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Abstract 
 

Background: Current studies in radiotherapy aim to develop better methods for curing patients from 

cancer. Since different types of radiation interact with biological matter in various ways, the results 

of their interaction and their effectiveness with respect to the biological damage to cells have a 

general investigation interest.  

Aim: The work in this project aims to use a mathematical model to fit a pre-existing data on 

clonogenic survival of cells irradiated by different types of radiation and report the fitting 

parameters. Various radiobiological concepts were investigated and compared between different 

radiation qualities used in this work. 

Materials and Methods: The repairable-conditionally repairable (RCR) damage model parametrised 

with respect to the linear energy transfer (LET) of the cell oxygenation was used for fitting 

experimental cell survival data for human salivary gland cells irradiated in oxic and hypoxic 

conditions with protons, 12C-, 20Ne- and 3He-ions.  

Results: Good consistency with the entire cell survival data was achieved. RCR-model was robust 

enough to achieve agreement with cell survival data for LET values excluded from fitting procedure. 

Slope of cell survival curves for the three ions increased up to optimal LET value reaching maximum 

there and it decreased at higher LETs. RBE of 3He-ions showed the most rapid increase in low-LET 

region and reached a higher maximum as compared with other ions. RBE of the three ions increased 

approximately in the same LET region as a and c parameters of RCR-model, but no underlying 

radiobiological mechanism could explain any of curve shape similarities. The RBE of 12C-ions reached 

maximum approximately at 126 keV/μm, which is the optimal LET that could possibly correspond to 

the steepest cell survival curve. It was observed how the cell oxygenation became less important for 

cell irradiation with very high LET values. 

Conclusion: The results showed that it is feasible to use the RCR model to fit the broad range of cell 

survival curves corresponding to different radiation qualities and the assessment of their relative 

biological effectiveness in oxic and hypoxic irradiation conditions. RCR-model may have a possible 

application in cell irradiation with other ion beams than those used in this work. 
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Introduction 
 

Radiotherapy is one of the main modalities for treating cancer. Photon and electron beams are the 

most commonly used radiation types in modern radiotherapy. The main goal of radiotherapy is to 

deliver a precise and effective treatment to the tumour cells. By the term precise in this context it is 

meant that the delivered treatment affects the normal tissue around the tumour as little as possible 

and by being effective is meant to achieve a high probability of controlling the tumour. New 

techniques shall therefore aim at developing better precision and effectiveness of each radiation 

quality.  

Proton and light ion beams are characterized by explicitly defined range and Bragg peak resulting in 

improved dose conformity in target volume as compared with photon beams. Figure 0.1 shows the 

depth-dose curve for a 6 MV photon beam in comparison to pristine Bragg peaks for protons with 

energies between 105 and 134 MeV and a corresponding spread out Bragg peak (SOBP) and 

illustrates the differences between radiation types in terms of dose distributions with depth. The 

highest Bragg peak of the pristine proton beam corresponds to energy of 134 MeV and the lowest 

Bragg peak corresponds to a 105 MeV proton beam. The black curve corresponding to the 6 MV 

photons shows that the maximum dose is deposited rather close to the surface and it decreases 

exponentially with depth in the matter. On the contrary, protons have a finite range in matter. 

Heavier ions have similar properties as protons, they also stop at a certain depth in matter.   

In addition to the increased precision due to the physical conformity of the radiation dose to the 

tumour target, light ion radiotherapy also shows increased effectiveness with respect to the 

biological damage to cells.  

The aim of this thesis was to model the effect of different radiation types and energies on cells 

based on previously obtained data on cell survival. The experimental work in which the survival of 

cells was investigated after irradiating them with different radiation qualities was performed at the 

National Institute of Radiological Science (NIRS) in Chiba, Japan (1). A mathematical model was used 

to fit the experimental data in order to determine the model parameters for different radiation 

qualities.  

In this paper, important cell and radiation properties as well as principles behind mathematical 

model used in this work are introduced in background part. Method of deriving optimal model 

coefficients based on experimental data of this work is introduced in materials and methods part. 

Visualisation of cell survival data and various radiobiological concepts is illustrated in results part. 

Importance of obtained results and their interpretation is argued in discussion part and any 

statements worth an extra emphasis from that discussion are highlighted in conclusion part. 
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Fig. 0.1: Depth-dose curves of different radiation types and energies in a water phantom. The black 

curve corresponding to 6 MV photons is plotted together with a SOBP and pristine Bragg peaks for 

protons with energies between 105 and 134 MeV. (Courtesy of Niels Bassler) 
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Background & Theory 
1. Interaction of ionizing radiation with matter 
Radiation therapy involves the interaction of ionizing radiation with matter. Ionizing radiation could 

be divided into directly ionizing and indirectly ionizing depending on its type. Uncharged particles, 

photons and neutrons, deposit their energy into matter by first producing a charged particle which 

in turn deposits its energy through Coulomb interactions into the matter. They are called indirectly 

ionizing radiation. Energetic charged particles are referred to as directly ionizing radiation.  

The physical interaction properties of charged particles with matter are characterized by their 

stopping power. The stopping power describes the energy loss per unit distance: 

𝑆 = −
𝑑𝐸

𝑑𝑥
, [𝑀𝑒𝑉/𝑐𝑚](1.1) 

where  

dE is the kinetic energy lost per unit distance and x is the path length in the absorbing medium. 

The mass stopping power is a more convenient variant of stopping power, which is the stopping 

power divided with the density of material, making it possible to easily compare the stopping power 

of different materials. 

𝑆

𝜌
= −

1

𝜌

𝑑𝐸

𝑑𝑥
, [𝑀𝑒𝑉 ∗ 𝑐𝑚2/𝑔](1.2) 

where 𝜌 is the density of the absorbing medium. 

Matter is formed of atoms, which in the frame of the classical atomic model consist of positively 

charged nuclei and the corresponding electrons revolving around nucleus on orbits.  

The mass radiation stopping power describes the interaction of incoming charged particle with 

nucleus of absorbing atom resulting in the production of bremsstrahlung photons, while the mass 

collision stopping power describes the energy loss in collisions with electrons. The sum of these two 

components is called the total mass stopping power. (2) 

For radiobiological applications, the mass collision stopping power is particularly important. 

Figure 1.1 shows an illustration of the three types of collisions between an incoming charged particle 

and an atom. The impact parameter b is a distance between the initial trajectory of incoming 

charged particle and the approximate centrum of a nucleus volume in the interacting atom. 

Depending on the value of impact parameter relatively to the value of classical atom radius a, there 

are three collision types between the incoming charged particle and the absorbing atom. The 

radiation collision is a collision type that fulfils condition b << a, in which the incoming charged 

particle interacts with atomic nucleus either elastically or inelastically. In an inelastic radiation 

collision with nucleus, the bremsstrahlung photons are produced, while in elastic radiation collision, 

the incoming charged particle is only scattered by nucleus changing its direction of motion relatively 

to its initial trajectory. The hard collision is a collision type that fulfils condition b ≈ a, in which the 

incoming charged particle interacts with an orbital electron of absorbing atom transferring to it a 

significant amount of energy, which is enough to overcome attraction forces from nucleus holding it 

inside of atom, so this orbital electron can leave the atom and undergo own interactions with other 
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atoms in absorbing medium. The orbital electron that has left the atom by the previously described 

way is called a δ-ray. The soft collision fulfils condition b >> a, in which the incoming charged particle 

interacts with the whole absorbing atom. The energy transfer in soft collision is much smaller 

compared to energy transfer in hard collision resulting in excitation, polarization or ionization of 

atom. (2) 

 

Fig. 1.1: Collisions between the incoming charged particle and an atom are divided into three 

categories depending on the value of the impact parameter b relative to the classic radius a of an atom. 

The restricted collision stopping power, (
𝑆

𝜌
)

∆
, is a type of collision stopping power that excludes δ-

rays produced from hard collisions with energies larger than a cut-off value Δ and, thus, it accounts 

only for energy transfers lower than Δ. If Δ is equal to the maximum energy transfer from incoming 

charged particle to absorbing atom, i.e. Δ= ΔEmax, then the restricted collision stopping power 

becomes equal to the collision stopping power, i.e. (
𝑆

𝜌
)

∆=𝛥𝐸𝑚𝑎𝑥
= (

𝑆

𝜌
)

𝑐𝑜𝑙
. The restricted collision 

stopping power is defined as in equation (1.3). 

(
𝑆

𝜌
)

∆

= (
1

𝜌

𝑑𝐸

𝑑𝑥
)

∆

, [𝑀𝑒𝑉 ∗ 𝑐𝑚2/𝑔](1.3) 

(2) 
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2. Interaction of ionizing radiation in biological 
matter 
2.1 DNA – THE MAIN TARGET OF RADIATION  

In radiotherapy, a cell is considered to be alive as long as it can divide and replicate itself indefinitely. 

Such cell ability is called proliferative capacity and the deoxyribonucleic acid (DNA) molecule is the 

structure involved in this function. The DNA molecule has a form of a double-helix and consists of 

two strands extending parallel to each other. Bases that are located between the two strands are 

connected to the strands by hydrogen bonds. Each DNA strand consists of sugar molecules, 

deoxyribose, connected to phosphate groups. The four bases, thymine, cytosine, adenine and 

guanine, are held in a specific sequence that defines a genetic code unique for each organism. (3) 

2.2 TYPES OF ACTION AND TYPES OF CELL RESPONSES 

There are two main ways radiation can damage biological matter. The first process is called the 

direct mode of action, in which an electron of absorbing atom is ejected after interaction. The 

produced ion pair initiates chemical reactions in biological matter, which can lead to the damage of 

biological matter. The indirect action is another way radiation can interact with matter, in which 

highly reactive chemical elements or compounds called free radicals are produced after interaction, 

which then initiate chemical reactions in biological matter. A free radical has an unpaired electron on 

the outer atomic shell, which makes it unstable and highly reactive. To recover stability, it binds to 

other chemical substances in biological matter by forming chemical bonds with them and acquires 

the missing electron on its outer shell. Figure 2.1 illustrates both processes. 

 

Fig. 2.1: The direct and indirect action of radiation. The direct action of radiation initiates chemical 

reactions in biological matter through production of ion pairs, which then damage the biological 

matter, while the indirect action does it through production of free radicals. (Courtesy of Iuliana 

Toma-Dasu) 
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The human organism is always exposed to background radiation and therefore cells have developed 

mechanisms to repair damages inflicted by radiation. If the repair is correctly performed, cell survival 

is ensured. However, some radiation damages might be too severe to be repaired or they might not 

be correctly repaired. The consequence of such irradiation can be lethal for cells and cause cell 

death. In some cases, incorrect repair of the damage might not lead to cell death but to cell 

mutation. (3) 

2.3 DNA DAMAGE 
The complexity of DNA damage depends on radiation properties as well as on microenvironmental 

factors.  

In the context of interaction with biological matter, ionizing radiation is often divided into densely 

ionizing and sparsely ionizing radiation. X-rays, gamma rays and light particles such as electrons 

produce a small amount of ionizations per length unit of a particle track. They are called sparsely 

ionizing radiation. Heavy particles, such as alpha particles, neutrons and heavy ions are called 

densely ionizing radiation since they produce a large amount of ionizations per length unit of a 

particle track. Figure 2.2 illustrates the difference between sparsely and densely ionizing radiation. 

(3) 

 

Fig. 2.2: The sparsely and the densely ionizing radiation are shown from left to right. More 

ionizations are produced per length unit of particle track by densely ionizing radiation. (Courtesy of 

Emely Kjellsson Lindblom)  

As described previously, ion pairs and free radicals produced by direct respectively indirect action of 

radiation initiate chemical reactions in biological matter that may lead to cell damages. There are 

three major different types of DNA damages that all these processes can lead to. The Single Strand 

Break SSB, is a type of DNA damage that occurs when only one strand is broken as result of action of 

radiation in biological matter. The Double Strand Break, DSB is a type of DNA damage that results in 

two broken strands of DNA as result of action of radiation in biological matter. The densely ionizing 

radiation can often produce combinations of base damage, SSB and DSB, which is referred to as 

Locally Multiply Damaged Site, LMDS. Figures 2.3 and 2.4 show these general types of DNA damages. 

(3) 
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Fig. 2.3: For an easier illustration of the three types of DNA damage, the DNA molecule is 

represented in two dimensions. The cases of one SSB, two SSBs and one DSB are shown in order 

from left to right. It is seen that just two opposite SSBs are not enough for one DSB, if they are 

located too distant from each other. In a normal DSB, both opposite SSBs are separated by only a few 

bases. 

 

Fig. 2.4: The LMDS is a type of DNA damage, which is most likely produced by densely ionizing 

radiation.  

2.4 SURVIVING FRACTION 
The in vitro method is a technique used to study cells or microorganisms separately from their 

normal biological environment by cultivating them in a laboratory environment. The following 

example uses the in vitro method to simplify explanation of the concept of surviving fraction. 

Petri dish is an example of laboratory equipment used by in vitro method. Conditions close to the 

living tissue are ensured for cells cultivated in Petri dishes. A colony is a group of cells located around 

the originally implanted cell as result of cell proliferation. 

In a clonogenic cell survival experiment, cells are implanted into two Petri dishes and one of these 

dishes is irradiated. The two dishes are studied separately and then compared at the end of 

experiment. Let us say, for example, that 3000 cells were originally implanted into both dishes and 

the number of colonies of these two populations was compared at the end of experiment. The figure 

2.5 shows an illustration of a dish containing the unirradiated population of cells at the beginning 

respectively at the end of experiment. The unirradiated dish contained 1800 colonies at the end of 

experiment. 
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Fig. 2.5: The Petri dish of the unirradiated population of cells at the beginning and at the end of 

experiment. 

The plating efficiency is a radiobiological quantity given in percentages, which is defined as the ratio 

between the number of colonies counted at the end of experiment and the number of implanted 

cells at the beginning of experiment: 

𝑃𝐸 =
𝑁𝑜. 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑

𝑁𝑜. 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑖𝑚𝑝𝑙𝑎𝑡𝑒𝑑
× 100. (1.4) 

For this example, the plating efficiency according to (1.4) was: 𝑃𝐸1 =
1800

3000
× 100 = 60%. 

Experimental setting of the irradiated population of cells is shown in figure 2.6. 

Let us say that there were seen only 93 colonies produced in irradiated population of cells at the end 

of experiment. The plating efficiency of this case accordingly to (1.4) was: 𝑃𝐸2 =
93

3000
× 100 =

3.1%. 

 

Fig. 2.6: The Petri dish of the second population of cells before and after irradiation. 

Plating efficiency of the unirradiated dish is lower than 100 % implying that there is something that 

kills cells and has nothing to do with radiation. It could be defects in cultivation techniques or some 

other technical imperfections of in vitro method, which means that the irradiated population is also 

affected by these technical reasons. This problem can be solved by using the ratio 𝑃𝐸2/𝑃𝐸1, which 

determines fraction of cells that survived the experiment, in which radiation was the only source 

that caused the cell death. Thus, any technical problem that affects the cell survival can be excluded. 

The ratio used for solving this problem is more known as the surviving fraction, which is a 

radiobiological quantity given in percentages and is defined as the plating efficiency of irradiated 

population divided by the plating efficiency of unirradiated population and multiplied by 100%: 

𝑆𝐹 =
𝑃𝐸𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑

𝑃𝐸𝑛𝑜𝑡 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑
∗ 100% (1.5) 

Therefore, the fraction of irradiated cells that survived the experiment given as in an example above, 

excluding any technical problems, is given by the surviving fraction given by (1.5): 
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𝑆𝐹 =
𝑃𝐸2

𝑃𝐸1
∗ 100% =

0.031

0.6
∗ 100% = 5.2% 

(3), (4) 

2.5 CELL SURVIVAL CURVES 
The survival curve describes the cell response to radiation and graphically represents the cell 

surviving fraction as function of the radiation dose. The general shape of cell survival curve plotted in 

linear scale is shown in figure 2.7, where the surviving fraction is on the y-axis, and the radiation 

dose is on the x-axis and has Gy as unit. 

 

Fig. 2.7: A typical cell survival curve on normal scale. (Courtesy of Iuliana Toma-Dasu) 

The curve starts at point (0,1) implying that any cell can survive when the radiation dose is zero, 

which in other words is a case when the cells are not irradiated. 

For practical reasons, it is more convenient to use a log-scale on y-axis, which allows reading the 

values of surviving fraction at high doses. Figure 2.8 illustrates the general shape of the cell survival 

curve plotted on log-normal scale, which has a “shoulder” at low doses and has an exponential 

decrease as the dose increases.  



13 
 

 

Fig. 2.8: Cell survival curve plotted on log-normal scale. (Courtesy of Iuliana Toma-Dasu) 

 

2.6 LINEAR ENERGY TRANSFER 
The linear energy transfer, LET, is defined as the restricted collision stopping power: 

𝐿 = (
𝑑𝐸

𝑑𝑥
)

∆

, [𝑘𝑒𝑉/𝜇𝑚] (1.6) 

The LET value gives an indication of the radiation quality, i.e. it characterizes each type of radiation 

of a given energy. One of reasons why the linear energy transfer is more convenient to use in 

radiobiology is because it can be applied to charged and uncharged particles.  

It should be emphasized that LET is only an average quantity. The exact amount of energy loss per 

unit track varies at microscopic level. The equation (1.6) tells that the LET value is directly 

proportional to the deposited energy. Therefore, radiation with high LET value shall deposit much 

energy per unit length which is characteristic for the densely ionizing radiation. On the contrary, 

radiation with low LET value deposits a small amount of energy per unit length according to (1.6) 

which is characteristic for the sparsely ionizing radiation.  

2.7 RELATIVE BIOLOGICAL EFFECTIVENESS 

The Relative Biological Effectiveness, RBE, is a radiobiological quantity defined as the ratio between 

the dose of reference radiation, chosen as 250 kV x-rays, and the dose of radiation that is being 

tested, leading to the same biological effect:  

𝑅𝐵𝐸 = (
𝐷𝑟𝑒𝑓

𝐷𝑡𝑒𝑠𝑡
)

𝑖𝑠𝑜𝑒𝑓𝑓𝑒𝑐𝑡

 (1.7) 

where 

𝐷𝑟𝑒𝑓 is the reference radiation dose, Gy; 

𝐷𝑡𝑒𝑠𝑡 is the test radiation dose corresponding to the same biological effect, Gy. 
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In many cases the isoeffect for which the RBE is calculated is 10% survival fraction. This quantity is 

used to illustrate how much more effective test radiation is relative to reference radiation in the 

context of cell killing. Figure 2.9 illustrates a general case, in which it is clearly seen that a larger dose 

is required for low LET radiation to produce the same level of surviving fraction as high LET radiation. 

In this example, the low LET radiation is represented by the reference radiation defined as in (1.7). 

 

Fig. 2.9: Graphical illustration of how the RBE value can be calculated. In this figure, the ratio 

between the doses of reference and test radiation at 10% level of surviving fraction gives the RBE 

equal to value of three, i.e. the test radiation is three times more biologically effective than the 

reference radiation. 

According to (1.7), the RBE of test radiation shall always be larger than one to be more biologically 

effective. Different radiation qualities are compared in such manner to determine radiation with 

highest RBE value.  

Even if in most cases high LET radiation is more biologically effective than low LET radiation, it does 

not mean that an infinitely large LET value will correspond to the most effective cell killing. It was 

shown that there is an upper limit of biological effectiveness, which is given by the value of the 

optimal LET. The importance of the optimal LET value is explained in the following paragraph with 

one example. 

A schematic illustration of the optimal LET concept is shown in figure 2.10, where the two Petri 

dishes originally contain equal number of implanted cells. Cells contained in the left dish are 

irradiated with optimal LET radiation and cells in the right dish are irradiated with unnecessarily 

large LET radiation. The damage is almost uniformly distributed in the left figure and it is seen that 

some target cells in the right figure take too many damages leaving other target cells without any 

damage at all. As result, the radiation cell killing is not optimal in this case, corresponding to the 

concept of overkill. (3) 
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Fig. 2.10: The left dish contains population of cells irradiated with optimal LET; the damages are 

almost uniformly distributed among the cells hit by radiation. The right dish contains a population of 

cells irradiated with too high LET radiation leading to overkill effect and the damages are not 

uniformly distributed there: some cells are too severely damaged and some other cells do not take any 

damage at all. 

2.8 OXYGEN ENHANCEMENT RATIO 

As previously mentioned, the complexity of DNA damage depends on the radiation quality as well as 

on microenvironmental factors. It was clarified previously that the LET value is related to the quality 

of radiation. One of the most important microenvironmental factors is considered in the next 

paragraph.  

It was experimentally shown, that the presence of oxygen in the environment of DNA plays a 

significant role in DNA damages. The oxygen effect is a radiobiological process that describes the 

amplification of DNA damages, in which the damage induced by free radicals from a process of 

indirect action is “fixated” by oxygen molecules in environment with high enough oxygen 

concentration. Therefore, the oxygen effect has strong dependence on the two factors. First, since 

the oxygen effect employs oxygen molecules that fixate damages induced by free radicals, the 

oxygen effect is dependent on the process of indirect action of radiation with biological matter, 

which is mostly relevant for the sparsely ionizing radiation. Second, the oxygen effect is obviously 

dependent on the oxygen presence in biological matter. Depending on the amount of oxygen 

concentration, cells’ microenvironment is subdivided into three categories, the one with high oxygen 

partial pressure is called oxic, the one with no oxygen present is called anoxic and the one in which 

the oxygen concentration has a value somewhere in between the oxic and anoxic limiting cases is 

called hypoxic. 

Thus, it implies that a larger dose is usually required in hypoxic environment to reach the same level 

of surviving fraction as in oxic environment. Two oxic and hypoxic curves of the same LET radiation 

are shown in figure 2.11, in which it is clearly seen that hypoxic conditions require a higher dose to 

achieve the same level of surviving fraction as in oxic conditions. Requirement for a higher dose in 

hypoxic conditions is described by the following quantity. The oxygen enhancement ratio, OER, is a 

radiobiological quantity, which is defined as the ratio between the radiation dose required in 

hypoxic conditions and the radiation dose required in oxic conditions, for a given level of the 

surviving fraction (in most cases the 10% level of surviving fraction is considered): 
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𝑂𝐸𝑅𝑆𝐹=0.1 = (
𝐷𝐻

𝐷𝑂

)
𝑆𝐹=0.1

(1.9) 

where 

𝐷𝐻 is the dose required to achieve 10% surviving fraction in hypoxic conditions and  

𝐷𝑂 is the dose required for the same level of surviving fraction in oxic conditions. 

 

 

Fig. 2.11: Lower radiation dose is required in oxic environment to achieve the same level of surviving 

fraction as in hypoxic environment. (Courtesy of Iuliana Toma-Dasu) 

According to (1.9), the value of OER is always larger or equal to one. 

The oxygen effect is most important for those cases when low LET radiation is used. Since the high 

LET radiation interacts with biological matter mainly through the process of direct action, the oxygen 

effect is considered less important for such radiation quality. (3) 

 

 

2.9 LQ MODEL 

Most mathematical models currently used assume that cell survival does not only depend on the 

number of damages taken by cells, but it rather depends on how successfully cells can repair 

damages. Such models are called repair models. The LQ model and the RCR model are the two 

examples of this category of models, which were used in this work. 

The Linear Quadratic model or the LQ model is a repair model, whose mathematical expression 

consists of two components, the linear and the quadratic component, which build up together the 

shape of the cell survival curve: 
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𝑆(𝐷) = 𝑒(−𝛼𝐷−𝛽𝐷2) (1.10) 

where 

D is radiation dose, Gy; 

𝛼 is constant of the first (linear) component, 𝑒−𝛼𝐷, Gy-1; 

𝛽 is constant of the second (quadratic) component, 𝑒−𝛽𝐷2
, Gy-2. 

The proportion between the two LQ components is not the same in different cases of irradiation of 

different types of cells with different types of radiations. Thus, the two components compete and 

one of them will dominate for a certain LET radiation. Figure 2.12 illustrates a typical cell survival 

curve calculated by the LQ model. 

The LQ model has two characteristic limitations. The cell survival curve calculated by the LQ model 

might be inaccurate at very low doses for some cell lines and is too bent at high dose region, where 

it shall instead look linear to agree with experimental values. (3) 

 

Fig. 2.12: Survival curve calculated by the LQ model. The proportion between the two components is 

specific for each LET radiation. (Courtesy of Iuliana Toma-Dasu) 

2.10 RCR MODEL 

The Repairable-Conditionally Repairable model or the RCR model (5) is a repair model, whose 

mathematical expression consists of two terms, the first of them determines the fraction of cells that 

did not experience any damage and the second of them determines the fraction of cells that were 

damaged and correctly repaired: 

𝑆(𝐷) = 𝑒−𝑎𝐷 + 𝑏𝐷𝑒−𝑐𝐷 (1.11) 

where 

𝑒−𝑎𝐷 is the term corresponding to cells that did not experience any damage; 

𝑏𝐷𝑒−𝑐𝐷 is the term corresponding to cells that have been damaged and subsequently repaired.  
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From equation (1.11) it is seen that the first term includes parameter a and the second term includes 

two parameters b and c. These three parameters are functions of LET. The parameter a determines 

the probability that a cell takes a hit from radiation, the parameter b determines the maximum 

amount of damage that a cell is capable to repair and the parameter c determines the probability of 

loss of repair due to complex cell damages.  

The RCR model shows better agreement with experimental values, in dose ranges where the LQ 

model has been suggested to fail. For this reason, the RCR model became preferable in this work. 

 

Materials and Methods 
 

1. CELL SURVIVAL DATA 
The experimental data used in this work was obtained from a previous experiment in which human 

salivary gland cell line, the HSG cells, were irradiated with five types of ionizing radiation: carbon 

ions, neon ions, helium ions, protons and x-rays having several different values of LET in oxic and 

hypoxic conditions. For each of the types of radiation mentioned above, the results of the cell 

survival experiments in terms of cell surviving fraction for a given radiation dose and a given LET 

were recorded. The full description of the experimental data is given in the original paper by 

Furusawa et al (1). 

Table 3.1 shows some examples of the original data. In this example, the outcome of oxic cell 

irradiation with carbon ions is given in terms of surviving fraction for a given radiation dose and one 

LET value. The data for only two of totally 46 LET values used in cell irradiation with carbon ions are 

listed in this example. The full set of experimental data is given in Appendix.  

Type of ionizing 
radiation and 
irradiation condition 

LET, keV/µm Radiation dose, Gy Cell surviving fraction 

C ions, oxic 267 0 1 

0.5 0.4233 

1 0.1684 

1.5 0.0579 

2 0.0309 

3 0.0059 

4 0.0016 

333 0 1 

0.5 0.4824 

1 0.2411 

2 0.0622 

3 0.0182 

4 0.0057 

5 0.0019 
Table 3.1: An example showing a small part of experimental data obtained from the oxic cell 

irradiation with carbon ions. For each LET value of carbon ions, a set of surviving fractions for 

different radiation doses is given. The full experimental data set is given in Appendix. 
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Table 3.2 shows LET values of carbon ions, neon ions, helium ions, protons and x-rays used in oxic 

and hypoxic cases of cell irradiation. For example, there were totally 22 LET values of neon ions used 

for irradiations in both oxic and hypoxic conditions. Only one LET value was used for cell irradiation 

with protons and x-rays. The x-rays were not used in hypoxic case at all.  

Type of ionizing radiation LETs in oxic case, keV/µm LETs in hypoxic case, keV/µm 

C 22.5, 22.5, 30.0, 30.3, 30.6, 
40.2, 42.5, 50.0, 54.5, 67.6, 
80.6, 88.0, 137.0, 144.2, 147.3, 
182.1, 199.0, 246.9, 266.8, 
267.0, 333.0, 359.5, 493.1, 
501.5 (Totally 24) 

22.5, 22.5, 30.0, 30.3, 30.6, 
40.2, 42.5, 44.2, 50.0, 54.5, 
67.6, 80.6, 88.0, 137.0, 147.3, 
182.1, 199.0, 246.9, 266.8, 
359.5, 493.1, 501.5 (Totally 22) 

Ne 62.0, 62.0, 62.5, 74.2, 82.0, 
83.7, 103.0, 115.7, 146.1, 
166.0, 169.0, 216.0, 239.0, 
286.9, 340.3, 343.0, 347.0, 
360.7, 372.7, 528.3, 654.0, 
654.0 (Totally 22) 

Identical to oxic 

He 18.5, 18.6, 23.6, 24.0, 32.4, 33, 
46.0, 46.0, 53.8, 54.0, 70.3, 
71.0 
(Totally 12) 

18.5, 23.6, 32.4, 46.0, 53.8, 
70.3 (Totally 6) 

P Two sets of 1.1 keV/µm Identical to oxic 

x-rays 9 sets of 250 kV No hypoxic case 
Table 3.2: Summary of LET values of each radiation type used in oxic and hypoxic cell irradiation. 

No experimental uncertainties were provided in the original paper by Furusawa et al (1) and, for this 
reason, experimental uncertainty discussion will be skipped in this work. 
 

2. DATA FITTING USING THE PARAMETRIZED RCR MODEL 
The original dose-dependent RCR-model was initially introduced by Lind et al (5), which was 

successfully LET-parametrized in the work of Wedenberg et al (6). The parametrized version of the 

RCR model for LET and OER introduced by Antonovic et al (7) was used for fitting the experimental 

data points. The shape of the curve of RCR model is determined by parameters a, b and c accordingly 

to (1.11). The least square method was used to simultaneously fit the RCR model to all the 

experimental data points for one particular type of radiation at the time, which is a method based 

on iterative minimization of discrepancy between the experimentally determined points and the 

points lying on the curve of RCR model. 

The mathematical expressions of oxic and hypoxic parameters of RCR model are shown in formulas 

(2.1)-(2.3) respectively (2.5)-(2.7).  

𝑎𝑜𝑥(𝐿) = 𝑎0𝑓(𝐿) + 𝑎1𝑒
−

𝐿

𝐿𝑛   (2.1) 

𝑏𝑜𝑥(𝐿) = 𝑏1𝑒
−

𝐿

𝐿𝑛     (2.2) 

𝑐𝑜𝑥(𝐿) = 𝑐0𝑓(𝐿) + 𝑐1𝑒
−

𝐿

𝐿𝑛   (2.3) 
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𝑓(𝐿) = (1 − 𝑒
−

𝐿

𝐿𝑑 (1 +
𝐿

𝐿𝑑
)) 𝐿𝑑/𝐿  (2.4)  

Observe that the f(L) is only included in expressions of parameters aox and cox. 

𝑎𝑎𝑛(𝐿) =
𝑎𝑜𝑥(𝐿)

�̃�(𝐿)
    (2.5) 

𝑏𝑎𝑛(𝐿) =
𝑏𝑜𝑥(𝐿)

�̃�(𝐿)
    (2.6) 

𝑐𝑎𝑛(𝐿) =
𝑐𝑜𝑥(𝐿)

�̃�(𝐿)
    (2.7) 

�̃�(𝐿) = 𝑂𝑚𝑖𝑛 + (𝑂𝑚𝑎𝑥 − 𝑂𝑚𝑖𝑛)𝑒
−(

𝐿

𝐿0
)

2

 (2.8) 

The formulas (2.5)-(2.7) emphasize that the expressions of parameters for hypoxic conditions are 

obtained by simply dividing oxic parameters given in (2.1)-(2.3) by the oxygenation function shown in 

equation (2.8). 

The discrepancy between experimental data points and analytically derived values of RCR model is 

described by the root-mean-square deviation, or shortly the RMSD value: 

𝑅𝑀𝑆𝐷 = √
1

𝑁
∑ (𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 − 𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 )𝑁

𝑖=1
2

 (2.9)  

where N is the number of experimental data points.  

Minimization of the discrepancy lead to calculating optimal values of coefficients  

𝑎0, 𝑎1, 𝑏1, 𝑐0, 𝑐1, 𝐿𝑑,, 𝐿𝑛 contained in expressions of parameters 𝑎𝑜𝑥(𝐿), 𝑏𝑜𝑥(𝐿) and 𝑐𝑜𝑥(𝐿) as well as 

𝑂𝑚𝑖𝑛, 𝑂𝑚𝑎𝑥, 𝐿0 in expression of oxygenation function �̃�(𝐿), i.e. the lowest possible discrepancy is 

obtained for the optimal coefficients. In the first step of iterative calculation of least square method, 

relevant initial guesses were used, which were taken from (7) and are shown in table 3.3. 

Radiation 
type 

a0 
(1/Gy) 

a1 

(1/Gy) 
b1 

(1/Gy) 
c0 
(1/Gy) 

c1 

(1/Gy) 
Ln 
(keV/μm) 

Ld 
(keV/μm) 

Omin Omax L0 
(keV/μm) 

C 5.7 1.3 2.0 5.7 0.2 423 86 1.10 2.97 105 
Table 3.3: Initial guesses for coefficients used in the least-square method. 

For the iterative least square method, several conditions for the values of the parameters were used 

from (7). The two conditions a > b and a > c were used to assure that the probability of repairable 

damage and the probability of loss of repair would not be higher than the probability of the damage 

itself. The condition a < b/2 + c was used to avoid concave survival curves. 

As mentioned above, the curve fit process was performed simultaneously, i.e. using the hypoxic and 

oxic data for each calculation of parameters. Since all cell survival curves were plotted on logarithmic 

scale, the minimization was performed on the logarithm of RMSD.  

In the case of x-rays, the fitting was done based on the LQ model. 

Using optimal coefficients, the relationship between surviving fraction and radiation dose is 

determined. It is therefore possible to predict values for the surviving fraction for which the 

experimental data points were not available. Since the surviving fraction can be plotted as 

continuous function of dose and LET, parameters can also be plotted continuously as functions of 

LET. Each of the oxic parameters was plotted together with the corresponding hypoxic parameter to 
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see graphically the influence of oxygenation function, which makes the hypoxic parameters different 

from the oxic ones accordingly to (2.5)-(2.7).  

The oxygenation function given in (2.8) was plotted as continuous function of LET for all types of 

ionizing radiation using the optimal coefficients 𝑂𝑚𝑖𝑛 , 𝑂𝑚𝑎𝑥 and 𝐿0 calculated with the least square 

method. 

The relative biological effectiveness was plotted at the 10% survival level as a continuous function of 

LET for carbon, neon and helium ions for oxic and hypoxic cases separately.  

The goodness of the fit was verified by assessing the RMSD values after removing some data sets. 

Curves calculated using the coefficients resulting from the fitting of the entire data set were plotted 

in same graphs with curves calculated after removing certain data sets. 

Results 
1.  Survival curves 

Examples of survival curves obtained by simultaneous fit of the cell survival data for HSG cells 

irradiated in oxic conditions in vitro with 12C-, 20Ne- and 3He-ions are plotted in figures 4.1-3 selecting 

six representative LET values for each ion beam. The optimal values coefficients obtained from the 

iterative least-square method that give the best fit for all LETs for 12C-, 20Ne-, 3He- and p+ with 

corresponding RMSD values are given in table 4.1. 

Radiation 
type 

a0 
(1/Gy) 

a1 

(1/Gy) 
b1 

(1/Gy) 
c0 
(1/Gy) 

c1 

(1/Gy) 
Ln 
(keV/μm) 

Ld 
(keV/μm) 

Omin Omax L0 
(keV/μm) 

RMSD 

C 7.4 1.2 1.9 7.4 0.3 391 70 1.2 3.2 111 0.20 

Ne 9.7 0.0 2.5 8.4 0.0 314 69 1.2 3.9 91 0.14 

He 11.0 0.9 1.5 11.0 0.2 423 86 1.0 3.1 105 0.26 

p+ 5.6 0.6 0.0 8.0 0.6 425 45 1.1 3.1 106 0.22 
Table 4.1: The coefficients determined by the RCR model for different types of radiation, which were 

used to plot the cell survival curves in all figures. 

 

The slopes of survival curves for the HSG cells exposed to carbon ions increased initially with 

increasing LET. Shoulder was present for the cell survival curve corresponding to 22.5 keV/μm, but it 

decreased with increasing LET and eventually disappeared on the steepest curve. Slopes of cell 

survival curves for carbon and neon ions decreased again for LETs higher than 137 keV/μm and 169 

keV/μm, respectively, but in absence of any shoulder.  

The survival curves of carbon ions corresponding to 501.5 and 22.5 keV/μm are almost overlapped 

at doses higher than 9 Gy on figure 4.1, as well as the curves of neon ions corresponding to 82 and 

528.3 keV/μm are almost overlapped approximately at same dose region on figure 4.2. Overlap is 

also visible between the curves of neon ions corresponding to 82 and 654 keV/μm at low doses and 

between the curves of carbon ions corresponding to 50 and 333 keV/μm before 2 Gy. On the 

contrary, slope of survival curves of helium ions gradually increases at entire LET range that was 

available in experimental data set, but more cell survival data is needed to predict whether the curve 

of helium also decreases after optimum LET. 

The low-LET 22.5 and 82 keV/μm survival curves have a visible bent, which is not present on high-LET 

survival curves that they are overlapped with. 
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Fig. 4.1: Cell survival curves showing irradiation of HSG cells with carbon ions in oxic conditions for a 

selection of six various LET values. 

 

 

Fig. 4.2: Cell survival curves showing irradiation of HSG cells with neon ions in oxic conditions for a selection 

of six various LET values. 
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Fig. 4.3: Cell survival curves showing irradiation of HSG cells with helium ions in oxic conditions for a 

selection of six various LET values. 

 

Figures 4.4 – 4.7 show oxic and hypoxic cell survival curves after irradiating HSG cells with 12C-, 20Ne-, 
3He-ions and protons for a selection of nine various LET values. Oxic and hypoxic survival curves are 

plotted together as functions of dose at one LET per time. Cell survival curves for all LETs used in this 

work are shown in Appendix. Nothing can be said about the LET variation of cell survival curves in 

proton case due to one LET available in data set. A common feature is observable for all curves in 

figures 4.4-4.7: the oxic and hypoxic curves become overlapped at higher LET. This can be explained 

by the oxygen effect, which is mostly important for indirect mode of action of radiation. Since the 

direct mode of action is dominant at higher LET values, the oxygen effect becomes less important 

there. 

Their slopes increased gradually up to an optimal LET, after which they decreased again for higher 

LETs. Shoulders of survival curves were most pronounced at low-LET region and decreased gradually 

for the rest of LET range. Appendix is advised for scrupulous investigation of slope variations of cell 

survival curves. The given LET values for helium ions were fewer as compared with other ions, and, 

thus, predictions for helium case were restricted. 
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Fig. 4.4: Set of figures showing the cell survival curves for HSG cells irradiated with carbon ions for a 

selection of nine representative LET values, showing the relationship between surviving fraction and radiation 

dose. The blue and grey curves represent the oxic respectively hypoxic cases. Experimental oxic and hypoxic 

data is represented by orange respectively yellow dots. 
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Fig. 4.5: Set of figures illustrating the cell survival curves of neon ions for a selection of nine representative 

LET values, showing the relationship between surviving fraction and radiation dose. The blue and grey 

curves represent the oxic respectively hypoxic cases. Experimental oxic and hypoxic data is represented by 

orange respectively yellow dots. 
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Fig. 4.6: Set of figures illustrating the cell survival curves of helium ions a selection of four representative LET 

values, showing the relationship between surviving fraction and radiation dose. The blue and grey curves 

represent the oxic respectively hypoxic cases. Experimental oxic and hypoxic data is represented by orange 

respectively yellow dots. 
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Fig. 4.7: Set of figures illustrating the cell survival curves of two sets of protons with one LET value, showing 

the relationship between surviving fraction and radiation dose. The blue and grey curves represent the oxic 

respectively hypoxic cases. Experimental oxic and hypoxic data is represented by orange respectively yellow 

dots. 

 

 

Figures 4.8-4.10 show the same cell survival curves as in figures 4.4-4.6, but with the dose scale 

adapted for the largest available dose for a particular experimental data set. These might appear 

redundant, but it was done in order to visualise better the agreement between the fitted curve and 

the experimental data at low doses for high LET radiations. 
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Fig. 4.8: Set of figures showing the cell survival curves for HSG cells irradiated with carbon ions for a 

selection of nine representative LET values, showing the relationship between surviving fraction and radiation 

dose. The blue and grey curves represent the oxic respectively hypoxic cases. Experimental oxic and hypoxic 

data is represented by orange respectively yellow dots. 
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Fig. 4.9: Set of figures illustrating the cell survival curves of neon ions for a selection of nine representative 

LET values, showing the relationship between surviving fraction and radiation dose. The blue and grey curves 

represent the oxic respectively hypoxic cases. Experimental oxic and hypoxic data is represented by orange 

respectively yellow dots. 
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Fig. 4.10: Set of figures illustrating the cell survival curves of helium ions for a selection of nine representative 

LET values, showing the relationship between surviving fraction and radiation dose. The blue and grey curves 

represent the oxic respectively hypoxic cases. Experimental oxic and hypoxic data is represented by orange 

respectively yellow dots. 
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2. RCR model parameters as functions of LET 

The calculated optimal coefficients allow illustrating a, b and c parameters as functions of LET. Since 

the three parameters describe the probability of cell hit, the maximum amount of repairable 

damage respectively the probability of loss of repair, shapes of these parameters provide more 

details about cell response. Oxic and hypoxic parameters are plotted together in figures below.  

 

Fig. 4.11: Set of figures showing the oxic versus hypoxic parameters a, b and c corresponding to the irradiation 

of HSG cells with carbon ions. 

  

Fig. 4.12: Set of figures showing the oxic versus hypoxic parameters a, b and c corresponding to the irradiation 

of HSG cells with neon ions. 
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Fig. 4.13: Set of figures showing the oxic versus hypoxic parameters a, b and c corresponding to the irradiation 

of HSG cells with helium ions. 

 

Hypoxic parameters have approximately two times lower values at low LET region. Oxic a and c 

parameters for the three ions reach corresponding peak around 100 keV/μm. Oxic and hypoxic 

parameters of carbon and neon ions tend to follow the same shape approximately after 135 

keV/μm, but without any eventual overlap. Shapes of a and c parameters of neon and carbon ions 

appear similar because of similar expressions given in (2.1) and (2.3).  
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3. RBE 

The relative biological effectiveness is shown in figures 4.14-4.16 for oxic respectively hypoxic cases 

separately.  

 

Fig. 4.14: RBE at 10% survival level plotted as function of LET for HSG cells irradiated in oxic (upper panel) 

and hypoxic (lower panel) conditions with carbon ions. 

 



34 
 

 

 

Fig. 4.15: RBE at 10% survival level plotted as function of LET for HSG cells irradiated in oxic (upper panel) 

and hypoxic (lower panel) conditions with neon ions. 
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Fig. 4.16: RBE at 10% survival level plotted as function of LET for HSG cells irradiated in oxic (upper panel) 

and hypoxic (lower panel) conditions with helium ions. 

 

 

 

RBE curves presented in figures 4.14-16 are displayed below unity at low LET region in each 

particular case. The optimum LET values for the maximum RBE are different for oxic and hypoxic 
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HSG cells. RBE maxima obtained in oxic and hypoxic cases for carbon and neon ions, respectively, 

and the corresponding LET values are listed in table 4.2.  

Ion type  LET for maximum RBE (keV/µm) Maximum RBE 

Oxic Hypoxic Oxic Hypoxic 
12C 125,5 200,5 2,8 1,9 
20Ne 146,7 187,0 2,7 2,1 

Table 4.2: The maximum RBE and the corresponding LET for HSG cells irradiated with 12C-and 20Ne-ions in 

oxic and hypoxic conditions. 

 

The slope of survival curves of carbon ions on figure 4.1 starts decreasing for LET values 

corresponding to the oxic RBE curve of carbon ions on figure 4.14 beyond the peak. Similar 

correspondence with RBE is also seen for survival curves of other ions both in oxic and hypoxic cases. 

In general, oxic RBE curves reach maximum at lower LET values and then decrease slower as 

compared with corresponding hypoxic curves. Oxic RBE of carbon and neon ions reach maxima at 

125.5 and 146.7 keV/µm, respectively, and they become one around 700 respectively 800 keV/µm, 

while their corresponding hypoxic curves reach peaks at 200.5 and 187 keV/µm, respectively, and 

become one around 550 respectively 600 keV/µm.  

For the same reason as in the case of helium ion parameters, only initial increasing part of curve is 

visible on RBE spectrum, which looks similar to initial parts of RBE curves of carbon and neon ions. 

The oxic RBE curve of helium ions increases faster with LET and approaches a higher observable 

maximum as compared with other ions.  

 

4. Oxygenation functions 

The relationship between oxygenation function and LET for the three ion beams is shown in figure 

4.17. Oxygenation functions of carbon and helium ions have values around three at low LET values 

and those of neon ions have corresponding values around four there. The three curves have rapid 

decrease in intermediate LET region between 50 and 120 keV/μm, they start decrease after 50 

keV/μm, pass below two around 100 keV/μm and become constant at higher LETs. Curves of carbon 

and neon ions approach a constant value of 1.25 beyond 200 keV/μm, while helium curve 

approaches a value of one there.  



37 
 

 

Fig. 4.17: Set of figures illustrating the oxygenation functions of carbon, neon and helium ions shown in the 

first, second and third figures respectively. LET values were plotted on logarithmic scale. 

The lowest values of oxygenation functions of 1.23, 1.23 and 1.0 were achieved for carbon, neon and 

helium ions, respectively, for LET values listed in table 4.3. 

Ion type LET for minimum oxygenation function 
(keV/µm) 

Minimum oxygenation 
function 

12C 425,0 1,2 
20Ne 353,5 1,2 
3He 213,5 1,0 

Table 4.3: The minimum value of oxygenation function and the LET corresponding to that minimum for HSG 

cells irradiated with 12C-, 20Ne- and 3He-ions in oxic and hypoxic conditions. 

 

Oxygenation functions combined with oxic parameters in equations (2.5)-(2.7) explain the trends of 

hypoxic parameter shapes. The constant separation between oxic and hypoxic a and c parameters 

was observable around 400 keV/μm in figure 4.11, which could be influenced by the character of 

oxygenation function. In fact, it has minimum at 425 keV/μm in case of carbon ions, but it is 

approximately constant already around 400 keV/μm, after which detectable variations were so small 

as integers of 1E-3 or even lower, which explains why oxic and hypoxic a and c parameters were 

following almost the same shape with constant separation observable around 400 keV/μm. The 

similar pattern was also observable for oxic a and c parameters of neon ions around 300 keV/μm. 

 

Relation between the increase in biological effectiveness, the increase in probability of cell damage 

and the increase in probability of loss of repair is shown in figure 4.18 for carbon and neon ions for 

oxic and hypoxic cases separately. The helium case is not shown because of limited available values 

for LET as compared with other ions. The RBE increases approximately in the same LET region as a 

and c parameters. At the same time, the oxygenation functions reach minimum there. However, 

similarities of the shapes of RBE, a and c parameters cannot be explained by any underlying 

radiobiological mechanisms. 



38 
 

 

Fig. 4.18: Set of figures illustrating the relationship between oxygenation function, RBE, a and c parameters of 

carbon and neon ions shown for oxic and hypoxic cases separately. The RBE is displayed below unity at low 

LET region in each case. 

 

 

5. Proof of the method 

Totally 13 tests of the robustness of the fit were performed, four for carbon and neon ions, two for 

helium ions and three for protons. In the first try, three oxic LET values from the entire experimental 

data were removed: 30.6, 182.1 and 267 keV/μm. The resulting RMSD after iterative least-square 

method was 0.2059. The other tests were performed in similar way and RMSD values obtained from 

each test are summarized in table 4.4. The resulting cell survival curves are compared with cell 

survival curves calculated from the fitting of entire data set and are shown for each ion on figures 

4.19-22. 
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Radiation type Number of 
removed LETs 

Removed LETs 
(keV/μm) 

Resulting RMSD 

12C None 0.2029 

3 oxic 30.6, 182.1, 267.0 0.2059 

3 oxic; 2 hypoxic 333.0, 359.5, 
493.1; 30.6, 42.5 

0.2058 

8 oxic  30.0, 40.2, 50.0, 
54.5, 137.0, 199.0, 
267.0, 333.0 

0.2082 

6 oxic; 4 hypoxic 246.9, 266.8, 
267.0, 333.0, 
359.5, 493.1; 30.0, 
30.3, 30.6, 42.5 

0.2032 
 

Maximum change: 
0.0053 

20Ne None 0.1426 

5 oxic 62.0, 82.0, 103.0, 
343.0, 654.0 

0.1491 

3 oxic; 3 hypoxic 347.0, 360.7, 
372.7; 372.7, 
528.3, 654.0 

0.1445 

10 oxic 74.2, 82.0, 115.7, 
146.1, 169.0, 
216.0, 286.9, 
347.0, 528.3, 
654.0 

0.1496 
 

8 oxic; 6 hypoxic 62.0, 62.5, 74.2, 
82.0, 115.7, 166.0, 
169.0, 216.0; 
62.5, 115.7, 239.0, 
347.0, 528.3, 
654.0 

0.2584 
 
 
 

Maximum change: 
0.1158 

3He None 0.2548 

2 oxic 18.6, 24.0 0.2715 

4 oxic; 4 hypoxic 18.6, 46.0, 53.8, 
70.3; 23.6, 32.4, 
46.0, 53.8 

0.2896 
 

Maximum change: 
0.0348 

p+ None 0.2158 

1 hypoxic Hypoxic set 1  0.2891 

1 oxic Oxic set 2  0.2254 

1 oxic; 1 hypoxic Hypoxic set 1, oxic 
set 2  

0.2727 

Maximum change: 
0.0735 

Table 4.4: Illustration of how the RMSD values of 12C, 20Ne, 3He and p+ change when certain data is not taken 

into account for iterative least-square method. Which data sets were removed is shown in third column, the total 

number of removed data sets is shown in second column and the RMSD value resulting from fit with removed 

data is given in fourth column.  
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Fig. 4.19: The survival curve calculated using the coefficients resulting from the fitting of the entire data set 

versus survival curve calculated without taking into account data corresponding to: A) 3; B) 5; C) 8; D) 10 LET 

values for carbon ions. 
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Fig. 4.20: The survival curve calculated using the coefficients resulting from the fitting of the entire data set 

versus survival curve calculated without taking into account data corresponding to: A) 5; B) 6; C) 10; D) 16 

LET values for neon ions. 
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Fig. 4.21: The survival curve calculated using the coefficients resulting from the fitting of the entire data set 

versus survival curve calculated without taking into account data corresponding to: A) 2; B) 8 LET values for 

helium ions. 

 

Fig. 4.22: The survival curve calculated using the coefficients resulting from the fitting of the entire data set 

versus survival curve calculated without taking into account data corresponding to: A) hypoxic data set 1; B) 

oxic data set 2; C) hypoxic data set 1 and oxic data set 2 of protons. 
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Discussion 
 

The aim of this project was to present coefficients calculated from an experimental data set of 

particular ion type, which with use of RCR model could predict clonogenic cell survival of a mixed 

population of oxic and hypoxic HSG cells irradiated with 12C-, 20Ne- and 3He-ion beams for a 

continuous range of doses and LET values. Cell exposure to p+-beams was also investigated, but only 

dose variation of modelled cell survival curves was achieved since only one LET value was present in 

the corresponding cell survival data. The optimal values of coefficients corresponding to minimum 

discrepancy between experimental and analytical points were obtained by the least-square method, 

which was in general robust enough to predict cell survival data for LETs that were not used in fitting 

method.  

Parameters of RCR model provide a radiobiological description of cell responses for various LET and 

dose ranges. Response to particular ion type can be modelled using coefficients calculated by the 

least-square method. The oxic a, b and c parameters of RCR model corresponding to probability of 

cell hit, maximum damage amount and loss of repair, respectively, were plotted as functions of LET 

making it possible to see how the three cell responses varied at a continuous LET range. The dose 

resulting in 10% surviving fraction was used to calculate the relative biological effectiveness by 

dividing the reference dose with the dose of that ion at the same level of cell survival. The obtained 

RBE was then plotted as a function of LET for the three ions. Plotting a and c parameters together 

with RBE in the same graph revealed that the shapes of a and c parameters were similar to the 

shape of RBE curve, but no underlying radiobiological mechanisms were able to explain similarities 

of these three curve shapes. The a and c parameters of neon and carbon ions first increased with LET 

up to about 150 keV/μm, which was approximately a point where the RBE for the two ions reached 

the peak and, at the same time, it was a point where the corresponding oxygenation functions 

started to rapidly decrease, and, after that point, the a and c parameters decreased almost in the 

same rate with RBE for all remaining LET range. The consequent decrease of RBE, a and c functions 

could be explained by the increased overkill effect that sets in when LET becomes too high than 

what is needed for an optimal cell inactivation. In the similar work (7), the cell inactivation 

probability increased up to 120 keV/μm, where the overkill effect was set in, which was explained as 

an effect that caused clustering of the DNA damage and increased probability of radical-radical 

recombination. According to the study of (8), the lethal damages at high LET were assumed to follow 

a non-Poisson distribution causing a grouping of damages in some cells in expense of other cells, 

which is why ungrouped cells had a higher likelihood of survival and caused a decreased overall cell 

survival. 

The parametrised RCR model allowed accounting for oxygenation status of irradiated cells. The 

oxygen effect is quantified by OER, but the so-called oxygenation function, �̃�, was introduced in (7), 

which relates to the concept of OER and can be used for smooth conversion from oxic to hypoxic 

parameters by simply dividing oxic expressions by �̃� and, thus, making the RCR-model also 

applicable for a mixed population of oxic and hypoxic cells. A similar shape of �̃� for HSG cells 

exposed to carbon ions was obtained in the work of Antonovic et al (7), in which a rapid decrease 

was observable in LET region between 60-110 keV/μm, which is approximately the same observation 

as in this work, but an estimate of 50-120 keV/μm was taken here instead. The influence of 

oxygenation function on parameters was also discussed there. In (7), the oxic and hypoxic 

parameters of carbon ions for HSG cell line had same shape at LETs above 300 keV/μm due to the 

fact that oxygenation function reached unity there. The same trend was observable in this work 
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around 400 keV/μm in case of carbon ions and at approximately 300 keV/μm in case of neon ions. 

The a and c parameters of neon and carbon ions, as well as RBE of neon ions were lowered by �̃� 

with approximately 1 unit, while hypoxic RBE of carbon ions was lowered by slightly more than 1 

unit. In the case of helium ions, hypoxia lowered peaks of RBE, a and c parameters by 2, 0.5 and 0.5 

units, respectively. �̃� of neon and carbon ions became slightly higher than one at higher LETs, but �̃� 

of helium ions approached unity, which is why constraint Omin > 1 was used in hypoxic curve fit 

specifically for helium ions. Tendency of overlap was observed on figure 4.4 between oxic and 

hypoxic cell survival curves for cell irradiation with 12C-ion beams for the whole LET range and the 

overlap was closest after 182.1 keV/μm. This could have a possible correlation with the constancy of 
12C-ion oxygenation function illustrated on figure 4.17, which, at the same time, agrees with the 

theory behind oxygen effect. The same correspondence was also observable for the neon case. 

According to experimental data, the most effective cell inactivation with carbon ions was at LET of 

137 keV/µm, which was the steepest survival curve on figure 4.1. However, the LET-parameterized 

RCR model suggests LET of 126 keV/µm for the maximum RBE as seen on figure 4.14. The RBE 

maxima obtained in this figure were given in table 4.2 and, for example, 2.8 and 2.7 were the RBE 

maxima with corresponding LET values of 126 and 147 keV/μm for carbon and neon ions, 

respectively, in the oxic case. In the study of (6), the determined RBE maximum for HSG cell 

irradiation with carbon ions was 2.9 corresponding to LET of 150 keV/μm at that maximum. As 

previously mentioned, the RBE function as well as a and c parameters had similar shapes for the 

three ions. The RBE of neon and carbon ions had initial increase at low-LET region, reached a 

maximum at the optimal LET and then decreased at higher LETs. RBE function of helium ions had a 

more rapid increase in a low-LET region as compared with other ions and reached a higher maximum 

than corresponding maxima of other ions. However, nothing can be said about its shape at high-LET 

region since the maximum LET value given in experimental data was too low to compare it with 

other ions. In study of (1), the RBE maximum of 4.0 was obtained for HSG cell line exposed to 70 

keV/μm of helium ion beams and it was also mentioned there that the RBE curve of helium ions 

could possibly increase even for higher LETs because of the observed trendsIn general, oxic RBE 

curves had a quicker increase to maximum and then they reached unity slower as compared with 

observed hypoxic curves. Oxic RBE of carbon and neon ions reached maxima at 125.5 and 146.7 

keV/µm, respectively, and approached unity around 700 respectively 800 keV/µm, while their 

corresponding hypoxic curves reached maxima at 200.5 and 187 keV/µm, respectively, and 

approached unity around 550 respectively 600 keV/µm. Differences in results for different ion types 

of same LET could be caused by various ionization patterns produced by particles of different 

velocity and charge, thus, different biological effects were observed from interactions with different 

ions, even if LET was same. Increase in biological effectiveness for lighter ions was proposed in study 

of (1), which has approximate agreement with results in this work from the observation that the RBE 

of helium ions was higher in overall. 

Thus, optimal LET gave rise to RBE peak, but, as it was seen, it also gave rise to peaks of a and c 

parameters. It was observed that a and c parameters followed almost same shape at high LETs due 

to the increased probability that damaged cells became inactivated. At the same time, the 

probability of damage must be larger than the probability of repair losses holding constraint a > c at 

the whole range of LET. The peaks of a and c parameters of neon ions were in general 0.5 units 

higher than peaks of a and c parameters in case of carbon ions, but there was no visible difference 

between the RBE peaks of the two ions. Parameter b decreased with increasing LET at the whole 

range of LET, which could be explained because of a more severe damage received at high LETs. 

Constraint a > b must therefore hold for any LET because the repairable damage can only exist if the 

cell is damaged at all. The decrease of parameter b also reflects the slope of cell survival curve 
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making it more linear at high LETs, thus, explaining, for example, why the 501.5 keV/μm survival 

curve was not equally bent as the 22.5 keV/μm curve, even if they were almost overlapped, as it was 

seen on figure 4.1. The same pattern was also observable on the same figure for 333 and 50 keV/μm 

survival curves. The optimal LET also corresponded to the steepest cell survival curve, as, for 

example, 137 keV/μm of carbon ion survival curve on figure 4.1.  

Any differences from the results of the work of Antonovic et al (7) could be caused by the fact that 

restricted data set of carbon ions was used in that work, but a full data set was used here. Large 

discrepancies between cell survival curves and experimental data points were observed in several 

cases in this work, which could be probably influenced by imperfections in the experimental set ups 

for cell irradiations in the work of Furusawa et al (1). 

It was shown that the least-square method was in general robust enough to predict cell surviving 

fractions of HSG cells exposed to carbon, helium and proton radiation for those LET values that were 

not included in calculation procedure. The case of neon ions showed to be very sensitive to the 

removal of six hypoxic LET values in the robustness test resulting in the highest observable RMSD 

change, but it was relatively stable in other tests. In overall, the RMSD did not change too much for 

other ions and, particularly, RMSD was lowest in the case of neon ions and was most stable in the 

case of carbon ions. More available cell survival data could probably give a lower value of the 

calculated RMSD for helium ions than with data used in this work. The same suggestion applies for 

carbon, neon and proton beams.  

It should be noted that only one cell line was investigated in this wok and further research on 

different cell lines is required to study the cell type dependence of the parameters derived in this 

study.  

Conclusions 
The parametrised RCR model was used to fit pre-existing data from cell survival experiments to 

illustrate relationships between surviving fraction and dose as continuous functions of LET. The 

iterative multistep least square method was used to perform a curve fit to experimental data. 

Different cell survival curves were produced in such manner representing cell responses to different 

types of ionizing radiation. The cell survival curves were compared whereby biological effectiveness 

was investigated in terms of cell death.  

The least square method rendered the parameters of RCR model, which provided the optimal curve 

fit to each data set.  

Hypoxic cell survival curves were also produced based on experimental data, which were then 

compared to oxic curves to see oxygenation effects. The oxygen effect was described by oxygenation 

curve and plotted as continuous function of LET for each hypoxic case. 

The quantity relative biological effectiveness allowed to see effectiveness of each radiation in 

comparison to a reference radiation and was plotted as function of LET for each of oxic and hypoxic 

cases. The maximum value of RBE curve corresponded to the optimal LET value. RBE of helium ions 

had highest peak of all ions investigated in this work.   

General relation between RBE, OER and parameters of RCR model was observed and discussed. The 

increase in RBE, a and c parameters and slope of cell survival curves was observed and their 

corresponding decrease at higher LETs had possible explanation in the overkill effect. Correlation 
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between OER constancy and overlap tendency of oxic and hypoxic cell survival curves at high LET 

region could have background in the theory of oxygen effect.  

The RCR-model has provided a relatively good consistency with cell survival measurements and it 

could be applied for other ions than carbon, neon and helium. A more scrupulous investigation of 

protons could be a good idea for further work with this model, since only one LET data was used 

here and, thus, more LET dependence of cell survival after protons irradiations is open for 

investigation.  
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Appendix 
i) X-rays data 

Oxygenation status Voltage, kV Dose, Gy Surviving fraction 

Oxic 250 0 1.00000 

1 0.65342 

3 0.23476 

5 0.03761 

7 0.00344 

9 0.00032 

250 0 1.00000 

1 0.67539 

3 0.17432 

5 0.03523 

7 0.00285 

9 0.00031 

250 0 1.00000 

1 0.65873 

3 0.21594 

5 0.03746 

7 0.00536 

8 0.00153 

9 0.00039 

10 0.00009 

250 0 1.00000 

1 0.71528 

3 0.18153 

5 0.03448 

7 0.00350 

9 0.00027 

250 0 1.00000 

1 0.81295 

3 0.28061 

5 0.07233 

7 0.00837 

9 0.00074 

250 0 1.00000 

1 0.67511 

3 0.21096 

5 0.03642 

7 0.00431 

9 0.00037 

250 0 1.00000 

3 0.26721 



48 
 

5 0.05453 

7 0.00846 

9 0.00095 

250 0 1.00000 

3 0.23701 

5 0.05716 

7 0.00577 

9 0.00047 

250 0 1.00000 

1 0.64390 

3 0.22146 

5 0.04946 

7 0.00553 

9 0.00044 
 

ii) Carbon data 
Oxygenation status LET, keV/µm Dose, Gy Surviving fraction 

Oxic 22.5 0 1.00000 

1 0.22911 

2 0.16265 

3 0.08793 

4 0.02806 

6 0.00198 

8 0.00004 

22.5 0 1.00000 

1 0.62367 

2 0.27068 

3 0.10769 

4 0.04083 

6 0.00410 

8 0.00018 

30 0 1.00000 

0.5 0.96059 

1.5 0.45117 

2.5 0.21254 

3.5 0.08854 

30.3 0 1.00000 

0.5 0.65170 

1.5 0.45370 

2.5 0.18250 

3.5 0.06128 

4.5 0.02334 

5.5 0.00425 

30.6 0 1.00000 

0.5 0.84503 

1.5 0.37910 

2.5 0.14388 

3.5 0.04707 



49 
 

4.5 0.01569 

6 0.00104 

40.2 0 1.00000 

0.5 0.53005 

1 0.40297 

2 0.12598 

3 0.03051 

4.5 0.00233 

6 0.00009 

42.5 0 1.00000 

0.75 0.49407 

1.25 0.34627 

2 0.13338 

2.75 0.05016 

3.5 0.01865 

4.5 0.00372 

50 0 1.00000 

0.5 0.64961 

1.5 0.21353 

2 0.09799 

3 0.01763 

4 0.00577 

54.5 0 1.00000 

0.75 0.50932 

1.25 0.25044 

2 0.08350 

2.75 0.02226 

3.5 0.00675 

4.5 0.00081 

67.6 0 1.00000 

0.5 0.62980 

1 0.04633 

2 0.00636 

3 0.00351 

4 0.00109 

5 0.00015 

80.6 0 1.00000 

0.3 0.69360 

0.7 0.32755 

1 0.26298 

1.5 0.12353 

2.5 0.02223 

3.5 0.00539 

88 0 1.00000 

0.3 0.64589 

0.7 0.27770 

1 0.21089 

1.5 0.07829 

2 0.03375 

137 0 1.00000 
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0.3 0.55395 

0.7 0.28602 

1 0.14828 

1.5 0.05625 

2 0.02308 

144.2 0 1.00000 

0.5 0.60640 

1 0.37140 

1.5 0.14140 

2 0.05934 

3 0.01325 

4 0.00269 

147.3 0 1.00000 

0.3 0.50030 

0.7 0.20311 

1 0.16635 

1.5 0.06800 

2 0.02891 

3 0.00440 

182.1 0 1.00000 

0.5 0.47985 

1 0.14788 

1.5 0.04571 

2.5 0.00496 

3.5 0.00119 

199 0 1.00000 

0.5 0.44648 

1 0.22291 

1.5 0.06717 

2.5 0.01215 

3.5 0.00300 

246.9 0 1.00000 

0.5 0.49029 

1 0.25630 

1.5 0.09675 

2 0.05195 

3 0.01225 

4 0.00380 

266.8 0 1.00000 

0.5 0.63038 

1 0.43607 

1.5 0.24615 

2.5 0.10728 

3.5 0.01988 

4.5 0.01056 

267 0 1.00000 

0.5 0.42332 

1 0.16835 

1.5 0.05790 

2 0.03094 
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3 0.00593 

4 0.00158 

333 0 1.00000 

0.5 0.48241 

1 0.24115 

2 0.06220 

3 0.01824 

4 0.00571 

5 0.00189 

359.5 0 1.00000 

0.5 0.51000 

1 0.24630 

1.5 0.13780 

2.5 0.03484 

3.5 0.01450 

4.5 0.00560 

493.1 0 1.00000 

0.5 0.57880 

1 0.33200 

2 0.12950 

3 0.03752 

4 0.01698 

5 0.00554 

501.5 0 1.00000 

0.5 0.68310 

1 0.48980 

2 0.15470 

3 0.06794 

Hypoxic 22.5 0 1.00000 

3 0.83374 

6 0.16811 

9 0.15072 

12 0.04754 

18 0.00332 

24 0.00029 

22.5 0 1.00000 

3 0.48075 

6 0.31198 

9 0.13435 

12 0.04201 

18 0.00349 

24 0.00013 

30 0 1.00000 

4.5 0.40342 

7.5 0.16237 

10.5 0.06891 

14 0.01827 

18 0.00457 

30.3 0 1.00000 

2 0.99800 
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5 0.57080 

8 0.20040 

11 0.06309 

14 0.00287 

17 0.00016 

30.6 0 1.00000 

1.5 0.87081 

4.5 0.45876 

7.5 0.18600 

10.5 0.05483 

14 0.01727 

18 0.00153 

40.2 0 1.00000 

2 0.81514 

4 0.47054 

6 0.19742 

9 0.06202 

13 0.00893 

17 0.00072 

42.5 0 1.00000 

1 0.83823 

3 0.48769 

4.5 0.35200 

6 0.17614 

9 0.05466 

12 0.00967 

44.2 0 1.00000 

0.5 0.69110 

1.5 0.32670 

2.5 0.13120 

4 0.01782 

5.5 0.00361 

7 0.00073 

50 0 1.00000 

2 0.38865 

4 0.17559 

6 0.05226 

8 0.01375 

10 0.00453 

54.5 0 1.00000 

1 0.73312 

3 0.31382 

4.5 0.12465 

6 0.05930 

9 0.01101 

12 0.00088 

67.6 0 1.00000 

1 0.88680 

3 0.18030 

5 0.08743 
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7 0.01531 

9 0.00190 

11 0.00041 

80.6 0 1.00000 

1 0.54837 

2 0.31827 

3 0.16152 

4 0.06541 

6 0.01722 

8 0.00325 

88 0 1.00000 

0.5 0.79673 

1 0.60369 

3 0.09738 

4.5 0.03217 

6 0.00932 

137 0 1.00000 

0.5 0.66185 

1 0.38089 

2 0.13185 

3 0.03090 

4 0.00986 

5 0.00340 

147.3 0 1.00000 

0.5 0.79375 

1 0.45262 

1.5 0.23921 

2 0.14199 

3 0.03316 

4 0.01253 

182.1 0 1.00000 

0.75 0.60226 

1.25 0.32578 

2 0.09323 

2.75 0.03351 

3.5 0.00941 

4.5 0.00256 

199 0 1.00000 

0.5 0.46902 

1 0.24604 

2 0.04315 

3 0.00978 

246.9 0 1.00000 

0.5 0.83396 

1 0.53123 

1.5 0.28065 

2 0.15257 

3 0.04052 

4.5 0.00795 

266.8 0 1.00000 
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0.75 0.60447 

1.5 0.27570 

2.25 0.15672 

3.25 0.05517 

4.25 0.02571 

5.25 0.01106 

359.5 0 1.00000 

0.5 0.54930 

1 0.29140 

2 0.08073 

3 0.02898 

493.06 0 1.00000 

0.5 0.65930 

1 0.35770 

2 0.14340 

3 0.05069 

4 0.02125 

5 0.00741 

501.5 0 1.00000 

0.5 0.86730 

1 0.51240 

2 0.21260 

3 0.08807 

4.5 0.02764 

iii) Neon data 
Oxygenation status LET, keV/µm Dose, Gy Surviving fraction 

Oxic 62 0.0000 1.00000 

0.5000 0.59050 

1.5000 0.13000 

2.5000 0.02500 

3.5000 0.00500 

4.5000 0.00060 

62 0.0000 1.00000 

0.5000 0.65750 

1.0000 0.45830 

2.0000 0.17140 

3.0000 0.05280 

4.0000 0.01460 

5.0000 0.00360 

62.5 0.0000 1.00000 

1.5000 0.08850 

2.5000 0.06790 

3.5000 0.02870 

4.5000 0.00480 

74.2 0.0000 1.00000 

0.5000 0.58430 

1.0000 0.31330 

1.5000 0.12930 

2.0000 0.06470 
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3.0000 0.01190 

4.0000 0.00150 

82 0.0000 1.00000 

0.5000 0.41330 

1.0000 0.19300 

2.0000 0.02570 

3.0000 0.00480 

3.5000 0.00160 

103 0.0000 1.00000 

1.0000 0.19300 

1.5000 0.05720 

2.5000 0.00700 

3.0000 0.00290 

4.0000 0.00040 

115.7 0.0000 1.00000 

1.0000 0.15560 

1.5000 0.07330 

2.0000 0.02330 

2.5000 0.00910 

146.1 0.0000 1.00000 

0.4000 0.66130 

1.2000 0.16550 

1.8000 0.04650 

2.4000 0.01770 

3.0000 0.00140 

166 0.0000 1.00000 

0.5000 0.47110 

1.0000 0.15870 

1.5000 0.05260 

2.0000 0.02370 

3.0000 0.00310 

169 0.0000 1.00000 

0.5000 0.44080 

1.0000 0.18670 

1.5000 0.06510 

2.0000 0.01770 

2.5000 0.00740 

216 0.0000 1.00000 

1.0000 0.13450 

1.5000 0.07500 

2.0000 0.02710 

2.5000 0.00880 

239 0.0000 1.00000 

0.2500 0.72000 

0.7500 0.45430 

1.2500 0.20750 

2.0000 0.08270 

3.0000 0.02270 

4.0000 0.00700 

286.9 0.0000 1.00000 
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0.5000 0.43090 

1.0000 0.22530 

1.5000 0.13300 

340.3 0.0000 1.00000 

0.5000 0.61790 

1.0000 0.37790 

1.5000 0.15600 

2.5000 0.05240 

343 0.0000 1.00000 

1.0000 0.37440 

2.0000 0.06870 

3.0000 0.01990 

4.0000 0.00730 

5.0000 0.00200 

347 0.0000 1.00000 

1.0000 0.25050 

2.0000 0.07180 

3.0000 0.01740 

4.0000 0.00590 

5.0000 0.00130 

360.7 0.0000 1.00000 

0.5000 0.72700 

1.0000 0.42180 

1.5000 0.19660 

2.5000 0.07150 

3.5000 0.02500 

4.5000 0.00930 

372.7 0.0000 1.00000 

0.5000 0.65580 

1.0000 0.37670 

1.5000 0.24540 

2.5000 0.08380 

3.5000 0.03140 

528.3 0.0000 1.00000 

0.7000 0.62730 

1.5000 0.30590 

2.2000 0.15320 

3.0000 0.11710 

4.0000 0.04250 

5.0000 0.01510 

654 0.0000 1.00000 

1.0000 0.48370 

3.0000 0.10260 

5.0000 0.02280 

7.0000 0.00640 

9.0000 0.00210 

654 0.0000 1.00000 

1.0000 0.48860 

3.0000 0.06180 

5.0000 0.01200 
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7.0000 0.00250 

9.0000 0.00040 
     

Hypoxic 62 0 1.00000 

1.5 0.51706 

4 0.12977 

6 0.05641 

9 0.00855 

11 0.00216 

62 0 1.00000 

1 0.81760 

3 0.46560 

4.5 0.21550 

7 0.07707 

9.5 0.02413 

12 0.00526 

62.5 0 1.00000 

1.5 0.60365 

4 0.21287 

6 0.04833 

9 0.00724 

11 0.00191 

74.2 0 1.00000 

1.5 0.68850 

3 0.30416 

4.5 0.12375 

6.5 0.02870 

8.5 0.00537 

10.5 0.00010 

82 0 1.00000 

1 0.38323 

2.5 0.21804 

5 0.05313 

7 0.01173 

83.7 0 1.00000 

2 0.30124 

4 0.08267 

6 0.01554 

8 0.00265 

10 0.00033 

103 2 0.17725 

3 0.05721 

5 0.00907 

6 0.00384 

8 0.00016 

115.7 0 1.00000 

0.75 0.59136 

1.5 0.26828 

3 0.04006 
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3.75 0.01336 

146.1 0 1.00000 

0.75 0.52270 

1.25 0.23713 

2 0.10287 

2.75 0.04042 

3.5 0.01545 

4.5 0.00299 

166 0 1.00000 

1 0.34302 

1.5 0.15510 

2.5 0.02978 

3 0.01386 

3.5 0.00652 

169 0 1.00000 

0.7 0.44082 

1.4 0.18675 

2.1 0.06515 

2.8 0.01769 

3.5 0.00741 

216 0 1.00000 

0.7 0.47771 

1.4 0.19054 

2.1 0.06470 

2.8 0.02004 

3.5 0.00769 

239 0 1.00000 

0.5 0.65260 

1 0.42610 

2 0.12860 

3 0.04433 

4 0.01537 

5 0.00523 

286.9 0 1.00000 

0.75 0.50227 

2 0.08760 

2.75 0.03734 

3.5 0.01329 

4.5 0.00333 

340.3 0 1.00000 

0.5 0.64400 

1.25 0.34600 

2 0.13790 

3.5 0.03090 

5 0.00475 

343 0 1.00000 

1.5 0.26726 

3 0.04016 

4.5 0.00708 

6 0.00174 
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347 0 1.00000 

1 0.35238 

2.5 0.06333 

4 0.00973 

5.5 0.00194 

360.7 0 1.00000 

0.5 0.79620 

1.25 0.50570 

2 0.16920 

3.5 0.04560 

5 0.01093 

6.5 0.00365 

372.7 0 1.00000 

0.5 0.66880 

1.25 0.41900 

5 0.01575 

6.5 0.00466 

528.3 0 1.00000 

1.5 0.35332 

2.5 0.14073 

3.5 0.06493 

5 0.01918 

654 0 1.00000 

1.5 0.45436 

4 0.09455 

6.5 0.01966 

9 0.00494 

12 0.00058 

654 0 1.00000 

3 0.06618 

6 0.00740 

 

iv) Helium data 
Oxygenation status LET, keV/µm Dose, Gy Surviving fraction 

Oxic 18.5 1 0.57450 

2 0.27713 

3 0.12415 

4 0.03879 

6 0.00426 

18.6 1 0.59855 

2 0.27671 

3 0.08445 

4 0.02555 

6 0.00133 

23.6 1.5 0.31889 

3 0.07639 

4 0.02636 

5 0.00573 
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6 0.00175 

24 1.5 0.23252 

3 0.03928 

6 0.00039 

32.4 1 0.29956 

2 0.07387 

3 0.02415 

4 0.00970 

5 0.00202 

33 1 0.33750 

2 0.07573 

3 0.01955 

4 0.00288 

5 0.00080 

6 0.00015 

46 0.5 0.55098 

1 0.14736 

2 0.03110 

3 0.00448 

4 0.00054 

5 0.00008 

46 0.5 0.51706 

1 0.20888 

2 0.04568 

3 0.00794 

4 0.00089 

53.8 0.5 0.33492 

1 0.15807 

1.5 0.06295 

2.5 0.00996 

3.5 0.00122 

54 0.5 0.51010 

1 0.18659 

2 0.02123 

3 0.00202 

4 0.00028 

70.3 0.5 0.42642 

1 0.10601 

1.5 0.03416 

2 0.01014 

2.5 0.00392 

71 0.5 0.33694 

1.5 0.03460 

2 0.00717 

2.5 0.00147 

Hypoxic 18.6 3 0.57013 

6 0.28119 

9 0.09570 

12 0.03886 

15 0.01555 
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23.6 4 0.43813 

7.5 0.11325 

10 0.05517 

12.5 0.01899 

15 0.00746 

32.4 2.5 0.28439 

5 0.10902 

7 0.04062 

9.5 0.01369 

12 0.00483 

46 2 0.26034 

4.5 0.06808 

7 0.01399 

9 0.00274 

53.8 1 0.49012 

2 0.20948 

3 0.08019 

5 0.01705 

7 0.00345 

70.3 1 0.27637 

2 0.07398 

3 0.01484 

3.5 0.00806 
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v) Proton data         
Oxygenation status LET, keV/µm Dose, Gy Surviving fraction 

Oxic 1.1 0 1.00000 

1 0.58000 

2 0.41250 

3 0.25590 

4 0.10090 

5.5 0.02800 

7 0.00704 

Hypoxic 1.1 0 1.00000 

3 0.74100 

6 0.37980 

9 0.19930 

12 0.10840 

16 0.03980 

20 0.01021 

Oxic 1.1 0 1.00000 

1 0.64020 

2.5 0.25010 

4 0.06432 

5.5 0.01721 

6.3 0.00377 

8.5 0.00040 

Hypoxic 1.1 0 1.00000 

4 0.58570 

8 0.23070 

12 0.04552 

16 0.02090 

20 0.00482 

24 0.00090 
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vi) Oxic cell survival curves for carbon ions data  



64 
 

 



65 
 

 



66 
 

 

 

 

 

 

 

 

 



67 
 

 

vii) Hypoxic cell survival curves for carbon ions data  
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viii) Oxic cell survival curves for neon ions data  

 



71 
 

 



72 
 

 

 

 

 

 

 

 

 



73 
 

ix) Hypoxic cell survival curves for neon ions data  
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x) Oxic cell survival curves for helium ions data  
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xi) Hypoxic cell survival curves for helium ions data  
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xii) Oxic cell survival curves for protons data 

 

xiii) Hypoxic cell survival curves for protons data 
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xiv) Oxic and hypoxic cell survival curves for carbon ions 
data 
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xv) Oxic and hypoxic cell survival cures for neon ions data 
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xvi) Oxic and hypoxic cell survival curves for helium ions 
data 
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xvii) Oxic and hypoxic cell survival curves for protons data 

 

 

 

 

 


