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Abstract Objective To compare the effect of two therapeutic ultrasound protocols, with
different times of exposure in the regeneration of critical bone defect.
Methods Forty-five male rats were distributed among three experimental groups:
therapeutic ultrasound group 5minutes (TUG 5); therapeutic ultrasound group
10 minutes (TUG 10); and control group (CG). In all groups, a critical bone defect of
8.5 mm diameter was made in the calvaria region. The protocol was initiated on the 1%
postoperative day in TUGs 5 and 10, with therapeutic ultrasound at the frequency of
1.0 MHz, pulsed mode, five times a week, at periods of 15, 30, and 60 days.
Results Among the experimental groups, the highest volume of neoformation of
osteoid matrix took place in the TUG 10 group followed by TUG 5, when compared with
the CG group, in which the neoformation was restricted to the border region. The use

Keywords of ultrasound promoted an increase in the thickness of the conjunctive matrix,
= bone and bones proliferation of capillaries, alignment of the collagen fibers, reduction of edema and
= bone regeneration inflammatory process, being more significant in the 10-minutes time period.

= ultrasound Conclusion Therapeutic ultrasound stimulated the repair of a critical bone defect,
= ultrasound therapy and the longer exposure time promoted greater osteogenic stimulation.

" Study conducted at Universidade Federal da Bahia (UFBA),
Salvador, BA, Brazil.
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Objetivo Comparar o efeito de dois protocolos de ultrassom terapéutico com
diferentes tempos de exposicao para regeneracao de defeito 6sseo critico.

Métodos Foram utilizados 45 ratos, machos, distribuidos em trés grupos: grupo
ultrassom terapéutico 5 minutos (GUS 5); grupo ultrassom terapéutico 10 minutos (GUS
10); e grupo controle (GC). Em todos os grupos, confeccionou-se um defeito ésseo critico,
com 8,5 mm de diametro, na regido da calvaria. O protocolo foi iniciado no 1° dia do pos-
operatoério, no GUS 5 e no GUS 10, com ultrassom terapéutico na frequéncia de 1,0 MHz,
modo pulsado, 5 vezes por semana, nos periodos de 15, 30, e 60 dias.

Resultados Dentre os grupos experimentais, houve maior neoformacdo de matriz
osteoide no GUS 10, sequido do GUS 5 quando comparados ao GC, no qual a
neoformacao foi restrita a regido de borda. O uso do ultrassom promoveu aumento
na espessura da matriz conjuntiva, proliferacdo de capilares, alinhamento das fibras
colagenas, reducao do edema e do processo inflamatério, tendo sido mais significativo
no tempo de 10 minutos.

Conclusao O ultrassom terapéutico estimulou o reparo do defeito ésseo critico, e o

ultrassom

Introduction

Bone tissue is characterized by its strength and hardness
properties resulting from the combination of its organic and
inorganic components. Despite these properties, this tissue
can undergo extensive lesions, called critical bone defects,
which compromise the structural integrity and physiology of
bone repair."2

Critical bone defects are caused by clinical conditions
such as trauma and surgical procedures involving bone
resection, which compromise the physiological process of
bone regeneration, resulting in repair with formation of
fibrous connective tissue.>* This tissue compromises the
structure, function, and aesthetics,”> and it can lead to
reduced quality of life of the individual, impacting the
performance of their activities of daily life and work, with
possible psychological and economic consequences. In this
context, the physiotherapist, included in the multidisciplin-
ary team, participates in the rehabilitation of individuals
with this clinical condition.

During the rehabilitation process, therapeutic resources
that emit vibrating mechanical waves may be employed to
assist, repair, and stimulate osteogenesis.6 Among these
resources, therapeutic ultrasound is included, and it has
been used in clinical physical therapy practice for many years,’
consisting in an equipment that emits high-frequency waves of
acoustic pressure, which, when interacting with biological
tissues, promote micromechanical alterations. These changes
generate biochemical events capable of accelerating fracture
healing, stimulate repair of injured tissues such as bone and
muscle tissue, inhibit inflammatory responses, and participate
in the pain modulation process.”~'°

The tissue response and efficacy of this therapy are closely
related to the selected parameters before starting treatment.
Thus, it is of fundamental importance to properly choose the
frequency, intensity, current emission mode, application
time and coupling medium indicated for each lesion.”

maior tempo de exposicdo promoveu maior estimulo osteogénico.

The literature provides a variety of parameters, especially
regarding the time of exposure to the ultrasonic wave,
employed in the healing process of bone fractures.

Albertin'! made a bone defect of 2.0 cm in rabbit radius
and stimulated the region with ultrasonic wave for 5, 10, 20,
and 40 minutes over a period of 15 days, noting that the
longer times promoted greater stimulation to bone consoli-
dation when compared with the time of 5 minutes. However,
Pereira and others,? after inducing rat tibial fracture and
stimulating the region with ultrasound for 10 minutes over a
13-day period, found that the protocol used did not promote
a statistically significant difference between the group in
which the therapy was performed and the control group,
despite the increase of alkaline phosphatase and the diame-
ter of the newly formed bone tissue.

Azuma et al'? performed femoral fractures in rats and
analyzed the effect of ultrasound for 20 minutes daily, at 8
and 24 days, concluding that ultrasound accelerated healing
regardless of the treatment period, with improved torsional
strength and increased new bone formation.

Given the diversity of protocols involved in bone injury
rehabilitation, this study aims to compare the effect of two
therapeutic ultrasound protocols with different exposure
times for critical bone defect regeneration.

Materials and Methods

This experiment was approved by the Animal Use Ethics
Committee, under protocol number 101/2016, and is in
accordance with the precepts of the law n° 11,794, from
October 08, 2008, and of the decree n° 6,899, July 15, 2009,
and with the rules issued by the National Council for
the Control of Animal Experimentation (CONCEA, in the
Portuguese acronym).

The surgical procedures were performed in the central
bioterium (animal facility) of our university, where the
animals were allocated during the experiment.
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Forty-five rats (Rattus norvegicus) of the Wistar albinus
lineage were used. They were young adults, male, and
weighed 350 to 400 grams.

The surgical technique was preceded in all animals by
general anesthesia and sedation with intramuscular injection
of ketamine hydrochloride (100 mg/kg) and xylazine hydro-
chloride (40 mg/kg), respectively, followed by trichotomy and
asepsis in the calvaria region. Soon after, each animal was
placed in prone position to perform the surgical procedure.

The methodology of the surgical procedure was similar to
the work performed by Almeida et al* Miguel et al,'
Camara-Pereira et al,'® Ribeiro et al,’® and Daltro et al'® to
produce an 8.5-mm diameter critical bone defect in the
calvaria region (~Figure 1).

After making the critical bone defect, the animals were
divided into 3 groups, with biological points of 15, 30, and
60 days, to compose the following categories: therapeutic
ultrasound group 5 minutes (TUG 5), with application of
mechanical waves emitted by the therapeutic ultrasound
for 5minutes on bone defect filled with blood clot; thera-
peutic ultrasound group 10 minutes (TUG 10), with appli-
cation of mechanical waves emitted by the therapeutic
ultrasound for 10 minutes on bone defect filled with blood
clot; control group (CG), without application of mechanical
waves emitted by therapeutic ultrasound. For the acquisi-
tion of macroscopic images, a Nikon D 3100 digital camera
(Nikon Corp., Minatom, Tokyo, Japan) was used.

Therapeutic Ultrasound Application Protocol
Protocols were started on the 1% postoperative day. All
animals in TUG 5 and TUG 10 were anesthetized and sedated
to allow the implementation of the therapeutics, followed,
when necessary, by trichotomy in the calvaria region. Sub-
sequently, each animal was individually positioned, in prone
position, on the procedure table, and water-soluble gel was
applied to the calvaria region and the upper part of the water
bag (=Figure 2).

Daltro et al.

Fig. 2 Use of therapeutic ultrasound. Source: Author elaboration.

A low-intensity therapeutic ultrasound equipment was
used, Sonopulse Il model (Ibramed, Amparo, SP, Brazil), which
had been previously calibrated by the manufacturer, with a
1 MHz frequency, pulsed mode, 0.2 W/cm? intensity, 50% duty
cycle, pulse repetition frequency of 16 Hz and a 7 cm? effective
radiating area (ERA) size. During the therapeutic ultrasound
application, slow, circular and continuous movements with
the transducer were performed for 5 or 10 minutes, depending
on the experimental group. The protocol was performed 5
times a week, with a 48-hour break, at 15, 30, and 60-day
biological points, which are equivalent, respectively, to 11, 22,
and 44 ultrasound applications.

The protocols were established after adaptation of those
used by Albertin,'" Barreto,'” and Skau et al,'® and a pilot test
was conducted, as it was not found, in the available literature,
a report of a therapeutic ultrasound therapy protocol with
national equipment for regeneration of critical bone defect.
After the therapeutic protocols were conducted, the animals
were kept in a warm place to recover from anesthetic
narcosis and then placed in individual cages.

Fig. 1 Stage of the surgical procedure. Removal of subcutaneous tissue, muscles, and the marking of defect (A); bone fragment removal (B).

Source: Author elaboration.
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After the biological points of 15, 30, and 60 days, the
animals were euthanized, the calvarias were removed and
fixed in 10% buffered formalin and kept in plastic collectors
for 72 hours. Then, the samples were cleaved at the lateral
and inferior regions, followed by division into 2 portions,
with approximately %5 anterior and 5 posterior.

The anterior portion was decalcified in a 7% ethylenedi-
amine tetraacetic acid (EDTA) solution, for 7 days, with acid
exchange every 24 hours. The calvaria were processed, embed-
ded in paraffin, and serially cut into a microtome of 5.0 pm.
Routine hematoxylin and eosin (H&E) staining technique was
used; to identify collagen proteins, we used picrosirius red
(PSR), and to identify the bone matrix, the Masson-Goldner
trichrome kit was used. In the histological analysis, the Leica
DMBG6 B digital vertical microscope (Leica Camera AG, Wetzlar,
Germany) and the LAS V4.12 software (Leica Microsystems
GmbH, Wetzlar, Germany) were used.

Results

Therapeutic Ultrasound Group 5

At 15 days, there was nonspecific reactive osteoid matrix
formation (=Figure 3A), which increased at 30 days
(=Figure 3B) and stabilized at 60 days (~Figure 3C), although
restricted to bone edge regions, without restoration of the
original bone volume. Active osteoblasts were present at all
biological points. The extent of the defect was filled by loose
connective tissue matrix, which was thinner in the central
region of the defect at 15 days, and evolved for continuous
thickening after 30 days; however, at 60 days, it was reduced
(=Figure 3C). In all biological points, the presence of collagen

Daltro et al.

fibers was observed, which, at 30 days, presented in parallel
(=Figure 3B) and diffuse proliferation of capillaries. At
15 days, the edema was moderate, and there was diffuse
mononuclear inflammatory infiltrate, which decreased at
30 days and became inconspicuous at 60 days.

Therapeutic Ultrasound Group 10

At 15 days, the osteoid matrix neoformation was restricted
to the bone border (~Figure 4A), and it evolved, from 30 days
on (=Figure 4B), to formation in centripetal direction
(=Figure 4C), without restoration of the original bone volume.
The osteoblasts remained present and active at all biological
points, and the defect area was filled with loose connective
tissue, which presented thickness increase in its whole exten-
sion. At all biological points, collagen fibers were organized in
parallel (~Figure 4B), blood vessels proliferated, with angio-
genesis stabilization at 60 days. Edema and mononuclear
inflammatory infiltrate were reduced and became absent at
60 days.

Control Group

Reactive osteoid matrix neoformation was restricted to the
bone edge at all biological points (~Figures 5 A, B and C),
without restoration of the original bone volume. Only at
15 days, there were active osteoblasts. Defect filling at all
biological points occurred with loose connective tissue,
which was thin at 15 days and even thinner at 60 days
(=Figure 5C), with a thickness smaller than the bone edge.
Few capillaries were found, and, at 30 and 60 days, stabiliza-
tion of angiogenesis, mild edema and diffuse mononuclear
inflammatory infiltrate that later became absent.

Fig. 3 Therapeutic ultrasound group 5 - Photomicrograph of critical bone defect with presence of osteoid matrix neoformation (*). (A) At
15 days, presence of active osteoblasts and several capillary spaces (hematoxylin and eosin — H&E). (B) Alignment of collagen fibers at 30 days
(picrosirius red). (C) Reduction of loose connective tissue thickening at 60 days (H&E). Fonte: Author elaboration.

Fig. 4 Therapeutic ultrasound group 10 - Photomicrograph of critical bone defect with presence of osteoid matrix neoformation (*). (A)
Presence of active osteoblasts and various capillary spaces at 15 days (hematoxylin and eosin H&E). (B) 30 days parallel collagen fiber
organization (picrosirius red). (C) Neoformation of osteoid matrix in centripetal direction at 60 days (H&E). Fonte: Author elaboration.
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Fig.5 Control group - Photomicrograph of critical bone defect with presence of osteoid matrix neoformation (*). (A) Active osteoblasts and few
capillary spaces at 15 days (hematoxylin and eosin - H&E). (B) Defect filling with thin loose connective tissue at 30 days (picrosirius red). (C)
Osteoid matrix neoformation restricted to bone borders at 60 days (H&E). Fonte: Author elaboration.

Discussion

The absence of standardization of therapeutic ultrasound
protocols to assist tissue regeneration may compromise the
desired therapeutic outcome. Thus, it is necessary that the
parameters to be used in the rehabilitation must be carefully
chosen and unified.® Among the various parameters is the time
variable, poorly studied in the available scientific articles; thus,
the need to define the treatment time to be used in each lesion
is imperative.® Therefore, the experiment aimed to compare
the effect of two protocols of different therapeutic ultrasound
treatment times on critical bone defect regeneration.

Early ultrasound wave therapy increased tissue repair, as
the effect of ultrasound is mainly related to the time interval
between the beginning of the lesion and the beginning of
treatment. Thus, the earlier the therapy is started, the faster
is the tissue recovery.z'w‘21

In the present study, the results obtained in the initial phase
of the repair showed that the 5 and 10 minutes time were not
sufficient to stimulate the increase of neoformation in the
critical bone defect.'® The evolution presented in the other
biological points of TUG 5 may have been motivated by the
prolongation of bone tissue stimulation, which is capable of
promoting remodeling regions,'® as it was considered
sufficient time to promote bone healing.'® However, some
authors'"?223 state that the ideal time to promote osteogenic
stimulation and tissue organization starts after 10 minutes,
suggesting that ultrasound has a dose-dependent effect con-
sidering the stimulation time.

The increase found in late TUG 10 biological points may have
occurred as a result of the prolongation of stimulation in the
mechanotransduction pathway, which enhances osteogenic
stimulation and generates an increase in bone neoformation
rate.’* However, in the CG, the neoformation limitation was
maintained?* due to the absence of additional stimulus.

The cellular pattern found in the experimental groups in
which ultrasound therapy was performed demonstrated that
ultrasonic waves are capable of inducing and promoting the
activation and differentiation of mesenchymal and osteopro-
genitor cells.'>?* Although this mechanism of osteogenesis
induction is not elucidated through this therapeutic
resource,?* ultrasound is known to stimulate mesenchymal
cells to differentiate into osteoblasts, which, in turn, have their

Rev Bras Ortop  Vol. 55 No. 3/2020

cellular activity stimulated. In addition, ultrasound accelerates
osteoblast differentiation and promotes increased bone
mineralization.?>2°

The repair tissue that filled the defect in TUG 5 and TUG 10
was stimulated by ultrasonic waves that, in addition to promot-
ing mesenchymal cell synthesis, stimulate collagen and fibro-
blasts, especially when used in the initial repair phase,'%19-20-24
as we proceeded in this experiment. After 2 minutes of ultra-
sonic wave emission, fibroblast growth is stimulated,?’ and
collagen fiber alignment happens after 3 minutes.?

In this study, ultrasound showed promise in stimulating
angiogenesis both at 5 and 10 minutes of therapy, when
vascularization takes place from the initial repair phase,'
and became evident in the late phase, which favors the bone
repair process.’>

There are two hypotheses to justify the angiogenesis
promoted by ultrasound: the stimulus to increase interleu-
kin-8 (IL-8) secretion and the production of vascular endo-
thelial growth factor (VEGF). Ultrasonic waves are supposed
to regulate IL-8 secretion by osteoblasts, as it is a cytokine
responsible for inducing endothelial cell proliferation and
migration, which leads to angiogenesis. The second hypoth-
esis suggests that ultrasound stimulates the production of
VEGF also by osteoblasts, a fundamental factor for angiogen-
esis, which acts in the regulation of mitosis and recruitment
of endothelial cells.?®

The ultrasonic waves promoted the reduction of the inflam-
matory process after the times of 5 and 10 minutes of therapy,
as they favored the acceleration of the inflammatory phase,
resulting from the increase and release of mononuclear cells, as
well as the histamine release, which promotes a rapid resolu-
tion of the inflammatory process.?%?° Due to this mechanism,
ultrasound is able to eliminate the inflammatory process from
the early stage of repair.3

Despite having osteogenic effect and allowing its use in
situations in which repair is critical, the therapeutic ultra-
sound did not show efficacy regarding the restoration of the
original bone tissue volume and morphology in any of the
protocols. Thus, in order to enhance the effects of ultrasonic
waves, it is suggested a possible association of this thera-
peutic resource with a tridimensional scaffold, which will
serve as a structural and mechanical support, enhance cell
growth, and induce cell differentiation.'®3%
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Conclusion

Therapeutic ultrasound stimulated the repair of the critical
bone defect, and longer exposure promoted greater osteo-
genic stimulation.
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