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Abstract 

Tumours are characterised by unorganised vasculature, which often results in 

hypoxic regions. Hypoxia is a common cause for photon radiotherapy (RT) treatment 

failure, as hypoxic cells require up to 2-3 times higher doses compared to well-

oxygenated cells for the same effect in terms of cell kill. The increase in dose that 

would be required to treat the tumours of cancer patients is limited by the radiation 

sensitivity of surrounding normal tissues. Using carbon ions instead of photons, the 

radiation dose can be conformed to the tumour to a much higher degree, resulting in 

an improved sparing of normal tissues. In addition, carbon ions have a much higher 

radiobiological effectiveness near the end of their range, which is positioned in the 

tumour. Also, the radiation modes of action leading to cell death when carbon ions 

interact with living tissues, are less sensitive to the oxygen status compared with the 

action modes of photons. 

The focus of this thesis lies in the development of models for the computation of 

the cell surviving fraction and tumour control probability (TCP) in hypoxic tumours 

after photon and carbon ion RT. The impact of fractionation was evaluated with regard 

to possible spatial changes in oxygenation, both for stereotactic body RT and for 

carbon ion RT. The feasibility of a method to determine and deliver the optimal photon 

dose for achieving a high TCP according to spatial variations in radiation sensitivity 

was evaluated in a treatment planning study. The radiobiological models were finally 

used for the theoretical quantification of the gain in using carbon ions instead of 

photons. 

The results show that there are great possibilities to increase the number of 

positive outcomes of radiation treatment of tumours if the key influential factors are 

taken into account, such as level and distribution of hypoxia, radiation quality and 

choice of fractionation schedule.   
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Sammanfattning 

Tumörer karakteriseras av ojämn kärlbildning vilket ofta leder till hypoxi i 

områden där avståndet mellan blodkärlen är för stort för att tillåta fullgod diffusion av 

syre till alla celler eller i närheten av kärl med temporära perfusionsuppehåll. Hypoxi 

är en vanlig orsak till att strålbehandling av tumörer misslyckas vid användning av 

fotoner, det strålslag som används mest för strålbehandling i Sverige. Hypoxiska celler 

kräver nämligen upp till 2-3 gånger högre stråldos än väl syresatta celler för samma 

effekt med avseende på celldöd. Hur mycket dosen kan höjas begränsas av 

kringliggande frisk vävnads strålkänslighet. Koljoner deponerar sin energi mer 

koncentrerat till tumören jämfört med fotoner. Koljoner har även högre biologisk 

effektivitet än fotoner, då den mikroskopiska fördelningen av energideponeringar i 

cellerna är mer gynnsam vid bestrålning med koljoner, särskilt mot slutet av jonernas 

räckvidd i tumörens mitt. Av störst relevans för behandling av hypoxiska tumörer är 

kanske att syrekoncentrationen är av mindre betydelse vid bestrålning med koljoner än 

med fotoner. 

Fokus i denna avhandling är utvecklingen av modeller för beräkning av 

sannolikheten för celldöd och för kontroll av hypoxiska tumörer. Betydelsen av 

fraktionering har utvärderats med hänsyn till eventuella spatiala förändringar i 

syrekoncentration både för stereotaktisk strålbehandling med fotoner och för kliniska 

dosplaner med koljoner. Genomförbarheten av en metod att omfördela stråldosen för 

optimal tumörkontroll i enlighet med spatiala variationer i strålkänslighet har 

utvärderats i en dosplaneringsstudie. Slutligen har de radiobiologiska modellerna 

använts för att teoretiskt kvantifiera vinsten med att använda koljoner framför fotoner. 

Resultaten visar att det finns stora möjligheter att öka antalet positiva utfall av 

strålbehandling av kliniska tumörer om hänsyn tas till de främsta påverkansfaktorerna, 

såsom fördelning och grad av hypoxi, strålkvalitet samt val av fraktioneringsschema. 
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1. Introduction 
Radiation treatment is one of the main therapeutic modalities for the treatment 

of cancer. It succeeds in controlling the tumours in many patients, but attempts to 

improve radiotherapy (RT) are continuously made to increase the success rate.  

Great advances have been made in the field of radiotherapy since the advent of 

IMRT (intensity modulated RT) in the eighties, especially regarding the conformity of 

the radiation dose to the tumour target. By the introduction of multi-leaf collimators, 

higher accuracy in the modulation of the beam intensity was achieved, which, together 

with inverse treatment planning, enabled the sparing of critical organs at risk close to 

concave tumour structures (Bortfeld 2006).  

By the application of stereotactic methods for immobilizing patients and 

precisely delivering radiation and by correcting for or inhibiting organ movement, 

doses per fraction could be increased in stereotactic body radiation therapy (SBRT) 

treatments of some tumor sites (Zimmermann et al 2005, Hof et al 2007, Fritz et al 

2008, Bauman et al 2009, Takeda et al 2009, Haasbeck et al 2010, Olsen et al 2011). 

The favourable dose distribution of protons compared to photons, enabling 

higher conformity to the target, was recognised as early as 1946 by Robert R Wilson 

(Wilson 1946) and the radiotherapy with ions even heavier than protons, mainly carbon 

ions, started developing. Carbon ions are nowadays used only at a few centres around 

the world, while photon RT is the most common treatment modality (Suit et al 2010).  

The physical improvements in dose conformity to the target are of relevance for 

biological considerations regarding spatial variations in radiosensitivity within 

tumours. Hypoxia is the most important resistance-inducing factor in tumours, which 

often present large hypoxic islands that would require higher doses than the ones 

commonly prescribed in order to achieve high levels of tumour control (Hall and 

Giaccia 2012). The possibility of escalating the dose to these radiation resistant areas 

opens up new opportunities for efficient treatments of partly hypoxic tumours.  

Furthermore, switching from photons to carbon ions could facilitate boosts to the 

hypoxic parts of the tumour with radiation of higher ionization density, which is 

usually quantified in terms of linear energy transfer (LET). Since high-LET radiations 

have a higher radiobiological effectiveness this could have a beneficial effect on 

treatment outcome (Brahme 2011, Bassler et al 2010, 2013). 
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In order to make well-founded selections of treatments for patients with tumours 

having different characteristics, a theoretical evaluation of the effects of different 

treatment modalities accounting for the specific tumour phenotypes could be useful. 

Radiobiological modelling offers the possibility of investigating the interplay of the 

key factors influencing the outcome of RT treatments. It is the aim of this thesis to 

develop modelling methods for the assessment of tumour control probability and to 

use these methods for the evaluation of the impact and interplay of various factors, 

such as tumour oxygen distribution and its dynamics, dose- and LET-distribution and 

treatment fractionation. 

The thesis frame starts with a general description of the radiobiological basis of 

radiotherapy in chapter 2, introducing the background to the work presented in the 

papers. In chapter 3, the radiobiological modelling of cell survival and tumour control 

probability is described. The contribution of our work to the development of 

radiobiological models, mainly presented in paper II, is clearly distinguished from the 

precedent work of other research groups. Chapter 4 gives a summary of the 

calculations that were based on the models that we developed. These calculations were 

partly presented in papers I, III and IV and V. In the last chapter (5) the results of the 

thesis are discussed in a wider context.  
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2. Radiobiological basis of radiotherapy 

The damage in living organisms caused by radiation stretches over the three 

disciplines of physics, chemistry and biology (Hall and Giaccia 2012). The primary 

interactions of the incident radiation with the cells are of purely physical character. 

The subsequent formation of free radicals in the aqueous solutions within the cells can 

be described in chemical terms. The response of the cells to these molecular changes 

is a field of biological research. Treating cancer without taking different aspects of 

radiobiology into consideration would be an impossible mission. In this chapter, the 

aspects of radiobiology relevant for the subsequent parts of this thesis are presented, 

starting with the objectives of radiation therapy.  

2.1 Global objectives of radiotherapy 

The objective of radiotherapy is to cure the patient from cancer while keeping 

the damage to organs at risk low enough, not only to guarantee that the patient survives 

the treatment, but also in order to keep the quality of life as high as possible.  

The most intuitive approach to reach this goal is to plan for high doses to the 

tumour, while keeping the dose as low as possible to the surrounding tissues in general 

and to specific organs at risk in particular. This is illustrated in a typical treatment plan 

in figure 1.  

Years of experience of using radiation clinically, together with extensive 

experimental work, have determined maximal limits of radiation dose tolerated by 

different organs at risk as well as maximal limits in the size of irradiated volumes 

tolerating a certain dose (Joiner and van der Kogel 2009). For tumours, certain 

minimum doses are required instead, in order to achieve tumour control, depending on 

the tumour origin and progression stage. The limit values used in the clinic are not 

absolute, however, meaning that some individuals might respond with the expected 

biologic effect at lower doses than the limit values, while some individuals will not 

respond until higher doses have been administered. Instead the limit values can be 

thought of as representing doses corresponding to certain levels of tumour control 

probability (TCP) or normal tissue complication probability (NTCP). The differences 

in response between different individuals might be a result of differences in 

radiosensitivity. Keeping that in mind, it makes more sense to maximise the tumour 
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control probability by individualizing radiotherapy, than to prescribe identical 

treatments to all patients. To maximise the tumour control probability while keeping 

the normal tissue complication probabilities within predefined limits would be another 

way to express the aim of radiotherapy. 

 

 

Figure 1. Example of a clinical treatment plan (Eclipse™, Varian, Palo Alto, CA) of 

a patient with a head and neck tumour. The clinical target volume and the organs at 

risk (parotid glands and the spinal cord) are indicated. 

 

2.2 The aims of radiotherapy at cellular and molecular level 

In 1961, Munro and Gilbert (Munro and Gilbert 1961) related the tumour curing 

aim of radiotherapy to the inactivation of individual tumour cells: 

The object of treating a tumour by radiotherapy is to damage every single 

potentially malignant cell to such an extent that it cannot continue to 

proliferate.  

Cell death defined as the loss of proliferative capacity is sometimes called 

reproductive death (Hall and Giaccia 2012). It is particularly relevant for stem cells, 
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residing both in tumour tissue and in some normal tissue types like the hematopoietic 

system or the intestinal epithelium.  Stem cells are by definition non-differentiated 

cells that have a high proliferative capacity. For differentiated cells that do not 

proliferate under normal circumstances, such as nerve, muscle or secretory cells, 

another type of cell death is more relevant. A cell of this type would be regarded as 

killed by radiation if it had lost its specific function, once obtained in the differentiation 

process. 

The probability of a single cell of a certain cell line to survive a single dose of 

radiation can be established experimentally by determining the surviving fraction (SF) 

of a population of cells of that cell line. For the assessment of the SF, cells could be 

irradiated in a flask containing cell culture medium and protein supplement, 

whereupon they are plated in a Petri dish. Cells that develop colonies are scored as 

surviving cells, while cells that only manage to divide a few times are regarded as 

killed. The surviving fraction must be corrected for the “spontaneous” inability of 

some plated cells to form colonies. Thus, the surviving fraction S will be given by the 

following expression (Puck and Marcus 1956): 

𝑆 =
Number of colonies formed

Number of single cells plated·PE
   (1) 

The plating efficiency (PE) is the fraction of cells plated that grow into colonies, among 

those that have not been irradiated. 

The surviving fraction plotted as a function of dose in a log-linear scale is often 

referred to as a cell survival curve (Puck and Marcus 1956). In figure 2 the survival 

curve of human salivary gland tumour (HSG) cells irradiated with X-rays is presented 

and shows the curvature that is typical for cells irradiated by photons.  

There is much evidence that the primary target molecule for radiation-induced 

reproductive cell-death is the DNA (deoxyribonucleic acid) (Farhataziz and Rodgers 

1987). The DNA molecule consists of two strands of alternating sugar and phosphate 

groups being held together like a ladder by the bonds between bases attached to the 

strands. Each base involved binds with a complementary base of only one kind: 

Adenine binds with Thymine and Guanine with Cytosine. The order of the bases along 

the strand encodes the genes of the DNA, one strand being the complement of the other 

(Hall and Giaccia 2012). Local base errors can thus lead to changes in the expression 
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of a gene with a change in the function of the cell as a possible result. One strand can 

also break completely with a loss of a base. Since all information is contained in the 

complementary intact strand, the single strand break (SSB) can be easily repaired. A 

more complicated case is the double strand break (DSB), which involves more 

complex repair mechanisms and is more prone to erroneous repair. Multiple double 

strand breaks in different chromosomes within one cell nucleus can result in fatal 

combinations of the ends of the broken chromosomes (Hall and Giaccia 2012).  

Some of the factors, apart from dose, that affect the probability of cell kill will 

be described in the remainder of this chapter with the main focus on the fractionation 

of radiation exposure, radiation quality and the influence of oxygen. 

 

Figure 2. Surviving fraction of human salivary gland tumour cells after single 

exposures to different doses of X-rays. Experimental cell survival data was provided 

by Prof Yoshiya Furusawa. 
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2.3 Fractionated exposure 

Shortly after X-rays were discovered in the end of the nineteenth century their 

cancer curing effect was explored, but a low percentage of cured patients and 

considerable side-effects led to a decrease in the interest for the new treatment 

modality just few years after its introduction. Only when it was shown that 

fractionating exposure could significantly reduce side effects, radiotherapy had its 

serious breakthrough. A fractionation schedule of 2 Gy per day, five days per week, 

(since week-ends are excluded) quickly became the standard of fractionation and is 

still in use today (Thames and Hendry 1987). Many variations have however 

developed for the large variety of treatment techniques and tumours. In the eighties, 

the radiobiology of fractionation was extensively described by Withers, among others, 

and will be briefly outlined here.  

As mentioned earlier, cells of mammalian tissues can be divided into two 

categories, rapidly-dividing non-differentiated cells and slowly-dividing differentiated 

cells. The difference in response to radiation between these two cell types is large. The 

main radioprotective effect of tissues composed of rapidly dividing cells related 

(indirectly) to the scheduling of treatment, is the ability of the surviving cells to start 

proliferating after exposure to radiation (Withers 1985). This regeneration starts a 

certain time after the initial exposure, and, if a radiation dose high enough is 

administered within a short period of time, the fraction of killed cells might be large 

enough to cause severe organ damage. The normally rapidly dividing cells die when 

they attempt to divide, and cell death is hence noticeable a short time after exposure. 

Tissues that are subject to this type of damage are therefore called early responding 

tissues (Joiner and van der Kogel 2009).  

Most tumours respond to radiation in a similar way as early responding tissues 

(Withers 1985). The variation in response to radiation of tumours of different origin 

is, however, much larger than the variations of different early responding tissues. The 

onset of repopulation is also slightly earlier in normal early responding tissues than in 

tumours. This means that the treatment should be administered during a time period 

long enough to allow the normal tissue to start regenerating, and thereby to avoid 

damage, but short enough to prevent the tumour from accelerated repopulation. The 
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indirect link to fractionation is that schedules with just a few fractions are usually much 

shorter than hyperfractionated schedules (Fowler 2008).  

Radiation damage is commonly divided into three categories, lethal damage, 

potentially lethal damage and sublethal damage (Hall and Giaccia 2012). Lethal 

damage is irreparable and leads to cell death. Potentially lethal damage is lethal unless 

certain post-irradiation conditions exist that enable repair of the inflicted damage. 

Sublethal damage can normally be repaired unless additional damage of the same kind 

is added, as interactions between damaged molecules could make the damage 

irreversible. Sublethal damage is typically repaired within a few hours after irradiation. 

The benefits of fractionation are a direct result of the repair of sublethal damage 

between fractions (Withers 1985). If a few hours are allowed to pass between two 

consecutive fractions, the cells get a chance to repair sublethal damage before it 

accumulates to lethal levels. Tissues with slowly or non-dividing, highly differentiated 

cells will not be killed in attempts to divide early after irradiation but rather because of 

the accumulation of unrepaired sublethal damage after high enough single doses of 

radiation. As tissues of this type do not respond immediately to radiation they are 

called late responding tissues (Joiner and van der Kogel 2009).  

It is believed that the shoulder of cell survival curves is mainly due to the repair 

of sublethal damage (Hall and Giaccia 2012). The higher the single dose, the larger 

will the accumulated damage be leading to irreparable combinations. As this tendency 

is larger in late than in early responding tissue, the shoulder will be more pronounced 

for late responding tissue (Joiner and van der Kogel 2009). The survival gain of 

fractionating the total dose into many doses of 2 Gy is illustrated in figure 3. In this 

example, giving a total dose of 8 Gy in one single fraction would result in a lower SF 

for late than for early responding tissue, while fractionating the treatment leads to the 

opposite relationship between the SFs of the two tissue types.  

In summary, the total duration of a radiation treatment is relevant for early 

responding normal tissues and for tumours, while the fractionation pattern affects late 

responding tissues more.  

Worth mentioning in this context, are the arguments against fractionated 

treatments, related to patient throughput and comfort. Regarding these two aspects, 

hypofractionation would be preferable.  
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In section 2.6 an additional benefit of fractionating treatment, associated with 

tumour hypoxia, will be described. 

 

Figure 3. Illustration of the surviving fraction as a function of dose for fractionated 

exposures.  The pink dashed lines represent early responding tissue and the blue solid 

lines represent late responding tissue. Thin-line curves represent the SF of single 

exposures and thick-line curves represent the SF of exposures fractionated in 2 Gy per 

fraction. 

2.4 Radiation quality 

The impact of radiation on biological systems depends highly on different 

aspects of radiation quality, which will be briefly reviewed here.  

Charged particles, such as electrons and protons, light and heavy ions, deliver 

their energy through many Coulomb interactions along their track. Uncharged 

particles, such as photons or neutrons, ionise the material they pass in a two-step 

process. First a charged particle is released, which in turn deposits its energy as 

described above.  

The density of ionizations and excitations is one of the radiobiologically most 

important aspects of radiation quality. For electrons and heavier charged particles a 

quantity related to the ionization and excitation density is the linear energy transfer 

(LET) (Hall and Giaccia 2012). It is defined by the ICRU (ICRU 85 2011) as follows: 
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The linear energy transfer or restricted linear electronic stopping power, 

LΔ, of a material, for charged particles of a given type and energy, is the 

quotient of dEΔ by dl, where dEΔ is the mean energy lost by the charged 

particles due to electronic interactions in traversing a distance dl, minus 

the mean sum of the kinetic energies in excess of Δ of all the electrons 

released by the charged particles, thus 

𝐿∆ =  
d𝐸∆

d𝑙
      (2) 

According to the definition, the LET is a characteristic of the medium. It is 

however highly dependent on the particle type traversing the medium. Since the human 

body consists mostly of water, the LET in water is often used to characterise the quality 

of radiation in radiobiology.   

The ionization and excitation density influences the severity of damage on the 

microscopic scale. The mean free path of photons could be used to represent the density 

of ionizations and excitations caused by photons. However, it is much larger than the 

biologically relevant distances such as the size of the DNA molecule. More relevant is 

the ionization and excitation density of the electrons released in the photon 

interactions. Even though it is physically incorrect in strict terms according to the 

definition, photons are also ascribed an LET in radiation biology, which will depend 

on the energies of the electrons resulting from the photon interactions. Electrons, and 

thus photons, as well as protons are regarded as low-LET (or sparsely ionizing) 

radiations, while charged particles heavier than protons are usually regarded as high-

LET (or densely ionizing) radiations. The LET of all charged particles depends on the 

particle energy, and it increases towards the end of the particle’s range. As charged 

particles heavier than electrons and protons deposit their energy along a rather straight 

track when entering tissue, the spread in the position of this LET peak with depth is 

quite small. 

In order to quantify the difference in biologic effectiveness (often in terms of the 

surviving fraction) of different radiation qualities, the relative biologic effectiveness 

(RBE) was defined as (ICRU 30 1979):  
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A ratio of the absorbed dose of a reference radiation to the absorbed dose 

of a test radiation to produce the same level of biological effect, other 

conditions being equal. 

The surviving fraction of irradiated cells is highly dependent on LET. Figure 4 

shows the difference in survival for cells irradiated with photons and carbon ions. The 

carbon ions (LET =136 keV/µm) are obviously much more efficient in killing cells 

than are the X-ray photons (LET~2 keV/µm). The shapes of the two curves are also 

very different. The carbon ion curve is straight, as cell survival is an exponential 

function of dose for high-LET ions. As mentioned previously, the shoulder of the cell 

survival curve is thought to be a result of the repair of sublethal damage. Evident by 

the shape of the carbon ion curve, such repair seems to play a minor role in the killing 

of cells exposed to high-LET carbon ions. An explanation can be that the higher the 

LET, the larger the probability for damage due to clusters of ionizations, resulting in 

complex, and thus irreparable, lesions (Hall and Giaccia 2012).  

The efficiency of heavy charged particles, in terms of RBE, increases with 

increasing LET. From being slightly higher than unity at low LETs of about 20 

keV/µm it increases until a maximum is reached at an LET of about 100 keV/µm, 

where the RBE rapidly drops to slightly lower levels at the maximally achievable LETs 

(Barendsen 1968). This is commonly explained by the relationship between the 

average distance between ionizations (or ionization clusters) and the distance between 

the two strands of the DNA. When the two distances are of similar size, as is the case 

for the LET of maximal RBE, the production of double strand breaks is maximised. A 

further increase in the ionization density means that the ionizations occur in closer 

proximity than is required for the production of DSBs. Energy is thus “wasted”, 

resulting in the observed decrease in RBE (Hall and Giaccia 2012).  

It is evident from the data in figure 4 that the RBE also depends on the level of 

the surviving fraction, meaning that the usefulness of using one single RBE value with 

cell survival as the end-point is limited when comparing radiotherapy treatments using 

photons and carbon ions. 
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Figure 4. Cell survival curves for X-rays (LET2 keV/µm) and carbon ions (LET=136 

keV/µm). RBE at two different survival levels is indicated. Experimental cell survival 

data was provided by Prof Yoshiya Furusawa.  

Differences in dose-distribution of various radiation qualities are of purely 

physical character. They are worth mentioning in this context, however, as the dose-

distributions are of great importance in relation to the anatomy of the treated patient in 

general and to any biologically relevant subvolumes of the treated target in particular. 

One of the main reasons for the interest in using charged particles heavier than 

electrons for treating deeply seated tumours, is the possibility to create treatment plans 

that show much higher conformity to the target, compared to what is achievable with 

photons. The higher conformity is enabled by the Bragg peak, the peak in stopping 

power, and thus in LET, at the end of a charged particles range. 

2.5 The oxygen effect 

The presence or absence of oxygen molecules is one of the most important 

radiochemical factors determining the probability of cell survival.  
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For low LET radiation, just a small fraction of all DNA lesions, observed after 

the exposure of cells to radiation, are the direct result of ionizations of the DNA 

molecule itself by an incident charged particle or by a charged particle released in the 

interaction of an incident uncharged particle with molecules surrounding the DNA 

(Hall and Giaccia 2012). This mode of action is called direct action since the radiation 

interacts directly with the target molecules. In exposures to photons, most DNA 

lesions, however, are the result of indirect action (Hall and Giaccia 2012). In the 

indirect mode of action, the water molecules surrounding the DNA are, in a first step, 

ionised by the incident radiation. In a second step, free radicals are formed in chemical 

reactions that occur within 10-14 – 10-7 s after the initial ionization. A free radical is a 

molecule or an atom that is highly reactive as it has an unpaired electron in its outer 

atomic shell. The free radicals formed in the chemical reactions can react further with 

the DNA molecule. The DNA molecule itself becomes a radical molecule. The DNA 

lesions caused by indirect action, can be as severe as the lesions caused by direct action. 

In 1958 Howard-Flanders and Moore proposed that damage could be either of 

the oxygen-dependent or the oxygen-independent type (Howard-Flanders and Moore 

1958). The oxygen dependent type of damage can, in the absence of oxygen, be 

chemically restored by hydrogen donation from hydrogen-donating molecules 

according to the following equation: 

R ∙ + XSH → RH + XS ∙    (3) 

where R ⋅ denotes the radical DNA-molecule and XSH a SH-containing compound. In 

the presence of oxygen a competing process can occur: 

R ∙ + O2 → RO2 ∙    (4) 

A non-restorable organic peroxide (RO2 ∙) has been formed. The initial damage is said 

to be fixed according to the oxygen fixation hypothesis, meaning that repair is no 

longer probable (Farhataziz and Rodgers 1987).  

In the absence of oxygen, the radiation dose must be increased by a factor of 2-

3 in order to achieve the same level of cell kill as for irradiations in well-oxygenated 

environments (Palcic and Skarsgard 1984). The ratio of doses required to achieve the 

same biologic effect under oxic to anoxic (or hypoxic) conditions is called the oxygen 

enhancement ratio (OER) (ICRU 30 1979). The definition of the OER is illustrated in 

figure 5. The OER is slightly dependent on dose and survival level, but for most 
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practical purposes it can be assumed to be a dose modifying factor (DMF), meaning 

that independent of the size of the dose administered to well-oxygenated cells it has to 

be multiplied by a constant factor in order to achieve the same level of survival in 

hypoxic cells (Pike and Alper 1964).  

 

Figure 5. Illustration of the definition of the oxygen enhancement ratio. The red dotted 

curve represents the survival of cells irradiated in oxic conditions and the blue dashed 

curve represents the survival of cells irradiated in anoxic conditions.  

The relationship between the oxygen enhancement ratio, O, and the oxygen 

partial pressure pO2 is given by the following equation and is shown graphically in 

figure 6: 

𝑂(𝑝O2) = 𝑂max ∙
𝑘+𝑝O2

𝑘+𝑂max∙𝑝O2
   (5) 

Omax is the maximum OER in the absence of oxygen and k is the value of the oxygen 

partial pressure corresponding to half effect.  

Most tissues are well-oxygenated under normal circumstances. A characteristic 

of tumours however, is a poor and unorganised vascular system, inhibiting oxygen to 

reach all parts of the tumour (Vaupel et al 1989). Measurements have shown that 

tumours therefore often suffer from poor oxygenation, hypoxia, and clinical trials have 
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shown worse outcomes for patients with hypoxic tumours (Vaupel and Mayer 2007). 

In photon radiotherapy, this has led to the proposal of various techniques for 

counteracting the protective effect of hypoxia, such as oxygen breathing, administering 

oxygen-mimetic radiosensitisers or escalating the dose to the hypoxic regions 

(Overgaard 2007). It has also been suggested that treatment with charged particles 

heavier than electrons or protons could have a potential to counter the adverse effects 

of hypoxia (Brahme 2011). This will be closer described in section 2.6.  None of the 

mentioned approaches to counteract hypoxia are extensively used in routine clinical 

RT however.  

Figure 6. The OER as a function of oxygen partial pressure according to equation 5 

(Omax = 3, k = 2.5 mmHg). A hypoxic threshold of 5 mmHg is indicated. 

The further development of the techniques and treatment approaches to 

overcome hypoxia, based on a dose or LET escalation to resistant tumour parts, would 

require precise assessments of the oxygen partial pressure and of the distribution of 

hypoxia in tumours. A well-established method to determine the oxygen partial 

pressure is by oxygen probes, electrodes that are implanted into the site of 

measurement (Vaupel et al 2007). The most commonly used oxygen probe, known as 
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the Eppendorf histograph, has a polarographic needle electrode that can measure the 

oxygen partial pressure in different points in tissue. The use of molecular hypoxia 

markers is another methodology for determining the oxygen partial pressure both 

invasively, which means that a biopsy is required, and non-invasively (Hoeben et al 

2014). The non-invasive methods, including PET imaging, can be used to determine 

the oxygen distribution in tumours before the treatment plan is made. One of the most 

promising imaging agents is FMISO (18F-flouromisonidazole) that was used for the 

imaging of hypoxia in paper I.  

Advanced hypoxia measurements and imaging techniques have led to a greater 

knowledge about different causes of hypoxia. Hypoxia is commonly divided into acute 

and chronic hypoxia (Thomlinson and Gray 1955, Brown 1979, Chaplin et al 1987). 

Chronic hypoxia is the more stable type that results from the tumour outgrowing its 

vasculature leading to increased distances from some cells to capillaries. Large 

diffusion distances and consumption of oxygen before it reaches distant cells lead to 

the formation of hypoxic regions. It can also result in the extreme of hypoxia, anoxia, 

which is the complete lack of oxygen. Chronic hypoxia is sometimes called diffusion-

limited hypoxia. 

Capillaries of tumours can suffer from temporary occlusions that hinder the 

blood flow for shorter or longer periods (Folkman 1976, Vaupel 2004). Cells close to 

the occluded parts of these capillaries will suffer from acute hypoxia. It is sometimes 

called perfusion-limited hypoxia. The different types of hypoxia present in tumours 

of cancer patients are thought to affect the outcome of RT in different ways depending 

on fractionation (Dasu and Denekamp 1998, Dasu and Denekamp 1999, Dasu and 

Toma-Dasu 2008). In the next section these dependencies will be further described. 

2.6 The interplay of factors influencing cell survival 

In the previous sections different radiobiological aspects influencing the 

response of cells to radiation were described. In experiments, each aspect is often 

investigated separately. Well-oxygenated irradiation conditions, single-dose exposures 

and irradiations using X-rays are usually the standard. Experiments using heavy 

charged particles showed however that the influence of oxygen and fractionation is 

weaker for these particles than for photons, especially at high LETs. In order to be able 

to understand the benefits of using carbon ions over photons, the interplay of the 
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influential factors has to be understood. The various interplays will be described in 

pairs starting with the influence of the radiation quality on the extent of the oxygen 

effect. 

In 1966 Barendsen et al studied the inhibition of clone-formation by cultured 

cells irradiated by alpha particles, deuterons, fast neutrons and 250 kVp X-rays and 

determined the OER for different LETs (Barendsen 1966). He found that the OER at 

the lowest LETs of the charged particles was about the same as for X-rays. With 

increasing LET, the OER decreased slightly, up to an LET of about 40 keV/µm. At 

slightly higher LETs the OER dropped rapidly to become unity at an LET of about 200 

keV/µm. Similar results were obtained in many experiments in the following decades 

(Todd 1967, Berry 1970, Blakely et al 1979, Furusawa et al 2000, Staab et al 2004). 

A possible explanation for the observed dependency might be that the fraction of DNA 

lesions resulting from direct action is higher for heavy charged particles compared to 

photons, while the contribution to DNA damage from indirect action is lower under 

hypoxic conditions than under oxic conditions (Hall and Giaccia 2012). Also, the 

higher the LET, the larger the probability for damage due to clusters of ionizations, 

resulting in complex lesions (Hall and Giaccia 2012). In 2000 Furusawa et al 

performed systematic and extensive experiments in which the OER was determined 

for three different cell lines for irradiations with C, Ne and He ions, enabling the 

determination of the dependence of the OER on LET for each ion type and cell line 

separately (Furusawa et al 2000). The results for the human salivary gland tumour 

(HSG) cell line are presented in figure 7.  

To understand the interplay between radiation quality and fractionation of 

radiotherapy, the spatial variations in radiation quality in relation to the tumour and 

normal tissues have to be considered. One benefit of using carbon ions over photons 

is the possibility to position the Bragg peak within the tumour, which leads to a higher 

dose per fraction to the tumour than to the surrounding normal tissues. Normal tissues 

will thus benefit more from fractionation than will the tumour do (see figure 3).  

Furthermore, for photon beams, the spatial variations in LET within the patient 

are negligible. For carbon ion beams on the other hand, the average LET is 

considerably higher within the tumour than in the normal tissues. Since the cell 

survival curve is straighter at high LETs than at low LETs (Furusawa et al 2000), the 
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sparing effect of fractionation decreases with increasing LET and will be less 

pronounced for the tumour than for the normal tissues surrounding it. 

 

 

Figure 7. OER for human salivary gland tumour cells irradiated with C ions calculated 

as the ratio of doses required for a SF of 10 % (D10) for different LETs. The values of 

D10 were taken from Furusawa et al (2000). 

Both these arguments could be used in favour of fractionating carbon ion 

treatments. The general tendency, however, is to reduce the number of fractions when 

fractional doses of normal tissues are reduced, as is the case in conformal techniques, 

even if the differential gain of fractionation increases with dose conformity. The reason 

for this is that the fractional doses to the normal tissues are kept well below the 

tolerance limits for conformal modalities, such as SBRT and carbon ion treatments. 

The most complicated relationship, among the ones mentioned here, might be 

between fractionation and oxygenation, since the dynamics of hypoxia are not fully 

understood. In a controlled in vitro experiment it is a straightforward task to determine 

the benefit of fractionation for any experimentally achievable oxygen partial pressure. 

In a tumour in vivo on the other hand, not only is it a challenge to properly determine 

the oxygen distribution, in terms of absolute pO2 values, at one single time-point, but 
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it is even harder to map the changes in oxygenation with time. An early theory of the 

dynamics of hypoxia is based on the assumption that once some of the well-oxygenated 

cells are killed after a certain dose of radiation fewer cells remain to consume oxygen 

and hence the oxygen molecules will be able to diffuse larger distances and eventually, 

as the tumour volume shrinks, the distance between existing blood vessels and 

previously hypoxic cells will also shrink (Kallinowski et al 1989. Fenton et al 2001). 

The hypoxic cells will thereby become reoxygenated and thus resensitised. This type 

of reoxygenation is related to chronic rather than to acute hypoxia, and is assumed to 

be one-directional, in the sense that cells do not become more hypoxic 

(“rehypoxygenated”) due to tumour shrinkage. 

Recently several studies have shown that changes in acute hypoxia also take 

place after irradiation (Rijken et al 2000, Ljungkvist et al 2005, 2006). This type of 

hypoxia can be thought of as being turned on or off, by the occlusion and opening of 

blood vessels, and is in that sense two-directional. In opposite to the reoxygenation of 

chronically hypoxic cells, it is not equally intuitive that these two-directional local 

oxygenation changes (LOCs) would lead to an improvement in cell kill. 
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3. Radiobiological Modelling 

Radiobiological modelling has historically developed in parallel with the 

advances in the study of radiation effects on cells starting with the early experiments 

on clonogenic cell survival by Puck and Marcus (1956). Since then, radiobiological 

models have been used for several applications including the calculation of isoeffects 

of different fractionation schedules and the modelling of the tumour control probability 

and normal tissue complication probability. In this chapter the modelling approaches 

used in the papers included in the thesis, taking the dynamics of hypoxia into account, 

will be presented. 

3.1 Cell survival curves 

In the previous chapter, the dependence of the surviving fraction on dose was 

presented for various irradiation conditions and fractionations. Throughout the years 

several models have been proposed for the mathematical description of these 

dependencies (Chadwick and Leenhouts 1973, Curtis 1986, Joiner and Johns 1988, 

Hawkins 2003, Lind et al 2003, Park et al 2008). In this section the cell survival models 

that are of relevance for this thesis will be described.  

3.1.1 Surviving fraction as a function of dose 

The clinically most widely used cell survival model is the linear quadratic (LQ) 

model given by the following equation:  

𝑆(𝑑) = exp(−𝛼 ∙ 𝑑 − 𝛽 ∙ 𝑑2)   (6) 

where S is the surviving fraction, d is the dose administered in one fraction of 

irradiation and α and β the parameters of the LQ model (Chadwick and Leenhouts 

1973, Douglas and Fowler 1975 and 1976, Barendsen 1982). Originally, the LQ 

expression was an empirical description of chromosome damage and was later used to 

describe cell survival as a function of dose (Lea and Catcheside 1942, Jones 1997).  

As shown in figure 8, the LQ cell survival curve has a rather flat slope at low 

doses and becomes steeper at higher doses. An important characteristic of the model 

is that the curve is continuously bending in a log-linear plot. Experiments show, 

however, that cell killing becomes an exponential function of dose at high doses, which 

would result in a straight line in a log-linear plot (Garcia et al 2006, Kirkpatrick et al 
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2008, Park et al 2008, Andisheh et al 2013). Considering the high doses administered 

in SBRT, for example, this is a non-negligible feature. 

The universal survival curve (USC) was developed as an extension of the LQ 

model that fits experimental data better than the LQ model at higher doses (Park et al 

2008). Cell survival is described by the following equations: 

𝑆(𝑑) = {
exp(−𝛼 ∙ 𝑑 − 𝛽 ∙ 𝑑2)           if  𝑑 ≤ 𝐷T

exp [−
1

𝐷0
∙ 𝑑 +

𝐷q

𝐷0
]                 if  𝑑 ≥ 𝐷T

  (7) 

where Dq is the dose at which the tangent of the final slope D0 of the survival curve 

intercepts the horizontal axis at 100% survival and DT is the threshold dose at which 

the curve ceases bending. 

Survival curves of cells irradiated with charged particles heavier than protons 

tend to have a less pronounced shoulder, implying that the beneficial traits of the LQ 

model at low doses lose their importance. Furthermore, in carbon ion radiotherapy 

higher fractional doses are more common than in conventional photon therapy. In 2003 

another model with the characteristic of a non-bending survival curve at high doses 

was thus proposed as an alternative to the LQ model, the Repairable-Conditionally 

Repairable damage (RCR) model (Lind et al 2003). The RCR expression for cell 

survival is a sum of two exponential terms and is given by the following equation:  

𝑆(𝑑) = 𝑒−𝑎𝑑 + 𝑏𝑑𝑒−𝑐𝑑    (8) 

where a, b and c are the model parameters given in the unit Gy-1. The first exponential 

term represents the fraction of cells that have not been hit or damaged and therefore 

survive. The second exponential term corresponds to the fraction of damaged cells that 

have been correctly repaired.  

One of the main purposes for developing the RCR model, apart from its ability 

to accurately describe cell survival at high doses, was the need for a model able to 

describe the observed phenomenon of hypersensitivity at very low doses (Joiner et al 

1996, Turesson and Joiner 1996, Marples et al 1997). 

The different curve shapes of the three models are presented in figure 8. 

For photons, the LQ model remains the most useful one and much of clinical 

practice is based on its formalism (Barendsen 1982). Early and late responding tissues 
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are characterised by their alpha-to-beta ratio; early responding tissues with less 

pronounced shoulder have a high α/β while late responding tissues have a low α/β.  

 

Figure 8. Illustration of typical cell survival curves of three different cell survival 

models (LQ, USC and RCR).  

3.1.2 Surviving fraction of cells with a variable oxygen partial 

pressure 

In the previous chapter it was mentioned that the oxygen partial pressure can vary 

locally, increasing or decreasing between fractions. The probability of a cell that is 

subject to a varying oxygen partial pressure, to survive n fractions of radiation 

exposure is simply the product of its probabilities Sj to survive each fraction of 

irradiation j: 

𝑆 = ∏ 𝑆𝑗
𝑛
𝑗=1     (9) 

Assuming that the oxygen partial pressure is constant over time, and thus S1 = S2 

= … = Sj = … = Sn, equation 9 can be rewritten as follows:   

𝑆 = 𝑆𝑗
𝑛     (10) 
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3.1.3 Surviving fraction as a function of oxygen partial pressure 

The surviving fraction can be expressed as a function of oxygen partial pressure 

pO2 by applying the oxygen enhancement ratio, O(pO2), as a dose modifying factor 

(Nahum et al 2003, Dasu et al 2005, Toma-Dasu and Dasu 2013). For the LQ and USC 

models the resulting expression for the surviving fraction would thus be written as:  

𝑆(𝑑, 𝑝O2) = exp [−
𝛼

𝑂𝛼(𝑝O2)
∙ 𝑑 −

𝛽

𝑂𝛽
2 (𝑝O2)

∙ 𝑑2]  (11) 

𝑆(𝑑, 𝑝O2) = {
exp [−

𝛼

𝑂𝛼(𝑝O2)
∙ 𝑑 −

𝛽

𝑂𝛽
2 (𝑝O2)

∙ 𝑑2]        if  𝑑 ≤ 𝐷T ∙ 𝑂(𝑝O2)

exp [−
1

𝐷0
∙

𝑑

𝑂(𝑝O2)
+

𝐷q

𝐷0
]                               if  𝑑 ≥ 𝐷T ∙ 𝑂(𝑝O2)

 (12) 

3.1.4 Surviving fraction as a function of LET and oxygenation 

For the RCR model a slightly different approach was used. The model was first 

modified by Wedenberg et al (2010) to take the LET of carbon ions into account, by 

expressing the RCR parameters as functions of LET, L. Similar expressions were used 

for the RCR parameters in paper II: 

𝑎 (𝐿) = 𝑎0𝑓(𝐿) + 𝑎1𝑒−𝐿/𝐿n   (13) 

𝑏 (𝐿) = 𝑏1𝑒−𝐿/𝐿n    (14) 

𝑐 (𝐿) = 𝑐0𝑓(𝐿) + 𝑐1𝑒−𝐿/𝐿n   (15) 

where 

𝑓(𝐿) = (1 − 𝑒
−

𝐿

𝐿d(1 + 𝐿/𝐿d))
𝐿d

𝐿
   (16) 

The parameters 𝑎0, 𝑎1, 𝑏1, 𝑐0, 𝑐1, 𝐿𝑛 and 𝐿𝑑  in the above equations are free parameters 

depending on both the intrinsic radiosensitivity of the cells and the ion type. When 

introducing the dependence on pO2, account has to be taken to the fact that the OER 

changes with LET as shown in figure 7. Strictly the OER is defined as the ratio of 

doses for one specific level of SF. In paper II a parameter very similar to the OER was 

introduced for the RCR model, with a similar dependence on LET as for the OER 

(Brahme 2011): 
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�̃�(𝐿) = �̃�min + (�̃�max − �̃�min)𝑒
−(

𝐿

𝐿�̃�
)

2

   (17) 

where �̃�max  is the maximum dose modifying factor �̃� in the absence of oxygen at 

minimal LET, �̃�min is the limit value at high LET, 𝐿�̃� is the LET where �̃� is reduced 

to 37 % of its maximum value. 

This parameter was assumed to operate on dose like a dose-modifying factor. 

Combining equations 8 and 13-17, therefore results in the following expression for the 

surviving fraction: 

𝑆(𝑑, 𝐿, 𝑝O2) = 𝑒−𝑎(𝐿)𝑑/�̃�(𝐿,𝑝O2) + 𝑏(𝐿)𝑑/�̃�(𝐿, 𝑝O2)𝑒−𝑐(𝐿)𝑑/�̃�(𝐿,𝑝O2) (18) 

The main difference between the dose modifying factor �̃� and the OER is that �̃� 

by definition is independent of level of survival. It is a parameter that results directly 

from the fit of cell survival curves (given by equation 18) to cell survival data for a 

range of doses and LETs, while the OER is determined by fitting a single survival 

curve for each oxygenation level and LET separately and thereafter determining the 

ratio of iso-effective doses. A comparison of LQ OER data points and the RCR �̃� as a 

function of LET is shown in figure 2 in paper II. It is obvious that the difference 

between the two is larger at lower LETs where the shoulder of the survival curves is 

more pronounced, and thus the level of survival more important for the determination 

of the OER. 

The data used for the assessment of �̃� (L) consisted of oxic and anoxic cell 

survival curves (Furusawa et al 2000). Since data for survival at intermediate oxygen 

partial pressure levels was not available, the same dependence of the �̃�-factor on pO2 

was assumed as for photons (Alper and Howard-Flanders 1956): 

�̃�( 𝐿, 𝑝O2) = �̃�(𝐿) ∙
𝑘+𝑝O2

𝑘+�̃�(𝐿)∙𝑝O2
   (19) 

�̃�(𝐿) is the maximum OER at a certain LET in the absence of oxygen. k is the value 

of the oxygen partial pressure corresponding to half effect as in equation 5.  
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3.2 Estimation of the tumour control probability 

For the prediction of the outcome of radiation treatment it is not enough to 

determine the probability of individual cells to die following irradiation with the 

prescribed dose. Since the goal is to eliminate all malignant clonogenic cells, the 

probability of zero remaining clonogenic cells must be determined. The average 

number of surviving clonogenic cells after irradiation can be assumed to be the product 

of the initial number of clonogenic cells, N0, and the surviving fraction S, if the 

probability of cell survival is identical for all cells in the tumour. According to Poisson 

statistics the tumour control probability, P, or the probability that no cells survive is 

given by the following expression (Bentzen 1997): 

𝑃 = 𝑒−𝑁0 𝑆    (20) 

If the probability of cell survival is not identical for all cells i, for example 

because of spatial variations in dose, LET and oxygen partial pressure, an average 

surviving fraction 𝑆̅ can be used instead: 

𝑆̅ =  ∑
1

𝑁0
 𝑆𝑖

𝑁0
𝑖=1     (21) 

This would result in the following expression for the TCP: 

𝑃 = exp (− ∑  𝑆𝑖
𝑁0
𝑖=1 )    (22) 

If the surviving fraction is the result of fractionated treatment, equation 9 is used 

for computing the surviving fraction. In combination with equation 22 the resulting 

expression of the TCP will be the following: 

𝑃 = exp (− ∑ ∏ 𝑆𝑖,𝑗(𝑑𝑖,𝑗 , 𝑝O2 𝑖,𝑗 , 𝐿𝑖,𝑗)𝑛
𝑗=1

𝑁0
𝑖=1 )  (23) 

The resolution of hypoxia imaging techniques is not good enough to distinguish 

the oxygen partial pressure of individual cells. The relevant compartments are instead 

the voxels of three-dimensional images or of simulated tumours used in modelling 

studies. The average surviving fraction and TCP will be given by the following 

expressions: 

𝑆̅ =  ∑
1

𝑁vox
 𝑆𝑖

𝑁vox
𝑖=1     (24) 
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𝑃 = exp {− ∑
𝑁0

𝑁vox
 𝑆𝑖

𝑁vox
𝑖=1 }                                                                             (25) 

In figure 9 a schematic illustration shows how the oxygen partial pressure of 

individual voxels can change between fractions.  

 

Figure 9. Schematic illustration of voxels with different sensitivities and random 

changes in oxygenation between fractions. Identical colours indicate voxels with the 

same level of oxygen partial pressure and hence the same sensitivity to radiation. The 

number of voxels of one colour is the same in all three panels, but their location is not 

necessarily the same. 

Taking fractionation and such local oxygenation changes into account, the TCP 

equation is written as follows for a voxelised tumour, in analogy to cells changing their 

oxygen partial pressure between fractions: 

𝑃 = exp {− ∑
𝑁0

𝑁vox
∏ 𝑆(𝑑𝑖,𝑗, 𝑝𝑂2 𝑖,𝑗 , 𝐿𝑖,𝑗)𝑛

𝑗=1
𝑁vox
𝑖=1 }  (26) 

This final equation of the TCP was used for the calculations of the tumour control 

probability in papers III and IV. It can be shown by simple algebra that the TCP given 

by equation 23 or 26 for the case when all cells or voxels are assumed to have static 

oxygen partial pressure values will be lower or equal to the TCP for the case when the 

pO2 values are assumed to vary between fractions, given that the frequency distribution 

of the pO2 values remains constant for all fractions.  

For the comparison of treatments of hypoxic and well-oxygenated tumours, a 

clinical OER was defined in paper IV as the ratio of doses required for a TCP of 50 %, 

D50, for hypoxic (D50, hypox) and well-oxygenated (D50, ox) tumours:  

𝑂𝐸𝑅clin =
𝐷50,hypox

𝐷50,ox
    (27) 
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4. Comparison of full treatment schedules using 

radiobiological end-points and taking the dynamics of 

hypoxia into account 

In this chapter the results of the modelling studies of paper I, III, IV and V are 

summarized. The studies all have in common that they take the dynamics of hypoxia 

into account and that radiobiological end-points are used for the evaluation of 

treatment effectiveness.  

4.1 Dose painting 

Methods to target the hypoxic core of poorly oxygenated tumours were briefly 

mentioned in chapter 2. Escalating the dose to the hypoxic core to a higher level than 

the dose prescribed to the well-oxygenated parts of the tumour is an intuitive solution 

to counteract the resistance of hypoxic tumours. However, increasing the dose by a 

factor of 2-3, which would be required to overcome the resistance of the extremely 

hypoxic cells, while keeping the dose levels to the normal tissue low enough, might 

not be an option using conventional photon RT. However using the TCP as an 

objective and taking the dynamics of hypoxia into account was shown to be a 

reasonable approach in a publication preceding paper I (Toma-Dasu et al 2009), 

proposing algorithms for dose segmentation that would lead to an increase in dose to 

the hypoxic regions. In the IMRT treatment planning study of paper I it was shown 

that it is feasible to make a clinically relevant treatment plan using the proposed 

algorithms. A high level of dose conformity to the hypoxic target could be reached 

with currently available treatment planning approaches using multidirectional beams.  

4.2 Effects of fractionation on the treatment outcome in C ion RT 

and in photon SBRT 

As mentioned in the introduction (chapter 1) and in chapter 2, a high level of 

target conformity could be achieved by using SBRT with photons or a completely 

different treatment modality, such as carbon ion radiotherapy. A common 

characteristic of SBRT and C ion RT is that the volume of normal tissue receiving 

therapeutic doses can be decreased to such an extent that the treatment can be delivered 

in fewer fractions, which has become a popular approach in clinical studies 
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(Zimmermann et al 2005, Miyamoto 2007 a and b, Hof et al 2007, Fritz et al 2008, 

Bauman et al 2009, Takeda et al 2009, Haasbeck et al 2010, Olsen et al 2011, Okada 

2012, Habermehl 2013).  

In papers III and IV the effects of fractionation in SBRT and in carbon ion RT 

were evaluated theoretically for hypoxic and well-oxygenated tumours assuming local 

oxygenation changes.  

For this purpose, spherical tumours with hypoxic subvolumes were modelled 

according to the graph in figure 10. For the SBRT treatment (paper III) a clinically 

relevant dose distribution was assumed, with an escalated dose in the centre of the 

planning target volume (PTV) relative to the periphery of the PTV. For the carbon ion 

treatment (paper IV) the treatment plan was optimised to yield a uniform biologically 

effective dose (disregarding the oxygen distribution however). In a typical carbon ion 

treatment plan, the LET, and thus the RBE, increase towards the distal edge of the 

tumour relative to the beam entrance. To compensate for the increased effectiveness 

and to achieve a uniform biological effect, the physical dose will therefore decrease 

along the beam axis in the same direction. 

 

Figure 10.  Schematic illustration of the geometries of the tumours with hypoxic 

islands irradiated in silico in papers III (left) and IV (right). 
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For the static oxygenation cases and for the well-oxygenated tumours, the total 

dose required for a TCP of 50 %, D50, was higher for few numbers of fractions than 

for many numbers of fractions. This result is easily understood by the differences in 

the shapes of the cell survival curves for fractionated and for single fraction treatments 

(see figure 3). The accumulation of sublethal damage in single fraction exposures or 

in hypofractionated schedules is greater and lower total doses will thus be needed to 

achieve a given TCP. The doses per fraction might however be higher than what is 

acceptable for the surrounding normal tissues, especially for the hypoxic tumours. 

As expected, the total dose (and thus the dose per fraction) could be reduced 

substantially if LOCs were assumed compared to the static oxygenation case, for the 

SBRT as well as the C ion treatments, the reduction being greater for tumours with 

large hypoxic fractions.   

For the SBRT treatments (paper III) it was shown that the dose per fraction in 

treatments with only a few fractions (three or five) could be reduced substantially in 

comparison to single-fraction treatments as a result of the opportunities for LOCs take 

place between fractions.  

A similar trend was observed for the C ion treatments in paper IV. In that study, 

the effects of reducing the fraction dose down to 0.7 Gy were investigated, since doses 

per fraction of that size were employed in the only clinical study of the effects of C ion 

treatment on the outcome of both hypoxic and well-oxygenated tumours (Nakano et al 

2006). It was shown in our study that D50 was of similar size for doses per fraction 

between 2 Gy and 10 Gy. However, reducing the dose per fraction below 2 Gy led to 

an increase in total dose, as a result of the increasing impact of repair of sublethal 

damage between fractions at low doses per fraction. 

The investigation of carbon ion treatments in paper IV was limited to simulations 

of a certain type of reoxygenation, a certain initial number of clonogenic cells N0 and 

a certain size and position of the hypoxic island. A few other cases, not included in the 

papers, were also considered regarding these aspects. The simulations in paper IV 

assuming LOCs were used as a reference case to which these additional results were 

compared. 

The local oxygenation changes in paper IV were assumed to be “two- 

directional” (oxygenation could both increase and decrease locally) simulating the 
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experimentally observed changes in acute hypoxia as described in sections 2.6, 3.1.2 

and 3.2. In the simulations, a conservative approach was employed regarding 

reoxygenation, assuming no reduction in chronic hypoxia. In order to test the influence 

of such a reoxygenation pattern, it was assumed that the hypoxic island shrank at each 

fraction j according to the following equation:  

𝑟(𝑗) = 𝑟(1) exp (− (𝑗 − 1) /𝑅S)   (28) 

where r(j) is the radius of the island before irradiation at fraction number j and Rs is a 

parameter determining the shrinkage rate. The radius r(1) at the start of the treatment 

was 12 mm. Two different shrinkage rates were assumed with Rs = 40 and Rs = 15. For 

these shrinkage rates, the radius of the hypoxic island after a treatment employing 36 

fractions was 5.0 mm and 1.2 mm. The radius of the hypoxic region as a function of 

fraction number assuming the two different shrinkage rates is presented in figure 11.  

 

Figure 11. The radius of the hypoxic island at different fraction numbers for Rs = 40 

and Rs = 15 according to equation 28.  

In papers III and IV different initial numbers of clonogenic cells were assumed, 

108 for the SBRT treatment (paper III) and 106 for the C ion treatment (paper IV). In 

order to test the impact of a change in N0 on the trends reported for C ions, D50 was 

assessed for an N0 of 107 instead of 106. 
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The influence of increasing the fraction of hypoxic cells by increasing the size of 

the hypoxic island was also investigated. The island was increased from a radius of 12 

mm (for C ions in paper IV) to 16 mm. 

Finally, in order to evaluate the effect of the position of the hypoxic island within 

the tumour, the hypoxic island was moved + 8 mm along the beam axis to the distal 

end of the tumour relative to the beam entrance. Such a positional shift was 

investigated in paper IV, but only for a fraction dose of 1 Gy. The dependence of the 

clinical OER on the number of fractions for the island positioned off-centre was 

therefore included as an additional case in the thesis. 

The changes mentioned above were performed independently of each other. 

Except for the change in question, the simulations were identical to the reference case 

of the carbon ion simulations in paper IV. An overview of the simulations in addition 

to those included in paper IV is presented in figure 12.  

 

Figure 12. Overview of additional simulation cases and the reference case in the 

centre. 

The resulting values of D50 and the clinical OER are presented in figures 13 and 

14, respectively. Increasing the number of clonogenic cells by a power of ten (107 

Hypoxic island off-center

Larger hypoxic island

Higher clonogenic cell 

density

Shrinking hypoxic island

Fraction 1 Fraction n
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instead of 106), results in an increase in D50 by 15-20 % rather independently of the 

numbers of fractions. A similar trend is observed if the hypoxic island is assumed to 

be larger than in the reference tumour. The increase in D50 is about 5 % in this case 

and also rather independent of fractionation. Assuming that the hypoxic island is 

positioned close to the distal edge of the tumour relative to the beam entrance, in the 

part of the tumour where the average LET is the highest, D50 is about 5 % lower 

compared with the reference case with the island positioned centrally. 

 

Figure 13. D50 normalised to the reference case (assuming LOCs) for different 

numbers of fractions for the additional simulation cases of the hypoxic island off-

centre, larger number of clonogenic cells, a shrinking hypoxic island and a larger 

hypoxic island.  

At few numbers of fractions, D50 is just slightly lower for the shrinking hypoxic 

island case for both shrinkage rates (Rs = 40 and Rs = 15) than for the reference case of 

a non-shrinking hypoxic island. As expected, D50 for the shrinking hypoxic island 

decreases with an increasing number of fractions. At values of n larger than 21 D50 for 

the lower shrinkage rate (Rs = 40) is about 95 % and for the higher shrinkage rate (Rs 

= 15) about 90 % of the D50 of the reference case. It is worth noting that the decrease 

in D50 for the maximum number of fractions investigated (n = 36) for Rs = 40 (which 
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results in a size of the hypoxic island of 50 % of the original size) is of about the same 

size compared to the reference case as the decrease in D50 due to a shift in the position 

of the hypoxic island towards regions of higher average LETs. Furthermore, for both 

shrinkage rates, the additional gain (in terms of a reduced D50) in assuming 

reoxygenation due to a decrease in chronic hypoxia (on top of the LOCs) is smaller 

than the primary gain of assuming LOCs instead of a static oxygenation as can be seen 

in figure 8a in paper IV and in figure 13 above. The D50 assuming LOCs (but not an 

improvement in chronic hypoxia) is about 65 % of the D50 for the static oxygenation 

case for n = 36 (paper IV).  

 

Figure 14. Clinical OER for different numbers of fractions for the reference case 

assuming LOCs and for the additional simulation cases of the hypoxic island off-centre 

(in the high-LET region of the tumour), larger number of clonogenic cells, a shrinking 

hypoxic island and a larger hypoxic island. 

Even though the changes in D50 seem moderate for the additional cases compared 

with the reference case, the values of the clinical OER are very close to unity for high 

numbers of fractions for the cases assuming a shrinking hypoxic island and assuming 

that the island is positioned off-centre (figure 14). For the case with the island 
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positioned in the high-LET region of the tumour OERclin is 1.07. For the shrinking-

island case it is 1.06 and 1.02 for Rs = 40 and Rs = 15, respectively.  

For the cases in which the clinical OER increases compared with the reference 

case, i.e. when assuming more clonogenic cells or a larger hypoxic island, the increases 

are lower than the increase observed in paper IV assuming static oxygenation instead 

of the case of assuming LOCs, which is here the reference case (figure 8b paper IV). 

For all additional simulation cases, the general trend of the decrease in clinical 

OER with the number of fractions is similar to the trend observed for the reference 

case. 

4.3 The clinical effectiveness of C ion RT relative to photon RT – a 

generalised RBE concept 

In paper V the relative clinical effectiveness (RCE) of carbon ions versus photons 

was assessed. It was defined as the ratio of D50 for the reference radiation (D50, ref), in 

this case X-rays, and the test radiation (D50, test), in this case C ions: 

𝑅𝐶𝐸 =
𝐷50,ref  

𝐷50,test 
    (29) 

For the case of giving the treatments with X-rays and C ions with the same 

number of fractions, the RCE is identical to the RBE if a TCP of 50% is used as end-

point.  

However, the RCE is a more general concept than the RBE in the sense that it 

does not require that the test radiation and the reference radiation are delivered in the 

same number of fractions. That means that the RBE is rather a special case of the RCE 

and can be written as follows: 

𝑅𝐵𝐸 = (𝑅𝐶𝐸)iso−n    (30) 

Therefore, the RCE concept could be used for comparing the outcome of carbon 

ion treatments given in a hypofractionated manner with the outcome of X-ray 

treatments given in a hyperfractionated manner. For simplicity, nC and nX, for carbon 

ions and X-rays, respectively, can be used to indicate the numbers of fractions used for 
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assessing the D50 for each radiation type. The RCE for the numbers of fractions, nC and 

nX, would thus be written as 𝑅𝐶𝐸𝑛C

𝑛X. 

In paper V the RCE was calculated for a tumour with a centrally positioned 

hypoxic island and for a well-oxygenated tumour using carbon ions. The details of the 

simulations were the same as in paper IV, with the addition of a simulated X-ray 

irradiation, assuming uniform dose distribution over the target.  

Since the RCR cell survival model was used for assessing D50 for the carbon ion 

treatments, the non-parameterised RCR expression for the surviving fraction (equation 

8) was fitted to X-ray HSG cell survival data (provided by Prof Yoshiya Furusawa) 

and was subsequently used for determining D50 for the X-ray calculations. 

A better fit was obtained for the LQ model than for the RCR model, however, as 

can be seen in figure 15. The clinical RCE was therefore calculated using the LQ model 

as well. In paper V the results obtained using the RCR model are presented, while the 

corresponding results for the LQ model are presented in the thesis in figures 16 and 

17. 

 

Figure 15. Cell survival curves fitted to survival data of HSG cells irradiated with X-

rays under well-oxygenated (oxic) conditions using the LQ (solid line) and the RCR 

model (dashed line). Oxic curves in red. Hypoxic curves in blue were obtained by 

assuming a DMF of 3. Experimental cell survival data was provided by Prof Yoshiya 

Furusawa. 

https://www.linkedin.com/profile/view?id=172832727&authType=name&authToken=_b-3&trk=prof-pub-cc-name


 

37 

 

 

Figure 16. Dose response curves calculated using the LQ model for the well-

oxygenated tumour (upper panel) and for the hypoxic tumour (lower panel). The 

different curves correspond to the irradiation with photons (green curves) and to the 

irradiation with carbon ions (purple curves) with the total dose delivered in 3 fractions 

(solid lines) or in 30 fractions (dashed lines). 

Using the LQ model, the same trends result as for the RCR model, the 𝑅𝐶𝐸3
30 

being higher than the 𝑅𝐶𝐸30
30 and the 𝑅𝐶𝐸3

3 for both the well-oxygented tumour and 

the hypoxic tumour. This is a direct consequence of the lower dose required for the 

same effect using carbon ions compared to photons and the lower dose required using 

fewer fractions (3 for C ions in this case) compared to using many fractions (30 for 
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photons in the current example). Thus, the greatest difference in D50 is expected to be 

found between the hypofractionated carbon ion treatments and hyperfractionated 

photon treatments.  

 

Figure 17. The relative clinical effectiveness of carbon ions for different numbers of 

fractions. The number of fractions for the reference photon treatment is 30. 

 

The main difference between using the LQ model and the RCR model is that the 

𝑅𝐶𝐸3
30 and the 𝑅𝐶𝐸30

30 are lower for the LQ model  (3.7 and 2.5, respectively, for the 

hypoxic tumour and 3.4 and 2.2, respectively, for the well-oxygenated tumour) 

compared with the RCR model (5.4 and 3.6, respectively, for the hypoxic tumour and 

4.5 and 2.8, respectively, for the well-oxygenated tumour). The reason for this is that 

the RCR model underestimates cell kill at low fraction doses compared to the 

experimental X-ray data (see figure 15), which leads to higher values of D50 for 

schedules employing many fractions. For the hypoxic tumour for example and for nx 

= 30, the fractional dose was 3.6 Gy using the LQ model and 2.4 using the RCR model, 

and thus within the dose range of the RCR cell survival curve in which cell survival is 

overestimated.  
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5. General discussion and concluding summary 

The aim of this thesis was to find modelling approaches that could be used for 

the evaluation of the impact of hypoxia on the outcome of radiotherapy and 

furthermore, to develop modelling-based methods to balance the radioresistance 

induced by hypoxia. 

Even though the effectiveness of carbon ions, for the purpose of counteracting 

the resistance effects of hypoxia, was partly questioned during this work, the great 

therapeutic potential of carbon ions cannot be denied. However, the development of 

the models in this thesis relied highly on the preceding similar models for photons and 

the application of the models for treatment evaluations relied on photons as a reference 

treatment modality with which carbon ions could be compared. 

The idea of LET-painting of hypoxic regions with carbon ions is, for example, a 

direct extension of the idea of dose-painting with photons, a concept whose feasibility 

was evaluated in paper I. The results of paper I showed that normal tissues surrounding 

a tumour with a large hypoxic island could be spared by delivering a high dose to the 

most resistant areas of the tumours, while keeping clinically acceptable dose levels to 

its less resistant regions. Dose-painting is currently being clinically evaluated (Zhang 

et al 2014, Vera and Rastelli 2014). Such clinical studies might pave the way for a 

switch to other irradiation modalities for patients with tumours for which the dose 

escalation to the hypoxic regions is not feasible with photons. The major difference 

between the method proposed in paper I compared to dose-painting methods suggested 

by other authors, is that the dose-segmentation algorithms in paper I take the dynamics 

of hypoxia into account and that they are based on a certain level of tumour control 

probability as an objective (Xing et al 2002, Alber et al 2003, Das et al 2004, Malinen 

et al 2006, Grosu et al 2007, Søvik et al 2007, Thorwarth et al 2007, Lee et al 2007, 

Flynn et al 2008, Thorwarth et al 2010). 

Independently of treatment modality, the aim of treatment planning should 

always be to achieve maximum cell kill within the tumour volume, as the survival of 

one single cell might jeopardise the success of the whole treatment. Therefore the 

tumour control probability taking heterogeneities in radiosensitivity into account 

should be used as an objective function for treatment optimization. In this respect, one 

major contribution of this thesis was to modify an LET-parameterised cell survival 
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model to take tumour oxygenation into account, enabling advanced optimization of 

biologically effective dose and tumour control probability in carbon ion RT (paper II).  

The model proposed in paper II was used for a LET-painting treatment planning study 

in a recently published paper by Bassler et al (2013). The study showed however, that 

particles heavier than carbon ions, and thus of even higher LET, might be needed to 

achieve low OER levels, a conclusion which is seemingly in contradiction to the results 

of a clinical study by Nakano et al (2006). In the clinical study, equally good outcomes 

after carbon ion RT were found for patients with hypoxic tumours as for patients with 

well-oxygenated tumours. Polarographic needle measurements of tumour oxygenation 

were performed before the initiation of treatment and after the fifth irradiation in order 

to make sure that the beneficial effects of C ions were not due to reoxygenation. 

Potentially capable of measuring changes in the average hypoxic fraction of a tumour, 

polarographic needle measurements of hypoxia are unable to determine local 

variations in oxygenation. Paper IV of this thesis might explain the apparent 

contradictory results of the LET-painting study by Bassler et al and the clinical study 

by Nakano et al, by introducing the clinical OER as a measure of the impact of the 

oxygen effect after a full course of fractionated treatment (instead of after one single 

fraction) and furthermore, by taking into account local oxygenation changes between 

fractions. In paper IV and in section 4.2 of this thesis, it was shown that the clinical 

OER of hypoxic tumours treated with carbon ions is actually close to unity. It is 

however close to unity only if local oxygenation changes are assumed to take place. If 

a global decrease in the hypoxic fraction also occurred during the course of treatment, 

in addition to the LOCs, the oxygen effect in terms of the clinical OER, becomes 

negligible. As the doses per fraction in the clinical study by Nakano et al were very 

low (0.7-1 Gy), the good outcomes for the patients with hypoxic tumours would thus 

be expected. Oppositely, since only one large single dose fraction was used in the LET-

painting study by Bassler et al, LOCs did not get the chance to have any beneficial 

influence on the treatment and the conclusion that carbon ions might not be efficient 

enough is valid only in that particular context. The above comparison highlights the 

potential applications of in silico tumour modelling, in which a wide range of 

parameters can be taken into account simultaneously when comparing different 

treatment approaches. 
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Similar results as in paper IV were obtained for the hypofractionated photon 

SBRT treatments investigated in paper III. The advantage of allowing just two or a few 

LOCs to take place between fractions was obvious, as indicated by the higher total 

dose required for the same level of TCP using one single fraction compared to using 

three or five, when the USC model was used for calculating the surviving fractions. 

In the final paper of this thesis, paper V, fractionated carbon ion treatments were 

compared to fractionated photon treatments for tumours with dynamic hypoxia. For 

this purpose the RBE concept was generalised, and a relative clinical effectiveness was 

defined as the ratio of doses required for a certain TCP for different radiation treatment 

modalities, with the possibility of comparing treatments with different fractionation 

schedules. As expected, the effectiveness was considerably higher for carbon ions than 

for photons, especially for hypoxic tumours and few numbers of fractions. 

Apart from highlighting the potential of in silico modelling using radiobiological 

end-points in the evaluation of RT treatments, this thesis has led to new knowledge by 

allowing the quantification of the effects of the interplay of the dynamics of hypoxia, 

treatment fractionation and radiation quality. 

A new centre for ion beam therapy and research has just been built in Vienna – 

the city of the 2014 ESTRO conference, and the city in which these concluding remarks 

are written. It is an ion radiotherapy centre among still very few around the world. It 

serves, however, as a strong indication that ion radiotherapy is literally, slowly gaining 

new grounds. 

  



 

42 

 

6. Acknowledgements 

I would like to express my sincere gratitude to everyone who has contributed to 

this thesis. 

First and foremost, I would like to thank my supervisor, Dr Iuliana Toma-Dasu, 

for your continuous support and immense knowledge in the field of radiotherapy and 

radiobiology. I thank you for giving me lots of freedom in organizing my work. I was 

able to seize that freedom thanks to my certainty that you would catch me if I fell. 

I would like to acknowledge the contribution of Prof Anders Brahme, my co-

supervisor for the first years of my PhD studies. Thank you for sharing your visions 

regarding light ions and biological optimization of radiotherapy. 

I would like to thank Prof Per-Erik Tegnér, Dr Albert Siegbahn, and Dr Sara 

Strandberg for valuable comments on my thesis. 

I would like to thank all my co-authors for their contribution to our studies. A 

special thanks to Dr Alexandru Dasu, who supported us with simulation codes and 

careful reading of the thesis papers and the thesis itself. Without the generosity of Prof 

Yoshiya Furusawa, who shared his experimental data with us, the direction of our work 

would have been another. Dr Niels Bassler, thank you for putting belief and trust in 

the potential of our modelling approaches. I would also like to mention the delight in 

working closely together with Emely Lindblom. It has been a pleasure to discuss 

everything from physics and the art of writing to the pedagogics regarding the 

laboratory exercises at the Master Program in medical radiation physics with you! 

I am grateful to Dr Margaretha Edgren for taking your time to thoroughly 

consider and answer my questions regarding radiobiology in general and hypoxia in 

particular.  

I highly appreciate the supportive presence of Dr Bo Nilsson at MSF, and the 

flexibility of Dr Irena Gudowska in managing the supervision of the laboratory 

exercises. Thank you also for the good education you gave me in medical radiation 

physics. 

There are a few other persons at MSF I would like to thank. Dr Bengt Lind and 

Dr Minna Wedenberg, thank you for helping me with the fitting. Prof Hooshang 

Nikjoo, thank you for organizing scientific activities at MSF, such as various 

seminars and courses. Dr Annelie Meijer, thank you for your kind support on my trip 



 

43 

 

to Chiba. Prof Pedro Andreo, thank you for valuable discussions regarding the 

supervision of laboratory exercises. Prof Dzevad Belkic and Dr Karen Belkic, thank 

you for your friendliness and diplomacy, which I admire. Mariann Eklund, thank you 

for helping me with all important paperwork. Tommy Sundström and Alfredo 

Metere, thank you for the computer support. A special thanks goes to Lil Engström 

for creating a warm and friendly environment at MSF. It meant a lot to me. 

To all fellow PhD students at MSF, none mentioned, none forgotten, thank you 

for being good friends with whom I could share my stress at times, and for taking 

initiatives to fun activities outside work.  

I would also like to thank Prof Eva Lund, Dr Åsa Carlsson Tedgren and all 

other collegues and co-workers at Linköping University and Linköping Hospital for 

inspiring me to start my PhD studies. 

 

My friends and my family, you are the best!  

 

 

     



 

44 

 

7. Bibliography 

Alber M, Paulsen F, Eschmann SM et al. On biologically conformal boost dose 

optimization. Phys Med Biol 2003; 48: N31-N35. 

Alper T and Howard-Flanders P. Role of oxygen in modifying the radiosensitivity of 

E. coli B. Nature 1956; 178: 978-9 

Andisheh B, Edgren M, Belkić D et al. A comparative analysis of radiobiological 

models for cell surviving fractions at high doses. Technol Cancer Res Treat 2013 Apr; 

12: 183-92. 

Barendsen GW, Koot CJ, Van Kersen GR et al. The effect of oxygen on impairment 

of the proliferative capacity of human cells in culture by ionizing radiations of different 

LET. Int J Radiat Biol Relat Stud Phys Chem Med 1966; 10: 317-27. 

Barendsen GW. Responses of cultured cells, tumours, and normal tissues to radiation 

of different linear energy transfer Curr Top Radiat Res 1968; Q 4:293-356 

Barendsen GW. Dose fractionation, dose rate and iso-effect relationships for normal 

tissue responses. Int J Radiat Oncol Biol Phys 1982; 8: 1981-97 

Bassler N, Jäkel O, Søndergaard CS et al. Dose- and LET-painting with particle 

therapy. Acta Oncol 2010; 49: 1170-76 

Bassler N, Toftegaard J, Lühr A et al. LET-painting increases tumour control 

probability in hypoxic tumours. Acta Oncol 2013; Early Online: 1-8 

Baumann P, Nyman J, Hoyer M et al. Outcome in a prospective phase II trial of 

medically inoperable stage I non-small-cell lung cancer patients treated with 

stereotactic body radiotherapy. J Clin Oncol 2009; 27: 3290-3296. 

Bentzen S M. Dose-response relationships on radiotherapy. In: Steel G G (ed). Basic 

Clinical Radiobiology. Arnold, New York: 1997, 78-86 

Berry RJ. Survival of murine leukemia cells in vivo after irradiation in vitro under 

aerobic and hypoxic conditions with monoenergetic accelerated charged particles. 

Radiat Res 1970; 44: 237-47 

Blakely EA, Tobias CA et al. Inactivation of human kidney cells by high-energy 

monoenergetic heavy-ion beams. Radiat Res 1979; 80: 122-60. 

Bortfeld T. IMRT: a review and preview. Phys Med Biol 2006; 51: R363–79  

Brahme A. Accurate description of the cell survival and biological effect at low and 

high doses and LET's. J Radiat Res 2011; 52: 389-407 

Brown JM. Evidence for acutely hypoxic cells in mouse tumours, and a possible 

mechanism of reoxygenation British Journal of Radiology 1979; 52: 650-656 

http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=HOWARD-FLANDERS%20P%5BAuthor%5D&cauthor=true&cauthor_uid=13378491
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed/13378491
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Andisheh%20B%5BAuthor%5D&cauthor=true&cauthor_uid=23098282
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Edgren%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23098282
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Belki%C4%87%20D%5BAuthor%5D&cauthor=true&cauthor_uid=23098282
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed/23098282
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Barendsen%20GW%5BAuthor%5D&cauthor=true&cauthor_uid=5297012
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Koot%20CJ%5BAuthor%5D&cauthor=true&cauthor_uid=5297012
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Van%20Kersen%20GR%5BAuthor%5D&cauthor=true&cauthor_uid=5297012
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Tobias%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=504567


 

45 

 

Chadwick KH and Leenhouts HP. A molecular theory of cell survival Physics in 

Medicine and Biology 1973; 18: 78-87 

Chaplin DJ, Olive PL and Durand RE. Intermittent blood flow in a murine tumor: 

radiobiological effects. Cancer Research 1987; 47: 597-601 

Curtis SB. Lethal and potentially lethal lesions induced by radiation--a unified repair 

model. Radiat Res 1986; 106: 252-70. 

Das SK, Miften MM, Zhou S et al. Feasibility of optimizing the dose distribution in 

lung tumours using fluorine-18-fluorodeoxyglucose positron emission tomography 

and single photon emission computed tomography guided dose prescriptions. Med 

Phys 2004; 31: 1452-61. 

Dasu A and Denekamp J New insights into factors influencing the clinically relevant 

oxygen enhancement ratio. Radiother and Oncol 1998; 46: 269-277 

Dasu A and Denekamp J. Superfractionation as a potential hypoxic cell radiosensitizer: 

prediction of an optimum dose per fraction. Int J Radiat Oncol, Biol, Phys 1999; 43: 

1083-94 

Dasu A, Toma-Dasu I and Karlsson M. Theoretical simulation of tumour oxygenation 

and results from acute and chronic hypoxia Phys Med Biol 2003; 48: 2829-42 

Dasu A, Toma-Dasu I and Karlsson M. The effects of hypoxia on the theoretical 

modelling of tumour control probability. Acta Oncol 2005; 44: 563-71 

Dasu A and Toma-Dasu I. Treatment modelling: the influence of micro-environmental 

conditions. Acta Oncol 2008; 47: 896-905 

Douglas BG and Fowler JF. Letter: Fractionation schedules and a quadratic dose-effect 

relationship British Journal of Radiology 1975; 48: 502-4 

Douglas BG and Fowler JF. The effect of multiple small doses of x rays on skin 

reactions in the mouse and a basic interpretation Radiat Res 1976; 66: 401-26 

Ellis F. Dose time and fractionation in radiotherapy. In: Elbert M and Howard A (eds). 

Current Topics in Radiation Research, Volume 4, 1968, Amsterdam: North-Holland 

Publishing Co, 1968; 359-97. 

Farhataziz and Rodgers MAJ. Radiation Chemistry - Principles and Applications, 

VCH Publishers, 1987 

Fenton BM, Lord EM and Paoni SF. Effects of radiation on tumour intravascular 

oxygenation, vascular configuration, development of hypoxia, and clonogenic 

survival. Radiat Res 2001; 155: 360-8 

Flynn RT, Bowen SR, Bentzen SM et al. Intensity-modulated x-ray (IMXT) versus 

proton (IMPT) therapy for theragnostic hypoxia-based dose painting. Phys Med Biol 

2008; 53: 4153-67. 

http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Curtis%20SB%5BAuthor%5D&cauthor=true&cauthor_uid=3704115
http://www.ep.liu.se/PubList/Default.aspx?userid=aleda92
http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-72009
http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-72009
http://www.ep.liu.se/PubList/Default.aspx?userid=aleda92


 

46 

 

Folkman J. The vascularization of tumours. Scientific American 1976; 234: 58-63 

Fowler JF. Optimum overall times II: Extended modelling for head and neck 

radiotherapy. Clin Oncol 2008; 20: 113-26. 

Fritz P, Kraus HJ, Blaschke T et al. Stereotactic, high single-dose irradiation of stage 

I non-small cell lung cancer (NSCLC) using four-dimensional CT scans for treatment 

planning. Lung Cancer 2008, 60: 193-9 

Furusawa Y, Fukutsu K, Aoki M et al. Inactivation of Aerobic and Hypoxic Cells from 

Three Different Cell Lines by Accelerated 3He-, 12C- and 20Ne-Ion Beams. Rad Res 

2000; 154: 485-96 

Garcia LM, Leblanc J, Wilkins D et al. Fitting the linear-quadratic model to detailed 

data sets for different dose ranges. Phys Med Biol. 2006; 51: 2813-23 

Grosu AL, Souvatzoglou M, Roper B et al. Hypoxia imaging with FAZA-PET and 

theoretical considerations with regard to dose painting for individualization of 

radiotherapy in patients with head and neck cancer. Int J Radiat Oncol Biol Phys 2007; 

69: 541-51 

Haasbeek CJA, Lagerwaard FJ, Antonisse ME, Slotman BJ, Senan S: Stage I nonsmall 

cell lung cancer in patients aged > 75 years: outcomes after stereotactic radiotherapy. 

Cancer 2010; 116: 406-414 

Habermehl D, Debus J, Ganten T et al. Hypofractionated carbon ion therapy delivered 

with scanned ion beams for patients with hepatocellular carcinoma – feasibility and 

clinical response. Radiat Oncol 2013; 8: 59 

Hall E and Giaccia A. Radiobiology for the radiologist, 7th ed, Philadelphia: Lippincott 

Williams & Wilkins, a Wolters Kluwer business 2012 

Hawkins RB. A Microdosimetric-Kinetic Model for the Effect of Non-Poisson 

Distribution of Lethal Lesions on the Variation of RBE with LET. Radiat Res 2003; 

160: 61-9 

Hoeben BA, Starmans MH, Leijenaar RT et al. Systematic analysis of 18F-FDG PET 

and metabolism, proliferation and hypoxia markers for classification of head and neck 

tumours. BMC Cancer 2014; 14: 130 

Hof H, Muenter M, Oetzel D et al. Stereotactic single-dose radiotherapy (radiosurgery) 

of early-stage nonsmall-cell lung cancer (NSCLC). Cancer 2007; 110:148-155. 

Howard-Flanders P and Moore D. The time interval after pulsed irradiation within 

which injury to bacteria can be modified by dissolved oxygen. I. A search for an effect 

of oxygen 0.02 second after pulsed irradiation. Radiat Res. 1958; 9: 422-37 

International Commission on Radiation Units and Measurements. Quantitative 

Concepts and Dosimetry in Radiobiology, ICRU Report 30, Bathesda, MD, 1979 

http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Leblanc%20J%5BAuthor%5D&cauthor=true&cauthor_uid=16723768
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Wilkins%20D%5BAuthor%5D&cauthor=true&cauthor_uid=16723768
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=%28%28%28Garcia%5BAuthor%5D%29%20AND%20Leblanc%5BAuthor%5D%29%20AND%20Wilkins%5BAuthor%5D%29
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Habermehl%20D%5BAuthor%5D&cauthor=true&cauthor_uid=23497349
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Debus%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23497349
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Ganten%20T%5BAuthor%5D&cauthor=true&cauthor_uid=23497349
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed/13591515


 

47 

 

International Commission on Radiation Units and Measurements. Fundamental 

Quantities and Units for Ionizing Radiation (ICRU Report 85) Journal of the ICRU 

2011 11 

Joiner MC and Johns H. Renal damage in the mouse: the response to very small doses 

per fraction. Radiat Res 1988; 114: 385-98 

Joiner MC, Lambin P, Malaise EP, Robson T, Arrand JE, Skov KA, Marples B. 

Hypersensitivity to very-low single radiation doses: its relationship to the adaptive 

response and induced radioresistance. Mutat Res. 1996; 358: 171-83. 

Joiner MC and van der Kogel A. Basic Clinical Radiobiology 4th ed. A Hodder Arnold 

Publication; 2009 

Jones B. The development of mathematical models in radiation oncology. Doctoral 

Thesis, Gonville and Caius, University of Cambridge, 1997  

Jones B and Dale RG. Radiobiological modeling and clinical trials. Int J Radiat Oncol 

Biol Phys. 2000; 48: 259-65 

Kallinowski F, Tyler G, Mueller-Klieser F et al Growth-related changes of oxygen 

consumption rates of tumour cells grown in vitro and in vivo. Journal of Cellular 

Physiology 1989; 138: 183-191 

Kirkpatrick JP, Meyer JJ and Marks LB. The linear-quadratic model is inappropriate 

to model high dose per fraction effects in radiosurgery. Semin Radiat Oncol. 2008; 18: 

240-3 

Lea DE and Catcheside DG. The mechanism of the induction by radiation of 

chromosome aberrations in tradescantia. J Genetics 1942; 44; 216-45 

Lee ST and Scott AM. Hypoxia positron emission tomography imaging with 18f-

fluoromisonidazole. Semin Nucl Med 2007; 37: 451-61 

Lind B, Persson LM, Edgren MR et al. Repairable-conditionally repairable damage 

model based on dual Poisson processes. Radiat Res 2003; 160: 366-75 

Ljungkvist A, Bussink J, Kaanders J et al. Hypoxic cell turnover in different solid 

tumour lines. Int J Rad Oncol Biol Phys 2005; 62: 1157–68 

Ljungkvist A, Bussink J, Kaanders J et al. Dynamics of Hypoxia, Proliferation and 

Apoptosis after Irradiation in a Murine Tumour Model. Rad Res 2006; 165: 326-36 

Ma NY, Tinganelli W, Maier A et al. Influence of chronic hypoxia and radiation 

quality on cell survival. J Radiat Res 2013; 54 Suppl 1: i13-22 

Malinen E, Sovik A, Hristov D et al. Adapting radiotherapy to hypoxic tumours. Phys 

Med Biol 2006; 51: 4903-21 

http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Joiner%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=8946022
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Lambin%20P%5BAuthor%5D&cauthor=true&cauthor_uid=8946022
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Malaise%20EP%5BAuthor%5D&cauthor=true&cauthor_uid=8946022
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Robson%20T%5BAuthor%5D&cauthor=true&cauthor_uid=8946022
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Arrand%20JE%5BAuthor%5D&cauthor=true&cauthor_uid=8946022
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Skov%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=8946022
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Marples%20B%5BAuthor%5D&cauthor=true&cauthor_uid=8946022
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed/8946022
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=%28%28Jones%20B%5BAuthor%5D%29%20AND%20Dale%20RG%5BAuthor%5D%29%20AND%20%28Radiobiological%20modeling%20and%20clinical%20trials%29
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=%28%28Jones%20B%5BAuthor%5D%29%20AND%20Dale%20RG%5BAuthor%5D%29%20AND%20%28Radiobiological%20modeling%20and%20clinical%20trials%29
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Meyer%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=18725110
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Marks%20LB%5BAuthor%5D&cauthor=true&cauthor_uid=18725110
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed/18725110
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Persson%20LM%5BAuthor%5D&cauthor=true&cauthor_uid=12926995
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Edgren%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=12926995


 

48 

 

Marples B, Lambin P, Skov KA et al. Low dose hyper-radiosensitivity and increased 

radioresistance in mammalian cells. Int J Radiat Biol. 1997; 71:721-35 

Miyamoto T, Baba M, Yamamoto N et al. Curative treatment of stage I non-small-cell 

lung cancer with carbon ion beams using a hypofractionated regimen Int J Rad Oncol 

Biol Phys 2007a; 67: 750-58 

Miyamoto T, Baba M, Sugane T et al. Carbon Ion Radiotherapy for Stage I Non-small 

Cell Lung Cancer Using a Regimen of Four Fractions during 1 Week. J Thorac Oncol 

2007b; 2: 916-926 

Munro TR and Gilbert CW. The relation between tumour lethal doses and the 

radiosensitivity of tumour cells. Br J Radiol 1961; 34: 246–251 

Nahum AE, Movsas B, Horwitz EM et al. Incorporating clinical measurements of 

hypoxia into tumour local control modeling of prostate cancer: Implications for the α/β 

ratio. Int J Radiat Oncol Biol Phys 2003; 57: 391–401. 

Nakano T, Suzuki Y, Ohno T et al. Carbon Beam Therapy Overcomes the Radiation 

Resistance of Uterine Cervical Cancer Originating from Hypoxia. Clin Cancer Res 

2006; 12: 2185-90 

Okada T, Tsuji H, Kamada T et al. Carbon ion radiotherapy in advanced 

hypofractionated regimens for prostate cancer: from 20 to 16 fractions. Int J Rad Oncol 

Biol Phys 2012; 84: 968-72 

Olsen JR, Robinson CG, El Naqa I et al. Dose-response for stereotactic body 

radiotherapy in early-stage non-small-cell lung cancer. Int J Radiat Oncol Biol Phys 

2011; 81: e299-e303 

Overgaard J. Hypoxic radiosensitization: adored and ignored J Clin Oncol 2007; 25: 

4066-74. 

Palcic B and Skarsgard LD. Reduced oxygen enhancement ratio at low doses of 

ionizing radiation. Radiat Res 1984; 100: 328-339 

Park C, Papiez L, Zhang S et al.. Universal survival curve and single fraction 

equivalent dose: useful tools in understanding potency of ablative radiotherapy. Int J 

Radiat Oncol Biol Phys 2008; 70: 847-852 

Pike MC and Alper T. A method for determining dose-modification factors. Brit J 

Radiol 1964; 37: 458-62  

Puck TT and Markus P. Action of x-rays on mammalian cells. J Exp Med 1956; 103: 

653-66 

Redler G, Epel B and Halpern H. Principal Component Analysis Enhances SNR for 

Dynamic Electron Paramagnetic Resonance Oxygen Imaging of Cycling Hypoxia In 

Vivo. Magn Reson Med 2013; 00 

http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Marples%20B%5BAuthor%5D&cauthor=true&cauthor_uid=9246186
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Lambin%20P%5BAuthor%5D&cauthor=true&cauthor_uid=9246186
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Skov%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=9246186
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed/9246186
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Okada%20T%5BAuthor%5D&cauthor=true&cauthor_uid=22898380
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Tsuji%20H%5BAuthor%5D&cauthor=true&cauthor_uid=22898380
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Kamada%20T%5BAuthor%5D&cauthor=true&cauthor_uid=22898380


 

49 

 

Rijken PF, Bernsen HJ, Peters JP et al. Spatial relationship between hypoxia and the 

(perfused) vascular network in a human glioma xenograft: a quantitative multi-

parameter analysis. Int J Radiat Oncol Biol Phys 2000; 48: 571-582 

Scifoni E, Tinganelli W, Weyrather W K et al. Including oxygen enhancement ratio in 

ion beam treatment planning: model implementation and experimental verification. 

Phys Med Biol 2013; 58: 3871-95 

Søvik A, Malinen E, Bruland OS et al. Optimization of tumour control probability in 

hypoxic tumours by radiation dose redistribution: a modelling study. Phys Med Biol 

2007; 52: 499-513 

Staab A, Zukowski D, Walenta S et al. Response of Chinese hamster v79 multicellular 

spheroids exposed to high-energy carbon ions. Radiat Res 2004; 161: 219-27 

Suit H, DeLaney T, Goldberg S et al. Protons vs carbon ion beams in the definitive 

radiation treatment of cancer patients. Radiother Oncol 2010; 95: 3-22 

Takeda A, Sanuki N, Kunieda E et al. Stereotactic body radiotherapy for primary lung 

cancer at a dose of 50 Gy total in five fractions to the periphery of the planning target 

volume calculated using a superposition algorithm. Int J Radiat Oncol Biol Phys 2009; 

73: 442-448 

Thames HD and Henry JH. Fractionation in radiotherapy. London: Taylor & Francis, 

1987 

Thomlinson RH and Gray LH The histological structure of some human lung cancers 

and the possible implications for radiotherapy British Journal of Cancer 1955; 9: 539-

49 

Thorwarth D, Eschmann SM, Paulsen F et al. Hypoxia dose painting by numbers: a 

planning study. Int J Radiat Oncol Biol Phys 2007; 68: 291-300 

Thorwarth D, Alber M. Implementation of hypoxia imaging into treatment planning 

and delivery. Radiother Oncol 2010; 97: 172-5 

Todd P. Heavy-ion irradiation of cultured human cells. Radiat Res Suppl. 1967; 7: 196-

207 

Toma-Dasu I, Dasu A and Brahme A. Dose prescription and optimisation based on 

tumour hypoxia. Acta Oncol 2009; 48: 1181-92 

Toma-Dasu I and Dasu A. Modelling of the dynamics of tumour oxygenation and the 

influences on the treatment outcome Computational and Mathematical Methods in 

Medicine 2013; 141087 

Turesson I and Joiner MC. Clinical evidence of hypersensitivity to low doses in 

radiotherapy. Radiother Oncol 1996; 40: 1-3 

http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Staab%20A%5BAuthor%5D&cauthor=true&cauthor_uid=14731067
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Zukowski%20D%5BAuthor%5D&cauthor=true&cauthor_uid=14731067
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Walenta%20S%5BAuthor%5D&cauthor=true&cauthor_uid=14731067
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed/6058655
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Turesson%20I%5BAuthor%5D&cauthor=true&cauthor_uid=8844882
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Joiner%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=8844882


 

50 

 

Vaupel P, Kallinowski F and Okunieff P. Blood flow, oxygen and nutrient supply, and 

metabolic microenvironment of human tumours: a review. Cancer Res 1989; 49: 6449-

65 

Vaupel P. Tumour microenvironmental physiology and its implications for radiation 

oncology. Seminars in Radiation Oncology 2004; 14: 198-206 

Vaupel P and Mayer A. Hypoxia in cancer: significance and impact on clinical 

outcome Cancer and Metastasis Reviews 2007; 26: 225-39 

Vaupel P, Höckel M and Mayer A. Detection and characterization of tumour hypoxia 

using pO2 histography. Antiox & Redox Signal 2007; 9: 8 

Vera P and Rastelli O. Radiotherapy Dose Complement in the Treatment of Hypoxic 

Lesions Patients With Stage III Non-small-cell Lung Cancer (RTEP-5) In: 

ClinicalTrials.gov [Internet] Bethesda (MD): National Library of Medicine (US). 

2000-2014. Available from: http://clinicaltrials.gov/show/NCT01576796 Identifier: 

NCT01576796 

Wambersie A, Hendry JH, Andreo P et al. The RBE issues in ion-beam therapy: 

conclusions of a joint IAEA/ICRU working group regarding quantities and units. 

Radiat Prot Dosimetry. 2006; 122: 463-70 

Wedenberg M, Lind BK, Toma-Daşu I et al. Analytical description of the LET 

dependence of cell survival using the repairable-conditionally repairable damage 

model. Rad Res 2010; 174: 517-25 

Wilson RR. Radiological use of fast protons. Radiology 1946; 47: 487-491 

Withers HR. Biologic basis for altered fractionation schemes. Cancer 1985; 55(9 

Suppl): 2086-95 

Xing L, Cotrutz C, Hunjan S et al. Inverse planning for functional image-guided 

intensity-modulated radiation therapy. Phys Med Biol 2002; 47: 3567-78 

Zhang L, Wang A, Wang J et al. Hypoxia Imaging -Guided Radiotherapy of 

Nasopharyngeal Carcinoma In: ClinicalTrials.gov [Internet] Bethesda (MD): National 

Library of Medicine (US). 2000-2014. Available from: 

http://clinicaltrials.gov/show/NCT02089204 Identifier: NCT02089204 

Zimmermann FB, Geinitz H, Schill S et al. Stereotactic hypofractionated radiation 

therapy for stage I non-small cell lung cancer. Lung Cancer 2005, 48: 107-114 

http://clinicaltrials.gov/show/NCT01576796
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Wambersie%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17229786
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Hendry%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=17229786
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Andreo%20P%5BAuthor%5D&cauthor=true&cauthor_uid=17229786
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed/17229786
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Wedenberg%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20726730
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Lind%20BK%5BAuthor%5D&cauthor=true&cauthor_uid=20726730
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Toma-Da%C5%9Fu%20I%5BAuthor%5D&cauthor=true&cauthor_uid=20726730
http://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/pubmed?term=Withers%20HR%5BAuthor%5D&cauthor=true&cauthor_uid=3919923
http://clinicaltrials.gov/show/NCT02089204

