
Contents lists available at ScienceDirect

Tissue and Cell

journal homepage: www.elsevier.com/locate/tice

Fractal dimension in the evaluation of different treatments of muscular
injury in rats

Thiago Alves Garciaa,⁎, Guilherme Akio Tamura Ozakia, Robson Chacon Castoldia,
Tatiana Emy Koikeb, Regina Celi Trindade Camargoc, José Carlos Silva Camargo Filhoc

aUniversidade Estadual de Campinas (UNICAMP), Programa de Pós-graduação em Ciências da Cirurgia, Campinas, SP, Brazil
bUniversidade de São Paulo (USP), Programa de Pós-graduação em Ciências Morfofuncionais, São Paulo, SP, Brazil
cUniversidade Estadual Paulista (UNESP), Departamento de Fisioterapia, Presidente Prudente, SP, Brazil

A R T I C L E I N F O

Keywords:
Fractal dimension
Histology
Collagen
Platelet rich plasma
Low level laser therapy

A B S T R A C T

Objectives: To evaluate alterations from different therapies in muscular injury using the Fractal Dimension (FD)
method.
Methods: 35 animals were allocated in Control Group (C), Injury Control Group (IC), Injury Low Level Laser
Therapy Group (ILT), Injury Platelet Rich Plasma Group (IP), and Injury LLLT and PRP Group (ILP). The animals
suffered a stretch injury in gastrocnemius muscle and after that IP and ILP groups received PRP application. The
ILT and ILP groups received daily LLLT applications for seven days. After seven days the animals were eu-
thanized and the gastrocnemius muscle removed and frozen. The muscles were stained with Hematoxylin and
Eosin (HE) and Picrosirius Red, for observation of the morphology of the injury and semi-quantitative and
quantitative analysis through the Fractal Dimension (FD) method.
Results: In the qualitative and semi-quantitative analysis, in relation to IC group, the ILT presented a reduction in
rounded fibers and the IP in angular fibers. The ILP group demonstrated a reduction in both polymorphic fibers
and inflammatory infiltrate. The FD of the muscles stained with HE was higher in the groups that suffered the
injury when compared to the C group (p < 0.05); the FD of the collagen demonstrated no statistical difference
between the groups.
Conclusion: Both treatments were able to accelerate injury repair, and the association of both presented better
results than the isolated applications. However, the FD method showed no sensitivity to differentiate the
treatments, either in the histological aspects or the injury in collagen.

1. Introduction

Muscle tissue injuries are a common problem in every population.
These can be caused by work, sports, or accidents and due to their
frequency more efficient treatments are required (Edouard et al., 2016;
Astur et al., 2014). Among the principal treatments for these lesions are
low intensity laser therapy (LLLT) and platelet rich plasma.

LLLT decreases inflammation and oxidative stress in muscle injury,
in addition to increasing the production of growth factors responsible
for angiogenesis and myogenesis (Silveira et al., 2016; Adabbo et al.,
2016). On the other hand, PRP contains in its composition a con-
centration of anucleated cells that release cytokines (TGF-1β), myo-
genic factors (MyoD1, MYF5), and growth factors (IGF-IEb) responsible
for activating muscle repair and regeneration pathways during the

process of inflammation (Dimauro et al., 2014; Li et al., 2016).
Evaluating the degree of injury and efficiency of treatments with

precision has presented a challenge, since the majority of histological
analysis methods are qualitative, and depend on the degree of in-
struction of the evaluator. In this context, fractal dimension (FD) pre-
sents itself as a viable tool to evaluate the cellular morphology with the
minimum of interference from the evaluator.

FD is a mathematical measure that quantifies the complexity of a
figure of irregular (non-Euclidean) geometry. In this way it fits as an
ideal and reproducible tool to deal with the complexity and irregularity
of muscle cells.

Analysis of fractal objects is based on the relationship between the
resolution and scale at which the object is measured. The results can be
expressed quantitatively by the equation:
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FD = (Log Nr / log r-1)

In this formula "Nr" is the number of elements necessary to overlap or
fill the original object, "r" represents the scale applied to the object, and
"FD" is the dimension of the structure or object.

The FD can be calculated in several ways, the “box-counting
method” being the most common in histology. In this method the image
is covered with progressively smaller squares of "r" sides and thus "Nr" is
the number of squares of side "r" needed to cover the image, for each
chosen size. The FD will then be obtained by the slope of the regression
line of the two log-values, that is, the size of the "r" side and the number
of squares “Nr”(7).

FD has been used in many ways, be it to analyze tissues such as
neurons, retina, and bronchi, or detect carcinomas and level of rejection
of cardiac cells after heart transplantation (Moreira et al., 2011;
Ristanović et al., 2014; de Melo de Mendonça et al., 2007; Gupta et al.,
2014; Lee et al., 2014). However information on its use for measure-
ment of different types of treatment for muscle injury is still scarce. This
technique could present a more sensitive and effective method to
evaluate the degree of injury and consequently the degree of muscle,
independent of the evaluator.

Therefore the objective of the present study is to verify the differ-
ences in different treatment protocols in the muscle injury of rats using
the fractal dimension method.

2. Methods

Thirty-five male Wistar (Rattus novergicus) rats (aged 150 days)
were used, acquired from the central Bioterium of Paulista State
University (UNESP), Botucatu-SP Campus (Brazil). They were main-
tained at the bioterium of the Histology and Histochemistry Laboratory
at the Faculty of Science and Technology, Presidente Prudente (FCT/
UNESP), in collective cages (polyethylene), at a controlled temperature
(22 ± 2 °C), humidity (50 ± 10%), and 12-hour light/dark cycle with
access to food (standard laboratory chow) and water ad libitum.

All procedures were approved by the ethics committee for animal
use from FCT/UNESP, Presidente Prudente (SP, Brazil) campus, pro-
tocol no. 01/2013.

2.1. Experimental groups

The animals were randomly divided into five groups: Control (C);
Control Injury (IC); Injury and Low Level Laser Therapy (ILT); Injury
and Platelet Rich Plasma (IP); Injury with both LLLT and PRP (ILP). The
animals in group C remained in the bioterium and were euthanized
paired with the other groups. The animals in groups IC, ILT, IP, and ILP
suffered the muscle injury and were euthanized seven days after injury.
The ILT group animals received laser application daily for seven days.
The IP animals received PRP application immediately after the injury.
The ILP group received application of both protocols mentioned above.

2.2. PRP preparation

The animals of the IP and ILP groups underwent cardiac puncture
for preparation of PRP and were then submitted to the muscle injury
protocol. Blood collection was performed through cardiac puncture in
the animals of the IP and ILP groups. The animals were submitted to
anesthesia by intraperitoneal administration of ketamine (70mg/kg)
and xylazine (15mg/kg), and after confirmation of anesthesia a cardiac
puncture was performed using a 0.2ml disposable syringe containing
sodium citrate at 10%, 4ml of blood was obtained from each animal.
Immediately after the puncture, saline solution was injected to restore
blood volume (Li et al., 2012).

The collected blood was centrifuged at 200 g for 15min, splitting
the sample into three parts: red bottom fraction, composed primarily of
red blood cells; intermediate yellow-straw fraction (buffy coat), with

the serum component; and the top fraction, composed of the blood
plasma. The top fractions were pipetted, including the buffy coat, and
the pipetted contents were centrifuged again at 500 g for 10min. Next,
0.2 ml of the bottom content PRP was pipetted.

Blood and PRP samples were analyzed in the laboratory of the
Veterinary Hospital of the Universidade do Oeste Paulista (UNOESTE)
by means of an automatic blood cell analyzer (pocH 100iy Diff,
Sysmex®). The analysis was performed on two blood samples and three
PRP samples, for confirmation of platelets.

2.3. Muscle injury protocol

In the IP and ILP groups the muscle injury was performed im-
mediately after cardiac puncture, avoiding the application of new doses
of anesthesia. In the IC and ILT groups, the animals received an in-
traperitoneal injection of xylazine and ketamine, as described above.
After confirmation of anesthesia, each animal was placed on the da-
mage inductor equipment, in a supine position, with the hip in slight
flexion, knee extension, and ankle in plantar flexion, the right leg at-
tached to the machine with adhesive tape (duct tape). After positioning
the animal in the equipment, two electrodes were placed on the paw, on
the calcaneal tendon and popliteal fossa of the animal, respectively.
Electrical stimulation was applied suddenly to the positioned animal
until full contraction of the lower limb in plantarflexion. Immediately
afterwards, the equipment was fired, which promoted abrupt dorsi-
flexion of the lower limb while it was stimulated, the electrical current
was stopped immediately after dorsiflexion. The dorsiflexion stimula-
tion caused by the equipment and interruption of the current, in total,
took an average of 2 s to complete. This procedure was repeated until
totaling 10 series, with a 30 s interval between applications. In each
series 2.25 J was released, totaling 22.5 J of energy applied to the
muscle injury. This protocol was adapted from Pachioni et al. (2009).

2.4. PRP application

In animals of the IP and ILP groups, 100 μl of PRP was injected using
a sterile syringe. The syringe with the needle was placed on the injured
limb in the distal third of the tibia in order to be applied in the belly of
the gastrocnemius muscle. The application of PRP was performed
within six hours of the muscle injury protocol and withdrawal of blood
(Hammond et al., 2009).

2.5. Low level laser therapy application

LLLT was applied by means of diode laser equipment (Coherent,
Laser Cube) and previously calibrated with a wavelength of 637 nm,
power of 25mW, beam diameter of 1mm, and continuing emission for
10 s. Therefore, the dosage was 0.25 J/0.00785 cm (Astur et al., 2014)
or 31.85 J/cm (Astur et al., 2014). The laser was applied to a single
point, daily, starting on the day of injury until the completion of seven
applications (Iyomasa et al., 2009; Luo et al., 2013). The laser was
applied at the same point as the PRP injection, both to the muscle belly
region.

2.6. Histological process and analysis

After the experimental period, the animals were euthanized with an
overdose of anesthetic xylazine and ketamine. Next, the right gastro-
cnemius muscle was removed from each animal and immersed in n-
hexane; cooled in liquid nitrogen, using the freezing method for non-
fixed tissues (JCSC et al., 2011); and stored in an ultra-low temperature
freezer, Coldlab CL580-80 V, at −75 °C. The slides for histological
analysis were stained with the hematoxylin and eosin (HE) and picro-
sirius methods (Castoldi et al., 2013).

Histological analysis was performed in a qualitative and semi-
quantitative way on the slides stained with HE, using a Nikon Eclipse
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50i microscope. The qualitative analysis was based on the morphology
of the muscle fibers, based on features such as the shape (polygonal,
rounded, angular), connective tissue (endomysium and the perimy-
sium), and inflammatory infiltrate fibers in a state of necrosis and
phagocytosis. The semi-quantitative analysis of morphological char-
acteristics was performed by the frequency of occurrence in each an-
imal and classified according to intensity: absent (0), mild (Edouard
et al., 2016), moderate (Astur et al., 2014), and intense (Silveira et al.,
2016). This method was adapted from De Souza (De Souza et al., 2011).
The picrosirius stained slides were photographed using a Leica DM
4000B polarized light microscope, linked to a Leica DFC500 camera,
belonging to the Faculty of Dentistry, UNESP, Araçatuba – SP, Brazil.
The images were obtained with a 10× objective lens.

For the fractal analysis of the images, the HE and picrosirius stained
images were submitted to a binarization process, turning them black
and white. At this point the HE images presented the nucleus of the cells
black and the rest of the cell white. By means of this method we eval-
uated the inflammatory infiltrate from the inflammatory process trig-
gered by muscle injury. The images of collagen (picrosirius), when
observed using a polarized microscope, showed the collagen fibers in
red, green, and yellow, and the rest of the cell as black. After the bi-
narization process all collagen areas became black and the rest of the
cell white. In this case the analysis was performed on the entire area of
collagen, as the colors that differentiated the types of collagen had all
been turned black (Fig. 1).

Subsequently the analysis of FD was performed using the box-
counting method. All procedures, including the preparation process,
were performed using Image J software, available for free on the in-
ternet (http:// rsbweb.nih.gov/ij/). The sizes of the boxes used in the
analysis were the default sizes of the software (2, 3, 4, 6, 8, 12, 16, 32,
and 64).

The graphic log/log was made with the mean of the number of the
box in each group and the size of the boxes, both were converted into
log.

3. Statistical analysis

The data were tested for normality using the Shapiro-Wilk test. As
normal distribution was demonstrated, ANOVA one-way was used with
the Tukey post-test to verify the differences between groups. For all
analyzes the significance level was set at 5%.

4. Results

The platelet quantity found in PRP was averaged at 4998.676×10
(Silveira et al., 2016) platelets/μL of blood, a number four times larger
than that found in the blood of the animal (1068×10 (Silveira et al.,
2016) platelets/μL of blood).

4.1. Histological analysis

In qualitative analysis we found in group C, fibers with polygonal
formats, and absence of inflammatory infiltrate. The perimysium and
endomysium presented normal thickness. The groups submitted to the
injury process (IC, ILT, IP, ILP), demonstrated a process of inflamma-
tion, necrosis, and phagocytosis in the muscle, as well as fibers with
signs of stress such as polymorphic, rounded, and angular. There were
no signs of alteration in the perimysium or endomysium of these groups
(Fig. 2).

In the intervention groups, the inflammatory infiltrate was less ex-
tensive compared to the CI, moreover, these infiltrates were denser,
presenting more cells in the area of the injury.

In the treated groups the muscle fibers demonstrated less signs of
stress in comparison with the IC, these having a format closer to
polygonal. Regarding the extracellular matrix, none of the treatments
altered its thickness.

4.2. Semi-quantitative analysis

The data obtained by mean and standard deviation demonstrate in
IC group the highest means of intensity among all groups. In the ILT

Fig. 1. The process of binarization necessary previous the Fractal Dimension analysis. A=HE 200× magnification. B=HE 200× magnification binarized.
C=Picrosirius red 100× magnification. D=Picrosirius red 100× magnificantion binarized.
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group, except for the angular fibers that presented values similar to
those found in the IC group, the other values were below those in the
injured groups. Both treatments reduced the morphological character-
istics of the injury, especially the association of treatments, which
presented the lowest values for polymorphic fibers and inflammatory
infiltrate (Fig. 3).

4.3. Fractal analysis

The Fractal Dimension of the slides stained with HE, were calculated
based on 6 images of group C and 12 to 13 images from the other
groups. They showed greater values in groups submitted to the injury
process. This difference was statistically significant (p < 0.05), with
the group C being lower than the values of the other groups (IC, ILT, IP,
ILP) (Fig. 4).

Collagen analyses were calculated with 6–14 images of each group.
The groups presented similar values of mean and standard deviation,
except for the IP group which demonstrated a greater standard devia-
tion than the other groups. No statistical difference was found between

groups (Fig. 5).
Below there are the graphs with the log/log of the mean values

found for each group analyzed in their respective analysis (Fig. 6).

5. Discussion

In the present study it was observed that FD was not able to identify
the histological alterations promoted by the treatments with Low
Intensity Laser Therapy, Platelet Rich Plasma, and the association of
both in muscle tissue after injury.

Muscle tissue, when stained with Hematoxylin and Eosin (HE), al-
lows observation of structures such as the cell edge, cytoplasm, nucleus,
and extracellular matrix; after the binarization of this image only the
nuclei are observed. When the FD method is applied to these images,
the association of the shapes with the sizes of the nuclei is measured,
and the values obtained represent the complexity of the image.

Regardless of the method of injury used, the pattern of regeneration
occurs through the phases of destruction, repair, and remodeling.
During the destruction and repair phases, the infiltration of cells such as

Fig. 2. Images of histological slides stained with HE, magnification 200× . C=Control; IC=Control Injury; ILT= Injury Low Level Laser Therapy; IP= Injury
Platelet Rich Plasma; ILP= Injury LLLT and PRP.

Fig. 3. Values of means and standard deviation of morphological characteristics. C=Control; IC=Control Injury; ILT= Injury Low Level Laser Therapy;
IP= Injury Platelet Rich Plasma; ILP= Injury LLLT and PRP.
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lymphocytes, macrophages, and polymorphonuclear cells occurs,
making these phases more sensitive to the FD method (de Souza and
Gottfried, 2013). In the present study, seven days after the injury, the
muscles were in the repair phase, with intense inflammatory infiltrate
and phagocytosis.

When observing the FD of the HE staining, the groups that suffered
the injury process (IC, ILT, IP, ILP) presented higher values in relation
to the control group (C). This fact can be verified in the qualitative
analysis of the same slides in which the difference in group C compared
to the other groups is clear, through the presence of inflammatory in-
filtrate on the slides.

The fact that the FD did not demonstrate differences between the
treatment groups and the injury group, can be associated with the fact
of that method is not sensitive to the nuclei on the images. The works
using FD and gray level co-occurrence matrix (GLCM), for hippo-
campus, corpus callosum and cingulum analysis (Pantic et al., 2015,
2014), GLCM alone or associated with FD had better results than the FD
method alone, this improvement was attributed to the ability of the
technique to quantify the density of the observed areas. In our findings,
the extent of the injury area was smaller in the treated groups, resulting
in denser inflammatory infiltrate. Since FD is based on analysis of the
nuclei, even with better histological aspects, the number of nuclei may
have increased the FD, resembling the IC group.

After the destruction phase in which the muscle is infiltrated to
clean the destroyed cells, the repair phase requires blood supply and
polymorphonuclear cells that release growth factors for the regenera-
tion and growth of new muscle cells. Low Level Laser Therapy includes
factors that promote angiogenesis, in addition to having anti-in-
flammatory properties (Alves et al., 2014a; Alves et al., 2014b), while
PRP increases the number of leukocytes at the injury site and promotes
better tissue repair (Borrione et al., 2014; Li et al., 2013). These two
factors were probably responsible for both the decrease in injury area
and increase in the number of inflammatory cells in the infiltrate.

In a study by Cury et al. (2018) using the box counting method, the
muscle disorganization of elderly rats with muscular dystrophy (mdx)
and healthy animals was differentiated. The aspect of the dystrophic
muscle resembles the injured muscle, showing affinity of the DF to
differentiate between injured and healthy muscles. In addition, in the
same study, a difference was found in the muscle collagen, which is
thickened in the perimysium and epimisium, different from the muscle
injured where the increase is focal at the spot of the lesion.

The perimysium and endomysium were evaluated by qualitative
analysis demonstrated no alterations in any of the groups; however, the
polarized collagen images exhibited a higher amount of collagen in the
injured groups. This is due to the filling of the injury site by scar tissue,
as seen in the literature (de Souza and Gottfried, 2013; Alves et al.,
2014b). Another study that quantified collagen also did not find a
significant difference by 7 days post injury (De Souza et al., 2011). This
may indicate that the LLLT, previously shown (Luo et al., 2013) to
decrease collagen production by inhibiting the production of TGF-β1,
was not sufficient to cause significant alterations. Within the compo-
sition of PRP, TGF-β1 is also present (Cole et al., 2010), which could
make PRP favorable for cicatricial fibrosis.

Fractal Dimension show us no differences between the control and
the injured groups, one possibility to explain this could be that the
collagen was more concentrated in the focal point of the injury rather
than distributed between the fibers and fascicles as in group C. Neither
treatment was able to significantly alter collagen production at 7 days
after injury; however our study did not observe the injury until its re-
solution, where it would be possible to evaluate the cicatricial fibrosis.

In this way FD has been successfully used to identify cancer cells,
discriminate the architecture of muscles with dystrophy as well as
differentiate brain cells (Lee et al., 2014; Pantic et al., 2015, 2014; Cury
et al., 2018), and these processes are linked to the number of nuclei in
the analyzed site. In another study from our group (Ozaki et al., 2015),
FD proved to be effective in differentiating injured muscle from healthy
muscle, a fact that was again observed in the present study. Although,
the box-counting method founded differences in FD of a healthy muscle
to an injured in histological aspects, but it was not sensitive to differ-
entiate two distinct treatments or to find differences in collagen levels.

The limitations of our study include the large withdrawal of blood
for production of autologous PRP. This abrupt withdrawal of blood
from the animal may impair its regeneration. The box-counting method
used to evaluate Fractal Dimension captures and analyzes fewer objects
in the image when compared to other methods like FracLac, making
analysis less sensitive in more complex images.

In addition, the injury method used applies the same energy in-
tensity to all animals regardless of the weight or size of the animal.

6. Conclusion

We concluded that both treatments were able to accelerate repair of
muscle injury and the association of both was better than application of
each treatment in isolation. However, the method used to measure the
FD was not sensitive to detect differences between treatments in neither
the histological aspects of the injury nor the collagen.

Fig. 4. Boxplot of fractal analysis of slides stained with Hematoxylin and Eosin.
* Statistical difference compared to IC (p < 0,01), ILT (p < 0,01), IP
(p < 0,01), and ILP (p < 0,01). C=Control; IC=Control Injury;
ILT= Injury Low Level Laser Therapy; IP= Injury Platelet Rich Plasma;
ILP= Injury LLLT and PRP.

Fig. 5. Boxplot of fractal analysis of colagen in the slides stained with
Picrosirius red and analysed by polarized light. C=Control; IC=Control
Injury; ILT= Injury Low Level Laser Therapy; IP= Injury Platelet Rich Plasma;
ILP= Injury LLLT and PRP.
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Fig. 6. Plots loglog for each group analysed. A=Control HE; B=Control Injury HE; C= Injury Low Level Laser Therapy HE; D= Injury Platelet Rich Plasma HE;
E= Injury LLLT and PRP HE; F=Control colagen; G=Control Injury colagen; H= Injury Low Level Laser Therapy colagen; I= Injury Platelet Rich Plasma colagen;
J= Injury LLLT and PRP colagen.
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