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Fractal Analysis of Skeletal Muscle Tissue
of Rats Subjected to Stretch Injury
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SUMMARY: The aim of this study was to analyze changes in the skeletal muscle tissue of rats after muscle stretch injury using
fractal analysis. Nineteen rats were divided into three groups, Control (n=5) (C), Lesion two days (n=7) (L2), and besiensév=
7) (L7). Histological slides of the gastrocnemius muscle of the animals were prepared and stained with Hematoxylin and eosin fo
analysis of the inflammatory process, and picrosirius for the demonstration of collagen. The stained slides were subsagredtly a
using Fractal Dimension (FD). The results showed high FD values of the inflammatory process in the experimental grougsih2 and L
relation to C (p=0.000). The analysis of collagen in the picrosirius stained slides showed high FD in the L2 group caimpae(pto
0.0001), with no statistically significant difference among other groups. In summary, the present study demonstratesd dmatljisist
was able to identify changes in the inflammatory process in injured skeletal muscle tissue.
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INTRODUCTION

Muscle injury promotes a series of changes in skeletglevaluated, and the results can be expressed quantitatively
muscle tissue. Such alterations are visible when analyzaglthe fractal dimension (FD) of the object, expressed by the
using histological slides in a light microscope (Ale¢sl, equation:

2013; Camargo Filhet al,, 2011; Lucet al, 2013; de Souza

etal, 2011). However, currently these microscopic changes FD = (Log Nr/log r-1)
are evaluated qualitatively, which does not enable
quantification of morphological changes. To this end, fractal Where Nr is the number of elements necessary to

analysis has been studied as it presents itself as a tool éwadrlap or fill the original object, in which r the rule or scale
enables the quantification of histological findings, in additioapplied to the object and FD is the dimension of the structure
to eliminating variations between raters (leteal, 2014; or object.
Moreiraet al, 2011).
The are several techniques to determine FD, among
Afractal is an object that has no classical geometricahich the most widely used in the medical field is the box-
form; each small part of it resembles the whole. An exampi®unting method (Moreirat al). In this method the FD is
of a fractal object that illustrates this concept is the “Kochiven by the overlapping of the square (n) of the sides (r),
snowflake” (Fig. 1). The Koch snowflake is a complex fiprogressively smaller, so Nr is the number of squares of r
gure; it is not possible to map all its points, because evesides, of each chosen size, necessary to cover the image. In
time you improve the resolution, new anfractuosities appethis case FD is the slope of the regression line of the values
where before there was apparently only one line segmeyfithe two logs (Karperieat al., 2008).
(Mendonceet al, 2007).
FD is already used as a diagnostic tool in many fields
Thus the analysis of fractal objects is based on thg research, including studies of; neurons (Ristanosfic”
ratio between the resolution and the range in which the objedt, 2014); retinal vasculature @idoncaet al); bronchial
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tree (Guptat al, 2014); tissue blood perfusion (Michallek

& Dewey 2014); diagnosis of hepatocellular carcinom /\ y/\\z
(Leeet al); degree of differentiation of osteoblasts (Par

et al, 2014) and degree of myocardial cellular rejectio \/

after heart transplantation (Moreiaal), among others.

However; despite being a technique with good applicabilifyd- 1. Koch snowflake.

for histological analysis, no research was found in the

scientific literature assessing injured skeletal muscle tissbigsion seven days (L7). The animals in group C remained

using fractal dimension. The use of this technique couldl the bioterium and were euthanized paired with the L7

open the way for a standardized measurement @fup. Muscle damage was induced inthe L2 and L7 groups,

histological findings, allowing more precise analysis ofollowing which the animals were kept in the bioterium for

results, and enabling direct comparison of results betweyp and seven days respectively.

studies, as it is a technique in which the results are

independent of the evaluator. Equipment for inducing stretch injury . Muscle injury was
induced using noninvasive mechanical stretching equipment,

Therefore the present study aimed to analyze tiikeveloped and built at the Laboratory of Bioengineering of

changes in the skeletal muscle tissue of rats after stretbg Faculty of Medicine, Ribeirdo Preto (Sao Paulo — Brazil).

injury, using the fractal dimension. The equipment was linked to a tetanized electrical current
stimulator with an electrical frequency of 25 Hz (Pachioni
et al, 2009).

MATERIAL AND METHOD
Protocol of Muscle Injury. The animals were anesthetized

through intraperitoneal administration of a combination of
Nineteen male WistaRattus novergicysats (aged Ketamine (70 mg/kg) and Xylazine (15 mg/kg) (Ozetkal,
150 days) were used, acquired from the central Bioteriud®14). After confirmation of anesthesia, two percutaneous
of Paulista State University (UNESP), Botucatu- SP Campg#ectrodes were introduced into the right hind limb of the
(Brazil). They were maintained at the bioterium of th@nimals, the first one in the popliteal fossa and the second in
Histology and Histochemistry Laboratory at the Faculty dhe region of the calcaneous tendon, corresponding to the
Science and Technology, Presidente Prudente (FC'Egions of insertions of the gastrocnemius muscle.
UNESP), in collective cages (polyethylene), at a controllegubsequently the animals were placed in the supine position
temperature (222 °C), humidity (5@10%)and 12-hour light/ 0on the equipment to induce stretch injury, with the hip in slight
dark cycle with access to food (standard laboratory choWgXxion, knee extension, ankle in plantar flexion, and the right
and water ad libitum. hind limb fixed to the equipment with tape (masking tape) by
the paw (Fig. 2). The electrical stimulation was performed at
All procedures were approved by the ethicsufficient intensity for a complete hind limb contraction,
committee for animal use from FCT/UNESP, Presidenigducing a plantar flexion of the ankle, at which point the
Prudente (SP, Brazil) campus, protocol no. 01/2013.  trigger of the equipment was pulled, which promoted the
movement of abrupt dorsiflexion. The electric current was
Experimental groups. The animals were randomly divided ceased immediately afterwards. The action of the equipment
into three groups: Control (C); Lesion two days (L2) anfromoted a blunt movement opposed to the movement

stimulator used to stimulate muscle contraction (B).
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generated by muscle contraction, demanding an eccentoiecame black and the rest of the cell white (Fig. 3). This
muscle contraction, resulting in a stretch injury. This procedupggocedure was necessary because fractal analysis measures
was repeated 10 times, with a 30 second interval between ettt black area of the image. By means of this method we
series. In each series, 2.25 J of energy were released, totaémgluated the inflammatory infiltrate from the inflammatory
22.5 J of energy applied in the injury. This protocol was adaptedocess triggered by muscle injury. The images of collagen
from Pachionkt al (picrosirius), when observed using a polarized microscope,

showed the collagen fibers in red, green, yellow, and the rest
Acquisition of tissue samplesAfter the experimental period of the cell as black. After the binarization process all collagen
the animals were euthanized with an overdose of tleeas became black and the rest of the cell white (Fig. 4). In
anesthetics Ketamine and Xylazine. Subsequently the righis case the analysis was performed on the entire area of
gastrocnemius muscles of the animals were collected acadllagen, as the colors that differentiated the types of collagen
immersed in n-hexane cooled in liquid nitrogen, using thiead all been turned black.
freezing method for non-fixed tissues, and stored at -80 °C in
an ultra-freezer, Coldlab CL580-80V (Camargo Fihal; Subsequently the analysis of FD was performed using
Castoldiet al, 2013). Following this the samples werethe box-counting method. All procedures, including the
sectioned in a cryostat, Microm, HM 505 E, at’2D with a  preparation process, were performed using Image J software,
thickness of im for making the histological slides, whichwith the addition of a plug-in named Fractal Dimension and
were stained using the hematoxylin and eosin (HE) andicunarit, both available for free on the internet (http://
picrosirius methods. Histological sections were performed egbweb.nih.gov/ij/). The sizes of the boxes used in the
the lesion site, prior to the preparation of the slides the sectiansalysis were the default sizes of the software (2, 3, 4, 6, 8,
to be cut were analyzed using toluidine blue stain to verify tHe2, 16, 32 and 64).
area of the injury.

Statistical Analysis The data were tested for normality using
Analysis of the Histological SlidesTo acquire the images of the Shapiro-Wilk test. As normal distribution was
the slides stained with HE, a Nikon 50i optical microscopdemonstrated, ANOVA one-way was used with the Tukey
was used, linked to an Infinity 1 camera. The images wep®st-test to verify the differences between the groups. For
obtained using NIS-Elements D3 software and performed witlll analyzes the significance level was set at 5%.
a 10x objective lens.

The picrosirius stained slides were photographed usiRESULTS
a Leica DM 4000B polarized light microscope, linked to a
Leica DFC500 camera, belonging to the Faculty of Dentistry,
UNESP, Aracatuba — SP, Brazil. The images were obtained  The image of HE stained after the binarization process
with a 10x objective lens. showed the cellular nucleus in black and the rest of the cell,
the cytoplasm, plasma membrane, and other elements in
For the fractal analysis of the images, the HE anghite (Fig. 3).
picrosirius stained images were submitted to a binarization
process, turning them black and white. At this point the HE The images of the picrosirius slides were obtained
images presented the nucleus of the cells as white and the bgsimeans of a polarized light microscope and after the
of the cell as black. To enable the performance of fractalnarization process the collagen turned black and the rest
analysis, an inversion of colors was applied, so that the nuclefshe cell white (Fig. 4).

A\ T 5 < .

Fig. 3. Picture of the muscle of an animal from the L7 group stained with HE, demonstrating step-by-step how the
image was processed to allow analysis of the fractal dimension. A) Original picture. 100x Magnification, HE
stained; B) The same image after the binarization process; C) Inverting colors, nucleus in black and the rest of cell
white, image ready for fractal analysis.
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B The FD analysis of the section stained
e with HE showed a significant increase in FD
' in the L2 and L7 groups compared to the C
52 SN group (p=0.000) (Fig. 5). However there was
no significant difference between the expe-

rimental groups, L2 and L7.

In the collagen analysis, conducted by
means of images stained with picrosirius, the
L7 group showed significantly lower values
Fig. 4. Image of a muscle of an animal from the L7 group stained with picrosiri@.FD compared to the L2 (p=0.001). However
Collagen originally in red, reverted to black to perform the measurement of fradtare was no significant difference between the
dimension. A) Original image, 100x magnification, picrosirius stained. B) Resultiof and C, or the C and L7 groups (Fig. 6).
binarization, collagen area turned black and the rest of the cell white, image ready
for fractal analysis.

DISCUSSION
* The present study demonstrated by means of fractal
14997 analysis that the muscle injury caused increased fractal dimension
at the lesion site, and such changes had not reverted by the period
1 000 of seven days post-injury. When analyzing the amount of collagen,

it had not changed two days after injury, however after the period
of seven days the amount of collagen was significantly lower.

Fractal Dimension

Fractal analysis was used in this research to evaluate the

B0 inflammatory process by measuring the size of the inflammatory
% infiltrate at the site of the injury. The inflammatory infiltrate is
700 identified as a cellular infiltrate diffusely distributed among the
z & 5 muscle cells, due to the influx of lymphocytes to the site of injury

Fig. 5. Box-plot with values of the fractal dimension of slide§Camargo Filh@t al). When submitted to the binarization process,

stained with HE. * Statistical difference compared to group Glides stained with HE demonstrated the nucleus detached from

(p=0.000). the rest of the cells, allowing measurement of the size of the
infiltrate by analyzing the fractal dimension.

.| Currently histological analysis of muscle tissue is performed
qualitatively, through tissue characteristics of the cell morphology;
— size, nucleus position and presence of inflammatory infiltrate,
n among others (Camargo Filbbal). However, this type of analysis
o 13001 is dependent on the analyzer and may present differences among
3 evaluators. In this context, analysis by means of fractal dimension
é 11001 in addition to quantifying the histological changes has the advantage
3 of being independent of the evaluator, since it is an automatic
© oo analysis performed by software (More@tal).
7007 The accumulation of cells observed in this study in the
first three days after muscle injury, has also been found by other
s007 authors, for injuries induced by contusion (lei@l), cryoinjury
T M) N (Alveset al), crushing (Shonet al.,, 2013)or stretching (Songt

Fig. 6. Values of means and standard deviation of FD of slidé, 2004), being analyzed by means of slides of muscle tissue
stained with picrosirius. # Statistical difference compared tgtained with HE and evaluated qualitatively under an optical
L2 (p=0.001). microscope.
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Muscle injury triggers the inflammatory process that can be This study aimed to demonstrate a new technique for
divided into three phases: damage, repair and remodeling. The fiastalyzing muscle injury in histological slides; however, some
phase begins at the time of the injury, when a large number of immuireitations should be noted: the injury protocol, despite having
cells accumulate, mainly neutrophils and macrophages, which actire advantage of not being invasive, allowed for a small variation
the degradation of damaged structures, however they release cytotokinthe extent of injury, due to differences between animals, such
into the extracellular space, which also damage healthy cells the length of the hind limb; fractal analysis of collagen using
exacerbating the inflammatory process (Souza & Gottfried, 2013)the picrosirius method is not able to differentiate between the

types of collagens by showing different colors on histological

Seven days after injury a high value of fractal dimensioslides, because after the binarization process all the different colors
was still observed, when comparing the L7 group with the C grougpf collagen had become black.

Other studies with HE slides have also reported larger numbers

of nucleated cells seven days after muscle injury (etial; The results of this study demonstrated that fractal analysis
Myburghet al, 2012; Shwet al, 2012). During this period the was able to identify and quantify changes in injured skeletal
inflammatory process continues its action, now at the stage miuscle tissue by means of analysis of slides stained with HE and
repair. The accumulation of nucleated cells remains noticeableciianges in the collagen in slides stained with picrosirius. This
the injury site; although in this period satellite cells are attractedchnique could aid the evaluation of histological findings in
to the site of injury by cytokines released by the macrophageskeletal muscle tissue, both for scientific research and clinical
These cells are stem cells that differentiate into myoblasts apchctice, enabling a standardized measurement of the findings,
myofibrils in accordance with the growth factor present at thend a quantitative evaluation of tissue changes.

site of injury, promoting myogenesis (Jarviraml, 2013; Souza

& Gottfried). The formation of new fiber is initiated, but the

maturation of these cells and the complete recovery of the injur8§KNOWLEDGMENTS. The authors are grateful to the Brazilian
muscle usually occurs between 14 and 21 days after injur?'gency of Resources for Higher Education Personnel (CAPES)
depending on the severity of the injury. or supporting the development of this study.

In this study the collagen (picrosirius) demonstrated
changes only in the L7 group compared with the L2 group, witfZAKI, G.; CAMARGO, R. C. T.; KOIKE, T. E.; GARE'A'fT- A-?I
a smaller value of fractal dimension in the L7 group. Studies usifg>' O-P" R- C. & CAMARGO FILHO, J. C. S. Andlisis fractal de

. S . . . tefido muscular esquelético en ratas sometidas a lesion por estirarmento.

the t(_achnl_que qf staining with picrosirius wh_en a_nalyzed by Morphol., 33(3)908-913, 2015.
polarized light microscope, analyze collagen using birefringence,
wherein the collagen type | is evident in color from yellow to red, RESUMEN: El objetivo de la investigacion fue observar las modi-
while type 1ll collagen fibers are shown as greenish and tHisaciones en tejido muscular esquelético en ratas después de la lesion por

remainder of the cell is presented as black (Frated, 2013; estiramiento muscular con andlisis fractal. En el estudio se incluyeron 19

. i ! ' ratas, divididas en tres grupos, Control (n=5) (C), lesién dos dias (n=7) (L2)
Junqueireet al, 1982; Rodriguest al, 2014). y lesion siete dias (L7). Los cortes histolégicos del misculo gastrocnemio
fueron coloreados con hematoxilina-eosina para el analisis de la inflamacion

The fractal analysis of collagen is able to measure ngipicrosirius para la determinacion del colageno. Los cortes histolégicos fue-
only the areas in red, corresponding to collagen types | and e posteriormente analizados por medio de dimension fractal (FD). Los re-
but also others which are in yellow and green, such as colla tados mos_traron valores elevados de FD gn proceso inflamatorio en los

. . ! . rupos experimentales L2 y L7, en comparacion con grupo C (p= 0,000). El
type Il This technique proved to be sensitive to changes in tﬁﬁélisis de colageno mostré mayor FD en grupo L2 comparado con L7 (p=
present study, as there were differences among the groups. 0,0001), se observé diferencia estadisticamente significativa con los demas.

En resumen, esta investigacion ha demostrado que el andlisis fractal fue ca-

Studies conducted to analyze collagen by immune labeliig? de ide,n_tificar las a}lteraciones_'del proceso inflamatorio en tejido muscu-
for demonstrating collagen types | and 11l in muscle injury, founf” eSquelético después de la lesion.

a greater quantity of type | collagen at 7 and 14 days after injury,  pa| AgrAS CLAVE: Andlisis fractal; Lesién en masculo es-
when compared to the uninjured group. However type Il collagejuelético; Colageno; Patologia.

was reduced after seven days compared to the control group, and

then increased up to 14 days after injury (de Setiad). As the

present study did not differentiate between types of collagen, the

collagen could have been reduced in the L7 group due to tREFERENCES
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