at the stem regions of the
endoprosthesis
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Using the soft tissue grading scale in Table 4-3, the mean and standard deviations of
the soft tissue response at the endoprosthetic body were 1.5 ± 0.7 (FBZRquan), 1.5
± 0.7 (FBZRqual) and 1.0 ± 0.0 (IQ) for the radiated group and 1.0 ± 0.0
(FBZRquan), 1.5 ± 0.0 (FBZRqual) and 1.0 ± 0.0 (IQ) for the non-radiated control
group. (Figure 4-10). No statistical significance was present between all the groups
for all parameters.

Soft tissue histomorphometrical grading at endoprosthesis body

Kireien Body Zon« Reaction Qusntity

Foreign Body Zont ReKtion Quality

Interface Quality

Figure. 4-10. Soft tissue histomorphometrical grading results at the body region of the
endoprosthesis
Discussion
The two groups of animals had an equally high number of soft tissue complications,
which may be the result of our choice of animals and the prosthetic design. Macaca
fascicularis have significant anatomical similarities to humans, but they also have
large buccal pouches next to the mandibular body in which they store food when
they eat. They have also been observed to digitally manipulate their intraoral
wounds. These habits cause a great deal of movement and friction across wounds,
thereby increasing the risk of ulcerations and wound dehiscence. In humans,
intermaxillary fixation is frequently used to reduce mandible movement and the risk
of wound breakdown. In addition, human patients can also be instructed extensively
about post-surgical care, while this is impossible in animal studies. With regards to
the prosthesis, there are a few unique aspects of the mandible as compared to the
long bones that create new hurdles for the prosthesis. Firstly, the mandible is a
complicated three-dimensional object that sustains complex forces during function.
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This means that the prosthesis is constantly subjected to compressive, tensile,
shear and bending forces in many vectors that are almost never axial for the
prosthesis and often simultaneously. This puts a lot of stresses on the intermodular fixation and cemented stem regions of the prosthesis The success of all
mandibular reconstructive techniques relies on the immobilisation of the segments,
without which bony union of any graft would not occur When bony union has
occurred, a grafted reconstruction becomes an intact vital construct that is able to
remodel according to the functional stresses. However, a cemented prosthesis is
constantly exposed to micromotion and therefore always rely on the bone cement
as a grout to transfer the forces between the bone and the prosthetic stem m
order to maintain immobility. (Goodman, 2005) Therefore, both the cementation of
the prosthetic stem and the intermodular fixation need to be sufficiently robust in
order to maintain integrity of the whole system. Secondly, the cortical bone of the
mandible has variable thickness at different regions. An area with thin cortical bone
resulting in fracture may result in cementation failure of the stem. The stem design
could also be improved to produce larger surface area and better stability. The
presence of roots and inferior dental nerve are areas of weakness as they are
potential sources of infection and region without bone for cement fixation
respectively.
Brachytherapy was applied in this study instead of external beam radiation as it
delivers a high radiation dose to a limited volume, while sparing the surrounding
tissue This enabled us to give a high localised dose to the prosthesis while sparing
the contralateral mucosa, including the contralateral feeding pouch in the animal.
This reduced the negative impact on the animals' ability to feed and survive There
has been no widely agreed dose regiment of external beam for animal radiation
tolerance. One study on effects of radiation on primate mandible used Co-60
teletherapy, but Co-60 teletherapy is uncommonly used in head and neck
treatment in radiation centers in developed countries (Rohrer et al, 1979) Exposure
to radiation causes cellular damage and death to occur. The non-keratimsed and
thin oral mucosa is very sensitive and suffers significantly when radiation is
performed in the perioperative period. Mucositis is common, and oral ulceration
frequently leads to the non-healing exposure of the prosthesis and the subsequent
colonisation and chronic infection of the mucosa-prosthesis region The results of
the current study corroborate those of two previous studies investigating the use
of titanium reconstruction plates in mandibular reconstruction with postoperation
radiation (Ryu et al., 1995) (Cullane, 1991) Ryu et al. and Cullane et al. reported
that failures frequently progress from a small non-healing ulcer to a dehiscence with
hardware exposure and chronic infection, which then reaches the bone and leads
to osteomyelitis/necrosis with plate failure. They also reported an increased risk of
failure when radiation is given in the perioperative period (43%) rather than more
than 10 months (0%) after surgery The most likely reason for the high ulceration
and dehiscence rates in the current study is the combined injury resulting from the
invasive surgery, radiation, prosthesis instability and host factors
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When choosing a reconstructive solution in mandibular resection cases with
radiation therapy, the different available options have to be compared. The healing
of nonvasculansed autologous bone grafts and allografts will be impaired by
radiation, which will also have negative effects on their biomechamcal and
osteoinductive properties (Anderson et al, 1992) (Glowacki, 2006) In addition, there
are high failure rates reported of this approach at therapeutic radiation dosages
(Voggenreiter et al 1996) Vasculansed bone grafts have been shown to be the most
successful (> 95%) method in mandibular reconstruction in scenarios requiring
radiation. (Goh et al, 2008) (Teknos and Myers, 1999) However, even this complex
and costly procedure suffers from delayed healing when therapeutic radiation is
prescribed (E/senschenk et al., 2006) Distraction osteogenesis and bone transport
distraction have shown great potential to regenerate bone in the mandible, (Socco
and Chepeha, 2007) but the additional radiation administered before or concurrent
with the distraction can result in osteoradionecrosis or a non-ossifying regenerate
(]egoux et al, 2010) Bone or tissue engineering constitutes the latest reconstructive
solution. The use of stem cells, bone morphogenetic proteins (BMPs) and gene
therapies has shown promising results, but postoperative radiation adversely affects
the number and differentiation of mesenchymal cells (Rohrer et al, 1979) In normal
circumstances, the in vivo bone regeneration technique also appears to have good
potential, but it is still undergoing optimisation. There are reports of its possible
use m postradiation situations, but it remains untested in the postoperative
radiation scenario.
In view of the above mentioned and the clear need for perioperative radiation, an
endoprosthesis remains a viable option when there are contraindications for a
vasculansed bone graft. An endoprosthesis can also be used as an intermediate
solution before final reconstruction of the defect is achieved. For example, an
endoprosthesis can be used during the recovery phase of the tissue damage after
radiation therapy. When a more stable tissue condition is achieved, the
endoprosthesis can be removed followed by a therapy which can indeed regenerate
the mandibular defect.
From the micro-CT and histological findings, it is evident that the prosthesis used in
this study is not ideal. Probably, the stud system allowed too much movement
during function, which generates motion at the stems. This resulted in inflammation
and resorption of bone which can be seen with the lost of buccal cortical bone at
the stem region. The loss of bone allowed loosening of the cemented stem and
failure of the prosthesis The decreased inflammation observed in the radiated
animals may be the result of a hypocellular post radiation state or the reduced
trauma with decreased masticatory function The discomfort and mucositis after
radiation and the postradiation soft diet meant that the radiated animals may have
exerted lower chewing forces, which resulted in less loading of the prosthesis and
lesser trauma compared to the non-radiated animals
Even though this pilot study suffers from a small sample size and one third of the
animals could not complete the study, there is still valuable information that can be
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obtained from this study The primates used in this study have the closest
mandibular model to human and therefore can be used to extrapolate our own
response to this new mandibular reconstructive system The pilot study was
employed in order to evaluate the response to the revised prosthesis and to
determine whether the primate is the suitable model for radiation therapy
Conclusion
Therefore, based on the results and under the current experimental conditions, it
can only be concluded that brachytherapy seems not to affect the tissue response
around an endoprosthesis within the early 6 months postradiation period
However, we have to emphasize that the current experiment was performed as a
pilot study, comprising a low sample size, which can be the reason that no
significant differences were observed Nevertheless, this study reiterates the fact
that new versions of devices should be subjected to extensive biomechamcal testing
prior to use in animal studies as they serve as an another variable that may
influence the study unexpectedly and prevent proper conclusions in view of
multiple confounding factors
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Figure 2-1. Modular mandibular endoprosthesis -apart (above) and assembled (below)

Figure 2-2. Fixation and assembly of the endoprosthesis after 2cm segmental resection of the body of
mandible

Figure 2-3. Radiograph of modular mandibular endoprosthesis

PMMA

figure 2-4. Light micrograph showing PMMA installed in the conical bone of a goat tibia showing PMMA
being surrounded by a thin fibrous capsule. The scale bar represents 200 micrometers.

F/gure 2-5. Calcium phosphate cement installed in the conical bone of the tibia of a goat. At the cementbone interface, new bone was deposited .in addition, degradation of the cement can be observed, which was
due to cellular activity (* - remodeling lacuna)). The scale bar represents 200 micrometers.

PLGA microparticles

Figure 2-6. Light microgram showing injectable calcium phosphate cement provided with f)o/y(/octic-co-g/yco/ic
acid) (PLGA) microparticles, 4 weeks after implantation degradation of the microparticles occurred associated
with the ingrowth of new bone and additional degradation of the calcium phosphate cement

Figure 3-1. Monkey endoprosthesis -apart (above) and assembled (below)

Figure 3-2. The temperature measurement positions of the mandible-prosthesis unit (MPU). (The grey area
represents the prosthesis) Blue square - spot on buccal cortex directly above stem (mandibular surface),
Yellow circle - I mm from tip afstem (Hole I), Purple circle - 3 mm superior to the edge of the stem (Hole
2), Red circle - 5mm from the anterior edge of stem (Hole 3) and Green square - spot on the exposed
portion of the endoprosthetic stem (only done for in vitro study)

Figure 3-3. Measurement afa test location of the MPU using the type k thermocouple

Figure 3-4. Final assembly and fixation of the endoprosthesis

Figure 3-5. The mandible sectioned between the first and second molars to yield cross sections for stem
cementation (in vitro study)

Histological Grading of the Cement-bone Junction

Interface Quality (IQ) Inflammatory Zone
Quantity (IZQ)

FBR Zone Quantity
(FBRQuan)

FBR Zone Quality
(FBRQual)

Figure J-6. Hard tissue histological grading of the cement-bone junction
; •

Figure 3-/.Light micrograph showing cross section of the titanium stem, the PMMA cement (clear space) and
the surrounding bone of the mandibular endoprosthesis showing PMMA being surrounded by bone

Figure 3-8. Histological appearance of the cement-bone interface showing PMMA (clear space) being
surrounded by a thin fibrous capsule with minimal inflammatory cells and healthy bone with osteocytes

Figure 4-1. Macaco fasicularis with posterior and anterior modules assembled with central module and
locked with a new stud system

Figure 4-2. micro-CT image with regions of interest (Black dots) selected

Figure 4-3. Large dehiscence at the buccal mucosa exposing the endoprosthesis

figure 4-4. Histological section of overall stem region showing the stem, cement and bone regions with
fibrous capsule at the bone<ement interface

ΙΟΟμίΛ
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figure 4-5. Histological section at the stem région showing fibrous capsule with little inflammatory cells in
irradiated animals

Figure 4-6. Histological section at the stem region showing fibrous capsule with large quantity of
inflammatory cells in control animals

Figure 4-7. Resorption and loss of buccal cortical bone (*) at the stem region

Figure 4-8. Histological section showing the soft tissue-prosthesis interface, with fibroblasts showing some
capsular pattern immediately next to the prosthesis
Hard tissue histomorphometrical grading at endoprosthesis stem

Uli
Interface Qualltv

Inflammation Zone Quanbty

Foreign Body Zone Reaction Quanbtv

Foreiffi Body Zone Reaction Quality

Figure. 4-9. Hard tissue histomorphometrical grading results at the stem regions of the endoprosthesis

Soft tissue histomorphometrical grading at endoprosthesis body

Foreign Body Zone ReKtion Quantitv

Foreign Body Zone ReKtton Quelity

interface Qualtv

Figure. 4-10. Soft tissue histomorphometrical grading results at the body region of the endoprosthesis

Figure 5-1. Rabbit mandible with decorticated area (blue rectangle 6mm in height and I Omm in width). The
defect is located at the apices of the roots of the mandibular premolars and molars and the inferior alveolar
nerve; red line. The temperature measurement is taken in the bulk of the cement; green circle. The black
dotted lines delineate the section to be harvested after sacrifice.

figure 5-2. Temperature meosurement of bone cement using thermocouple

Figure 5-3. External Ream radiation therapy of animals held with positioning board

Figure 5-4. Perpendicular micro-CT section of specimen with black spots representing ß-TCP particles or new bone
formation

figure 5-5. Overall surgical defect, bone cement (Black spots ofß-TCP) with bone ingrowth

Figure 5-6. Presence of defect border bridging with original bone (pink) on the left abutting newly formed bone (purple)
on the right

figure 5-7. 4 weeks specimen showing interstitial region filled with fibrous connective tissue, ß-TCP particles (black),
clear defects representing PMMA cement and initial bone ingrowth

figure 5-δ. / 2 weeks spec/men showing defect bridging and interstitium occupied mainly by bone

50 um
I

C-H

Figure 5-9. High powered view showing mterposing fibrous tissue at bone to cement interface

Figure 5-10. //-TCP particle is intact and surrounded by inpammatory cells

500 Mil

figure 5 - / / . ß-TCP particles are either incorporated in bone or degraded and dispersed. The mandibular nerve is
healthy and free of inflammation.

Histomorphometrical analysis of the tissue
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figure 5-/2. H/stomorphomeirico/ analysis of the tissue. Group naming: /" Alphabet =radiated (R) or non-radiated (N),
I"1 Number = postoperative week of sacrifice, 3"1 alphabets=porous PMMA (pPMMA) or porous PMMA with ß-TCP
(ptcp)

Figure 6-1. Stereomicroscopy images of surface stained plain PMMA (left), pPMMA (middle) and ptcpPMMA (right).
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Figure 6-2. Schemot/c drawing of the titanium implant, as used in the assays
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Figure 6-3. Schematic drawing showing the implant cemented in the synthetic bone (Sowbone®)

Push out force applied

Section cut off

Metal jig with 6.4mm hole
to allow Implant extrusion

figure 6-4. Schematic drawing of the experimental set-up, as used during push out testing of cemented implant
(drawing is inverted version of Figure 3as with the real situation)

Figure 6-5. Stereomicroscopical images showing the implant<ement-bone junction of groups A-j

Figure 6-6. Low powered SEM view of Group Α, ß, C, showing the cement mont/e (CE), cement-implant (CI) and
cement-bone (CB) interfaces. The cement layer consists of porosities (as indicated with a white star in Β & C) and ß-TCP
particles (as indicated with β in C)

Figure 6-7. High powered SEM images of cement-implant and cement-bone interfaces of Group A. ß, C. CE = cement
IM = implant and 6 0 = bone

Figure 6-8. High powered view of the failure interface of Group D, E, F, G, H, I, ] (yellow). CE = cement IM = implant,
and BO = bone
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I.

Introduction

When there is severe osteomyelitis or osteoradionecrosis and pathology like
extensive odontogenic cysts, tumors or malignancy developing in the mandible, a
partial resection is often required After resection, there is considerable morbidity
with adverse effects on the speech, masticatory function and aesthetics of the
patients. Therefore, mandibular reconstruction is required to assist the patients to
regain a good quality of life. There are several reconstruction techniques available
for treatment of the discontinuity defect of the mandible, such as reconstruction
plates, autogenous bone graft in customised trays (Samman et al 1999) or microvasculansed bone flaps (Cordeiro et al. 1999) (Goh et al. 2008) The disadvantages
of the current techniques are donor site morbidity (Zimmermann et al 2001),
infection and failure of the bone graft. Till now, most efforts have focused on
replacing the defect with vital bone and tissues This approach has an element of
unpredictability as there are many variables involved and various complications may
occur (Hidalgo & Pusic 2002) For example, the age of the patients, medical comorbidities, local healing potential and source of bone graft are all factors that can
interfere with the final outcome of the procedure. Therefore, the concept of
endoprosthetic modular reconstruction of the mandible is a potentially viable
option that may eliminate the problems faced by the other techniques (Tideman &
Lee 2006) The modular endoprosthetic reconstruction has been a routine method
used in limb sparing surgery over the last decade. (Malawer & Chou 1995) This
technique emphasises the removal of all diseased bone with replacement of the
missing portion of bone with an artificial device fixated within the remaining bone
with bone cement.
The most common cement, as used for fixation of prosthetic devices, is
polymethylmethacrylate (PMMA). Although, plain PMMA bone cement is applied
successfully, the material is also related to the occurrence of infection and long
term device failure. (Hendriks et al. 2004) (Aamodt et al 2004) (Berry et al. 2002)
The mam mechanism for these underlying problems is aseptic loosening, which is
due to fatigue crack propagation in the cement under cyclical loading which in turn
produces particles or debris that results in bone resorption and loosening of the
device. (Jasty et al. 1991) (Savarino et al 1995) The principal reason for this
phenomenon is the lack of bioactivity and direct bone-cement bonding of PMMA
cement. (Bettencourt et al. 2004) As a consequence, there is a need for the
development of modified PMMA cements with a more favorable tissue response
One of the first strategies attempted since the 1970s was to improve the inert
PMMA through the inclusion of porosities Since there was no easy method to
create direct chemical bone-PMMA cement bonding, the objective was to have
ingrowth of soft and hard tissue into the material thereby creating more
interlocking and anchorage of the PMMA (van Mullem et al. 1990) (Gettleman &
Nathanson 1980) (Bruens et al 2003) The creation of a complete porosity in the
PMMA material can be achieved by the addition of carboxymethylcellulose (CMC)
(Shi et al. 2010) (Kretlow et al. 2010)
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Another strategy to improve the bioactivity of the PMMA was the inclusion of
bioactive components to the inert PMMA. Various materials have been studied,
including bone, glass and calcium phosphate compounds such as hydroxyapatite and
tncalcium phosphates. (Fini et al. 2002) (Mattila et al. 2009) (Lye et al. 2009) (Yuan
et al. 2001) (Knabe et al. 2000) These are all osteoconductive materials that will
bond directly to bone. They may aid in the reduction of the fibrous capsule
interface and improve the bonding between the cement and bone. In addition,
when these material undergo slow progressive resorption, a rough irregular surface
with pores and gaps will be created that allows for secondary bone ingrowth.
It can be hypothesized that the combination of the CMC and bioactive filler
material inclusion has the potential to yield even better results The dissolution of
the CMC would allow for tissue ingrowth and fast anchorage of the cement, while
bioactive materials in the PMMA exposed both on the surface and in the
interconnected pores would encourage the bone formation onto their surface and
ingrowth into the porosities (Fini et al. 2002) (Beruto et al. 2002)
As the most common etiology for reconstruction of the mandible is after oncologic
surgery, the reconstruction has to be viable in an environment that is exposed to
additional insults such as chemotherapy and radiation therapy Exposure to
radiation causes cellular damage and death to both tumor and normal tissues In the
oral environment, the non-keratimsed and thin oral mucosa is very sensitive to
perioperative radiation and frequently results m mucositis and ulceration Studies
have also reported effects on the underlying bone, with depressive effects on bone
marrow and its haemopoietic stem cells, (van Os et al. 1993) the number of
osteoblasts and osteocytes, (Dudziak et al. 2000) vascularity of the surrounding
periosteum, (Gungor et al 1982) and overall vascular patency and blood flow
These imply that irradiated bone has a reduced ability to heal and higher risk for
necrosis and infection. Studies show that failures after mandibular reconstructive
surgery frequently progress from a small non-healing ulcer to a dehiscence with
chronic infection and hardware exposure. (Ryu et al. 1995) (Cullane 1991)
Subsequently, the infection spreads and leads to chronic infection and ultimately
osteomyelitis and hardware failure Therefore, any reconstructive method would
need to prove its reliability despite radiation exposure before it can be considered
for mandibular reconstruction.
In view of the above mentioned, the aims of the current study were to determine
the bone healing response to modified PMMA cements as well as the effect of
additional post-operative radiation therapy on the healing response. The hypothesis
was that the modified PMMA cements would show favorable bone ingrowth with
minimal impact on the surrounding tissues even if post-operative radiation was
delivered.
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2.

Material and Methods

2 / Experimental animals
Twenty male New Zealand white rabbits (Oryctolagus cuniculus), 12 month old
and each weighing 3-4 kg, were used in this study. The rabbits were divided into
two groups of 10. The study was approved by the Institutional Animal Care and
Use Committee of SmgHealth, Singapore The surgery was performed in an animal
laboratory that has been certified by the International Association for Assessment
of Laboratory Animal Care.
2.2 Bone cements for implantation
The PMMA bone cement used was (Palacos ®, Biomet, Warsaw, Ind, USA). The
material was modified by being provided with porosity using Sodium
Carboxymethylcellulose (Na-CMC; code Akucell AF 2205, AkzoNobel, Arnhem,
the Netherlands) (pPMMA) or using Na-CMC and Beta-Tncalcium Phosphate (ßTCP, CAM Bioceramics, Leiden, The Netherlands) (ptcpPMMA). The ß-TCP had a
particle size range of l80-425um. Before use, all materials were sterilized by
ethylene oxide. In order to obtain a moldabie dough with interconnected pores,
the 2 0 grams of PMMA bone cement powder and 0.18 grams of CMC were
combined prior to being mixed with 1.0 milliliters of the liquid monomer phase of
the bone cement. While stirring, 2.9 milliliters of sterile distilled water were added
and stirring was continued until the mixture was doughy and had a smooth
appearance Depending on the formulation, 3.0 grams of ß-TCP particles were
added. After curing, the CMC dissolves and leaves a porous structure with
interconnected porosity (50% pore volume) with an average pore size of about 600
pm (van Mullem et al 1990)
2.3 Surgical Protocol
Prior to surgery, the animals were induced by sedation with ketamme 50 mg/kg
(im) and xylazme 10 mg/kg (ip) After sedation, preoperative bilateral mandibular
lateral oblique radiographs were taken using a Siemens polymobil plus machine at
40 kV for 2ms at a distance of 70 cm. Antibiotics were given on induction and
analgesics at the end of the surgery. After administration of anesthesia, rabbits were
immobilized on their back. Hair from the submandibular area was shaved, and
surgical area disinfected with povodme-iodme. Cauthery electrode and pulse
oximeter were attached to the body of the rabbit. Local anesthesia with 2%
Xylocaine was then given to the skin incision areas The left and right mandibular
bodies were exposed through the submandibular approach. Subperiosteal flaps
were raised to expose the buccal cortices of the right and left mandible including
the mental nerve and foramen. This approach and implant site were selected to
avoid exposure of the experimental site from the oral cavity and its oral fluids and
flora. Subsequently, a rectangular area (6 mm in height and 10 mm in width) of the
buccal mandibular cortex was decorticated on each side of the mandible All
defects were made at the inferior border region of the mandible at the 2nd
mandibular premolar to Ist molar region (Figure 5-1). The defects were filled with
the two different bone cements (see Table 5-1 for the randomization schedule as
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used for the localization of the various cements). The prepared cement paste was
applied and shaped by hand into the defect. Separate cement blocks of similar
weight as used in the rabbits were fabricated as control specimens.

Figure 5-1. Rabbit mandible with decorticated area (blue rectangle 6mm in
height and I Omm in width). The defect is located at the apices of the roots of
the mandibular premolars and molars and the inferior alveolar nerve; red line.
The temperature measurement is taken in the bulk of the cement; green circle.
The black dotted lines delineate the section to be harvested after sacrifice.
Implant in left
mandible

Implant in right
mandible

7
8
9

A
Β
A
Β
A

10

Β

Β
A
Β
A
Β
A

Animals
(Group
1 &2)
1
2
3
4
5
6

Group 1 post- Group 2 postoperation
operation
euthanasia
euthanasia
(Group
1
&
2)
(Group 1 & 2)
timing (weeks) timing (weeks)
Β
4
7
A
A
4
7
Β
7
A
Β
4
4
7
Β
A
4
12

7
15

12
12
12

IS
15
15

12

15

Table 5-1. Bone cement allocation of the two materials into the
mandibular defects and euthanasia timing. Implant A=Porous PMMA,
Implant B=Porous PMMA with ß-TCP
The temperature of the bone defects, cement at placement and during peak
polymerization of the study site and control cement blocks were measured using a
type k thermocouple (Figure 5-2) (CIE TM-305 thermometer, Rapid-Tech
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Equipment, Knox City Centre, VIC, Australia). The parameters noted were, ( I ) the
maximum temperature in a cement block (T max b|OCk) similar t o the amount of
cement (0.3g) as used in vivo, (2) the time f r o m complete mixing t o the T max block,
(3) the maximum temperature increase of the cement in the cement block (TA mi!X
block)· (4) t^16 maximum temperature of the cement in the rabbit mandible (T max
mandée). (5) the time f r o m complete mixing t o the T max ^ ^ , (6) the maximum
temperature increase of the cement in the rabbit mandible (TA max mandlbte ). After the
polymerization of the cements, the periosteum and cervical fascia were closed w i t h
a continuous 4-0 Vicryl suture and the skin was closed w i t h 4-0 TPS sutures. Postoperatively, 0.1 -0.5 mg/kg Butorphanol Tartrate was given intramuscularly every 4
hours f o r pain relief. Post-surgical bilateral mandibular lateral oblique radiographs
w e r e taken. The general condition of the animal was assessed and only returned t o
its cage when not in distress. Then, they were transferred back t o their housing
area for recovery. They w e r e closely monitored for signs of infection, pain and
p o o r function. Each animal received Enrofloxacin (Baytril) 5 mg/kg intramuscular for
3 days.

Figure 5-2. Temperature measurement of bone cement using thermocouple
The animals, as assigned t o G r o u p I did not receive any further treatment after
surgery. In contrast, all G r o u p 2 animals underwent additional post-operative
radiation I week after the surgery according t o the radiation protocol.
2.4 Radiaüon Protocol
The radiation protocol consisted of the use of external beam radiation at 4MV w i t h
a standard linear accelerator on the mandible bilaterally at a midplane dose of
22.4Gy in four 5.6Gy fractions over a 2 week period starting at I week postoperation. This is biologically equivalent t o a human dose of 50Gy in 25 fractions.
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(Muhonen et al. 2006) (Muhonen et al 2004) A head holder was used for positioning
and immobilization and the rabbits were under Ketamine sedation (Figure 5-3). The
animals were examined prior to radiation at every session. They were also
examined if there was any sign of poor eating or discomfort.

Figure 5-3. External Beam radiation therapy of animals held with positioning board
2.5 Micro-CT and histological analysis
The Group I animals were euthanized 4 and 12 weeks after surgery (Table 5-1).
The euthanasia timings for Group 2 were 4 and 12 weeks after surgery and
radiation, which meant 3 weeks longer than Group I (Table 5-1). Euthanasia was
performed with an overdose of Nembutal®. After euthanasia, the oral cavity and
submandibular regions were inspected and the animals weighed. Then, the same
submandibular incision was made and the bilateral submandibular lymph nodes
were indentified and removed for histology. Subsequently, the mandible was
sectioned vertically at the parasymphyseal region; anterior to the mental foramen
and horizontally at the mid-ramus region to retrieve the mandibular body and
implants en-bloc for evaluation.
The en-bloc specimens were soaked in formalin for I week prior to trimming. The
excess muscle and tissues were removed leaving the implants with lem of bone
margin and thin soft tissue coverage. These specimens were scanned using a Cone
beam 3-D Dental Imaging System l-CATI (Imaging Sciences International, Hartfield,
PA, USA) to determine the position of the bone cement in the mandible. Micro-CT
images of the specimens were made using a Sky-Scan I 1072 (SkyScan, Aartselaar,
Belgium) with a focal spot of 6 mm and pixel size of 18 mm. The specimens were
secured to the sample holder and placed into the micro-CT specimen chamber.
Transmitted X-rays were absorbed and transformed into light by a phosphorous
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screen. Light was detected by a CCD camera, consisting of a 2-D 512x512 array of
pixels. This digitized signal was transferred to a PC, on which the micro-CT slices
were recorded and reconstructed. The micro-CT slices were reconstructed
perpendicular to the long axis of the stem (Figure 5-4).

After micro-CT imaging, each specimen was dehydrated in a graded series of
ethanol and was impregnated with methylmethacrylate (MMA). After a period of 8
weeks, the samples were polymerized in glass jars. The temperature was controlled
by placing the jars in a water bath at room temperature to prevent bubble
formation. After complete polymerization, ΙΟμιτι thick sections were cut, using a
modified inner circular sawing microtome technique (Leica! RM2I65, Wetzlar,
Germany). At least 3 sections were made of each specimen and were used for
histologic analysis. The sections were stained with methylene blue and basic fuchsin.
The histologic evaluation consisted of a description and histomorphometric analysis
by two observers (LKW, SL) using a histological grading scale, adapted from Jansen
et al (Jansen et al. 1994) and Hedberg et al (Hedberg et al. 2005) (Table 5-2), to
quantify the quality of the tissue response. In case of differences in the grading
process, a consensus was agreed after discussion.
The harvested lymph nodes were dehydrated, embedded in paraffin, sectioned and
stained with hematoxylin and eosin before microscopic analysis.
The temperature changes and histomorphometrical grading results from the
various groups were analyzed by descriptive statistics and compared between the
different groups. Statistical analyses were performed using the GraphPad Instat 3.05
software (Graph-Pad Software Ine, San Diego, CA, USA). The unpaired t-test with
Welch correction was used for the temperature analysis and the
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histomorphometrical data. Differences were considered significant at p-values less
than 0.05.
Description
Bridging of
defect border

Yes
No

Score
1
0

Defect bridging

Yes
No

1
0

Quantity of bone
ingrowth

75-100%
50-74%
25-49%
1-24%
0%
Direct bone-cement contact without intervening soft tissue
Partial bone-cement contact with remodelling lacunae and
minimal intervening soft tissue
Thin localized fibrous tissue not arranged as a capsule
Fibrous tissue capsule
Inflammatory reaction
Mature bone without inflammation
Immature bone with osteoid and remodelling lacunae
Fibrous connective tissue, showing fibroblasts, collagen,
adipose tissue
Granulomatous reactive tissue, containing both fibroblasts
and inflammatory cells
Masses of inflammatory cells with little signs of connective
tissue organization
Intact and healthy
Damaged and with inflammation

4
3
2
1
0
4
3

Interface quality

(IQ)

Interstitial
Quality

Inferior alveolar
nerve

Response

2
1
0
4
3
2
1
0
1
0

Table 5-2. ßone-Cement Histologic Grading Scale (modified from Jansen et α/.·" and
Hedberg et al. ")
3. Results
3.1 Clinical examination
After the operation, the 20 animals fed well and at the time of euthanasia had not
lost weight compared to pre-operation. The irradiated animals did not suffer from
any significant post-radiation side effects. At the time of euthanasia, one animal
from the non-radiated, 4weeks post-operation sacrifice group was found to have a
right buccal abscess and extraoral sinus tract. The abscess was explored and it
contained necrotic and inflammatory tissue but it was superficial and separated
from the mandible by normal buccinator muscles and periosteum. The mandible
and its adjacent tissues were not affected. The submandibular lymph nodes of this
animal were more prominent than those in the other animals.
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3.2 Polymerization temperature
The data for the various parameters are listed in Table 5-3. Comparing the means
of the various parameters via the unpaired t-test yielded the following results.
The Tmax „un^bie of the pPMMA (mean 35.15, SD 1.96) was significantly higher than
the Tmax mandlble of ptcpPMMA (mean 33.68, SD 1.57) (f>=0.006). The TAmax mandlble for
pPMMA (mean 3.51, SD 2.10) was also significantly higher than that of ptcpPMMA
(mean 1.88, SD 1.30) (p=0.002). As for the time to Tmax mandlble, there no significant
difference (p>0.05) between pPMMA (mean 4.74, SD 1.10) and ptcpPMMA (mean
4.30, SD 1.26).

Material

Tmax Nock

Time to

(•C)

Tmax block

CQ

Tmax mandible

Time to

CQ

Tmaxmandihle

CQ

(mm)

(mm)
pPMMA
Mean

2661

6.61

3 63

35 15

4 74

3.51

SD

2 09

1.54

146

1 96

1.10

2.10

25 16

5 87

25

33 68

4.30

1 88

1 44

142

1 47

1 57

126

1 30

ptcpPMMA
Mean
SD

Table 5-3. Temperature changes of cement placed in rabbits
Comparison of the in vivo data with the control cement blocks, which were
polymerized at room temperature, indicated the presence of some differences. The
Tma!< block of the control cement blocks (pPMMA mean 26.81, SD 2.09 and
ptcpPMMA mean 25.16, SD 1.44) were significantly lower than the implanted
cements (p<0.00l). The time to Tmaxb|OCk for both the pPMMA control cement block
(mean 6.61 mins, SD 1.54) and the ptcpPMMA control cement block (mean
5.87mins, SD 1.42) were significantly longer than the implanted cements (p<0.00l).
Comparison between the cement blocks of the two materials revealed that the
pPMMA cement consistently showed higher polymerization temperature and higher
temperature increases than ptcpPMMA (p<0.00\ & p=0.0\7).
3.3 Radiographical examination
The immediate post-operation radiographs clearly showed radiolucent defects of
the decorticated region for both cements. The ptcpPMMA group had some
speckled radio-opacities in the defect regions due to the presence of the ß-TCP
particles. At the time of euthanasia, no fractures, resorption or osteomyelitis was
observed in any animal. Both cements showed increased radio-opacity but still
distinct defects on the radiographs.
3.4 Micro-CT
Micro-CT investigation showed that the ß-TCP particles in the ptcpPMMA material
were radiopaque (Figure 5-4). The particles were found to be evenly distributed
throughout the cement, which prevented a clear differentiation between the ß-TCP
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particles and newly formed bone. This phenomenon was further enhanced as a
result of the degradation and resorption of the ß-TCP particles. This problem could
not be overcome by imaging or segmentation techniques. Therefore, the bone
volume measurements were considered inaccurate and excluded from this report.
3.5 Histological analysis
In all specimens, the defects and PMMA cement could be easily identified (Figure
5-5). The PMMA cement component appeared as empty voids. The original cortical
bone could be seen as mature bone with lighter staining, containing a Haversian
system and small osteocytes in their lacunae, whereas the newly formed bone was
identified by their darker staining and irregular arrangement of their large
osteocytes (Figure 5-6). For the histological analysis, each section was divided in
three regions of interest: (I) the bone at the borders of the defect, (2) the
interstitial region within the cement porosity, and (3) the tooth roots and nerve
tissue in close vicinity of the cement and defect area.

Figure 5-5. Overall surgical defect, bone cement (Black spots of ß-TCP) with bone ingrowth
Non-radiated animals
At the defect borders, there was a layer of new bone formed in all specimens
(Figure 5-6). This layer of bone was thinner after the 4 weeks Implantation time and
thicker and more mature after the 12 weeks implantation period. No clear
differences were seen between the two cements. The interstitial region was
predominantly dominated by fibrous connective tissue and inflammatory cells in the
4 weeks animals, with varying amount of immature bone formation (Figure 5-7). In
the 4 weeks animals, the bone formation was sporadic within the ptcpPMMA
cement, while the pPMMA cement consistently showed more bone ingrowth. In the
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12 weeks animals, the interstitlum was mainly filled with immature bone for both
cements (Figure 5-8). More inflammatory response was seen associated with the
ptcpPMMA group. As for the bone to cement interface, there was a thin layer of
interposing fibrous tissue and never direct bone to cement contact (Figure 5-9).
The pPMMA cement was stable throughout, while the ptcpPMMA cement had a ßTCP component that underwent resorption. In the 4 weeks animals, the ß-TCP
particles were intact and surrounded by inflammatory cells (Figure 5-10). There
was also some initial bone formation adjacent to the ß-TCP particles. In the 12
weeks animals, some ß-TCP particles were found to be completely incorporated in
the new bone, but they were also observed to be degraded and dispersed
throughout the interstitlum and in the soft tissue surrounding the defects (Figure
I I). The roots responded to the trauma of the surgery and cement insertion with
reactive secondary cementum formation. In all the animals, the pulpal tissue
remained vital. The mandibular nerves were intact in all the specimens, with no
inflammatory reaction to the cement (Figure 5-11). However, their position was
altered in some specimens as they were freed from their original bony canal during
surgery.

Figure 5-6. Presence of defect border bridging with original bone (pink) on the left abutting
newly formed bone (purple) on the right.
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Figure 5-7. 4 weeks specimen showing interstitial region filled with fibrous connective
tissue, ß-TCP panicles (black), clear defects representing PMMA cement and initial bone
ingrowth

Figure 5-8. 12 weeks spec/men showing defect bridging and interstitium occupied mainly
by bone
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50 um
ι—^—\
Figure 5-9. High powered view showing interposing fibrous tissue at bone to cement
interface

Figure 5-/0. ß-TCP particle is intact and surrounded by inflammatory cells
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Radiated animals

There was consistently defect border bridging with new bone formation adjacent to
the original bone. The 15 weeks animals had more bone formation and more
mature bone compared with the 7 weeks animals. There was no difference
between the two cements. The interstitial region was dominated by fibrous
connective tissue and inflammatory cells in the 7 weeks group but showed
significant bone formation in the 15 weeks group. There was no direct bone-tocement contact, with a 1-3 cell thick fibrous tissue interface. The ptcpPMMA
particles were intact in the 7 weeks animals, but were extensively degraded in the
15 weeks animals. More than half of the amount of included ß-TCP particles were
resorbed and disappeared. The pulps of the teeth were vital and free of
inflammation while the roots showed reactive secondary cementum formation. The
mandibular nerves showed a regular histological appearance in all specimens except
for one specimen in the radiated 7 weeks pPMMA group where it was missing.
3.6 H/stomofphometrica/ analysis
Using the tissue grading scale in Table 5-2, each specimen was scored and the
scores were grouped according to the different parameters and tabulated. The
results are summarized in Figure 5-12.
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F/gure 5-/2. H/stomorphomeirico/ analysis of the tissue. Group naming: Ist Alphabet
=radiated (R) or non-radiated (N), l"6 Number = postoperative week of sacrifice, B"1
alphabets=porous PMMA (pPMMA) or porous PMMA with ß-TCP (ptcp)
For border bridging, all groups had a mean score of land there was no difference
between the groups.
For defect bridging, the non-radiated 4 weeks ptcpPMMA group had a mean score
of 0, followed by 0.2 for the radiated 7 weeks pPMMA and ptcpPMMA groups. The
non-radiated 4 weeks pPMMA, non-radiated 12 weeks pPMMA and radiated 15
weeks pPMMA groups had a score of 0.6. The score for the non-radiated 12 weeks
ptcpPMMA and radiated 15 weeks ptcpPMMA groups was 0.8. When the groups
were compared according to the variables of radiation therapy, cement type and
time of sacrifice, only non-radiated 12 weeks ptcpPMMA performed significantly
better than the non-radiated 4 weeks ptcpPMMA (p=0.0\6).
As for the parameter of bone ingrowth, 3 groups (non-radiated 4 weeks
ptcpPMMA, radiated 7 weeks pPMMA and radiated 7 weeks ptcpPMMA ) had a
score of 1.6, followed by 2.2 for the non-radiated 4 weeks pPMMA group, 2.6 for
the radiated 15 weeks ptcpPMMA group and 3.2 for the non-radiated 12 weeks
pPMMA group. The 2 groups that attained the best score of 3.6 were the nonradiated 12 weeks ptcpPMMA and the radiated 15 weeks pPMMA groups. When
the groups were matched for comparison, the radiated 15 weeks pPMMA group
did significantly better than the radiated 7 weeks pPMMA group (p=0.027), the
radiated 7 weeks pPMMA group was better than the non-radiated 4 weeks pPMMA
group (p=0.034), the non-radiated 12 weeks pPMMA group was better than the
non-radiated 4 weeks pPMMA group (p=0.022) and the non-radiated 12 weeks
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ptcpPMMA group was better than the non-radiated 4 weeks ptcpPMMA group
(ί>=0.011).
The interface quality, evaluating the bone to cement interface had a score of 2 for
all groups.
The interstitial quality was evaluating the main tissue component in the porosities
of the cements. The non-radiated 4 weeks ptcpPMMA and radiated 7 weeks
ptcpPMMA groups had a score of 2. The radiated 7 weeks pPMMA group had a
score of 2.2. The non-radiated 4 weeks pPMMA group had a score of 2.4. The nonradiated 12 weeks pPMMA group obtained a score of 2.6. Then, the radiated 15
weeks ptcpPMMA group had a score of 2.8. The 2 best groups were the nonradiated 12 weeks ptcpPMMA and radiated 15 weeks pPMMA groups with score of
3 and 3.1 respectively. The only comparison, which revealed statistical significance
was the radiated 15 weeks pPMMA group being better than the radiated 7 weeks
pPMMAgroup (p=0.02l).
The evaluation of the alveolar nerve gave the radiated 7 weeks pPMMA group a
score of 0.8, while all the other groups produced a score of I. This difference was
not significant.
3.7 Lymph nodes

All the lymph nodes that were harvested showed paracortical hyperplasia, which
indicated stimulation of the parafollicular Τ cells. There was also sinus hyperplasia in
most lymph nodes, which shows stimulation of histocytes. There were no
multinucleated giant cells suggesting foreign body reaction nor were there any sign
of foreign bodies such as cement particles or degradation products. No effect that
could be attributed to cement type, radiation therapy or implantation time was
seen. Even the animal with the buccal abscess did not reveal any difference.
4.

Discussion

The aims of the current study were to determine the effect of cement composition
as well as additional post-operative radiation on the bone healing response to
porous PMMA cement. No empty defects were included in this study as the
created defect cannot be considered as a critical size defect and will heal
spontaneously if no implants were placed. The study objective was to assess the
newly designed materials in terms of tissue response at the bone-to-cement
interface and the ingrowth of bone to improve the interlocking properties of the
cement which finally will affect the success of cemented endoprostheses. Also, only
porous PMMA cement was used as plain PMMA cement is already known to evoke
a thin intervening fibrous connective tissue at the bone- to-cement junction without
bone attachment to the cement surface. (Lye et al. 2009) It has to be noticed that
there are numerous ways of modifying PMMA cement, while the number of
parameters that can be included in a study is limited. Therefore, the composition of
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our cements aimed to maximize the amount of filler material without
compromising the ability to be delivered paste-like prior to polymerization
The analysis of the micro-CT data revealed that there was no accurate method to
measure the quantity of bone ingrowth in the presence of ß-TCP particles This
was due to their small particle size, similar radio-opacity to bone and varying
degradation level Therefore, it was unrealistic to utilize micro-CT to quantify the
degree of bone ingrowth for cements with additional calcium phosphates Hence,
such measurements were not included in the study
It was observed that the pPMMA consistently had higher Tmax mandlble and TA m „ mandlb|e
compared with the ptcpPMMA This finding is not surprising as the temperature
effect was caused by the PMMA polymerization and ptcpPMMA has a lower
proportion by weight of PMMA, which results in lesser polymerization reaction for
the same volume of cement It is also important to note that the highest
temperature registered amongst all the samples is 37 8 0 C, which is still lower than
the body temperature of the animal Therefore, these modified PMMA cements
have no risk of causing thermal injury to the surrounding tissues Another
significant finding was the difference between the cement blocks versus the
implanted cements This is due to the environment, as the cement blocks were
placed at room air temperature of 20 0 o C compared to the body temperature of
38 50C
All the groups showed a good healing response despite the surgery, additional
radiation therapy and the exposure to foreign materials There were minimal
complications and none of the animals had to be sacrificed prematurely There was
one case of wound infection, but it was not arising from the bone nor did it affect
the study region As a consequence, this animal was included in the evaluation The
histological and histomorphometrical analysis using the grading scale enabled us to
make comparison between the different experimental parameters The sacrifice
timing of the radiated versus the non-radiated animals was based on the duration of
the healing period The non-radiated animals had 4 weeks and 12 weeks to heal
from the surgical trauma The additional 2 weeks of radiation performed I week
post-surgery affects actively dividing cells and will therefore influence and delay the
healing of the soft and hard tissues In view of this, the radiated animals were also
given 4 and 12 weeks to heal after the combined treatment of surgery and
radiation
The early response within the 4-7 weeks period was mainly inflammation and early
bone ingrowth As the healing started at the boundary of the defects, there was
consistently new bone deposited at the border The interstitial region within the
porosities of the cements was occupied by fibrous connective tissue infiltrated with
inflammatory cells and a small quantity of bone formation However, there were
some specimens that showed complete defect bridging even at this time This
means that the bone ingrowth has completely bridged the defect from the superior
border to the inferior border The amount of bony ingrowth averaged about 25%
by volume of the mterstitium at this stage The defects with ptcpPMMA contained
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intact ß-TCP particles, which were surrounded by inflammatory cells. As the
healing progressed to the later 12-15 weeks period, there was an increased
quantity and maturity of the bone ingrowth. The interstitial region was occupied
mainly by remodeling immature bone but still with the presence of inflammatory
cells. The quantity of bone ingrowth increased to an average of 70% and about 70%
of the specimens showed defect bridging. The ß-TCP particles were either
incorporated in the bone or in advanced stage of degradation and dispersed in most
specimens.
The amount of bone formation has been reported to be related to the pore size.
When the pore size is only -0.1 mm, there is only superficial bone ingrowth
However, with larger pores of 0.7mm which is similar to our samples, the bone
ingrowth is minimal at 6 weeks and approximately 50% at 10-15 weeks, (van
Mullem & de Wijn 1988) Another study using porous calcium phosphate and
PMMA showed bone ingrowth of 10-18% for the different types of hydroxyapatite
with pore sizes of 0.1 -0 4mm after 2 months and 30-48% after 6 months. The bone
ingrowth for the porous PMMA with a pore size of 0.1-0 4mm was 3% after 2
months and 10% after 6 months. (Liu et al 2000) Therefore, the bone ingrowth in
this study is as good as porous calcium phosphate and PMMA materials.
The ptcpPMMA contained ~30% of ß-TCP particles by weight This material is
known to be very biocompatible and can aid in the bone ingrowth and achievement
of direct bone-to-cement contact (Fini et al. 2002) In the early stage of
implantation, the ß-TCP particles were seen but there was only a small amount of
bone The ß-TCP particles were either incorporated within the new bone or
degraded and dispersed at the later stages The particles also triggered an
inflammatory reaction which was observed to be reduced during their degradation.
The histomorphometncal analysis showed no significant difference between the 2
cements for all conditions Therefore, addition of ß-TCP did not produce any
significant advantages. This can be due to several factors First, the incorporation of
the ß-TCP particles directly into the pPMMA will cause the particles to be coated
by the PMMA component or be suspended in the gelatinous CMC component
Particles completely coated by PMMA would be biologically inert as it is not
exposed to the tissues. Particles that were completely within the CMC component
were loose and can easily be dislodged and dispersed during the manipulation of the
cement or degraded by host inflammatory response The most effective particles
were those that were partially anchored in PMMA and exposed within the
porosities but the quantity of these could be much smaller. The pore size created
by utilizing Na-CMC in this technique was quite large (0.3-2.0mm) as supported by
another study, (van Mullem et al. 1990) This type of open structure may easily
allow bony ingrowth and also shows that many ß-TCP particles (0 2-0.4mm) could
have been suspended in the pores and subsequently were dislodged. The usefulness
of the ß-TCP incorporation would be ideal if the porosities are smaller channels
with the particles trapped but exposed in the pores Such a structure may also have
a higher PMMA component and better mechanical characteristics. Several other
studies showed the usage of smaller α-TCP particles or agglomerates of 0.05-
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0.25mm and mixing techniques of either dry mixing or aqueous dispersion that
resulted in smaller pore sizes of 0 1-0 4mm (Fini et al. 2002) (Beruto et al. 2002)
(Beruto et al. 2000)
High magnification light micrographs showed that a thin layer of cells (at ~5μπι
thickness) (Figure 5-9) was always present at the bone-to-cement interface. This
lack of direct bone-to-PMMA contact formation is consistent with the existing
literature for PMMA cements. (Lye et al. 2009) On the other hand, some studies
reported PMMA with additional Alpha tncalcium phosphate (α-TCP) particles
showing direct bonding without fibrous capsule formation (Fini et al. 2002) (Beruto
et al 2002) This dispanty in results can be caused by the microscopic magnification
factor used, as a low magnification will not allow the visualization of a thin 5μΓη
layer of intervening connective tissue In addition, the implants used in those studies
incorporated a high amount of α-TCP (-45%) (Beruto et al. 2000), which will result
in the exposure of more calcium phosphate ceramic to which bone can directly
adhere. The ceramic materials as used in these studies were also fabricated in vitro
prior to implantation which means that polymerization reaction and residual
monomer leakage issues occurred prior to insertion into vital tissue. This will
reduce the toxic effects of the residual monomers to the bone growth compared
with direct implantation of uncured PMMA into the vital tissues. (Kmdt-Larsen et al
1995)
The root surfaces adjacent to the defect showed cementum formation secondary
to the trauma or exposure to the materials. The pulp tissue, periapical regions of
the teeth and inferior dental nerves showed vital tissues with no sign of
inflammation or infection Histological analysis revealed some direct contact
between the cementum, nerves and the cements but usually there was a limited
layer of intervening soft tissue. As a consequence, any residual monomer could be
easily drained away by the blood and fluid in the vascular periodontal ligament and
cancellous bone. Temperature measurements indicated that there was also minimal
risk of thermal damage from the polymerization reaction of these modified PMMA
cements Therefore, the tissues remained vital.
With regard to the presence of additional radiation, only the radiated 7 weeks
pPMMA group showed better bony ingrowth than the non-radiated pPMMA group
(p=0.034) This could be due to the longer healing time for the radiated group.
However, the overall analysis showed that the additional radiation did not
significantly influence the healing of the bone and surrounding tissues.
The parameter that showed the most significant effect on the bone healing
response was the time of implantation. The animals sacrificed at the later
implantation times showed better defect border bridging, bone ingrowth and
interstitial tissue quality. Evidently, the bone-to-modified PMMA cement integration
was improving with time and matured into a vital connection that can remodel and
adapt to stress, which corresponds with the native bone repair response.
Nevertheless, it has to be emphasized that the inclusion of ß-TCP particles did not
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have an additional contribution As already explained before, this can be due to the
way of preparation and inclusion of the ß-TCP particles in the PMMA matrix. On
the other hand, the selected animal model can have had an effect Rabbits are
known to show accelerated bone healing compared with large animals and humans
As a consequence, the effect of the ß-TCP particles was perhaps obscured.
Therefore, it is recommended that additional studies are done in larger animal
models, which show a bone healing pattern that is more similar to humans. In
addition, this study utilized a bone defect model which placed the cements in an
unloaded scenario, analogous to the placement of bone substitutes or bone graft
This is not the case for an endoprosthesis, in which the cement would be subjected
to functional forces. If the forces cause movement, the ingrowth of bone would be
affected or may even be completely prevented. As the present was an initial study
dealing with the bone response to porous modified PMMA cements, additional
specific studies have to be designed to determine the response in a loaded scenario
Finally, the histological assessment showed that the changes in the lymph nodes
were reactive and secondary to the surgical insult. Even the animal with the buccal
abscess and extraoral fistula showed similar histology. There was also no sign of any
foreign material in the lymph nodes that may have been disseminated by the
cement. The additional radiation did not result in any necrosis or other negative
tissue changes.
Overall, both modified PMMA cements were found to be bone compatible and the
concept of porous PMMA cements seems to support the enhancement of bone
ingrowth and material fixation. Still it has to be proven whether this effect can be
maintained when the porous PMMA cement is used in combination with a
mandibular endoprosthesis and subjected to load. The addition of ß-TCP did not
convey any advantage in terms of increase in bone formation and ingrowth. This
can be due to the selected animal model and the way the ß-TCP particles were
included into the PMMA matrix. As a consequence, it is recommended that the
application of porous PMMA cement for endoprosthesis fixation be further
investigated
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Introduction
The reconstruction techniques available for treatment of a discontinuity defect of
the mandible are not ideal, hampered by disadvantages like donor site morbidity,
infection and failure of the bone graft.' An endoprosthetic reconstruction technique
for the mandible is a potentially viable option that may avoid those problems. Such
a system involves the removal of all diseased bone with replacement of the missing
portion of bone with an artificial device fixated into the remaining bone with bone
cement. This novel approach follows the orthopaedic modular endoprosthesis for
limb defects.1,3 A review of bone cements currently available indicated that plain
polymethylmethacrylate (PMMA) cement should be the default choice as a result of
its long term success in the orthopaedic field/ However, there is evidence of its
insufficiency and weakness in a pilot study on mandibular endoprosthesis in the
Macaca Fasicularis model; such as radiolucency surrounding the cement mantle and
fibrous encapsulation at the cement-bone interface.2 This is probably due to the
inertness and lack of bioactivity of the cement. Therefore, a better bone cement is
necessary to overcome some of the flaws of the PMMA cement and improve the
long term outcome of a mandibular endoprosthesis. The inclusion of porosity and
bioactive particles are two strategies that may create more bioactive cements that
will favor the bone-cement interface and reduce micromotion as well as the risk of
aseptic loosening. As a result of their excellent bone biocompatibility, studies have
shown calcium phosphate compounds aiding the bone-to-cement contact and
decreasing the formation of the fibrous capsule when added to the PMMA.4,5,6
Tricalcium Phosphate (ß-TCP) would be the ideal calcium phosphate compound as
it has a good bio-resorption profile, good biocompatibility and similar
characteristics to the inorganic part of natural bone.7 Studies have also shown that a
porous material can help in the anchoring of the implant with ingrowth of bone.8,9
The creation of porosities can be achieved by the addition of
carboxymethylcellulose (CMC), 10 ·" aqueous dispersion of the fillers11 or using
solvents." An earlier study using such a modified PMMA cement as bone substitute
has already confirmed that such a modified material shows good bone
biocompatibility and even bone growth into the porosities and across the defect.
However, there are always concerns regarding the mechanical properties of any
cement used in the loaded scenario of an endoprosthesis. A mechanically weak
cement may not be able to withstand the functional forces of the reconstructed
mandible and results in movement, which will lead to intra-cement cracks and
fragmentation, bone resorption, loosening and ultimately failure. For example, the
addition of antibiotics caused some concern as it was shown to affect the
mechanical properties of the PMMA cement.14 Therefore, there is an evident need
to characterize the mechanical properties of modified PMMA cements and to test
the materials in an appropriate functional model to ensure that they still possess
the appropriate structural strength before entering in (pre)clinical trials.
The objectives of this study were to determine the mechanical strength and
porosity characteristics of modified PMMA cement. During the testing, cyclic
loading of cemented implants was applied to simulate a clinically installed
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endoprosthesis scenario and the failure mode was assessed. The hypothesis was
that the modified PMMA cements would have reduced mechanical strength, but
were still able to withstand functional forces.
Materials & Methods
PMMA cement
PMMA acrylic bone cement was used (Palacos ®, Biomet, Warsaw, Ind, USA /
Palavit SSvs, Heraeus, Hanau, Germany) in this study. The material was used as
received (PMMA) or made porous (pPMMA) by mixing PMMA with Sodium
Carboxymethylcellulose (Na-CMC; code Akucell AF 2205, AkzoNobel, Arnhem,
the Netherlands) or by mixing PMMA with Na-CMC and Beta Tricalcium
Phosphate particles (ß-TCP; CAM Bioceramics, Leiden, The Netherlands)
(ptcpPMMA) The ß-TCP had a particle size range of l80-425um
The porous PMMA (pPMMA) was created by mixing the PMMA polymer powder
with Na-CMC at a ratio of 1:0.09 by weight. The combined powders were mixed
into I ml of MMA monomer for I minute Then, 2.9 ml of distilled water was added
to the cement and mixed for 2 minutes before utilization. The ptcpPMMA was
prepared exactly as the pPMMA except for the addition of 3.0 gram of powdered
ß-TCP to the completed pPMMA
Compressive yield strength and Young's modulus

The modified cements were tested according to ISO 5833 using cylindrical samples
with a height of 12 mm and diameter of 6 mm. Four samples of each material were
made and soaked for 48 hours prior to testing to ensure complete polymerization
and removal of all traces of NaCMC. Compressive testing was performed on an
MTS testing machine (MTS 858 Mini Biomx® II, MTS Systems Corporation, MN,
USA) using a lOkN load cell. The specimens were compressed along their long axis
at a cross head speed of 20 mm/mm. The stress and strain calculations were
analyzed to obtain the yield strength at 2% irreversible deformation and the
Young's modulus. Young's modulus is defined by the slope of the calculated linear
regression of the Hookean region of the stress-strain diagrams.
Porosity
Porosity quantification and pore size measurement was done via stereomicroscopy
Four cylindrical specimens of all 3 material configurations were soaked in water for
48 hours and then polished to achieve a flat surface. Subsequently, the surface of
the specimens was stained dark blue with water resistant alcohol based ink to
visualize porosity (Figure 6-1). Thereafter, the specimens were placed under a
stereomicroscope (Leica MZ 12, Leica Microsystems, Wetzlar, Germany) and
imaged at 5 locations at 20X magnification. The images, which clearly showed the
pores, were analyzed using the colour recognition function of the accompanying
image analysis software (QWm, Leica Microsystems, Wetzlar, Germany) to
calculate the pore size and pore surface area and to determine the percentage
porosity (pore surface area / total surface area). Pore size data were obtained by
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measuring 6 random pores per image, while the percentage porosity (% porosity)
was the average of the 5 images.

.ÎV.V

Figure 6-1. Stereomicroscopy images of surfoce stained plain PMMA (left), pPMMA
(middle) and ptcpPMMA (right).
Polyurethane bone model and implants
Polyurethane blocks (Sawbones® Pacific Research Laboratories Inc., Vashon.WA,
USA) were used as an alternative for human mandibular bone. As the mean bone
mineral density for the overall mandible including the cortical bone is I.II g.cm'2,
porous polyurethane blocks with a density of 0.64 g/cc were chosen.15 The porous
blocks had a height of 18 mm. To mimic the cortical layer, the outer side of these
porous blocks consisted of a short-fiber-filled-epoxy layer with a thickness of 2.0
mm. Thirty-six commercially pure titanium implants were manufactured, which
measured 12 mm in length. They were designed with a 4 mm high collar that was 6
mm in diameter, while below the collar, the implant body was 8 mm long and had a
diameter of 4 mm (Figure 6-2). The collar was left as prepared (machined), but the
8 mm stem part was grit-blasted with Al 2 0 3 particles to a roughness of Ra 2.0.
6mm

4 rn rn

12mm

8mm

4mm

Figure 6-2. Schematic drawing of the titanium implant, as used in the ossoys
Subsequently, a 6 mm diameter hole was drilled through the cortical layer into each
porous polyuretheane block. The holes had a depth of 13 mm, leaving space for a I
mm thick cement mantle around the body of the implant (Figure 6-3). Also, a 2 mm
wide hole was made at the base of the implant bed to allow escape of excess
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cement during cementation. Finally, 12 implants were cemented with each cement
type and allowed t o fully set for 24 hours (Table 6-1). In this way, the clinical
situation was mimicked, where the body of the endoprosthesis is in contact with
the cortical layer, while the stem protrudes into the trabecular bone of the
mandible. The 36 cemented implants were divided into 4 groups (Table 6-1). Group
Α, Β and C w e r e the baseline controls consisting of 2 samples each. Group D, E
and F were the static push-out groups of all 3 materials and each group contained 4
samples. Group G, H and I w e r e the cyclic loading groups, which underwent cyclic
loading followed by analysis and each group consisted of 2 samples. The last
condition was cyclic loading followed by static push-out testing and the 3 groups:
group J, Κ and L consisted of 4 samples each.

Cyclical loading force applied

2mm cortical

Cement

Sawbone 40 - 0.64g/cc

figure 6-3. Schematic drawing showing the implant cemented in the synthetic bone
(Sawbone®)
Group
A
Β
C
D
E
F
G
H
I

Ν
Material
PMMA
2
pPMMA
2
ptcpPMMA
2
PMMA
4
4
pPMMA
ptcpPMMA
4
2
PMMA
pPMMA
2
ptcpPMMA
2
4
PMMA
J
Κ
pPMMA
4
L
ptcpPMMA
4
Table 6-1. Distribution of 36 cemented

Treatment
Baseline for analysis
Baseline for analysis
Baseline for analysis
Static Push-out then analyse
Static Push-out then analyse
Static Push-out then analyse
Cyclical loading then analyse
Cyclical loading then analyse
Cyclical loading then analyse
Cyclical loading, push-out then analyse
Cyclical loading, push-out then analyse
Cyclical loading, push-out then analyse
implants
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Push-out and cyclic loading

The specimens were mechanically tested under two different conditions: (I)
baseline static push-out test, and (2) static push-out test after cyclic loading.
Prior to the static push-out tests, the bottom 6 mm of the specimens was sawed off
to expose the base of the implants. The specimens were then vertically inverted
and placed on a support jig with the implant directly over a hole 0.4 mm larger than
the implant diameter (6.4 mm) to minimize the effect of the test condition on the
push-out results (Figure 6-4). This support jig enables the application of a vertical
force (at a constant displacement speed of 0.5 mm/min) on the implants by an MTS
testing machine (MTS 858 Mini Bionix® II, MTS Systems Corporation, MN, USA).
When the peak force was reached (representing implant loosening), the test was
immediately stopped to ensure minimal displacement of the implant. This test
evaluated the shear strength of the cement mantle, which is in contact with the
implant stem. The shear strength of the bone-cement interface was calculated by
dividing the push-out force (N) by the surface area of the cement implant interface
[π (pi) X the implant diameter (4mm) X the cement coated implant length (8mm)].
For both push-out test conditions, 4 specimens of each cement type were used.
Push out force applied

Figure 6-4. Schematic drawing of the experimental set-up, as used during push out testing
of cemented implant (drawing is inverted version of Figure 6-3 as with the real situation)

To stimulate the stresses experienced during the clinical use of an endoprosthesis,
cyclic loading was applied. The MTS testing machine (MTS 858 Mini Bionix® II, MTS
Systems Corporation, MN, USA) was used for this procedure. Therefore, 6
implants per cement type were cyclically loaded from 50 to 150N at a frequency of
5 Hz for 25,000 cycles with the direction of the load, applied parallel to the vertical
axis of the implant.
Failure mode

Before and after the various treatments (Table 6-1), the blocks containing the
implants were embedded in epoxy resin (Epofix®, Struers, Rodovre, Denmark) and
hemi-sectioned through the long axis of the implants. These sections were then
polished and analyzed using stereomicroscopy and scanning electron microscopy
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(SEM). The stereomicroscope (Leica MZ 12, Leica microsystems, Wetzlar,
Germany) was equipped with a image acquisition and analysis software (QWin
Leica Microsystems, Wetzlar, Germany) to study the bone-cement-implant
interfece. Following stereomicroscopy, the specimens were sputter-coated with
gold and examined with a Scanning Electron Microscopy (SEM) (|eol 6310 Scanning
Electron Microscope, Boston, MA, USA) to determine the fracture plane of the
mechanically tested implants (e.g. fracture at implant-cement interface, intracement, bone-cement interface or intrabone).
Results
Porosity

The percentage porosity and pore size measurements were done for all 3 cement
types. The plain PMMA had a mean pore size of 0.17 mm (SD 0.11, range 0.1-0.6
mm) while the pPMMA had a mean pore size of 0.71 mm (SD 0.46, range 0.3-2.3
mm) and ptcpPMMA had a mean pore size of 0.67 mm (SD 0.4, range 0.2-2.0 mm).
The plain PMMA had significantly smaller pore size than the other two cements
(p<0.00l). The pore sizes of pPMMA and ptcpPMMA were not significantly
different. The mean percentage porosity (% porosity) was 4.0% (SD 1.47, range 3.4
- 6.7) for PMMA, 19.3% (SD 5.39, range 12.0-27.0) for pPMMA and 30.3% (SD 2.65,
range 27.0-33.7) for ptcpPMMA. The plain PMMA has significantly lower % porosity
than pPMMA and ptcpPMMA (p<0.00\). pPMMA also had significantly lower %
porosity than ptcpPMMA (p<0.0l).
Compress/ve yield strength and Young's modulus

Compressive yield strength and Young's modulus testing using the cylindrical
samples were performed as per protocol of ISO 5833. The mean Compressive
yield strength (MPa) of the cements was 77.5 MPa (SD 5.4) for PMMA, 10.9 MPa
(SD 0.7) for pPMMA and 6.8 MPa (SD 1.0) for ptcpPMMA. The maximum
Compressive strength of PMMA was significantly higher than pPMMA and
ptcpPMMA (p<0.00l). There is no difference between pPMMA and ptcpPMMA. The
mean modulus (MPa) for the cements were 7101 MPa (SD 952) for PMMA, 909MPa
(SD 128) for pPMMA and 9l9MPa (SD 118). The modulus of PMMA was
significantly higher than the pPMMA and ptcpPMMA cements (p<0.00l). There was
no difference between pPMMA and ptcpPMMA.
Push-out and cyclic loading test

Push-out test and cyclic loading was performed in total for 36 implants. Surface
roughness of the implants was determined using an Universal Surface Tester (UST®,
Innowep GmbH, Wurzburg, Germany). The machined surface of the collar had a
mean roughness (Ra) of 0.36 μιτι (SD 0.048) and the gritblasted body had a mean
Ra of 2.055 μιη (SD 0.15).
The push-out results were segregated according to the conditions as used during
the assessment, i.e.: baseline static push-out test and static push-out after cyclic
loading. The push-out test measures the shear strength of the cement in preventing
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dislodgement of the implant. The baseline static push-out test yielded a shear
strength of 16.76 MPa (SD 1.53) for PMMA (Group D), 0.32 MPa (SD 0.08) for
pPMMA (Group E) and 0.66 MPa (SD 0.15) for ptcpPMMA (Group F). The mean
shear strength for the PMMA cemented implants is significantly higher than the
other 2 cements (p<0.00l). There was no significant difference between pPMMA
and ptcpPMMA. After cyclic loading the push-out shear strength was measured only
for PMMA (Group J) as the implants for pMMA and ptcpPMMA (Group Κ and L)
failed during the cyclic loading, showing displacement of more than 0.4 mm. The
mean shear strength for PMMA after cyclic loading was l6.53MPa (SD 0.27). The
analysis showed that the PMMA cemented implants after cyclic loading did not
result in any significant change to the shear strength of the cement compared with
the baseline value.
Failure mode

All 12 groups (Table 6-1) were scheduled for analysis by stereomicroscopy and
SEM. However, during the testing, it was found that the pPMMA and ptcpPMMA
groups failed already during cyclic loading The implants were mfenorly displaced by
0.4mm (which is more than the criteria for integrity of 0.2mm displacement" 17 ).
Therefore, groups Κ and L were excluded for further push-out testing after cyclic
loading, as it was not meaningful to perform a push-out test when the implants have
failed and been displaced or dislodged.
The baseline groups A, Β and C did not receive any treatment. Stereomicropscopy
(Figure 6-5) showed that a very tight interface condition existed for PMMA (Group
A) with the implant surface. The PMMA cement had infiltrated into the porous
polyurethane material Only, small porosities were visible in the cement mantle.
Group Β (pPMMA) showed both macroporosities and as microporosities m the
cement mantle The cement-to-implant and cement-to-polyurethane contact was
less than 50% The ptcpPMMA (Group C) material behaved similar to pPMMA, but
the ß-TCP particles could be clearly seen in the porosities (Figure 6-5 and 6-6)
SEM analysis revealed in group A the presence of a gap of Ι μπι at both the
cement-to-implant and cement-to-polyurethane interface Group Β showed
multiple large pores with a gap of 2-4 μπι at the cement-to-implant interface and
little contact existed at the cement-to-polyurethane interface with a gap of 4-10
μπι Group C showed similar large pores as group Β and also ß-TCP particles that
were largely exposed in the pores. The cement-to-implant and cement-topolyurethane gaps were respectively 4-7 μιη and 6-10 μιτι (Figure 6-7).
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F/gure 6-5. Stereom/croscop/co/ images showing the implant<ement-bone junction of
groups A-j

Figure 6-6. Low powered SEM view of Group A, ß, C, showing the cement mantle (CE),
cement-implant (CI) and cement-bone (CB) interfaces. The cement layer consists of
porosities (as indicated with a white star in Β & C) and ß-TCP panicles (as indicated with
β in C)
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F/gure 6-7. High powered SEM images of cement-implant and cement-bone interfaces of
Group A, B, C. CE = cement, IM - implant, and BO = bone
For the baseline push-out groups, PMMA specimens (Group D) showed debonding
of the PMMA from the implant surface and failure occurred at the cement-toimplant interface (Figure 6-8). SEM examination confirmed the disruption of the
cement-to-implant interface fractures were observed in the immediately adjacent
PMMA cement. The cement-to-implant gap was 0.2 to 3 μιτι. The cement-topolyurethane interface remained intact. Groups E (pPMMA) and F (ptcpPMMA)
showed fractures within the PMMA component and the fractures propagated into
the pores. The cement-to-implant interface remained intact with an interface gap of
1-3 μηι (Figure 6-8).
After cyclic loading, the PMMA specimens (Group G) showed an intact cement-toimplant interface. However, there were cracks in the PMMA next to the cementto-implant interface (Figure 6-8) and also cracks were seen at the cement-topolyurethane interface at the coronal zone next to the collar. There were also
minor cracks in the intra-cement zone. Analysis of the pPMMA (Group H) and
ptcpPMMA (Group I) specimens reveled that these materials were not strong
enough to withstand the cyclic loading. The PMMA matrix of the cements was
fractured and compressed at the coronal and apical zones as a result of the cyclic
loading. There was also debonding observed at the cement-to-polyurethane
interface (Figure 6-8).
Push-out testing after cyclic loading was only done for PMMA specimens (group J),
as pPMMA and ptcpPMMA were unable to endure the forces and failed. Group J
showed the same changes as in Group D with fracture of the PMMA next to the
cement-to-implant interface (Figure 6-8).
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figure 6-8. High powered view of the failure interface of Group D, E, F, G, H, I, J (yellow).
CE = cement, IM - implant, ana 60 = bone
Discussion
The objectives of this study were to determine the mechanical strength and
porosity characteristics of modified PMMA cement.
In general, two types of porosities can occur, i.e. macropores with pore diameters
> l m m and micropores with pore diameters from 0.1 to I mm.18 Porosities in plain
PMMA cements may arise from the air around the components, entrapment of air
when the monomer contacts the powder, entrapment of air during mixing of the
cement, evaporation of the monomer during curing, entrapment during loading of
the cement into the delivery system and entrapment during the actual insertion of
the cement into the bone." Microporosities are known to weaken the cement and
can be avoided by a variety of techniques including vacuum mixing.'8 Macropores
can be created e.g. by the inclusion of porogens in the PMMA during the mixing
process." In order to achieve bone ingrowth and increased bone to cement
contact surface area, the porosity has to be interconnected. Increasing the pore
size and percentage porosity will translate to better interConnectivity, but this will
again weaken the cement.20 Therefore, a balance between the various porosity
parameters has to be created to achieve the best porous cement.
The plain PMMA cement had microporosities in the cement mantle, which were
not connected to each other as the pore size was very small and the % porosity
was only 5% (Figure 6-1). Such microporosity will not contribute to ingrowth of
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bone The pores in the pPMMA and ptcpPMMA were mainly less than I mm, but
some pores reached dimensions of 2 mm. The % porosity was significantly larger in
the porous cement groups, which provides channels for bone ingrowth. The
ptcpPMMA group was measured to have higher % porosity than pPMMA. This was
also influenced by the presence of ß-TCP particles in the created pores as observed
by SEM. After in vivo application, these ß-TCP particles would dissolve m a few
months resulting in a higher final % porosity in the ptcpPMMA cement. The
mterconnectivity of the materials was not measured in this study and our
conclusion is based on data from earlier research, which showed that the lower
limit of porosity using Na-CMC to achieve mterconnectivity is 32% by volume."
This is further supported by evidence of bone ingrowth across cement blocks of 8
mm and occupying 75% of the porosity by volume from an in vivo study of the
same authors.
The bone-cement-endoprosthesis interfaces of a mandibular endoprosthesis will be
subjected to complex forces during jaw movement and chewing. The total load
sustained by the bone cements will be a mixture of compressive, bending, tension,
shear and torsion components and will be difficult to simulate. As our interest in
the current study was the overall mechanical capability of the cements, compressive
yield strength testing and push-out and cyclic loading testing was done. The
compressive yield strength is the maximum compressive load a cement can
withstand before failure. Push-out testing in combination with cyclic loading
provides information about the clinical potential of the modified PMMA cements to
fix an endoprosthesis. The values chosen for the cyclic loading parameters were
close to earlier published studies.2I·22·23 There are many experimental parameters
that can influence the outcome, such as the thickness of cement layer, the
roughness of the implant and the roughness of the bone. In the current study
design, these parameters were not varied, but fixed and based on available
information about the density of the mandibular bone, roughness of the earlier
used endoprosthesis and thickness of the cement mantle in earlier animal studies.
The plain PMMA cement fulfilled the compressive strength properties (70 MPa), as
required for use in the orthopaedic field M However, the shear strength deduced
from the push-out testing was low SEM analysis showed that the failure during
push-out testing occurred at the cement-to-implant interface. Both analysis
techniques showed the PMMA cement possessing a small quantity of
microporosities and there was no mtra-cement failure during physiologic cyclic
loading and push-out testing SEM examination of push-out testing specimens
revealed that there were fractures of the cement immediately adjacent to the
cement-to-implant interface and failure occurred in this weakest zone Retention
features such as grooves or ports for cement inflow or an increase in surface
roughness can be added to the implants in order to improve this Such
modifications will increase the contact surface area and physical interlocking and
will reduce micromovement at the interface. Increase of the overall size of the
implant will also add to the contact surface area and resistance to failure.
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The compressive yield strength and shear strength of the modified PMMA cements
(pPMMA and ptcpPMMA) were found to be much lower than the plain PMMA
cement The pPMMA and ptcpPMMA cements achieved the objective of being
porous cements with interconnected porosities as observed during analysis
However, the addition of porosities and ß-TCP as well as reduction in the PMMA
component evidently resulted in significant weakening of the cement such that it
had lower compressive yield strength and shear strength and failed during cyclic
loading There was also significant reduction in cement-to-implant and cement-tobone contact area. During push-out testing and cyclic loading, the failure for both
modified cements was in the cement itself and at the cement-to-bone interface
Clearly, the modified PMMA cements will not be able to immobilise an orthopedic
endoprosthesis during functional loading.
However, the forces in a mandibular endoprosthesis are not exactly known and
may be lower than for an orthopedic prosthesis. Nevertheless, it can be supposed
that the strength of the pPMMA and ptcpPMMA is not sufficient for safe clinical
application m a functionally loaded scenario. Probably, bone ingrowth will increase
the strength of the material some time after implantation in the human body
However, this means that additional supportive structures have to be used to allow
the resistance against the early loading forces and to prevent motion of the
endoprosthesis.
When comparing between the modified PMMA cements, the ptcpPMMA had a
lower PMMA component and incorporation of additional ß-TCP particles which
were mainly in the porosities. The strategy of exposing the ß-TCP particles in the
porosities was to increase the bioactivity and potentially bony ingrowth rates. In
addition, this may prevent the further weakening of the PMMA component in the
cement. Therefore, the ß-TCP particles were added after the creation of the
pPMMA. This is seen in a study which added the fillers to PMMA powder versus a
aqueous dispersion technique.15 Any bioactive particles completely surrounded by
the PMMA component would not be able to influence the bone healing and
ingrowth and alter the overall inertness of the cement.
In conclusion, this study has shown that the modified porous PMMA cements were
significantly weaker than the original PMMA cement. They failed to withstand the
potential loading forces and thus are mechanically unable to fixate an
endoprosthesis on its own prior to the bony ingrowth They possess
interconnected porosities that allow bony ingrowth and the bioactive ß-TCP
particles are also exposed in the porosities. Nevertheless, it is recommended that
modifications be made in the production of the modified porous PMMA cements
that improve the mechanical properties and viability for a cemented
endoprosthesis.
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Chapter 7
Summary, address to the aims, overall conclusions
and future perspectives

Summary
This thesis is based on studies that evaluated the cementation aspects of the novel
mandibular endoprosthesis with interest in the risk of thermal injury, tissue
response to bone cement of cemented endoprostheses with and without the
presence of influencing factors like radiation and the use of novel
polymethylmethacrylate (PMMA) based cements with improved bioactivity. The
hypothesis is that the cemented prosthesis is biocompatible and can function well
even in the presence of radiation and bone cements with improved bioactivity can
overcome the shortcomings of the inert PMMA cement. The study objectives were:
To review the literature on the existing bone cements and discuss their
potential use in a mandibular endoprosthetic system
To investigate the temperature changes in a cemented endoprosthesis
model
To investigate the in vivo tissue response of mandibular tissue to a
cemented endoprosthesis under normal and irradiated circumstances
To investigate the biocompatibihty and bone formation with porous
modified PMMA in normal and irradiated mandibular tissue
To investigate the mechanical stability of cemented implants using novel
modified PMMA bone cements, an in vitro study using synthetic bone

Chapter I is the introduction of the thesis It defines the problems of the current
mandibular reconstruction techniques and explains the potential application of an
endoprosthetic replacement
Chapter 2 reviews the current literature on the available bone cements. Different
cements are described and their potential use in a mandibular endoprosthetic
system are discussed The PMMA cement is currently the most suitable choice as a
result of its track record. The antibiotics loaded version can be selected if there is
significant risk of infection. However, modified PMMA cements, composite resin
cements, osteoinductive calcium phosphate compounds, and cementless fixation
are options that offer some advantages over PMMA cements, and further research
should be conducted to study their suitability
Chapter 3 presents the thermal changes during cementation of a mandibular
endoprosthesis in both the in vitro and in vivo Macaca fasiculans model Significant
temperature changes may cause heat necrosis of surrounding tissue and ultimately
lead to prosthesis failure The in vivo study showed the median maximum
temperature (Tmax) to be 31.0oC immediately adjacent to the prosthetic stem. All
the Tmax measurements were lower than the normal body temperature (380C) of
the animal The median maximum temperature change (TmaxA) was 1.80C and the
range was 0.3oC -3.5°C The in vitro study showed increasing temperature changes
with increasing cement mantle thickness. The temperature increases were
transient, with the temperature returning to baseline with a median of 6.0 (0.0-
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12.0) minutes after Tmax. The histological analysis showed a mild inflammatory
response in the surrounding tissue of the cement-bone interface. Therefore, it was
concluded that within the parameters tested, there is minimal risk of thermal
damage
Chapter 4 shows the tissue reaction to the cemented endoprosthetic system in the
presence of perioperative radiation via brachytherapy. The results showed no
major radiation side effects and mucosal ulcerations and wound dehiscence at the
radiated sites healed within 4 weeks There was no significant difference between
the total bone volume percentage (TBV%) of the bone-to-cement interfaces of both
the irradiated and control groups, but they were significantly lower than an earlier
study using a slightly different endoprosthesis design. Histomorphometrical analysis
using grading scales also showed no significant differences between the two groups
The overall results indicated the presence of mechanical inadequacies in the
endoprosthesis design used in this study. Under the study conditions, postoperative
brachytherapy did not affect the tissue response around the endoprosthesis within
the early 6 months postradiation period.
Chapter 5 discusses the lack of bioactivity of PMMA cement and how this problem
can be improved by the addition of porosities and bioactive compounds like calcium
phosphates. The study assessed the bone and tissue response to a porous PMMA
cement (A) and a porous cement incorporated with Beta tricalcium phosphate
particles (ß-TCP) (Β) in an in vivo mandibular rabbit model Additional post
operative radiation was also studied as an influencing factor. The histological
analysis demonstrated I) good bone ingrowth around the defect as well as within
the pores of the cement and defect bridging was achieved in 70% of the specimens
after 12-15 weeks of implantation, 2) healthy root and pulpal tissues with minor
secondary cementum response, 3) an intact mandibular nerve with no inflammation,
4) extensive degradation and resorption of the ß-TCP particles by 12-15 weeks,
and 5) presence of an intervening thin fibrous tissue at the bone-to-cement
interface. Histomorphometrical analysis using grading scales revealed that there was
no difference between the two cements. The 12-15 weeks specimens showed
significantly more bone ingrowth and bone maturity than the 4-7 weeks specimens
Therefore, both modified PMMA cements have good bioactivity and support bone
ingrowth. The addition of post-operative radiation did also not have any negative
influence on the healing.
Chapter 6 describes how the inclusion of porosities and bioactive calcium
phosphate fillers can potentially improve the bioactivity but will adversely affect the
mechanical characteristics of the PMMA cement and may destroy its ability to meet
the cementation requirements. A study was performed to determine the
mechanical characteristics of two modified PMMA cements; aporous PMMA cement
(pPMMA) and a porous cement incorporated with Beta tricalcium phosphate
particles (ß-TCP) (ptcpPMMA) The two cements pPMMA and ptcpPMMA cements
had mean pore sizes of 0.71 mm and 0 67mm and percentage porosity of 19.3% and
30.3% respectively. The compressive yield strength of pPMMA (10.9 M Pa) and
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ptcpPMMA (6 8 MPa) was significantly lower than that of PMMA (77 5 MPa)
(p<0.00l). The shear strength eluded from the push-out test was 16.76 MPa for
PMMA and significantly lower at 0.32 MPa for pPMMA (p<0 001) and 0 66 MPa for
ptcpPMMA (p<0.00\). Microscopic analysis revealed cement-implant interface
failure for PMMA and intracement failure for the modified cements during push-out
testing. Under cyclic loading, implants cemented with PMMA were unaffected, while
implants cemented with pPMMA and ptcpPMMA were displaced and failed.
Therefore, both modified porous PMMA cements have good pore size and
porosity, but lack the initial mechanical strength to qualify for cementation
purposes.
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Address to the aims
The results of this thesis supported the hypothesis that: (I) the use bone cement
did not cause any significant effects on the surrounding mandibular tissue even in
the presence of post-operative radiation and (2) PMMA cement can be modified to
improve its bioactivity. However, the modified cements show reduced mechanical
integrity and will not be able to provide initial stabilisation of an endoprosthesis
without additional support. This follows when addressing the original aims of the
study:
The literature review on the existing bone cements identified the PMMA
cement as the default choice of a mandibular endoprosthetic system but
there are some other cements that have better bioactivity and potentially
better long term success.
There are only minor temperature changes and minimal risk of thermal
injury in a cemented endoprosthesis model using PMMA cement.
Under the experimental conditions, post operative radiation did not
produce any short term significant effect on the tissue healing after
placement of a cemented mandibular endoprosthesis. However, the
currently used second generation prosthesis behaved poorer than the
original design.
The porous modified PMMA cements showed good biocompatibility and
extensive intra-cement bone formation in both normal and irradiated
mandibular tissue.
The modified PMMA cements showed good porosity, but significantly
poorer mechanical characteristics such that they will not be able to anchor
a cemented endoprosthesis without additional supporting elements.

Overall conclusions
Based on the results as obtained in the variously performed experiments, the
following overall conclusions can be made:
1.
2.

The PMMA cement is the natural choice for cementation of a mandibular
endoprosthesis as it has a proven track record and is readily available.
The amount of bone cement used in a mandibular endoprosthesis is very
small in the used monkey model and therefore the heat produced during
polymerisation is easily absorbed and dissipated. Probably, the same
situation will occur in human application. Therefore, there is no risk of
thermal injury to the surrounding tissue.
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Radiation via brachytherapy did not produce any short term negative
tissue response in the monkey mandibular endoprosthesis model. Only
minor temporary oral mucosal changes were observed that resolved
spontaneously
The endoprosthesis design was a major factor in the success of the
system. The stud version, which allowed micromotion, proved to be
inferior compared to the original screw version
The used monkey model can be associated with various inadequacies, such
as the feeding pouches that frequently cause mucosal dehiscence and the
inability to apply intermaxillary fixation to reduce loading and movement of
the prosthesis and bone segments during initial healing.
The modified porous PMMA cements were biocompatible with no adverse
tissue response from surrounding soft and hard tissue. They also showed
good bioactivity with bone ingrowth and bone to cement integration
The rabbit mandible model used was not a functionally loaded model and
was not able to evaluate the cementation requirement of a mandibular
endoprosthetic system.
The modified PMMA cements have reduced mechanical integrity and will
not be able to fixate an endoprosthesis in their current composition
The technique for porosity creation and the type and particle size of the
bioactive filler have to be altered in order to create a bone cement that
retain adequate mechanical strength to support prosthetic cementation
and produce rapid bone ingrowth that will improve long term integration

Future Perspectives
This thesis has shown that the use of bone cements in the mandibular environment
has no significant negative impact on the surrounding tissues. This concurs with the
orthopaedic experience in the long bones. However, the lack of bioactivity of
polymethylmethacrylate (PMMA) cement is also replicated in the mandible without
direct bone-to-cement integration. This means that the long term success of a
mandibular endoprosthetic system will also be affected by micromotion and aseptic
loosening. The incorporation of porosity and bioactive fillers are good strategies
that can improve the bioactivity of the polymethylmethacrylate (PMMA) cement
and potentially achieve better long term success. However, any modifications to the
PMMA cement involves the risk of affecting the mechanical characteristics of the
cement and its ability to rigidly fixate the prosthesis The modified PMMA cements
investigated produced good bioactivity and bone-to-cement integration, but were
mechanically far weaker than the original PMMA cement. Therefore, building on the
work of this thesis, further modifications to the PMMA cements should be
investigated There are many parameters that can be adjusted, including (I) the
technique, pore size and quantity of porosity creation, (2) the type, quantity and
particle size of the bioactive particles added, and (3) the method of bioactive
particle incorporation to ensure fixation and exposure. Some attention should also
be paid to newer technologies such as the incorporation of nanoparticles,
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osteoinductive molecules like bone morphogenic proteins and stem cells in bone
cements as they may hold the key to the ideal cement. These new cements can
then be tested by in vitro mechanical testing and in functional small animal models
that can simulate an endoprosthetic stem fixation. It is not required to test these
newly designed material in a mandibular animal model. In addition to in vitro studies
using artificial bone, the rabbit or goat femoral condyle can be used as test site to
assess the pull out strength at different time interval. Implants can be installed in
the femoral condyle using a similar experimental set-up as for the in vitro assays.
Finally, the cements with good potential can then be tested via the Macaca
fasciculans mandibular endoprosthetic model, as used in this thesis Such an
approach will facilitate the research progress.
Another aspect that deserves improvement is the cementation technique In the
orthopaedic field, the cementation technique had been modified over the decades.
The adoption of methods such as precision defect creation, cement cooling,
vacuum mixing, special cement loading apparatus and pressure application during
cementation was used to ensure better prosthesis to cement and cement-to-bone
interfaces as well as cement mantles with minimal cracks, voids and imperfections.
Similar changes should be made to our cementation technique to produce better
cement infiltration of surrounding cancellous bone and minimise voids and cracks
formation.
The critical importance of the endoprosthesis design was proven by the significant
change in success rate after a change in the fixation method of the modules where
the original stem modules were screw tightened to the body module and a metal
strut was press fitted to prevent screw loosening, while the new design utilized an
immobilization stud that was placed in the body module to fixate the interlocking
connections of the stem modules. Unfortunately this new design could not sustain
the movement and masticatory forces of the animals and this resulted in four
animals out of the six developing fistulae and two out of the six prostheses showed
loosening of the modules and complete failure This was significantly worse than the
original study which also revealed minor screws loosening and fistulae formation
but only one prosthesis separation out of eight Considering the negative impact of
the new endoprosthesis design and the overall difficulty in preventing mechanical
breakdown, it has to be recommended that biomechamcal evaluation of the
mandibular forces for any prosthetic design should always be performed in order to
optimise the design of the prosthesis and to determine its behaviour in a realistic
environment of stresses and strains. Such an approach allows an easy evaluation of
the many parameters that can affect the cementation success. In addition, it will
reduce the unnecessary use of experimental animals. Finite element analysis and
mechanical bench testing can be used to test different design and to select the ideal
combination that can withstand the local forces and produce the least stresses at
the bone-cement-prosthetic stem junction.
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Overall, it has to be emphasized that the pursuit to an ideal bone cement is still far
from over and should be continued. At the same time, the other aspects of
prosthesis cementation should also be studied and improved.
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Samenvatting, refererend aan doelstellingen, algemene
conclusies en toekomstperspectieven

Samenvatting
Dit proefschrift is gebaseerd op studies waarmee aspecten beoordeeld zijn die
betrekking hebben op cementering bij de nieuwe mandibulaire endoprothese.
Daarbij is aandachtig gekeken naar het risico van thermische schade, de
weefselrespons bij botcement van gecementeerde endoprotheses met en zonder
invloedsfactoren als straling, en het gebruik van nieuwe cementen met een
verbeterde bioactiviteit op basis van polymethylmethacrylaat (PMMA).
De hypothese is dat de gecementeerde prothese biocompatibel is en goed kan
functioneren, zelfs bij bestraling, en dat botcementen met verbeterde bioactiviteit
de tekortkomingen van inert PMMA-cement kunnen verhelpen.
De doelstellingen van het onderzoek waren:
Evaluatie van literatuur betreffende bestaande botcementen en
beschouwing van potentieel gebruik ervan in een mandibulair
endoprothese-systeem
Onderzoeken van temperatuurveranderingen in een model van een
gecementeerde endoprothese.
Onderzoeken van de in vivo respons van mandibulair weefsel op een
gecementeerde endoprothese, onder normale omstandigheden en bij
bestraling
Onderzoeken van biocompatibiliteit en botvorming met poreus
gemodificeerd PMMA in normaal en bestraald mandibulair weefsel
Onderzoeken van de mechanische stabiliteit van gecementeerde
implantaten door gebruik te maken van nieuwe gemodificeerde PMMAbotcementen: een in vitro-studie met synthetisch bot

Hoofdstuk I vormt de introductie van dit proefschrift. Het beschrijft de problemen
van de huidige mandibulaire reconstructietechnieken en licht de mogelijke
toepassing van een endoprothetische vervanging toe.
Hoofdstuk 2 evalueert de huidige literatuur op het gebied van de beschikbare
botcementen. Naast een beschrijving van de verschillende cementen vindt een
beschouwing plaats van het potentieel gebruik ervan in een mandibulair
endoprothese-systeem. Op basis van zijn staat van dienst is PMMA-cement
momenteel de meest geschikte keuze. Bij een aanzienlijk risico op infectie kan
gekozen worden voor de uitvoering met antibiotica. Niettemin vormen
gemodificeerde PMMA-cementen, cementen van composiethars, osteoinductieve
calciumfosfaatverbindingen en cementloze fixatie alternatieven die enkele voordelen
bieden ten opzichte van PMMA-cementen. Aanvullend onderzoek zal plaats moeten
vinden om de geschiktheid ervan te bestuderen.
Hoofdstuk 3 beschrijft thermische veranderingen tijdens het cementeren van een
mandibulaire prothese voor zowel het in vitro-model als het in vivo Macaca
fasicularis-model. Bij aanzienlijke temperatuurveranderingen kan door warmte
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necrose optreden van omliggend weefsel. Uiteindelijk kan dit leiden tot falen van de
prothese Uit de in vivo-studie bleek dat de mediaan van de maximumtemperatuur
(Tmax) direct naast de steel van de prothese 31.0oC bedroeg. Alle meetwaarden
van Tmax waren lager dan de normale lichaamstemperatuur (380C) van het dier
De verandering van de mediane maximumtemperatuur (TmaxA) was 1.80C met een
spreiding van 0.3oC
- 3.50C
De in vitro- studie het stijgende
temperatuurveranderingen zien bij toenemende diktes van de cementmantel. De
temperatuurstijgingen waren transient, de temperatuur keerde terug naar zijn
uitgangswaarde met een mediaan van 6.0 (0.0-12.0) minuten na Tmax. De
histologische analyse het een lichte inflammatoire respons zien in het omliggende
weefsel op het grensvlak van cement en bot Daarom werd geconcludeerd dat er,
binnen de geteste parameters, een minimale kans bestaat op thermische schade.
In hoofdstuk 4 wordt beschreven hoe het weefsel reageert op een gecementeerd
endoprothese-systeem bij penoperatieve bestraling via brachytherapie. Uit de
resultaten bleek dat er geen ernstige bijwerkingen en mucosale ulceraties optraden.
Wonddehiscentie van bestraalde plaatsen herstelde binnen 4 weken.
De percentages totaal botvolume (TBV%) op het grensvlak van cement en bot
waren voor bestraalde groepen en controlegroepen met significant verschillend
Wel waren ze significant lager ten opzichte van een eerdere studie met een
enigszins verschillend endoprothese-model. Ook histomorfometrische analyse op
basis van een graduele schaal gaf geen significante verschillen te zien tussen beide
groepen De algemene resultaten wezen op de aanwezigheid van mechanische
onvolkomenheden in het ontwerp van de endoprothese zoals die werd gebruikt in
deze studie Toepassing van postoperatieve brachytherapie had bij de gebruikte
studiecondities geen invloed op de weefselreactie rondom de endoprothese, binnen
de eerste zes maanden na bestraling.
Hoofdstuk 5 beschrijft het gebrek aan bioactiviteit van PMMA-cement en geeft aan
hoe dit te verhelpen is door toevoeging van porositeit en bioactieve stoffen zoals
calciumfosfaat Met de studie werd vastgesteld hoe bot en weefsel reageerden op
een poreus PMMA-cement (A) en op een poreus cement waarin deeltjes betatncalciumfosfaat (ß-TCP) verwerkt waren (B). De in vivo-studie werd uitgevoerd
met een mandibulair diermodel in konijnen Ook is gekeken naar de invloed van
aanvullende postoperatieve bestraling. Histologisch onderzoek laat het volgende
zien: I) 12-15 weken na implantatie treedt bij 70% van de monsters goede
botmgroei op, zowel rond het defect alsook in de cementponen en wat betreft de
uiteindelijk botovergroei van het defect, 2) gezonde wortel en pulpale weefsels met
geringe secundaire cementrespons, 3) een ongeschonden mandibulare zenuw
zonder ontsteking, 4) aanzienlijke degradatie en resorptie van de ß-TCP-deeltjes na
12-15 weken, en 5) aanwezigheid van een tussenliggend dun fibreus weefsel op het
grensvlak van bot en cement. Ook histomorfometrische analyse op basis van een
graduele schaal het geen verschillen zien tussen de twee cementen De monsters
vertoonden na 12-15 weken significant meer botmgroei en botnjpheid dan de
monsters van 4-7 weken. Beide PMMA-cementen vertonen dus goede bioactiviteit
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en ondersteunen botingroei. De aanvullende postoperatieve
eveneens geen negatief effect op genezing.

bestraling had

Hoofdstuk 6 beschrijft hoe de biologische activiteit van PMMA-cement in principe
weliswaar kan verbeteren door opname van porositeit en bioactieve vulmiddelen
van calciumfosfaat, maar dat deze negatieve invloed hebben op de mechanische
eigenschappen van het PMMA- cement waardoor met aan de eisen van cementeren
voldaan kan worden. In een studie werd gekeken naar de mechanische
eigenschappen van twee gemodificeerde PMMA-cementen. een poreus PMMAcement (pPMMA) en een poreus cement waarin deeltjes beta-tricalciumfosfaat (ßTCP) opgenomen waren (ptcpPMMA). De twee cementen, pPMMA en ptcpPMMA,
hadden ponegroottes van respectievelijk 0,71 mm en 0,67 mm, en percentages
porositeit van 19,3% en 30,3%. De druksterkte van pPMMA (10,9 MPa) en
ptcpPMMA (6,8 MPa) was significant lager dan die van PMMA (77,5 MPa) (p
<0,00l). De schuifsterkte verkregen met de push-out test bedroeg 16,76 MPa voor
PMMA Significant lagere waarden waren er met 0,32 MPa voor pPMMA (p <0,00l)
en met 0,66 MPa voor ptcpPMMA (p <0,00l) Tijdens de push-out testen werden
met behulp van microscopische analyse gebreken aangetoond die gelegen waren op
het grensvlak van PMMA-cement en implantaat. BIJ de gemodificeerde cementen
waren de gebreken hierbij zichtbaar binnen het cement zelf Cyclische belasting had
geen invloed op implantaten die gecementeerd waren met PMMA, maar
implantaten die gecementeerd waren met pPMMA of ptcpPMMA bleven hierbij met
op hun plaats en voldeden daarom niet Beide gemodificeerde poreuze PMMAcementen beschikken dus wel over de juiste ponegrootte en porositeit maar
missen de initiële mechanische sterkte om zich te kwalificeren voor de doeleinden
van het cementeren.

Refererend aan de doelstellingen
De resultaten van dit proefschrift zijn ondersteunend voor de hypothese dat: (I)
het gebruikte botcement geen significant effect heeft op het omliggende
mandibulare weefsel, zelfs met bij toepassing van postoperatieve straling en (2)
PMMA-cement kan worden aangepast ter verbetering van zijn biologische activiteit.
De gemodificeerde cementen vertoonden echter verminderde mechanische
integriteit en zullen met m staat zijn om zonder extra ondersteuning de initiële
stabilisatie te bieden van een endoprothese. Met betrekking tot de oorspronkelijke
doelstellingen van het onderzoek betekent dat het volgende:
Een hteratuurevaluatie betreffende bestaande botcementen leidde tot de
conclusie dat PMMA-cement de standaardkeuze is voor een mandibulair
endoprothese-systeem. Er zijn echter cementen met een betere
bioactiviteit en een potentieel grotere kans op duurzaam succes
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In een gecementeerd endoprothese-model met PMMA-cement komen
slechts kleine temperatuurschommelingen voor en is er een minimaal
risico op thermische schade.
Onder de toegepaste experimentele omstandigheden had postoperatieve
bestraling geen significant kortetermijneffect op het weefselherstel na
plaatsing van een gecementeerde mandibulare endoprothese. De huidig
toegepaste tweede generatie protheses functioneert echter minder goed
dan het originele ontwerp.
De poreuze gemodificeerde PMMA-cementen vertoonden goede
biocompatibihteit en aanzienlijke botvormmg binnen het cement zelf,
zowel bij normaal als bestraald mandibular weefsel.
De gemodificeerde PMMA-cementen vertoonden goede porositeit. De
mechanische eigenschappen waren echter significant slechter, en wel
dusdanig dat ze met in staat zijn om een gecementeerde endoprothese te
verankeren zonder extra ondersteunende elementen.

Algemene conclusies
Op basis van de resultaten die verkregen zijn uit de diverse experimenten, kunnen
de volgende algemene conclusies worden getrokken10. Vanwege zijn staat van dienst en goede beschikbaarheid is PMMA-cement
de standaardkeuze voor cementeren bij een mandibulare prothese
11. Aangezien de hoeveelheid botcement voor een mandibulare prothese bij
het aapmodel zeer klem is, wordt de warmte die tijdens polymerisatie
ontstaat goed geabsorbeerd en verdeeld Waarschijnlijk zal dezelfde
situatie zich voordoen bij toepassing op de mens. Er is daarom geen risico
op thermische schade voor het omliggende weefsel.
12. In het aapmodel voor mandibulare endoprothese leidde bestraling door
middel van brachytherapie op korte termijn met tot enige negatieve
weefselreactie. Er werden slechts kleine, tijdelijke veranderingen van het
mondslijmvhes waargenomen, die spontaan verdwenen.
13. Het ontwerp van de endoprothese was van groot belang voor het succes
van het systeem Het gebruikte ontwerp, dat microbewegingen toeliet,
bleek inferieur aan de oorspronkelijke schroefversie.
14 Het toegepaste aapmodel brengt enkele onvolkomenheden met zich mee,
zoals de wangzakken die veelvuldig leiden tot dehiscentie van de mucosa,
en het onvermogen tot intermaxillare fixatie om de belasting en de
beweging van de prothese en de botsegmenten tijdens beginnende
genezing te verminderen.
15. De gemodificeerde PMMA-cementen waren biocompatibel en leverden
geen nadelige weefselreactie vanuit de omliggende zachte en harde
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weefsels. Ook vertoonden ze goede bioreactiviteit met botingroei en
integratie van bot en cement.
16. Het toegepaste konijnemodel voor mandibulaire endoprothese vormde
geen model voor functionele belasting en kon niet gebruikt worden om te
beoordelen wat de vereisten zijn ten aanzien van cement voor een
mandibulair prothesesysteem.
17. De gemodificeerde PMMA-cementen
bezitten een verminderde
mechanische integriteit en zullen niet in staat zijn om in de huidige
samenstelling een endoprothese te fixeren.
18. De techniek voor het creëren van porositeit en voor soort en grootte van
deeltjes van de bioactieve vulling moet aangepast worden. Dit is nodig om
een botcement te maken dat voldoende mechanische sterkte behoudt om
bij te dragen aan het cementeren van een prothese, en snelle botingroei
oplevert ter verbetering van duurzame integratie.

Toekomstperspectieven
Dit proefschrift heeft aangetoond dat gebruik van botcementen in een mandibulaire
omgeving geen significant negatieve invloed heeft op de omliggende weefsels. Dit
sluit aan bij de orthopedische ervaring in de lange beenderen. Maar ook het gebrek
aan bioactiviteit van een polymethylmethacrylaat (PMMA)-cement wordt bij de
onderkaak teruggevonden, aangezien directe integratie van bot en cement
ontbreekt. Dit betekent dat een duurzaam succes van een mandibulair
endoprothese-systeem ook zal worden beïnvloed door microbeweging en
aseptische loslating. Toepassing van porositeit en bioactieve vulstoffen zijn goede
strategieën om de bioactiviteit van polymethylmethacrylaat (PMMA)-cement te
verbeteren en leiden mogelijk tot duurzaam succes. Elke wijziging in het PMMAcement levert echter een risico op voor beïnvloeding van de mechanische
eigenschappen van het cement en zijn mogelijkheid om de prothese stevig te
fixeren. De gemodificeerde PMMA-cementen die onderzocht zijn, leverden goede
bioactiviteit en integratie van bot en cement. Mechanisch waren ze echter veel
zwakker dan het oorspronkelijke PMMA-cement.
Voortbouwend op het werk van dit proefschrift, moeten daarom aanvullende
modificaties van PMMA-cement onderzocht worden. Veel parameters kunnen
aangepast worden, waaronder (I) de techniek, poriegrootte en -aantallen voor het
creëren van porositeit, (2) de soort, hoeveelheid en deeltjesgrootte van de
toegevoegde bioactieve deeltjes, en (3) de methode waarmee bioactieve deeltjes
worden ingebouwd om fixatie en blootstelling te garanderen.
Ook moet enige aandacht worden besteed aan nieuwe technologieën, zoals de
inbouw van nanodeeltjes, osteoinductieve moleculen zoals morfogenische eiwitten
afkomstig van bot en stamcellen in botcementen: zij kunnen de sleutel zijn tot het
ideale cement. Dit nieuwe cement kan vervolgens worden getest met in vitro
mechanische testen en in functionele kleine diermodellen die endoprothetische
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fixatie van de steel kunnen simuleren. Het is niet nodig om deze nieuw ontworpen
materialen te testen in een mandibulair diermodel. Naast de in vitro studies met
kunstbot, kan de femorale condyle van het konijn of de geit gebruikt worden om de
trekkracht te beoordelen met verschillende tijdsintervallen. Implantaten kunnen in
de femorale condyle geplaatst worden met een experimentele set-up zoals gebruikt
voor de in vitro-testen. Ten slotte kunnen de potentieel geschikte cementen getest
worden in het in vivo Macaca fasicularis-model voor de mandibulaire endoprothese,
zoals gebruikt in dit proefschrift. Een dergelijke aanpak bevordert de voortgang van
het onderzoek.
Een ander aspect dat verbetering verdient, is de techniek voor het cementeren. In
de afgelopen decennia heeft de techniek voor cementeren binnen het orthopedisch
veld aanpassingen ondergaan. Methoden zoals het zeer nauwkeurig prepareren van
het defect, cementkoeling, vacuümmengen, speciale apparatuur voor belasting van
cement en toepassing van druk tijdens het cementeren werden gebruikt om betere
grensvlakken te verkrijgen van prothese naar cement, cement naar bot. Ook
werden ze gebruikt om cementmantels te verkrijgen met een minimum aan
scheuren, holle ruimten en onvolkomenheden. Soortgelijke wijzigingen moeten
worden aangebracht bij onze techniek van cementeren zodat betere
cementinfiltratie ontstaat bij het omliggend poreus bot en om het ontstaan van
holtes en scheuren te minimaliseren.
Dat het ontwerp van de endoprothese van cruciaal belang was, werd bewezen door
de significante verandering van de succeskans na een verandering in de
fixatiemethode voor de modules. De oorspronkelijke prothesesteel werd in het
centrale prothesedeel vastgeschroefd waarna het geheel met een metalen pin
verblokt werd om het loskomen van de schroeven te voorkomen. Het nieuwe
ontwerp gebruikt echter een immobilisatiepin die in het centrale prothesedeel
werd geplaatst om de in elkaar grijpende verbindingen van de prothesesteel te
fixeren. Helaas was dit nieuwe ontwerp met bestand tegen de beweging en
kauwdruk van de dieren. Dit resulteerde erin dat vier van de zes dieren fistels
ontwikkelden en dat bij twee van de zes protheses de modules losraakten en
compleet faalden. Dit resultaat was aanzienlijk slechter dan dat bij de
oorspronkelijke studie waar weliswaar ook kleine schroeven loskwamen en fistels
ontstonden, maar slechts een van de acht protheses losraakte.
Gezien de negatieve gevolgen van het nieuwe endoprothese-ontwerp en de
algehele problemen bij het voorkomen van mechanisch defecten, valt het aan te
bevelen om voor ieder prothetisch ontwerp een biomechanische evaluatie uit te
voeren voor de mandibulaire krachten. Daarmee kan het ontwerp van de prothese
geoptimaliseerd worden en het gedrag bepaald worden in een realistische omgeving
van druk en spanning. Deze benadering maakt het mogelijk om op eenvoudige wijze
de vele parameters te evalueren die het welslagen van cementeren kunnen
beïnvloeden. Daarnaast zal hiermee onnodig gebruik van proefdieren voorkomen
worden. Met de eindige-elementenmethode en het doen van mechanische prooven
kunnen diverse ontwerpen getest worden, leidend tot selectie van de ideale
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combinatie die bestand is tegen de lokale krachten en de minste spanningen
veroorzaakt op het knooppunt van bot-cement-prothesesteel.
Alles overziend moet worden benadrukt dat de zoektocht naar het ideale
botcement nog lang niet voorbij is en voortgezet dient te worden. Tegelijkertijd
moeten andere aspecten van cementering bij protheses ook bestudeerd en
verbeterd worden.
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