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The theory of fractals, proposed by the mathematician Mandelbrot (1975), has been applied to many fields
in Biology, mainly due to the property of self-similarity observed in the natural world, such as in the DNA
molecule and chromatin structure. Many researches have proven the applicability of this mathematical
analysis for the identification of cells containing mutations, in the case of cancers, or due to exposures to
chemicals and ultraviolet radiation, but until the present moment, no work was done with ionizing radiation.
The aim of the present study was to investigate the use of fractal analysis for the identification of irradiated
cells, and to discuss its potential use as an indicator of human exposures to ionizing radiation. For this, 200
cells were digitalized, where 100 were from a blood sample irradiated with an absorbed dose of 3 Gy of
gamma radiation, and 100cells were non-irradiated. Fractal dimensions (FD) were calculated by the method
of Box-Counting. It was possible to notice an increase in FDs of chromatin after exposure to ionizing
radiation, and an overdispersion of the values of FD only in irradiated sample. Also, when the data was
reorganized in crescent order, it was possible to clearly distinct the irradiated sample from the non-irradiated
one. With this, we present an efficient method for the identification of irradiated human blood samples, in
a fast and most simplified way, what can be of valuable importance in cases where there is a need of quick

responses to human exposures to ionizing radiation.
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A teoria dos fractais, proposta pelo matematico Mandelbrot (1975), tem sido aplicada em muitos campos
da Biologia, principalmente devido a propriedade da auto-similaridade observada no mundo natural, como
na molécula de DNA e na estrutura da cromatina. Muitas pesquisas provaram a aplicabilidade desta analise
matematica para a identificacéo de células contendo mutacgdes, no caso de cancer, ou devido a exposicoes
a produtos quimicos e a radiacdo ultravioleta, mas até o presente, ndo ha trabalhos com radiacdo ionizante.
O objetivo do presente estudo foi investigar o uso da analise fractal para a identificacdo de células do sangue
periférico humano irradiado e discutir o seu potencial uso como indicador de exposi¢cbes humanas a
radiagdo ionizante. Para isso, 200 células foram digitalizadas, onde 100 foram provenientes de uma amostra
de sangue irradiada com uma dose absorvida de 3 Gy de radiagdo gama, e 100 células ndo foram irradiadas.
As dimensdes fractais (DF) foram calculadas pelo método de Box-Counting. Foi possivel notar um aumento
das DFs da cromatina apds exposicdo a radiagdes ionizantes e uma sobredispersdo dos valores de DF
somente na amostra irradiada. Além disso, quando os dados foram reorganizados em ordem crescente, foi
possivel distinguir claramente a amostra irradiada da ndo irradiada. Com isso, apresentamos um método
eficiente para a identificacdo de amostras irradiadas, de forma rapida e simplificada, o que pode ser de
grande importancia nos casos em que exista uma necessidade de respostas rapidas as exposi¢cdes humanas
a radiacao ionizante.
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1. INTRODUCAO

The theory of fractals, introduced by the mathematician Benoit Mandelbrot in 1975, has
shown to be useful to understand many of the structures and processes in many fields of science,
for describing geometry closer to natural objects, which present irregular forms [1]. These objects,
so-called non-linear, are found in many of the physiological processes, such as heart beating,
vascular system, brain signals, and the organization of genes [2,3,4].

The relationship of structural organization of chromatin and its morphological
disorganization in pathological processes has been studied in fundamental and clinical sciences,
with the purpose of establishing new biomedical parameters [1,5]. One of the possible
morphometric parameters is the measurement of changes in fractal properties of biological tissues,
such as self-similarity and fractal dimension (FD) [3,4].

This geometric pattern is found, for example, in the shape and organization of the
chromatin (into the nucleus of euchariotic cells). Recently this pattern of organization was
denominated “fractal globule” by Lieberman-Aiden and co-authors (2009), in which its structure
follows an optimal way for compaction known mathematically as ‘Peanno curve’. Also the
chromosomes are regionalized and are in close relationship and proximity in 3D (three
dimension), making regions that apparently are far away from each other by linear DNA
sequencing to be very close in space [6]. This will interfere in genetic activity (DNA transcription)
and in the condensation-decondensation transition during cell cycle, without the formation of
knots.

The “equilibrium globule”, another model previously proposed, does not prevent the
formation of knots, as commonly happen to our headphones when we take it out from the pockets.
With the fractal nature of the chromatin, works have been developed for investigating possible
changes in FDs as a parameter of cellular and molecular modifications, such as in cancers [7,8,9].
This has been a growing field at NIH (National Institute of Health) and has been named as the
“4D Nucleome” [10].

With this, biological fractals are dynamical processes with the characteristic of self-
organization, which result in the complexity of its structure. When the structure is changed by
some external agent, the function is also modified. This occurs, for example, with proteins, and
also with the structure of the chromatin. Therefore, the alteration of the complexity of the structure
also alters its function [11,12].

Once these dynamical processes are different between normal and altered cells, the FD
may be a parameter of biological changes after exposure to ionizing radiation (IR). The well-
known effect of IR on chromatin is DNA double strand breaks (DSBs), and its relation in
metaphase with chromosome breaks and chromosome rearrangements. The chromosome
rearrangements are the results of misrepair of the chromatin breaks (i.e. misrepair of the non-
homologous mechanism) [13]. With this, the hypothesis that raises here is that whether these
molecular changes would also reflect in changes in the texture of the nucleus.

In this context, the aim of this research was to investigate the feasibility of the use of fractal
dimensions of the images of nuclei, from in vitro irradiated and non-irradiated lymphocytes, as a
potential indicator of human exposures to ionizing radiation.

2. MATERIAL AND METHODS

2.1 Ethical aspects and samples

This research was approved by the Human Research Ethics Committees of the Center of Health
Sciences at the Federal University of Pernambuco (Number 1.102.076). The subject signed the
Term of Consent before collection of blood samples. 18 mL of peripheral blood samples were
collected, being 9 mL irradiated and 9 mL non-irradiated (control).

2.2 Irradiation of samples
Blood sample was irradiated with a source of Colbalt-60 (Gammacell 220 Excel - dose rate
of 2.8 kGy.h), in order to receive 3 Gy.



A.LS.F. Xavier et al., Scientia Plena 14, 020901 (2018) 3

2.3 Preparation of slides and image capture

Slides were prepared from blood samples (irradiated and non-irradiated). The slides were
stained by Panoic staining (i.e. methanol, eosin, and methylene blue). The images of cells were
captured using the inversed digital microscope EVOS® XL Cell Imaging System (AMG, EUA),
using the immersion objective (100X magnification), with the luminosity of 75% (3.1
megapixels). It were digitalized 100 images of irradiated cells and 100 images of non-irradiated
cells. The format of the images was TIFF (Tagged Image File Format) 24 bits with 2048 x 1536
pixels.

2.4 Image processing

The images obtained were submitted to the segmentation process, technique in which the image
is separated in regions following a criteria in order to isolate the object of interest in this research,
i.e. the nucleus, using for that the software “Paint” (Microsoft Windows, version 6.1) (Figure 1A).

Following that, the images were transferred to the software ImageJ™ from NIH (National
Institute of Health), available for free download (http://rsbweb.nih.gov/ij/) (imageJ_1.46r). The
first step was to convert the images to gray scale (8-bits) (Figure 1B). Due to the broad spectrum
of the gray scale, the intensity of each pixel is considered as a height of that point of the image,
allowing the 3D analysis as in living cells.

Image calculator was used to make images clearer, highlighting the texture of the chromatin
(Figure 1C).

A B Cc

Figure 1: Image treatments of nucleus: Segmented (A), gray scale (B), and after “image calculator” (C).

2.5 Fractal analysis

The images were submitted to fractal analysis using box-counting method of the plugin
“fracLac”  of  the  software  ImageJ™, available  for  free  download
(https://imagej.nih.gov/ij/plugins/fraclac/fraclac.html). This method consists in the superposition
of boxes in the image, where the lateral of the boxes is continuously reduced in size. In each of
this reduction, it is counted the number of boxes necessary to cover pixels of the image (with
pixels into it).

After this, the fractal dimension (FD) is calculated by:

1 logNr
FD=lm (m(%))

Where Nr is the number of boxes necessary to cover the image in each progressive
reduction of the side of the box (r). FD will be the slope of the regression line, generated by the
logarithm of the quantity of boxes in function to the logarithm of the size of the boxes.
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2.6 Statistical analysis

The FDs of the nucleus of irradiated lymphocytes were compared with the one of non-irradiated
(control) by the t-student, in order to establish if there is some statistical difference between the
groups. The statistical analysis was performed using the software Bioestat™ (version 5.3) with
the limit of confidence of 95%.

3. RESULTS

Table 1 presents the results of the mean values of FD, the maximum and minimum FD, with
standard deviation and the variance of 100 irradiated cells and 100 non-irradiated ones.

Table 1: Fractal dimensions (minimum, maximum, average) of non-irradiated (control) and irradiated

cells.
Grouns No Minimum Maximum Mean Standard- Variance
P cells FD* FD* Deviation

non-irradiated 100 2.4669 2.6202 25181 0.030 0.0009

Irradiated 100 2.4616 26323  2.5311 0.036 0.0013

*FED — Fractal Dimension

The difference between the FDs between groups is statistically significant (p = 0.0044),
allowing to discriminate the irradiated sample from the non-irradiated.

When the variance is compared (Figure 2, A and B), it is possible to notice that the
irradiated sample presented a higher dispersion. The ANOVA test showed a statistical difference
(p = 0.0064; F = 7.6264) between the variances followed by Tukey (p < 0.01).

The data was reorganized in crescent order, to compare the groups in terms of each value
of fractal dimension. In the Figure 3 below, it is possible to notice that the groups are indeed
distinguishable in terms of values of fractal dimensions, permitting to distinguish if the sample
was irradiated.

4. DISCUSSION

The increase of the mean of FDs in the chromatin of irradiated cells is an evidence that DNA
damage induced by radiation may already be noticed in interphase chromatin configuration.
Probably, the interaction of IR with the target leads to the modification of the physical topology
of the global architecture of the chromatin, which lead to an increased heterogeneity of gene
networks [5].

Pantic et al. (2012) [14] have evaluated the application of FD calculation in the nucleus of
cells exposed to ultraviolet radiation (UV), a non-ionizing radiation, differently of the present
study, in which the samples were irradiated with gamma rays. The results presented a decrease in
FDs of cells due to apoptosis. In this particular biological endpoint (apoptosis), cells become more
rounded and this is why the FDs in this studied were observed to present decreased values [14].

When the biological effect investigated is the transformation of cells due to tumorigenesis,
such as leukemia, it can be observed that fractal dimensions indeed increase, similar to the results
obtained in the present study with ionizing radiation. It is possible that radioinduced mutations
change the global physical topological complexity of the chromatin, and this can be measurable
by computational tools, such as the employed here.

Other important observation is the increased variance of FDs of cells belonging to the
irradiated sample, as shown in Figure 2 (B). It is well-known in radiobiology that the variance
exceeds the mean when the cells are irradiated with high LET radiation (e.g. neutrons, alpha
particles), and the biological damage is overdispersed. But at the present work, we obtained
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evidence that even for low LET radiation (such as gamma rays), but at high dose (3 Gy), the
variation cell-to-cell is also overdispersed [13,15].

Fractal Dimension

Fractal Dimension
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Figure 2: Variances of FD for samples non-irradiated (A) and irradiated with 3 Gy (B).



A.LS.F. Xavier et al., Scientia Plena 14, 020901 (2018) 6

2.65
o
®
.
= / .
g ’ Non-irradiated
5 a=24676
£ 5 55 RZ= 09284
§ ®Irradiated
2 a=2471
R? = 0.9083
'
2.45
0 20 40 60 80 100

Cells

Figure 3: Crescent order distribution of fractal dimensions of cells from irradiated and non-irradiated
samples.

This evidence is supported by Gruel et al. (2016) [15], who demonstrated that the variance is
not constant with the increase of absorbed dose, even for low LET radiations. There are some
hypotheses to explain the heterogeneity of damage among irradiated cells, such as:

1. There is a variability of time of response of irradiated cells to the signaling of damage
and repair [16];

2. There is a variability of the number and energy of photons which hit the cells [17];

3. There is a difference in the state of condensation of the chromatin among cells (i.e. cells
in different stages of the cell cycle), which reflect in the kinetics of damage repair. With
this, regions of euchromatin are more quickly repaired (maximum of 5 minutes), and
regions of heterochromatin are more slowly repaired (maximum of 30 minutes) [18].

Besides the hypothesis presented, one should considerer the volume of the target, in which
the molecular changes induced by radiation will cause the global modification of chromatin
architecture [5]. Recent studies have demonstrated that the volume of 1.6 wm? correspond exactly
to the volume filled by the ligation of sugar phosphate of the nucleotides of DNA, which is
precisely the region broken by the interaction with ionizing radiation directly or by free radicals,
ions and free electrons produced by the radiolysis of water [15].

Such result may better explain the variability of damage among cells and the quadratic
behavior of the dose-effect curve, which depend on the energy of photons/electrons hitting the
cells, what have the probability of hitting the tiny region of the target and effectively producing
the damage [13,19,15].

Based on this discussion and on the design of the experiments of the present study, where the
effects of irradiation were not studied in a time sufficient for DNA repair, the late hypothesis is
well supported by our results. Even the dose being uniform, there is heterogeneity of FDs probably
due to the heterogeneity of hits, energy and fluency of electrons that traverses the region of the
target [15].

Also, it is possible to notice in Figure 3 that the inclination of the line of non-irradiated group
is higher, but the r squared is smaller, when compared to irradiated group. This allows also
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inferring that the variation on fractal dimensions from non-irradiatedcells is lower, because of the
reasons already discussed above: cells did not have any external stress, therefore the physical
organization of chromatin are more uniform among cells.

When the methodology proposed here is compared to the conventional cytogenetics,
considered the ‘gold standard’ for analyzing the biological damage of ionizing radiation, the
present method have shown to be efficient in terms of faster analysis and response, once the cells
are analyzed in GO of cell cycle without the necessity of cell culturing, and it is less laborious,
because the present method does not require the analysis of individual chromosomes. However,
it should be considered that the present study did not relate the parameter of FD with absorbed
doses of IR, and the dicentric is the reliable biomarker to relate dose-effect with purpose of
biological dosimetry [13].

With this, this mathematical determinant would lead to a quicker response in a triage mode,
if subjects have or have not been exposed to ionizing radiation. This must be of great importance
when a large number of individuals have been potentially exposed to ionizing radiation.

5. CONCLUSION

The fractal analysis of chromatin using box-counting method showed to be a promissory
morphometric method for the triage of irradiated samples (or from an irradiated subject),
considering both mean and variance of FD values. Combining computational imaging acquisition
with fractal geometry methods permit to better understand the physical organization of chromatin
both in physiological situation and after radioinduced mutations. This protocol showed to be an
easy-to-perform technique, useful for a quick answer in cases of human exposures to ionizing
radiation, and for the development of software designed for the identification of chromatin
alterations.
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