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The dental literature is replete with
studies documenting vital bone regen-
eration following maxillary sinus aug-
mentation. Multiple variables affecting
bone regenerative outcomes have
been examined, including the type of
graft matrix,1–10 length of time between
subantral grafting and core biopsy,1–11

presence or absence of occlusive
membranes over the lateral wall
osteotomy site,12–16 and placement of
resorbable versus nonresorbable mem-
branes over the osteotomy site.12

Anorganic bovine bone mineral
(ABBM) has been used extensively,
either alone or as a composite graft
with other matrices, in sinus augmen-
tation procedures. Reviews of survival
rates for implants placed in the grafted
maxillary sinus have demonstrated the
efficacy and safety of anorganic bovine
bone mineral as the graft material.13,17

Multiple additional studies have fur-
ther documented superior implant sur-
vival rates of ABBM-grafted sinuses
when compared to autogenous bone
or composite grafts of ABBM and auto-
genous bone.18–20

The quality and quantity of bone
regeneration at numerous time points
in ABBM-grafted sinuses have been
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reported.1–4,7,9,10 A histologic exami-
nation of bone cores harvested at the
time of implant placement is essential
for confirmation of vital bone forma-
tion. A number of case series studies
have noted a range of vital bone for-
mation that varies with chosen times
for core biopsy. Reported values for the
percent of bone formed varied from
about 19% at 3 to 4 months to about
70% after 1 year or longer.2,4,7,10 The
percent of residual ABBM particles
integrated with newly formed bone
was generally reported as high
because of its slow rate of resorption.

Recombinantly produced human
platelet-derived growth factor BB
(rhPDGF-BB), with its potent critical
role in angiogenesis and its chemo-
tactic and mitogenic effects on target
cells such as periodontal ligament and
alveolar bone cells, may potentially
play an effective role in sinus augmen-
tation procedures when combined with
an appropriate carrier matrix. An in
vitro study by Jiang et al confirmed
proper attachment and release kinet-
ics leading to enhanced osteogenesis
when rhPDGF-BB was combined with
ABBM.21 A number of prospective
studies have further confirmed signifi-
cantly improved bony regenerative
outcomes when rhPDGF-BB is com-
bined with ABBM matrices.22–25

The purpose of the present proof-
of-principle study was to examine the
potential of improved bone regenera-
tive outcomes in maxillary sinus aug-
mentation procedures when
rhPDGF-BB is combined with particu-
late ABBM.1,3,4,12

Method and materials

This investigation was designed as a
prospective, open-label clinical study
involving 10 patients recruited from
four different centers. An informed con-
sent document prepared according to
the Declaration of Helsinki was
reviewed and obtained. Male or female
patients between 20 and 65 years of
age, with less than 6 mm of alveolar
bone height in the posterior edentu-
lous maxilla and who requested
implant-supported maxillary posterior
prostheses, were included in the study.
Subjects with acute or chronic sinus
disease, untreated periodontal dis-
ease, or significant acute or chronic
systemic disease were excluded from
the study.

Appropriate dental examination,
full-mouth periapical radiographs, clin-
ical photographs, and maxillary com-
puted tomography (CT) scans were
performed at baseline. A traditional
maxillary lateral wall osteotomy
approach to the sinus, following ele-
vation of  a full-thickness mucope-
riosteal flap, was performed under local
anesthesia (2% lidocaine with
1:100,000 epinephrine). Piezosurgical
instrumentation was used to create the
lateral window osteotomy. Prior to
grafting, 2 g of ABBM particles
(Bio-Oss, Osteohealth Company) were
thoroughly saturated with 1 mL of
0.3 mg/mL rhPDGF-BB (Gem21S,
Osteohealth Company) for a minimum
of 10 minutes to allow for adequate
attachment of the PDGF molecules to
the graft matrix. After the sinus mem-
brane was elevated to form a new sinus
floor, incremental quantities of the
composite graft were placed carefully
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into the newly created subsinus space.
A resorbable collagen barrier mem-
brane (Bio-Gide, Osteohealth
Company) was then positioned over
the lateral window, and the mucope-
riosteal flap was coapted with multiple
expanded polytetrafluoroethylene
sutures (CV-5, Gore-Tex, WL Gore &
Associates). Patients were instructed
to rinse with 0.12% chlorhexidine and
not to brush or floss the surgical sites
until sutures were removed. 

Subjects were seen for postoper-
ative evaluations at 1, 2, 4, 8, and 12
weeks and every 6 weeks thereafter
until biopsies were obtained at 6 to 8
months postaugmentation. There
were no serious adverse events during
the course of the study. Core biopsies
of 2 mm in diameter were harvested at
implant placement from the recon-
structed alveolar ridge, preserved, and
prepared for histologic evaluation.
One to four implants were placed in
each augmented area.

Ground sections for light
microscopy

Fixed samples were dehydrated in a
graded series of ethanols using a dehy-
dration system with agitation and vac-
uum. The blocks were infiltrated with
Kulzer Technovit 7200 VLC resin.
Infiltrated specimens were placedinto
embedding molds, and polymeriza-
tion was performed under ultraviolet
light. Polymerized blocks were sliced
longitudinally on an Exakt cutting unit
(Exakt). The slices were reduced by
microgrinding and polishing using an
Exakt grinding unit to an even thick-
ness of 30 to 40 µm. Sections were

stained with toluidine blue/pyronine
G and examined using a both a Leica
MZ16 stereomicroscope and a Leica
6000DRB light microscope.

Microcomputed tomographic
analysis

The specimens were scanned using a
high-resolution microcomputed tomo-
graphy (micro-CT) system (µCT 40,
Scanco Medical) in multislice mode.
Each image data set consisted of
approximately 600 micro-CT slice
images. The specimens were scanned
in high-resolution mode with an x-, y-,
and z-resolution of 16 µm. The image
data sets were used to produce three-
dimensional views of the specimens
using a special software (Scanco
Medical).

Results

Thirteen maxillary sinus augmentation
sites were treated in this proof-of-
principle case series. Surgical out-
comes in all cases were uneventful,
and sufficient regenerated bone was
present in all sites for successful implant
placement. Two bone cores were har-
vested from each treated sinus 6 to 8
months after treatment. No serious
adverse events occurred during the
course of this study. Seven specimens
exhibited robust histologic and micro-
CT evidence of new bone formation
and resorption of ABBM. The other
specimens demonstrated clinically
significant bone regeneration but con-
tinued to show considerable unre-
sorbed matrix. The following figures
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are representative biopsy samples
demonstrating the range of regener-
ative results seen in this case series
study.

Figure 1a represents an intact core
specimen obtained at the time of im-
plant placement. Robust bone regen-
eration was seen throughout the
augmented area, with significant re-
sorption of ABBM particles. Well-vas-
cularized lamellar bone and woven
bone were present, along with osteo-
blasts and osteoid, which could be
observed at a higher magnification
(Figs 1b and 1c). The progression from
woven to lamellar bone, along with
ongoing osteoid secretion by
osteoblasts, is especially evident in Fig
1c. A micro-CT scan of the trephine

core biopsy revealed almost all bone
in the sample, with only a small
amount of ABBM remaining (Fig 1d).

The intact bone specimen of core
no. 2 exhibited significant quantities
of dense, mostly lamellar, newly
regenerated bone (Fig 2a). However,
this core demonstrated intact ABBM
particles surrounded by an abun-
dance of well-formed newly regener-
ated bone. Magnified views
emphasized both the quantity and
maturation of the regenerated bone
bridging the intact ABBM graft parti-
cles (Figs 2b and 2c). The intense
osteogenesis evident in histologic
examination was further supported
by backscatter electron microscopy, in
which large quantities of regenerated

bone were seen connecting ABBM
particles (Figs 2d and 2e). 

In core no. 3, the intact specimen
revealed large areas of regenerated
lamellar bone surrounded by abun-
dant amounts of less mature woven
bone. Regenerated bone within the
core biopsy was surrounded by signif-
icant amounts of marrow (Fig 3a).
Findings seen at low power were con-
firmed at higher magnification, where
regenerated woven bone surrounded
more mature areas of lamellar bone
(Fig 3b). Few, if any, intact ABBM par-
ticles remained within the biopsy field.
A micro-CT scan of the trephine core
biopsy revealed almost all bone, with
scant amounts of ABBM remaining
(Fig 3c). 
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Fig 1a An intact core specimen from the
time of implant placement demonstrates
robust bone formation throughout the aug-
mented area, with little evidence of remain-
ing ABBM matrix particles.

Fig 1b (top left) At higher power, well-vas-
cularized lamellar (LB) and woven (WB)
bone are seen, along with active osteoid
(OS) formation. 

Fig 1c (bottom left) In this high-power
view, all phases of bone regeneration are
seen, from ongoing osteoid secretion by
osteoblasts, to woven bone, to dense
lamellar bone. REM = remodeling. 

Fig 1d (right) A micro-CT scan of the core
reveals almost 100% bone (red), with little
evidence of remaining ABBM particles
(white).
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Fig 2a An intact core specimen demon-
strates ABBM particles surrounded by and
interconnected with abundant amounts of
well-formed, newly regenerated bone (NB).
LB = local (old) bone.

Figs 2b (left) and 2c (right) Dense, mature
lamellar bone (NB) is seen surrounding and
interconnecting intact ABBM particles.

Figs 2d (bottom left) and 2e (bottom right)
The intense osteogenesis evident in the
histologic sample is further supported by
backscatter electron microscopy, in which
large quantities of regenerated bone (NB)
are seen connecting ABBM particles.
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Fig 3a (above) Large areas of regenerated
lamellar bone are seen surrounded by less
mature woven bone in this core biopsy
specimen. Few remaining ABBM particles
are seen in this core.

Fig 3b (left) At higher power, regenerated
lamellar bone (LB) and woven bone (WB) are
clearly seen (large boxed area from Fig 3a).

Fig 3c (right) A micro-CT scan of the
trephine core biopsy reveals almost all bone
(red), with only small amounts of ABBM par-
ticulate (white) remaining.
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In core no. 4, micro-CT scans of
the trephine core revealed a compos-
ite of mostly bone integrated with
lesser amounts of interspersed ABBM
particles (Figs 4a and 4b). Backscatter
electron microscopy demonstrated
extensive new bone surrounding a
number of intact ABBM particles, with
the newly formed bone bridging gaps
between the particulate graft matrix.
High-power histologic images con-
firmed the accuracy of both the three-

dimensional micro-CT scans and the
backscattered electron microscopy,
emphasizing robust bone formation
within a matrix of ABBM particles (Fig
4c). Finally, a magnified histologic view
revealed the dynamic juxtaposition of
an intact ABBM particle with well-
formed lamellar bone, the latter lined
by recently secreted osteoid from an
adjacent monolayer of osteoblasts (Fig
4d). 

The fifth specimen contained intact
ABBM particles throughout the core
biopsy that were surrounded by regen-
erated bone. The overall quantity of
new bone appeared to be somewhat
lower than that seen in the other spec-
imens (Fig 5a). Increased magnification
revealed intact ABBM particles rimmed
by newly formed bone interconnecting
adjacent particles. Numerous osteo-
blasts were seen rimming the leading
edge of secreted osteoid (Fig 5b).
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Fig 4a (left) A micro-CT scan of the
trephine core reveals a composite specimen
of mainly bone (red) integrated with lesser
amounts of ABBM matrix (white).

Fig 4b (right) In this micro-CT image
reformatted without the remaining ABBM
graft matrix, the core biopsy is seen to be
composed primarily of bone.

Fig 4c (left) High-power histologic view
demonstrates mature, robust bone sur-
rounding and interconnecting residual
ABBM particles. WB = woven bone; OB =
osteoblasts.

Fig 4d (right) Ongoing active bone forma-
tion is readily seen in a higher-power view in
the form of rims of osteoblasts (OB) secret-
ing abundant quantities of nonmineralized
osteoid (OS). NB = new bone.
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Discussion 

The long-term clinical success of max-
illary sinus augmentation procedures is
measured by the formation of vital, well-
vascularized bone.1–17 The inclusion of
a tissue-engineered protein in the sinus
grafting protocol provides opportuni-
ties to improve long-term clinical out-
comes for this procedure. This
proof-of-principle study represents a
first attempt to examine the potential
impact of rhPDGF-BB in sinus aug-
mentation.

PDGF, the primary growth factor
within the alpha granules of platelets,
is a 30-kDa glycoprotein present in the
bone matrix and actively secreted dur-
ing early fracture repair.26–28 It is
chemotactic and mitogenic for a num-
ber of cell types, including osteoblasts,
cementoblasts, and periodontal and
gingival fibroblasts. In addition, during
early stages of wound healing, PDGF
up-regulates vascular endodothelial
growth factor, increasing blood supply
to the defect site.29

osteoblasts were noted secreting sig-
nificant quantities of osteoid, indicat-
ing continuing active osteogenesis.

In two preclinical canine studies,
efficient replacement resorption of the
matrix particles with newly formed
bone occurred when the matrix was
saturated with rhPDGF-BB.25,30 The
same phenomenon of accelerated
replacement resorption of matrix par-
ticles saturated with rhPDGF-BB
seems to be operative in human sub-
jects as well.22

Although improved bone regen-
erative results were clearly evident in
the present case series, histologic out-
comes were not uniform across all
grafted sites. Many specimens demon-
strated broad areas of dense, well-
formed bone. However, other
specimens did not exhibit the same
robust bone regenerative results; nor
was accelerated replacement resorp-
tion of matrix particles always seen.
Further investigations are clearly
required to better understand those
variables required for predictable out-
comes in growth factor–mediated
sinus augmentation procedures. 

ABBM has shown well-docu-
mented effective clinical outcomes,
especially in terms of implant survival,
when used either alone or in combi-
nation with other matrices.13,16–20

The evidence further documents a
range of values for percent vital bone
formation, dependent upon multiple
examined variables, when ABBM is
used in sinus augmentation proce-
dures.1–4,7,9,10

Jiang et al confirmed the needed
attachment and release kinetics for
enhanced osteogenesis when
rhPDGF-BB was added to ABBM in an
in vitro study.21 Subsequent studies
have confirmed improved osteogen-
esis when ABBM is combined with
rhPDGF-BB.22–25

The current study clearly suggests
the possibility of improved bone
regenerative results when rhPDGF-BB
is added to the ABBM matrix.1,3,4,12 In
more than half of the grafted areas
studied in the present case series, large
areas of dense, well-formed lamellar
bone were seen throughout the intact
core specimens, with obvious resorp-
tion of ABBM. Abundant numbers of
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Fig 5a This intact core reveals ABBM graft particles surrounded by
and interconnected with newly formed bone (NB). The quantity of
bone is lower than that seen in other specimens.

Fig 5b Abundant numbers of osteoblasts
(OB) throughout this higher-power view
reveal continuing bone regeneration within
this grafted site. OS = osteoid.
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Conclusion

Regeneration of vital, well-vascularized
bone in the posterior maxilla frequently
must precede implant placement in
the posterior maxilla. Maxillary sinus
augmentation procedures have be-
come a clinically accepted modality to
achieve this goal. The recent introduc-
tion of tissue-engineered biomole-
cules, ie, recombinant human
platelet-derived growth factor BB, for
clinical use provides opportunities for
significantly improved bone regenera-
tive results in maxillary sinus augmen-
tation procedures.
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