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ABSTRACT

Purpose: to investigate if experimental alloxanic diabetes could cause quantitative changes in intestinal
anastomoses of the terminal ileum and distal colon in rats, as compared to controls, measured by fractal dimension.
Method: 96 male Wistar rats weighing £300 g were split into four groups, and were submitted to ileum and colon
anastomoses after a 3 month pre op period of follow up: G1- control group with ileum anastomoses, G2- control
group with colon anastomoses, G3-diabetic group with ileum anastomose and G4- diabetic group with colon
anastomoses. After a three month post-op period, the animals were sacrificed on days 4, 14, 21 and 30, and
fragments of the anastomoses were removed, and analyzed in the scanning electron microscope and the images
obtained were used to calculate the fractal dimension of the anastomosis. Results: Ultrastructural analysis of the
anastomoses revealed fewer wide collagen fibers that were narrower and disarranged, as compares to the control
animals in all of the moments. The results of fractal dimension showed a tendency to higher complexity of the
anastomosis in the diabetic animals, as compared to controls. Conclusion: experimental diabetes caused qualitative
changes in scar tissue, seen at alterations in the structural arrangement of collagen fibers and a tendency to more
complexity in fractal dimension.
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INTRODUCTION hydroxyproline and total tissue protein remained

Several experimental studies of healing alterations in
chronic diabetes have been done using different
parameters, such as breaking strength, measures of
collagen types and hystopathogy. However, most studies
have been conducted only in skin models.™ The results
obtained therefore, cannot be applied to intestinal
wounds. Few authors have studied the effects of diabetes
in intestinal wound healing. Previous studies by our
group have shown that chronic diabetes does not change
the breaking strength and values of hydroxyproline and
total tissue protein in ileum and colon fragments taken
from rats before surgical injury.”! Another experiment
from our group showed a significant decrease in
anastomotic breaking strength following anastomosis of
ileum and colon in diabetic animals, yet the values of

unchanged as compared to the controls.®! Other studies
have revealed the same results in early-post-operative
days following intestinal anastomosis in streptozotocin-
diabetic rats."™ Thus, there is an agreement in literature
that if there are not quantitative changes in the collagen
of intestinal anastomosis from diabetic animals, probably
qualitative changes may occur. A previous study from
our group analyzed the ultrastructure of intestinal
anastomotic  healing  using  scanning  electron
microscopy.® Trying to measure what was proved to be
altered in a quantitative analysis, we decided to use the
scanning electron microscope images to calculate the
fractal dimension.
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The term fractal was named by Mandelbrot, it is derived
from the latin fractus, that means fractioned, irregular,
and are applied to situations that cannot be measured in a
single absolute scale.) It is based on the principle that a
complex non-linear pattern can produce self-similarity
patterns in different scales.® Therefore, the aim of this
study was to analyze intestinal anastomosis using fractal
dimension, which measures the complexity of the image,
to measure what could be hard to be done using formulas
from Euclidian Mathematic, introducing a new tool in
the quantitative analysis of intestinal healing.

METHODS

1. Experimental protocol

Ninety-six male Wistar rats, three-months-old and
weighing between 200 and 300g, were obtained from our
own colony. Animals were housed four per cage, fed
standard chow (Nuvilab, Curitiba, PR, Brazil), and given
access to water ad libitum. After an observation period of
one week, rats were randomly divided into a control and
a diabetic group. The animals of the latter group were
rendered diabetic three months before surgery by a single
intravenous injection of alloxan 2% (Sigma Chemical
Co., St Louis, MO, USA), at a dose of 42mg/kg body
weight. The study included only animals with severe
diabetes characterized by fasting glycemic indices higher
than 200mg/dl and 3+ glycosuria, as measured using
reagent sticks. Fast glycemia, glycosuria and seric insulin
levels were measured before the surgery and at sacrifice.

Three months after diabetes induction, the control and
diabetic groups were again randomly divided in 4
groups: one normal control group submitted to ileum
anastomoses (G1), one normal control group submitted
to colon anastomoses (G2), one diabetic group submitted
to ileum anastomoses (G3) and the fourth diabetic group
submitted to colon anastomoses (G4).

Surgery was performed under semi-sterile conditions.
Rats were anaesthetized by intraperitoneal injection of
sodium pentobarbital (Cristalia, Sao Paulo, Brazil)
30mg/kg body weight. A median laparotomy of
approximately 5 cm was performed. After section of the
terminal ileum 5cm proximal to the ileocecal junction, an
ileoileal anastomosis was constructed using 8 equidistant
single-layer interrupted 6-0 Ethilon (Ethicon, USA)
sutures. A similar procedure was performed for the
colonic anastomoses, 5 cm proximal to the peritoneal
reflection. The abdomen was closed with interrupted 5-0
Ethilon (Ethicon, USA) for the musculofascial and skin
layers. All surgical procedures were executed by the
same surgeon (the corresponding author).

After surgery, 6 animals in each group of 24 animals
were sacrificed on days 4, 14, 21 and 30. The abdomen
was opened and inspected. The anastomotic segments
were resected and washed in saline. Feces were removed
carefully. The anastomotic fragments were submitted to
scanning electron microscopy investigation and

subsequent fractal dimension analysis. Rats were

sacrificed by aortic puncture.

The study was performed after approval by the S&o Paulo
State University, Botucatu Medical School Ethics
Committee for Experimental Research (359/2003).

2. Scanning electron microscope

For the ultrastructural studies, each anastomosed
segment was placed on dry filter paper with the mucosal
surface facing upwards and treated with 10% NaOH at
4°C for two days. In this way the cellular mucosa and
muscular layers could be easily scraped off to expose the
submucosa collagen layer. Specimens were fixed
overnight in a 3% phosphate-buffered (pH 7.3)
glutaraldehyde  solution containing 5%  sucrose.
Following fixation, specimens were washed three times
for one hour using phosphate buffer at ambient
temperature. Each specimen was then dehydrated in
increasing concentrations of ethanol in water, air dried
and stored in a desiccator until it was coated with a gold-
palladium alloy.  Specimens were scanned in the
QUANTA 200 scanning electron microscope at
magnifications ranging from x90 to x3000. Fields used
for scanning were chosen randomly from the entire
healing zone.

3. Fractal dimension

The fractal dimension was obtained using the 700x
scanning electron microscope images mentioned above
and ImageJ 1.34p (NIH-USA-Java 1.5.0-03 — latest
version issued 9/6/2005) to process and analyze the
images. ImageJ is a public-domain Java image processor
developed by Wayne Rasband (wayne@codon.nih.gov)
at the Research Services Branch - National Institute of
Mental Health - National Institute of Neurological
Disorders and Stroke, Bethesda, Maryland, USA
(http://rsh.info.nih.gov/ij/index.html). It can be
downloaded from the Internet by accessing the Wright
Cell Imaging Facility site
(http://www.uhnresearch.ca/wcif).

Since the application detects only black pixels on a white
background, or vice-versa, scanning electron microscope
images of the anastomoses were processed and
transformed into binary images using the thresholding
method. This is a segmentation technique that groups
different objects and regions of the image based on
luminous intensity (similarity of tones). In the
thresholding process, the software automatically assigns
an average threshold value of T for luminous intensity,
and proceeds to the cutoff point (binarization) of the
image. Our images are made up of 256 tones of gray
and, below the cutoff point T, all tones become
background information (binary value of 0 or black).
Values above the threshold become data corresponding
to objects in the image (binary value of 1 or white). The
method has proven to be valid when the images have
good definition and contrast between the different
regions, as is the case in our study. The binarized
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images were skeletonized, a filtering process that
repeatedly removes the pixels along the outline of binary
images until it has been reduced to a thickness of one

pixel, thus producing a skeleton of the image, which is
submitted to fractal analysis (figure 1).

Figure 1: 700x scanning electron photomicrograph of the intestinal anastomosis (A), used for binarization or

thresholding (B) and subsequent skeletonizing (C).

Of all the methods used to calculate fractal dimension,
the most common is Box-Counting, which can be used
for objects that have 0 to 2 dimensions. As structures
become more complex, the fractal dimension approaches
2. Box-Counting consists of changing the scale of
observation of a given object, analyzing how its density
varies. To do so, the object to be analyzed is placed in a
Cartesian plane upon which a grid of known scale is
overlaid. The number of elements within each box is
counted, the variation in scale with the number of boxes
is an exponential function governed by an equation of the

type N=SP.
log(N(a))

!

the fractal dimension, N(a) is the number of boxes that
contain the object and s is the scale factor.

Bringing out D, we have D = , Where D is

For this calculation we used FracLac V2.3 (FracLac-
Jjava) version 2005, developed by A. Karperian at
Charles Sturt University — Australia, a plug-in for the
aforementioned ImageJ. FracLac produces the box
counting fractal dimension by overlaying the image with
a series of grids of decreasing box size, counting the
number of boxes that fall on the image and the number of
pixels per box for each box size.

This analysis can measure the degree of complexity of
the collagen arrangement in the anastomoses. The result
is presented graphically, with the average fractal
dimension corrected by removing gaps (horizontal slope
removed) and by the standard error in the average.

4. Statistical analysis

Statistical analysis was performed using the software
SPSS v15.0 to compare the results between groups, in
different moments. Mann-Whitney test or Student’s T
test was used, according to data distribution previously

determined by Shapiro-Wilk normality test. Probability
values less than 5% were considered significant.

RESULTS

The results of the analyzed parameters (fast glycemia,
glicosuria and seric insulin) of G3 (diabetic rats
submitted to anastomosis of the ileum) and G4 (diabetic
rats submitted to anastomosis of the colon) animals
during the study period were quite similar, and
contrasted sharply from the non diabetic groups. G3 and
G4 rats showed clinical and laboratory parameters
compatible with severe diabetes and on follow-up
showed a progressive decline in overall well-being, a
weight loss following induction and a significantly lower
weight gain. Their fasting glycemias were over 300mg/dl
with 3+ glycosuria as compared to the control groups.
Alloxan injection significantly reduced the plasmatic
insulin concentration and kept them at low levels
throughout the study.®

Qualitative scanning electron microscope analysis of the
ileum and colon anastomosis showed similar results and
were reported in a previous publication.’! On
postoperative day 4, the anastomosis of control rats
showed a fine network of primitive granulation tissue.
Collagen fibrils were visible and covered with globular-
formed macromolecules, which were proteoglycans.
Diabetic animals, on the other hand, showed fewer
collagen fibrils and a much larger quantity of
proteoglycans. On postoperative day 14, the anastomotic
healing zone of control group (non diabetic) animals
were loosely bundled together in primitive organized
collagen fibers, with few proteoglycans molecules. In the
diabetic animals, the fibrils were irregular, random and
loosely packed, with a large number of proteoglycans
visible. On postoperative day 21, the density of collagen
fibrils was higher in the control groups, with small fibers
intimately attached to large wavy fibers crimped in
register with fewer interspaces. This was not the case in
diabetic animals, where proteoglycans molecules and
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disarranged collagen fibers were still visible. On
postoperative day 30, the control animals showed thicker
collagen fibers that were intimately attached and
oriented, and no visible proteoglycans. Diabetic rats
showed a paucity of large fibers and those that existed
were poorly attached by small collagen fibers, and
visible proteglycans groups were still present.

The 700x scanning electron microscope images used to
calculate fractal dimension in animals from groups G1
and G3 (ileum anastomosis), showed statistically
significant differences at M2 (14 days after surgery)
(table 1), while animals whose colon had been operated
on did not show statistically significant differences, with
a tendency of higher values at M1 and M4 (4 and 30
days after surgery), in the diabetic groups (table 2).

Table 1: Values of fractal dimension in ileum groups, at the sacrifice moments.

Moments Gl_ . 93. p
Control ileum Diabetic ileum
*M1 1,72 (1,65-1,78) 1,71 (1,63-1,8) 0,6310
**M2 1,71+0,03 1,82+0,03 0,0004
**M3 1,73+0,12 1,78+0,05 0,447
**M4 1,7240,01 1,74+0,05 0,298
*Data expressed in median (min-max); Mann-Whitney test
** Data expressed in media + standard deviation; test T.1
Table 2: Values of fractal dimension in colon groups, at the sacrifice moments.
Moments G2 . G.4 p
Control colon Diabetic colon
*M1 1,71 (1,67-1,75) | 1,77 (1,69-1,78) | 0,0547
**M2 1,69+0,05 1,73+0,05 0,1913
**M3 1,74+0,06 1,75+0,05 0,7708
*M4 1,73 (1,52-1,78) 1,77(1,72-1,8) | 0,0547

* Data expressed in medians (min-max); Mann-Whitney test

** Data expressed in medias * standard deviation; test T.

DISCUSSION

Restoration of tissue strength is an important aspect of
wound healing. This process requires the deposition of
adequate amounts of extra-cellular matrix components,
particularly collagen fibers, in the wound area. Recently,
this research group has found significantly reduced
anastomotic strength in the ileum and colon in a chronic
diabetes model™, which is identical to the one of the
present study. However, biochemical analyses suggest
that loss of strength is not accompanied by either reduced
capacity for collagen synthesis or reduced collagen
content in the anastomotic segments. Other authors have
reported similar results in a short-term diabetic rat
model.[**!

Scanning electron microscopy has been used to
investigate the effects of experimental diabetes on the
retina, kidneys and bones.* A previous study of our
group showed the ultrastructural analysis using scanning
electron microscopy in intestinal anastomosis in normal
and diabetic animals '®. This method is a valuable aid to
the study of anastomoses, as it enables analyzing and
describing smaller samples and provides an overview of
the ultrastructural collagen arrangement. In this previous
study, the massive presence of finer collagen fibers that
are not connected to thicker fibers, which themselves are
present in a smaller number and in no definite
arrangement, raises the hypothesis that the diminished
rupture strength of anastomoses of diabetic animals,
measured by biomechanical studies conducted in our
laboratory®™ and also reported by other authors **!, is

directly involved in the genesis of this alteration. Besides
its use to qualitative analysis, these images could be used
to calculate the fractal dimension, in an attempt to
measure what could be hard to calculate from a Euclidian
Mathematic.

The fractal dimension has been used for the differential
diagnosis of breast nodes***?, pulmonary nodes™**4,
colon polypsi®™, and for the diagnosis and staging of
pulmonary emphysemal™!, diabetic retinopathy™" ¢ and
arterial pressure™!. Recently was used as a new tool in a
pilot study to differentiate colorectal cancers.*”!

In the present study, qualitative scanning electron
microscopy pictures of the intestinal anastomoses of
normal and diabetic rats were analyzed with the Box-
Counting calculation of the fractal dimension of the
digitized images. In the animals submitted to ileum
surgery, we found statistical differences at M2 (14 days
after surgery); in animals submitted to colon surgery,
differences were not found, with a tendency to higher
values in diabetic group at M1 and M4 (4 and 30 days
after surgery). Diabetic animals always had higher
fractal dimension values than did the control groups,
with statistically significant differences at the moment
mentioned above. These findings may suggest a higher
complexity of the anastomoses of diabetic animals, with
values closer to 2. The qualitative electron microscopy
analysis showed a lack of defined arrangements in
diabetic animals, gaps in the anastomoses, a smaller
number of thick collagen fibers and a larger number of
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thinner fibers.’!  Correlating these findings with the
fractal dimension analysis lead us to hypothesize that the
lack of defined, regular collagen arrangements in the
anastomoses corresponds to higher complexity of the
anastomosis as measured by the fractal dimension, and
therefore lower tensile strength, as measured in previous
biomechanical studies.

A single previous study analyzed colonic anastomosis
healing using FD, to assess experimentally the effects of
some chemotherapeutic drugs used to treat colon cancer
in the colon’s healing process. They found that the
decreased results in the connective tissue FD were
related to restoration of the connective tissue structure
measured in other qualitative parameters.’?!

FD is a parameter which reflects the complexity and
irregularity of target tissues.”? Tissues submitted to
remodeling due to any cause are characterized by an
increased FD.”Y There are no reports in the literature
using fractal dimensions in intestinal anastomosis related
to diabetes. Our results showed a tendency to higher
values of FD in the diabetic animals, what is in
agreement with the previous single study that obtained
lower FD results in better quality colon anastomosis®.
Further studies are required in order to advance in this
new field of applied knowledge.
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