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SUMMARY. Background: Several studies have reported certain bone morphogenic proteins (BMPs) to have
positive effects on bone generation. Although some investigators have studied the effects of human recombi-
nant BMP (rhBMP-2) in sinus augmentation in sheep, none of these studies looked at the placement of im-
plants at the time of sinus augmentation. Furthermore, no literature could be found to report on the impact
that different implant systems, as well as the positioning of the implants had on bone formation if rhBMP-2
was utilized in sinus-lift procedures. Purpose: The aim of this study was to compare sinus augmentation with
rhBMP-2 on a poly-D, L-lactic-co-glycolic acid gelatine (PLPG) sponge with sinus augmentation with autologous
pelvic cancellous bone in the maxillary sinus during the placement of different dental implants. Materials and
methods: Nine adult female sheep were submitted to bilateral sinus-floor elevation. In one side (test group) the
sinus lift was performed with rhBMP-2 on a PLPG-sponge, while the contralateral side served as the control by
using cancellous bone from the iliac crest. Three different implants (Bränemark�, 3i� and Straumann�) were
inserted either simultaneously with the sinus augmentation or as a two staged procedure 6 weeks later. The an-
imals were sacrificed at 6 and 12 weeks for histological and histomorphometrical evaluations during which bone-
to-implant contact (BIC) and bone density (BD) were evaluated. Results: BD and BIC were significantly
higher at 12 weeks in the test group if the implants were placed at the time of the sinus lift (p\0.05). No differ-
ence was observed between the different implant systems or positions. Conclusions: The use of rhBMP-2
with PLPG-sponge increased BIC as well as BD in the augmented sinuses if compared to autologous
bone. Different implant systems and positions of the implants had no effect on BIC or BD. � 2010 European
Association for Cranio-Maxillo-Facial Surgery
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INTRODUCTION

With the development of dental implants that marked
a milestone in prosthodontic surgery the interest in
bone augmentative procedures of the sinus floor in-
creased dramatically (Smiler et al., 1992). The standard
surgical technique for sinus-floor elevation involves rais-
ing the sinus mucous membrane and filling the cavity
with either bone or biomaterials, or a combination of
these. The materials utilized comprise of autogenous
bone (Thorwarth et al., 2005), allogenous bone
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(Choukroun et al., 2008), xenogenous substitutes
(Beloti et al., 2008), synthetic materials (Froum et al.,
2008) or a combination of these materials (Kirmeier
et al., 2008). Regardless of increased morbidity (Silva
et al., 2006), autogenous bone is still the gold standard
for reconstructive procedures (Raghoebar et al., 1993).
Although complications such as bleeding, infection, par-
asthesia, fractures and pain have been described, iliac
crest cortico-cancellous bone is the most suitable tissue
in the reconstruction of large defects due to sufficient
quantities available during harvesting (Arrington et al.,
1996; Cricchio and Lundgren, 2003).

Bone induction with the aid of osteogenic precursor cells
could decrease the risks and morbidity associated with
bone formation and osseointegration in different implant systems after
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Table 1 e Setting of the study groups

Simultaneous implantation Secondary implantation
after 6 weeks

6 Weeks 3 Sheep (group A1) e
12 Weeks 3 Sheep (group A2) 3 Sheep (group B)
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a donor site. Alternatives for autogenous transplantation can
be created by Tissue Engineering by means of the prolifer-
ation of autogenous osteoblast-like cells in combination
with growth factors and biomaterials to generate functional
tissues.

The group of bone morphogenic proteins (BMPs) was
discovered by Urist (1965). Currently at least 20 different
BMPs are reported in the literature (Wozney, 2002).
Human recombinant BMP (rhBMP-2) can be produced
commercially by cloned Chinese Hamster Ovary cells
(CHO)-Cells (Wang et al., 1990; Wozney, 2002) or by
E. coli bacteria (Kübler et al., 1998). RhBMP-2 has
been tested in many studies and showed osseoinductive
effects (Raghoebar et al., 1993; Boyne and Shabahang,
2001; Schwartz et al., 2008).

Yonezawa et al. (2006) evaluated the effect of rhBMP-
2 on bone consolidation of distraction osteogenesis in
rabbit mandibles and observed that the addition of
BMP promotes better bone formation. Moreover the ap-
plication of BMP in irradiated rat mandibles resulted in
predictable bone generation (Springer et al., 2008). The
release of rhBMP-2 from collagen scaffolds is a clinically
applicable approach to repair and regenerate critically
sized craniofacial bone defects in a rat model (Sawyer
et al., 2009).

Significant research activity (both pre-clinical and clin-
ical) is currently taking place in the area of growth factor
induced bone augmentation in the maxillary sinus to en-
able dental implant placement. In 2008, the Consensus
Report of the Sixth European Workshop on Periodontol-
ogy recognised that initial clinical trials support the po-
tential of rhBMP-2 in this field, however it was
emphasised that the research needed to answer questions
about the clinical benefits of bone augmentation with re-
spect to this alternative treatment (Tonetti and Hämmerle,
2008).

In the present study, the effects of rhBMP-2 on both
osseointegration of dental implants and bone formation
were investigated and compared with autologous pelvic
cancellous bone as a filling material for sinus-floor eleva-
tion in sheep. In addition, the impact of immediate vs.
secondary placement of implants, position and type of
dental implants on osseointegration as well as bone den-
sity (BD) were examined.
MATERIALS AND METHODS

Design and setting of the study

This research was approved by the Animal Trial Council
of the State Administration of Baden Württemberg
(Germany). All surgical procedures and follow up exam-
inations were done according to the Haas protocol (Haas
et al., 1998). All the surgical procedures were carried out
by the same surgeon.

A total of 9 female sheep (w2½ years old) were allo-
cated to 3 groups consisting of 3 animals each. Placement
of the implants at the time of sinus augmentation was
performed in two of these groups (survival time group
A1: 6 weeks; A2: 12 weeks) and in the last group the
implants were placed as a secondary procedure, 6 weeks
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after the bone augmentation (survival time Group B: 12
weeks) (Table 1).

Sinus floor elevation and implantation

The sheep were operated on under general anesthesia
with endotracheal intubation. After skin disinfection
and sterile covering, an 8 cm horizontal infraorbital inci-
sion was made and the facial septum (buccal wall) of the
right maxillary sinus was prepared as a test side. Access
to the sinus was made 1 cm caudal of the infra-orbital
margin through an osseous window of 1 cm� 2 cm.
The mucosa of the sinus was elevated and the cavity be-
tween the mucosa and the inferior osseous septum of the
sinus was augmented with rhBMP-2 on carrier material.
Both rhBMP-2 (produced by the Genetic Institute,
Cambridge, MA, USA) and poly-D, L-lactic-co-glycolic
acid (PLGA)-coated gelatin sponge PLGA-coated gelatin
sponge (PGS) as carrier were provided by Yamanouchi
Pharmaceutical Co., Ltd (Tokyo, Japan). The PGS used
as the carrier of rhBMP-2 had the following properties:
30 000 MW (molecular weight); a 1:1 molar ratio of lac-
tic acid to glycolic acid; a 4:1 weight ratio of PLGA to
gelatin; and 90% porosity. The volume of the implanted
material was 3.5 cm3 (3.5 cm� 1 cm� 1 cm). RhBMP-2
was diluted in LF 6 buffer, which consists of 5 mM so-
dium glutamate, 2.5% glycine, 0.5% sucrose, and
0.01% Tween 80 with a pH of 6.5. The rhBMP-2 con-
centration was 400 mg/ml. The sponge was covered
with 2 ml of the solution, resulting in a total amount of
0.8 mg rhBMP-2. After incubation of 30 min, the sponge
was divided in 60 equal units, which were placed into the
test side. After sinus-floor elevation, three different im-
plant systems (Straumann�, 3i� and Bränemark�) were
randomized and placed through the lateral septum in
the inferior part of each sinus. Insertion of implants
was performed according to the manufacturer’s recom-
mendation and with their specific drilling sets.

On the control side, the same operative procedure was
followed but instead of the rhBMP-2 and poly-D, L-lactic-
co-glycolic acid gelatine (PLPG) sponge, 3.5 cm3

autologous pelvic bone was used for the sinus lift. The
operative procedure for group A and B was identical.
To mark the position for the secondary placement of im-
plants, cortical screws were inserted 1 cm caudal to the
planned implant site (Stardrive� 2.0, Art. Nr. 401.136,
Synthes-Stratec�, Solothurn, Switzerland). See
Fig. 1(AeH).

Polychromic fluorescence marking

In order to analyse weekly bone formation, vital staining
of the study animals was achieved by subcutaneous
bone formation and osseointegration in different implant systems after
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Fig. 1 e Sinus elevation surgery on sheep. A, extraoral approach to the sinus by an infraorbital incision. B, sinus window osteotomy. C, test group e preparation
of rhBMP-2 with PLPG sponge. D, inserting these materials after raising the sinus membrane. E, autologous iliac bone for the control group. F, filling the sinus
cavity with autologous bone. G, implant insertion. H, overview of the sinus augmentation and 3 different implants placement.

Fig. 2 e Polychromic fluorescence marking schedule for 6 week group.
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injection of sterile calcein and xylenol orange solution.
After injection, the subcutaneous depot releases the
marker for approximately one week. The pigment is
integrated into the new bone during this time.
Calcein (C30H26N2O13, SigmaeAldrich, Deisenhofen,
Germany), in a dosage of 10 mg/kg, was administered
to the group of sheep sacrificed at 6 weeks, resulting in
integration of calcein (green after vital staining) in weeks
two and three. Xylenol orange (C31H28N2Na4O13S, Sig-
maeAldrich, Deisenhofen, Germany), was administered
in this group at two weeks at a dose of 90 mg/kg result-
ing in an orange stain in weeks 4 and 5. Animals
sacrificed at 12 weeks received the same dosages of cal-
cein at weeks seven and eight (integration weeks eight
and nine) and xylenol orange at weeks nine and ten (in-
tegration at weeks 10 and 11). Bone-implant contact was
Please cite this article in press as: Gutwald R, et al. Influence of rhBMP-2 on
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measured similar to the light microscopy analysis. Figs. 2
and 3 explain the fluorescence labeling protocol.

Animals were sacrificed with i.v. premedication
100 mg/kg Pentobarbital (Narcoren�, Merial GmbH,
bone formation and osseointegration in different implant systems after
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Fig. 3 e Polychromic fluorescence marking schedule for 12 week groups.
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Halbergmoos, Germany) and 2 mmol/kg Kaliumchl-
oride (Kaliumchlorid 7,45% BBraun�, BBraun,
Melsungen, Germany).
Fig. 4 e Measurement areas of BD evaluation. A, Histological and B,
fluorescence staining.
Histological evaluation

Samples collected were fixated in a solution of 4% form-
aldehyde (Merck, Darmstadt, Germany) for 2 weeks. The
technique described by Schenk was used to process the
samples (Schenk, 1965). A microscope (Carl Zeiss,
Göttingen, Germany) in combination with a fluorescence
light source HBO 50 (Carl Zeiss, Göttingen, Germany)
and a digital camera (CC-12, Soft Imaging System,
Münster, Germany) was used for analysis of the prepared
specimens. Staining for light microscopy was done ac-
cording to the RichardsoneLevaieLaczko technique
with surface staining with Azure II (Merck, Darmstadt,
Germany) for soft tissue visualization, surface staining
with Pararosanilin (SigmaeAldrich, Deisenhofen,
Germany) for discriminating between newly generated
and old bone was performed. Images were optimized
and evaluated with the program Analysis (Soft Imaging
System, Münster, Germany).
Morphometric analysis with light microscopy and
fluorescence microscopy

Bone-to-implant contact (BIC) was measured on 80% of
the apical surface of the implant. To evaluate the BD in
the augmented sinus, 4 areas were defined per implant
and the percentage of cancellous bone was measured
(Fig. 4). These areas had a size of 2� 2 mm and were lo-
cated 0.1 mm from the surface of the implant. By utiliz-
ing the fluorescence microscope, matching of the colored
newly formed bone to the weeks of formation was possi-
ble with the following coding: calcein (purple) stained
weeks 2 and 3 (6 week animals) and weeks 8 and 9
(12 week animals); xylenol orange (yellow) stained
weeks 4 and 5 (6 week animals) and weeks 10 and 11
(12 week animals).
Fig. 5 e BIC on group A1, A2 and B, with different implant systems.
Statistical difference found only between rhBMP-2 and control, after 12
weeks and simultaneous implantation.
Statistical analysis

Data was evaluated using General Mixed Model Analy-
sis of Variance; Software Excel 2002 (Microsoft�,
Redmond, USA). All p-values were studied bilaterally
with the level of significance being p\0.05.
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RESULTS

Osseointegration of the implants

Morphometric analysis (light microscopy)
The implants in the rhBMP-2 augmented sinuses had sig-
nificantly higher BIC than the samples with autologous
cancellous bone augmentation (p\0.05). The largest
difference (up to 10%) was found after 12 weeks and
with the simultaneous implantation protocol. Between
weeks 6 and 12, bone-implant contact increased more
on the rhBMP-2 side (15.4%) than on the cancellous
bone side (7.7%). Fig. 5 shows BIC in different experi-
mental groups and implant systems.

Implant systems
No statistical difference could be observed in the osseoin-
tegration between the rhBMP-2 and the cancellous bone
groups on all of the three implant systems. Table 2 shows
the average values and standard deviation for the implants.

Implant position
The position of the implant had no impact on osseointe-
gration. Fig. 6 shows the average values and standard de-
viation for the different implant positions.

Time-dependent bone formation
In the test group sacrificed at 12 weeks most bone (.40%)
was generated in weeks 8 and 9 (Fig. 7), while the cancel-
lous bone side with simultaneous implantation, the major-
ity of bone formation was between weeks 3 and 7. In the
group where implants were placed secondarily the major-
ity of bone was formed between weeks 8 and 11.

BD in the augmented sinus

Histological and morphometric analysis
In the group sacrificed at 6 weeks, a lower BD was mea-
sured when compared to the group sacrificed at 12 weeks
with simultaneous implantation. Sinus augmentations
performed with rhBMP-2 produced significantly higher
bone densities in all samples with the biggest difference
at 12 weeks and with simultaneous placement of the im-
plants; 44%^ 3.8% on the rhBMP-2 side and
30.9%^ 8.4% on the cancellous bone side (p\0.05)
(Fig. 9). Fig. 8(AeF) shows the histological and fluores-
cence analysis in group A2 with the 3 different implant
systems.

Implant systems and position
At 6 weeks the highest BD (25.4%) could be observed
on the rhBMP-2 side with the 3i implants. At 12 weeks
Table 2 e Bone to implant contact (BIC): average percentage values and sta

Group A1 Group A2

rhBMP-2 (%) Cancellous bone (%) rhBMP-2 (%)

Brånemark 27.0 ^ 12.6 16.4 ^ 6.7 45.3 ^ 6.6
Straumann 22.1 ^ 17.3 25.9 ^ 7.1 43.2 ^ 5.5
3i 13.6 ^ 5.5 10.9 ^ 5.4 24.2 ^ 4.7
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with simultaneous as well as secondary implantation,
the ITI implants had the highest values (51.7% and
43.1% respectively). Overall, the difference between
the systems was not statistically significant
(p . 0.05). Positioning of the implant did not have
a statistically significant effect on bone formation
(p . 0.05).

Time-dependent bone formation
In the animals sacrificed at 6 weeks the rhBMP-2 side
showed only a small amount of newly generated bone
at weeks 2 and 3 (3.6%) and weeks 4 and 5 (9.8%).
The remainder of the bone (89.6%), however, was
formed after week 5. This compared with bone formation
on the side augmented with cancellous bone; 2.9% in
weeks 2 and 3 and 7.3% in weeks 4 and 5 with
89.9% after week 5.

In the 12 week group, the rhBMP-2 side showed that
the majority of bone was generated between weeks 3 and
7 (65.8%) and in weeks 8 and 9 (25.6%). In the cancel-
lous bone side, 89.6% of the bone was formed between
weeks 3 and 7.
DISCUSSION

The standard procedure for sinus-floor elevation is by
raising the Schneiderian membrane and filling the cavity
with bone, biomaterials, or a combination of both
(Thorwarth et al., 2005; Choukroun et al., 2008;
Cordaro et al., 2008; Froum et al., 2008; Kirmeier
et al., 2008).

The use of autologous bone during sinus augmentation
has a reported success rate of over 90% (Kent and Block,
1989; Raghoebar et al., 1993). Iliac cancellous bone is
considered the gold standard regarding quantity and
quality of harvested bone. The reported incidence of
complications in this donor site, however, is 8%
(Younger and Chapman, 1989).

Lundgren et al. (2008) reported maxillary sinus lifting
using the simultaneous insertion of dental implants as
tent poles. The amount of bone formation in contact
with the implants seemed not to differ performing sinus
membrane elevation with or without bone grafts. How-
ever, more studies should be performed to assess the
long term outcomes of this technique. The use of a newly
developed Space-Making device for bone reformation in
maxillary sinuses has not so far resulted in bone forma-
tion (Cricchio et al., 2009).

Autologous bone grafts have an osseoinductive effect
through vital osteoblasts and their precursor cells. Until
recapillarisation of this tissue has occurred, the only
ndard deviation for the three different implant systems

Group B

Cancellous bone (%) rhBMP-2 (%) Cancellous bone (%)

31.5 ^ 29.4 36 ^ 19.3 34.5 ^ 24.3
31.1 ^ 4.2 36.7 ^ 19.9 27.4 ^ 27.2
30.2 ^ 31.8 43.3 ^ 26.0 30.0 ^ 24.0

bone formation and osseointegration in different implant systems after
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Fig. 7 e Time depending bone formation. Twelve weeks, test and
control group.

Fig. 6 e BIC in the different positions of the implants. No statistical
difference was found.
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nutritional supply to the cells occurs through diffusion
(Kübler et al., 1999). The surviving cellular elements
produce growth factors (e.g. BMPs) which have osteo-
genic and osseoconductive effects (Rahn and Perren,
1970; Rahn, 1976; Allegrini et al., 2003). The
osseoinductive effect of rhBMP-2 depends on the
amount of cells in the region of augmentation which
in turn depends on the species, the age and the vascular-
ity of the area (Terheyden et al., 1999; Yamaji et al.,
2007).

Sinus-lift procedures in a sheep model are a reliable
method for evaluating bone formation (Aral et al.,
2008; Estaca et al., 2008). Several studies have reported
the positive effects that certain BMPs have on bone gen-
eration in different animal trials (Allegrini et al., 2003,
2004.). None of these studies have, however, evaluated
the use of BMPs in association with different implant
systems during sinus-lift augmentation in the sheep
model.

Hanisch et al. (1997) described a model in which
monkeys were utilized for sinus-floor elevation with
rhBMP-2 on an absorbable collagen sponge (ACS)
with secondary implantation of 3 titanium implants
three months after augmentation. During this study
immediate placement of implants at the time of sinus
Please cite this article in press as: Gutwald R, et al. Influence of rhBMP-2 on
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elevation was not evaluated. Other studies utilized
rhBMP-2 during sinus augmentation but also did not
place implants simultaneously (Hanisch et al., 1997).
In this study, bilateral sinus-floor elevation filled with
either pelvic cancellous bone on the control side
(gold standard) was compared to sinus augmentation
with rhBMP-2 and an ACS on the test side with either
simultaneous or secondary implantation. Rahn et al. re-
ported on the osseoinductive effects of rhBMP-2 and
autologous bone by utilizing a fluorescence marking
sequence (Rahn and Perren 1970; Rahn, 1976).

During this study a total of 0.8 mg rhBMP-2 in a concen-
tration of 0.4 mg/ml was used while Terheyden et al.
(1999) and Roldán et al. 2004 used a concentration of
0.4 mg/ml rhBMP-7 for their study on mini pigs, normal
bone contains only 0.002 mg/kg of BMP (Rengachary,
2002). Other studies showed that large bone defects could
be repaired using rhBMP-2 on a PLPG sponge (Marukawa
et al., 2001). Due to its favorable structure, absorbable
PLPG sponges have been used in an animal model for tra-
cheomalacia (Nalwa et al., 2001; Sewall et al., 2003).

Previous histomorphometrical analysis of BIC were
limited to smaller areas of the implant surface
(Sennerby et al., 1992). During this study 80% of the im-
plant surface was measured which increases the accuracy
of the measurement (Cochran, 2000). In comparison to
the 6 week group, BIC was significantly higher
(p\0.05) after 12 weeks in this study. At 12 weeks after
sinus-floor elevation, the time of placement of the im-
plant had no significant influence on the amount of
BIC. In the rhBMP-2 side in the 6 week group, 67.7%
of BIC was generated between weeks 2 and 5. It is
known that osteoprogenitor cells differentiates only 10
days after transplantation (Ripamonti and Reddi, 1994).
Therefore, the remaining 32.3% of bone had to be pro-
duced during week six.

In the 12 week group, the rhBMP-2 side with simul-
taneous implantation, the osseointegration was twice as
high in weeks 8 and 9 as in weeks 10 and 11. Therefore,
the same amount of bone was generated during weeks
10 and 11 than in all the other weeks of the study com-
bined. In the cancellous bone side, bone formation and
integration were as high as in the rhBMP-2 side during
weeks 2 and 3, however during weeks 4 and 5 the au-
togenous cancellous bone side generated much less
bone. This could be interpreted as a decreasing osteo-
genic potency of the cancellous bone. In weeks 8 and
9, 34.7% of the bone was generated in the cancellous
bone side compared to the 47.6% on the rhBMP-2
side. In weeks 11 and 12, bone growth was lower on
both sides (autologous bone 18.6% and rhBMP-2
21.9%).

Similarly, BD within the rhBMP-2 augmented sinus
was higher than on the cancellous bone side for all obser-
vation periods. The time of implant placement had no
significant impact on osseointegration. BD, however,
was even higher after simultaneous implant placement.

The rate of bone formation over time showed very lit-
tle bone being generated in weeks 2 and 3, with slightly
more in weeks 4 and 5. The osteogenic potential of both
augmentation materials was limited in the first week after
sinus floor elevation. In weeks 8 and 9, however, 25.6%
bone formation and osseointegration in different implant systems after
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Fig. 8 e Overview of histological (A, C, E) and fluorescence (B, D, F) staining in the 12 week group with simultaneous implantation. A, B:
Brånemark�, C, D: 3i�, E, F: Straumann�.

Fig. 9 e BD in the different groups.
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of the new bone was generated but in weeks 10 and 11
only 8.6%. These values correlate with the results of os-
seointegration of the implants. No differences in bone
formation could be found between the immediate and
secondary placement groups.

In this study, sinus-floor augmentation with rhBMP-2
had a significantly higher BIC and BD (p\0.05).
Another study did not show significant differences in
the quantity of generated bone after sinus-floor augmen-
tation with rhBMP-2 and cancellous bone on monkeys
(Hanisch et al., 1997). The study did however show
that the newly generated bone had the same quality for
implant placement as the original bone. Terheyden
et al. (1999) showed the impact of rhBMP-7 on osseoin-
tegration after sinus-floor augmentation in mini pigs. At
6 months, BIC was 80% on the test side and only
Please cite this article in press as: Gutwald R, et al. Influence of rhBMP-2 on
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38.6% on the control side (BioOss�) (Terheyden et al.,
1999; Roldán et al., 2004) compared the influence of
rhBMP-7 with Platelet-Rich-Plasma (PRP) on five mini
pigs. After 6 weeks, BIC was 45.8% on the rhBMP-7
side and only 5.7% on the PRP side (Roldán et al.,
2004). During thus study, BIC with rhBMP-2 was only
22.2%^ 12.5% at 6 weeks.

Through fluorescence marking, osseointegration of the
implants on the rhBMP-2 side could be observed at 2e3
weeks. At 12 weeks, BIC was above 40% which is com-
parable to the normal osseointegration of dental implants.
No significant correlation could be found between the
position of the implant and osseointegration.
CONCLUSIONS

In sinus-floor augmentation the use of rhBMP-2 on
a PLPG sponge leads to higher BD and to higher BIC
but not to faster new bone formation when compared
to autologous cancellous bone. The different implant
types used showed no difference in osseointegration.
Although the results of this study cannot be extrapolated
to human subjects and further research is therefore
needed, this research holds promise for the reliable and
immediate placement of implants in the maxillary sinus
without the need of autologous bone.
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