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Long-term functional loading of dental
implants in thBMP-2 induced bone
A histologic study in the canine ridge

augmentation model
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Abstract: Osseointegration [direct bone-implant contact (BIC)] is a primary goal following
installation of endosseous dental implants. Such bone contact provides stability for the dental
implant over time. The objective of this study was to evaluate bone formation and BIC at
long-term, functionally loaded, endosseous dental implants placed into bone induced by
recombinant human bone morphogenetic protein-2 (rhBMP-2) in an absorbable collagen
sponge (ACS) carrier. Mandibular, saddle-type, alveolar ridge defects (~15 X 10 X 10 mm),
two per jaw quadrant, were surgically induced in each of six young adult American fox
hounds. The defects were immediately implanted with rhBMP-2/ACS. Two defects per animal
additionally received a nonresorbable expanded polytetrafluoroethylene (ePTFE) membrane
or a bioresorbable polyglycolide fiber membrane. Healing was allowed to progress for 3
months, when the ePTFE membrane was removed, and machined, threaded, titanium dental
implants were installed into the rhBMP-2/ACS induced bone and into the adjacent resident
bone. At 4 months of osseointegration, the implants were exposed to receive abutments and
prosthetic treatment (two- or three-unit bridges). Some implants were removed for
histologic analysis. The remainder of implants were exposed to functional loading for 12
months at which time the animals were killed for histometric analysis. One animal died
prematurely due to kidney failure unrelated to the experimental protocol and was not
included in the analysis. The 12-month block sections from a second animal were lost in the
histological processing. Four sites receiving rhBMP-2/ACS and ePTFE or resorbable membranes
experienced wound failure and membrane exposure, and subsequently exhibited limited bone
formation. Defects without wound failure filled to contour with the adjacent alveolar bone.
The newly formed bone exhibited features of the resident bone with a re-established cortex;
however, it commonly included radiolucent areas that resolved over time. Dental implants
block biopsied at 4 months exhibited limited, if any, crestal resorption, whereas those
exposed to functional loading for 12 months exhibited some crestal resorption. Implants
biopsied at 4 months exhibited a mean (= SD) BIC of 40.6 + 8.2% in rhBMP-2/ACS induced
bone vs. 52.7 = 11.4% in resident bone. Dental implants exposed to 12 months of functional
loading exhibited a mean BIC of 51.7 = 7.1% in rhBMP-2/ACS induced bone vs. 74.7 = 7.0% in
resident bone. There were no significant differences between dental implants placed into
rhBMP-2/ACS induced bone and resident bone for any parameter at any observation interval.
In conclusion, rhBMP-2/ACS-induced bone allows installation, osseointegration, and long-term
functional loading of machined, threaded, titanium dental implants in dogs.
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Endosseous dental implants have been
used to support single-tooth, partial and
complete arch dental reconstruction, and
to support maxillofacial reconstruction.
Osseointegration [direct bone-implant con-
tact (BIC)] is a primary goal following den-
tal implant placement. Such bone contact
provides stability for the dental implant
over time. Current dental implant tech-
nology achieves osseointegration after an
initial healing period of several months
during which nonloaded implant fixtures
interact with and anchor to the alveolar
bone (Brinemark et al. 1985).

Bone morphogenetic proteins (BMPs)
have been shown to induce bone formation
in a variety of skeletal sites including the
alveolar processes (Lindholm et al. 1996;
Wikesjo et al. 2001). Urist (1994) made
critical contributions to BMP research
through observations of cartilage and bone
formation at decalcified bone matrix im-
plants in muscle pouches in rabbits and
rats. He showed that protein extracts
sequestered in bone were responsible for
the new bone formation. A paramount ad-
vancement in BMP research was the
identification of a group of bone-inductive
proteins from bovine bone (Wang et al.
1988). Wozney et al. (1988) cloned the first
recombinant BMPs (BMP-1 through BMP-
4) and identified their biochemical and bio-
logical characteristics, and amino acid se-
quences. The isolation and characteriza-
tion of additional BMPs (BMP-5 through
BMP-8) soon followed. Recombinant tech-
nology has allowed evaluation of BMP bio-
logical activities and several BMPs have
been shown to induce bone in the rat ec-
topic implant model (Sampath et al. 1992;
Gitelman et al. 1994). Subsequent studies
have verified this potential of BMPs in
large animal skeletal defects (Toriumi et al.
1991; Gerhart et al. 1993).

Preclinical  studies evaluated
rthBMP-2, for augmentation of the alveolar
process and placement of dental implants
(Wikesjo et al. 2001). thBMP-2 constructs
have been used to augment alveolar sites
prior to dental implant installation (Han-
isch et al. 1997; Sigurdsson et al. 2001).
rthBMP-2, in an absorbable collagen sponge
(ACS) carrier has been used as an inlay
(Cochran et al. 1999) and as an onlay (Sig-
urdsson et al. 1997) concomitant with den-
tal implant placement. thBMP-2/ACS has
also been used for subantral augmentation
prior to placement and osseointegration of

have
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dental implants (Hanisch etal. 1997).
Without exception, the studies show that
rhBMP-2 significantly supports alveolar
augmentation. Dental implants placed into
the newly formed bone, or placed concomi-
tant with a thBMP-2 construct, become
osseointegrated.

Jovanovic et al. (Jovanovic, unpublished
observations) and Hunt et al. (2001) have
evaluated augmentation of large, mandibu-
lar, full thickness, alveolar ridge, saddle-
type defects in the dog. They showed that
surgical implantation of rhBMP-2/ACS,
and thBMP-2 in a hyaluronan carrier, com-
pletely resolved these defects whereas sur-
gical controls resolved to a significantly
lesser degree (Bernard et al. 2000). How-
ever, the rhBMP-2 induced bone was not
functionally challenged by dental im-
plants. Previous studies all represent short-
term evaluations of thBMP-2 induced bone
in the dental-alveolar complex without
functionally loaded dental implants
(Wikesjo et al. 2001). The objective of this
study was to evaluate bone formation and
long-term osseointegration in the alveolar
ridge, saddle-type defect model following
implantation of thBMP-2/ACS and sub-
sequent placement and functional loading
of dental implants.

Material and methods

Study design

Mandibular, saddle-type, alveolar ridge de-
fects, two per jaw quadrant, were surgically
prepared in each of six young adult Ameri-
can fox hounds. The defects were immedi-
ately implanted with thBMP-2/ACS. Two
defects per animal additionally received a
nonresorbable expanded polytetrafluoroe-
thylene (ePTFE) membrane or a bioresorb-
able polyglycolide fiber membrane. Heal-
ing was allowed to progress for 3 months,
when the ePTFE membrane was removed
and machined, screw-type, titanium dental
implants were installed into the thBMP-2
induced bone and into the adjacent resi-
dent bone. At g4months of osseointegr-
ation, the implants were exposed to receive
abutments and prosthetic reconstruction.
Some implants were removed for histo-
logic evaluation. Implants bearing pros-
thesis were exposed to functional loading
for 12months, at which time the animals
were killed for histometric analysis
(Table 1).

Animals

Six male American fox hounds, 18-
36months old, approximate weight 25 kg,
were used. Animal selection and manage-
ment, surgical protocol, and preparation of
the alveolar ridge defects followed routines
approved by the Institutional Animal Care
and Use Committee, University of Cali-
fornia, Los Angeles, CA.

Surgical protocol

For the surgical procedures, the animals
were anesthetized with sodium thiopental
(2025 mg/kg intravenously) and main-
tained on gas anesthesia (1.5% halothane/
O, to effect). Infiltration anesthesia (lido-
caine 2% with epinephrine 1: 100000) Was
used at the surgical sites. A long-acting
opioid (buprenorphine HCI; o.015mg/kg
subcutaneously every 12 h for 5days) was
used for post-surgery pain control. A broad-
spectrum antibiotic (cefazolin sodium;
25 mg/kg intramuscularly daily for sdays)
was used for post-surgery infection control.
The animal’s oral cavity was daily flushed
with a 0.12% chlorhexidine solution for
14days following each surgical procedure.
The animals were fed a canned soft-con-
sistency dog food diet until insertion of
prosthetic devices, to reduce the potential
of mechanical interference with healing.

Surgical extractions

To prepare for the alveolar ridge defects,
left and right mandibular premolars and
first molars were surgically extracted. The
maxillary fourth premolars were also ex-
tracted to alleviate potential trauma to the
mandibular sites during healing. Buccal
and lingual mucoperiosteal flaps were then
re-adapted and sutured using resorbable in-
terrupted sutures. The resulting alveolar
ridges were allowed to heal for 3 months.

Defect induction

Bilateral, alveolar ridge, saddle-type defects
were created in the left and right edentu-
lous posterior mandible for a total of four
defects in each of the six animals (Fig. 1).
Briefly, following crestal incisions and elev-
ation of buccal and lingual mucoperiosteal
flaps, two bone blocks (romm deep,
15mm long), Tomm apart, encompassing
the width of the mandible (approximate
width: Tomm) were removed from each
jaw quadrant. The bone blocks were out-
lined utilizing a power surgical hand-piece
with a reciprocating blade (Stryker Corpor-
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Table 1. Surgical timeline

Month Procedure
-3 Surgical extractions for preparation of mandibular edentulous alveolar ridges
Surgical induction and rhBMP-2 reconstruction of alveolar ridge defects
3 Dental implant installation
7 Dental implant abutment installation; implant biopsies
7 Insertion of bridges; functional loading
19 Sacrifice for histometric analysis of bone formation and bone-implant contact

ation, Kalamazoo, MI) under irrigation
with sterile water. Following the vertical
and buccal horizontal bone cuts, a chisel
was utilized to remove the bone blocks.

RhBMP-2/ACS preparation

A vial of rhBMP-2 (Genetics Institute/
Wyeth-Ayerst Research, Andover, MA),
lyophilized formulation, was reconstituted
with 1.0ml of sterile water for injection to
give a 4.0omg/ml solution in buffer. For the
0.23mg/ml thBMP-2 stock dilution a 1-cc
syringe with a 220G needle attached was
used to withdraw o.30ml of the thBMP-2
solution reconstituted to 4.0mg/ml (liquid
concentration). The thBMP-2 solution was
injected into a vial containing 5.oml of buf-
fer and swirled to mix. The outer package
of a sterile 75 X toomm ACS (Integra Life
Sciences, Plainsboro, NJ) was then re-
moved and the inner sterile tray with the
ACS device placed on a sterile field. Using
sterile scissors, 25 X somm strips were cut
from the 75 X toomm ACS. Next, using a
3-cc syringe with a 22G needle attached,
1.3ml of the 0.23 mg/ml thBMP-2 stock di-
lution was withdrawn and uniformly dis-
pensed over the entire surface of a
25 X somm ACS. The soak-loaded ACS,
folded twice in length and rolled to fit the
defect, was implanted following a 15-min
incubation interval at room temperature.

Wound management
The alveolar ridge defects were immedi-
ately implanted with thBMP-2/ACS (Figs ©
and 2). The dimensions of the thBMP-2
construct approximated 20X 10X 8mm
(length X height X width). Two defects in
each animal additionally received an
ePTFE membrane (GTAM; Gore-Tex Re-
generative material, submerged version;
W.L. Gore & Associates, Inc., Flagstaff, AZ)
or a bioresorbable polyglycolide fiber mem-
brane with an embedded DL-polylactic—
polyglycolic acid cell-occlusive layer (Reso-
lut; W.L. Gore & Associates, Inc.; Table2).
Primary, tension-free wound closure was
accomplished by advancing the mucoperi-

osteal flaps using periosteal releasing in-
cisions and suturing with interrupted and
mattress ePTFE sutures (Gore-Tex® Suture
CVs, W.L. Gore & Associates, Inc.). The
sutures were removed at approximately
1odays post-surgery.

The alveolar defect sites were re-entered
at 3 months following defect induction and
reconstruction. The GTAM membranes
were removed and machined, screw-type,
titanium dental implants (Brdnemark fix-
ture 3.75 X 1omm; Nobel Biocare AB,
Goteborg, Sweden) were installed. Ad-
ditional dental implants were installed into
the adjacent resident bone (Figs1 and 2,
Table 3).

Prosthetic treatment

Following a 4-month healing interval, the
implants were exposed to receive abut-
ments and prosthetic treatment (two- or
three-unit bridges) (Figs 1 and 2). Some im-
plants were removed for histologic evalu-
ation of bone-implant contact (Table3s).
The animals were fed a normal hard-pellet
dog food diet after insertion of the bridges.

Clinical and radiographic procedures
Photographs were taken at defect induc-
tion and reconstruction, at surgical re-en-
try and dental implant installation, at abut-
ment installation and prosthetic recon-
struction, and at sacrifice (following
12months of functional loading). Obser-
vations of experimental sites regarding mu-
cosal health, wound closure, edema, and
purulence, were made at these observation
intervals and recorded.

Radiographic registrations were per-
formed at defect induction and reconstruc-
tion, monthly following defect reconstruc-
tion and dental implant installation, and at
3-month intervals following healing abut-
ment installation and functional loading. A
fixed target-film distance was used with
the film placed lingual to the alveolar crest.

The reconstructed implants were ex-
posed to masticatory function for approxi-
mately 12 months, at which time the ani-

mals were killed for histometric analysis.
The animals were anesthetized and killed
by an intravenous injection of concen-
trated sodium pentobarbital (Eutha-6,
Western Medical Supply, Inc., Arcadia, CA;
s-toml).

Histologic processing

Dental implant biopsies obtained at abut-
ment installation were immersed in 4%
neutral buffered formalin, dehydrated in a
graded ethanol series, cleared in xylene, in-
filtrated and embedded in methylmeth-
acrylate, and sectioned on a saw micro-
tome following routine protocols (Donath
1988). These undecalcified specimens were
sectioned in a mesial-distal plane because
of implant removal trauma to buccal-lin-
gual tissues. At sacrifice, block sections of
the experimental sites were collected and
processed as described above. These unde-
calcified specimens were sectioned in a
buccal-lingual plane as intended by pro-
tocol.

Analysis

The histometric analysis was performed by
one blinded examiner using a microcom-
puter-based image analysis system (Image-
Pro Plusl]l, Media Cybernetics, Silver
Spring, MD) and included the following
parameters.

Bone height: distance from the apex of
the dental implant to the coronal exten-
sion of newly formed bone along the im-
plant when the implant was totally im-
mersed in new bone, or from the level of
the resident bone along the implant surface
as determined using polarized light micro-
Scopy.

Crestal resorption: distance from the top
surface of the dental implant and the most
coronal extension of newly formed bone
along the implant.

Coronal bone-implant contact: distance
from the coronal extension of newly
formed bone along the implant to the first
bone contact.

Bone-implant contact (BIC/osseointegr-
ation): percentage bone-implant contact
between the newly formed bone and the
dental implant surface along the five most
coronal threads immersed in bone meas-
ured along the distal or lingual implant sur-
face of implants biopsied following osseo-
integration for 4months or exposure to
functional loading for 12months, respec-
tively.
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Fig. 1. Alveolar ridge defects (A) implanted with thBMP-2/ACS with (left) or without a Resolut barrier membrane (B); lateral (C) and coronal (D) view of alveolar ridge
defect site with cavernous bone defect at dental implant installation; defect sites following placement of healing abutments (E) and prosthetic reconstruction (F).

Table 2. Surgical randomization

Animal  Right posterior Right anterior Left anterior Left posterior

216 rhBMP-2/ACS/Resolut  rhBMP-2/ACS rhBMP-2/ACS/GTAM rhBMP-2/ACS

217 rhBMP-2/ACS rhBMP-2/ACS/GTAM rhBMP-2/ACS rhBMP-2/ACS/Resolut
218 rhBMP-2/ACS rhBMP-2/ACS/Resolut  rhBMP-2/ACS rhBMP-2/ACS/GTAM
219 rhBMP-2/ACS/GTAM rhBMP-2/ACS rhBMP-2/ACS rhBMP-2/ACS/Resolut
220 rhBMP-2/ACS/Resolut rhBMP-2/ACS rhBMP-2/ACS/Resolut rhBMP-2/ACS

221 rhBMP-2/ACS/GTAM rhBMP-2/ACS rhBMP-2/ACS/GTAM rhBMP-2/ACS

796 | Clin. Oral Impl. Res. 14, 2003 | 793-803

Summary statistics (means * SD) based
on animal means for the experimental con-
ditions were calculated using selected sec-
tions. Differences between experimental
conditions were analyzed using appropriate
nonparametric tests.
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Table 3. Distribution of dental implants placed into rhBMP-2 induced and resident bone (RM and LM)

Animal  Right posterior RM Right anterior Left anterior LM Left posterior
216 2 0 2 1 1

217 2 0 0 2L 1B 2B

218 2 1B 2 1 0

219 0 1 1, 1B 2 1 2

220* 2 0 2 2 1 2

221 1%*, 1B s P Dt 1B P

B, implants biopsied at 4 months of osseointegration.
L, implants lost as a result of infection.
*Animal died as a result of kidney failure.

**Block specimens from 12 months of functional loading lost in histologic processing.

Table 4. Treatment and healing characteristics following surgical implantation of rhBMP-2/ACS

Animal  Right posterior Right anterior Left anterior Left posterior

216 rhBMP-2/ACS/Resolut rhBMP-2/ACS rhBMP-2/ACS/GTAM rhBMP-2/ACS
normal bone void bone void bone void

217 rhBMP-2/ACS rhBMP-2/ACS/GTAM rhBMP-2/ACS rhBMP-2/ACS/Resolut
normal wound failure bone void normal

218 rhBMP-2/ACS rhBMP-2/ACS/Resolut rhBMP-2/ACS rhBMP-2/ACS/GTAM
normal bone void normal bone void

219 rhBMP-2/ACS/GTAM rhBMP-2/ACS rhBMP-2/ACS rhBMP-2/ACS/Resolut
wound failure bone void bone void bone void

220 rhBMP-2/ACS/Resolut rhBMP-2/ACS rhBMP-2/ACS/Resolut rhBMP-2/ACS
wound failure normal wound failure normal

221 rhBMP-2/ACS/GTAM rhBMP-2/ACS rhBMP-2/ACS/GTAM rhBMP-2/ACS
bone void bone void bone void bone void

Table 5. Dental implant-bone contact at 4months of osseointegration in rhBMP-2/ACS induced bone

Animal  Bone height Mesial Crestal resorption Coronal bone contact
(mm) (mm) (mm)
Mesial Distal Distal Mesial Distal BIC (%)
217 9.5 9.7 0 0 0.9 0.6 34.6
219 9.8 9.8 0 0 0.9 2.0 49.9
221 9.4 9.4 0 0 0.3 1.2 37.3
Mean = SD 9.6 = 0.2% 96+02* 00x00 00*00 07=03 1307  406=82

*100% newly formed bone.

Table 6. Dental implant-bone contact at 4months of osseointegration in resident bone

Animal  Bone height Mesial Crestal resorption Coronal bone contact
(mm) (mm) (mm)
Mesial Distal Distal Mesial Distal BIC (%)
217 9.6 9.6 0.4 0.3 1.2 0.8 437
218 8.9 9.0 0.8 0.7 0.8 0.6 49.0
221 8.8 9.7 0.9 0.0 0.2 1.8 65.5
Mean = SD 9.1+ 0.4 9.5+ 04 0705 03+03 07=05 1.1=06 527 =114

Results

Clinical observations

Clinical observations are shown in Fig.1
and are summarized in Tables 3 and 4. De-
fect induction, surgical implantation of
rhBMP-2/ACS, and subsequent placement
of GTAM and post-surgery membranes fol-
lowed established routines. Primary

wound closure was accomplished for all
sites. The defect sites commonly exhibited
post-surgery swelling, often assuming a
bluish hue. The localized swelling and/or
altered mucosal complexion remained for
several weeks. Two sites receiving thBMP-
2/ACS/GTAM and two sites receiving
rhBMP-2/ACS/Resolut exhibited wound
failure and membrane exposure.

Three months following defect induc-
tion and reconstruction, a total of 39 ti-
tanium dental implants were placed into
the thBMP-2 augmented sites. Another
nine dental implants were placed into
resident bone between the augmented
sites (controls). Some sites, having experi-
enced wound failure or exhibiting exten-
sive cavernous voids within the newly
formed bone, were deemed unsuitable for
dental implant installation. Still others re-
ceived dental implants notwithstanding
similar shortcomings (Figst and 2). Eight
dental implants (three controls) were re-
moved in block sections at 4months fol-
lowing installation. Two dental implants
were lost as a result of infection (animal
217). The remaining dental implants re-
ceived healing abutments. A total of 15
bridges (13 two-unit and two three-unit
bridges) were placed onto these implants
and were subsequently exposed to func-
tional loading for 12months, at which
time the animals were killed for histo-
logic analysis. One animal died at
4months following defect induction and
reconstruction as a result of kidney fail-
ure unrelated to the experimental proto-
col (animal 220). Block sections including
dental implants exposed to 12months of
functional loading for another animal
(animal 221) were lost in the histological
processing. Thus, four dental implants
placed into rhBMP-2/ACS induced bone
were evaluated following 4 months of os-
seointegration, and 18 implants following
12months of functional loading. The cor-
responding numbers of implants placed
into the adjacent resident bone were three
and four, respectively.

Radiographic observations

Radiographic observations are shown in
Fig.2 and summarized in Table4. New
bone formation was observed in the
rhBMP-2/ACS augmented sites; however,
oval-shaped radiolucent voids within the
newly formed bone were observed in sev-
eral sites from the 1-month observation in-
terval. Bone voids were noted in seven of
12 sites receiving thBMP-2/ACS, in four of
six sites receiving thBMP-2/ACS/GTAM
(two remaining sites exhibited wound fail-
ure), and in two of six sites receiving
rhBMP-2/ACS/Resolut  (two remaining
sites exhibited wound failure). Thus bone
formation appeared normal in seven of 24
sites. Bone voids were observed in 13 sites.
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G. H.

Fig. 2. Representative radiographs of defect site implanted with thBMP-2/ACS (animal 219). The defect immediately following implantation of thBMP-2/ACS (A) and at
2 months post-surgery (B is shown. Note the radiolucent area centrally in the defect site (B). The radiolucent area appears to have regressed at dental implant installation
3months post-surgery (C). Two dental implants were placed into the defect site and one implant into the adjacent resident bone (D). Following 4 months of osseointegr-
ation some dental implants placed into thBMP-2/ACS induced bone (E) or resident bone were biopsied for histometric evaluation. The remaining implants are pros-
thetically reconstructed (F). Limited crestal resorption of peri-implant alveolar bone may be observed following 7 (G) and 12 months (H) of functional loading.
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Four sites exhibited wound failure, mem-
brane exposure and limited bone forma-
tion. The bone voids gradually filled with
bone also in contact with dental implants
placed into such sites (see Fig. 4 below). All
dental implant sites, whether in thBMP-2/
ACS induced bone or in resident bone, ex-
hibited limited crestal resorption over the
16-month observation interval.

Histologic observations
Dental implants biopsied at 4 months ap-
peared osseointegrated and exhibited
limited, if any, crestal resorption. The
newly formed rhBMP-2/ACS induced bone
exhibited normal trabeculation and cortex
formation. There were no apparent differ-
ences between dental implants placed into
rhBMP-2/ACS induced bone and dental
implants placed into resident bone
(Tables 5 and 6; Graphs 1 and 3).
Representative  photomicrographs — of
dental implants exposed to 12months of
functional loading are shown in Figs3, 4
and 5. The histologic sections provided evi-
dence of normal cortical and trabecular la-
mellar bone. Dental implants exhibited
limited, if any, crestal resorption at their
oral aspect, which best can be character-
ized as a thick bony ledge with a re-estab-
lished cortex (Graph 2 and Table7). In con-

trast, the buccal aspect of the implants ex-
hibited considerably thinner bony housing,
often with crestal resorption exposing one
or several threads to the immediate con-
nective tissue (Graph 2 and Table 7). Apical
migration of the peri-implant mucosal epi-
thelium was not observed. The dental im-
plants appeared osseointegrated as evi-
denced by bone contacts along the entire
implant surface (Graph 3). There was no
difference between dental implants placed
into sites augmented by thBMP-2/ACS and
those placed into resident bone (Tables7
and 8). Residual ACS matrix could not be
demonstrated for any observation interval.
None of the specimens provided evidence
of residual bone voids.

Histometric observations

Individual and mean (*=SD) histometric
observations are shown in Tabless-8.
Tabless and 6 show BICs at dental im-
plants placed into thBMP-2/ACS induced
bone or resident bone following 4 months
of osseointegration. Specimens from three
animals in each group were available for
analysis. Dental implants placed into
rthBMP-2/ACS induced bone exhibited
similar conditions as those placed into resi-
dent bone. The implants were almost to-
tally immersed in newly formed bone with

Fig. 3. Representative photomicrographs (animal 216) of dental implants placed into a defect site implanted

with thBMP-2/ACS (A) or into the adjacent resident bone (B). There were no remarkable differences in bone

formation and BIC between the implant sites.

limited, if any, crestal resorption. The den-
tal implants exhibited similar contact pat-
terns in thBMP-2/ACS induced and resi-
dent bone. There were no statistically sig-
nificant differences between the groups.

Tables7 and 8 show BICs at dental im-
plants placed into thBMP-2/ACS induced
bone or resident bone following 12 months
of functional loading. Specimens from four
and three animals, respectively, were avail-
able for analysis. Dental implants placed
into thBMP-2/ACS induced bone and resi-
dent bone exhibited similar conditions.
The lingual aspect of the implants was al-
most totally immersed in bone with
limited crestal resorption. In contrast, the
buccal aspect almost always exhibited
some crestal resorption. BICs following
r2months of functional loading were simi-
lar in thBMP-2/ACS induced and resident
bone and comparable to that observed fol-
lowing 4 months of osseointegration. There
were no statistically significant differences
between the groups.

Discussion

The objective of this study was to evaluate
bone formation and BIC at dental implants
placed into thBMP-2/ACS induced bone
following 12 months of functional loading.
Saddle-type, alveolar ridge defects, four per
animal, were surgically induced in the
mandible in six dogs planted with thBMP-
2/ACS with or without occlusive barrier
membranes and were allowed to heal for
3months before dental implant instal-
lation. Previous work (Jovanovic et al.
2001) with the same model demonstrated
that a control group of collagen alone ex-
hibited minimal bone regeneration com-
parable to a negative control. Therefore,
this treatment was excluded from the
study protocol. The implants were osseo-
integrated for 4months before prosthetic
reconstruction and functional loading.
Healing was complicated by wound failure
and membrane exposure in four defects.
Defects without wound failure filled to the
contour of the alveolar crest. The newly
formed trabecular bone exhibited features
of the adjacent resident bone with a re-es-
tablished cortexformed bone comprised
ovoid radiolucent voids that resolved over
time. Dental implant biopsies collected fol-
lowing 4months of osseointegration ex-
hibited limitedthose exposed to functional
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Fig. 4. Representative photomicrographs (animal 218) of dental implants placed into a defect site implanted
with thBMP-2/ACS in conjunction with a GTAM membrane (A) or into the adjacent resident bone (B). There
were no remarkable differences in bone formation and BIC between the implant sites.

Fig. 5. Representative photomicrographs (animal 219) of dental implants placed into a defect site implanted

with thBMP-2/ACS (A) or into the adjacent resident bone (B). There were no remarkable differences in bone

formation and BIC between the implant sites.

loading for 12months exhibited some
crestal resorption, in particular in their
buccal aspect. The thBMP-2/ACS induced
bone compared favorably with the resident
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bone for all parameters evaluated at each
time point.

Observations of localized post-surgery
swelling and altered bluish complexion of

the alveolar mucosa have been made in
several previous studies following implan-
tation of thBMP-2/ACS in dogs (Wikesjo
et al. 1999; Jovanovic et al. 2001; Selvig
et al. 2001). The mucosal lesions appear
closely associated with the oval-shaped
radiolucent bone voids observed radio-
graphically. In this study, these bone voids
were observed clinically during dental im-
plant installation. The bone voids, solitaire
or contiguous, central or peripheral, large
or of limited dimensions, have tentatively
been diagnosed as seromas. Bone voids
were observed in 13 of 24 defects in which
the thBMP-2/ACS/GTAM combination in-
duced voids, which did not allow implant
placement. Previous studies in this model
have reported bone voids in 11 of 14 de-
fects (Jovanovic et al. 2001) and in two of
four defects (Hunt et al. 2001) augmented
by rhBMP-2. Such bone voids have also
been observed in supra-alveolar defects in
dogs (Sigurdsson et al. 1997, 2001; Bernard
et al. 2000; Selvig et al. 2001). In the pres-
ent study, dental implants were installed
into sites containing moderate bone voids;
these voids resolved over time. Similar ob-
servations have been made in previous
studies in the presence and absence of den-
tal implants (Sigurdsson et al. 2001; Jov-
anovic et al. 2001). Apparently, implants
placed into sites including moderate bone
voids become osseointegrated without
further compromise. The genesis of the
bone voids is unknown. They may be spe-
cies and/or site dependent, and they may
be generated by concentration gradients of
rhBMP-2 within the site. Regardless, bone
voids have not been reported in evalu-
ations of thBMP-2/ACS induced bone in
clinical studies (Boyne et al. 1997; Howell
et al. 1997).

Histologic evaluation was based on buc-
cal-lingual sections of all 12-month loaded
implants. The 4-month biopsies were sec-
tioned in a mesio-distal direction because
of buccal-lingual tissue loss at the biopsy
retrieval. All histologically evaluated den-
tal implants were osseointegrated, whether
installed into rthBMP-2/ACS induced or
into native resident bone. Similar BIC
values were observed in thBMP-2 induced
bone at 4months of osseointegration (~
41%) and at 12months of functional load-
ing (~ 52%). Corresponding values for den-
tal implants placed into resident bone ap-
proximated 53 and 75%. The limited num-
ber of animals representing each
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Table 7. Dental implant-bone contact at 12months of functional loading in rhBMP-2/ACS induced

bone

Animal  Bone height Mesial Crestal resorption Coronal bone contact
(mm) (mm) (mm)
Mesial Distal Distal Mesial Distal BIC (%)

216 8.0 8.6 1.8 1.2 0.6 0.3 60.6

217 7.3 7.2 2.6 2.5 0.5 0.6 54.2

218 7.4 8.2 23 1.6 1.8 1.2 495

219 7.0 7.8 2.8 2.1 3.7 1.3 46.2

Mean = SD 7.5 = 0.4% 80+06t 2405 18*06 16 =15 0905 51.7 =71

*98% newly formed bone.
196% newly formed bone.

Table 8.. Dental implant-bone contact at 12months of functional loading in resident bone

Animal  Bone height Mesial Crestal resorption Coronal bone contact
(mm) (mm) (mm)
Mesial Distal Distal Mesial Distal BIC (%)
216 5.4 8.3 45 1.6 0.6 0.5 813
218 8.0 9.1 1.8 0.7 0.1 1.0 75.4
219 6.3 8.6 3.8 1.1 0.0 1.1 67.3
Mean = SD 6.6 = 1.3 8704 33+14 1104 02x03 09+03 747 7.0

observation makes comparisons between
BIC values precarious. Nevertheless, it may
be concluded that thBMP-2/ACS induced
bone provided a foundation for long-term
osseointegration of dental implants subject
to functional loading. Several recent studies
have evaluated BIC in thBMP-2 augmented
alveolar bone and in native alveolar bone in
canine and nonhuman primate models (Jov-
anovic et al. 1993, 1995; Caplanis et al.
1997; Hanisch et al. 1997; Sigurdsson et al.
1997, 2001; Boyne et al. 1999; Cochran
et al. 1999). Other preclinical studies have
evaluated BIC following functional loading
in sites augmented by guided bone regenera-
tion (Buser et al. 1995, Simion et al. 2001),
resorbable hydroxyapatite (Quinones et al.
1997), or distraction osteogenesis (Block
et al. 1998). Comparisons of BIC values be-
tween studies should be made with caution
because of variations in method of analysis,
plane of analysis, sites of analysis, obser-
vation interval, and other factors that may
make comparisons merely speculative. Re-
gardless, the observations herein suggest
that thBMP-2-based technology appears an
attractive and realistic alternative for aug-
mentation of alveolar bone and subsequent
osseointegration and functional loading of
dental implants.

The dental implants exhibited radio-
graphic and histologic evidence of crestal
resorption at 12 months of functional load-
ing. Crestal resorption appeared increased
at the buccal compared to the lingual as-

pect of dental implants placed into thBMP-
2/ACS induced bone and into the native
resident bone. It cannot be verified
whether crestal resorption at the buccal
and lingual sites was established already at
4months of osseointegration as the block
biopsies from that observation interval
were sectioned in a mesial-distal plane. It
is suggested from the histologic specimens,
however, that the implants were placed in
a buccal position (this assumption has
been verified by the surgeon). Thus differ-
ences in crestal resorption between buccal
and lingual implant surfaces likely relate
to discrepancies in bony housing and sub-
sequent remodeling, but not to functional
loading. Limited crestal resorption follow-
ing functional loading has also been ob-
served at titanium plasma-sprayed and hy-
droxyapatite coated dental implants in
mandibular sites in dogs (Corso et al.
1999), and at titanium plasma-sprayed den-
tal implants in thBMP-2 augmented al-
veolar ridges in dogs (Sigurdsson et al.
2001). Thus the crestal resorption may not
necessarily be unique to the particular den-
tal implant technology used in this study.
Moreover, limited crestal resorption ap-
pears a routine observation in clinical prac-
tice (Branemark et al. 1985).

Four defects exhibited wound failure,
membrane exposure and subsequently
limited bone formation. Two of the defects
had received rhBMP-2/ACS and the occlus-
ive nonresorbable ePTFE membrane. Two

defects had received thBMP-2/ACS and the
occlusive bioresorbable polyglycolide fiber
membrane. Radiographic bone fill in these
defects was limited to that commonly ob-
served in surgical controls in this defect
model (Hunt et al. 2001; Jovanovic et al.
2001). Similar observations of wound fail-
ure and outcomes following implantation
of rhBMP-2/ACS and occlusive barrier
membranes have been reported (Jovanovic
et al. 2001). Three of 10 defects implanted
with thBMP-2/ACS and an ePTFE mem-
brane experienced wound failure, mem-
brane exposure and subsequent limited
bone fill. Four of six defects receiving the
ePTFE membrane without thBMP-2 experi-
enced wound failure, membrane exposure
and impaired bone regeneration. In contrast,
all defects receiving rhBMP-2/ACS without
occlusive barrier membranes in this study,
and in previous studies by Hunt et al. (2001)
and Jovanovic et al. (2001) healed without
wound failure. These defects filled with
bone to the contour of the immediately ad-
jacent alveolar crest. Other previous studies
have shown that bone formation in cranio-
facial defects is significantly impeded when
rthBMP-2 has been combined with occlusive
barrier membranes (Zellin & Linde 1997;
Cochran et al. 1999). Collectively the evi-
dence suggests that tissue occlusive mem-
branes do not provide additional value to
the thBMP-2 technology. In contrast, the
evidence suggests that tissue occlusive
membranes may complicate wound healing
in alveolar sites as they may impair the bone
inducing potential of thBMP-2.

Conclusion

rhBMP-2/ACS induced bone allows instal-
lation, osseointegration, and long-term
functional loading of machined, threaded,
titanium dental implants.

Acknowledgements: The authors recog-
nize Rachel G. Sorensen, Associate Scien-
tist, Genetics Institute/\Wyeth-Ayerst Re-
search for histometric analysis and prep-
aration of the illustrations, and Dr
Mohammed Qahash, Laboratory for Ap-
plied Periodontal and Craniofacial Recon-
struction, Temple University School of Den-
tistry for histometric analysis. The do-
nation of dental implants and barrier
membranes by Nobel Biocare (Yorba Lin-
da, CA) and W.L. Gore & associates (Flag-

801 | Clin. Oral Impl. Res. 14, 2003 | 793-803



Jovanovic et al . Long-term functional loading of implants . Jovanovic et al . Long-term functional loading of implants

staff, AZ) for this study is greatly appreci-
ated.

Résumé

Lostéointégration est le but principal poursuivi lors du
placement des implants dentaires. Un tel contact osseux
apporte une stabilité des implants. L'objectif de cette étu-
de a été d’évaluer la formation osseuse et le contact direct
os-implant (BIC) a long terme, lors de la charge d’im-
plants dentaires osseux placés dans 'os induit par la pro-
téine-2 morphogénique osseuse humaine recombinée
(thBMP-2) dans une éponge collagéne absorbable (ACS).
Des lésions du rebord alvéolaire du type selle au niveau
mandibulaire (+15X10X10 mm), deux par quadrant, ont
été produites chirurgicalement chez chacun des six jeu-
nes chiens adultes. Les lésions ont été immédiatement
implantées avec du thBMP-2/ACS. Deux 1ésions par ani-
mal ont re¢u une membrane en téflon ou une membrane
biorésorbable en fibre polyglycolide. La guérison s’est ef-
fectuée pendant trois mois avec la membrane en téflon
avant que celle-ci ne soit retirée et que des implants den-
taires en titane fileté et usiné ne soient placés dans 1'os
induit thBMP-2/ACS et l'os résiduel adjacent. Aprés qua-
tre mois d’ostéointégration, les implants ont été exposés
afin de recevoir les piliers et le traitement prothétique
(des bridges de deux a trois unités]. Quelques implants
ont été enlevés pour 1’étude histologique. Les autres im-
plants ont été exposés a la charge fonctionnelle durant
douze mois apres lesquels les animaux ont été tués pour
Tanalyse histométrique. Un animal est mort prématuré-
ment di a un probléme rénal sans relation avec le proto-
cole expérimental et n’a donc pas été inclus dans 1’étude.
Les coupes obtenues aprés douze mois d'un autre animal
ont été perdues lors des manipulations histologiques.
Quatre sites ayant regu du thBMP-2/ACS et des membra-
nes en téflon ou résorbables ont accusé une mauvaise
guérison, une exposition de la membrane et n’ont montré
qu'une formation osseuse limitée. Les lésions sans pro-
blemes de guérison ont présenté un remplissage osseux.
L'os néoformé montrait des similitudes avec I’os normal
ayant un nouveau cortex; cependant, des zones plus clai-
res étaient présentes mais disparaissaient avec le temps.
Les biopsies de quatre mois montraient une résorption
crestale limitée tandis que celles ayant eu une charge du-
rant douze mois indiquaient quelques résorptions de la
créte. Les implants prélevés a quatre mois signalaient une
moyenne BIC de 40,6+8,2% dans l'os induit par rhBMP-
2/ACS vs 52,7+11,4% dans l'os normal. Les implants
dentaires exposés a douze mois de mise en fonction indi-
quaient un BIC moyen de 51,7+7,1% dans l'os induit par
thBMP-2/ACS vs 74,7+7,0% dans l'os normal. 1l n’y
avait aucune différence significative entre les implants
dentaires placés dans 1’os induit par hBMP-2/ACS et l'os
normal pour aucun des paramétres a aucun intervalle
d’observation. L'os induit par thBMP-2/ACS permet 'ins-
tallation, l'ostéointégration et la charge fonctionnelle a
long terme d’implants dentaires en titane fileté et usiné
chez le chien.

Zusammenfassung

Hintergrund: Die Osseointegration (direkter Knochen-
Implantat-Kontakt/BIC) stellt das primire Ziel nach Pla-
zierung von enossalen Implantaten dar. Ein solcher Kno-
chenkontakt gewihrleistet die Stabilitit des Implantats
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im Laufe der Zeit. Das Ziel dieser Studie war, die Kno-
chenbildung und BIC bei langzeitbelasteten enossalen
dentalen Implantaten, welche in induzierten Knochen
eingesetzt worden waren, zu untersuchen. Die Induzie-
rung des Knochens erflogte mit rekombinantem mensch-
lichem knochenmorphogenetischem Protein-2 (rhBMP-2)
in einem schwammférmigen Triger aus resorbierbarem
Kollagen (ACS).

Methode: Im Unterkiefer von sechs jungen amerikani-
schen Fuchshunden wurden im Alveolarkamm pro Qua-
drant zwei sattelformige Defekte chirurgisch pripariert.
Die Defekte wurden mit thBMP-2/ACS versorgt. Zwei
Defekte pro Tier erhielten zusitzlich eine nichtresorbier-
bare expandierte Politetrafluoroethylenmembran (ePTFE)
oder eine bioresorbierbare poliglycolide Fasermembran.
Die Heilung dauerte 3 Monate. Die ePTFE-Membran
wurde entfernt und es wurden maschinell bearbeitete
schraubenformige dentale Titanimplantate in den
thBMP-2/ACS induzierten Knochen und in den angren-
zenden ortsstindigen Knochen eingesetzt. Nach 4 Mona-
ten wurden die Implantate freigelegt, die Aufbauteile
wurden eingesetzt und prothetisch versorgt (Briicken mit
2 oder 3 Einheiten). Einige Implantate wurden fiir die hi-
stologische Untersuchung entfernt. Die verbliebenen Im-
plantate wurden fiir 12 Monate einer funktionellen Bela-
stung ausgesetzt. Danach wurden die Tiere fiir die histo-
metrische Analyse geopfert.

Resultate: Ein Tier verstarb vorzeitig wegen Nierenversa-
gen ohne Zusammenhang mit dem experimentellen Pro-
tokoll und wurde nicht in die Auswertung miteinbezo-
gen. Die 12-Monate Blockschnitte eines zweiten Tieres
gingen wihrend der histologischen Aufarbeitung verlo-
ren. Vier Stellen, welche thBMP-2/ACS und eine ePTFE
oder resorbierbare Membran erhalten hatten, zeigten eine
gestorte Wundheilung mit Membranexposition und in
der Folge eine eingeschrinkte Knochenbildung. Defekte
ohne gestorte Wundheilung fiillten sich bis zur Kontur
des umgebenden Alveolarknochens auf. Der neugebildete
Knochen zeigte Eigenschaften des ortsstindigen Kno-
chens mit einer neugebildeten Kompakta. Jedoch konn-
ten radioluzente Areale gesehen werden, welche sich mit
der Zeit auffiillten. Die dentalen Implantate in den Block-
biopsien nach 4 Monaten zeigten, wenn tiberhaupt, nur
geringe Knochenresorption, wihrend die Implantate mit
12 Monaten funktioneller Belastung eine gewisse krestale
Resorption aufwiesen. Die Implantate der Biopsien nach
4 Monaten zeigten einen mittleren (+SD) BIC von
40.6+8.2% im thBMP-2/ACS induzierten Knochen ge-
geniiber §2.7+11.4% im ortsstindigen Knochen. Die Im-
plantate nach 12 Monaten funktioneller Belastung zeig-
ten einen mittleren BIC von 51.7%7.1% im thBMP-2/
ACS induzierten Knochen gegentiber 74.7+7.0% im orts-
stindigen Knochen. Es bestanden fiir keinen der Parame-
ter und fiir kein Beobachtungsintervall signifikante Un-
terschiede zwischen den Implantaten im thBMP-2/ACS
induzierten und im ortsstindigen Knochen.
Schlussfolgerung: thBMP-2/ACS induzierter Knochen er-
laubt das Einsetzen, die Osseointegration und die Lang-
zeitbelastung von maschinell bearbeiteten, schraubenfor-
migen dentalen Implantaten bei Hunden.

Resumen

Antecedentes: La osteointegracion (contacto directo hue-
so-implante/BIC) es la meta primaria tras la instalacion
de implantes dentales endodseos. Tal contacto Gseo pro-
porciona estabilidad al implante dental a lo largo del
tiempo. El objetivo de este estudio fue evaluar la forma-

cién 6sea y el BIC en implantes dentales endodseos a lar-
go plazo, cargados funcionalmente, colocados en hueso
inducido por proteina-2 Gsea humana morfogenética
(rhBMP-2) en un vehiculo de esponja de colageno reabsor-
bible (ACS).

Métodos: Se indujeron quirdrgicamente defectos mandi-
bulares de la cresta alveolar (~15X10X10 mm), en silla
de montar, dos por cada cuadrante mandibular, en seis
Fox Hounds americanos jovenes adultos. Los defectos se
implantaron inmediatamente con thBMP-2/ACS. Dos de-
fectos por animal recibieron una membrana no reabsorbi-
ble de politetrafluoretileno expandido (ePTFE) o una
membrana reabsorbible de fibras de poliglicol. Se permi-
ti6 la progresion de la cicatrizacion. Se permitio la progre-
sion de la cicatrizacion durante 3 meses cuando se retird
la membrana de ePTFE y se instalaron implantes dentales
de titanio roscados y torneados en el hueso inducido por
thBMP-2/ACS y en el hueso residente adyacente. Los im-
plantes se expusieron a los 4 meses de osteointegracion,
para recibir los pilares y el tratamiento protético (puentes
de 2 0 3 unidades). Algunos implantes se retiraron para
analisis histologico. Los implantes restantes se expusie-
ron a carga funcional durante 12 meses tras los cuales los
animales se sacrificaron para analisis histométrico.
Resultados: Un animal muri6 prematuramente debido a
fallo renal sin relacion con el protocolo experimental y
no se incluyo en el analisis. Las secciones de los 12 meses
de un segundo animal se perdieron en el procesamiento
histoldgico. Cuatro sitios que recibieron thBMP-2/ACS y
membranas de ePTFE o reabsorbibles experimentaron fa-
1los en la herida exposicion de la membrana y subsecuen-
temente exhibié una limitada formacién 6sea. Los defec-
tos sin fallos en la herida se rellenaron hasta contornear
el hueso alveolar adyacente. El hueso neoformado exhibio
caracteristicas del hueso residente con un cortex reesta-
blecido, de todos modos, incluyé comtunmente areas ra-
diolucidas que se reabsorbieron con el tiempo. Los blo-
ques de implantes dentales que se biopsiaron a los 4 me-
ses exhibieron una limitada, si alguna, reabsorcion
crestal. Los implantes biopsiados a los 4 meses exhibieron
un BIC medio (=SD) de 40.6+8.2% en hueso inducido
por thBMP-2/ACS frente a 52.7+11.4% en hueso residen-
te. Los implantes dentales sometidos a carga funcional
durante 12 meses exhibiecron un BIC medio de
51.7+11.4% en hueso inducido por thBMP-2/ACS frente
a74.7%7.0% en hueso residente. No hubieron diferencias
significativas entre los implantes dentales colocados en
hueso inducido por thBMP-2/ACS y en hueso residente
para ningin pardmetro en ningun intervalo de observa-
cion.

Conclusién: El hueso inducido por thBMP-2/ACS permi-
te la instalacion, osteointegracion, y carga funcional a lar-
go plazo de implantes dentales de titanio roscados tornea-
dos en perros.
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