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Abstract
Objectives The aim of this study was to evaluate the combined effects of recombinant human bone morphogenetic protein - 9
(rhBMP-9) loaded onto absorbable collagen sponges (ACS) and low-intensity pulsed ultrasound (LIPUS) on bone formation in
rat calvarial defects.
Materials and methods Circular calvarial defects were surgically created in 18 Wistar rats, which were divided into LIPUS-
applied (+) and LIPUS-non-applied (−) groups. The 36 defects in each group received ACS implantation (ACS group), ACSwith
rhBMP-9 (rhBMP-9/ACS group), or surgical control (control group), yielding the following six groups: ACS (+/−), rhBMP-9/
ACS (+/−), and control (+/−). The LIPUS-applied groups received daily LIPUS exposure starting immediately after surgery. At 4
weeks, animals were sacrificed and their defects were investigated histologically and by microcomputed tomography.
Results Postoperative clinical healing was uneventful at all sites. More new bone was observed in the LIPUS-applied groups
compared with the LIPUS-non-applied groups. Newly formed bone area (NBA)/total defect area (TA) in the ACS (+) group
(46.49 ± 7.56%) was significantly greater than that observed in the ACS (−) (34.31 ± 5.68%) and control (−) (31.13 ± 6.74%)
groups (p < 0.05). The rhBMP-9/ACS (+) group exhibited significantly greater bone volume, NBA, and NBA/TA than the
rhBMP-9/ACS (−) group (2.46 ± 0.65 mm3 vs. 1.76 ± 0.44 mm3, 1.25 ± 0.31 mm2 vs. 0.88 ± 0.22 mm2, and 62.80 ± 11.87% vs.
42.66 ± 7.03%, respectively) (p < 0.05). Furthermore, the rhBMP-9/ ACS (+) group showed the highest level of bone formation
among all groups.
Conclusion Within their limits, it can be concluded that LIPUS had osteopromotive potential and enhanced rhBMP-9-induced
bone formation in calvarial defects of rats.
Clinical relevance The use of rhBMP-9with LIPUS stimulation can be a potential bone regenerative therapy for craniofacial/peri-
implant bone defects.
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Introduction

The establishment of predictable bone regenerative ap-
proaches is essential for the treatment of craniofacial/peri-
implant bone defects resulting from various causes, such as
trauma, tumors, and peri-implantitis. Among a variety of bone

regenerative procedures, local delivery of growth factors or
other bioactive agents is becoming a common clinical ap-
proach because of the relative ease of use [1]. Bone morpho-
genetic proteins (BMPs) have been extensively reported as
highly bioactive growth factors with osteoinductive potential
involved in bone development and repair/regeneration [2]. In
addition, it has been revealed that BMPs support distinct steps
of osteoclast differentiation and activation directly and indi-
rect ly via BMP-st imulated surrounding cel ls by
RANK/RANKL/OPG system in bone remodeling [3], and
that BMP signaling acts as a mediator in osteoblast-
osteoclast coupling and critically affects the rate of bone for-
mation [3, 4]. Several animal and clinical studies have shown
that topical application of recombinant human BMP-2
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(rhBMP-2) with an absorbable collagen sponge (ACS) carrier
induces marked new bone formation in various bone defects
[5–13]. Indeed, a rhBMP-2/ACS product currently has four
United States Food and Drug Administration (FDA)–ap-
proved clinical indications: tibial shaft fractures, spinal fu-
sions, sinus floor elevation, and alveolar ridge augmentations
[6, 8–10, 13]. The efficacy of the FDA-approved rhBMP-2/
ACS has been documented in human clinical studies in both
maxillary sinus floor elevation and alveolar ridge augmenta-
tion demonstrating significantly induced bone formation/
maturation suitable for dental implant placement [8–10].
However, adverse side effects such as production of ectopic
bone, induction of rampant inflammation, and severe edema
have also been reported following high dose of rhBMP-2 ap-
plication [13, 14].

On the other hand, comparative studies using adenovirus-
transfection experiments to examine several BMPs revealed
that BMP-9 has the greatest osteogenic potential of all BMPs,
including clinically approved BMP-2 and BMP-7 [15, 16].
Interestingly, it was also demonstrated that rhBMP-9/ACS
had greater osteogenic potential than surgical control or
ACS alone [12, 17], and yielded new bone formation with
less adipose tissues compared with rhBMP-2/ACS [12] in
rat critical-sized calvarial bone defects. Furthermore, a recent
in vitro study has shown that rhBMP-9 is able to promote
osteoblast differentiation producing more alkaline phospha-
tase as well as alizarin red staining when compared to
rhBMP-2 and rhBMP-7 even at 20-times lower doses [18].
Thus, rhBMP-9 may be an effective rhBMP-2 alternative for
inducing bone formation at lower dosages, thereby markedly
diminishing possible secondary side effects and costs associ-
ated with high-dose therapy [19].

The mechanical environment at the repair site also plays a
very important role in bone healing by altering biophysical
signals and vascular networks [20, 21]. Low-intensity pulsed
ultrasound (LIPUS) is transmitted as an extracellular mechan-
ical force at the cell membrane, whereby it is transduced into
intracellular electrical and/or biochemical signals. This stimu-
lus can induce various cellular events, includingmesenchymal
stem cell recruitment, osteoblast proliferation/differentiation,
inflammation suppression, promotion of cytokine secretion,
improvement of angiogenesis, extracellular matrix produc-
tion, and mineralization [21–23]. In addition, several recent
studies have reported that LIPUS can accelerate new bone
formation in various bone defects [24, 25]. Thus, LIPUS stim-
ulation is a clinically established, widely used, and FDA-
approved intervention as noninvasive therapy to promote
healing of pathological and traumatic fractures without caus-
ing untoward events [26]. Moreover, it has recently been re-
ported that LIPUS accelerates rhBMP-2/ACS-induced bone
formation in rat critical-sized femoral segmental defects
[27]. These findings led to the hypothesis that rhBMP-9/
ACS with LIPUS is capable of improving bone repair within

short period of time after implantation in bone defects.
However, it is unclear whether the combined use of LIPUS
and rhBMP-9 can induce additional bone healing/regeneration
in bone defects. Therefore, the aim of this study was to eval-
uate the combined effects of LIPUS and rhBMP-9 loaded onto
ACS on bone healing/regeneration in rat calvarial defects.

Materials and methods

Experimental animals

Eighteen 17-week-old male Wistar rats (body weight: 476–
497 g) were purchased from Charles River Laboratories
(Kanagawa, Japan). This study was performed in accordance
with ARRIVE guidelines for preclinical animal studies. All
experimental protocols and procedures were approved by the
Ethical Committee of the Animal Research Center of
Kagoshima University, Japan (Approval No. D19011).

Surgical protocol

All animals were housed in a light- and temperature-
controlled environment, and given food and water ad libitum.
Before surgery, the experimental animals were divided into
LIPUS-applied (+) and LIPUS-non-applied (−) groups con-
taining 9 animals each per group (Fig. 1). General anesthesia
was induced by a combination of an inhalation of Isoflurane®
(FUJIFILM Wako Pure Chemical Co., Ltd., Osaka, Japan)
and intraperitoneal injection of a mixture of 1.0 mg/mL
medetomidine hydrochloride (Dorbene®vet, Kyoritsu
Seiyaku Co., Tokyo, Japan), 5.0 mg/mL midazolam
(Dormicum®, Astellas Pharma Inc., Tokyo, Japan), and 5.0
mg/mL butorphanol tartrate (Vetorphale®, Meiji Seika
Pharma Co., Ltd., Tokyo, Japan). A local infiltration anesthe-
sia (2%, 1:80,000 xylocaine; Fujisawa Inc., Osaka, Japan) was
used at the surgical sites before surgery. The dorsal part of the
cranium was shaved, and a sagittal incision of approximately
25 mm was made over the scalp of the animal. A flap was
raised and 2 bone defects (2.7 mm diameter) were created on
each side lateral to the sagittal plane using a slow-speed tre-
phine bur (Stoma, Emmingen-Liptingen, Germany) with sa-
line irrigation to prevent heat damage to the host bone. Care
was also taken not to damage the dura. Four circular bone
defects were created in each animal as demonstrated in Fig.
2a. To keep the regional anatomic and individual variations as
low as possible, a total of 36 defects in each (LIPUS-applied
(+) or LIPUS-non-applied (−)) group sequentially received
cross-linked ACS (φ 2.7 mm, Colla Tape; Zimmer Dental,
Carlsbad, CA, USA) with 1.0 μg rhBMP-9 (R&D Systems
Minneapolis, MN, USA) implantation (rhBMP-9/ACS
group), ACS implantation (ACS group), or surgical control
(control group) (Fig. 1, Fig. 2b, 2c, Supplemental Table),
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yielding the following six groups for evaluation: control (−),
control (+), ACS (−), ACS (+), rhBMP-9/ACS (−), and
rhBMP-9/ACS (+) (Fig. 1). In the ACS group, the ACS was
loaded with sterilized water before being applied to the defect.
In the rhBMP-9/ACS group, rhBMP-9 was reconstituted and
diluted in sterilized water. Next, the ACS was saturated with
rhBMP-9 solution and allowed to rest for 30 min prior to
rhBMP-9/ACS implantation (Fig. 2b, 2c). Following implan-
tation, the periosteum was repositioned and closed with 7-0
vicryl polyglactin sutures (Johnson & Johnson Pty Ltd.,
Tokyo, Japan). The skin was then closed with 6-0 Nesco
Sutures (Alfresa Pharma Co., Osaka, Japan). LIPUS-applied
animals (defects) were exposed to LIPUS for 20 min daily for
4 weeks. A circular transducer (20-mm diameter) was set in
contact with the skin over the defect area with high viscosity
gel. The transducer cable was fixed with a string to the rear of
the probe to maintain stability (Fig. 2d), thus enabling precise
LIPUS application to the wound via the sonicator
(OSTEOTRON D2; ITO Co. Tokyo, Japan). The sonicator
generated 200-μs ultrasound pulses at 1.5 MHz with a pulse
repetition rate of 1.0 KHz and spatial average intensity of 30
mW/cm2. Animals were humanely euthanized by CO2 as-
phyxiation 4 weeks post-surgery (Fig. 1).

Microcomputed tomography analysis

Calvariae including the defect areas were removed and fixed
in 10% neutral-buffered formalin. Formalin-fixed tissue sam-
ples were scanned with a Skyscan 1174 compact μCT (Bruker
microCT, Kontich, Belgium) at 52 kV/800 μA. A Ti-0.5 filter
was used to observe the whole appearance and discern the
center portion of defects (including defect margin with maxi-
mum linear defect length), and obtain optimal histological
sections for quantification of bone volume (BV) in defects.
Three-dimensional (3D) images were constructed with the 3D
creator program supplied with the instrument. A cylindrical
region of interest (ROI) with a diameter of 2.7 mm and height
comprising the total depth was chosen. BV at the ROI was
measured using CT analyzer software (Bruker-micro CT) by a
single experienced blinded examiner (T. N.).

Histologic and histomorphometric analyses

The samples were further trimmed and decalcified in EDTA
solution, dehydrated, and embedded in paraffin. Serial sections
of 6-μm thickness were prepared along the coronal direction.
Sections were stained with hematoxylin/eosin (H&E) and

Fig. 1 The flow chart shows the study design

Fig. 2 a Four circular defects (2.7-mm diameter) were prepared using a
trephine bur. b rhBMP-9/ACS construct before surgical implantation. c
Each defect was assigned to the control, ACS, or rhBMP-9/ACS group.
Clockwise from top left; control, ACS, rhBMP-9/ACS and rhBMP-9/

ACS in the animal. d The transducer was applied to the skin over the
defect area with high viscosity gel, and LIPUS applications were
performed
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examined under a light microscope (BX51; Olympus Corp.,
Tokyo, Japan). Images of the three most central sections of de-
fects were taken and stored as digital files for further analysis.
Measurement of the following histomorphometric parameters
was performed as described in previous studies [12, 17] by one
expert blinded and calibrated examiner (Yu. S.) using image
processing software (Win Roof; Mitani Co., Tokyo, Japan): (1)
distance between the margins of the original surgical defect (de-
fect length: DL); (2) length of the internal bone bridging forma-
tion (defect closure: DC); (3) total defect area (TA), as deter-
mined by first identifying the external and internal surfaces of
the original calvaria at the right and left margins of the surgical
defect, and then connecting them with lines drawn along their
respective curvatures; (4) region stained with H&E in the TA,
which was color extracted and defined as the newly formed bone
area (NBA); and (5) vertical augmentation height as measured at
four points, two at 0.54 mm apart in the center of the defect and
two at 0.54mm internally from the defectmargins, with each pair
of measurements averaged to yield the mean central bone height
(CBH) and marginal bone height (MBH). These heights were
composed of calcified osseous tissue, grafted biomaterial, and/or
the soft tissue interface. TA and NBA were measured in square
millimeters (mm2), and NBA was calculated as a percentage of
the TA. The linear measurement of DC was calculated as the
percentage of the defect length within each defect. Intra-
examiner reliability was assessed by repeating the measurements
on randomly selected 10% samples of all images 48 h after the
initial examination. Calibration was accepted if measurements at
baseline and at 48 h later were similar at the>90% level.

Statistical analysis

The bone defect was regarded as the statistical unit. The primary
outcome of this study was the histomorphometric outcome in
terms of NBA in particular, measured for six treatment groups
at 4 weeks. Due to the limited number of similar studies with a
comparable design and the primary outcome, no specific power
analysis for sample calculationwas performed.One-way analysis
of variance (ANOVA) was used to compare data among groups.
When the ANOVA was significant, Bonferroni’s post hoc test
was performed for multiple comparisons. A P value of <0.05
was considered statistically significant. Statistical analyses were
performed using statistical software (BellCurve for Excel, Social
Survey Research Information Co., Ltd., Tokyo, Japan). All re-
sults are expressed as mean ± SD.

Results

Clinical outcomes

Postoperative healing was uneventful in all animals. No visi-
ble complications, such as wound dehiscence, infection, or

suppuration, were observed during the entire 4-week healing
period.

μCT analysis

Representative 3D μCT images are shown in Fig. 3. Overall,
LIPUS-applied (+) groups exhibited developed ossification
compared wi th LIPUS-non-appl ied (− ) g roups .
Microradiographical analysis demonstrated broad radiolucent
areas in the control (−) group (Fig. 3a). In the control (+)
group, some bone formation occurred from the margin of
defects to varying degrees (Fig. 3b). Similar to the control
(−) group, the ACS (−) group showed broad radiolucent areas
in the defects (Fig. 3c). On the other hand, an increase in the
radiopacity within defects was observed in the ACS (+) group
(Fig. 3d). Although some radiolucent regions remained in the
rhBMP-9/ACS (−) group (Fig. 3e), a great increase in the
radiopacity within defects was observed. In contrast, the
rhBMP-9/ACS (+) group (Fig. 3f) exhibited homogenous
radiopacity in the whole defect areas compared with the
rhBMP-9/ACS (−) group. BV measurement revealed higher
values in LIPUS-applied groups compared with LIPUS-non-
applied groups. Furthermore, BV in the rhBMP-9/ACS (+)
group (2.46 ± 0.65 mm3) was significantly higher compared
with control (−) (1.17 ± 0.39 mm3, P < 0.01), ACS (−) (1.28 ±
0.60 mm3, P < 0.01), rhBMP-9/ACS (−) (1.76 ± 0.44 mm3, P
< 0.05), control (+) (1.63 ± 0.58 mm3, P < 0.01), and ACS (+)
(1.76 ± 0.62 mm3, P < 0.05) groups (Fig. 4).

Histomorphological descriptions

At 4 weeks, no abnormal infiltration of inflammatory cells
was observed in the healed defects. New bone formation in
the control (−) group was mostly restricted to areas close to the
original borders of defects (Fig. 5a). Most defects in the con-
trol (−) group were occupied by connective tissue composed
of large numbers of collagen fibers parallel to the wound de-
fect (Fig. 5a, Fig. 6a). However, the control (+) group exhib-
ited varying degrees of slender bone growth from both edges
to the center of defects (Fig. 5b). More osteoblast-like cells
were observed around the bony rims of defects in the control
(+) group compared with the control (−) group (Fig. 6a, 6b).
Connective tissue in the central portions of defects in control
(−) and control (+) groups was visibly thinner than the original
calvaria (Fig. 5a, 5b). The volume and contour of the defect
area in ACS applied groups maintained the original shapes of
calvariae compared with control (−) and control (+) groups
(Fig. 5c–f). In the ACS (−) group, newly formed bone with
osteoblasts and osteocytes was evident, mainly at the periph-
ery of defects, and most defects were considerably occupied
by connective tissue and small ACS fragments (Fig. 5c, Fig.
6c). Histologic findings observed in the ACS (+) group were
similar, however, with more new bone formation visibly
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occupying the defects (Fig. 5d). The ACS (+) group exhibited
more potent formation of calcified areas compared with the
ACS (−) group (Fig. 5d, Fig. 6d). Specimens in the rhBMP-9-
applied (+/−) groups showed a more advanced stage of

remodeling and consolidation of bone compared with control
(+/−) and ACS (+/−) groups. The structure and thickness of
new bone were similar in rhBMP-9/ACS (+/−) groups, but the
rhBMP-9/ACS (+) group exhibited a tendency to form more

Fig. 3 Three-dimensionally
reconstructed radiographic
images of representative rat
calvarial bone defects after 4
weeks of healing. a Control (-), b
control (+), cACS (-), dACS (+),
e rhBMP-9/ACS (-), and f
rhBMP-9/ACS (+)

Fig. 4 Bone volume (mm3) for
each treatment group in rat
calvarial bone defects at 4 weeks.
* Statistically significant
difference compared to the
rhBMP-9/ACS (+) group (P <
0.05); ** Statistically significant
difference compared to the
rhBMP-9/ACS (+) group (P <
0.01)
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mineralized bone containing abundant lacuna consisting of
many osteocytes and blood vessels (Fig. 5f, Fig. 6f) than the
rhBMP-9 (−) group (Fig. 5e, Fig. 6d). Furthermore, newly
formed bone was almost integrated with the original bone in
the rhBMP-9/ACS (+) group (Fig. 6f, Fig. 7).

Histomorphometric analysis

The results of histomorphometric analysis are shown in
Table 1. The values of the histomorphometric parameters in
LIPUS-applied (+) groups were in general greater than that in

Fig. 5 Representative histologic
photomicrographs of rat calvarial
bone defects at 4 weeks post-
surgery. Overview of defect sites
treated with a control (-), b
control (+), cACS (-), dACS (+),
e rhBMP-9/ACS (-), and f
rhBMP-9/ACS (+). Arrow head:
defect margin (scale bar, 500 μm;
hematoxylin and eosin stain)

Fig. 6 Representative histologic
photomicrographs of rat calvarial
bone defects at 4 weeks post-
surgery. Higher magnification of
the framed area in Fig. 5a (a), 5b
(b), 5c (c), 5d (d), 5e (e), and 5f
(f). (Scale bar, 100 μm;
hematoxylin and eosin stain)
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LIPUS-non-applied (−) groups. DC and DC/DL in the
rhBMP-9/ACS (−) group were significantly greater than that
observed in the control (−) group (P < 0.01) and ACS (−)
group (P < 0.05). The rhBMP-9/ACS (+) group demonstrated
significantly higher levels of DC (2.37 ± 0.32 mm) and DC/
DL (87.10 ± 11.83%) compared with control (−), ACS (−),
control (+), and ACS (+) groups (P < 0.01). Regenerated
augmentation heights (CBH and MBH) were significantly
lower in the control groups (both LIPUS-non-applied and
LIPUS-applied) compared with the other groups (P < 0.05).
NBA and NBA/TA in the rhBMP-9/ACS (−) group were

significantly increased compared with the control (−) group
(P < 0.05). NBA/TA in the ACS (+) group was significantly
increased compared with control (−) and ACS −) groups (P <
0.01). The rhBMP-9/ACS (+) group showed the highest levels
of NBA and NBA/TA (1.25 ± 0.31 mm2, 62.80 ± 11.87%),
which were significantly higher than those observed in the
other treatment groups. In four of the 12 rhBMP-9/ACS (+)
specimens, complete closure of the defect was observed (Fig.
7). Moreover, the number of animals that exhibited substantial
bone formation was higher in the rhBMP-9/ACS (+) group
compared with other groups (Table 2).

Fig. 7 a Histologic overview of a completely healed bone defect in the
rhBMP-9/ACS (+) group (scale bar, 500 μm; hematoxylin and eosin
stain). Arrow head: defect margin. b Higher magnification of a center

portion of the defect (scale bar, 100 μm; hematoxylin and eosin stain).
New bone formation occurred from both margins of the defects, and bone
bridging occurred across the entire defect

Table 1 Histomorphometric linear and area measurements in each treatment group (n = 12 defects)

Surgical treatment

Histometric
parameter

LIPUS (−) LIPUS (+) Statistically significant
differences(1) Control

(n = 12)
(2) ACS
(n = 12)

(3) rhBMP-9/ACS
(n = 12)

(4) Control
(n = 12)

(5) ACS
(n = 12)

(6) rhBMP-9/ACS
(n = 12)

DL (mm) 2.72 ± 0.01 2.72 ± 0.02 2.71 ± 0.01 2.73 ± 0.03 2.72 ± 0.01 2.72 ± 0.01 NS
DC (mm) 1.50 ± 0.22 1.53 ± 0.18 2.01 ± 0.39 1.76 ± 0.50 1.83 ± 0.29 2.37 ± 0.32 (1)(2) vs. (3)*

(1)(2)(4)(5) vs. (6)**
DC/DL (%) 55.14 ± 8.29 56.39 ± 6.78 74.09 ± 14.13 64.42 ±

18.21
67.41 ± 10.51 87.10 ± 11.83 (1)**(2)* vs. (3)

(1)(2)(4)(5) vs. (6)**
CBH (mm) 0.68 ± 0.14 1.00 ± 0.27 1.17 ± 0.31 0.64 ± 0.11 0.99 ± 0.22 1.17 ± 0.28 (1) vs. (2)*(3)**

(5)*(6)**
(4)** vs. (2)(3)(5)(6)

MBH (mm) 1.21 ± 0.18 1.47 ± 0.26 1.50 ± 0.23 1.08 ± 0.13 1.34 ± 0.19 1.52 ± 0.19 (1) vs. (2)*(3)*(6)**
(4) vs.
(2)**(3)**(5)*(6)**

TA (mm2) 1.93 ± 0.21 1.95 ± 0.26 2.03 ± 0.23 1.81 ± 0.11 1.80 ± 0.19 1.98 ± 0.21 NS
NBA (mm2) 0.60 ± 0.15 0.67 ± 0.17 0.88 ± 0.22 0.69 ± 0.17 0.84 ± 0.17 1.25 ± 0.31 (1) vs (3)*

(1)(2)(3)(4)(5) vs. (6)**
NBA/TA
(%)

31.13 ± 6.74 34.31 ± 5.68 42.66 ± 7.03 38.61 ± 9.17 46.49 ± 7.56 62.80 ± 11.87 (1) vs. (3)*(5)**
(2) vs. (5)**
(1)(2)(3)(4)(5) vs. (6)**

Values are presented as mean ± standard deviation. LIPUS, low-intensity pulsed ultrasound; ACS, absorbable collagen sponge; rhBMP-9, recombinant
humanBMP-9; DL, defect length; DC, defect closure; CBH, central bone height;MBH, marginal bone height; TA, total defect area, NBA, newly formed
bone area; NS: not significant *Statistically significant differences (P < 0.05) ** Statistically significant differences (P < 0.01).
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Discussion

This study aimed to investigate the effect of combining
rhBMP-9 and LIPUS on bone formation in rat calvarial bone
defects. The results revealed that (i) LIPUS-applied groups
showed more new bone formation compared with LIPUS-
non-applied groups, (ii) rhBMP-9/ACS applied groups dem-
onstrated much greater new bone formation than the four
groups without rhBMP-9 application, and (iii) the additional
application of LIPUS to rhBMP-9/ACS led to the highest
level of bone formation among all treatment groups.

In the LIPUS-applied control group, new bone formation
was observed with superior effectiveness in terms of DC and
DC/DL compared with the LIPUS-non-applied control group,
although no statistically significant differences were detected
between these groups. In addition, more osteoblast-like cells
were observed around the extended bony rim in the control (+)
group compared with the control (−) group. The ACS (+)
group also exhibited a statistically higher level of NBA/TA
compared with the ACS (−) group. These results are similar to
a previous report indicating significantly greater increases in
bone volume of original calvarial defects in LIPUS-applied
rats (18.9%) compared with LIPUS-non-applied rats (9.8%),
as well as clear bone labeling in the edges of newly formed
bone in LIPUS-applied defects at 4 weeks [24]. Furthermore,
Jung et al. [28] reported that new bone formation was en-
hanced by about 20% in the LIPUS-applied group relative to
the LIPUS-non-applied control group; moreover, the LIPUS
group exhibited thicker new bone tissue and more osteocytes
than the control group in rat calvarial defects after 8 weeks.
These findings are supported by in vitro studies showing that
LIPUS stimulation significantly promoted the proliferation of
osteoblasts [22, 29, 30] and bone marrow-derived mesenchy-
mal stem cells [23, 31], and increased expression of cycloox-
ygenase 2 and runt-related transcription factor 2, early re-
sponse genes involved in the process of osteoblast differenti-
ation [32–34]. Furthermore, LIPUS has been shown to

enhance the expression of osteogenic genes (e.g., BMP-2, -
4, and -7, osteopontin, osteonectin, and osteocalcin) produced
by osteoblasts and various cells [29, 30, 32, 33, 35, 36] and
stimulate the production of angiogenic cytokine vascular en-
dothelial growth factor [37]. Additionally, a very recent study
has found that LIPUS significantly upregulates protein levels
of BMP-2 and phospho-Smad 1/5/9 in murine periosteum–
derived cells [38]. Thus, the effects of LIPUS might enhance
bone formation in rat calvarial defects.

rhBMP-9/ACS–applied groups demonstrated more new
bone formation compared with the four groups without
rhBMP-9 application. These results are consistent with our
previous studies of rat calvarial bone defects [12, 17], which
reported that rhBMP-9 combined with ACS significantly pro-
moted bone formation compared with clot or ACS alone.
Furthermore, our positive results following rhBMP-9 applica-
tion are similar to the previous studies examining combina-
tions of collagen membranes with rhBMP-9 [39] or bovine-
derived natural bone mineral particles with rhBMP-9 [40],
which significantly promoted osteogenic differentiation of
osteoprogenitor cells and elicited higher osteoblast gene ex-
pression, alkaline phosphatase activity, and Alizarin Red
staining compared with the respective material controls alone
[39, 40]. It is currently understood that BMP-9-mediated os-
teogenesis occurs via overlapping yet unique pathways from
other BMPs including BMP-2 [19]. Previous reports have
indicated that BMP-9 induces osteoblastic differentiation of
mesenchymal stem cells through the Notch pathway [41, 42],
Wnt/β-catenin pathway [41, 43], peroxisome proliferator–
activated receptor γ pathway [41, 44], retinoid acid signaling
pathway [41], transforming growth factor β/Smad-1/5/8 [41,
45] and the mitogen-activated protein kinase pathways [45,
46], and directly induces rapid phosphorylation of glycogen
synthase kinase 3 beta, leading to the accumulation of β-
catenin in a Wnt-independent manner through the class I
phosphoinositide 3 kinase-Akt axis in osteoblasts [47].
Interestingly, several studies have also demonstrated that

Table 2 Summary of histological
classifications of bone closure at 4
weeks post-surgery

Surgical treatment Degree of defect closure

Partial (40–60%) Intermediate (61–80%) Substantial (81–100%)

LIPUS (-) Control (−) 7/12 5/12 0/12

ACS (−) 9/12 3/12 0/12

rhBMP-9/ACS (−) 1/12 8/12 3/12

LIPUS (+) Control (+) 5/12 4/12 3/12

ACS (+) 3/12 7/12 2/12

rhBMP-9/ACS (+) 0/12 5/12 7/12

Data are shown as frequency observations/specimens (sites).

LIPUS, low-intensity pulsed ultrasound; ACS, absorbable collagen sponge: rhBMP-9, recombinant human BMP-
9
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BMP-9 shows complete resistance to noggin, an extracellular
antagonist that binds and blocks SMAD-dependent signaling
and inhibits BMP-2-induced bone formation [19, 48, 49].
Furthermore, BMP-3, a known inhibitor of BMP-2- and
BMP-7-mediated osteogenesis, does not inhibit BMP-9-
mediated bone formation [16, 19]. Although the molecular
mechanisms of rhBMP-9-induced osteogenesis are not yet
fully elucidated, accumulating observations and promising
evidence suggest that rhBMP-9 plays predominant role as a
rapid and potent inducer of bone formation. The results of
μCT analysis revealed that the rhBMP-9/ACS (+) group had
a significantly higher BV compared with the other five
groups, as well as the highest levels of DC, DC/DL, NBA,
and NBA/TA. In particular, DC/DL of the rhBMP-9/ACS (+)
group (87.10% ± 11.83%) was greater than that of the
lactoferrin-permeated ACS applied group (73.3% ± 19.1%)
in non-critical-sized rat calvarial defects (2.7-mm diameter)
at 4 weeks [50]. Furthermore, statistically significant differ-
ences in NBA and NBA/TA were found between rhBMP-9/
ACS (+) and rhBMP-9/ACS (−) groups. These findings sug-
gest that LIPUS is able to support callus maturation at low
dosage (1 μg/site) of rhBMP-9, and enhanced rhBMP-9-
induced bone formation at an early period of wound healing.
The great osteogenic potential of rhBMP-9/ACS (+) group is
explained by the presence of specific receptors and crosstalk
with various cells and the aforementioned BMP-related path-
ways associated with LIPUS and rhBMP-9 stimulation. Thus,
it is likely that the combined use of LIPUS and rhBMP-9/ACS
may become a novel promising approach for bone
regeneration/augmentation in peri-implant bone defects.

Nevertheless, the present study had several limitations.
Previous animal studies have demonstrated that the rat
calvarial bone defect is a convenient experimental model be-
cause of high reproducibility for evaluating the efficacy of
osteopromotive materials/agents in stimulating bone healing
[12, 17, 24, 28, 50, 51] and a 2.7-mm calvarial bone defect is
not critical but not completely healed by clot alone within 4
weeks [24, 50, 51]. Furthermore, rapid bone formation was
expected following rhBMP-9/ACS and LIPUS application in
this study. Thus, as a novel experimental design, multiple non-
critical-size bone defects were created in an experimental an-
imal for a short observation period to simultaneously evaluate
several treatment modalities (i.e., clot alone, ACS, and
rhBMP-9/ACS with/without LIPUS application) to determine
their effects on bone formation. However, the present results
were obtained in the small number of animals/defects without
internal comparison in the same animal with/without LIPUS,
and possible biologic interactions of each treatment were not
completely excluded. In addition, the results may not be di-
rectly applicable to intraoral sites since the surgical area in rat
calvaria is isolated from oral flora [51, 52]. Consequently,
further studies including alveolar bone defects in a larger num-
ber of large animals and different periods of wound healing

are required to thoroughly evaluate effects on the bone healing
process. In addition, in vitro studies to elucidate the mecha-
nisms governing cell behavior by which rhBMP-9 and LIPUS
induced bone formation and histochemical and immunohisto-
chemical methods for evaluating bone maturation/metabolism
are needed prior their clinical application in craniofacial/peri-
implant bone defects in humans.

Conclusion

Within their limits, it can be concluded that LIPUS had
osteopromotive potential and enhanced rhBMP-9-induced
bone formation in calvarial defects of rats.
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