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ABSTRACT

suited for human bone.

Development of an optimal interface between bone and orthopedic or dental implants has taken place for many years. In order to determine
whether a newly developed implant material conforms to the requirements of biocompatibility, mechanical stability and safety, it must
undergo rigorous testing both in vitro and in vivo. Results from in vitro studies can be difficult to extrapolate to the in vivo situation. For this
reason the use of animal models is often an essential step in the testing of orthopedic and dental implants prior to clinical use in humans.
This review discusses the reasons, the importance, and the research carried out in rabbits in our quest to develop a dental implant ideally
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INTRODUCTION

From a general viewpoint, the performances of implanted
materials rely on the nature of interaction mechanisms between
biomaterials and living cells.! In order to determine whether a
new material conforms to the requirements of biocompatibility
and mechanical stability prior to clinical use, it must undergo
rigorous testing under both initial in vitro and then in vivo
conditions. Testing in in vitro conditions is used primarily as
a first stage test for acute toxicity and cytocompatibility to avoid
the unnecessary use of animals in the testing of cytologically
inappropriate materials. However, in vitro characterization is
not able to demonstrate the tissue response to materials, instead
being confined to the response of individual cell lines or primary
cells taken from animals. As in case of dental implants no in
vitro cell culture system is able to produce loading that simulates
the in vivo situation. Animal models allow the evaluation of
materials in loaded or unloaded situations over potentially long
time durations and in different tissue qualities (e.g. normal
healthy or osteopenic bone) and ages. Not only the tissues in
the immediate vicinity of the implant can be assessed but also
tissues in remote locations can also be studied, which is
particularly relevant to the study of wear particle debris.
Currently, there are numerous models for testing implant
materials in vivo, ranging in purpose from the assessment of
protein adsorption and soft tissue adherence to the integration
of bone and the dissemination of implant wear particles.
According to Schimandle and Boden,? animal selection
factors include cost to aquire and care for animals, availability,
acceptability to society, tolerance to captivity and ease of
housing. The rabbit is one of the most commonly used animals
for medical research, being used in approximately 35% of

musculoskeletal research studies.® This is in part due to ease of
handling and size. The rabbit is also convenient as they reach
skeletal maturity shortly after sexual maturity at around 6 months
of age.* Guidelines are provided for the dimensions of implants
for in vivo studies, based on the size of animal and bone chosen
and on the implant design, in order to avoid pathological fracture
of the test site.” At least four rabbits and at least two of each of
the other species mentioned above should be used for each
treatment at each implantation period, though appropriate power
calculations should be performed. Long-term implantation
periods for these species are given as 12, 26, 52 and 78 weeks.
The international standard for the biological evaluation of
medical devices recommends a maximum of six implants
(3 test and 3 control implants) per rabbit. Cylindrical implants
placed into rabbit tibial and femoral diaphyseal bone should be
no larger than 2 mm in diameter and 6 mm in length (Figs 1A
and B). It is extremely important that control implants are
included in any study design. These implants should be of a
material already in clinical use and should allow the outcome
data to be related to existing products.’ The chosen implant
design will determine the experimental techniques used to
evaluate the material, in particular the mechanical testing
techniques. Common mechanical testing used on tissues
harvested from in vivo studies include torque removal tests
(screw-type implants), pull-out tests and push-out tests (screw
and cylindrical implants). These tests are used to evaluate the
strength of the interaction between the bone and implant surface.
High forces encountered during these tests indicate a good
integration between the bone and implant surface or in the case
of porous materials, a high degree of bone ingrowth into the
pores of the implant.
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Figs 1A and B: (A) Rabbit tibia before implant placement,
(B) implants inserted in rabbit tibia

BONE STRUCTURE AND HEALING

Clearly there are gross differences in the bone anatomy between
the rabbit and human both in the size and shape of the bones
and also in loading due to the instance differences between the
two species. Histologically, rabbit long bones have a very
different microstructure from humans.® In comparison to the
secondary bone structure of mature human bone, rabbits have a
primary vascular longitudinal tissue structure, comprising
vascular canals of osteons running parallel with the long axis
of the bone, surrounding the medullary canal as well as the
periosteal surface. The bone between these layers is comprised
of dense haversian bone. The maximum mean osteon diameter
described by Martiniakova et al” was 223.79 + 47.69 um with
amean minimum diameter of 50.79 +9.71 um. However, some
similarities are reported in the bone mineral density (BMD)
and subsequently the fracture toughness of mid-diaphyseal bone
between rabbits and humans.® Man and rabbit had a relatively
thick cartilage when compared with their body weight than was
found in other species (Figs 2A and B).® In comparison to other
species, such as primates and some rodents, the rabbit has faster
skeletal change and bone turnover (significant intracortical,
Haversian remodeling).*’

Albrektsson et al'” proposed six factors that have been
generally accepted as especially important for the establishment
of reliable osseointegration: Implant material, implant design,
surface quality, status of the bone, surgical technique and

the tibia. (A) Human parallel giant bundles of collagen fibers, (B) thinner
collagen fiber bundles in the rabbit

implant loading conditions. Out of these, the first three factors
are all implant related and have been investigated by various
authors. Rabbits have been used as experimental models in
various studies in the quest for determining the most rational
implant material, design and surface.

IMPLANT MATERIAL

Schmidt et al'! defined an ideal bone implant material as having
a biocompatible chemical composition to avoid adverse tissue
reaction, excellent corrosion resistance in the physiologic milieu,
acceptable strength, a high resistance to wear and a modulus of
elasticity similar to that of bone to minimize bone resorption
around the implant. The search for a suitable dental implant
that is compatible with hard and soft tissues under functional
conditions has led to the utilization of three major materials:
Inert metals, plastics and ceramics. Each of these substances
has shortcomings when measured against the properties of an
ideal implant material. Ivory rod implants were found to be
biologically unacceptable in rabbit mandibles.'? Fibrous
connective tissue capsules containing numerous multinucleated
giant cells formed around the implants. Resorption of the ivory
was also apparent. In addition, osteoid deposition and ankylosis
at the experimental sites were not evident. The possibility of
using plastic materials implanted subperiosteally in the mouth
to support a dental prosthesis on posts projecting through the
mucoperiosteum has been considered.'* In another study, adult
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rabbits were used to note the effect of dacron, ivalon, nylon
and superpolyamide implants on the surrounding tissues when
these materials were placed subperiosteally on the jaws. Nylon,
dacron and ivalon elicited continuous inflammatory and foreign-
body reactions and did not seem suitable for intraoral implants.
Superpolyamide seemed to cause a minimal foreign-body
reaction and the most fibrous reaction. It was said that the
advantage of this fibrous reaction would be to seal the projecting
parts of the implant, minimizing contamination by micro-
organisms of the mouth. Superpolyamide had many of the
features desirable in a substructure of an implant denture.
Vitallium and polymethyl methacrylate (PMMA) have been
evaluated in an animal model in which bone formation and
resorption were independent of each other.'* Not material
accelerated resorption but formation was inhibited, 12% by
vitallium and 38% by PMMA. In vivo study of bone ingrowth
and bone apposition in porous NiTi has been the subject of
much recent literature. The biocompatibility of NiTi and its
unusual mechanical properties make it a superior alloy in
monolithic, nonporous form for many bone implant applications.
These include maxillofacial and dental implants, cervical and
lumbar vertebral replacements, joint replacements, bone plates,
bone tissue engineering, spine fracture fixation, anchorage and
repair.’> No apparent adverse reaction was seen on or around
the implant area in proximal tibia of rabbit after 6 weeks, and
the ingrown bone has similar properties to the surrounding
bone.'® Shin et al'” histomorphometrically compared a
noncoated threaded zirconia implant vs a noncoated threaded
titanium implant in a rabbit model. They concluded that titanium
implants and zirconia implants share a similar degree of bone
to implant contact, though titanium implants have a higher
amount of bone between the threads as compared to zirconia.
Johansson and Albrektsson'® compared screw-shaped
titanium and niobium implant in rabbit bone. After a healing
period of three months, the removal torque analysis showed a
significantly higher removal torque to unscrew niobium implants
as compared to titanium implants. On the other hand,
histomorphometric analysis failed to find any significant
differences in bone-to-implant contact between the two
materials. The authors also compared screw-shaped implants
made from rods of commercially pure titanium (grade 1) and
titanium-aluminum-vanadium (grade 5) in rabbit tibia for
healing periods of 1, 6 and 12 months. Quantitative comparisons
of the removal torque (Ncm) necessary to loosen the implants
from the bone bed were performed. Short-term (1 month)
observations revealed no significant differences between the
two tested materials. However, after 6 and 12 months, the
commercially pure titanium implants were significantly more
stable in the bone bed as compared to the alloy samples. Bottino
et al'” evaluated the performance of Ti-13Nb-13Zr alloy
implants obtained by the hydride route via powder metallurgy
in rabbit’s tibiac. BSE-SEM evaluation after a healing period
of 8 weeks showed close contact between bone and implants.
Fluorescent labeling assessment showed high bone activity

levels at regions close to the implant surface. Silicon nitride
has also been tested as a potential candidate for clinical
applications.?? After placing SiN implants in rabbit tibiae for 8
weeks and evaluating the newly formed bone around the
implants, it was said that SiN can be used as a biomaterial.
Recently, the applicability of fiber reinforced composites (FRC)
with porous structure as an implant material has been studied.?!
After placing in rabbit femur and tibia for a period of 12 weeks
these implants showed significantly higher values as compared
to PMMA or titanium implants when subjected to push-out tests.

IMPLANT MACRODESIGN

Caravallo and Junior?? analyzed the bone response to smooth-
as-machined screw shaped implants after placement in rabbit
tibia. The stereological analysis showed a great amount of
cortical bone in the thread near the cortical bone of the tibia.
There was a minor quantity of new bone formation in the
medullary cavity. Vasconcellos et al*> studied the bone response
to porous and rough implants. The fixation and the bone
ingrowth at the interface of porous cylindrical implants (total
porosity of 37% and average pores diameter of 480 um) were
compared in Vivo to rough cylindrical implants (Ra= 5.3 pwm),
both of commercially pure titanium, made by powder
metallurgy. The implants were inserted into the tibiae of 20
rabbits and the animals were sacrificed 4 and 8 weeks after
surgery. The percentage of bone-implant contact observed in
porous implant was significantly larger than in the rough ones
for all of sacrifice periods. O’Sullivan et al** studied the
influence of implant taper on the stability of osseointegrated
titanium implants. The primary and secondary stability
characteristics of endosseous titanium implants with 1° and 2°of
taper were compared with the standard Branemark design. The
study showed that 1° of taper resulted in a better primary stability
compared with the standard Branemark design. There was no
evidence that the tapered design caused negative bone tissue
reactions. Hall et al*’ studied bone growth in implants having
macroscopic grooves. 110 and 200 um wide and 70 um deep
grooves were positioned at a thread flank of oxidized titanium
implants before placing them into rabbits for a period of 6 weeks.
The results showed that 110 and 200 um wide and 70 um deep
grooves at oxidized implant surfaces stimulated bone to
preferentially form within and along the groove in the rabbit
model. The authors suggested that implants with such a groove
may be one way to optimize implant stability in suboptimal
clinical conditions. Steigenga et al*® evaluated the effects of
dental implant thread design on the quality and percent of
osseointegration and resistance to reverse torque in the tibia of
rabbits. Each tibia received three implants of varying thread
shapes: One with a V-shaped, one with a reverse buttress, and
one with a square thread design. The rabbits were sacrificed
following an uneventful healing period of 12 weeks. The authors
found that the square thread design implants had significantly
more bone-to-implant contact (BIC) and greater reverse-torque
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measurements compared to the V-shaped and reverse buttress
thread designs, while no differences were found in radiographic
bone density assessments. They concluded that the square thread
design may be more effective for use in endosseous dental
implant systems.

IMPLANT MICRODESIGN

The surface morphology of dental implants has received
increasing attention in recent years.?”>® Macroscopic
characteristics of the implant surface influence cellular events
present at the bone biomaterial interface and are critical for the
long-term survival of the implant.?® The cells have been
demonstrated to be sensitive to microtopography. Osteoblasts
showed an initial attachment to rough titanium (T1i) surfaces,
and further Ti surface roughness has been shown to affect
osteoblast proliferation and differentiation.”®?’ Surface blasting
is a process by which metal surfaces are treated with different
types of materials (aluminum oxide, titanium oxide, etc.) to
provide an irregular surface.*® Blasted surfaces show a rough
irregular topography with numerous randomly oriented rough
features. Surface blasting, in addition to increasing the surface
roughness, removes surface contaminants and increases surface
reactivity of the metal.>' Also, a significantly higher torque was
required for the removal of blasted implants.*! Gotfredsen
et al** found that more bone came into contact with the implant
surface when using titanium dioxide (Ti0,) —blasted implants
rather than as-machined, turned ones. The release of ions from
the roughened implant surface has also been tested in rabbits.
No negative effects from aluminum (Al) ions were seen on the
peri-implant bone tissues, even if blasted surfaces contained a
significant amount of aluminum, most probably because with
blasted implants only a limited and transient release of Al ions
occurs.*? Wennerberg et al** found no correlation between ion
release and surface roughness levels of commercial implants.
Rabbit bone has also been used to compare the
osseointegrative capabilities between implants modified by
anodization and acid etching and machined implants. Dual acid-
ethched implants have demonstrated enhanced bony anchorage
in rabbit bone when compared with machined implants.**-7 It
is thought that a irregular porous surface structure in the
nanometer to micron level is favorable to mechanical
interlocking between bone tissue and implant surface. Hansson
and Norton®® pointed out that the optimization of roughened
surface parameters on the microscopic scale depended on the
size, cross-sectional and opening shape, and density of
micropits. They came to a conclusion that among the common
shapes studied, half-spherical micropits showed the highest
retentive capacity, 1-5 pm in diameter being the optimal size
with the highest pit affectivity factor. Buser et al** confirmed
that the implants with a sandblasted and acid-etched (SLA)
surface yielded a higher mean RTQ than the machined implants.
A higher degree of bone-to-implant contact has also been
demonstrated when titanium implants with anodized surface
are placed in rabbit bone as compared with non-anodized

implants.**4? Elias et al** observed that the implant surface
morphology affects titanium biocompatibility and cell function.
The surface roughness changes the cells’ adhesion force to the
surface and modifies the connection between them. The force
of the union of the cells to the surface can be modified by the
presence of different cells, which are more numerous when
fibronectin exists on the surface. The shape of the cells regulates
their growth, genetic expression and secretion of proteins. It
also modifies differentiation and cellular death. The roughness
levels can influence osteoblast and osteoclast formation.
Hydroxyapatite- coated and plasma-sprayed implants showed
a better bone response when placed in rabbit bone.***” Bone
formation has also been found to be better around laser textured
implants in rabbits *54

SUMMARY

The development and modification of dental implants has taken
place for many years in an effort to create an optimal interaction
between the body and the implanted material. The goal of
achieving an optimal bone-implant interface has been
approached by the alteration of implant surface topography,
chemistry, energy and charge, as well as bulk material
composition. The features relating to implant safety, such as
avoidance of adverse tissue reaction and resistance to wear and
corrosion, are of high clinical significance for implants used in
long-term clinical situations in both human and veterinary
medicine as there have been some links between prolonged
exposure to nonbiocompatible materials and neoplastic tissue
responses. In order to determine whether a new material
conforms to the requirements of biocompatibility and
mechanical stability prior to clinical use, it must undergo
rigorous testing under both initial in vitro and then in vivo
conditions. In vitro testing is popular for the characterization
of bone-contacting materials, particularly as medical
researchers embrace the principles of animal reduction.

It is accepted that in vitro testing be used primarily as a
first stage test for acute toxicity and cytocompatibility to avoid
the unnecessary use of animals in the testing of cytologically
inappropriate materials. Animal models allow the evaluation
of materials in loaded or unloaded situations over potentially
long time durations and in different tissue qualities (e.g. normal
healthy or osteopenic bone) and ages. Not only the tissues in
the immediate vicinity of the implant can be assessed but also
tissues in remote locations can also be studied, which is
particularly relevant to the study of wear particle debris.

Rabbits are one of the most commonly used animals in
contemporary research for the most suitable dental implant.
Even though the resemblance between rabbit and human bone
is very less, they still are used very commonly due the ease of
handling and size and their rapid achievement of sexual maturity.
However, differences between healing rates in animal models
and humans, variance of bony sites and implant parameters,
and variability of biomechanical tests and conditions prevent
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direct correlation of these histomorphometric and biomechanical
results to the prediction of clinical results.
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