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ABSTRACT 
Mechanisms of mammalian cell killing effects produced 
by irradiation are complex processes and it is vitally 
importance to understand the phenomenon. In this 
research, models of survival fraction of targeted and 
bystander cells are employed, with modification on the 
signaling factors. The models are a type of 
two-dimensional vector that structure a population cell 
depends on the double-strand breaks (DSBs) and 
mis-repair DSBs count (k and m, respectively). Data 
fitting and parameter estimation are used as model 
calibration. Then, by using the estimated parameters, 
the model simulation shows a good fit against the 
experimental data with a sum of absolute error (SAE) of 
0.0355 and 0.1542, respectively. These errors 
confirmed that the models are successfully depicted the 
actual measurement of targeted and bystander effects.  
 
Keywords: Irradiation, targeted cells, bystander cells, 
two-structured ODEs, fminsearchbnd.  
 

I. INTRODUCTION 
Human are commonly exposed to irradiation, whether 

consciously or accidently [1]. As the incidence happened 
in Kim Kim River, Malaysia, an irresponsible authority 
dumped the toxic waste (radioactive) into the river 
illegally and affecting nearby people majorly primary 
students [2]. Many of them were warded due to the 
symptom of eyes or lung sick and breathing difficulty. 
These toxic waste is in category of α-emitting materials 
that taken by body through breathing, drinking or 
eating, therefore the internal tissues are exposed directly 
and may cause biological damage [3].  

When irradiation material interacts with biological 
matters, energy is deposited and chemical bond such as 
deoxyribonucleic acid (DNA) are damaged [4]–[5]. It is 
known that exposure to irradiation will increase the risk 
of DNA mutations and cancer development [6]–[7]. For 
instance, overexposure to the sun’s ultraviolet rays can 
cause skin cancer. On the other hand, a laser, a device 
that can emit ultraviolet rays is useful in medicine; for 
example, it is used for cataract treatment [8]. 

In clinical perspective, irradiation is used in 
radiotherapy treatment for tumour control with side 
effects on bystander cells, which include inflammation 
in irradiated and nearby regions [9]. The intensity of 
irradiation is measured by the amount of energy 
deposited per unit mass. The standard unit of absorbed 
dose is Gray (Gy) such that 1 Gy = 1 joule per kilogram 
[10]. The aim of radiotherapy is to target the unwanted 
cells and avoid damage the bystander cells as much as 
possible. However, the bystander cells got affected due to 
intercellular communication between the irradiated cells 
and bystander cells [11]–[12]. The gap junctions of 
intercellular communication facilitate the transfer of 
small molecules for up to 1kDa between the cytoplasm of 
adjacent cells [13]. Thus, cells which are not in the 
targeted field of irradiation show high levels of 
mutations, chromosomal aberrations, and membrane 
signaling changes [14]. 

Irradiation exposure produce various types of damage. 
Typically, the major problem in the DNA double helix is 
DNA breaks: single-strand breaks and double-strand 
breaks (DSBs) in the arms of chromosomes [15]. 
Single-strand breaks are not really harmful to the cells 
and not involved in cell killing, but it can cause a 
mutation. Whereas, DSBs are considered as the most 
biologically damaging lesions produced. If several DSBs 
are produced, incorrect rejoining of the ends can take 
place leading to chromosome aberrations, 
carcinogenesis, mutation, and cell death [16].  

Cell death can be measured in various ways. One 
measure of cell death is non-clonogenic cell or 
reproductive cell death; which means the loss of ability 
to divide and make colonies. This definition is 
particularly relevant in the context of radiobiology and 
cancer therapy since any tumour cell which has an 
ability to produce progeny results in the failure of 
tumour control. In the recent literature, the major 
mechanisms of mammalian cell death are thought to be 
apoptosis and necrosis [17]. Apoptosis (also known as 
programmed cell death) represents death by suicide. It is 
important process to remove unwanted or damaged cells 
in order to maintain a tissue homeostasis. Alteration in 
the apoptosis control is responsible for many human 
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diseases, including cancers. In contrast to apoptosis, 
necrosis is unprogrammed cell death due to unexpected 
cell damage. During necrosis, the cell swells and 
disruption of plasma membrane will cause a tissue 
injury. Some cells that pass through mitosis with large 
chromosome aberration may then die by apoptosis, 
necrosis, or senescence [18]. Senescence here by means 
a natural process of aging by which the cells loss the 
ability to divide. 

DSB formation induces two separate but interrelated 
responses; the DSB repair processes pathway and signal 
transduction processes that can lead to cell cycle arrest 
and apoptosis. There is a group of proteins that 
recognize damage-induced DNA DSBs. There is 
evidence that γ-H2AX foci which can be visualized by 
using fluorescence microscopy technique, is a biomarker 
for DNA DSBs [19]–[20]. After DSBs formation, 
histone H2AX is phosphorylated by 
phophoinositide-3-kinase- related protein kinase family 
at the sites of DSBs, which are important in cellular 
response to DNA damage. There are two major types of 
DSB repair pathways: non-homologous end joining 
which represents end-to-end joining, and homologous 
recombination repair which also known as 
template-assisted repair [20]. 

Apart from irradiation exposure that include cell 
killing and mutations that may lead to the induction of 
malignant transformation in targeted cells, irradiation 
also enhance the secondary effects in bystander cells 
[21]. Bystander effects is a complex of effects that 
include mutations, chromosomal aberrations, 
micronuclei formation, and cell death. There is ample 
evidence that bystander effects involve cell 
communication through gap junctions of intercellular 
communication or via soluble factors released by the 
irradiated cells [19]. 

A number of candidates of the soluble signaling 
molecules have been identified. These include reactive 
oxygen species, nitric oxide, interleukin-6, 
interleukin-8, and transforming growth factor-β1 [22]. 
After irradiation, levels of these molecules are found to 
be increased in the growth medium of irradiated cells. It 
is found that the medium conditioned on cells targeted, 
with undamaged tumour and senescent cells, contained 
high level of nitric oxide and transforming growth 
factor-beta [23]. These signals molecules result in an 
elevated level of DSBs in bystander cells.  
The DNA damage on the targeted cells is the main target 
of irradiation but it is now accepted that the final 
outcome of irradiation is not restricted to the targeted 
area of irradiation only [21]–[22]–[23]–[24]–[25], see 
Figure 1. The actual mechanism underlying the targeted 
and bystander effects is still open for debated, however, 
it is not our intention to discuss the overall mechanism 

of irradiation effects on mammalian cells. 

 
Figure 1. Region A is the targeted cells, while Region B and C 
are the bystander cells [25]. The arrows represent bystander 

signals. 
 
In this research, we concentrated on two modelling of 
irradiation effects, which includes targeted effects model 
and bystander effects model. We calibrated the models 
with the experimental data by Yang et al. [26] and 
observed how well the model fits with the actual data. 
Next section provides the data of targeted and bystander 
cells and two appropriate models are discussed. Then, 
the parameter estimation is implemented into the 
models and the corresponding results are presented. 
 

II. METHODOLOGY 
 
A. Data 
We employed two types of data that are survival fraction 
of targeted cells and bystander cells, as shown in Figure 
2. 
 

 
Figure 2. Experimental data of targeted and bystander cells 

(adapted from [16]). 
 
Yang et al. [26] conducted an experiment on both 
survival fraction of targeted cells and bystander cells 
using the transwell insert coculture system. The 
AGO1522 normal human fibroblast cells was used to 
investigate the process of medium-mediated bystander 
effects. In their methodology, the cells were cultured in 
both plates and permeable membrane inserts where both 
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targeted cells and bystander normal human fibroblast 
cells shared the same medium, see Figure 3. Their 
findings show that there are some signaling pathways 
between the targeted cells and bystander cells that 
resulted in induction of DNA damage in bystander cells 
[26]. 

 

 
 

Figure 3. The transwell insert coculture system [26]. 
 

Many experimental observations revealed that the 
γ-H2AX foci are detected in bystander cells, which leads 
to agreement that there are DSBs in bystander cells after 
irradiation effects [19]. 
In targeted irradiation cells, the survival fraction 
decreases as higher dose is given to the targeted cells. 
However, the survival fraction in bystander cells that 
affected by bystander signals only follow dose 
dependency at low dose. At high dose, survival fraction 
of bystander cells remain steady and not gradually 
decreases as the survival fraction of targeted cells. These 
experimental data are used as model calibration on the 
model of targeted irradiation effects, as well as bystander 
irradiation effects. 

B. The Targeted Model of Irradiation Damage 
We first recall Siam et al. [27] model that represents 

the damage effects on cells after hit by irradiation as the 
DSBs count in each cell. The mean of DSBs count is 
described by Poisson distribution with mean, µ1 = δD 
where δ is the cell’s radiosensitivity (DSBs · Gy-1) and 
D is irradiation dose. Immediately after irradiation, the 
DSBs damage produced in each cell and the targeted 
cells are grouped mathematically as Tk,m, with k as the 
DSBs count and m is the number of mis-repair DSBs. 
The group of targeted cells, Tk,m is represented as 
follows: 
 

, 1 , 1 ,

1 1 1, 1 1 1, 1

( ) ( , ) ( ) ( ) ( )

( 1) ( ) (1 ) ( 1) ,

k m k m k m

k m k m

T t d k m T t r k T t

r k T t r k T   

    

   

(1)  
 

where d1 is the death rate of targeted cells (t-1), r1 is 
the repair rate of targeted cells (t-1) and ρ1 is the 
probability of successfully repair 1 DSB for targeted 
cells. The death rate is d1(k,m) = (α1m + β1k2), where 
α1 is the death rate with respect to number of mis-repair 
DSBs and β1 is the death rate due to lethal DSBs 
aberration. The repair rate is described by 
Michelis-Menten function, r1(k) = [(σ1k)/(η1+k)] 
where σ1 is the repair rate and η1 is the steepness curve 
of repair rate. 
 This type of model has a general solution in the form 
of T(t) = exp {A(t – t0)}T0, where T is the vector contain 
group of targeted cell Tk,m for k + m ≤ kmax, A is the 
coefficient matrix and T0 is the initial condition at t0. 
Hence, the survival fraction of targeted cells is computed 
as follows: 
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In the effect of targeted cells towards irradiation, it is 
common to relate with Linear-Quadratic (LQ) 
formalism [28, 29]. LQ formalism exhibits as follows: 
 

2SFT exp{ D D },    (3) 
 
where SFT is survival fraction of targeted irradiation 
and factors α and β are in units of Gy-1 and Gy-2, 
respectively. In a cell culture, high proliferating cells are 
less sensitive to irradiation and have high α/β ratio (6-14 
Gy), while slow proliferating cells are very sensitive and 
have low α/β ratio (1.5-5 Gy). 
 
C. The bystander model of irradiation damage 

Siam and Nasir [22] developed the model of survival 
fraction for bystander cells. The DSBs produced in each 
bystander cell is due to bystander signals released by the 
targeted cells. In this work, we improve the bystander 
signals model by introducing a saturating function of 
amount of bystander signals released as [(cD)/(η2+D)] 
with respect to irradiation dose (D). Then, the DSBs 
produced on bystander cells upon reacted with bystander 
signals is described by Poisson distribution with mean: 
 

2
2
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D

c
 





        (4) 

 
where ϑ is the factor of DSBs induction on bystander 
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cells (DSBs · µM-1), c is the signals amount (µM) and η2 
is the steepness curve of bystander signals. 
 After the DSBs formed in each bystander cell, they 
will be grouped mathematically according to DSBs 
count and number of mis-repair DSBs, Bk,m. The group 
of bystander cells, Bk,m is represented as follows: 
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where d2 is the death rate of bystander cells (t-1), r2 is the 
repair rate of bystander cells (t-1) and ρ2 is the probability 
of successfully repair 1 DSB for bystander cells. The 
death mechanism of bystander cells is assumed same as 
the targeted cells, d2(k,m) = (α2m + β2k2) with parameter 
α2 and β2 is rate of cell deaths due to mis-repair and 
lethal DSBs aberration in bystander cells, respectively. 
The repair mechanism is described as directly 
proportional to number of DSBs with the delay, r2(k,ω) 
= σ2kω, where σ2 is the repair rate and ω is the 
heavy-side step function: 
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where τ is the delay activation of repair mechanism [30]. 

This model has an exact solution in form of B(t) = exp 
{A(t – t0)}B0, where B is vector of group of bystander 
cells, Bk,m for k + m ≤ kmax. Hence, the survival fraction of 
bystander cells is computed as follows: 
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Both models, Equation (2) and (7) will return the value 
of survival fraction that is in range of 0 to 1, which 
indicates the ratio of cells that remain alive.  
 

III. RESULT AND DISCUSSION 
The analysis for both models involved parameter 
estimation and data fitting towards the survival fraction 
of targeted and bystander cells. The Nelder-Mead 
Simplex optimization which is a built-in MATLAB 
function called “fminsearchbnd” is used in data fitting. 
The sum of absolute error (SAE) in data fitting is 
defined as follows: 
 

1
SAE ,

n
i i

i
z z


     (8) 

 
where zi is the experimental data, iz  is the 
mathematical model data for i = 1, 2, …, n set of 
available data. The experimental data shown in Figure 2 
is used into fitting with both models. According to the 
biological significance, the boundary of each parameter 
is set reasonably in Table 1. 
 

Table 1. Estimation of parameter and SAE value 
Targeted model Bystander model 

Parameter 
Interval 

Estimated 
paramete
r 

Parameter 
Interval 

Estimated 
parameter 

δ 
[0.01, 10] 1.1947 ϑ 

[0.001, 10] 1.4121 

ρ1 
[0, 1] 0.8854 c 

[0.1, 1.5] 0.6452 

α1 
[0.001, 1] 0.4324 η2 

[0.001, 5] 0.8634 

β1 
[0.001, 1] 0.2134 ρ2 

[0, 1] 0.6453 

σ1 
[0.01, 5] 3.9001 α2 

[0.001, 1] 0.8961 

η1 
[1, 5] 2.7484 β2 

[0.001, 1] 0.3946 

LQ 

α 
[0, 1] 0.3252 σ2 

[0.01, 5] 4.9110 

β 
[0, 1] 0.0408 τ 

[0.05, 0.2] 0.0948 

SAE 0.0355 SAE 0.1542 
 
By using the estimated parameters, model simulations 
are provided in Figure 4 and it shows that the models 
provide good fits towards experimental data. 
 

 
Figure 4. Model simulation using the estimated parameters 
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against the experimental data. 
 

For the bystander signals, we observed that at high 
dose the signals released is saturated to 0.6452 µM. The 
bystander signals contributed to the average DSBs 
induced with mean, µ2 = 1.4121[(0.6452 
D)/(0.8634+D)] in bystander cells. Whereas, in targeted 
cells, the average DSBs induced, µ1 = 1.1947D is not a 
high amount contributed to the DSBs load after 
irradiation. It can be relating to the estimated 
parameters in LQ formalism (3), the ratio of α/β is 
7.9730 Gray shows that the targeted cells have high 
proliferating and are less sensitive to irradiation. In the 
LQ formalism, α/β ratio is a dose in Gray which is used 
to describe the effect of irradiation dose and 
fractionation. In fractionated condition, a total dose of 
radiotherapy is broken into smaller amounts and 
administered over a period of time, rather than a single 
larger dose [31]. The α/β ratio describing the tissue’s 
response to dose fractionation. There is evidence that 
tissues with low α/β ratio are usually characterized as 
late responding tissues and show high sensitivity to 
fractionation changes, in contrast for tissue with high 
α/β ratio is characterized as early responding tissues 
[32]. Modelling implication of this matter could be 
explored further. 

Mathematical and statistical modelling have played a 
crucial role to give a vital information to determine the 
optimal radiotherapy schedule for a patient. The LQ 
formalism is widely used for analyzing cell survival in 
vitro and in vivo in both experimental and clinical 
radiobiology. Clinical radiobiology such as tumour 
control probability (TCP) is the probability that no 
malignant cells are left in a specified location after 
irradiation [33]–[34]. The LQ formalism provides a 
formula for the cell survival fraction that can be used for 
the prediction of TCP. The standard model of local 
tumour control is given as: 
 

2
0TCP exp{ exp{ D D }},N          (9) 

 
where N0 is the total number of clonogens per tumour 
before irradiation and the second exponent come from 
LQ formalism [35]. TCP determines the optimal 
treatment strategy at which the dose to the tumour is 
increased and more malignant cells will die without 
increasing the cell killing effect to bystander cells. 
This exercise concluded in here is an outline to two 
plausible models that can be fitted to experimental data. 
We have relied on very limited possible intervals for the 
parameters values. This is certainly an important issue 
in modelling as we want to know the information from 
the models analyzed. Limitation that the model does not 

allow repopulation, quiescent state and any 
representation of the cell cycle put the models as not so 
much a final model due to many things are unknown, but 
a modelling framework that can be developed in future.  

IV. CONCLUSION 
A model of targeted effects is adopted, while a bystander 
model is improved in term of signals released. A 
completion of the modelling is involved data fitting from 
experimental measurement. The parameter estimation 
using SAE minimization gives a good simulation 
against the experimental data. The estimated parameters 
can be valuable for radiobiologist in order to design new 
experimental procedure and reduce animal use. Overall, 
the results show that the model provides a mechanistic 
explanation for the irradiation effects phenomenon for 
both targeted and bystander effects in the aspect of 
cellular activity, which can be manipulated 
experimentally. 
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