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ABSTRACT 

 
During recent years, there has been a shift from an approach focused entirely on DNA as the main target of 

ionizing radiation to a vision that considers complex signaling pathways in cells and among cells within tissues. 

Several newly recognized responses were classified as the so-called non-target responses in which the biological 

effects are not directly related to the amount of energy deposited in the DNA of cells that were traversed by 

radiation. In 1992 the bystander effect was described referring to 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. In this work, we have developed a mathematical model via 

cellular automata, to quantify cell death induced by the bystander effect. The model is based on experiments 

with irradiated cells conditioned medium (ICCM) which suggests that irradiated cells secrete molecules in the 

medium that are capable of damaging other cells.  The computational model consists of two-dimensional 

cellular automata which is able to simulate the transmission of bystander signals via extrinsic route and via Gap 

junctions. The model has been validated by experimental results in the literature. The time evolution of the 

effect and the dose-response curves were obtained in good accordance to them. Simulations were conducted for 

different values of bystander and irradiated cell densities with constant dose.  From this work, we have obtained 

a relationship between cell density and effect.   

 

 

 

1. INTRODUCTION 

 

Several radiobiological studies over the past decade have profoundly challenged the 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 
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proportion compared to cells that have been actually irradiated [1]. Microbeam studies have 

shown unequivocally that non-hit cells respond to changes in gene expression, micronuclei 

formation, chromosomal aberrations, mutations and cell death [2]. Later experiments with 

irradiated cells conditioned medium (ICCM) were also able to confirm this effect and suggest 

its action by a factor released by irradiated cells that somehow communicates with their 

neighbors [3]. This phenomenon has been termed radiation-induced bystander effect. 

 

From the description of the bystander effect there were several attempts to establish models 

to understand it better. An attempt was made by Brenner [4] with the BaD (bystander and 

direct) model. It reviewed the radiobiological damage in directly irradiated cells and in the 

bystander cells. In the following years he extended the model to study the effects on human 

carcinogenesis [5-6]. 

 

Nikjoo [7] constructed a model for broad and microbeam, very similar to the BaD model, but 

considering that differentiating cell damage originates from specific signs of protein 

character. This bystander signal diffuses into the medium by Brownian motion and may cause 

cell inactivation, cell death and oncogenic transformation. 

 

Later, in a more extensive analysis of data, Litlle [8] showed that the model adjustment could 

be improved if a long latency period was considered (five or six years). The adjustment of the 

latter model is equivalent to a relative risk model with linear fit for age at exposure and 

attained age. The following year, a new stochastic model was developed using the Monte 

Carlo technique [9], taking into account the spatial location, cell death and repopulation. The 

dose of ionizing radiation and time-response of this model were explored. 

 

Based on a model of tumor growth and direct irradiation [10] develop a model where: hyper-

sensitivity at low doses and the bystander effect are considered. A cellular automata was used 

to simulate the diffusion of glucose and to describe cell growth. In this model the cell cycle 

phases were not taken into account in relation to the effects of radiation, taking advantage of 

its phases only to describe the cellular multiplication. 

 

Another proposed model describes the bystander effect as a result of two distinct processes: 

trigger signal output from irradiated cells and bystander cell response [11]. In this model, 

cells that received signals may have late effects and proliferate. The model emphasizes the 

dependence of the dose for the occurrence of the effects, and also suggests that increasing the 

quantity of the medium should cause approximately the same effect as a moderate reduction 

of the fraction of irradiated cells. 

 

In this paper, a computational model was written for the study of Radiation-Induced 

Bystander Effects based on harvesting medium experiments. This model focuses on reception 

and reemission of bystander signals by secondary sources, considering factors of signal 

activity loss and repair mechanisms actions. 
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2. MATERIALS AND METHODS 

 

2.1.  Computational Model 

 

The model consists of a two-dimensional cellular automata, consisted 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. 

 

We adopted the use of square sites, according to the relation of Moore neighborhood, where 

neighbors are considered the eight adjacent sites to the site in question. The sites can take the 

following states: healthy cell, the cell which received the bystander signal, dead cell, and 

absence of cell (empty space). 

 

The state transitions of cells 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´s possible to play different geometries, varying the density of cell culture 

and also varying the lines to be simulated. 

 

The state transitions of the cells are illustrated in Fig. 1. 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 1.  Changes in the model allowed state. 
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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 over 

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

active for more than 60h [3]. 

 

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 state changes of cells. 

 

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. Moreover, even in populations that induce these effects, not all cells respond to 

the signal and show the effect [13]. A dead cell can come off the culture plate (H), freeing up 

space on the network for a new cell takes its place.  

 

2.2. Computational Resources 

 

The model is based on experiments carried out with ICCM [3]. 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 [14].  

 

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

with Windows ® operating system 7. Data were analyzed using Origin v7.5 software and 

Microsoft Office Excel 2007. The images obtained in the simulation were generated by 

RasTop 2.2. 

 

 

3. RESULTS AND DISCUSSIONS 

 

To validate the computer model, MC simulations were performed to obtain the survivor 

number as a function of dose (Fig. 2). The simulations were performed using the parameters 

of dose, cell density and times used by Mothersill and Seymour [3]. Different seeds of 

random number generator UNI were used to obtain an average value of the simulation results.  
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Figure 2.  Dose-response curve for the bystander culture. 

 

 

 

Comparing the results from the simulations with the experimental data shown in Fig. 2, there 

is a very good agreement between them, with a standard deviation less than ±0.3  

(Table 1). This indicates that the developed model is able to reproduce with a good range of 

security, the experimental results presented in the literature. 
 

 

 

Table 1. Standard deviation of the values found in the simulation  

 

Mothersill and Seymour 1997 (%) Simulation result (%) Standard Deviation 

100 100 0.0 

73.2 73,5 0.2 

78.6 78,5 0.2 

69.5 69,2 0.3 

69.3 69,1 0.2 

 

 

 

The effect of conditioned medium over the non irradiated cell culture increases with the 

density of the irradiated culture [3]. Simulations were performed keeping the number of 

bystander cells in culture constant and varying density of irradiated cells, the data are shown 

in Fig. 3: 
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Figure 3.  Graph comparing the surviving fraction obtained in the simulation to 

the experimental results described in the literature. 

 

 

 

No experimental data were found in the literature of the bystander effect for different 

densities of non-hit cells. To estimate this behavior, new simulations were performed fixing 

the number of irradiated cells and varying the bystander cells density. The results are shown 

in (Fig. 4). The increasing density of bystander cells in culture generates only a small 

variation in the effect, where the higher the cells density, the greater the surviving fraction, 

noting an effect opposite to the variation of the irradiated cells density. The decrease of the 

effect with increasing bystander cell density is consistent because the number of signals per 

cell of the network becomes smaller.  

 

 

 

 

Figure 4.  Fraction of surviving cells for different densities of cells in the 

bystander culture. 
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4. CONCLUSIONS  

 

The model presented in this work can become a tool in understanding the bystander effect, 

since it agreed with the data documented in the literature. It can be used to simulate the 

behavior of cell lines for different cell densities. The model should then be explored, seeking 

to refine it.  
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