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Treatment time of ultrasound therapy interferes
with the organization of collagen fibers in rat tendons

Thiago S. Farcic'??, Cristiano S. Baldan'?#, Carla G. Cattapan?,
Nivaldo A. ParizottoS, Silvia M. A. Jodo!, Raquel A. Casarotto!

ABSTRACT | Background: The application time of therapeutic ultrasound is an infrequently studied dosimetric variable
that affects tissue repair. Objectives: The aim of this study was to evaluate the effects of different treatment times of
therapeutic ultrasound (US) on the organization of collagen fibers in the tendons of rats. Method: Forty Wistar rats were
selected (300+45 g), and the rats were divided into five groups (n=8 for each group): Control, without tenotomy or any
treatment; tenotomy group, with tenotomy and without treatment; US groups (US1, US2, and US3), subjected to tenotomy
and treated with US for one, two, or three minutes per area of the transducer, respectively. The animals were sacrificed
on the 12th post-operative day, and the tendons were surgically removed for analyses of the collagen fiber organization
by means of birefringence analysis. Results: The collagen fibers exhibited better aggregation and organization in the
US3 group compared with the tenotomy group (p<0.05). Conclusions: The findings suggest that US applied for three

minutes per treated area improves the organization of collagen fibers during rat tendon repair.
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Introduction

The healing process of tendon injuries can take
months, although the use of electrotherapeutic
resources may help accelerate recovery and prevent
functional complications that might otherwise delay
the rehabilitation process!. The high incidence of
these injuries justifies more studies to improve
tendon repair by reducing recovery time and the time
to return to functional activities®. Researchers have
studied non-pharmacological treatment modalities
to accelerate tissue repair, including therapeutic
ultrasound (US) and low-intensity laser therapy'3*.

US therapy has been used to treat musculoskeletal
injuries, particularly in tissues with a high percentage
of collagen fibers*”!2. Harvey et al.!* described
the following physiological responses involved
in soft tissue repair when the tissue is submitted
to US: acceleration of inflammatory responses by
promoting the release of histamines, macrophages,
and monocytes; increases in cellular metabolism
and collagen synthesis; and decreases in edema and
pain'+7,

Studies regarding the efficacy of US therapy
demonstrate that there are no precise guidelines for
its parameters, particularly with respect to the dose-
response of the treatments'®!. Most professionals
justify their use of US therapy with their clinical
experience!$?2,

The dose-response of therapeutic US is influenced
by many variables, including frequencies, intensities,
irradiation times, application modes, type and coupling
techniques, and early post-injury interventions®2%, A
systematic review on the effectiveness of US therapy
in musculoskeletal injuries found no evidence of its
effectiveness. Warden and McMeeken'® concluded
that US is often used by physical therapists in sport
rehabilitation, but there is no evidence to support the
dosimetry used. Robertson'® noted that a therapeutic
window ranging from 0.16 to 0.5 W/cm? in pulsed
mode, suggested by previous studies, has proven to
be illusory; the variables analyzed in the few studies
available, such as frequencies, duration of treatments,
types and depths of the injury, the effective radiation
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area, and the size of the treated areas, make
comparisons impossible. These considerations
are corroborated by the findings of Speed®’, who
supported the exclusion of US therapy due to a lack
of evidence.

The US application time influences the amount
of energy applied to the tissue, which is calculated
by the following formula: Energy (Joules) = Power
(Watts) * Time (Seconds)®. The treatment time is
an infrequently studied variable in US therapy. The
relationship between the time of application and the
treated area has been described by Oakley?!. Oakley>!
proposed that each area of 1'/, times the size of the
transducer should be treated for one to two minutes.
Furthermore, for each area adjacent to the transducer,
an additional one to 1'/, minutes of treatment was
advised, although these relationships were not
grounded or justified. Hoogland*?* recommended
a maximum treatment time of 15 minutes and at
least 1 minute for each treated area. Conversely,
Olsson et al.* concluded that there was no definitive
recommended treatment time for US application.

Experimental studies on tendon repair using
ultrasound follow the recommendation of 1-2
minutes per transducer treated®**3*. The rationale
for this treatment is based on previous studies
using the same application time or following the
recommendations of Oakley?®' and Hoogland*, who
proposed this time empirically. There are no studies
in cell culture, animal tendons or human tendons
concerning different US application times. Thus,
there is no evidence to justify the choice of this
dosimetric parameter for tendon healing. The effects
of irradiation time as a function of frequency and
depth of penetration has been evaluated in human
muscle tissue by Draper et al.”>. There is a good basis
for US application in individuals with little adipose
tissue overlying the muscle. The effect of treatment
time on tendon healing needs to be studied to improve
the efficiency of ultrasound application.

Therefore, the aim of this study was to evaluate
the effects of different US therapy treatment times
on the organization of collagen fibers in rat tendons.

Method

This study was approved by the ethical research
board of the Faculty of Medicine of the Universidade
de Sao Paulo (USP), Sdo Paulo, SP, Brazil (n° 065/11
04/13/2011). The surgical procedures followed the
ethical guidelines for animal experiments of the
Council for the International Organization of Medical
Sciences, the standards of the Brazilian Society of
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Laboratory Animal Sciences, and the current national
legislation on procedures for the scientific use of
animals in research (Federal Law 11,794, October
9th, 2008).

Animals

Forty male Wistar rats were used in this study
(weight: 300+45 g, age: 90 days). The animals were
kept in a controlled environment at a temperature of
25°C and a light/dark cycle of 12 hours and were
provided with a balanced diet for rodents and water
ad libitum. The rats were randomly divided into five
groups of eight rats. The number of animals needed to
achieve statistical significance was based on previous
studies®*.

The animals were divided into the following
groups: control group, without surgery and US
therapy; tenotomy group, with tenotomy of the
Achilles tendon and without US therapy; US1 group,
with tenotomy of the Achilles tendon and US
treatment for one minute per transducer area, totaling
two minutes of treatment; US2 group, with tenotomy
of the Achilles tendon and US treatment for two
minutes per area of the transducer, totaling four
minutes of treatment; and the US3 group, with
tenotomy of the Achilles tendons and US treatment
for three minutes per area of the transducer, totaling
six minutes of treatment.

Experimental model

The model for the total tenotomy of the
middle portion of the Achilles tendon (transverse
incision of the dissected tendon) was based
upon experiments performed by Cunha et al.'4,
Reddy et al.”’, Koeke et al.*®, and Carrinho et al.*.

Surgical technique

The animals were weighed and anesthetized
with veterinarian tiletamine hydrochloride and
zolazepam hydrochloride (Zoletil 50 - VIRBAC®) at
a dose of 25 mg/kg of body mass via intraperitoneal
injections*. The posterior areas of the right tibia,
corresponding to the location of the Achilles tendon,
were epilated. Afterwards, asepsis was achieved with
alcohol 70%, and the skin and the panniculus carnosus
were cut longitudinally over the site corresponding to
the middle third of the Achilles tendon with a scalpel
blade, exposing the tendon to obtain a cross-section?
(Figure 1). After sectioning the tendon, the skin
incision was completely sutured in the central area
using 4.0 nylon thread (Figure 2). Post-operatively,
the animals received a single intramuscular dose
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Figure 1. Longitudinal incision and exposure of the Achilles
tendon on the posterior of the rat’s hind limb.

of Ceftriaxone in the contralateral hind limb for
antibiotic prophylaxis and were returned to sterilized
cages without immobilization'**"3%#!. The right
Achilles tendon was submitted to US in the USI,
US2 and US3 groups.

Treatment protocols

The Sonacel BIOSET® US emitter was used. The
design of its transducer, which has an area of
0.5 cm?, was modified to fit the posterior portion of
the rats’ hind limbs and the size of the lesions. The
equipment was calibrated with an acoustic
scale (GT210 Glutymax®) and an oscilloscope
(Intermetro®).

The animals were submitted to the first application
of US therapy 24 hours after the surgery. The
ultrasonic irradiation employed the following
parameters: 1 MHz frequency, pulsed mode
with 20% of the duty cycle (2 ms emission/8 ms
interval), 100 Hz repetition frequency, 0.5 W/cm? of
intensity (spatial average time average - SATA), and
0.5 cm? ERA and was performed once per day. The
treated area was 1 cm? in size. The animals were
sacrificed after the 10th treatment session on the
12th post-operative day. The irradiations occurred
consecutively at one day intervals after the fifth
treatment day>* 183842,

During the US applications, the transducer
was placed perpendicular to the treated area using
movement techniques. Water-soluble gel was used
as a coupling agent to better conduct the waves
and facilitate movement over the rat’s skin®**. The
animals were also stabilized with a standard retainer
(Figure 3)'438,

Figure 3. Constraint and irradiation of the Achilles tendon on the
posterior of the rat’s hind limb

Preparation and analysis of the histological
slides

The animals were sacrificed using a CO, chamber,
and the damaged tendon areas were surgically
removed. For the quantitative assessment of
tendon repairs, the removed tendons were placed
in a 10% formalin solution for 24 hours and were
subsequently dehydrated with four alcohol baths
of one hour each at dilutions of 50%, 70%, 80%,
and 100%. Subsequently, the samples were washed
in xylene for one hour and embedded in paraffin at
58°C. The blocks were longitudinally cut into serial
sections using a microtome (LAICA®) with a standard
thickness of 7 um. The sections were mounted on
glass slides without staining and identified by a
blinded evaluator.

The uneven penetration of light through an object
is a measure of birefringence. This measure assesses
the density and organization of the analyzed material
and is used to evaluate the organization and structure
of the collagen fibers. The purpose of this procedure
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was to analyze the organization, the aggregation
states, and the alignment of the tendon collagen
fibers by measuring their birefringence!*?**. For the
birefringence analyses, the slides for each group were
immersed in distilled water (refractive index n=1.333)
for 30 minutes. The optical retard (OR) was measured
using a polarized light microscope (LEICA®) with a
10X/0.22 objective, pol. 0.9 condenser, Senarmont
A4 compensator, and monochromatic light (A=546
nm) obtained by an interference filter (LEICA®) of the
LAMAV (Vitreous materials laboratory, Department
of material Engineering of UFSCar). These types of
analyses have been used to quantitatively measure
the degrees of organization of the collagen fibers
in several studies'*?*3%, The resulting measures,
in degrees, were converted into nanometers (nm)
by multiplying the values by 3.03. The total
birefringence of the collagen fibers was measured
after soaking the tendons in distilled water. To
perform the measurements along the axis of the
tendon, the longitudinal axis of the collagen fibers
was oriented 45° from the direction of the propagation
of the transmission light. In this position, the collagen
fibers have the highest OR. Measurements were
taken at five different points on the central areas of

the tendons, which corresponded to the areas of the
injuries'****%%_The birefringence data were collected
by two previously trained, independent, and blinded
asSessors.

Statistical analyses

The data distributions were tested using the
Kolmogorov-Smirnov test. Subsequently, the
data were analyzed using the Kruskal-Wallis test,
followed by Dunn’s post-hoc test to investigate
differences between the groups with a significance
level of 0<0.05.

Results

Kruskall-Wallis tests revealed statistically
significant differences among the groups with respect
to the OR of the five different areas of each injury
region (p<0.0001). Dunn’s multiple post-hoc tests
demonstrated statistically significant differences
when comparing the OR data between the following
groups: US1xUS2, US1xUS3, US1xC, US2xC,
US3xT, and CxT (Figure 4).

P <0.001
| P <0.001 '
25.00 - ! P <0.001 '
! P<0001 |
I 1
21.82
20.00 -
15.00 4 P <0.001
{  P<0.05

: P <0.001 I

OR (nm)

n:

US1 USs2

|
|
12.12
10.00
.
= 8 8 8 8 8

Us3 T C
Groups

Figure 4. Median and standard errors of the optical delay values for the experimental groups.
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Qualitative histological analyses using polarized
light microscopy allow the definition of normality
standards regarding the organization of the collagen
fibers (Figure 5). When comparing the images in
Figure 5, it is possible to observe that the animals of
the US3 group demonstrated better organization of
the collagen fibers when compared to the other treated
groups (US1 and US2). It is also possible to observe
that the collagen fibers of the animals in the US1 and
tenotomy groups were not organized.

100 um

Treatment time of ultrasound therapy interferes with tendon healing

Discussion

The aim of this study was to evaluate the effects
of different US application times on tendon repair
in tenotomized rats, and the results suggested that
application times of less than three minutes were
insufficient to promote adequate organization of the
collagen fibers. The literature also does not provide
clear definitions regarding US therapy treatment
times. US doses are the most frequently studied

100 wm

100 pm

Figure 5. Images related to the qualitative observations of the birefringence analyses of the tenotomized rat tendons. Specimens were
positioned with the longitudinal axes of the collagen fibers at 45 degrees. In the US1, US2 and tenotomy (T) images, deficiencies in the
organization of the collagen fibers can be observed. The US3 image demonstrates better organization of the collagen fibers, similar to

that of the control group (C).
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variables>?°, and there is evidence that lower doses
are more effective for tissue repair*.

The dose standards employed in the present study
were those most often used in US therapy studies, and
the treatment times were the studied variables. The
intensity (0.5 W/cm?) was based upon the research
of Carvalho et al.*, Cunha et al."¥, Reddy et al.”’,
Koeke et al.?®, and Silva et al.*>. The form of
ultrasonic pulsed emission was chosen based on
research conducted by Carvalho et al.*, Cunha et al.',
Frasson et al.”’, Blume et al.??, Koeke at al.*, and
Belanger et al.*s. The frequency of the equipment
was justified by the experiments by Carvalho et al.*,
Piedade et al.'!, Cunha et al.'*, and Koeke et al.’®.

The treatment duration is known to depend upon
the area of the injury. Oakley?' recommended that
the treatment time be related to the treated area, with
one or two minutes for each area that is 1'/, times
the size of the transducer. According to Oakley?!,
subsequent treatment times can be increased
from 1 to 1'/, minutes. This subsequent treatment
time is based upon empirical studies or clinical
observations. There are no clinical or experimental
studies that support these findings, and this lack
of information concerning treatment should be
considered an issue for further study. The results
of the present study do not corroborate the results
of Oakley®' regarding the application times needed
to promote better alignment of collagen fibers in rat
tendons.

The application time is an important variable
to be considered in US therapy dosimetry and
determines the amount of energy applied to the treated
tissue. Alexander et al.’, in a systematic review of
the use of US in various shoulder pathologies, noted
that studies that employed the average energy of
4.2 J per treatment session were clinically effective,
whereas those that applied an average of 2.019 J were
not successful. The duration of application may have
influenced these data.

The components of the extracellular matrix of the
connective tissues present in tendons, particularly
the collagen fibers, exhibit viscoelastic properties
that depend on the amount of time the tissue is
exposed to deformations or strains to keep their
morphofunctional characteristics*’. There is a direct
relationship between the alignment of collagen fibers
of the extracellular matrix and the biomechanical
properties of tendon: when the collagen fibers exhibit
better organization, the flexibility and strength of
these tendons also improve®.

Thus, three minutes of US application could have
sufficient biomechanical effects, compression and/or
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tension to promote the mechanisms of cellular and
matrix extracellular signaling for the realignment of
the collagen fibers®.

In this study, the OR in the tendon scar tissues of
rats demonstrated statistically significant differences
when 18 J of energy (group US3) was applied to the
affected area. However, when other magnitudes of
energy, namely, 6 J (US1 group) or 12 J (group US2),
were deposited on the treated area, no differences
were observed regarding the OR between the
experimental and control groups.

The most commonly employed application time
is five minutes, and the US is generally applied to
an area twice the size of the transducer, resulting
in an application time of 2.5 minutes per treated
area®®, The size of the treated area is a variable that
has not been described in studies related to US therapy
and tendon repair. Wood et al.%, Cunha et al.'*, and
Koeke et al.*® applied US therapy to an area of 1 cm?,
but these data were not described in the articles and
were instead personally provided by the authors. The
present study demonstrated that longer application
times are needed to promote better alignment of
the collagen fibers. One hypothesis to explain the
differences between the results of this and previous
studies is that the control of the treated areas may not
have been accurately measured, making it impossible
to compare findings. This variable must be considered
when designing the experiment so that comparisons
between studies can be made.

The relevance of studying and developing
techniques to treat tendon injuries relates to the
long recovery times and the resulting functional
disabilities of tendon injuries, which may take weeks
or even months to fully recover*®. The tensile
strength of the tendons is promoted by the alignment
of their collagen fibers and by the types and amount
of fibers. Thus, this study used an experimental
model already defined in the literature, described
by Enwemeka and Reddy' and reproduced by other
authors'*373%41 that exhibits easy reproducibility,
lower costs, and high levels of reliability.

The levels of collagen fiber organization in the
injured area are measured according to the OR in
the polarized light microscope, which provides
quantitative data. The brightness of the birefringence
image reveals the level of aggregation of the collagen
fibers!*. During the process of tissue repair, the
OR values tend to decrease®, corroborating the
results of the present study, in which the US1 group
demonstrated the lowest OR values, followed by the
tenotomy, US2, US3, and control groups.



The findings of the present study suggest that
three minutes of application per area of the US
transducer results in positive effects on the collagen
fiber organization in rat tendons during the tissue
repair process, producing significant changes in the
collagen optical retards. Shorter application times
produced no significant changes in the optical delays
when compared to the tenotomy group.

The transposition of the experimental findings to
the clinical application of therapeutic ultrasound on
tendon healing should be evaluated with respect to
the difference between the application times of 2 and
3 minutes. Further studies are needed to assess the
difference between these treatment times with regard
to human healing.
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