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Abstract: The periosteum is a rich source of osteoprogenitor cells and periosteal 
grafts can be used as an alternative method to replace bone grafts. The low-intensity 
pulsed ultrasound (LIPUS) has often been used as a noninvasive method to stimulate 
osteogenesis and reduce the fracture healing time. The aim of this study was to evaluate 
the effects of the ultrasound exposure on the rat tibia periosteum. Group I (7 animals) 
received LIPUS therapy on the left tibia for 7 days and group II (7 animals) on the left 
tibia for 14 days. After euthanasia, the tibias were processed. Number of periosteal cells 
and vessels and thickness of the periosteum were analyzed. The number of periosteal 
cells was higher in stimulated periosteum compared to controls at 7 and 14 days, but 
the number of vessels and the thickness only were higher in the group stimulated at 
14 days. Furthermore, the ultrasound treatment for 14 days was more effective than 7 
days. The ultrasound stimulation of the periosteum prior to grafting procedure can be 
advantageous, since it increases periosteal activity, and LIPUS may be an alternative 
method for stimulating the periosteum when the use of periosteal grafts in bone repair 
is needed.

Key words: tibia, blood vessels, periosteal cells, periosteum, low-intensity pulsed 
ultrasound.

INTRODUCTION

Tumor resection, mechanical trauma and 
congenital malformation can cause bone defects 
with tissue loss, which represent a challenge for 
reconstructive surgery (Wan et al. 2006, Zhang 
et al. 2014). The autogenous bone graft is the 
most used method for the treatment of bone 
defects and presents some advantages such as 
absence of immune response and the presence 
of cells with osteogenic, osteoinductive and 
ostecondutor potentials (Yoshikawa et al. 2004, 
Precheur 2007). However, the use this type of graft 
causes some degree of postoperative morbidity, 
additional surgical site to obtain the graft, bone 
resorption and possible risk of infection and 
hemorrhage (Oreffo & Triffitt 1999).

In some situations in which the mechanical 
resistance of the graft is not a determining factor, 
for example in the repair of craniofacial defects, 
periosteal grafts can be used as an alternative 
method to replace bone grafts (Ueno et al. 2003, 
2007, Soldado et al. 2012, Esfahanian et al. 2014, 
Zhang et al. 2014, Chen et al. 2015). The advantage 
of this type of graft is the decreased morbidity 
of the donor site compared to the bone graft 
(Olivos-Meza et al. 2010). The periosteum is also 
a rich source of osteoprogenitor cells (Colnot et 
al. 2012, Bisseret et al. 2015, Roberts et al. 2015) 
and provides growth factors and matrix (Langer 
& Vacanti 1993). In addition, the periosteum-
derived cells may be associated with biomaterials 
(Hattori et al. 2005, Ueno et al. 2007).
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Some factors may compromise the 
osteogenic potential of periosteal cells, such as 
age, location of the donor area and technique 
used for removal of the periosteum (Chang 
& Knothe Tate 2012). Thus, methods for safe 
extraction were studied. Brownlow et al. (2000), 
for example, utilized a periosteal elevator to 
effect its detachment and ensuring the removal 
of the innermost layer of the periosteum 
which is strongly adhered to the bone surface. 
Other researchers investigated alternative 
methods to increase the osteogenic potential of 
periosteal tissue. Simon et al. (2003) surgically 
stimulated periosteum of the tibia of goats 
and observed abundant angiogenesis and 
increased cell proliferation in inner cambium 
layer with subperiosteal bone formation after 
16 days. Kanou et al. (2005) surgically stimulated 
periosteum of the tibia of rats through its 
release, lifting and repositioning immediately 
on the bone, but maintaining its blood supply. 
After seven days, the stimulated periosteal was 
transplanted to the produced defect in the 
skull of the same animal and was verified an 
increase in osteogenic potential compared to 
unstimulated graft.

The low-intensity pulsed ultrasound (LIPUS) 
therapy has often been used as a noninvasive 
method to stimulate osteogenesis and reduce 
the fracture healing time in animal (Azuma et 
al. 2001, Hantes et al. 2004, Katano et al. 2011, 
Martinez de Albornoz et al. 2011) and human 
models (Martinez de Albornoz et al. 2011, 
Urita et al. 2013). Ultrasound can modulate 
cellular events in bone tissue by mechanical 
stimulation or heat transfer (Kruse et al. 2008). 
The ultrasound waves promote electrical 
polarization in the tissue and this polarization 
is determined by the piezoelectric effect and 
the bone microarchitecture (Pilla 2002, Tam et 
al. 2008). This polarization alters the membrane 
potential of bone cells such as osteoblasts and 

permits ion exchange and nutrient uptake (Pilla 
2002). 

Other studies investigated the effect of LIPUS 
during the fracture healing process in which 
there is impairment of periosteal tissue and 
observed recruitment of osteogenic progenitor 
cells to the site where these cells are deficient 
(Kumagai et al. 2008, 2012). Moreover, it has been 
shown that treatment with ultrasound enhances 
angiogenesis in the periosteum surrounding the 
bone callus (Katano et al. 2011) and increases 
the expression of cytokines and growth factors 
in cultured periosteal cells (Pilla 2002, Leung et 
al. 2004). 

Considering the advantages of using 
periosteal graft in the repair of bone defects 
and assuming that the LIPUS exposure is a 
safe and non-invasive method that stimulates 
the activity of bone cells in vivo and periosteal 
cells in vitro, we hypothesized that treatment 
with ultrasound could stimulate the osteogenic 
potential of periosteal cells from a donor area 
prior to grafting procedure. Thus, the aim of this 
study was to evaluate through histological and 
morphometrical methods the effects of LIPUS 
exposure on the rat tibia periosteum.

MATERIALS AND METHODS
Animals
Fourteen albino Wistar rats (males), eight weeks 
of age, were obtained from the Center for 
Biological Investigation - CEMIB (State University 
of Campinas, Campinas, SP, Brazil). The rats 
were housed under standard conditions with 
12 h L:12 h D cycle. Animals were provided with 
commercial rat feed and water ad libitum. The 
experiment was conducted in accordance with 
the ethical guidelines adopted by the Brazilian 
College of Animal Experimentation (COBEA) and 
the study was approved by the Ethics Committee 
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on Animal Experimentation (CEEA) of Unicamp 
(protocol 2072-1).

Division of groups
The animals were divided into two main groups 
(7 animals per group). The animals of group I 
received ultrasound exposure on the left tibia 
for 7 days and the animals of group II received 
ultrasound exposure on the left tibia for 14 
days. The right tibia (non-stimulated) of each 
animal was used as control for its specific pair 
(left tibia). Considering these information, the 
samples (tibias) were divided into four groups 
in this study: group 7S (left tibia stimulated for 
7 days); group 14S (left tibia stimulated for 14 
days); group 7NS (right tibia not stimulated for 7 
days); group 14NS (right tibia not stimulated for 
14 days).

Low-intensity pulsed ultrasound stimulation
The animals were immobilized and the medial 
surface of proximal third of the left tibia of each 
animal received LIPUS exposure for five minutes 
per day. The animals of groups I and II were 
treated for a period of 7 and 14 consecutive days, 
respectively. The right tibia (control) received 
the same procedure performed with the left 
tibia, but the ultrasound device was turned off. 
In all cases, the stimulation was always done 
at the same time. It was used the device of the 
brand Bioset, Sonacel Dual (Continuous and 
Pulsound, 1 & 3 MHz) model (Bioset - Indústria de 
Tecnologia Eletrônica Ltda, Rio Claro, SP, Brazil), 
with frequency of 1MHz, intensity of 0.5 W/cm2 
(Spatial Average Temporal Average, SATA), duty 
cycle of 20% and pulse-modulated frequency 
of 100 Hz. The verification of the intensity 
emitted by the ultrasound device was held at 
the beginning of the experiment following the 
norms and standards of the manufacturer.

Indian ink-gelatin vascular injection
After completing the experimental period the 
animals were sacrificed by an overdose (0.30 
mL/100 g) of ketamine hydrochloride and 
xylazine hydrochloride (1:1), and the aorta was 
exposed through a longitudinal laparotomy. 
The aorta was cannulated and perfused with 
a solution of heparin and saline. The inferior 
vena cava was cut to drain the blood and saline. 
Next 30 ml of solution of India ink and gelatin 
in buffer was injected through the abdominal 
aorta. After gelatin precipitation, the tibias were 
dissected, macroscopically analyzed and placed 
in fixative solution.

Light microscopy
The samples were fixed in 10% buffered 
formalin for 48 hr at room temperature and 
decalcified in an ethylenediaminetetraacetic 
acid (EDTA) solution. The bone segment that 
received ultrasound stimulation was dissected 
and used. Then, the samples were dehydrated 
in alcohol gradient, diaphanized in xylene and 
embedded in liquid paraffin at 60°C to produce 
paraffin blocks. Cross-sections (6μm thick) were 
obtained and stained with hematoxylin-eosin. 
The histological sections were examined under a 
Nikon 80i photomicroscope (Nikon Corporation, 
Shinagawa-ku, Tokyo, Japan) equipped with 
40X objectives and the images were captured 
with a Nikon DS-Ri1 camera (Nikon Corporation, 
Shinagawa-ku, Tokyo, Japan).

Morphometric analysis
The morphometric measurements were made 
on the images of the histological sections using 
the NIS-Elements Advanced Research software 
(Version 3.0, Nikon Corporation, Shinagawa-ku, 
Tokyo, Japan). For each sample were randomly 
selected 5 fields in the region of each tibia that 
received or not received ultrasound exposure. 
In each field the following parameters were 
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evaluated: a) number of blood vessels in the 
periosteum; b) Number of cells in the periosteum; 
and c) the thickness of periosteum (µm).

Statistical analysis
Two-way analysis of variance for repeated 
measures, followed by the Tukey test if necessary, 
was used for statistical analysis. The results are 
reported as the mean ± standard deviation. A 
level of significance of 5% was adopted for all 
tests (p < 0.05). 

RESULTS

Two-way ANOVA showed that the LIPUS and time 
of treatment (days) affected all morphometric 
parameters of the rat tibia periosteum (Table I). 
There was significant interaction between the 
effects of treatment and time for all the analyzed 
properties (Table I) and we could accomplish in 
our results the multiple comparisons of means 
by Tukey test (Figures 1-3).

Regarding the number of cells of the 
periosteum, the group 14S demonstrated a 
statistically significant difference compared to 
the other three groups. The group 7S presented 
a higher number of cells than its corresponding 
control group (group 7NS). However, groups 7S 
and 14NS were statistically equal. The control 
group of 14 days showed more cells than the 
control group of 7 days (Figure 1). 

The number of blood vessels in the periosteal 
region of the stimulated left tibia for 14 days 
(group 14S) was approximately three times higher 
as compared to the other three groups. However, 
the groups 7S, 7NS 14NS were not statistically 
different from each other (Figure 2).

The results showed that the thickness of the 
periosteum followed the same pattern found 
in the statistical test for the number of newly 
formed vessels. The stimulated group for 14 days 

was significantly thicker than the other groups. 
The groups 7S, 7NS and 14NS presented equal 
mean values (Figure 3).

Analysis of histological sections clearly 
demonstrated that the group 14S had the 
highest concentration of cells and blood vessels 
in the periosteal layer when compared to the 
other groups (Figures 4a-d). Furthermore, it is 
also possible to observe a thicker and denser 
periosteum in group 14S (Figure 4d).

DISCUSSION

The LIPUS therapy has been used as a noninvasive 
alternative to stimulate osteogenesis to 
decrease the healing time of bone tissue (Azuma 
et al. 2001, Hantes et al. 2004, Katano et al. 2011, 
Martinez de Albornoz et al. 2011, Urita et al. 2013). 
The function of the periosteum in the bone repair 
process is fundamental since it is a source of 
osteogenic cells and has osteoinductive action 
(Colnot et al. 2012, Bisseret et al. 2015, Roberts 
et al. 2015). Due to these characteristics, some 
researchers have stimulated periosteal cells to 
promote and accelerate bone formation (Simon 
et al. 2003, Leung et al. 2004, Kanou et al. 2005, 
Tam et al. 2008, Zhang et al. 2014). Thus, the 
objective of this study was to analyze the effect 

Table I. Statistical comparison by two-way ANOVA of 
effects of low-intensity pulsed ultrasound therapy 
and time of treatment (days) in the morphometric 
parameters of the rat tibia periosteum.

Measurement
Two-way ANOVA, p value

LIPUS Time 
(days) Interaction 

Number of cells < 0.0001 < 0.0001 0.0417

Number of blood 
vessels 0.0001 < 0.0001 0.0002

Thickness of the 
periosteum 0.0007 < 0.0001 0.0093

LIPUS, low-intensity pulsed ultrasound. 
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of stimulation of the periosteum of the rat tibia 
(non-fractured) with LIPUS. 

It was found in this study that the number 
of periosteal cells on the fourteenth day of 
stimulation was higher compared to the seventh 
day, indicating that ultrasound is able to cause 
morphological changes in the periosteal tissue. 
These results suggest that LIPUS treatment 
stimulated cell biogenesis and metabolism in 
the periosteum similarly to other studies which 
have also verified the reaction of the periosteal 
tissue through different experimental protocols 
(Azuma et al. 2001, Kanou et al. 2005). According 
to Azuma et al. (2001), LIPUS emits pressure 
waves that cause micromechanical deformations 
on the living tissue, promoting biochemical 
changes at the cellular level, as it occurs in 
certain cellular responses involved in the 
regeneration process of a bone fracture. Kanou 
et al. (2005) observed increase in periosteal cells 
on the seventh day after surgical stimulation of 
the periosteum, corroborating this aspect with 
our results. Thus, our data showed that the 
time of ultrasound treatment (in days) induced 
significant proliferation of periosteal cells.

After 2-4 days of treatment, Leung et al. 
(2004) found that LIPUS increased the activity 
of human periosteal cells studied in vitro, such 
as cell proliferation, VEGF expression, alkaline 
phosphatase activity and mineralization. Also 
analyzing human periosteal cells in vitro, Tam 
et al. (2008) demonstrated that proliferation 
and total number of these cells and expression 
of alkaline phosphatase was higher in the 
sixth day post-treatment with LIPUS, but no 
difference was observed after eighteen days. 
Similar to studies of Leung et al. (2004) and Tam 
et al. (2008), the present study also showed that 
the time of treatment (days) is a determining 
factor on cellular activity in the periosteum. 
However, it is important to consider that in 
vitro studies may have different responses to 
ultrasound stimulation when compared to in 
vivo studies. Thus, cells grown in culture are 
exposed to a more intense exposure since there 
are no biological tissues to offer resistance to 
ultrasound waves. 

An interesting fact was observed between 
the control groups (7NS and 14 NS). Similarly to 
the treated groups, the group 14NS presented 
more cells than the group 7NS, but it was 

Figure 1. Number of periosteal cells of rat tibia 
periosteum in the four groups studied. Different 
letters indicate statistical differences among the 
non-stimulated and stimulated samples with LIPUS at 
seven or fourteen days of treatment.

Figure 2. Number of blood vessels of rat tibia 
periosteum in the four groups studied. Different 
letters indicate statistical differences among the 
non-stimulated and stimulated samples with LIPUS at 
seven or fourteen days of treatment.
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statistically equal to the group stimulated for 
seven days. This may have occurred in function 
of natural bone remodeling resulting from the 
osteogenic capacity of the periosteum (Colnot 
et al. 2012, Bisseret et al. 2015, Roberts et al. 2015) 
due to the bone tissue maturation process or 
loads from impact with the ground (Perry et al. 
2009). In this regard, periosteal cells are naturally 
capable of synthesizing basic fibroblast growth 
factor (b-FGF or FGF-2) and vascular endotherial 
growth factor (VEGF) (Kanou et al. 2009) and 
provoke changes in the tissue. 

Another interesting fact found was the 
increased number of blood vessels in the 
periosteum stimulated for 14 days but not on the 
seventh day. This fact showed that the number 
of days of ultrasound exposure (according to 
the protocol and parameters used) was a factor 
which favored the vasculogenesis (angiogenesis) 
in the periosteum. This probably occurred due to 
the increased synthesis of some growth factors, 
such as FGF-2 (Ying et al. 2012) and VEGF (Mayr-
Wohlfart et al. 2002, Katano et al. 2011, Ying 
et al. 2012). In this regard, Katano et al. (2011) 
evaluated the healing of fractures of rat femur at 
40 weeks of age and found increased expression 
of VEGF and abundant neovascularization in 

periosteal tissue surrounding only the bone 
callus in the treated group for 10 days with 
LIPUS, but not on the seventh day. In cases of 
bone repair, the increase in the number of blood 
vessels provided greater blood flow to the site 
to be repaired (Beamer et al. 2010, Kidd et al. 
2010), favoring the tissue healing by diffusion 
of nutrients, oxygen and anabolic at the site of 
injury. 

The significant increase in the thickness of 
the periosteum only in the group treated for 
fourteen days could be a reflex of the deposition 
and remodeling of the extracellular matrix of the 
periosteum under the effects of the LIPUS. This 
fact seems to occur due to the increased amount 
of periosteal cells and increased number of blood 
vessels, since the angiogenesis is influenced by 
growth factors, extracellular matrix components 
and cytokines (Reher et al. 1999).

The references cited in the present study 
specifically analyzed the fractures repair and 
observed positive effects of LIPUS on bone 
regeneration (Azuma et al. 2001, Hantes et 
al. 2004, Katano et al. 2011, Urita et al. 2013). 
Interestingly, there are other studies in the 
literature that found no effect of LIPUS on bone 
regeneration during osteogenic distraction 
(Medeiros et al. 2015, Simpson et al. 2017). In the 
study by Simpson et al. (2017), for example, 32 
patients treated with LIPUS after a corticotomy 
in the proximal tibial metaphysis were analyzed 
followed by an application of an Ilizarov frame. 
No significant difference was observed between 
the parameters analyzed (distraction length, 
time to regenerate maturation and regenerate 
maturation index) comparing the treated to 
the untreated groups. Medeiros et al. (2015) 
compared the effect of LIPUS and therapeutic 
laser applications on osteogenic distraction in 
the rabbit mandible. The animals were divided 
into four distinct groups (control, treated with 
laser, treated with LIPUS, treated with laser + 

Figure 3. Thickness of the periosteum of rat tibia 
periosteum in the four groups studied. Different 
letters indicate statistical differences among the 
non-stimulated and stimulated samples with LIPUS at 
seven or fourteen days of treatment.
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LIPUS) and the researchers observed that the 
area of new bone formed was significantly larger 
only in the groups treated with laser or laser 
combined with ultrasound. In this context, it 
seems that the mechanical stimulus of LIPUS 
presents contradictory effects when used in 
fracture repair and in osteogenic distraction, 
since they are different bone regeneration 
processes (Ai-Aql et al. 2008). Although these 
processes show similar steps in bone healing, 
each one has specific molecular and cellular 
mechanisms during tissue repair, being guided 
by different levels and times of expression of 
some markers, such as molecular mediators of 
angiogenesis and inflammation (Ai-Aql et al. 
2008).

Besides the differences between the specific 
molecular mechanisms of each regeneration 
process, a possible hypothesis to explain the 
previously mentioned situation would be based 
on the definition of both procedures. Fracture 
repair is a complex process that begins as a 
response to injury, while osteogenic distraction 
is a surgically controlled process that benefits 
itself from mechanical stress to assist in the 
tissue repair process. Thus, we suggest that the 
mechanical stress promoted by the osteogenic 
distraction could override the mechanical 
stimulus of LIPUS. In this context, our results 
showed a positive and stimulating effect of 
osteogenic cells on exposure to LIPUS, since 
the treated bones were not injured. In addition, 

Figure 4. Light microscopy images of the rat tibia periosteum treated (b and d) and not 
treated (A and C) with LIPUS. a, right tibia not stimulated for 7 days (7NS); b, left tibia 
stimulated for 7 days (7S); c, right tibia not stimulated for 14 days (14NS); d, left tibia 
stimulated for 14 days (14S). Arrowheads indicate the periosteal cells and arrows indicate 
the blood vessels. The histological sections were stained with hematoxylin–eosin. Bar = 
50µm.
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it is interesting to mention that Matsumoto et 
al. (2018) found evidences that LIPUS promotes 
osteoblastic differentiation through hedgehog 
signaling in fracture repair and cell culture 
experiments. At the fracture site, they observed 
that the amount of Gli2-positive cells, such as 
osteoblasts, was higher in the LIPUS-treated 
group when compared to the control. In the 
culture of MC3T3-E1 cells exposed to LIPUS, 
they noted up-regulation of hedgehog signaling 
molecules (SHH, Gli1, and Gli2) and an increase 
in the number and length of primary cilia. 
Therefore, Matsumoto et al. (2018) mentioned 
that primary cilia acts as a mechanosensor in 
bone development.

Considering the aspects presented, it 
is possible to conclude that the ultrasound 
stimulation of the periosteum prior to grafting 
procedure can be advantageous, since it 
increases periosteal activity causing an increase 
in the number of osteogenic cells and possibly 
in the production of growth factors. Thus, this 
study demonstrated that stimulation of the 
periosteum by LIPUS may be an alternative 
method for stimulating the periosteum when 
the use of periosteal grafts in bone repair is 
needed. 

Acknowledgments
Jaqueline Martins Batista was the recipient of fellowship 
from FAPESP (2010/08165-0). The authors have no conflict 
of interest related to this study and the manuscript 
presented in this article.

REFERENCES 

AI-AQL ZS, ALAGL AS, GRAVES DT, GERSTENFELD LC & EINHORN TA. 
2008. Molecular mechanisms controlling bone formation 
during fracture healing and distraction osteogenesis. J 
Dent Res 87: 107-118.

AZUMA Y, ITO M, HARADA Y, TAKAGI H, OHTA T & JINGUSHI S. 
2001. Low-intensity pulsed ultrasound accelerates 
rat femoral fracture healing by acting on the various 

cellular reactions in the fracture callus. J Bone Miner Res 
16: 671-680.

BEAMER B, HETTRICH C & LANE J. 2010. Vascular endothelial 
growth factor: an essential component of angiogenesis 
and fracture healing. HSS J 6: 85-94.

BISSERET D, KACI R, LAFAGE-PROUST MH, ALISON M, PARLIER-
CUAU C, LAREDO JD & BOUSSON V. 2015. Periosteum: 
characteristic imaging findings with emphasis on 
radiologic-pathologic comparisons. Skeletal Radiol 44: 
321-338.

BROWNLOW HC, REED A, JOYNER C & SIMPSON AH. 2000. 
Anatomical effects of periosteal elevation. J Orthop Res 
18: 500-502.

CHANG H & KNOTHE TATE ML. 2012. Concise review: the 
periosteum: tapping into a reservoir of clinically useful 
progenitor cells. Stem Cells Transl Med 1: 480-491.

CHEN K ET AL. 2015. Decellularized periosteum as a 
potential biologic scaffold for bone tissue engineering. 
Acta Biomater 19: 46-55.

COLNOT C, ZHANG X & KNOTHE TATE ML. 2012. Current 
insights on the regenerative potential of the periosteum: 
molecular, cellular, and endogenous engineering 
approaches. J Orthop Res 30: 1869-1878.

ESFAHANIAN V, GOLESTANEH H, MOGHADDAS O & GHAFARI MR. 
2014. Efficacy of Connective Tissue with and without 
Periosteum in Regeneration of Intrabony Defects. J Dent 
Res Dent Clin Dent Prospects 8: 189-196.

HANTES ME, MAVRODONTIDIS AN, ZALAVRAS CG, KARANTANAS 
AH, KARACHALIOS T & MALIZOS KN. 2004. Low-intensity 
transosseous ultrasound accelerates osteotomy healing 
in a sheep fracture model. J Bone Joint Surg Am 86A: 
2275-2282.

HATTORI K, YOSHIKAWA T, TAKAKURA Y, AOKI H, SONOBE M & 
TOMITA N. 2005. Bio-artificial periosteum for severe 
open fracture--an experimental study of osteogenic 
cell/collagen sponge composite as a bio-artificial 
periosteum. Biomed Mater Eng 15: 127-136.

KANOU M, UENO T, KAGAWA T, FUJII T, SAKATA Y, ISHIDA N, 
FUKUNAGA J & SUGAHARA T. 2005. Osteogenic potential of 
primed periosteum graft in the rat calvarial model. Ann 
Plast Surg 54: 71-78.

KATANO M, NARUSE K, UCHIDA K, MIKUNI-TAKAGAKI Y, TAKASO M, 
ITOMAN M & URABE K. 2011. Low intensity pulsed ultrasound 
accelerates delayed healing process by reducing the 
time required for the completion of endochondral 
ossification in the aged mouse femur fracture model. 
Exp Anim 60: 385-395.



JAQUELINE M. BATISTA et al. LOW-INTENSITY PULSED ULTRASOUND ON PERIOSTEUM

An Acad Bras Cienc (2020) 92(1) e20180903 9 | 10 

KIDD LJ, STEPHENS AS, KULIWABA JS, FAZZALARI NL, WU AC & 
FORWOOD MR. 2010. Temporal pattern of gene expression 
and histology of stress fracture healing. Bone 46: 369-378.

KRUSE DE, MACKANOS MA, O’CONNELL-RODWELL CE, CONTAG CH 
& FERRARA KW. 2008. Short-duration-focused ultrasound 
stimulation of Hsp70 expression in vivo. Phys Med Biol 
53: 3641-3660.

KUMAGAI K, TAKEUCHI R, ISHIKAWA H, YAMAGUCHI Y, FUJISAWA 
T, KUNIYA T, TAKAGAWA S, MUSCHLER GF & SAITO T. 2012. 
Low-intensity pulsed ultrasound accelerates fracture 
healing by stimulation of recruitment of both local and 
circulating osteogenic progenitors. J Orthop Res 30: 
1516-1521.

KUMAGAI K, VASANJI A, DRAZBA JA, BUTLER RS & MUSCHLER 
GF. 2008. Circulating cells with osteogenic potential are 
physiologically mobilized into the fracture healing site 
in the parabiotic mice model. J Orthop Res 26: 165-175.

LANGER R & VACANTI JP. 1993. Tissue engineering. Science 
260: 920-926. 

LEUNG KS, CHEUNG WH, ZHANG C, LEE KM & LO HK. 2004. 
Low intensity pulsed ultrasound stimulates osteogenic 
activity of human periosteal cells. Clin Orthop Relat Res 
418: 253-259.

MARTINEZ DE ALBORNOZ P, KHANNA A, LONGO UG, FORRIOL F 
& MAFFULLI N. 2011. The evidence of low-intensity pulsed 
ultrasound for in vitro, animal and human fracture 
healing. Br Med Bull 100: 39-57.

MATSUMOTO K ET AL. 2018. Low-intensity pulsed ultrasound 
stimulation promotes osteoblast differentiation through 
hedgehog signaling. J Cell Biochem 119: 4352-4360.

MAYR-WOHLFART U, WALTENBERGER J, HAUSSER H, KESSLER S, 
GÜNTHER KP, DEHIO C, PUHL W & BRENNER RE. 2002. Vascular 
endothelial growth factor stimulates chemotactic 
migration of primary human osteoblasts. Bone 30: 
472-477.

MEDEIROS MA, NASCIMENTO LE, LAU TC, MINEIRO AL, PITHON 
MM & SANT’ANNA EF. 2015. Effects of laser vs ultrasound 
on bone healing after distraction osteogenesis: A 
histomorphometric analysis. Angle Orthod 85: 555-561.

OLIVOS-MEZA A, FITZSIMMONS JS, CASPER ME, CHEN Q, AN KN, 
RUESINK TJ, O’DRISCOLL SW & REINHOLZ GG. 2010. Pretreatment 
of periosteum with TGF-beta1 in situ enhances the quality 
of osteochondral tissue regenerated from transplanted 
periosteal grafts in adult rabbits. Osteoarthritis Cartilage 
18: 1183-1191.

OREFFO RO & TRIFFITT JT. 1999. Future potentials for using 
osteogenic stem cells and biomaterials in orthopedics. 
Bone 25: 5S-9S.

PERRY MJ, PARRY LK, BURTON VJ, GHEDUZZI S, BERESFORD JN, 
HUMPHREY VF & SKERRY TM. 2009. Ultrasound mimics the 
effect of mechanical loading on bone formation in vivo 
on rat ulnae. Med Eng Phys 31: 42-47.

PILLA AA. 2002. Low-intensity electromagnetic and 
mechanical modulation of bone growth and repair: are 
they equivalent? J Orthop Sci 7: 420-428.

PRECHEUR HV. 2007. Bone graft materials. Dent Clin North 
Am 51: 729-746.

REHER P, DOAN N, BRADNOCK B, MEGHJI S & HARRIS M. 1999. 
Effect of ultrasound on the production of IL-8, basic FGF 
and VEGF. Cytokine 11: 416-423.

ROBERTS SJ, VAN GASTEL N, CARMELIET G & LUYTEN FP. 2015. 
Uncovering the periosteum for skeletal regeneration: 
the stem cell that lies beneath. Bone 70: 10-18.

SIMON TM, VAN SICKLE DC, KUNISHIMA DH & JACKSON DW. 2003. 
Cambium cell stimulation from surgical release of the 
periosteum. J Orthop Res 21: 470-480.

SIMPSON AH, KEENAN G, NAYAGAM S, ATKINS RM, MARSH D & 
CLEMENT ND. 2017. Low-intensity pulsed ultrasound does 
not influence bone healing by distraction osteogenesis: 
a multicentre double-blind randomised control trial. 
Bone Joint J 99-B: 494-502.

SOLDADO F, FONTECHA CG, BARBER I, VELEZ R, LLUSA M, 
COLLADO D, RODRIGUEZ-BAEZA A & MARTINEZ-IBAÑEZ V. 2012. 
Vascularized fibular periosteal graft: a new technique 
to enhance bone union in children. J Pediatr Orthop 32: 
308-313.

TAM KF, CHEUNG WH, LEE KM, QIN L & LEUNG KS. 2008. 
Osteogenic effects of low-intensity pulsed ultrasound, 
extracorporeal shockwaves and their combination - an 
in vitro comparative study on human periosteal cells. 
Ultrasound Med Biol 34: 1957-1965.

UENO T, KAGAWA T, FUKUNAGA J, MIZUKAWA N, KANOU M, 
FUJII T, SUGAHARA T & YAMAMOTO T. 2003. Regeneration of 
mandibular head from grafted periosteum. Ann Plast 
Surg 51: 77-83. 

UENO T, SAKATA Y, HIRATA A, KAGAWA T, KANOU M, SHIRASU 
N, SAWAKI M, HONDA K, MIZUKAWA N & SUGAHARA T. 2007. 
The evaluation of bone formation of the whole-tissue 
periosteum transplantation in combination with beta-
tricalcium phosphate (TCP). Ann Plast Surg 59: 707-712.

URITA A, IWASAKI N, KONDO M, NISHIO Y, KAMISHIMA T & MINAMI 
A. 2013. Effect of low-intensity pulsed ultrasound on 
bone healing at osteotomy sites after forearm bone 
shortening. J Hand Surg Am 38: 498-503.



JAQUELINE M. BATISTA et al. LOW-INTENSITY PULSED ULTRASOUND ON PERIOSTEUM

An Acad Bras Cienc (2020) 92(1) e20180903 10 | 10 

WAN DC, NACAMULI RP & LONGAKER MT. 2006. Craniofacial 
bone tissue engineering. Dent Clin North Am 50: 175-190.

YING ZM, LIN T & YAN SG. 2012. Low-intensity pulsed 
ultrasound therapy: a potential strategy to stimulate 
tendon-bone junction healing. J Zhejiang Univ Sci B 13: 
955-963.

YOSHIKAWA T, OHGUSHI H, ICHIJIMA K & TAKAKURA Y. 2004. 
Bone regeneration by grafting of cultured human bone. 
Tissue Eng 10: 688-698.

ZHANG D, HUANG D, HUANG Y, LIU Y, LIN B, YU C, MOU Y, WU W, 
ZHANG H & LIN H. 2014. Efficacy of combined therapy of 
periosteum and bone allograft in a critical-sized defect 
model in New Zealand white rabbits. Med Sci Monit 20: 
2394-2403.

How to cite
BATISTA JM, NAKAGAKI WR, SOARES EA & CAMILLI JA. 2020. Effects of low-
intensity pulsed ultrasound exposure on rats tibia periosteum. An Acad 
Bras Cienc 92: e20180903. DOI 10.1590/0001-3765202020180903.

Manuscript received on August 31, 2018; accepted 
for publication on December 10, 2018

Jaqueline Martins Batista1

https://orcid.org/0000-0002-9610-1724 

Wilson Romero Nakagaki1,2

https://orcid.org/0000-0001-8696-3067 

Evelise Aline Soares3

https://orcid.org/0000-0001-7838-687X 

José Angelo Camilli1

https://orcid.org/0000-0002-8519-3926 

1Departamento de Biologia Estrutural e Funcional, Instituto 
de Biologia, Universidade Estadual de Campinas/UNICAMP, 
Programa de Pós-Graduação em Biologia Celular e Estrutural, 
Avenida Bertrand Russel, s/n, 13083-865 Campinas, SP, Brazil
2Programa de Mestrado em Ciências da Saúde, Universidade 
do Oeste Paulista/UNOESTE, Pró-Reitoria de Pesquisa e 
Pós-Graduação/Campus II, Rodovia Raposo Tavares, Km 572, 
Bairro do Limoeiro, 19067-175 Presidente Prudente, SP, Brazil
3Departamento de Anatomia, Universidade 
Federal de Alfenas/UNIFAL, Rua Gabriel Monteiro 
da Silva 700, 37130-001 Alfenas, MG, Brazil

Correspondence to: José Angelo Camilli
E-mail: jcamilli@unicamp.br

Author contributions
Jaqueline Martins Batista and Evelise Aline Soares 
carried out the experiments (low-intensity pulsed 
ultrasound therapy and animal raising and care) and 
morphological analysis. Wilson Romero Nakagaki 
performed the statistical and morphological analysis, 
supervised the laboratory work and drafted the article 
and figures. José Angelo Camilli was responsible for the 
conception and design of the study. All authors revised 
and reviewed the manuscript.

https://orcid.org/0000-0002-9610-1724
https://orcid.org/0000-0001-8696-3067
https://orcid.org/0000-0001-7838-687X
https://orcid.org/0000-0002-8519-3926

