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ABSTRACT 

 
Living organisms are composed of millions of cells that together perform tasks of great complexity. Although 

every cell has an internal structure that obeys the laws of chemistry and biochemistry, it is the interactions 

between cells that generate a range of different phenomena. Until the 1990s it was believed that the DNA was 

the single molecule affected by radiation, the so-called theory of the single target. But some observations began 

to challenge this theory; in 1992 the bystander effect was described by Nagasawa and Little. This effect is 

responsible for a series of responses such as death, chromosomal instability or other abnormalities that occur in 

non-irradiated cells that came into contact with irradiated cells or medium from irradiated cells. Understanding 

the bystander effect may have important consequences for therapy and studies of low-dose risk. In this work, we 

have developed a computational model to study the bystander effect. This computational model is a two-

dimensional cellular automata, consisting of two overlapping networks, where the first represents the cell 

culture, and the second one, the medium in which cells are embedded. The computational model allows the 

establishment of curves to describe the behavior of the effect for different levels of signals released in the 

irradiated medium by the irradiated cells or by the bystander cells when a second order effect is considered. The 

percentage of cell survival obtained from the mathematical model showed to be in good agreement with 

experimental data available in the literature.  

 

 

1. INTRODUCTION 

 

During the last decade several studies have challenged deeply radiobiological dogma of 

classical radiobiology by which radiation effects would only be observed in cells that have 

undergone irradiation, or their descendants, through genetic damage produced directly by 

energy deposition in DNA. Currently, there is compelling evidence suggesting that when a 

cell population is exposed to ionizing radiation, biological effects occur in a greater 

proportion of cells that are actually achieved [1]. The biological responses in non-irradiated 

cells that came into contact with irradiated cells or medium from irradiated cells began to be 

called radiation-induced bystander effect. As a result of damage caused by the bystander 

effect it can be mentioned: sister chromatid exchange, chromosomal aberrations, apoptosis, 
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micronucleus formation, neoplastic transformation, mutation, changes in gene expression, 

changes in cell cycle, genetic instability, proliferation and differentiation.  

It is suggested that irradiated cells secrete molecules in the medium capable of killing other 

cells, which does not occur when the medium is irradiated in the absence of cells. However 

not all cell types are capable of producing a toxic factor, just as not every cell type is sensitive 

to signals secreted [2-5]. Moreover, even in populations that these effects are induced, not all 

the cells respond to the signal and show the effect [6].  

 

The behavior of a group of cells can be studied as a complex system. A complex system 

appears associated with collective effects, which are the global behavior of the system [7], 

which is not a natural consequence of its constituent elements seen in isolation, but its 

emergent properties arise largely from the non-linear relationship between parties. Given this 

situation, the simplest approach to the study of collective phenomena is to simplify the 

structure of a language building systems tailored to their description. In this context, the 

cellular automata arise as an alternative to study this class of phenomena. 

 

Cellular automata are an important computational tool that began to be studied in the late 

1940s by a Hungarian mathematician, Jhon von Neumann based on a suggestion of another 

mathematician, Stanislaw Ulam, a Polish colleague who worked with him in the Manhattan 

Project. Von Neumann´s objective of his investigation was to simulate the evolutionary 

principles of nature. These automata are models that can be used to represent physical 

systems in which space and time are discrete values and physical quantities take on a finite 

number of discrete values, such as the proliferation of cancer cells, a neural network or 

ecosystems [8]. 

 

The cellular automata are a regular uniform network, or arrangement (Fig.1), with a discrete 

variable in each cell (site). In a simulation using automata, the variables remain unchanged 

during certain intervals of time and change their values only at times well-defined called time 

steps [9]. 

 

 

Figure 1.  Cells network of a cellular automata. 

Two different states are represented through the 

colors filling the cells.  
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The state of cellular automata is specified by the values of variables at each site and the 

cellular automata evolve over time according to a certain rule, updating their values 

simultaneously depending on their initial settings (Fig.2). When the first automata were 

created, values of the sites were initially represented by colored cards, where each color 

represented a state. In most modern computing automata each state corresponds to a 

numerical value. 

 

 
Figure 2.  Example Greenberg-Hasting’s cellular 

automata, rules and evolution over time (adapted 

from CASTRO 2008). 

 

 

The changes in the states of cellular automata can be built from simple deterministic rules, 

but Monte Carlo techniques can also be used to analyze this problem, because the effects can 

be approximated by stochastic effects. 

 

The Monte Carlo technique is a numerical technique used to obtain the estimated solution of 

problems involving statistical behaviors. Numerical methods which are known as Monte 

Carlo can be freely described as statistical simulation methods, where statistical simulation is 

defined in general terms completely, as any technique that uses sequences of random numbers 

in any part of the problem treated [10-11].  In this case, computer algorithms are used to 

generate sequence values of a random variable. Its applications have emerged historically, to 

assist the study of radioactive particles in shielding. And, later, it was also used in Statistical 

Physics. Today the Monte Carlo technique is applied in various areas of research, therefore, 

favoring the development of computational models capable of simulating the stochastic 

behavior of the phenomena studied. 

 

Our computer model uses cellular automata and Monte Carlo technique and takes focus on 

reception and reissue of bystander signals, considering factors of loss of signal activity and 

action of repair mechanisms. In this paper, we present a mathematical model to describe the 
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Radiation-Induced Bystander Effects based on results from computer simulations and 

experimental results. 
 

 

 

2. MATERIALS AND METHODS 

 

The model consists of a two-dimensional cellular automata, consisting of two overlapping 

networks, where the first represents the cellular matrix and the second the medium in which 

cells are immersed. This model is able to simulate the transmission of bystander signals via 

the intracellular environment, and via cell junctions. 

 

In the model, sites can assume the following states: healthy cell, the cell that received 

bystander signal, dead cells, and absence of cell (empty space). The cells state transitions can 

occur not only due to the bystander effect. Cells can also die because of increased 

competition for space and nutrients, or even multiply.  

 

At the start of the simulation cells are distributed randomly in the network, as well as the 

bystander signals. It is possible to play different geometries, varying the cell culture density 

and also varying the cell lines to be simulated. 

 

The cells state transitions are illustrated in Fig. 3. After irradiation (A), which lasts a time t0, 

the cells stay at rest for a time t1 after which (B) the medium transfer is carried out. The time 

in which the effects are measured after transfer of medium is called t2. 

 

 
 

Figure 3.  Changes in the model allowed state. 
  

 



INAC 2011, Belo Horizonte, MG, Brazil. 

 

The number of signals is obtained through probability functions depending on the dose 

received by the donor culture. Each of the signals generated can lose its ability to interact. 

The half life for the bystander signal has not been determined, but the signal is still active for 

more than 60h [2]. Mothersill et al. [5] show that there is considerable variation in the release 

of bystander factors for the surrounding cell culture. The effect produced by cell cultures is 

dependent on the number of cells at the time of irradiation. 

 

The signals move freely through the medium, and their motion was simulated using the 

Monte Carlo technique (MC). They can interact with cells of the receiving culture medium 

from irradiated cells (C). When a signal interacts with a cell it disappears from the network 

and the cell becomes a cell signalized (D). The Monte Carlo technique is also employed in 

the changes of cells state.  

 

As suggested by Schettino et al. [12], a cell that received the signal can become a secondary 

source that triggers a chain reaction. The cells receiving the signal can generate new 

bystander signals and transmit them to neighboring cells by cell junctions (F), or release them 

in the intracellular medium (E). At the end of each time step of simulation it is possible to 

observe the number of signals generated and absorbed by the cells. For a cell, the greater the 

number of neighboring cells signaled, the higher the probability of receiving a signal. 

 

A cell that received the signal on bystander can evolve into two situations over time (G). In 

the first, the cell can return to its original state, admitting that it has the ability to eliminate or 

inactivate the bystander signal, or it can also return to its original state to repair the damage 

caused by the signal. In the second situation the cell may die because of the damage caused 

by the signal. A dead cell can come off the culture plate (H), freeing up space on the network 

for a new cell that will take its place. 

 

The model is based on experiments carried out with ICCM [2]. The logic was implemented 

through a program written in C language. The random number generator UNI was chosen for 

the simulations by having passed all the tests in Marsaglia's DIEHARD [13].  

 

The simulations were performed on an XPS 8300 Intel ® Core ™ i7 quad-core processors 

with Windows® operating system 7. The data used to generate the model were analyzed 

using Origin TM v7.5 software and Microsoft Office Excel TM 2007. The images obtained in 

the simulation were generated by RasTop 2.2. 

 

 

3. RESULTS AND DISCUSSIONS 

 

In the first part of this work a hybrid computational model that uses cellular automata and 

Monte Carlo technique was developed and later in a second step mathematical equations able 

to describe the bystander effect were adjusted. 

 

Nine simulations were performed starting from different seeds of random number generator 

to determine the temporal behavior of the effect. The results were validated based on the 

work of Mothersill and Seymour with HaCAT cell line [3]. The first results presented with 

the simulations refer to the surviving fraction for each computational time step (Fig.4). 
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Figure 4.  Surviving fraction as a function of 

computational time step. 

 

 

From these results the model can be calibrated, resulting in a temporal relation, shown in Fig. 

5, which compares simulation results with results reported in the literature. 

 

 

 
 

Figure 5.  Temporal behavior the bystander effect 

for HaCAT cell line. The interaction of cells with 

the bystander signal occurs within the first thirty 

minutes after the medium transfer. 
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From the results of the simulations, the work to obtain mathematical equations that can 

describe the effect began. The first relationship was found for survival fraction SF as a 

function of time step dt:   

 

 (1) 

 

To find the software calibration equation, a logistic equation able to transform computational 

time dt in real time experimental dte was proposed: 

 

                                         (2) 

 

 

The equation that relates the computational time to the experimental time does not have great 

confidence for the time intervals analyzed. We propose the use of two equations, where the 

first would be responsible for the initial moments after the medium transfer until t = 2h: 

 

                                        (3) 

 

 

and the second from t = 2h, which would be described by the equation: 

 

 

                                       (4) 

 

 

Substituting equations (3) and (4) in the equation (1), following the time rules described, we 

find an equation of the effect versus time. The results of the curves adjustments showed to be 

very similar to the ones found in the literature (Fig.6), with relative error of less than 1% for 

points over 6 minutes. The point calculated for six minutes had a relative error less than 5% 

(Table 1). The equations obtained do not replace the simulation, because the relative error of 

fit is much higher compared to the simulation error (Table 2), but are useful to predict the 

outcome before you start the simulation. 
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Figure 6.  Reults on the mathematical model 

compared with the data described in the literature. 

 

 

 

Table 1. Results of simulation and regression  

 

Time (h) 
Mothersill 

and Seymour 
1998(%) 

Simulation 
result(%) 

Regression 

result(%) 

0 100 100 99,98 

0,1 86,02 85,10 84,80 

0,5 66,91 66,53 66,80 

2 64,33 64,71 64,87 

20 61,02 61,00 60,70 

72 58,82 58,81 58,93 

240 58,08 58,09 58,18 

 

 

 

Table 2. Standard deviation of the values found in the simulation  

 

Relative Error of 
Simulations (%) 

Relative Error of 
Regression(%) 

0 0,05 

1,07 4,79 

0,57 0,29 

0,59 1,05 

0,04 0,04 

0,02 0,00 

0,01 0,02  
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4. CONCLUSIONS  

 

The mathematical model presented in this work can become an important tool to help 

understanding the bystander effect, since it presented a good agreement between the 

simulation data and the experimental data found in the literature. The model should be 

explored and further studies will be carried out to see its extension to other doses and cell 

densities. 
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