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ABSTRACT 

 
The radiation-induced bystander effect (RIBE) refer to biological alterations in non-irradiated cells that occupy 

the same medium (culture or tissue) of irradiated cells. The biochemical mechanisms of the RIBE are not 

completely elucidated. However, several experiments indicate its existence. The objective of this work is to 

quantify the effect via stochastic and deterministic approaches. The hypotheses of the model are: a) one non-

irradiated healthy cell interacts with signals that propagate through the medium. These signals are released by 

irradiated cells. At the time of interaction cell-signal, the cell can become damaged and signaling or damage and 

not signaling; b) Both types of damage cells repair with certain rate becoming health cells; c) The diffusion of 

signals obey the discrete diffusion equation with decay in two dimensions. d) The signal concentration released 

by irradiated cells depends on the dose in the low dose range (< 0.3 Gy) and saturates for higher dose values. As 

expected, the temporal analysis of the model as a function of the repair rate shows that the survival fraction 

decreases as the repair rate is reduced. The analysis of the extent of damage triggered by a signal concentration 

released by a single irradiated cell at time zero show that the damage grows with the maximum simulation time. 

The results show good agreement with the experimental data. The stochastic and deterministic methods used are 

in qualitative agreement, as expected.  

 

 

1. INTRODUCTION 

 

The classic dogma of radiobiology is the target theory, where radiation effects are observed 

only in irradiated cells, or their descendants, through genetic damage produced directly by 

energy deposition in the DNA. However, evidence shows that out of target effects occur. 

 

The range of effects on non-irradiated cells that occupy the same culture medium or tissue 

containing the irradiated cells is called Radio Induced Bystander Effect (RIBE). Examples of 

these effects are: cell death, micronuclei induction, mutation, oncogenic transformation, cell 

cycle delay, etc. 

 

The two most commonly used experimental forms for the study of the RIBE are: irradiation 

of cells within a population with a micro-alpha beam or micro- X-ray beam [1] or the transfer 

of cells culture medium irradiated with broad beam radiation to non-irradiated cells [2]. 
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The micro-beams have contributed significantly to the understanding of the mechanisms 

underlying the bystander responses. Modern micro-beams offer the possibility to deliver 

precise doses to pre-selected individual cells or parts of cells in in vitro experiments. They 

also allow precise control of the dose distribution within individual cells, the number and 

position of the irradiated cells within the entire sample.  

 

Another strategy uses broad beams, usually gamma rays to irradiate a cell culture. The 

irradiated cell culture medium is transferred to bystander cells which were never irradiated. 

Experiments show that [3] [4] irradiated cells release signals in the extracellular medium. By 

placing this medium in contact with cells that have never been irradiated, they absorb these 

signals and may be damaged in some way. No damage is observed when the medium is 

irradiated in the absence of cells and placed in non-irradiated cells. 

 

The RIBE has been observed for high and low LET (Linear Energy Transfer). It is a 

predominant effect in the regime of low doses of radiation, saturating as the dose increases 

unlike the direct effects of radiation [5]. It is known that not all cell types are capable of 

producing a toxic factor and that not all cell types are sensitive to the secreted signals [6]. 

This clearly shows that the production of the signal by an irradiated cell and the response to 

this signal by a bystander cell can be considered as separate processes [6,7]. It has been also 

observed that RIBE is highly dependent on the type of radiation. [8] 

 

Although its existence is unquestionable, physical and biological parameters that characterize 

bystander responses have not been clearly defined. It is speculated that signals are released 

into the irradiated cells culture medium which interact in some way with non-irradiated cells. 

The nature of these signals has not been determined, and a better understanding of them 

undoubtedly will help to estimate the risks of biological effects from ionizing radiation, 

especially in the regime of low doses and which may impact cancer therapies [7]. 

 

Several models for the study of the RIBE have been proposed and they differ in their 

complexity or assumptions [9,10,11,12,13,14,15]. These models help in predicting possible 

outcomes, saving time and resources, as well as presenting a possible direction for 

experimental studies of interest. 

 

2. OBJECTIVES 

 

The aim of this work was to propose a computational model to quantify the radio induced 

bystander effect in vitro using Monte Carlo method. 

2.1.  Specific Objectives  

 

 To Analyze the proposed model using two approaches: one stochastic and the other 

deterministic; 

 To calculate the damaged cells cluster radius of gyration; 

 To compare the simulation data with experimental data taking Schettino et. al.´s work 

as a basis [16]. 
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3. METHODOLOGY 

 

This paper proposes a model for the RIBE study with three states for the cell. This model was 

evaluated using two approaches: one stochastic and the other deterministic. The computer 

simulation was built in FORTRAN. 

 

The model was applied to experiments using X-rays or alpha particles micro-beams. In these 

experiments one or more cells in a population are irradiated and damages are evaluated after 

a certain time that can vary from hours to weeks depending on the type of damage. 

3.1. Three State Model 

 

In this model, cells can be in three states: healthy state (S), damaged not signal emitter (D) 

and damaged signals emitter (F). Damages are understood as chromosomal aberrations, 

apoptosis, micronuclei induction, mutation, oncogenic transformation, cell cycle changes, etc. 

[17]. 

  

The hypotheses proposed for this model are: 

 

 A healthy cell (S) may interact with diffused signals in the extracellular medium and it 

can become a not damaged signal emitter (D) or a damaged signal emitter cell (F). 

 D or F cells can repair themselves and become healthy (S) again. 

 The propagation of signals occurs in accordance with the discrete diffusion equation with 

a decay in two dimensions: 

 

𝑑𝐶 𝑑𝑡⁄ = −𝜆𝐶 + Ɗ𝛥𝐶               (1) 

 

where C is the signals concentration, Ɗ is the diffusion coefficient, Δ is the discrete Laplacian 

and λ is the signal and absorption decay constant. The hypothesis of signals decay as 

proposed by Faria et al. [15] is based on the experimental results of Mothersill and Seymour 

[18] where the level of cell survival is virtually the same when bystander cells are placed in 

contact with the medium collected from cultures irradiated for 30 minutes up to 9 days. These 

signals are released by irradiated cells. 

 

 The concentration of signals (C0) released by the irradiated cell is dose dependent for a 

given interval, saturating shortly thereafter. In this model, the function which relates the 

concentration with dose in the irradiated cell is:  

 

𝐶(𝐷) = 𝛼[1 − exp(−𝛽𝐷)]               (2) 

 

where C is the signals concentration and D the dose. The parameters α and β are dependent 

on the type of radiation and the cell type and are obtained by adjusting the experimental data 

as shown in the results section. 

 

The signals can interact with bystander cells with a probability that depends on the signal 

concentration (C). The probability of a healthy cell being damaged is: 
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𝑃𝑑𝑎𝑚 = 1 − 𝑒𝑥𝑝[−𝐶(𝑡𝑑 + 𝑡𝑑𝑓)𝛥𝑡]               (3) 

 

tdf  and td are the rates at which the cell can become damaged and signals emitter and damaged 

and non-signals emitter, respectively, and Δt is the time interval. 

 

Damaged cells in state D or F are repaired returning to the state S with the probability: 

 

𝑃𝑟𝑒𝑝 =  1 −  exp (−𝑝𝑟𝛥𝑡)               (4) 

 

Where 𝑝𝑟 is the repair rate.  

3.2.  Stochastic analysis 

 

The model was implemented in a square lattice of side L where each site (i, j) represents a 

cell in either state, S, D or F. 

 

At each time step (Δt): 

 

I. The sites (i,j) in the state S can undergo a transition to state D or F, with a 

probability given by Eq.3. A random number X Є (0,1) is generated and compared 

with Pdam. If X < Pdam this transition occurs and another random number Є Y 

(0, Pdam) is generated to test whether the cell is in state D or F. If 

((td)  ⁄  ((td+tdf)))Pdam, the cell will undergo a transition to state D, otherwise to F. 

In the transitions S to D and S to F, the cell absorbs all signals concentration Cij 

and in the transition S to F, it releases a unitary concentration of signals. 

 

 

II. A site (i,j) in state D or F may undergo a transition to state S with a probability 

according to Eq.4. A random number Z Є (0,1) is generated and compared to Prep. 

If Z < Prep, the transition occurs. 

 

III. The signal concentration is updated according to Eq.5: 

 

𝐶𝑖𝑗
′ = 𝐶𝑖𝑗exp (−λΔt) + ƊΔ𝑡 ∑ [𝐶𝑘𝑙 − 𝐶𝑖𝑗]𝑘𝑙                (5) 

 

where Cij is the concentration in time Δt and the last term is the sum of the difference 

between the concentration of a site (i,j) and its four nearest neighbors (k,l).  

 

These steps are performed until a maximum time (tmax). The quantities of interest, particularly 

the surviving cell fraction (fraction of cells in S state) are averages over a large number of 

outputs.  

3.3. Damaged cells cluster radius of gyration 
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An analysis of the radius of gyration of the damaged cells cluster has been proposed as a way 

to quantify the size of the damaged area around a single damaged cell in the center at t = 0. At 

the end of each tmax the radius was calculated according to Eq.6:  

 

𝑅𝑠
2 = ∑ |ri⃗⃗ − r0⃗⃗⃗  |

2 𝑠⁄𝑠
𝑖=1                (6) 

 

where s is the total number of damaged cells ri⃗⃗  is the position of the i
th

 element of the cluster, 

and 𝑟0⃗⃗  ⃗ is the center of mass of the cluster given by:  

 

𝑟0⃗⃗  ⃗ = ∑ 𝑟𝑖⃗⃗ 𝑠⁄𝑠
𝑖=1                (7) 

 

This quantity is also evaluated on a large number of realizations. 

3.4. Deterministic Analysis 

 

A deterministic analysis was proposed for the qualitative model. The system of equations 

describing this model is the following:  

 

𝑑𝐶𝑖𝑗 𝑑𝑡⁄ = 𝑡𝑑𝑓𝑆𝑖𝑗 − 𝜆𝐶𝑖𝑗 + Ɗ∑ (𝐶𝑘𝑙 − 𝐶𝑖𝑗)𝑘𝑙                (8) 

 

     𝑑𝑆𝑖𝑗 𝑑𝑡⁄ =  𝑝𝑟(𝐷𝑖𝑗 + 𝐹𝑖𝑗) − (𝑡𝑑 + 𝑡𝑑𝑓)𝑆𝑖𝑗𝐶𝑖𝑗          (9) 

 

𝑑𝐷𝑖𝑗 𝑑𝑡⁄ = 𝑡𝑑𝐶𝑖𝑗𝑆𝑖𝑗 − 𝑝𝑟𝐷𝑖𝑗 (10) 

 

𝑑𝐹𝑖𝑗 𝑑𝑡⁄ = 𝑡𝑑𝑓𝐶𝑖𝑗𝑆𝑖𝑗 − 𝑝𝑟𝐹𝑖𝑗        (11) 

 

 

the indices (ij) represent the location of a cell in a square lattice, 𝐶𝑖𝑗 is the signal 

concentration at the site ij,  𝑆𝑖𝑗 is the number of healthy cells, λ is the decay constant, Ɗ is the 

diffusion coefficient, 𝐷𝑖𝑗 is the number of damaged cells not emitting signals, 𝐹𝑖𝑗 is the 

number of damaged cells emitting signals, 𝑡𝑑𝑓 and 𝑡𝑑 are the rates at which the cell can 

become damaged signals emitter and damaged not signals emitter respectively, and 𝑝𝑟 is the 

repair rate. In the results section the numerical solution of this set of four equations will be 

shown using a spatially uniform approach, in which the indices ij are disregarded. 

 

 

4. RESULTS AND DISCUSSIONS 

 

 

4.1.  Temporal behavior 
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The temporal behavior of the survival fraction and of the total concentration of signals in the 

lattice as a function of the repair rate is shown in Fig 1, Fig 2 and Fig 3. The parameters are 

arbitrary and a single parameter (pr) is changed at a time. It is understood as survivors 

fraction in this work all the cells in the S state after a given simulation time tmax. The 

parameters used to generate the figures below are: td = 0,3; tdf = 0,4; tmax = 4000; Δt = 1; 

λ  = 0,02; Ɗ = 0,0015; C0 = 0,2, n trials = 100, lattice size = 81.  

 

 
Figure 1: Temporal behavior of the normalized surviving fraction as a function of pr. 

The parameters used were: td=0,3; tdf=0,4; tmax=4000; Δt=1; λ=0,02; Ɗ= 0,0015; Co=0,2; n 

trials = 100, lattice size = 81. Figure A: Simulation. Figure B: Numerical solution.  
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As expected, the smaller the repair, the smaller the surviving fraction. To the repair rate null 

there is still a small amount of surviving cells. The fraction of survivors will be null only 

when the repair rate and the decay constant is equal to zero, as can be seen in Fig.2. 

 

 
 

Figure 2: Normalized surviving fraction in the function of time to pr= 0 e λ=0. Figure A: 

Simulation. Figure B: Numerical solution. The sets of parameters are the same as for 

Fig.1. 
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The average signals concentration normalized as a function of time is shown in Fig.3 for two 

repair rates. 

 

 
Figure 3: A: Simulation: average signals concentration per site as a function of time for 

two repair rates. B: numerical solution: total signal concentration as a function of time 

for two repair rates. The sets of parameters are the same as described in Figure 1. 
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The two analyzes showed the same behavior. As noted, for a zero repair rate the 

concentrations increase in a certain time and then drops to zero. This behavior is due to the 

decay of the signals and the decrease of transitions S → F. When the repair rate is different 

than zero, the concentration saturates at a level that depends on the competition between the 

rates that make the damaged cell (emitter or not), the repair rate and the decay constant.  

 

4.2. Damaged cells cluster radius of gyration  

 

The damaged cells Clusters in the maximum time (tmax) simulation are shown in Fig.4. In the 

center of the cluster the point in red represents the irradiated cell at t = 0. 

 

 

 
 

Figure 4:  Cluster of damaged cells in the lattice in tmax for individual simulations. The 

red point represents the irradiated cell. The gray dots represent cells damaged in 

tmax = 100, green dots represent cells damaged in tmax = 200 and the yellow dots represent 

cells damaged in tmax = 300.  

  

In order to evaluate the size of the damaged region, the clusters of damaged cells radius of 

gyration were calculated in tmax in simulations with only the central cell of the lattice in the 

state F (representing an irradiated cell signal emitter) at t = 0. Rs calculation is performed 

according to Eq (6). The average radius of gyration as a function of tmax to 15,000 outputs is 

shown in Fig.5. The parameters used are the same as in Fig.1 and pr = 0.05. 
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Figure 5: Radius of gyration as a function of the maximum time. 

 

As shown in Fig.5, the radius of gyration of the cluster of damaged cells increases linearly in 

the interval studied. This same study, for different values of tmax, is an interesting point to be 

studied in the future.  

4.3.  Experimental data fitting 

 

A comparison was performed between the simulation and the Schettino et.al. experimental 

results [16]. In this experiment V79 cells cultures were used where one single cell in the 

center of the Petri dishes was irradiated with various doses of micro beam X-ray. The 

objective was to evaluate the clonogenic survival of bystander cells as a function of the 

applied dose in the central cell. The data show that the bystander response causes a drop in 

the survival and soon after the survival reaches a plateau independent of dose. At low doses 

(<0.3 Gy), the results show a linear dependence between the survival fraction and dose.   

 

Unlike the experimental data, which provide the survival fraction as a function of the dose, 

the simulations provide survival fraction curves as a function of the signal concentration. To 

compare these results it was assumed that the signals concentration (C0) released by the 

irradiated cell at t = 0 is dose-dependent, with this dependency already described by Eq.2: 

C(D) = α [1-exp (-βD)], where the parameters α and β depend on the cell type and the type of 

radiation. To determine the parameters of Equation 2 was necessary to find the concentrations 

that resulted in surviving fractions observed experimentally. This way were found the signals 

concentrations and their corresponding doses. Based on the experimental data of Schettino et 

al. [16] C0 specific values were obtained corresponding to the doses used in the experiments. 

These values of C0 for each dose were used as a data set for setting the function C(D) to 

obtain α = 0.0021 and β = 5.882. The technique used for the adjustment was of the minimum 
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squares. The concentration of signals to the set of parameters: td=11; tdf=12; tmax=1200; Δt=1; 

λ=0,02; Ɗ =0,0015; pr=0,01, number of tests = 4000; lattice size = 81 is illustrated in Fig.6.  

 

                                      
Figure 6:  Concentration of signals released by the irradiated cell as a function of dose. 

 

After obtaining this relationship it was possible to construct the graph of the surviving 

fraction as a function of dose for the simulation. The experimental results were compared to 

the simulation results, as shown in Fig.7.  
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Figure 7: Surviving fraction as a function of dose. Parameters: td=11,0; tdf=12,0; 

tmax=1200; Δt=1; λ=0,02; Ɗ =0,0015; number of tests repeated five times=8000; pr=0,01 

and lattice size = 81.  
 

It can be observed that the results obtained with the model were in good agreement with the 

experimental data. The error bars of the simulations points are the standard deviation of five 

independent runs of the simulation code. The experimental error bars are the standard 

deviation considering between eight and twelve independent experiments for each dose value.  

 

 

5. CONCLUSIONS  

 

 

In this paper a computational model was proposed to the radio induced bystander effect. The 

temporal behavior of this model was studied under two approaches: one deterministic and 

one stochastic. Both approaches yielded qualitatively consistent results. 

 

The model was applied to the surviving fraction reported by Schettino and colleagues [16] in 

the maximum time of simulation. For this the assumption that the cell releases a 

concentration of radiated signal (C0) at t = 0 which depends on the dose in a given interval as 

suggested by the experimental data was taken. To correspond the concentration (C0) with the 

dose a function C(D)= α [1- exp  (-βD)] was proposed where the parameters α and β depend 

on the cell type and the type of radiation. Based on the experimental data, specific C0 values 

were obtained corresponding to the doses used in the experiments. C0 values for each dose 

were used as a data set for setting the function C(D) to obtain α = 0.0021 and β = 5.882. The 

technique used for the adjustment was the minimum squares. With C0 values obtained from 

the function c (D) it was possible to interpolate the experimental data within their error bars. 

The simulations showed good agreement with the experimental results. To our knowledge the 

hypothesis that the irradiated cell releases a concentration of signal (C0) at t = 0 dose 

dependent in a given interval was first adopted in a computational model applied to the RIBE 

in this work. Importantly, the same correspondence between C0 and the dose is possible for 

other sets of parameters. The investigation of this correspondence for different sets of 

parameters was not explored in this work and is an important topic for future studies.  

 

As future proposal the introduction of a spatial scale based on the experimental geometry and 

a timescale is suggested. To do so appropriate values of diffusion coefficient should be used 

for possible candidate signals that trigger the bystander effect as well as the other parameters, 

mainly the decay rate λ and the signals re-emission rate. Such an implementation would 

allow a better connection between simulations and experiments. Another interesting point as 

a future perspective is the study of the radius of gyration for different values of tmax.  
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