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Abstract

Objectives: The objective of the present study was to evaluate the efficacy of low intensity pulsed
ultrasound stimulation (LIPUS) and to determine the optimal frequency for enhancing bone
regeneration in sinus augmentation using a rabbit model.

Material and methods: Thirty male rabbits underwent sinus augmentation. Two rectangular nasal
bone windows were outlined bilaterally. LIPUS was applied at two different frequencies (1 MHz
and 3 MHz) on experimental sites daily for 2, 4 and 8 weeks. Each histological area of the

experimental and control sites was divided into upper and lower parts from the parietal region to

a depth of 5 mm. Each area of new bone was measured.

Results: At 2, 4 and 8 weeks, the experimental sites in the 1 MHz group exhibited significantly

more new bone growth than the control sites in both the upper and lower parts. When the upper

and lower parts of each area were measured in combination there was a statistical difference

between the test and control sites in the 1 MHz group at 2, 4 and 8 weeks; however, there were
no statistical differences between the test and control sites in the 3 MHz group.

Conclusions: The results suggest that clinical application of LIPUS for sinus augmentation may
promote new bone formation, and that the effect of LIPUS for sinus augmentation at a frequency
of 1 MHz was greater than at 3 MHz until 8 weeks after sinus augmentation.

Oral surgery and especially implantology are
among the most valuable procedures in den-
tistry. Lack of sufficient bone structure is a
common problem when the edentulous max-
illary bone is used for placement of dental
implants. This is because of the poor osseous
density typically found in this region, limita-
tion of bone height caused by the existence of
sinus pneumatization and atrophy of the bone
as a consequence of tooth loss (Yildirim et al.
2000). Sinus augmentation has emerged as a
good option for implant site development to
ensure long-term biomechanical stability in
cases with anatomical limitations (Aparicio
et al. 2001). One of the disadvantages of sinus
augmentation is that it takes 4-5 months for
completion of the repair cycle, and patients
are unable to masticate effectively during the
(Tatum  1986).
patients could not masticate well while they

healing period Because,
were waiting for the healing period.
Low-intensity pulsed ultrasound stimula-
tion (LIPUS) is a special type of acoustic
pulsed energy that is increasingly used in
orthopedics as a supplementary therapy to
promote healing of pathological and trau-
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matic fractures and wounds. LIPUS has been
shown to promote healing and increase the
mechanical strength of the fracture callus in
clinical studies and animal models without
any adverse effects (Duarte 1983; Xavier &
Duarte 1983). Recently, several investigators
have reported that LIPUS accelerates new
bone formation not only in orthopedics but
also in oral implantology (Walsh et al. 2008;
Kim & Hong 2010; Nakanishi et al. 2011).
The healing processes around dental implants
are similar to those that occur during the
repair of a fractured bone. Because ultrasound
stimulation can accelerate the rate of bony
healing, LIPUS may be a new way to shorten
the duration of osseointegration of dental
implants and to improve its quality (Liu
et al. 2011). Ultrasound consists of inaudible
high-frequency mechanical vibrations created
when a generator produces electrical energy
that is converted to acoustic energy through
mechanical deformation of a piezoelectric
crystal located within the transducer. The
waves are transmitted by propagation
through molecular collisions and vibrations,
with a progressive loss of the intensity of the
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energy for passage through the tissues due to
absorption, dispersion or scattering of the
waves (Speed 2001). The total amount of
energy in an ultrasound beam is its power,
expressed in watts. The amount of energy
that reaches a specific site is dependent upon
parameters of ultrasound such as intensity,
frequency, amplitude, focus and beam unifor-
mity. Ultrasound currently is used both oper-
atively and therapeutically; it achieves its
biological results by considerably increasing
the temperature of the tissue, with intensi-
ties ranging from 0.2 to 100 W/cm?. In con-
trast, safe intensities for diagnostic imaging
are much lower (0.5-50 mW/cm?) and are
considered non-thermal stimuli. LIPUS used
in this study applied 0.5-50 mW/cm?, in the
range of diagnostic imaging, to the skin at
the site of the fracture (Rubin et al. 2001).
Although some researchers have demon-
strated that LIPUS enhances fracture healing,
the effect of different parameters on the
repair process has not been evaluated (Wang
et al. 1994; Yang et al. 1996). The depth of
penetration of ultrasound depends on the fre-
quency. Ultrasound for healing has a fre-
quency range of 0.75-3 MHz, with most
devices set at a frequency of 1 or 3 MHz.
Low-frequency ultrasound waves have greater
depth of penetration. Ultrasound at a fre-
quency of 1 MHz is absorbed primarily by
tissues at a depth of 3-5 ¢cm and is therefore
recommended for deeper injuries and in
patients with more subcutaneous fat. A fre-
quency of 3 MHz is recommended for more
superficial lesions at depths of 1-2 cm (Speed
2001).
accepted, and ongoing research suggests that
in the clinical environment, they may be sig-
nificantly lower. It is not clear what parame-
LIPUS will
therapeutic bone healing in sinus augmenta-
tion. Although the application of LIPUS in
oral implant treatment has been reported, we

These values are not universally

ters for achieve optimal

found only one clinical report on the effects
of ultrasound combined with sinus augmen-
tation; moreover, the mechanism involved is
not clear (Kim & Hong 2010).

The aim of this study was to evaluate the
efficacy of LIPUS and to determine the opti-
mal frequency of LIPUS for enhancing bone
regeneration in sinus augmentation in a rab-
bit model.

Material and methods

Experimental animals
Forty-two adult male Japanese white rabbits
(Hokudo, Sapporo, Japan) weighing approxi-
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Experimental site

Fig. 1. Experimental site (dorsal meatus, red arrow)
from the sagittal view AB, alveolar bone; MS, maxillary
sinus; VN, ventral nasal meatus; NM, nasopharyngeal
meatus; MM, middle meatus.

mately 3.0 kg were used in this study. The
rabbits were kept individually in cages for
1 week. The animal protocol was approved
by the Animal Committee of Health Sciences
University of Hokkaido. Six groups of seven
rabbits were evaluated.

Anatomical and histological examination of the
experimental site in a normal rabbit

The rabbit nasal ostium has previously been
used as an experimental model (Asai et al.
2002; Marukawa et al. 2010; Lambert et al.
2010). The nasal ostium was found just
beneath the nasal bone. The sinus, extending
about 2.0 cm anteroposteriorly, was approxi-
mately 1.0 cm wide and 1.5 cm high. The
sinus cavity was surrounded by mucosa and
a thin layer of cortical bone. The sinus
mucosa consisted of pseudostratified ciliated
epithelium, serous glands
were found in the submucosal tissue. A sagit-

and numerous

tal view of a dissected rabbit skull showing
the location can be seen in Fig. 1.

Sinus augmentation procedure

Sinus augmentation surgery was performed

bilaterally, using the right side as the experi-

mental site and the left side as the control site.
The rabbits were anesthetized intrave-

nously with pentobarbital sodium (0.5 mg/

kg), and the head was shaved and swabbed

with 10% benzethonium chloride solution.

Fig. 2. Two bone windows in the nasal region (superior
view).

At the midline of the nasal dorsum, 0.5 ml of
1% lidocaine with epinephrine (1 : 100,000)
was injected subcutaneously. A 50 mm mid-
line incision was made with a #25 scalpel,
and the skin and periosteum were elevated
sufficiently to expose the nasal bone and the
nasoincisal suture line.

Using a round bur, two rectangular nasal
bone windows (10 x 5 mm) were outlined
bilaterally on the nasal bone. The window
was located approximately 10 mm anterior to
the nasofrontal suture line and 5 mm lateral
to the midline. The windows were completed
by osteotomy with continuous cooling with a
sterile saline solution (Fig. 2).

Care was taken to avoid damage of the
antral membrane, which moved back and
forth with the respiratory rhythm. A Freer
elevator was used to gently push the mem-
brane inward. The membrane was then ele-
vated from the bony walls of the antrum to
provide a large compartment approximately
5 x 10 x 10 mm, which was filled with
250 mg B-TCP (Osferion® Olympus Terumo
Biomaterial Corp., Tokyo, Japan).

The surgical field was covered with a
copolymer of cellulose acetate and nitrocellu-
lose membrane (Millipore Co., Billerica, MA,
USA) using medical cyanoacrylate adhesive.

The periosteum was then closed using
medicinal cyanoacrylate adhesive, and the
skin was closed using a 4-0 suture.

Experimental design: effect of LIPUS

LIPUS therapy began on the day after sinus
augmentation surgery and was applied to the
right (experimental) side. The surgical gingi-
val area was painted with a healing gel, and
ultrasound was applied at a frequency of 1 or
3 MHz at an intensity of 240 mW using the
BR-Sonic-Pro device (ITO Co., Tokyo, Japan)
device (Fig. 3). The LIPUS therapy was per-
formed for 15 min every day for 2, 4 and
8 weeks.

Observation of new bone formation on non-
decalcified specimens

Specimen preparation

The rabbits were anesthetized intravenously
with pentobarbital sodium and euthanized at
2, 4 and 8 weeks after surgery. The animals
were exsanguinated, and 10% neutral buf-
fered formalin was perfused through the jugu-
lar veins. After decapitation and dissection,
the entire nose complex, including the nasal
ostium, was fixed in 10% neutral buffered
formalin for 1 week. Samples were embedded
in polyester resin (Rigolac, Ohken, Tokyo,

© 2013 John Wiley & Sons A/S. Published by Blackwell Publishing Ltd
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Br-Sonic-Pro

Probe

Coupling gel

Fig. 3. Low-intensity pulsed ultrasound stimulation irradiation equipment.

Japan) and sliced into sections of various
thickness, perpendicular to the direction of
nasal dorsum as much as possible, using an
Exakt cutting grinding system (BS 3000, MG
4000; Exakt Co., Hamburg, Germany). Each
section was further polished to a thickness of
150 pm.

Histological examination

Specimens were double stained with basic
fuchsin and methylene blue. The staining
solution consisted of 2% fuchsin and 0.1%
methylene blue in sodium hydroxide-alcohol,
and the sections were stained as described
previously (Murai et al. 2005). The specimens
were observed at low magnification under a
light microscope (S2H10 BH-2; Olympus,
Tokyo, Japan). Using this method, original
bone stained pink and new bone stained red-
dish-violet. The junction between original
bone and new bone was clearly visible.

Image analysis

The resulting low magnification images were
scanned into a computer and analysed using
digital image software (GIMP, GNU General
Public Licence: Gnome Foundation Inc, Bos-
ton, MA, USA).

Each histological area of the experimental
and control sites was divided into upper and
lower parts from the parietal region to a
depth of 5 mm (Fig. 4). The area of new bone
was measured in the experimental and con-
trol sites using Image ] ver 1.44 software
(National Institutes of Health, Bethesda, MD,
USA).

Statistical analysis

SPSS ver.19.0 (SPSS Inc, Chicago, Il, USA)
was used for data analysis. Data were
expressed as the mean + standard deviation

and the nonparametric test.

Results

At 2 weeks after implantation, no evidence
of inflammation was found in any of the
groups. Penetration of connective and vascu-

larized buds into the sub-sinusal space was
observed. Newly formed bone was observed
along the bone walls and under the lifted
antral membrane. Early signs of centripetal
new bone formation were observed projecting
from the bone walls. In both groups, the bone
substitute was almost completely intact. In
the 1 MHz group, newly formed bone bridged
the particles of B-TCP. In the 3 MHz group
of rabbits, new bone formation was only visi-
ble at the periphery of the created space on
both sides (Fig. 5).

Fig. 4. Sagittal section of the rabbit nose.

In both the 1 and 3 MHz experimental
sites, newly formed bone was observed along
the bony walls in the upper part, but not the
lower part. There was no difference in the
histological findings between the upper and
lower parts of the 3 MHz experimental sites
(Figs 5 and 6). The differences in the area of
newly formed bone were not significant
between the experimental sites and the con-
trol sites of the 3 MHz group, but signifi-
cantly more new bone formed at the
experimental sites than at the control sites of
the 1 MHz group. When the upper and lower
parts of each area were measured in combina-
tion, there was a statistical difference
between the experimental and control sites
in the 1 MHz group at 2 weeks; however,
there was no statistical difference between
the experimental and control sites in the
3 MHz group (Fig. 7).

At 4 weeks
formed bone was observed surrounded by
B-TCP particles in the 1 and 3 MHz groups.

The 1 MHz group manifested advanced bone

after implantation, newly

Experimental site

Control site

3 MHz

Fig. 5. Sagittal section of the upper part at 2 weeks Newly formed bone was observed along the antral membrane at
all sites (arrows). NB, newly formed bone; T, B-TCP; B, bone wall.

© 2013 John Wiley & Sons A/S. Published by Blackwell Publishing Ltd
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1 MHz

--v'_‘ "- r

I_ Experimental site

Control site

Fig. 6. Sagittal section of the lower part at 2 weeks There were no histological differences between any of the sites

(arrows).

Experimental site

Control site

3 MHz

Fig. 7. Total area of upper and lower parts of newly formed bone Area of newly formed bone in the upper and lower
parts at 2, 4 and 8 weeks. a,b Values with different letters within a group are significantly different (Nonparametric

test).

) ”%':w"&

Experimental site

Control site

1 MHz

3 MHz

Fig. 8. Sagittal section of the upper part at 4 weeks The 1 MHz group manifested advanced bone formation and cal-
cification. Although in the 3 MHz group newly formed bone was found in both the experimental and control sites,

there was no significant difference in the newly formed bone (arrows).
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formation and calcification. Although in the
3 MHz group newly formed bone was found
in both the experimental sites and the con-
trol sites, there were no significant differ-
ences between them (Fig. 8). Newly formed
bone was present underneath both the upper
and lower parts in the 1 and 3 MHz groups.
There was no difference in histological find-
ings between the upper and lower parts in
the 1 and 3 MHz groups. There was more
newly formed bone in the experimental sites
than in the control sites in the 1 and 3 MHz
groups (Figs 8 and 9). The experimental sites
exhibited significantly more new bone
growth than the control sites in both the
upper and lower parts of the 1 MHz group,
but there was no significant difference
between the experimental sites and the con-
trol sites in both the upper and lower parts of
the 3 MHz group. The experimental sites of
the 1 MHz group exhibited significantly
more new bone growth than the experimen-
tal sites of the 3 MHz group in the lower
part. (Fig. 10). When the upper and lower
parts of each area were measured in combina-
tion, there was a statistical difference
between the experimental and control sites
in the 1 MHz group at 4 weeks; however,
there were no statistical differences between
the experimental and control sites in the
3 MHz group (Fig. 7).

At 8 weeks after implantation, both the
experimental and the control sites in the 1
and 3 MHz groups contained fewer B-TCP
particles than at 4 weeks (Fig. 11). In the
experimental sites of the 1 MHz group, the
newly formed bone was thicker than in the
control sites. We did not find any differences
between the upper and lower parts in the 1
and 3 MHz groups (Figs 11 and 12). The
experimental sites in the 1 MHz group exhib-
ited significantly more new bone growth than
the control sites in the upper parts. There
were no significant differences between the
experimental sites and the control sites in
both the upper and the lower parts of the
3 MHz group, and also no significant differ-
ences between the experimental sites of the 1
and 3 MHz groups (Fig. 10). When the upper
and lower parts of each area were measured
in combination, there was no statistical dif-
ference between the experimental and control
sites in the 1 and 3 MHz group at 8 weeks.

Discussion

Sinus augmentation has emerged as a good
option for implant site development to
ensure long-term biomechanical stability in

© 2013 John Wiley & Sons A/S. Published by Blackwell Publishing Ltd
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Experimental site

AT

| ontrol site
TR

1 MHz

3 MHz

Fig. 9. Sagittal section of the lower part at 4 weeks There was no difference in the newly formed bone between any
of sites (arrows).

3 MHz

Fig. 10. Area of newly formed bone Area of newly formed bone in the upper and lower parts at 2, 4 and 8 weeks. a,
b Values with different letters within a group are significantly different (Nonparametric test).
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Fig. 11. Sagittal section of the upper part at 8 weeks In the 1 MHz group, the area of newly formed bone at the
experimental site was greater than at the control site (arrows).

© 2013 John Wiley & Sons A/S. Published by Blackwell Publishing Ltd

cases with anatomical limitations (Aparicio
et al. 2001). However, a disadvantage of this
technique is that it takes 4-5 months for
completion of the repair cycle (Tatum 1986),
during which time the patient is unable to
masticate.

LIPUS has been shown to accelerate new
bone formation in animals not only in ortho-
pedics but also in oral implantology (Walsh
et al. 2008; Kim & Hong 2010; Nakanishi
et al. 2011). The healing processes around
dental implants are similar to those that
occur during repair of a fractured bone.
Because ultrasound stimulation can acceler-
ate the rate of bony healing, LIPUS may offer
a new technique to shorten the duration of
osseointegration of dental implants and to
improve outcomes (Liu et al. 2011).

Ultrasound, a form of mechanical energy
that is transmitted through and into biologi-
cal tissues as an acoustic pressure wave at
frequencies above the limit of human hear-
ing, is used widely in medicine as a therapeu-
tic, operative and diagnostic tool (Rubin
et al. 2001). It has been hypothesized that the
micromechanical strains produced in biologi-
cal tissues may result in biochemical events
that could stimulate fracture healing (Pilla
et al. 1990; Gleizal et al. 2006). The intensity
of LIPUS used for the treatment of fractures
is 30-40 mW/cm?, which is considerably
lower than the intensity of 1000-3000 mW/
cm” used in physiotherapy. Moreover, the
increase in temperature of the deep tissue is
assumed not to be caused by pulse waves
(Saito et al. 2004; Lavandier et al. 2009).

Although therapeutic ultrasound has been
used for over 40 years, its current use in the
clinical environment has changed signifi-
cantly over this period. Whereas in the past,
its use was primarily for its thermal effect, it
is now more widely employed for its non-
thermal effects, especially in relation to bone
fracture healing (Sapareto & Dewey 1984;
Uchiyama et al. 2007; Watson & Young
2008; Fu et al. 2010).

Only one clinical study to date has sug-
gested that LIPUS has a significant effect on
new bone formation in sinus augmentation
(Kim & Hong 2010). We therefore aimed to
evaluate the efficacy of LIPUS and to deter-
mine the optimal frequency for enhancing
bone regeneration in sinus augmentation
using a rabbit model. Our results showed
that LIPUS has the potential to accelerate
bone regeneration in sinus augmentation
within certain parameters. Studies investigat-
ing the optimal LIPUS setting for enhancing
fracture healing have examined several differ-
ent low intensities.

739 | Clin. Oral Impl. Res. 25, 2014 | 735-741
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Fig. 12. Sagittal section of the lower part at 8 weeks In the 1 MHz group the area of newly formed bone at the
experimental site was greater than at the control site as well as at both sites in the 3 MHz group (arrows).

Bone injury has been shown to occur if the
intensity level is more than 1.5 W/em?. The
device used in our study was applied at
approximately 27 mW/cm> this
study designed to have a fixed parameter.
(Pilla et al. 1990; Heckman et al. 1994).

The effect of LIPUS on the repair process
at different frequencies has not been clarified;

because

however, many studies have demonstrated
that LIPUS enhances fracture healing (Speed
2001). The depth of penetration of LIPUS
depends on the frequency regardless of inten-
sity. Ultrasound at a frequency of 1 MHz
penetrates 3-5 cm into the tissue and is
therefore recommended for deeper injuries
and in patients with more subcutaneous fat.
A frequency of 3 MHz is recommended for
more superficial injuries at depths of 1-2 ¢cm
(Speed 2001). There are no reports comparing
LIPUS at frequencies of 1 and 3 MHz in
sinus augmentation in rabbit models. Conse-
quently, in this study, each histological area
of the experimental and control sites was
divided into upper and lower parts from the
parietal region to a depth of 5 mm to detect
specific differences between the frequencies
of 1 and 3 MHz.

Our results showed that LIPUS at a fre-
quency of 3 MHz did not even penetrate all
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