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Abstract

Background: Dental implants are considered the gold standard replacement for missing natural teeth. The suc-
cessful clinical performance of dental implants is due to their ability to osseointegrate with the surrounding bone.
Most dental implants are manufactured from Titanium and it alloys. Titanium does however have some shortcom-
ings so alternative materials are frequently being investigated. Effective preclinical studies are essential to transfer
the innovations from the benchtop to the patients. Many preclinical studies are carried out in the extra-oral bones of
small animal models to assess the osseointegration of the newly developed materials. This does not simulate the oral
environment where the dental implants are subjected to several factors that influence osseointegration; therefore,
they can have limited clinical value.

Aim: This study aimed to develop an appropriate in-vivo model for dental implant research that mimic the clinical
setting. The study evaluated the applicability of the new model and investigated the impact of the surgical procedure
on animal welfare.

Materials and methods: The model was developed in male New Zealand white rabbits. The implants were inserted
in the extraction sockets of the secondary incisors in the maxilla. The model allows a split-mouth comparative analy-
sis. The implants’ osseointegration was assessed clinically, radiographically using micro-computed tomography (u-CT),
and histologically. A randomised, controlled split-mouth design was conducted in 6 rabbits. A total of twelve implants
were inserted. In each rabbit, two implants; one experimental implant on one side, and one control implant on the
other side were applied. Screw-shaped implants were used with a length of 8 mm and a diameter of 2 mm.

Results: All the rabbits tolerated the surgical procedure well. The osseointegration was confirmed clinically, histologi-
cally and radiographically. Quantitative assessment of bone volume and mineral density was measured in the peri-
implant bone tissues. The findings suggest that the new preclinical model is excellent, facilitating a comprehensive
evaluation of osseointegration of dental implants in translational research pertaining to the human application.

Conclusion: The presented model proved to be safe, reproducible and required basic surgical skills to perform.
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Clinical relevance

«+ Scientific rationale for the study: the use of in-vivo
models to assess a new dental implant is essential to
study osseointegration, inflammation or immunolog-
ical reactions within a live model. Animal model is a
crucial step for translational research and is challeng-
ing both technically and biologically. Most of in-vivo
studies evaluated the oral implants in long bones,
which is not relevant to clinical application,

+ Principal findings: we successfully introduced a new
model for dental implants investigation in rabbits’
maxilla, which solves the issues associated with pre-
vious models,

« Practical implications: to explore biological effi-
cacy of modified implants, an appropriate model is
required that resembles the clinical situation before
considering human applications.

Background
The replacement of missing teeth with dental implants
is considered the gold standard approach for oral reha-
bilitation [1]. Despite the significant success rates of the
currently-used dental implants, researchers are explor-
ing new materials and investigating the effects of sur-
face modifications (micro-geometries) on direct bone
formation around implants in the maxilla and mandible
“osseointegration” [2, 3]. Several new materials have been
approved for the fabrication of dental implants; how-
ever, some have been tested in preclinical models that
do not completely replicate the clinical environment.
Multiple large animals have been previously considered
for the preclinical assessment of the osseointegration
of dental implants, these include; dogs, pigs, sheep and
non-human primates [4]. There are major drawbacks
which limit the routine use of large animals to asses of
the osseointegration of dental implants such as; expense,
limited availability, handling difficulties, need for special-
ized housing centers and specially trained staff as well as
ethical considerations related to protected species [4-7].
Moreover, there is a risk of cross-infection of tubercu-
losis and other zoonotic diseases [6, 8]. Small animals,
in comparison, are easier to handle, less expensive to
acquire and maintain and have a satisfactory bone turno-
ver rate to study osseointegration [6, 9]. They also do not
require specialized housing and are available in athymic,
transgenic and knockout strains [10].

Rabbits are mammalian animals which are bio-
logically comparable to humans [11]. The rabbit’s
maxilla is similar in morphology to the human one;
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embryologically it develops by intramembranous ossi-
fication. Another added advantage is the fact that the
rabbit is classified as a small animal and so can be
housed in a small animal facility, but it is large enough
to allow the testing of the osseointegration of den-
tal implants. Rabbits are considered a reliable model
for studies related to bone regeneration, periodontal
wound healing and the integration of dental implants
[10-16].

The available evidence suggests that osseointegration
of oral implant is substantially dissimilar from osseoin-
tegration in long bones [17]. At present many preclini-
cal investigations of dental implants are carried out in
the long bones and the cranium [18-25]. These are of a
limited clinical application because the oral cavity rep-
resents a challenging environment for implant osseoin-
tegration; thus, dental implants should be tested in the
maxilla and mandible to investigate the impact of the
saliva, oral microbiology and the biting forces on the
osseointegration process [17]. Therefore, there is a need
to develop a clinically valid experimental model for the
testing of dental implants [9].

Our goal was to recapitulate the unique environment
of implant osseointegration in the oral cavity using a
rabbit model for future dental implants research. Ana-
tomically, the two primary maxillary incisors are fully
erupted on the anterior part of the rabbit maxilla, in
addition, two secondary incisors are barely visible on
their palatal surface and are known as peg teeth (Fig. 1).
The lower incisors occlude against these secondary
incisors. The main function of the secondary incisors is
controlling the overeruption of the lower incisors and
shaping their edges [26]. Hypothetically, the extrac-
tion of these secondary incisors will not affect the ani-
mal welfare and simultaneously subject the implants to
indirect load from the lower incisors.

In the presented study, the implants were inserted in
the extraction sockets of the secondary incisors in the
maxilla. The model allows a split-mouth comparative
analysis. In order to validate the experimental method
and the sample size, the pilot study was conducted.

Materials and methods

Ethics approval

Approval was obtained from the Animal Welfare and
Ethical Review Board of the University of Glasgow and
licensed by the UK Home Office under the (Animals
(Scientific Procedures Act) 1986). The in-vivo study
was carried out at the Small Animals Research Unit-
Biological Services, University of Glasgow. All animal
husbandry regulations and ARRIVE guidelines for pre-
clinical studies were followed.
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in the sockets of the extracted secondary incisors

Fig. 1 Cadaveric maxilla of rabbit. a lllustration of position of the secondary incisors behind the primary incisors. b The proposed implant positions

Animals

This study was carried out on 6 male New Zealand
white rabbits, the weight of each one ranged from 2.8 to
3.7 kg. The rabbits, provided by Envigo, UK, were accli-
matized for two weeks before surgery. Each rabbit was
housed separately in a standard cage and maintained in
a room with controlled temperature under 12 h light-
dark cycles.

Sample size calculation
The resource equation method was used to estimate the
required number of animals [27]:

E = total number of observations — total number of groups.

1)

E= (12)-2 = 10, which is considered an adequate
sample size according to Festing and Altman [28].

Study design

A randomized, controlled, split-mouth study was per-
formed. In each rabbit, two implants were inserted;
an experimental implant on one side, and a control
one on the other side. These were randomly assigned
to the right and left extraction sockets of the second-
ary maxillary incisors (Fig. 1) using a computer rand-
omization programme. A total of twelve implants were
inserted in 6 rabbits. The implants were screw shaped
mini-implants, 8 mm in length and 2 mm in diameter.
The experimental implants were made of medical-grade
polyetheretherketone material provided by Invibio
Biomaterial Solutions, UK and the implants were

manufactured by Ensinger, UK. The titanium implants
(controls) were supplied by Cimplant Co., Seoul, Korea.

Anaesthesia

The rabbits were anaesthetised by subcutaneous (SC)
injection of Narketan (ketamine) (15 mg/kg) and Domi-
tor (medetomidine) (0.25 mg/kg). After 10 min, an oral
endotracheal tube was inserted and fixed on the right
side around the mandible and the neck using a bandage.
Ophthalmic lubricant Viscotears Liquid Gel was applied
on both eyes. General anaesthesia was maintained
using isoflurane and oxygen at a ratio of 1:1. To reverse
the muscle relaxant action, Antisedan (atipamezole)
(0.25 mg/kg) was injected intramuscularly (IM) and an
infraorbital nerve block were administered (Additional
file 1: Fig. S1). Body temperature was monitored pre- and
postoperatively, as well as for three days postoperatively
using a rectal digital thermometer.

Implementation of the surgical model
The surgical technique was developed, refined, and final-
ized following preliminary cadaveric experimentation.

A throat pack was inserted to secure the endotracheal
tube in place and minimize the leakage of oral fluids.
Oral disinfection was done using chlorhexidine solution
Vetasept (Chlorhexidine Gluconate 0.5 % Surgical Scrub
Solution Animalcare Ltd, York, UK). The surgical site was
draped in the standard manner (Additional file 1: Fig.
S1). Local anaesthesia was injected in the palatal mucosa
using 2% Xylocaine DENTAL with epinephrine 1:80,000,
(DENTSPLY Pharmaceutical, York, UK). The secondary
incisors were luxated using a 19-gauge needle to sever
the periodontal ligaments around the teeth and to reduce
the chance of root fracture (Fig. 2a, b). A rectangular
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Fig. 2 Operative protocol. a Secondary incisors (arrows). b Secondary incisors luxated with a 19-gauge. ¢ H-shape flap design. d Extraction
performed using root forceps. e Alternative extraction method using college tweezers. f Extraction sockets (arrows) and extracted secondary
incisors at upper left corner. g Final placement of implants in the maxilla. h Reflected flap closed primarily using bio-absorbable sutures
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palatal flap was raised (approximately 1 cm x 0.8 cm
x 1 ¢cm) from the first premolar of one side to the con-
tralateral first premolar by performing a full-thickness
incision in the palatal mucosa with a No.15 blade, the
mucoperiosteal flap was raised using a periosteal eleva-
tor to expose the bone. An H-shape flap was obtained by
cutting anterior releasing incisions which were extended
labially (Fig. 2c). The loosened secondary incisors were
extracted using college tweezers or root forceps (Fig. 2d,
e). The primary incisors were trimmed 5 mm from the
incisal edge using a fissure carbide bur which facilitated
the insertion of the dental implants parallel to the lon-
gitudinal axis of the secondary incisor. Fractures of the
roots of the secondary incisors during the extraction was
one of the challenges of the surgical technique which was
managed with the delicate application of a 19-gauge nee-
dle to luxate and cut the periodontal ligament around
these incisors and drilling of the remaining root frag-
ments using a fissure bur if fracture happened.

The extraction sockets were prepared using a low-
speed 1.5 mm twist drill to a depth of 8 mm under
copious saline irrigation. The implants were inserted
manually in the prepared sockets (Fig. 2g). Primary sta-
bility was determined clinically, the mobility was checked
using a dental probe, the implants were immobile and
achieved primary stability within the sockets. The muf-
fled sound on percussion conformed the primary stability
of the implants. Before suturing, the surgical site was irri-
gated with saline. The reflected flap was sutured primar-
ily over the implants using bio-absorbable sutures (Vicryl
Rapide suture, Ethicon) size 3-0 in an interrupted man-
ner (Fig. 2h). The surgical procedure for each rabbit took
between 20 and 30 min.

Analgesia and postoperative care

Following surgery, the rabbits were housed in a recovery
cage overnight then were returned to their standard cage
the next day. They were inspected daily in the postopera-
tive period for the assessment of behavioral changes indi-
cating distress, and the weight was recorded. The signs of
pain and discomfort postoperatively were assessed using
the rabbit grimace scale, the necessary analgesia was pro-
vided following consultation with the Named Veterinary
Surgeon (NVS) of the unit. Soft food was provided dur-
ing the first three postoperative days followed by gradual
introduction of semi-solid diets.

The rabbits were humanely euthanatized after eight
weeks with an overdose of pentobarbitone sodium
(140 mg/kg) according to the Schedule 1 method. The
euthanasia of the animals occurred in seconds, which
was confirmed by cardiac arrest and cessation of invol-
untary reflexes. The maxillae were explanted and the sur-
rounding soft tissue was dissected from the bone (Fig. 5).
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Bone formation around the dental implants was evalu-
ated using u-CT followed by histological assessment.

Micro-computed tomography and histological
assessments

The anterior part of the maxilla was harvested, fixed in
10% formaldehyde solution, then dehydrated in a series
of graded ethanol before resin embedding. Following
fixation, the bony segments with the dental implants
were imaged using micro-computed tomography (u-CT).
Micro-CT images of bone samples were obtained using a
SkyScan 1072 scanner (Bruker, Germany), SHT 11 Meg-
apixel camera and a Hamamatsu 80 kV (100 pA) source at
80 kV, 1050 msec (exposure time), 6.75 um (resolution),
0.2° (rotation step), and 180° (rotation angle). No filter
was applied to the X-Ray source. The three-dimensional
regenerated bone was reconstructed from micro-CT
images using the CTAn software package (Skyscan). An
annular region of a thickness of 100 um from the implant
surface was considered the region of interest (ROI),
parameters such as percent bone volume (BV/TV) and
bone mineral density (BMD) were measured. Measure-
ments of the bone density were based on two phantoms
of calcium hydroxyapatite (CaHA) with known mass con-
centrations of 0.25 g/cm3 and 0.75 g/cm3 were scanned
under the same scanning setting. This allowed the cali-
bration of the attenuation of the study samples based on
the linear interpolation between the two known densi-
ties. The BV/Total Volume (TV) was calculated using the
formula: BV/TV (%) = bone volume in the band / total
tissue volume of the selected band. After complete curing
of the resin, the specimens were sectioned using a preci-
sion saw, into blocks of a thickness of 200 um. The blocks
were trimmed to 50pum for histological assessment.

Statistical analysis

All quantitative data are expressed as mean =+ stand-
ard deviations. Statistical analysis was performed using
GraphPad Prism 8 software. Normal distribution was
tested using Shapiro-Wilk normality test followed by
two-tailed paired t-test for parametric data and Mann-
Whitney U test for non-parametric data. Statistical sig-
nificance was accepted at p < 0.05.

Results

Clinical findings

The surgical procedures were completed uneventfully
in the 6 cases. All cases recovered well with minimal
postoperative complications. All rabbits started to eat
normally and regained > 96% of their preoperative
weight at one week postoperatively (Fig. 3). The weight
loss was associated with pain and inability to eat. All
rabbits recovered by the third week and regained their
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Fig. 3 Chart of individual bodyweight of rabbits during the study
period

preoperative weight and behaviour. The surgical site
was accessible for inspection and was regularly moni-
tored during the healing period allowing for main-
tenance of oral hygiene (Fig. 4). The upper primary
incisors regrew to their average length within ten days
postoperatively. The implants remained submerged
and covered by healthy gingiva throughout the study
period. None of the cases encountered unexpected
implant failure or developed wound dehiscence around
the implants or any signs of infection.

Fig. 5 Gross examination of the retrieved bone sample. a Close-up
of lateral view of explanted anterior maxilla of one of the cases
illustrating the complete bone coverage of both implants. b Close-up

S Pl s view showing no bone overgrowth nor marginal bone resorption
Fig. 4 Clinical image demonstrating complete healing with healthy around both implants. ¢ Superior view showing intact bone with no
gingival coverage in one of the cases postoperatively bone perforation by the implants
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Gross examination of the retrieved bone sample

and implants

The colour and texture of the gingival tissue appeared
healthy and did not reveal signs of inflammation or
any adverse tissue response. In all the cases, no fibrous
tissue was found around both implants (Fig. 5). Upon
dissection of the soft tissues, no bony overgrowth
nor marginal bone resorption was observed around
the implants. All implants were stable and immobile,
which provided a preliminary indication of osseointe-
gration. The stability was tested clinically by evaluat-
ing the mobility of the implants using a dental probe
and listening for the muffled sound normally heard on
percussion of osseointegrated implants [29].

Page 7 of 12

Micro-CT analysis

The reconstructed 3D images of the p-CT scans clearly
demonstrated the position of the implants in the max-
illa and showed close contact, with no fibrous tissue,
between the implants and the surrounding bone (Fig. 6).
The u-CT captured the implants’ location and allowed
for the comparison of the two different implants simulta-
neously (Fig. 6b). The p-CT assessments demonstrate no
signs of infection or implant failure in any of the cases. In
the current model, the contact between implants and sur-
rounding bone is evaluated in three dimensions (Fig. 6b—
d). Upon closer inspection, the bone tissue was on direct
contact with implants’ surface showing homogeneous
radiodensity along the implant-tissue interface. The
newly formed tissue in direct contact with the surface of
the experimental implant has the same micro-structure
and radiopacity to the rest of the jaw bones and similar

Fig 6 The radiographic images demonstrating the position of the implants in the presented model. a Three-dimensional reconstruction of the
model in cadaveric rabbit using X-ray computed tomography system (XCT). b Representative microtomographic axial slice of the u-CT image
from rabbit maxilla. ¢ Representative microtomographic sagittal slice of the u-CT image from rabbit maxilla in colour scale. d Representative
microtomographic coronal slice of the p-CT image
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to the bone around the control implants. Therefore, it is
not unreasonable to conclude that the formed tissue on
the implants’ surface is bony in nature, thus confirms the
osseointegration of the implants.

Quantitative analysis of pu-CT data reveals that the
mean bone mineral density (BMD) of the peri-implant
bone was 0.32 + 0.04 g.cm™® for the experimen-
tal implants and 0.45 + 0.15 g.cm™2 for the control
implants (Fig. 7a, b), the difference was not statisti-
cally significant; t(5) = 2.5, (P = 0.05) with a moderate
non-significant correlation coefficient between the two
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groups within the same animal (r = 0.39, P = 0.22). The
percentage of peri-implant bone volume (BV/TV) was
19.7 £ 3.7 % for the experimental implants which is not
statistically significant than that in the control group,
which was 15.8 + 7.5 %; t(5) = 1.77, (P = 0.14). A posi-
tive strong correlation was detected for bone formation
related to the tested and control implants (r = 0.73,
P = 0.05). There was a consistent increase of BV/TV in
the experimental implant to the control implant of each
rabbit (Fig. 7d). There were no statistical differences in
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Fig. 7 The Quantitative p-CT analysis. a Bone mineral density (BMD) data are presented as mean =+ SD and were analyzed with paired t-test. No
statistical differences were seen between the two types of dental implants. b Results of paired t-tests of BMD demonstrating the pattern of the
relationship between the experimental and titanium implants. The pair of implants inserted in anterior maxilla of each rabbit are connected by a
line. ¢ Data are presented as mean =+ SD and were analyzed with paired t-test. No statistical differences were seen between the two types of dental
implants. d Results of paired t-tests of BV/TV demonstrating the pattern of the relationship between the experimental and titanium implants. The
pair of implants inserted in anterior maxilla of each rabbit are connected by a line, ns = not significant
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osseointegration at 8 weeks between experimental and
control implants in rabbit maxilla.

Undecalcified bone sectioning was achievable paral-
lel to the long axis of the implants. Both implants were
centralized in the bone, demonstrating direct bone tissue
attached to the implants (Additional file 1: Fig. S2).

Collectively, the presented model allowed for the evalu-
ation of the bone-implant interface in three dimensions.
The three-dimensional CT of the maxilla showed the
location of the two implants clearly, without overlap facil-
itating for the comparative analysis of different implants.

Discussion

The primary goal of this research was to develop a reli-
able animal model to test the osseointegration of dental
implants that overcomes the limitations of previous stud-
ies. To our knowledge, the presented model is the first to
report on the application of a split-mouth design in rab-
bits for testing the osseointegration of dental implants in
the maxilla.

Our findings provide a new perspective on the clini-
cal simulation of the osseointegration model in in-vivo
that is relevant to many therapeutic areas, including oral
implantology, periodontology, prosthodontics, and max-
illofacial surgery. In contradistinction to previous studies,
our preclinical model provides a unique and reproduc-
ible preclinical setting to assess implant healing process
utilizing a clinically relevant environment. The presented
animal model allows the understanding of how the pro-
cess of osseointegration is influenced by the environment
of the oral cavity, including the presence of saliva and its
associated microorganisms, during the surgery as well as
the indirect forces of mastication. This better simulates
the actual clinical scenario. Furthermore, it standardized
the environmental and biological factors that may impact
on the quality and pattern of bone regeneration around
dental implants within the same animal [30, 31]. The
model is also readily adaptable in medical conditions that
may affect bone healing, such as diabetes and osteopo-
rosis [32, 33]. One drawback of the current model is the
fact that the implants are left submerged and not directly
communicating with the oral environment. However,
the submerge protocol is one of the available surgical
approaches for dental implants [34]; it would be benefi-
cial to evaluate the osseointegration in a non-submerged
setting. Future studies should explore the development of
abutments that would fit on these implants to allow for
complete replication of the clinical picture.

All animals regained their preoperative weight within a
short period of time. The surgical site was easily acces-
sible through the conventional intraoral approach. There
was minimal blood loss and low morbidity compared to
other dental implant models as no extraction of primary
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teeth, lateralization of the inferior alveolar nerves or
excessive bone removal were required [16, 35-42]. The
presented model was designed considering the three
fundamental principles of animal research; replacement,
reduction and refinement. Also, the rabbits were consid-
ered to be a cost-effective animal model in comparison to
larger animals [9].

Several animal models have been considered for the
evaluation of dental implants and the testing of osseoin-
tegration, these include mice, rats, rabbits, dogs, mini-
pigs and sheep [3, 23, 43—45]. However, in many of these
models the implants were placed in extraoral locations.
Dental implants have been placed in the extraction sock-
ets of the rabbit mandibular teeth by a handful of authors
[16, 37, 39-42]. Munhoz et al. in 2017 evaluated the
impact of xenograft (Gen-Ox) on the osseointegration of
dental implants after the extraction of the lower incisors
bilaterally [16]. The removal of the lower incisors may,
however, have compromised the animal welfare, the rab-
bits are lagomorph animals which are entirely herbivo-
rous, and the lower incisors are crucial for chewing and
biting of food [26].

Despite the close similarity, differences between the
human and rabbit maxilla with regards to bone compo-
sition, mineral density and fracture toughness exist [46,
47]. Nonetheless, the intramembranous bone healing is
similar in the two species [4, 14, 48]. In this model, the
insertion of the dental implant in the maxilla was ideal in
that it allowed for the evaluation of trabecular bone heal-
ing compared to the mandible and calvarial bones which
are made up of compact bone [14]. The rabbit’s maxilla
has sufficient bone height and width for the placement of
custom implants. The placement of implants in this ana-
tomical region allows for the indirect mechanical loading
of the tested implants from the biting forces of the lower
incisors which is comparable to the clinical scenario and
essential for studying osseointegration. No extraction of
the primary teeth is required (only secondary incisors);
therefore, the surgical trauma is minimal, and the ani-
mal welfare is not compromised. Based on the rat model
used for orthopedic research, the optimum bone volume
required for implant stability is 1 mm around an implant
with a diameter of 2.6 mm, in tibial bone of approxi-
mately 5 mm width [18, 49]. According to the findings of
the cadaveric experimentation, the available bone in the
premaxilla allows placement of implants up to 8 mm in
length and 2 mm diameter without damaging the adja-
cent primary incisors. The implant diameter for the pre-
sented model was 2 mm which is commercially available
for orthodontic skeletal anchorage [50]. The results did
not show bone resorption or exposure of the implant
threads upon clinical and radiographical examination;
this confirms that the thickness of the bone, size of the
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implant and socket dimension were suitable for the pre-
sented study. It has been shown that bone remodeling of
the extraction socket walls during healing is essential for
the initial stability of the immediate implants. However,
initial bone resorption of the extraction socket during
bone remodelling may cause the early loss of the dental
implant [51]. Therefore more than 1 mm thickness of the
bone is recommended to avoid failure of osseointegration
[52-54].

The presented approach, a split-mouth design, allows
two different types of dental implants to be tested simul-
taneously. This, eliminated anatomical variations, and
avoided bias in the assessment of osseointegration and
the inter-subject variability [30]. This also resulted in a
reduction of the number of the rabbits needed for the
study by 50% which follows the recommendations of the
international guidelines for preclinical studies. Further-
more, the experimental implant can be easily randomly
allocated to one side of the maxilla [30]. The accessibility
of the anterior part of the maxilla facilitated the surgical
procedure and reduced the realted morbidity.

The quantitative u-CT parameters used in this study
which were measures of BV/TV and BMD are indica-
tors of the bone healing and osseointegration of dental
implants. These are standard parameters used by sev-
eral studies evaluating osseointegration [1, 55], or bone
regeneration around the implants [56, 57]. The nature of
in-vivo investigation mandates minimizing the number of
animals as possible to draw a conclusion; however, larger
numbers may prove actual differences and give more sta-
tistical power. Based on the data obtained from this pilot
study, the sample size calculation can be performed for
future studies.

One of the constraints for this model is the limited
number of histological sections that can be obtained
parallel to the longitudinal axis of the implant due to its
small diameter (2 mm), this could be overcome with,
multiple cross-sectional cuts. A minimum of 3-4 his-
tological slices per implant is recommended for the 3D
prediction of bone-implant contact in histological studies
[58].

This model could also allow for the evaluation of
osseointegration in compromised environments such
as poorly controlled diabetes, osteoporosis and other
immunocompromised conditions [32, 33, 59].

Conclusions

The presented innovative model for the assessment
of the osseointegration of dental implants in the rab-
bit maxilla is safe, reproducible, can be standardized,
requires minimal surgical skills, is readily achievable
with basic instrumentation and is simple to implement.
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The postoperative morbidity is minimal and has no
associated mortality. It provides easy access to the
surgical site, enables testing of the osseointegration
within the maxilla and under indirect mechanical bit-
ing forces. This suggests that it may be a useful model
for future preclinical implant assessment, particularly
if abutments are developed to allow for direct commu-
nication of the implants with the oral environment.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-021-02944-w.

Additional file1: Figure S1. Preoperative Protocol. (a) Oral intubation
and tube fixation method around the lower jaw. (b) Ophthalmic lubricant
application. (c) Infraorbital nerve block. (d) The rabbit is draped in univer-
sal manner. Figure S2. Gross assessment of one of the explanted maxillae
during preparation (cut with precision saw) for histological assessment. (a,
b) The bone tissue appeared well integrated with both implants. No gap
was visible between the host bone and the implants in these unstained
histological sections.

Acknowledgements

The authors are grateful to the College of Medical, Veterinary and Life Sciences
for providing technical support for their help and assistance in providing

the animals in the cadaveric stage. The authors would also like to thank Dr.
Alice Macente for her generous help with the XCT imaging of the cadaveric
model. We acknowledge the valuable support of the Centre for Ultrasonic
Engineering, University of Strathclyde for the p-CT facilities used in this
research specifically Prof. James Windmill and Dr. Andrew Reid. Also, we thank
Prof. Gordon Blunn for his expertise and help with the histological sectioning
of the samples. The authors would like to thank KSU Deanship of Scientific
Research for funding and supporting this research through the initiative of
DSR Scholarship.

Authors’ contributions

NA, KN and AA designed the study. NA and KN performed the cadaveric pro-
cedure. NA defined the final protocol. NA, KN and AA were responsible for the
in-vivo surgery and performing the procedure. MD and NA carried out general
anaesthesia and post-operative care. MD took the intraoperative photographs.
NA prepared the manuscript. KN and AA were responsible for revising the
manuscript critically for valuable intellectual contents. All authors have read
and approved the final manuscript.

Funding

This study is supported by a studentship for one of the authors from King
Saud University (KSU) through the Deanship of Scientific Research (DSR)
Scholarship, Saudi Arabia.

Availability of data and materials
The datasets of this study are available from the corresponding author upon
request.

Declarations

Consent for publication

We confirm that the manuscript has been read and approved by all named
authors and that there are no other persons who satisfied the criteria for
authorship but are not listed. We further confirm that the order of authors
listed in the manuscript has been approved by all of us.

Competing interests
The authors declare that there is no known financial conflict of interest.


https://doi.org/10.1186/s12967-021-02944-w
https://doi.org/10.1186/s12967-021-02944-w

AlOtaibi et al. J Transl Med (2021) 19:276

Author details

'Department of Oral and Maxillofacial Surgery, Glasgow University Dental Hos-
pital and School, 378 Sauchiehall Street, Glasgow G23JZ, UK. “Oral and Maxil-
lofacial Surgery, King Saud University, Riyadh 11362, Saudi Arabia. 3Institute

of Cardiovascular and Medical Sciences, University of Glasgow, Glasgow G12
8QQ, UK.

Received: 30 April 2021 Accepted: 15 June 2021
Published online: 28 June 2021

References

1. Zhou P He F, Liu B, Wei S. Nerve electrical stimulation enhances osseoin-
tegration of implants in the beagle. Sci Rep. 2019;9(1):1-7.

2. Alghamdi HS. Methods to improve osseointegration of dental implants in
low quality (type-IV) bone: an overview. J Funct Biomater. 2018;9(1):7.

3. Scarano A, Crocetta E, Quaranta A, Lorusso F. Corrigendum to: Influence
of the thermal treatment to address a better osseointegration of Ti6AI4V
dental implants: histological and histomorphometrical study in a rabbit
model. Biomed Res Int. 2018. https://doi.org/10.1155/2018/2349698.

4. Kantarci A, Hasturk H, Van Dyke TE. Animal models for periodontal regen-
eration and peri-implant responses. Periodontol 2000. 2015;68(1):66-82.

5. Struillou X, Boutigny H, Soueidan A, Layrolle P. Experimental animal mod-
els in periodontology: a review. Open Dent J. 2010;4(1):37-47.

6. Pearce Al, Richards RG, Milz S, Schneider E, Pearce SG. Animal mod-
els for implant biomaterial research in bone: a review. Eur Cell Mater.
2007;13(1):1-10.

7. Coelho PG, Granjeiro JM, Romanos GE, Suzuki M, Silva NRF, Cardaropoli
G, et al. Basic research methods and current trends of dental implant sur-
faces. J Biomed Mater Res Part B Appl Biomater An Off J Soc Biomater Jpn
Soc Biomater Aust Soc Biomater Korean Soc Biomater. 2009;88(2):579-96.

8. Schou S, Holmstrup P, Kornman KS. Non-human primates used in studies
of periodontal disease pathogenesis: a review of the literature. J Peri-
odontol. 1993;64(6):497-508.

9. Oortgiesen DAW, Meijer GJ, de Vries RBM, Walboomers XF, Jansen JA.
Animal models for the evaluation of tissue engineering constructs. In:
Norbert P, Christoph VS, editors. tissue engineering. Berlin: Springer; 2011.

10. Moran CJ, Ramesh A, Brama PAJ, O'Byrne JM, O'Brien FJ, Levingstone TJ.
The benefits and limitations of animal models for translational research in
cartilage repair. J Exp Orthop. 2016;3(1):1-12.

11. Naudi KB, Ayoub A, McMahon J, Di Silvio L, Lappin D, Hunter KD, et al.
Mandibular reconstruction in the rabbit using beta-tricalcium phosphate
(B-TCP) scaffolding and recombinant bone morphogenetic protein 7
(rhBMP-7)—nhistological, radiographic and mechanical evaluations. J
Craniomaxillofac Surg. 2012;40(8):e461-9.

12. Alfotawei R, Naudi KB, Lappin D, Barbenel J, Di Silvio L, Hunter K, et al. The
use of TriCalcium Phosphate (TCP) and stem cells for the regeneration
of osteoperiosteal critical-size mandibular bony defects, an in vitro and
preclinical study. J Craniomaxillofac Surg. 2014;42(6):863-9.

13 Alfotawi R, Ayoub AF, Tanner KE, Dalby MJ, Naudi KB, McMahon J. A
novel surgical approach for the reconstruction of critical-size mandibu-
lar defects using calcium sulphate/hydroxyapatite cement, BMP-7 and
mesenchymal stem cells-histological assessment. J Biomater Tissue Eng.
2016,6(1):1-11.

14. Stubinger S, Dard M. The rabbit as experimental model for research
in implant dentistry and related tissue regeneration. J Investig Surg.
2013,26(5):266-82.

15. Caiazza S, Taruscio D, Ciaralli F, Crateri P, Chistolini P, Bedini R, et al.
Evaluation of an experimental periodontal ligament for dental implants.
Biomaterials. 1991;12(5):474-8.

16 Munhoz EA, Bodanezi A, Cestari TM, Graeff MSZ, Ferreira O, De Car-
valho PSP, et al. Impact of inorganic xenograft on bone healing and
osseointegration: an experimental study in rabbits. Implant Dent.
2017,26(6):875-81.

17. Mouraret S, Hunter DJ, Bardet C, Brunski JB, Bouchard P, Helms JA.

A pre-clinical murine model of oral implant osseointegration. Bone.
2014;58:177-84.

18. Stadelmann VA, Potapova |, Camenisch K, Nehrbass D, Richards RG, Mori-
arty TF, et al. In vivo MicroCT monitoring of osteomyelitis in a rat model.
Biomed Res Int. 2015. https://doi.org/10.1155/2015/587857.

20.

21.

22.

23.

24.

25.

26.

27

28.

29.

30.

31

32

33

34.

35

36.

37.

38.

39.

40.

Page 11 of 12

. Nakahara |, Takao M, Goto T, Ohtsuki C, Hibino S, Sugano N. Interfacial

shear strength of bioactive-coated carbon fiber reinforced polyethere-
therketone after in vivo implantation. J Orthop Res. 2012;30(10):1618-25.
Barkarmo S, Wennerberg A, Hoffman M, Kjellin P, Breding K, Handa P, et al.
Nano-hydroxyapatite-coated PEEK implants: a pilot study in rabbit bone.
J Biomed Mater Res Part A. 2012;101 A(2):465-71.

Webster TJ, Patel AA, Rahaman MN, Sonny Bal B. Anti-infective and oste-
ointegration properties of silicon nitride, poly(ether ether ketone), and
titanium implants. Acta Biomater. 2012;8(12):4447-54.

LuT,Wen J, Qian S, Cao H, Ning C, Pan X, et al. Enhanced osteointegration
on tantalum-implanted polyetheretherketone surface with bone-like
elastic modulus. Biomaterials. 2015;51:173-83.

Zhao Y, Wong HM, Lui SC, Chong EYW, Wu G, Zhao X, et al. Plasma surface
functionalized polyetheretherketone for enhanced osseo-integration at
bone-implant interface. ACS Appl Mater Interfaces. 2016;8(6):3901-11.
Chen M, Ouyang L, LuT, Wang H, Meng F, Yang Y, et al. Enhanced bioac-
tivity and bacteriostasis of surface fluorinated polyetheretherketone. ACS
Appl Mater Interfaces. 2017,9(20):16824-33.

Ahn H, Patel RR, Hoyt AJ, Lin ASP, Torstrick FB, Guldberg RE, et al. Biological
evaluation and finite-element modeling of porous poly(para-phenylene)
for orthopaedic implants. Acta Biomater. 2018;72:352-61.

Donnelly TM, Vella D. Anatomy, physiology and non-dental disor-

ders of the mouth of pet rabbits. Vet Clin North Am Exot Anim Pract.
2016;19(3):737-56.

Charan J, Kantharia N. How to calculate sample size in animal studies? J
Pharmacol Pharmacother. 2013;4(4):303.

Festing MFW, Altman DG. Guidelines for the design and statistical analysis
of experiments using laboratory animals. ILAR J. 2002;43(4):244-58.
Parithimarkalaignan S, Padmanabhan TV. Osseointegration: an update. J
Indian Prosthodont Soc. 2013;13(1):2-6.

Pandis N, Walsh T, Polychronopoulou A, Katsaros C, Eliades T. Split-mouth
designs in orthodontics: an overview with applications to orthodontic
clinical trials. Eur J Orthod. 2013;35(6):783-9.

Pozos-Guillén A, Chavarria-Bolafos D, Garrocho-Rangel A. Split-

mouth design in paediatric dentistry clinical trials. Eur J Paediatr Dent.
2017;18(1):61-5.

Chien S, Wang J, Wan R, Mo Y, Zhang Q, Sherwood LC. Creating a long-
term diabetic rabbit model. Exp Diabetes Res. 2010. https://doi.org/10.
1155/2010/289614.

Wanderman NR, Mallet C, Giambini H, Bao N, Zhao C, An KN, et al. An
ovariectomy-induced rabbit osteoporotic model: a new perspective.
Asian Spine J. 2018;12(1):12-7.

Cardelli P, Cecchetti F, Montani M, Bramanti E, Arcuri C. Clinical assess-
ment of submerged vs non-submerged implants placed in pristine bone.
Oral Implantol. 2013;6(4):89.

Sawai T, Niimi A, Johansson CB, Sennerby L, Ozek K, Takahashi H, et al.
The effect of hyperbaric oxygen treatment on bone tissue reactions

to ¢p titanium implants placed in free autogenous bone grafts. A
histomorphometric study in the rabbit mandible. Clin Oral Implants Res.
1998,9(6):384-97.

Yoshimoto M, Konig B Jr, Allegrini S Jr, de Carvalho LC, Carbonari MJ, Lib-
erti EA, et al. Bone healing after the inferior alveolar nerve lateralization: a
histologic study in rabbits (Oryctolagus cuniculus). J Oral Maxillofac Surg.
2004;62(9 Suppl 2):131-5.

Weber JBB, Mayer L, Cenci RA, Baraldi CE, Ponzoni D, Gerhardt de Oliveira
M. Effect of three different protocols of low-level laser therapy on thyroid
hormone production after dental implant placement in an experimental
rabbit model. Photomed Laser Surg. 2014;32(11):612-7.

Pinheiro FA, Mourdo CF, Diniz VS, Silva PC, Meirelles L, Santos Junior E,
Schanaider A. In-vivo bone response to titanium screw implants ano-
dized in sodium sulfate. Acta Cir Bras. 2014;29(6):376-82.

Gomes FV, Mayer L, Massotti FP, Baraldi CE, Ponzoni D, Webber JBB, et al.
Low-level laser therapy improves peri-implant bone formation: reso-
nance frequency, electron microscopy, and stereology findings in a rabbit
model. Int J Oral Maxillofac Surg. 2015;44(2):245-51.

Massotti FP, Gomes FV, Mayer L, de Oliveira MG, Baraldi CE, Ponzoni D,

et al. Histomorphometric assessment of the influence of low-level laser
therapy on peri-implant tissue healing in the rabbit mandible. Photomed
Laser Surg. 2015;33(3):123-8.


https://doi.org/10.1155/2018/2349698
https://doi.org/10.1155/2015/587857
https://doi.org/10.1155/2010/289614
https://doi.org/10.1155/2010/289614

AlOtaibi et al. J Transl Med (2021) 19:276

41.

42.

43

44,

45.

46

47.

48.

49.

50.

51

Zhu XR, Deng TZ, Pang JL, Bing LIU, Jie KE. Effect of high positive
acceleration (+Gz) environment on dental implant osseointegration: a
preliminary animal study. Biomed Environ Sci. 2019;32(9):687-98.

YuY, ZhuW, Xu L, Ming P, Shao S, Qiu J. Osseointegration of titanium
dental implant under fluoride exposure in rabbits: Micro-CT and histo-
morphometry study. Clin Oral Implants Res. 2019;30(10):1038-48.
Biguetti CC, Cavalla F, Silveira EM, Fonseca AC, Vieira AE, Tabanez AP, et al.
Oral implant osseointegration model in C57BI/6 mice: microtomographic,
histological, histomorphometric and molecular characterization. J Appl
Oral Sci. 2018. https://doi.org/10.1590/1678-7757-2017-0601.

Lee JH, Jang HL, Lee KM, Baek HR, Jin K, Noh JH. Cold-spray coating of
hydroxyapatite on a three-dimensional polyetheretherketone implant
and its biocompatibility evaluated by in vitro and in vivo minipig model. J
Biomed Mater Res Part B Appl Biomater. 2015;105(3):647-57.

Scarano A, Lorusso F, Orsini T, Morra M, Iviglia G, Valbonetti L. Biomimetic
surfaces coated with covalently immobilized collagen type i: an X-ray
photoelectron spectroscopy, atomic force microscopy, micro-CT and
histomorphometrical study in rabbits. Int J Mol Sci. 2019;20(3):724.

von Wilmowsky C, Moest T, Nkenke E, Stelzle F, Schlegel KA. Implants

in bone: Part Il. Research on implant osseointegration: Material testing,
mechanical testing, imaging and histoanalytical methods. Oral Maxillofac
Surg. 2014;18(4):355-72.

Kamal M, Andersson L, Tolba R, Bartella A, Gremse F, Holzle F, et al. A
rabbit model for experimental alveolar cleft grafting. J Transl Med.
2017;15(1):1-11.

Wancket LM. Animal models for evaluation of bone implants and devices:
comparative bone structure and common model uses. Vet Pathol.
2015;52(5):842-50.

DuanY, Ma W, Li D, Wang T, Liu B. Enhanced osseointegration of titanium
implants in a rat model of osteoporosis using multilayer bone mesenchy-
mal stem cell sheets. Exp Ther Med. 2017;14(6):5717-26.

Elias CN, Oliveira Ruellas ACD, Fernandes DJ. Orthodontic implants:
concepts for the orthodontic practitioner. Int J Dent. 2012;2012:1-7.
Tomasi C, Sanz M, Cecchinato D, Pjetursson B, Ferrus J, Lang NP, et al.
Bone dimensional variations at implants placed in fresh extraction

Page 12 of 12

sockets: a multilevel multivariate analysis. Clin Oral Implants Res.
2010;21(1):30-6.

52. Aratjo MG, Lindhe J. Dimensional ridge alterations following tooth
extraction. An experimental study in the dog. J Clin Periodontol.
2005;32(2):212-8.

53 Chappuis V, Engel O, Reyes M, Shahim K, Nolte L-P, Buser D. Ridge altera-
tions post-extraction in the esthetic zone: a 3D analysis with CBCT. J Dent
Res. 2013;92(12_suppl):1955-201S.

54 Buser D, Chappuis V, Belser UC, Chen S. Implant placement post extrac-
tion in esthetic single tooth sites: when immediate, when early, when
late? Periodontol 2000. 2017;73(1):84-102.

55. Deng, Zhou P, Liu X, Wang L, Xiong X, Tang Z, et al. Preparation, charac-
terization, cellular response and in vivo osseointegration of polyethere-
therketone/nano-hydroxyapatite/carbon fiber ternary biocomposite.
Colloids Surf B Biointerfaces. 2015;136:64-73.

56. Jariwala SH, Wee H, Roush EP, Whitcomb TL, Murter C, Kozlansky G, et al.
Time course of peri-implant bone regeneration around loaded and
unloaded implants in a rat model. J Orthop Res. 2017;35(5):997-1006.

57. Jeong JH, Jin E-S, Kim JY, Lee B, Min J, Jeon SR, et al. The effect of biocom-
posite screws on bone regeneration in a rat osteoporosis model. World
Neurosurg. 2017;106:964-72.

58. Bissinger O, Probst FA, Wolff KD, Jeschke A, Weitz J, Deppe H, et al.
Comparative 3D micro-CT and 2D histomorphometry analysis of dental
implant osseointegration in the maxilla of minipigs. J Clin Periodontol.
2017,44(4):418-27.

59. Jeklova E, Leva L, Jaglic Z, Faldyna M. Dexamethasone-induced
immunosuppression: a rabbit model. Vet Immunol Immunopathol.
2008;122(3-4):231-40.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1590/1678-7757-2017-0601

	A novel surgical model for the preclinical assessment of the osseointegration of dental implants: a surgical protocol and pilot study results
	Abstract 
	Background: 
	Aim: 
	Materials and methods: 
	Results: 
	Conclusion: 

	Clinical relevance
	Background
	Materials and methods
	Ethics approval
	Animals
	Sample size calculation
	Study design
	Anaesthesia
	Implementation of the surgical model
	Analgesia and postoperative care
	Micro-computed tomography and histological assessments
	Statistical analysis

	Results
	Clinical findings
	Gross examination of the retrieved bone sample and implants
	Micro-CT analysis

	Discussion
	Conclusions
	Acknowledgements
	References




