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ABSTRACT

PURPOSE: To track the regeneration process of lateral gastrocnemius due to a muscle laceration in rats, and to treatment with platelet-
rich plasma (PRP).

METHODS: Ultrasound (40 MHz) images were used for measuring pennation angle (PA), muscle thickness (MT) and mean pixel
intensity, along with claudication scores, of treated (PRPG) and non-treated (NTG) groups of rats.

RESULTS: NTG showed a PA increase for the non-injured leg (p<0.05) and a tendency of MT to increase, whereas for PRPG there
were no differences. There was a progressive reduction of the claudication score for the PRPG group throughout the entire period, with
an immediate difference after seven days (p<0.05), whereas the NTG had a significant reduction only at day 28 (p<0.05).
CONCLUSION: It was observed a compensatory hypertrophic response due to the overload condition imposed to healthy leg for NTG
that did not occur in PRPG, suggesting an accelerated repair process of the injured leg due to treatment, anticipating its use.
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Introduction

Musculoskeletal injuries represent a worldwide concern
for health care, affecting millions of people around the world',
restricting daily living activities, imposing lost working days,
and causing lifelong pain.Traditional management of muscle
injuries includes RICE (Rest, Ice, Compression and Elevation)
treatment, physical therapy, corticosteroid injections and surgical
intervention. Recent advances in biomedicine and biotechnology
motivated the use of cell therapy?, tissue engineering®, laser* and
ultrasound’® to enhance healing of soft tissue injuries.

Particularly, platelet-rich plasma (PRP) gained popularity
in the clinical treatment of injured musculoskeletal tissues® in order
to reduce inflammation and fibrosis, while accelerating muscle
fiber regeneration’. PRP contains growth factors and three proteins
in blood known to act as a matrix for bone, connective tissue,
and epithelial migration®. The platelets release various growth
factors that stimulate angiogenesis, promote vascular growth and
fibroblast proliferation, which increase collagen synthesis’.

Despite the contributions of basic research supporting
the use of PRP to improve the healing of injured muscles, clinical
evidence for PRP therapy is not yet established. The reasons are
due to unanswered questions concerning the dosing, timing, and
frequency of PRP injections; distinct techniques for delivery and
delivery location (over or within the injured tissue site, or intra-
articularly); optimal physiologic conditions for injections; and
the combined use of recombinant proteins, cytokines, additional
growth factors, biological scaffolds, and stems cells®'.

Therefore, there is a need to implement more
investigations contemplating both aspects of PRP mechanism of
action on different types of muscle lesions as well as new forms
of diagnostic tools. In this case, in vivo diagnostic techniques add
differential relevant information to traditional in vitro results,
once muscle function is evaluated in physiological conditions. In
addition, in vivo animal experiments play an important role and
investigations already conducted include biomechanical testing'!,
ultrasound biomicroscopy (UBM)™ and magnetic resonance
imaging (MRI)" to evaluate the skeletal muscle response along
the regeneration period after an injury. Both MRI and UBM are
techniques for in vivo and non-invasive procedures.

UBM system is similar to a conventional B-mode
ultrasound imaging instrument used for medical diagnosis. The
main difference is the ultrasound frequency, typically between 20
and 60 MHz, which allows adequate in-depth resolution, in tenths
of micrometers, to obtain images from small animals similar to
those obtained with conventional ultrasound used to diagnose

muscle injury in humans. Innumerous researches'*" confirm the
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UBM importance and differentiated applicability.

UBM images allow determining the muscle pennation
angle-PA and thickness-MT, which are related to the muscle
function'?. Also, UBM image analysis allows quantification of
image intensity over the site corresponding to the muscle lesion, in
which there are changes due to increased intramuscular connective
and adipose tissues'® and associated with muscle illness and
injuries such as fibrosis and fatty infiltration'”.

Clinical evaluation, centered on the assessment of animal
claudication score based on 5 degrees (from absence to severe) of
severity'®, is also another method to investigate muscle integrity.

The present investigation evaluates the potential use
of two non-invasive and in vivo methods, UBM and clinical
evaluation, on the longitudinal follow-up of muscle degeneration-
regeneration process after PRP treatment following a laceration
injury induced in the rat lateral gastrocnemius (LG).

Methods

The Institutional Care and Animal Use Committee,
Universidade Federal do Rio de Janeiro approved the experiments
under the protocol number 06/11. The animals lived under
appropriate circadian cycle and diet, and received analgesics during
the experiments in compliance with the 2013 Brazilian Guide for
the Care and Use of Laboratory Animals. The study followed
the principles complied with Federal Law No. 11.794/2008, and
Decree No. 6.689/2009 that regulated the Law 11.794.

Ten animals (Wistar female rats, 2-3 months of age,
200-250g) were submitted to a gastrocnemius muscle injury and
afterwards randomly allocated into one of two groups: NTG (n=5),
untreated; and PRPG (n=5), treated with PRP. In addition, five
blood donor animals supplied the PRP samples, one donor for each
animal in PRPG group.

Instrumentation

An UBM system (Vevo 770; VisualSonics, Toronto, ON),
operating at center frequency of 40 MHz, with 10x10 mm field
of view, focus depth of approximately 5-6 mm and resolutions of
80um (lateral) and 40pm (axial) was used. The LG images were
acquired with a rate of 34 frames/seconds and at the time points:
pre (0-), immediately after (0+), and 7, 14, 21 and 28 days after
muscle injury.

The same experienced operator, blinded to type of
treatment, acquired all the images. In order to be accepted, the
image should contain a clear visualization of muscle structures
and injury, as well as the anterior and posterior aponeurosis of the
LG muscle. In addition, the image plane should pass through the
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middle part of the muscle and its central site exhibited in the center
of the image. A slight motion of the probe would prevent obtaining
an image containing all the previous listed details that were
necessary in obtaining the results for the present investigation.

Animal preparation

Prior the tests for UBM image acquisition, the animals
received an injection of xylazine (10 to 15mg/kg) and ketamine
(50 to 75mg/kg) and had both hindlimbs trichotomized, to avoid
interferences in the images. The animals stayed in ventral decubitus
with the limb to be imaged immobilized with a 150° angle in the
talocrural joint. Ultrasound gel (Ultrex gel; Farmativa Industria e
Comercio Ltda, Rio de Janeiro, Brazil) covered the posterior leg
to provide acoustic coupling between ultrasound probe and muscle
tissue and to keep the beam focus at the desired depth over the LG
muscle, improving image quality.

Injury and treatment protocol

Immediately after image acquisition of the healthy
muscles, all animals were submitted to a LG laceration injury,
according to the protocol previously described!?. A transverse
incision to the right LG cut the muscle by 50% of its width and
100% of its depth at a distance of 60% of its distal insertion.
The animals in PRPG received the PRP gel immediately applied
to the lesion site. Soon after, the animals in both groups had the
subcutaneous tissue and the skin sutured with a non-traumatic
needle and mono nylon 4-0, respectively, and had new images of
the muscles acquired.

The preparation of one PRP gel sample started collecting
3 ml of blood from each donor animal by cardiac puncture with
the aid of a needle and syringe. Thereafter, the collected blood
was centrifuged at 1200G (Centrifuge Excelsa Baby; Fanem, Séo
Paulo, SP, Brazil) during 15 minutes, resulting in three layers:
erythrocytes (at the bottom), PRP (midway) and poor platelet
plasma (supernatant). The poor plasma was then aspired, with a
tuberculin syringe, and a subsequent aspiration of the PRP plus
leuco-platelet pellicle and an approximate amount of 0.1 ml
of erythrocytes followed. The remaining amount of 0.3 ml of
erythrocytes remained at the tube bottom. A second centrifugation,
during 1 minute, removed excess erythrocytes in the PRP sample
and resulted in a PRP sample of 0.2 ml, which was separated from
the supernatant plasma using a sterile pipette. Finally, 0.01 ml of
calcium gluconate added to the PRP sample started the clotting to
form the gel that was applied immediately to the injured area in
PRPG.

Outcome measurements

The follow-up of muscle regeneration was based on the
analysis of the UBM images acquired at time-points of 0- (pre-
injury), 0+ (immediately after injury), 7, 14, 21 and 28 days after
injury, through measurements of PA and MT.

UBM videos with 100 frames were recorded for each
hindlimb and three frames selected according to the possibility of
visualization and quantification of PA and MT using the software
ImageJ (National Institutes of Health; Bethesda, MD, USA).
The same evaluator in each one of the three frames randomly
quantified PA and MT, and the average of three measurements
was considered for further analysis. The mean of the image
pixel intensity (MPI) values, for a region-of-interest (2x2mm)
over the lesion site of injured muscles and over anatomically-
corresponding sites of the non-injured muscle, was calculated and
expressed in values between 0 and 255 (0: black; 255: white). The
MPI was determined by gray-scale analysis, using the standard
histogram function in the same software, for three image frames
from each limb and in each condition. The measurements were
randomly performed by the same evaluator, who was blinded to
the condition of the image analyzed (day, leg and animal). The
mean for the three measurements were used for further analysis.

An
examination of all animals, at time-points of 1, 7, 14 and 28

experienced evaluator performed a clinical
days after injury, based on the claudication score in accordance
with a scale of increasing severity's. The claudication scale sets
the following scores and ambulation criteria: 1 = absence of
claudication; full limb support while the animal is stationary or
during physical activity; 2 = discrete claudication after exercise or
prolonged prone position; 3 - sporadic claudication when walking
or running, with relief of the weight on the operated limb, even
when stationary; 4 = constant claudication upon walking and no
support of the member upon running; incomplete support in the
orthostatic position; and 5 = partial or no support of operated

member during physical activities or when stationary.
Statistical analysis

The normal distribution of the data was verified with
Shapiro-Wilk test. ANOVA two-way tests for repeated measures
and Tukey post-hoc were used to verify the differences in the
architectural parameters and MPI between limbs (injured and non-
injured) and pre-defined moments after injury. Nonparametric
ANOVA test for repeated measures (Friedman ANOVA) and
Dunn post-hoc were used to assess differences in claudication
scores among the rats in each group (NTG and PRPG). Statistical
significance level for all tests was set at p<0.05.
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Results difficulty to quantify MT in the images of NTG (Figure 1), at time-

points 7 and 14 days after the injury and PA 7 days after injury,

Typical UBM images from right hindlimb of NTG and due to the poor visualization of the LG posterior aponeurosis.

PRPG groups are presented in Figures 1 and 2, respectively. However, for PRPG group (Figure 2), the two parameters were

Initially, a distinction was observed between groups due to the easily measured at all time-points of image acquisition time-points.

JO0mum._.

14 days after injury 21 days after injury 28 days after injury
FIGURE 1 - Ultrasonic images of the lateral gastrocnemius (LG) of the injured limb from one rat in the non-treated group before and after injury.
Healthy (0-): fascicles and aponeurosis intact, regular muscle tissue pattern and muscle thickness (MT) corresponding to the length of the vertical white
trace between anterior and posterior aponeurosis; immediately after injury (0+): tissue disorganization and disruption of the fascicles and aponeurosis,
with hypoechoic areas (hemorrhage and edema-arrow); 7 days after injury: discontinuation of the fascicles with spread of hypoechoic area; 14 and 21
days after injury: tissue reorganization with a gap between the fascicles; 28 days after injury: appearance of hyperechoic bundles (arrow) associated
with fibroadipose connective scar tissue.

Healthy (0-)

14 days after injury 21 days after injury 28 days after injury

FIGURE 2 - Ultrasonic images of the lateral gastrocnemius (LG) of the injured limb from one rat in the group treated with platelet-rich plasma, before
and after injury. Healthy (0-): fascicles and aponeurosis intact, regular muscle tissue pattern; immediately after injury (0+): tissue disorganization and
disruption of the fascicles and aponeurosis, with hypoechoic areas (hemorrhage and edema -arrow), and muscle thickness (MT) significantly increased;
7 days after injury: localized hypoechoic area (arrow) and initial tissue reorganization; 14 days after injury: appearance of hyperechoic bundles (arrow)
associated with fibroadipose connective scar tissue between the fascicles; 21 and 28 days after injury: hyperechoic bundles (arrow) and fascicles similar
to healthy muscle tissue.
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Regarding quantitative results, the non-injured limb of
NTG group had a progressive and statistically significant increase
of PA values (10.16 to 12.91°) and also a tendency toward an
increase of MT (3.20 to 3.38 mm), whereas the injured limb
maintained the values of these parameters close to the pre-injury
levels (Figure 3). On the other hand, no statistical difference was
found between the values of MT and PA, measured in different days
after injury, for the non-injured limb of the PRPG group, although
it was detected an increase tendency (Figure 4). Considering MPI,

the results for injured muscle in NTG group were significantly
lower immediately, 7, 14 and 21 days after injury and significantly
higher 28 days after, than the value for the corresponding site before
injury (Figure 5). Yet for the NTG group, there was no difference
between days for the non-injured leg, and a statistical difference
between both legs was found for all the conditions except before
injury (p<0.0001). However, no significant difference was found
between limbs or days after injury for PRPG group (Figure 5).
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FIGURE 3 - Pennation angle (PA) and muscle thickness (MT) of both lateral gastrocnemius (LG) muscles (injured and non-injured) of the non-treated
group (NTG). (*) Significant difference for 0 and 7 days. Measurements were difficult to obtain at 7 days after muscle injury for PA and at 7 and 14

days for MT.
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FIGURE 4 - Pennation angle (PA) and muscle thickness (MT) of both lateral gastrocnemius (LG) muscles (injured and non-injured) of the treated
platelet-rich plasma group (PRPG). Measurements were obtained at all image acquisition time-points.
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FIGURE 5 - Mean pixel intensity of the ultrasound biomicroscopic images from corresponding sites of injured and control lateral gastrocnemius of
non-treated (NTG) and treated platelet-rich plasma group (PRPG) measured before and after hindlimb surgery (immediately, 7, 14, 21 and 28 days).
p-values between conditions with statistical significance are indicated in the figure.
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The results of clinical observation in NTG group suggest
no significant decrease of the claudication scores from the first
to the 14th day post operation and a significant reduction in the
claudication score at day 28 (Figure 6). However, the PRPG group
had a progressive reduction of the claudication scores throughout
the entire period, with an immediate significant difference already
detected between post-injury days 1 and 7. It is worth mentioning
the significant difference between the two groups in the claudication
scores at 7 and 14 days after surgery, which disappeared at the end
of the 28-day period (Figure 6).

55
50
4.5
4,0
3,5
3,0
25
2,0
1,5

1,0

CLAUDICATION SCORE

0.5

~
S
N
©

DAYS

—I= NTG (non-treated) - = PRPG (treated)

FIGURE 6 - Claudication scores of non-treated (NTG) and treated
platelet-rich plasma group (PRPG) - 1, 7, 14 and 28 days after muscle
injury. p-values between conditions with statistical significance are
indicated in the figure.

Discussion

Each year, many athletes have to cease their activities due
to musculoskeletal injuries. Advances in medical therapies aim
less invasive treatments that promote fast and complete recovery
of these athletes. Currently, growth factors found in the PRP meet
some of the criteria for the ideal biological treatment, due to its
quick and simple preparation, relative low cost, and to the fact that
it comes from the patient’s own blood, which eliminates concerns
about immunogenic reactions and transmission of diseases®!®!,
However, questions regarding its mechanism, and possible
reactions between growth factors and injured tissues, still need an
answer.

The ultrasound images acquired in the present study
from rat LG present the same appearance pattern of those found
in the literature for healthy and injured humans and rabbits using
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conventional ultrasound equipment with lower frequencies®.
Also, the images have characteristics similar to those in the study
by Peixinho et al.'> who monitored, through UBM images, the
regeneration process of rat gastrocnemius muscles subjected to
the same type of injury. The similarity of results in both animal
studies concern, in a first instance, the qualitative changes on the
injured muscle tissue images acquired 7 and 14 days after the
injury (Figures 1 and 2) compared to those obtained for the healthy
muscle. Such similarities include: the onset of hypoechoic areas
without distinguishable fiber structures in the sites previously
formed of muscular tissue, which was corroborated by a lower
MPI, and the significant increase in MT immediately after the
injury. Such findings are in accordance with the progression of a
muscle injury, which includes the establishment of hemorrhagic
cavity, bruising and swelling during the regeneration, leading to a
diffuse hypoechogenicity in ultrasound images with the disordered
muscle fascicles?!. Severe injuries, such as laceration, involve a
large number of damaged muscle fibers exhibiting hypoechoic or
even anechoic image regions corresponding to hematomas, which
can remain localized or spread, occupying an extensive muscle
area. All of these characteristics are evident in the images of the
untreated group (Figure 1) and can be related to the decrease of
MPI in the images of 7 and 14 days after injury observed only
for this group. For 21 and 28 days after injury (Figures 1 and
2), it is suggested that the remodeling phase is taking place, as
fibers and connective tissue start to appear without full structural
organization. This initial tissue organization with occasional
gaps promotes the return of MPI values to the original level after
21 days. The hyperechoic bundles, usually associated with the
fibrous scar tissue®*?, are responsible for the significant increase
in MPI detected 28 days after the injury. The time course of
changes in average MPI match with the time course of the muscle
regeneration process, in which the appearance of hypoechoic areas
after the lesion correspond to hemorrhagic cavity caused by the
lesion, hematoma, and edema with no observable fibers in the
images. As the muscular tissue passes through the remodeling
phase, then hyperechoic bundles start to appear in the images.
Such echogenicity increase is associated with the establishment of
scar tissue that provides the wound tissue with the initial strength
to withstand the contraction forces applied to it before completion
of the repair process.

However, these characteristics are less evident in the
images of the treated group. Consequently, MPI values for
PRPG group maintained pre-injury values, which suggested the
reestablishment of the healthy muscle image pattern just 7 days
after injury (Figure 2). This apparent fast recovery in PRPG group
is supported by the fact that PA and M T quantification was possible
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and easy at all image acquisition time-points, whereas for NTG
group it was difficult preventing measurements of MT, at 7 and 14
days post-injury, as well as PA, 7 days post-injury, for the injured
limb. Such architectural parameters (MT and PA), in addition of
their functional significance, can be related to the regeneration
phases described previously because their measurements are
affected during fiber disruption (destruction phase) and become
possible again when the latter phases of regeneration process takes
place. Therefore, quantification of MT and PA can be considered
suitable to indicate the regeneration phase, and if it is accelerated.
On the other hand, the MT of injured limb and measured
immediately after surgery for the animals in PRPG group was
noticeably greater than the MT for the animals of NTG group, and
this fact can be explained by the presence of PRP gel applied over
the injured limb of the animals in PRPG group.

Quantitative data agree with the results reported by
Peixinho et al.?, who identified a progressive increase in PA
of the healthy contralateral limb for animals with a laceration
of the LG muscle similar to those of the NTG group of the
present study (Figure 3). This finding suggests a compensatory
hypertrophic response for this limb and this type of response
is found in strength training studies with humans, which report
fiber hypertrophy and an increase in force production capacity®.
Regarding the PA, several investigators suggest that differences
occur in intramuscular responses induced by training in the fiber
architecture, although the increase in this parameter is a general
consequence of hypertrophied pennate muscles?. Narici and
Cerretelli* found lower values of anatomical cross-sectional area
(23.1 + 2.8%), fiber length (12.7 + 1.9%) and PA (16.42 + 2.9%)
of the medial gastrocnemius in injured leg in comparison to the
healthy one, in individuals with unilateral atrophy.

The hypertrophic pattern found in contralateral limb of
non-treated animals was not observed in the PRP-treated group
(Figure 4), which leads to the hypothesis of an accelerated
recovery, qualitatively indicated in the UBM images. Considered
all together, these facts suggest that the overload imposed on the
healthy limb was insufficient or limited to a small amount of time
and therefore unable to cause the hypertrophy of the non-injured
muscle. This could mean that a faster and more efficient muscle
regeneration elicited by the treatment would allow the injured
muscle to anticipate its function in comparison with the injured
muscle that did not receive PRP therapy, indicating the PRP
potential for use in the treatment of muscle injuries. This response
of faster recovery supports literature findings of investigations
using PRP and small animal muscle injuries. An example is the
study by Wroblewski et al.*® which reported improved healing
and increased muscle strength and endurance of the muscle

fiber induced by the growth factor insulin-like 1(IGF -1) and
basic fibroblast growth factor (b-FGF) in a rat model of muscle
laceration. In addition, Wright-Carpenter et al.?® used PRP to treat
injured gastrocnemius muscle, caused by contusion, of rats and
found a rapid activation of satellite cells and an increase in the
diameter of regenerating fibers. Also, Hammond et al.”’ treated
rats, submitted to eccentric muscle injury at different overloads,
with PRP gel that shortened the time of complete recovery. The
present study also showed, through UBM images and claudication
evaluation, that direct application of PRP on a muscle injury can
significantly improve the healing.

In addition to animal studies, it has been suggested
that professional athletes with muscle injuries submitted to PRP
treatment exhibited a rapid functional restoration, returning to full
function before the normal predicted time and without evidence
of excess fibrosis highlighted in ultrasound images from the
repaired area®®. The fact that the NTG group exhibited a MPI
significantly higher 28 days after injury, whereas PRPG presented
no difference, indicates that a possible fibrosis pattern was avoided
by the treatment.

It should be emphasized that quantitative results
provided by BMU image analysis (PA, MT and MPI present great
correspondence with clinical evaluation inferred by claudication
scores. The lack of statistical differences in MT might be due to
the small sample used in the present study. However, even with
this limitation, the results indicate the potential of using such
techniques in the evaluation of PRP treatment in a rat muscle
model. Despite promising results, the majority of studies did not
follow a standard protocol for centrifugation, platelet activation,
or PRP composition, which makes it difficult to compare the
results obtained from different groups. Therefore, there is a
require for further in vitro and in vivo investigations to clarify
the exact mechanisms by which PRP starts the cellular and tissue
alterations, and to determine its effectiveness in the treatment
of musculoskeletal injuries. Questions regarding PRP dose
and when to start treatment needs investigation and the in vivo
clinical and imaging methodology used in this study to follow-
up muscle regeneration presented a potential tool for answering
such questions, demonstrating important differences in muscle

regeneration process with the aid of PRP treatment.

Conclusion

It was observed a compensatory hypertrophic response
due to the overload condition imposed to healthy leg for NTG that

did not occur in PRPG, suggesting an accelerated repair process of
the injured leg due to treatment, anticipating its use.
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