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Abstract
Objective: Novel implant technologies and reconstructive therapies for alveolar
augmentation require pre-clinical evaluation to estimate their biologic potential,
efficacy, and safety before clinical application. The objective of this report is to present
characteristics and use of the critical-size, supraalveolar, peri-implant defect model.

Methods: Bilateral extraction of the mandibular premolars was performed in 12
Hound Labrador mongrel dogs following horizontal surgical cut-down of the alveolar
ridge approximating 6 mm. Each jaw quadrant received three custom-produced
TiUnitet, +4.0 � 10 mm threaded implants placed into osteotomies prepared into
the extraction sites of the third and fourth premolars. The implants exhibited a
reference notch 5 mm from the implant platform to facilitate surgical placement
leaving 5 mm of the implant in a supraalveolar position, and to serve as a reference
point in the radiographic, histologic and histometric analysis. The implants were
submerged under the mucoperiosteal flaps for primary intention healing. Fluorescent
bone markers were administered at weeks 3 and 4 post-surgery, and pre-euthanasia.
The animals were euthanized following an 8-week healing interval when block
biopsies were collected for analysis.

Results: Healing was generally uneventful. The radiographic and histometric
evaluations demonstrate the limited osteogenic potential of this defect model. Whereas
lingual peri-implant sites exhibited a mean (� SE) bone gain of 0.4 � 0.1 mm,
resorption of the buccal crestal plate resulted in a mean bone loss of 0.4 � 0.2 mm for
an overall osteogenic potential following sham-surgery averaging 0.0 � 0.1 mm.
Overall bone density and bone–implant contact in the contiguous resident bone
averaged 79.1 � 1.1% and 76.9 � 2.3%, respectively.

Conclusion: The results suggest that the critical-size, supraalveolar, peri-implant
defect model appears a rigorous tool in the evaluation of candidate technologies for
alveolar reconstruction and osseointegration of endosseous oral implants. Limited
innate osteogenic potential allows critical evaluation of osteogenic, osteoconductive,
or osteoinductive technologies in a challenging clinical setting.

Key words: animal model; BMP; bone
biomaterials; bone morphogenetic protein;
dental implants; dog; growth factors; guided
bone regeneration; tissue engineering.

Accepted for publication 5 July 2006

Effective and safe therapies for bone
reconstructive therapies require pre-
clinical evaluation to estimate their bio-
logic potential, efficacy, and safety
before clinical application and introduc-
tion. Candidate therapies should first
be evaluated in well-characterized (cri-
tical-size) Screening Models for biolo-
gic potential and safety. Such models

include ectopic and orthotopic rodent
models (Takagi & Urist 1982, Wang
et al. 1990, Zellin et al. 1995, Ellingsen
et al. 2004). Promising therapies should
then be evaluated for efficacy and clin-
ical potential in discriminating, large
animal Critical-size Defect Models in
canines or non-human primates. Criti-
cal-size defects are defects that must not

spontaneously regenerate following
reconstructive surgery without adjunc-
tive measures (Schmitz & Hollinger
1986). Critical-size defect models must
allow clinically relevant bone regenera-
tion induced or supported by implanted
biologics, biomaterials, or devices over
that in a surgical control (Wikesjö et al.
1999).
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Once a candidate therapy has an
established record of biologic potential
and safety, and clinically relevant effect
in a discriminating, large animal, criti-
cal-size defect model, successful candi-
date therapies may become subject to
Clinical Modelling. Defects that may
not necessarily be discriminating criti-
cal-size, but are recognized as difficult
or desirable to manage, are produced in
large animals to evaluate the clinical
application and efficacy of a candidate
therapy. Examples of clinical modelling
in the craniofacial skeleton include
mandibular segmental resection (Toriu-
mi et al. 1991, Boyne 1996), cleft palate
(Mayer et al. 1996, Boyne et al. 1998)
and zygoma bone gap defects (Yudell &
Block 2000), subantral (Hanisch et al.
1997a) and alveolar ridge augmentation
(Cochran et al. 1999, Barboza et al.
2000, Hunt et al. 2001, Hanisch et al.
2003, Miranda et al. 2005), peri-implan-
titis defects (Hanisch et al. 1997b), and
oral implant functional loading (Jovano-
vic et al. 2003).

Characteristics and use of the Critical-
size Supraalveolar Periodontal Defect
Model has been reported (Wikesjö et al.
1994, 1999). This model has proven to
represent a decisive test, a litmus test, for
candidate therapies for periodontal regen-
eration. Subsequently, we have modified
the supraalveolar periodontal defect
model to become a relevant rigorous
tool to study regeneration of alveolar
bone and oral implant osseointegration.
The objective of this report is to present
characteristics and use of this Critical-
size Supraalveolar Peri-Implant Defect
Model.

Materials and Methods

Animals

Twelve male Hound Labrador mongrel
dogs, age 10–12 months, weight 20–25 kg,
obtained from USDA approved dealer,
were used. Animal selection and man-

agement, surgery protocol, and alveolar
defect preparation followed routines
approved by the local Institutional Ani-
mal Care and Use Committee. The
animals were fed a canned soft dog-
food diet throughout the study.

Titanium implants

Titanium porous-oxide surface-modified
implants (TiUnitet, +4.0 � 10 mm;
Nobel Biocare AB, Göteborg, Sweden)
were used. The threaded titanium im-
plants, custom produced for the supraal-
veolar peri-implant defect model, were
manufactured with a reference notch
5 mm from the implant platform (Fig.
1). The reference notch was designed to
facilitate the surgical placement leaving
5 mm of the implant in a supraalveolar
position and to serve as a reference point
in the radiographic, histologic and his-
tometric analysis.

Surgery and experimental procedures

Food was withheld the night preceding
surgery. The animals were pre-anaesthe-
tized with atropine (0.02–0.04 mg/kg),
buprenorphine HCl (0.01–0.03 mg/kg),
and acepromazine (0.2–0.3 mg/kg) IM.
After tranquilization, an intravenous
(IV) catheter was placed in the foreleg
for induction with propofol (5–7 mg/kg;
IV). Animals were then moved to the
operating room and maintained on gas
anaesthesia (1–2% isoflurane/O2 to
effect). Conventional dental infiltration
anaesthesia was used at the surgical
sites. The animals received a slow con-
stant rate infusion of lactated Ringer’s
solution (10–20 ml/kg/h IV) to maintain
hydration during surgery.

One experienced surgeon performed
all surgical procedures. In brief, bilat-
eral, critical-size, supraalveolar, peri-
implant defects were created in the
mandibular premolar region (Fig. 1).
Buccal and lingual mucoperiosteal
flaps were reflected and alveolar bone

removed around the circumference of
the premolar teeth to a level approxi-
mately 6 mm from the cemento-enamel
junction using water-cooled rotating
burs. The premolar teeth were then
extracted and the first molar amputated
at the level of the reduced alveolar crest.
Three titanium implants were placed
into osteotomies prepared into the
extraction site of the distal root of the
third (P1 implant) and the mesial (P2
implant) and distal (P3 implant) root of
the fourth premolar in each jaw quad-
rant. A few implants were placed into
osteotomies prepared into the reduced
alveolar process when placement into
extraction sites was impossible. Five
millimetres of the implant was placed
within the surgically reduced alveolar
ridge to the level of the reference notch,
creating 5 mm, supraalveolar, peri-
implant defects.

All 12 animals received the custom-
produced implants with cover screws in
one jaw quadrant. Contralateral jaw
quadrants received implants and experi-
mental treatments reported elsewhere.
Treatments were alternated between
left and right jaw quadrants in subse-
quent animals. The periostea of the
mucogingival flaps were fenestrated at
the base of the flaps to allow tension-
free flap apposition and wound closure.
The flaps were advanced 3–4 mm cor-
onal to the implants and the flap mar-
gins adapted and sutured (GORE-TEXt
Suture CV5, W.L. Gore & Associates
Inc., Flagstaff, AZ, USA). Photographs
were taken following placement of
the implants and following wound
closure.

The maxillary first, second, and
third premolar teeth were surgically
extracted and the maxillary fourth pre-
molars reduced in height and exposed
pulpal tissues sealed (Cavits, ESPE,
Seefeld/Oberbayern, Germany) in order
to alleviate potential trauma from the
maxillary teeth to the experimental
mandibular sites.

Fig. 1. Custom-produced 10 mm implant with a notch at the 5 mm level. The clinical pictures show the surgically reduced alveolar ridge with
implants placed into the extraction site of the distal root of the mandibular third premolar (left; P1 implant), or the mesial (P2 implant) or distal
(P3 implant) root of the fourth premolar, following wound closure, and at weeks 4 and 8 post-surgery. The contours of the implants can be
discerned through the oral mucosa, the most coronal aspect of the P3 implant becoming exposed at week 4.
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Post-surgery procedures

A long-acting opioid (buprenorphine
HCl; 0.01–0.03 mg/kg IM) was adminis-
tered immediately post-surgery and
re-dosed b.i.d. for 3 days. A broad-
spectrum antibiotic (enrofloxacin;
2.5 mg/kg IM) was administered imme-
diately post-surgery and re-dosed b.i.d.
for 7 days. Sutures were removed under
sedation (propofol; 5–7 mg/kg IV) at
approximately 10 days post-surgery.
Plaque control was maintained by daily
flushing the oral cavity with chlorhex-
idine gluconate (Xttrium Laboratories,
Inc., Chicago, IL, USA; 20–30 ml of a
2% solution) until completion of study.
Observations of experimental sites with
regards to gingival health, maintenance
of suture line closure, oedema, and
evidence of tissue necrosis or infection
were recorded daily.

Radiographs were obtained immedi-
ately post-surgery (baseline), and under
sedation (propofol; 5–7 mg/kg IV bolus)
at weeks 4 and 8 using a mobile X-ray
unit (Philips Oralix 70, Monza, Italy)
and a standardized protocol at 70 kVp,
7 mA, 30 impulses, and ANSI size #4
Kodak Ultra-speed film (Eastman
Kodak Company, Rochester, NY,
USA). The mandibles of the dogs were
placed flat on the films and the distance
from the focal spot to the films was
approximately 6 in. The projection angle
was 651 from the operating table. The
radiographs were processed using an
automatic dental film processor (A/T
2000, Air Techniques, Hicksville, NY,
USA).

The animals received fluorescent
bone labels (Li & Jee 2005) at weeks 3
and 4 post-surgery and days 10 and 3
pre-euthanasia for a qualitative evalua-
tion of bone formation:

� Oxytetracycline hydrochloride
(Maxim-200, Phoenix Pharmaceuti-
cals, St. Joseph, MO, USA; 25 mg/
kg, SQ) administered at week 3
post-surgery.

� Xylenol orange (Sigma-Aldrich Inc.,
St. Louis, MO, USA; 200 mg/ml;
90 mg/kg, SQ, twice one day apart)
administered at week 4 post-surgery.

� Calcein green (Sigma-Aldrich Inc.;
25 mg/ml; 5 mg/kg, SQ) adminis-
tered at days 10 and 3 pre-euthana-
sia.

The animals were anaesthetized and
euthanized at week 8 post-surgery by an
IV injection of concentrated sodium

pentobarbital (Euthasols, Delmarva
Laboratories, Inc., Midlothian, VA,
USA). Following euthanasia, block sec-
tions including titanium implants, alveo-
lar bone, and surrounding mucosa were
collected and radiographed. The speci-
mens were rinsed in sterile saline and
transferred to 10% neutral-buffered for-
malin at a volume 10 times that of the
block section.

Histotechnical processing

The tissue blocks were fixed in 10%
buffered formalin for 3–5 days, dehy-
drated in alcohol, and embedded in
methylmethacrylate resin (Technovit
7200 VLC, Kulzer, Wehrheim, Ger-
many). The implants were cut mid-
axially in a buccal–lingual plane into
200-mm-thick sections using the cut-
ting–grinding technique (EXAKT
Apparatebau, Norderstedt, Germany),
and were subsequently ground and
polished to a final thickness of approxi-
mately 40 mm (Donath & Breuner 1982,
Rohrer & Schubert 1992). Unstained
central sections were used for fluores-
cent light microscopy analysis and ima-
ging. The same selected sections were
stained with Stevenel’s blue and van
Gieson’s picro fuchsin for histopatholo-
gic and histometric analysis using incan-
descent and polarized light microscopy.

Radiographic analysis

One masked, calibrated examiner eval-
uated vertical bone augmentation from
computer enhanced radiographic images
obtained immediately post-surgery
(baseline), and at weeks 4 and 8 post-
surgery using a PC-based image analy-
sis system (Image-Pro Plust, Media
Cybernetic, Silver Springs, MD, USA)
in a dark room. The radiographs had
been converted to digital images using a
film scanner (Epson Perfections 2400
Photo, Epson America Inc., Long
Beach, CA, USA) at 600 dpi. Vertical
augmentation of the alveolar ridge (bone
regeneration) along the mesial and distal
aspect of each implant was measured
from the reference notch.

Histometric analysis

One masked, calibrated examiner per-
formed the histometric analysis using
incandescent and polarized light micro-
scopy (BX 60, Olympus America Inc.,
Melville, NY, USA), a microscope digi-
tal camera system (DP10, Olympus

America Inc.), and the PC-based image
analysis system (Image-Pro Plust,
Media Cybernetic). The most central
section from each implant was used for
the histometric analysis. The following
measurements were recorded for the
buccal and lingual surfaces of each
implant:

� Defect height: distance between the
reference notch and the implant plat-
form.

� Bone regeneration (height): distance
between the reference notch and the
vertical extension of newly formed
bone along the implant. Bone for-
mation exceeding the implant plat-
form was not included.

� Bone regeneration (area): area
of newly formed bone along the
implant above the reference notch.
Bone formation exceeding the
implant platform was not included.

� Bone density (new bone): ratio bone/
marrow spaces in newly formed
bone.

� Osseointegration (new bone): per-
cent bone–implant contact (BIC)
as measured between the reference
notch and the vertical extension of
newly formed bone along the
implant.

� Bone density outside the implant
threads (resident bone): ratio bone/
marrow spaces in a 300 � 1800 mm
area (width � height) immediately
outside the implant threads in resi-
dent bone.

� Bone density within the implant
threads (resident bone): ratio bone/
marrow spaces within the implant
threads in resident bone.

� Osseointegration (resident bone):
per cent BIC within resident bone
measured from the reference notch
to the apex of the implant.

Statistical analysis

Examiner reliability for the radiographic
and histometric evaluation was assessed
using the concordance correlation coef-
ficient (Lin 1989, 2000). This coefficient
ranges between 0 and 1, the higher the
coefficient the greater the reliability.
The concordance correlation coefficient
for radiographic bone height measure-
ments was 0.98. The concordance cor-
relation coefficient for the histometric
measurements ranged from 0.90 for
resident bone density outside the threads
to 0.99 for bone height demonstrating
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high reliability for all parameters
assessed.

The animal was used as the unit of
analysis. All measurements at site level
were averaged for each jaw quadrant.
For the radiographic analysis baseline
measurements were subtracted from the
weeks 4 and 8 measurements yielding a
delta bone gain over time. For the
histometric analysis all measurements
pertain to week 8 observations. General-
ized estimating equations were used to
perform the analysis. Measurements at
implant level were used and estimates
were adjusted for the clustering of
implants into animals using a robust
variance estimator. Wald tests were
used for multiple comparisons. The
level of significance was set at 5%.

Results

Clinical and radiographic observations

Healing was uneventful in all animals.
In general, the implants remained sub-
merged during the 8-week healing inter-
val. At a few occasions, the most
coronal aspect of an implant became
exposed (Fig. 1). The radiographs from
weeks 4 and 8 post-surgery imply
remarkably stable conditions with lim-
ited, if any, suggestions of bone regen-
eration along the mesial and distal
aspects of the implants (Fig. 2). Never-
theless, the quantitative radiographic
evaluation point to a limited increase
in crestal bone height averaging (� SE)
0.3 � 0.2 and 0.6 � 0.2 mm at weeks 4
and 8, respectively ( po0.01) (Table 1,
Fig. 3).

Histologic and histometric observations

The histologic observations show
implants osseointegrated in resident
alveolar bone with limited new bone
formation (Fig. 4). A majority of the
implants exhibited resorption of the
buccal alveolar crest. The fluorescent
light photomicrographs provided evi-
dence of remodelling and limited, if
any, regeneration of the alveolar bone
at the lingual aspect of the implants
(Fig. 5).

The histometric evaluation is shown
in Tables 2 and 3, and Figs 6–8. Critical-
size supraalveolar peri-implant defects
were consistently created as outlined
by the defect height (Table 2) regardless
of the positioning (Fig. 6). Regenera-
tion of alveolar bone averaged ( � SE)
0.4 � 0.1 mm/0.3 � 0.1 mm2 at the lin-

gual aspect of the implants, whereas the
buccal aspect showed a mean loss
(0.4 � 0.1 mm) resulting a net gain of
0.0 � 0.1 mm for the model (Table 2).
Whereas lingual bone regeneration was
similar among the implant positions, the
P2 and P3 implants exhibited greater
buccal crestal bone loss than the P1
implants (Fig. 6). Overall, 61.1% of
the implants presented with resorption
of the buccal alveolar crest; and 91.7%
of the implants showed bone regenera-
tion at their lingual aspect generally
amounting to o0.5 mm.

Bone density for the regenerated bone
averaged 52.8 � 7.6% for the buccal
aspect of the implants and 73.5 � 2.2%
for their lingual aspect (Table 2, Fig. 7).
BIC closely paralleled bone density

averaging 59.2 � 16.9% and 76.5 �
3.0% for buccal and lingual regenerated
alveolar bone, respectively. There were
limited differences among the implant
surfaces (Table 3) and positions (Fig. 8)
with regard to bone density and BIC in
resident bone. Mean bone density out-
side and within the threads averaged
79.1 � 1.1% and 51.8 � 2.3%, respec-
tively. BIC averaged 76.9 � 2.3%.

Discussion

This report details the surgical techni-
que, histotechnical processing, radio-
graphic and histometric analysis, and
healing observations following sham-
surgery for the critical-size, supraalveo-

Fig. 2. Radiographic representation of the implants shown in Fig. 1 immediately post-surgery
(left), and at weeks 4 and 8 post-surgery. Note only limited new bone formation mesially/
distally to the implants.

Fig. 3. Mean radiographic bone formation
from immediately post-surgery (baseline)
through week 8 for implants placed into
the extraction sites of the distal root of the
third mandibular premolar (P1 implant) or
the mesial (P2 implant) or distal (P3
implant) root of the fourth premolar.

Fig. 4. Photomicrographs showing buccal–lingual sections of the implants in Fig. 1 (P1–P3
implant; left ! right) at week 8 post-surgery. Note that the lingual (left) aspect of the
implants exhibits limited new bone formation whereas the buccal aspect shows bone
resorption, in particular for the P2 and P3 implants; Stevenel’s blue/van Gieson’s picro
fuchsin.

Table 1. Radiographic evaluation of new bone
formation at weeks 4 and 8 post-surgery for
implants placed into extraction sites of the
distal root of the mandibular third premolar
(P1 implant), or the mesial (P2 implant) or
distal (P3 implant) root of the fourth premolar
(means � SE in mm)

Week 4 Week 8

P1 0.2 � 0.2 0.5 � 0.2
P2 0.4 � 0.2 0.6 � 0.2
P3 0.4 � 0.2 0.8 � 0.2
P1/P2/P3 0.3 � 0.2n 0.6 � 0.2n

nSignificantly different from immediately post-

surgery; po0.01.
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lar, peri-implant defect model. It is
shown that critical-size, supraalveolar,
peri-implant defects can be reproducibly
created and that with careful wound
management healing progresses without
aberrant events. The radiographic and
histometric analysis show consistent
limited regeneration of alveolar bone
over the 8-week healing interval. The

limited innate osteogenic potential
allows critical evaluation of candidate
technologies for craniofacial reconstruc-
tion and osseointegration of endosseous
oral implants including bone bio-
materials, devices for guided bone
regeneration (GBR), and implantable
or injectable technologies using growth
and differentiation factors.

The critical-size, supraalveolar, peri-
implant defect was modelled after the
critical-size, supraalveolar, periodontal
defect model (Wikesjö et al. 1994).
Similar to that observed for the perio-
dontal defect model, the innate potential
for regeneration of alveolar bone
following sham-surgery is limited.
Previous studies in our laboratories pro-
totyping this animal model have not
included a sham-surgery control. Never-
theless, Sigurdsson et al. (1997) obser-
ved peri-implant alveolar regeneration
(bone height/area) limited to (mean �
SD) 0.5 � 0.3 mm/0.2 � 0.2 mm2 in
control defects implanted with an
absorbable collagen sponge (ACS;
Helistatt, Integra Life Sciences,
Plainsboro, NJ, USA) following a
16-week healing interval compared
with (mean � SE) 0.0 � 0.1 mm/0.3 �
0.1 mm2 in the present study following
sham-surgery and an 8-week healing
interval. Collectively these observations
suggest that regeneration of alveolar
bone is more or less completed within
8 weeks, and that the osteogenic poten-
tial in this defect model will limitedly, if
at all, obscure the regenerative potential
of an osteogenic, osteoconductive, or
osteoinductive candidate technology.

The 5 mm defect height in this model
system allows for clinically relevant
regeneration under optimal circum-
stances for healing. We have, using
early versions of this defect model,
shown that GBR has a limited potential
to support osteogenesis. Caplanis et al.
(1997) observed alveolar regeneration
averaging ( � SD) 1.1 � 0.4 mm fol-
lowing a 16-week healing interval, and
Wikesjö et al. (2004) observed re-
generation averaging ( � SD) 1.8 �
2.0 mm/1.8 � 1.3 mm2 following an
8-week healing interval combining
GBR and ACS. Similarly the regenera-
tive potential of some potentially
osteoconductive/osteoinductive bone
biomaterials appears limited. Caplanis
et al. (1997) observed bone regeneration
averaging ( � SD) 1.5 � 0.9 mm evalu-
ating decalcified allogeneic bone matrix
(DFDBA; Osteotech Inc., Shrewsbury,
NJ, USA) combined with GBR follow-
ing a 16-week healing interval. The
osteoconductive potential of a calcium
phosphate matrix (a-BSMs, ETEX
Corporation, Cambridge, MA, USA)
averaged ( � SD) 0.4 � 0.4 mm/0.5 �
0.4 mm2 following a 16-week healing
interval (Wikesjö et al. 2002). The
regenerative potential of these clinical
technologies stand in stark contrast to

Fig. 5. Incandescent and fluorescent light photomicrographs (overviews and magnifications)
of the P1 implant in Fig. 4 at week 8 post-surgery. Note limited new bone formation at the
lingual (left) aspect of the implant. This observation is particularly evident viewing the
fluorescent light photomicrographs.

Table 2. Histometric evaluation of new bone formation for buccal and lingual peri-implant sites
(means � SE)

Defect height
(mm)

Bone height
(mm)

Bone area
(mm2)

Bone density
(%)

BIC
(%)

Buccal 4.9 � 0.0 � 0.4 � 0.2 0.0 � 0.0 52.8 � 7.6 59.2 � 16.9
Lingual 4.9 � 0.0 0.4 � 0.1 0.3 � 0.1 73.5 � 2.2 76.5 � 3.0
Buccal/lingual 4.9 � 0.0 0.0 � 0.1 0.3 � 0.1 69.9 � 2.9 73.5 � 3.2

BIC, bone–implant contact.
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that observed for novel implantable
technologies for alveolar reconstruction
based on bone morphogenetic proteins
(BMPs). Comparatively robust, clini-
cally relevant bone formation encom-
passing the total defect height including,
in some studies, respectable osseointe-
gration has been shown following surgi-
cal implantation of recombinant human
BMP-2 (rhBMP-2; Wyeth Research,
Cambridge, MA, USA) (Sigurdsson et
al. 1997, 2001, Tatakis et al. 2002,
Wikesjö et al. 2002–2004). In context,
Wikesjö et al. (2002) observed alveolar
augmentation and osseointegration

averaging ( � SD) 5.3 � 0.3 mm/9.0 �
1.9 mm2 and 28.5 � 1.4%, respectively,
following surgical implantation of
rhBMP-2 (0.75 mg/ml) using the a-
BSMs calcium phosphate matrix as
carrier, and a 16-week healing interval.
These observations demonstrate the dis-
criminating potential of the critical-size,
supraalveolar, peri-implant defect mod-
el in the evaluation of reconstructive
technologies for indications in the cra-
niofacial but maybe also the axial and
appendicular skeleton.

The critical-size, supraalveolar, peri-
implant defect model does not only lend
itself to evaluate the osteogenic, osteo-
conductive, or osteoinductive potential
of a candidate technology discerned in

clinically relevant dimensions but also
bone density and BIC in resident, regen-
erated, or induced bone. The density of
the resident bone at the base of the
defect approximated 80% without dra-
matic differences between the buccal
and lingual aspect of the implants in
the present study. Osteotomy prepara-
tion and immediate peri-implant bone
remodelling resulted in a bone density
within the threads approximating 50%
and BIC 75% at the titanium porous-
oxide (TiUnitet) implant. The immedi-
ate comparisons between newly formed
and resident bone at the same site have
been shown in previous studies. Wikesjö
et al. (2004) showed differences in bone
density between rhBMP-2/ACS induced
and GBR regenerated bone approximat-
ing 26% and 55%, respectively, com-
pared with 70% in resident bone. The
corresponding BIC values approximated
6%, 15%, and 50% at the turned tita-
nium implants (Implant Innovations
Inc., Palm Beach Gardens, FL, USA)
following an 8-week healing interval. In
a second study (Wikesjö et al. 2002)
bone formation and BIC was compared

Fig. 7. Mean ( � SE) bone density and
bone–implant contact (BIC) within newly
formed bone for the critical-size, supraal-
veolar, peri-implant defect model at week
8 post-surgery. Note that bone density and
BIC do not differ substantially from that
observed in resident bone (Fig. 8).

Table 3. Histometric evaluation of resident bone for buccal and lingual peri-implant sites
(means � SE)

Bone density
outside threads

(%)

Bone density
inside threads

(%)

BIC
(%)

Buccal 82.6 � 1.6 56.9 � 3.0 77.3 � 2.8
Lingual 75.5 � 2.0 46.7 � 2.9 76.5 � 2.4
Buccal/lingual 79.1 � 1.1 51.8 � 2.3 76.9 � 2.3

BIC, bone–implant contact.

Fig. 6. Mean ( � SE) defect height and new
bone formation (bone height/area) for the
critical-size, supraalveolar, peri-implant
defect model at week 8 post-surgery. The
buccal surfaces, in particular the P2 and P3
implants, show bone loss, whereas the lin-
gual surfaces show limited new bone forma-
tion amounting to o0.5 mm. The buccal and
lingual surfaces combined show no bone
gain representing the baseline for this dis-
criminating model system.

Fig. 8. Mean ( � SE) bone density and
bone–implant contact (BIC) within resident
bone for the critical-size, supraalveolar,
peri-implant defect model at week 8 post-
surgery. Bone density within the threads is
consistently lower compared with that out-
side the threads. BIC approximates 75%.
There are no meaningful differences in
bone density and BIC between the buccal
and lingual aspects of the implants.
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following surgical implantation of
rhBMP-2 (0.75 mg/ml)/a-BSMs vs a-
BSMs solo. Bone density approximated
60%, 68%, and 70% for rhBMP-2-
induced, a-BSMs control, and resident
bone, respectively. The corresponding
BIC observations approximated 30%,
25%, and 65% at the turned titanium
implants (Nobel Biocare AB) following
the 16-week healing interval. These
observations illustrate the benefit of
immediate comparisons between an
experimental technology and the con-
tiguous resident bone in this defect
model.

Although the baseline regenerative
potential for the critical-size, supraal-
veolar, peri-implant defect model in this
study averaged ( � SE) 0.0 � 0.1 mm,
there were clear differences between
buccal and lingual sites. Whereas re-
generation at the lingual aspect of the
implants averaged ( � SE) 0.4 �
0.1 mm/0.3 � 0.1 mm2, the buccal as-
pect showed a mean ( � SE) loss
amounting to 0.4 � 0.1 mm. The mag-
nitude of peri-implant bone regeneration
has been shown correlated to the wound
space underneath the mucogingival flap
(Polimeni et al. 2004). However, com-
pared with periodontal sites the osteo-
genic potential appears significantly
smaller for implant sites (Polimeni et
al. 2004). A large wound space is usual-
ly correlated to the width of alveolar
base thus it should be no surprise that
some regeneration occurred at the wider
lingual sites captured both in the histo-
metric and radiographic analysis. Cres-
tal resorption, on the other hand, at
implants placed into osteotomies gener-
ally within 2–3 mm from the buccal
alveolar wall deserves special attention.
Resorption of the buccal crestal plate
will occur under optimal conditions for
healing, that is healing by primary inten-
tion submerging the extraction site,
whether or not an implant is placed
into the site (Araujo & Lindhe 2005,
Araujo et al. 2005). The osteotomies in
the present study used residual extrac-
tion sockets following a 6 mm horizon-
tal surgical reduction of the alveolar
ridge. At this level the osteotomies
could not longer be differentiated from
primary osteotomies. Nevertheless, pla-
cement of implants did not preserve
alveolar bone. Over 61% of the sites
exhibited resorption of the buccal cor-
tical plate. Similar observations have
been made in a previous study evaluat-
ing implants placed completely into
resident or rhBMP-2 induced bone fol-

lowing 12 months of functional loading
(Jovanovic et al. 2003). A biologic
rationale for the buccal bone resorption
remains speculative, nevertheless, it
may not be unreasonable to ascribe
buccal resorption to implant placement
engaging or approaching the buccal
cortical plate compromising the vascu-
lar base thus bone remodelling at the
interface results in a net loss of crestal
bone. This observation has clinical
implications suggesting that dehiscence
defects may develop following place-
ment of implants close to the buccal or
lingual alveolar cortical plate and that
dehiscence defects present at implant
placement may exacerbate during the
initial healing sequence.

Data collected from the present large
sample raises the question if sham-sur-
geries are necessary in future studies.
The use of a non-concurrent (historical)
comparison group has largely been cri-
ticized because of its potential for bias.
Nevertheless, the possibility that com-
parison groups are inherently different
from the experimental group regarding
important factors for the outcome and
the risk that exposures and experimental
procedures may change over time, two
important sources of bias in epidemio-
logical and clinical studies, are unlikely
to occur in the present experimental
model. A strict protocol, which includes
careful selection of animals and standar-
dized surgical and post-surgical proce-
dures, ensures the reliable use of this
model. Furthermore, it is clear that the
osteogenic potential of this model is
limited, and it has been shown that this
can be obtained systematically. From a
data analysis perspective, the use of
linear models allows for a better under-
standing of the biological processes
involved in this model. The study of
several parameters and their relation-
ships help explain the healing process
and identify factors important to the
final outcome (Polimeni et al. 2004).
Furthermore, the use of this model
avoids aggregation of data at the animal
level, preventing loss of information and
statistical power.

Several model systems/defects have
been used to evaluate the biologic and
clinical potential of various candidate
therapies for craniofacial reconstruction
in general and particularly in this con-
text alveolar augmentation. Principally,
such model systems can be divided into
onlay and inlay defects. Typical exam-
ples of inlay model systems are tooth
extraction sites, buccal implant dehis-

cence defects, access defects for
periapical surgery, and alveolar ridge
saddle-type defects. These type defects
have frequently been used as they mimic
common clinical indications. Neverthe-
less, the validity of such defects
to discriminate clinically meaningful
osteogenic/osteoconductive/osteoinduc-
tive therapies has not been questioned.
Evaluations in our, and other’s labora-
tories suggest that these and similar
defect systems may have limited value
in the evaluation of biomaterials,
devices, biologics, and combination
therapies for alveolar reconstruction.
For example, extraction sites in dogs
(Araujo & Lindhe 2005, Araujo et al.
2005), and large, 4 � 6 mm (width �
depth), implant dehiscence defects
(Hanisch et al. 2003), or large, 5 � 4
� 8 mm (width � height � depth), ac-
cess defects for periapical surgery (Ber-
genholtz et al. 2006) in the Cynomolgus
monkey heal almost to completion fol-
lowing wound closure for primary inten-
tion healing. Thus the osteoconductive
or osteoinductive potential of a bioma-
terial or other technology placed into
such defects may be difficult to discern,
as these defects may heal in spite of the
implanted biomaterial, device, or biolo-
gic, not because of (Cardaropoli et al.
2005, De Kok et al. 2005). In other
words, one can learn whether the bio-
material is biocompatible but not
osteoconductive, that is, will it serve as
a scaffold enhancing the osteogenic
potential of the site. Of course, judi-
ciously chosen early observation inter-
vals and/or use of fluorescent markers
may provide some information whether
the implanted technology supported
accelerated bone formation. Similarly,
large alveolar ridge saddle type defects
may also lack discriminatory potential.
Jovanovic et al. (2006) have shown that
such full-thickness large ridge defects,
10 � 15 mm (depth � length), heal to
60% following sham-surgery leaving
limited room to demonstrate the osteo-
conductive and/or osteoinductive poten-
tial of an implanted biomaterial or
biologic construct. These defects heal
to approximately 100% following GBR
releasing the true osteogenic potential of
this model. In contrast, the critical-size,
supraalveolar, peri-implant defect mod-
el, a genuine onlay defect model, has
limited innate osteogenic potential
under optimal conditions for healing as
shown and discussed above, thus this
model appears a rigorous and preferred
tool in the critical evaluation of candi-
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date technologies including bone bio-
materials, devices for GBR, and implan-
table or injectable technologies using
growth and differentiation factors for
alveolar regeneration and osseointegra-
tion of endosseous oral implants.
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Wikesjö, U. M. E., Kean, C. J. C. & Zimmer-

man, G. J. (1994) Periodontal repair in dogs:

supraalveolar defect models for evaluation of

safety and efficacy of periodontal reconstruc-

tive therapy. Journal of Periodontology 65,

1151–1157.
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Laboratory for Applied Periodontal &

Craniofacial Regeneration

Medical School of Georgia

School of Dentistry

1120 Fifteenth Street AD 1434

Augusta

GA 30912

USA

E-mail: wikesjo@comcast.net

Clinical Relevance

Scientific rationale for study: There
is an ever-increasing introduction of
candidate technologies for alveolar
reconstruction and oral implant
osseointegration. We herein report
baseline data on a discriminating

large animal model for critical
unbiased evaluation of such novel
osteogenic, osteoconductive, or
osteoinductive technologies before
clinical introduction.

Principal findings and practical
implications: We show the limited

osteogenic potential of this canine
model making it a valuable tool for
evaluation of the clinical potential of
novel devices for GBR, bone deriva-
tives and bone substitutes, and
growth and differentiation factors
for alveolar reconstruction.
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