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Chapter 1

Introduction

1.1 Cancer diseases and treatment

Cancer is global term for more than 100 diseases, that have in common un-
controlled division of cells and their ability to attack other tissues. These
abnormal cells can damage neighboring tissues by direct growth (invasion) or
they can spread to distant places by transporting through the bloodstream or
lymphatic system (metastases). The unregulated growth is induced by dam-
age to DNA that causes mutations in genes that encode proteins controlling
cell division.

More than 11 million people worldwide are diagnosed with cancer every
year and it is estimated that this number will increase to 16 million new
cases by 2020. Now cancer causes approximately 7 million deaths every year,
that is 12.5% of deaths worldwide [http://www.who.int/en]. According to
Institute of Health Information and Statistics [http://www.uzis.cz], Czech
republic as compared to the rest of the world belongs to countries with high
occurrence of tumors (especially colorectal and lung cancer).

Cancer is treated by surgery, chemotherapy, radiotherapy and biologic
therapy or their combinations. In case the tumor is close to vital organs is
radiotherapy often the only way to cure. The choice of optimal therapy type
is depending on the location and phase of the tumor growth, as well as on
the general condition of the patient.

During the last years, a big progress in modern techniques in all fields
of cancer treatment has been made. This thesis is concerned with radiothe-
rapy, particularly with a new promising method, hadron therapy. Classical
radiotherapy is based on using X-rays to target tumor, but there is grow-
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CHAPTER 1. INTRODUCTION 3

ing interest in using protons and ions instead. Beams of particles, such as
protons and light ions, provide considerable advantages in comparison with
X-ray radiotherapy. However, they have not been commonly used in clinical
practice yet.

1.2 Radiotherapy

At the present time, radiotherapy is one of most effective methods used in
cancer treatment. The aim of this treatment modality is to eliminate cells
in tumor by irradiation with the smallest damage to normal tissues. Ra-
diation therapy has been applied as a cancer treatment for more than 100
years, from the discovery of x-rays in 1895. The first concept of therapeutic
radiation was suggested in fact by Wilhelm Conrad Röntgen when he dis-
covered that the x-ray was a powerful and effective tool to kill cells. The
x-ray radiation as a cancer treatment became the subject of medical research
in the 1920s. In 1971 Godfrey Hounsfield invented a computed tomography
(CT) [Ambrose et Hounsfield et al 1973, Hounsfield et al 1973], a very pow-
erful modality for three-dimensional scanning of patient’s body that make
possible planning and measuring the dose delivered to the tumor based on
axial tomographical images.

The development of new imaging technologies, e.g., magnetic resonance
imaging (MRI) in the 1970s and positron emission tomography (PET) in the
1980s, new irradiation techniques as IMRT (Intensity-Modulated Radiation
Therapy) and eventually IGRT (Image Guided Radiation Therapy) as well
as using protons and heavier ions have led to better treatment outcomes
and less side effects. Advancements in radiotherapy research have made it
possible to cure cancers that had previously been regarded as incurable.

In next sections there is a very brief summary of radiotherapy methods
used for treatment of oncological diseases.

1.2.1 Conventional therapy

Conventional radiotherapy is based on delivery of photons or electrons in
two-dimensional beams using linear accelerator to shrink or destroy a tumor.
It is usual to deliver the complete radiation dose in many sessions (fractions).
This procedure spares normal tissues because of repair of sublethal damage
between dose fractions and repopulation of cells [Hall et al 2006]. The dam-
age of tumor cells increases, because of reoxygenation and reassortment of
cells into radiosensitive phases of the cycle between dose fractions.
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Brachytherapy

In contrast to external beam therapy, in which x-ray beams are focused at the
tumor from outside the body, brachytherapy (also called internal radiation
therapy) is based on placing a radioactive material directly inside or next to
the tumor volume [Mazeron 2005]. The greatest advantage of this type of
treatment is a possibility to use a higher total dose of radiation to treat a
smaller area and faster than in the case of external radiation treatment.

There are two types of brachytherapy - temporary or permanent. In the
case of temporary brachytherapy, the radioactive material is placed inside or
near a tumor for a limited time and then removed. Temporary brachyther-
apy can be realized as a low-dose rate (LDR) or high-dose rate (HDR) treat-
ment. Low-dose rate brachytherapy is also used in the treatment of coronary
artery disease to prevent restenosis after angioplasty [Wolfram et al 2006].
Permanent brachytherapy (also called seed implantation) consist in plac-
ing radioactive seeds or pellets (about the size of several milimeters) in or
near the tumor and leaving them in place permanently. The radioactivity
level of the implants gradually decreases and after several months diminishes.
The seeds then remain in the body, with no persisting effect on the patient
[http://www.radiologyinfo.org].

3D Conformal Radiotherapy and Intensity-Modulated Radiation
Therapy

Three dimensional conformal radiation therapy is a modern technique where
the multiple x-ray beams are shaped exactly to the contour of the tumor
volume. By using computed tomography treatment planning to image and
model the tumor and its vicinity in three dimensions, 3D conformal radia-
tion therapy allows to spare normal tissue much better than using classical
irradiation.

Intensity-modulated radiation therapy (IMRT) is an advanced mode of
three-dimensional conformal radiotherapy. It uses specialized software and
computer controlled x-ray accelerators to model the intensity of radiation
delivered to the treatment volume. Treatment is planned by using 3D com-
puted tomography (CT) images of the patient following by dose calculations
to choose the radiation intensity pattern that will best cover the tumor shape.
The shaping is achieved by combinations of several intensity-modulated fields
coming from different beam directions. Because the dose delivered to nor-
mal tissue is significantly lower in comparison to conventional techniques,
markedly higher and therefore more effective doses can be delivered to treat-
ment volume with fewer side effects.

Currently, IMRT is being used to cure tumors nearby organs at risk, like



CHAPTER 1. INTRODUCTION 5

cancers of the prostate, head and neck, thyroid, lung, as well as liver and
brain tumors, lymphomas and sarcomas. In these days, it is one of the most
precise forms of external beam radiation therapy available.

1.2.2 Hadron radiotherapy

The first proposal for using ions in radiotherapy was brought by Robert R.
Wilson in 1946 [Wilson et al 1946]. He suggested to conform the dose to
the tumor volume by using the Bragg peak, that is typical for penetration
of charged hadrons in matter. The first treatments were done at proton
accelerators built for physics research at Berkeley Radiation Laboratory in
1954 and at Uppsala in Sweden in 1957. The first radiotherapy proton center
was opened in Loma Linda, California, and the heavy-ion therapy facility
was completed in 1984 at Chiba in Japan. The summary of present particle
therapy facilities is included in Appendix A.

Figure 1.1: The comparison of the percentage of the absorbed dose in water
for different radiotherapic sources: 8 MV X-Ray beam, monochromatic 200
MeV proton beams (Bragg curve), an a ”modulated” proton beam, the so-
called Spread Out Bragg Peak (SOBP) [Hall et al 2006]

The main difference between x-rays and ionizing particles is their different
biological effect and depth-dose distribution. For x-rays the dose decreases
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exponentially in dependence on penetration depths (Figure 1.1). Therefore
tumors located in greater deep have to be irradiated from many sites in order
to distribute the unwished dose in front of the tumor over a large volume when
delivering a lethal dose to the tumor [Kraft 2007]. Contrary, for protons and
ions is typical a steep increase of energy deposition at the end of the particle
range. This ascension of energy given to the matter is called Bragg peak and
it has been measured in 1903 by William H. Bragg. The sharp region of
Bragg peak can be extended using special techniques into required shape, so-
called Spread Out Bragg Peak - SOBP (see the red line in Figure 1.1). The
another possibility to achieve covering of the tumor is active scanning of the
volume by a thin ”pencil” beam. In last decade the multiple beam irradiation
(Intensity-Modulated Proton Therapy - IMPT) is available, too. Using this
technique, the tumor can be shaped in all its contours with a precision of 2 -
3 mm. At present time, there are many proton and ion radiotherapy center
all over the world (for detail review of hadrontherapy facilities see Appendix)

The comparison between conventional and hadron radiotherapy

The very modern techniques in conventional therapy, IMRT, achieves the
excellent tumour control although a large volume of normal tissues is irradi-
ated (see Figure 1.2 right panels). The major problem of this therapy is the
induction of secondary tumours, especially in case of pediatric patients with
long expected survival. Compared to an x-ray beam, a proton beam that is
delivered with corresponding energy has a low dose in front of the tumor, a
high-dose Bragg peak region that is designed to cover the entire tumor, and
practically no dose beyond the tumor. Proton and especially heavier ions
are characterized by high relative biological effectiveness (RBE) as a result
of ionization density increase in the individual tracks of the particles, where
DNA damage becomes clustered and therefore more difficult to repair. The
RBE is defined as a comparison between two types of radiations to produce
the same effect, therefore it is possible to say that in case of protons and ions
lower dose is necessary to cause a certain result. The RBE depends on the
possibility of repairing the damage caused by radiation. This is relevant in
case of slowly growing tumors, which have a great repair capacity and there-
fore they are very radioresistant [Kraft 2007]. Moreover, carbon ion beams
also have a smaller lateral scattering and range straggling compared to pro-
tons [Tobias et al 1979]. The dose distribution and primarily the biological
effects of ions is often significantly better when compared to protons but also
when compared to the IMRT. Another advantage of carbon ion therapy is
the production of positron emitting carbon isotopes 10C and 11C that can
be used for PET monitoring. The advantages of proton and ion therapy are
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compensated by some limitations: the most important disadvantage is fact,
that hadron therapy facilities are very expensive. Carbon therapy is even
more expensive than proton, because for carbon ions are required greater
energies, the accelerators are more expensive and for beam transport are
used larger magnets. Because of greater RBE of protons and ions, for good
utilization all benefits of this type of treatment is necessary very accurate
treatment planning.

Figure 1.2: The comparison between dose distribution in hadron therapy
(irradiation by carbon ions) and IMRT.
Picture from [http://www.medical.siemens.com]
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1.2.3 Neutron therapy

Neutron beam therapy

Neutron therapy is based on the use of neutron beams, generated in pro-
ton or deuteron accelerators. Neutrons are high linear energy transfer par-
ticles and their effects to cells is done primarily by nuclear interactions
[Montour et al 1974]. Fast neutrons are very suitable for treatment of very
large tumors, because with increasing LET of particles the oxygen effect di-
minishes [Steel 1993]. This effect is significant in case of low-LET radiation,
where for hypoxic cells the dose for inactivation certain ratio of cells is lower
than for oxic cells (for details see section Oxygen effect and Oxygen En-
hancement Ratio on the page 17). Moreover, the biological effectiveness of
neutrons is not influenced by the stage in the life cycle of cancer cells. Be-
cause the biological effectiveness of neutrons is so high, the required number
of fractions is approximately one third of the low LET radiation fractions.
This type of treatment is suitable for broad spectrum of tumors, including
palliative treatment of large tumors and their metastases. Neutron radio-
therapy is offered at the Northern Illinois University Institute for Neutron
Therapy at Fermilab (NIUINT at Fermilab) [http://www-bd.fnal.gov].

Boron Neutron Capture Therapy

After the discovery of the neutron by J. Chadwick in 1932, the ability of
the boron nuclei to capture thermal neutrons has been measured. Boron
Neutron Capture Therapy (BNCT) utilizes thermal or epithermal neutrons
to irradiate tumors previously filled with the isotope 10B. Neutrons interact
with 10B and produce alpha particle and lithium nuclei. The first step con-
sist in intravenous injection of chemically modified 10B, that binds to tumor
cells in preference to normal ones. The neutrons are produced in reactors, or
created in particle accelerators by impacts of protons into lithium or beryl-
lium targets. After that, the energy spectrum of neutrons are adjusted by
moderator and shaped by a collimator. In tissue they react with the 10B,
creating a excited isotope 11B which immediately disintegrates to alpha par-
ticle and 7Li. In place of decay the alpha particle and lithium ion create
ionizations within a range of several micrometers. Therefore, the damage
caused by radiations is limited only on a short range and normal tissues are
spared. BNCT has been experimentally tested as an alternative treatment
for some types of malignant brain tumors [Morris 1991].
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1.3 Mathemical models in radiobiology and
cancer treatment

At the present time, mathematical models are an integral part of radiobi-
ological research. It is often necessary to compare various radiobiological
data and set up a consistent and detailed theory of radiation mechanism in
cells and tissues. One of the fundamental requirements in radiotherapy is a
model describing relationships between given dose and cell survival. There is
a need for reliable predictions of radiobiological effects caused by irradiation
of defined radiation quality. For such predictions a mathematical formal-
ism is necessary, often based on some underlying biophysical model. The
modelling of radiobiological effect in cell is important for better understand-
ing of the mechanisms in cells, for cancer treatment as well as for studying
the radiation protection. The mathematical models should represents not
only the qualitative attributes of the radiobiologic mechanism but also the
quantitative parameters obtained in various experiments.

The most commonly used tool at the present time is the linear-quadratic
(LQ) formalism, which describes cell survival through a parabolical curve in
semi-logarithmic scale with two parameters (for details see Section Linear
Quadratic Model on page 53). The LQ model also provides a approximate
estimation of biological effects of fractionated irradiation [Steel 1993]. Al-
though LQ model is relatively simple, it is possible to say that experimental
data describes relatively satisfactory. At present time there are a tendencies
to represent experimental data by models more related with physical and
biological parameters. Because the cell and all processes after irradiation are
very complicated system, the models involved often many parameters and
relations. It is necessary to remember, that all models are only a simplified
approach, although some of them are very precise. The review of main mod-
els used at the present time in radiobiology is described in chapter Modeling
of radiobiological effects.



Chapter 2

Physics and radiobiology

2.1 Cell death and survival curve

A cell survival curve describes the dependence of radiation dose and a sur-
viving fraction of cells. The survival fraction are usually plotted in a loga-
rithmic scale because survival is almost an exponential function of dose and
a logarithmic scale more easily allows to see and compare effects at very low
survival rate [Steel 1993]. The difference between survival curve plotted in a
linear and in a logarithmic scale is evident in the Figure 2.1.

Figure 2.1: Comparison between survival curves plotted in non-logarithmic
and logarithmic scale of axis y (s(D) means the surviving fraction of cells)

For this purpose it is necessary to define cell survival, or its reverse, cell
death. For differentiated cells, such as nerve or muscle cells, that cannot
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undergo a cell division, cell death means loss of their specific functions. For
proliferating cells, like stem cells or squamous epithelial cells, cellular death
is defined as the to loss of capability of sufficient proliferation. This is some-
times called reproductive death [Hall et al 2006]. After irradiation, cells may
keep their function, may be able to synthetize proteins and DNA and can
pass through one or two mitoses, but they do not have the capability of di-
viding and producing a large colony of daughter cells. In the commonly used
terminology, these cells are not called ”surviving”. A cell that has kept its
reproductive capability and is able to produce a large colony of progeny is
said to be clonogenic [Hall et al 2006]. In laboratory routine as surviving
cells are usually scored those which produce colonies of more than 50 cells.

2.1.1 Mechanisms of cell death

Cell may die by different mechanisms, the two main types of cellular death
are apoptosis and necrosis. Apoptosis can be defined as an orderly and nat-
ural form of cell death that is sometimes programmed. Contrary, necrosis is
always inappropriate or accidental, and usually occurs under adverse envi-
ronmental conditions.

Apoptosis

Apoptosis was first described by Kerr [Kerr et al 1972] as a series of changes
at the microscopic level leading to cell death. For apoptotic cells it is char-
acterized by a special sequence of morphological modification. First, the
cell shrinks because of cytoplasmic condensation, deforms and looses con-
tacts to its adjacent cells. Chromatin condenses at the nuclear membrane,
and finally the cell separates into a number of compact membrane-enclosed
structures of differing sizes, called apoptotic bodies which contain cytosol,
the condensed chromatin, and organelles. The apoptotic bodies are then ab-
sorbed by macrophages and thus are removed from the tissue without causing
damage. Those morphological events are an effect of activation of proteolytic
enzymes which finally cause the cleavage of DNA at specific sites between
nucleosomes into oligonucleosomal packets as well as the fragmentation of
protein substrates which determine the integrity and shape of the cytoplasm
and organelles [Saraste et al 2000].

Necrosis

In contrast to apoptosis, liquidation of cell remains by phagocytes of the
immune system is generally more difficult, because disorderly dying cells
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generally send no molecular signals which tell adjacent phagocytes to engulf
them. For the immune system it is hard to locate and recycle dead cells
which have died through necrosis than if the cell had undergone apoptosis.
There are four major types of necrosis: coagulative, caused by ischemia;
liquefactive, usually caused by bacterial infections; caseous, that is distinct
form of coagulative necrosis seen in mycobacterial infections; and fat necrosis,
caused either by release of pancreatic enzymes from pancreas or intestine.
Generally, necrosis is characterized by cell swelling and mitochondrial damage
leading to rapid breakdown of homeostatic control. Cell membrane lyses and
the release of the intracellular contents causes an inflammatory response,
with oedema and damage to the surrounding cells [Majno et al 1995].

Mitotic death

The major form of cell death from irradiation is mitotic death [Hall et al 2006].
Death may occur in the first or second division after irradiation. It is hypoth-
esized that mitotic cell death is a consequence of specific chromosomal aberra-
tions such as asymmetric exchange-type abberations [Cornforth et al 1987].

Bystander effect

By-stander effect is defined as the induction of biologic effects in cells that
are not directly traversed by a charged particle [Hall et al 2006]. Accord-
ing to many experiments, irradiated cells secrete a signalling molecules into
the culture medium that is capable of killing adjacent unirradiated cells.
On the other hand, medium irradiated without cells has no killing effect.
Further experiments demonstrate that not all cells are capable of produc-
ing the toxic factor, nor all cells are able to receive the secreted signal
[Mothersill et al 1997, Mothersill et al 2001]. The latest possibility to study
this effect is the use of sophisticated single particle microbeams, which al-
low irradiating specific cells and studying biological effects at their neighbors
[Randers-Pehrson et al 2001, Stewart et al 2002, Hall 2003].

2.2 Dose

Dose absorbed in matter is an amount of energy deposited by ionizing radia-
tion. It is equal to the energy deposited per unit mass of medium (unit J/kg,
called Gray (Gy)). Generally, the absorbed dose is not a good indicator of
produced biological effect in cells and tissues. For example, 1 Gy of alpha
particle irradiation is much more biologically effective than 1 Gy of photon
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radiation. Suitable weighting constants can be used taking into account the
different relative biological effects to find the equivalent dose.

Equivalent dose (HT ) is absorbed dose (DT ) multiplied by an appropriate
constant, so called the radiation weighting factor (WR):

HT = DT WR (2.1)

The radiation weighting factor WR (dimensionless coefficient) depends on
the pattern in which the energy of the radiation is distributed along the path
of particle through the tissue. The value of wR is 1 for x-rays, gamma rays
and beta particles, but higher for protons, neutrons, alpha particles etc.

The equivalent dose is an estimation of the radiation dose given to the
tissue where the different relative biological effects of various types of radia-
tion are considered. The unit of equivalent dose is the sievert (Sv). Another
unit (used mainly in USA) is Roentgen equivalent man (REM), 1 REM =
1/100 Sievert.

The response of individual tissues to irradiation is not equal. Therefore,
another quantity, called the effective dose [Sv], is established. The equivalent
dose is multiplied by a coefficient expressing the differing radiosensitivities
of individual tissues.

The information about radiation weighting factor and other quantities in
radiation protection can be found in [ICRP 1992].

2.3 Linear Energy Transfer

The linear energy transfer is an amount of the energy dE which a particle
loses at a distance dl in matter. The International Commission on Radiolog-
ical Units (ICRU) defined this term as follows [ICRU 1980]:

The linear energy transfer (L) of charged particles in medium is
the quotient of dE/dl, where dE is the average energy locally
imparted to the medium by a charged particle of specified energy
in traversing a distance of dl.

L =
dE

dl
(2.2)

The unit of linear energy transfer is keV/µm. The LET is an average
value because at the microscopic level, the energy per unit length enormously
varies over such a wide range in dependence on the particle speed and other
parameters [Hall et al 2006]. Another complication of LET determination
consists in various possibilities to measure it. The most commonly used way
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is to assess the track average, which is given by dividing the track length into
equal sections, calculating the energy deposited in each segment and finding
the mean. The second possibility is to divide the track into equal energy
increments and averaging the lengths of track segments. These two methods
give similar results for x-rays or monoenergetic charged particles, but for ex-
ample for heavier particles the results can be very different [Hall et al 2006].

Generally speaking, relatively slowly moving alpha particles and heavier
ions have a much higher LET than gamma rays and beta particles. The
bigger biological effect of high LET particles is caused by depositing most of
their energy within small range and the damage to the cell DNA is therefore
larger.

2.4 Relative biological effectiveness

Radiobiological effect of given particles depends on many parameters, mainly
on the particle type and energy. Densely ionizing radiation, e.g. high-Z low
energy particles such as ions are expected to cause the highest biological
effect. The differences in biological effects are given by diverse energy de-
position at the microscopic level. Relative biological effectiveness, RBE, is
defined as the ratio of doses of two ionizing radiations to produce the same
effect:

RBE =
dose of reference radiation to produce a given effect

dose of test radiation to produce a given effect
(2.3)

In comparing different types of radiation, it is usual to use x-ray radiation
as the standard. In the case the two radiations do not give the same shapes
of survival curve (e.g. x-ray survival curve have an initial shoulder and the
carbon dose-survival being an exponential function of dose), the resultant
RBE depends on dose. Figure 2.2 represents the definition of the RBE.

Generally speaking, RBE is a very complex quantity, depending on many
parameters [Hall et al 2006]:

• The radiation quality (LET)
The RBE increases with LET slowly and then steeper up to a maximum
value, where the inactivation of cells by radiation is most effective.
For higher LET, the energy is greater than is sufficient to kill the cell
because the ionizing events are too close together (so called overkill
efect), and RBE decreases (see Figure 2.3). RBE maxima for various
particles are shown in Figure 2.4.

• Dose and number of dose fractions
In general, the RBE is greater for lower doses. This is caused by
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Figure 2.2: Relative biological effectiveness; picture from [Kraft 2001]

different shapes of survival curves for ions and X-rays: X-ray curves
have an initial shoulder, whereas ions curves are straight lines in semi-
logarithmical scale. The different heights of RBE maxima for a different
survival fractions (SF) are seen in Figure 2.3. RBE for a fractionated
irradiation is greater than for a single dose exposure, because frac-
tions are set of small doses and the RBE is greater for small doses
[Hall et al 2006].

• Biological system, endpoint of biological measurement
The RBE is not very dependent on chosen endpoints if a particle beam
of the same atomic number is used (relatively very different endpoints
like DNA damage or cell inactivation have the RBE maximum at almost
the same LET value [Kraft 2001]). However, the RBE varies critically
for different cells and tissues. Tissues with great repair capability have
a large RBE peak in contrast to systems with small or absent repair ca-
pacity, which have only a negligible or no RBE maximum [Kraft 2001].
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Figure 2.3: Dependence of relative biological effectiveness (RBE) on linear

energy transfer (LET); taken from [Steel 1993]

Figure 2.4: Relative biological effectiveness in dependence on particle type;

taken from [Kraft 2001]
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2.5 Oxygen effect

The inactivation effect of ionizing radiation is strongly dependent on presence
of oxygen - cells are much more radiosensitive if they are aerated than those
in hypoxic state [Steel 1993, Gray et al 1953]. This phenomenon was first
described in 1923 by Petry in a study of the irradiation of vegetable seeds
[Petry 1923]. Analogous to RBE, Oxygen Enhancement Ratio (OER) is a
relation of radiation dose for hypoxic cells to the dose for oxic cells needed to
achieve the same biological effect [Steel 1993]. Survival curves for oxic and
hypoxic cells is presented in Figure 2.5.

OER =
doseanoxic to produce a given effect

doseoxic to produce a given effect
(2.4)

There is an experimental evidence [Michael et al 1973] that the oxygen
effect is observed only if oxygen is present during the irradiation or within
a few milliseconds after. Measurable sensitization has been observed with
oxygen added after 5 ms after irradiation [Hall et al 2006].

Figure 2.5: Oxygen Enhancement Ratio: Survival curves for mammalian
cells exposed to x-rays under oxic and hypoxic conditions; picture from
[Steel 1993]
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One possible explanation of the oxygen effect mechanism gives the oxygen
fixation hypothesis proposed on the basis of the model by [Alper et al 1956].
After irradiation in chemical phase, DNA reacts with the free radicals. The
DNA radical can be chemically transformed to its reduced form through
reaction with an SH group. If molecular oxygen is present in cells, non-
restorable RO2· (organic peroxide) is created. This reaction cannot proceed
in the absence of oxygen. Therefore it is possible to say that oxygen fixates
the radiation lesions [Hall et al 2006]. On the other hand, some recent an-
alyzes [Ewing 1998, Lokaj́ıček et al 2000] indicate that the oxygen fixation
hypothesis does not satisfactorily explain why oxygen is a sensitizer. The
basic chemistry proposed in the oxygen fixation hypothesis is correct, but
the hypothesis does not explain why the reaction products mean a special
risk to the cell. Attention must also be given to enzymatic DNA repair and
to its success.

The question of oxygen effect is important in the radiation response of
tumors. The solid tumors need a blood supply, so they induce creation of
new blood vessel (angiogenesis) by secreting various growth factors. This
new vessel system is usually primitive and not sufficient for the whole grow-
ing tumor. Therefore, tumor cells are located in a very different oxygen
concentrations, ranging from very good oxygen supply in cells nearby the
vessel to practically anoxic conditions in cells very far from vessel. The re-
gion of oxygen-deprived (hypoxic) cells that are radioresistant, is usually in
the center of tumor.

The OER is strongly dependent on LET and the type of particle. The
oxygen effect is more apparent for lower LET (< 50 keV/µm) and sparsely
ionizing radiation, like x-rays (see Figure 2.6). Figure 2.7 illustrates the
comparison of RBE and OER maxima dependence on LET. The increase of
radiobiological efficiency of given radiation correlates with the decrease of
the oxygen effect in tissues.
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Figure 2.6: OER in dependence on LET. Measurements was done with hu-
man cultured cells, irradiation by monoenergetic charged particles (full sym-
bols) and x-rays (open symbol) with an supposed LET value 1.3 keV/µm
[Barendsen et al 1966]. Picture taken from [Hall et al 2006]

Figure 2.7: OER and RBE maxima in dependence of LET; picture taken
from [Hall et al 2006]



Chapter 3

Biological effects of radiation

Irradiation of biological systems causes a sequence of different processes,
which can be separate into three phases [Steel 1993] (see Figure 3.1):

• Physical phase (0 - 10−8 s) involves interactions between ionizing
radiation and atoms in cells.

• Chemical phase(10−12 - 10 s) is the period in which excited and
ionized atoms and molecules react with other cellular components in
rapid chemical reactions.

• In biological phase (10−1 − 109 s) the response of cells, tissues and
organism to irradiation is in progress.

Figure 3.1: Time scale of radiation effects on biological systems; picture from
[Steel 1993]

20
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3.1 Physical phase

The physical phase begins with interaction of the radiation with atoms in
cells. Radiation causes ejecting of orbital electrons from atoms (ionization)
or raising electrons to higher energy levels within an atom or molecule (ex-
citation). Secondary electrons may excite or ionize other atoms on the way
which they pass, giving rise to a cascade of ionization events.

3.1.1 Types of radiations

Electromagnetic radiations - photons

The electromagnetic radiations x-rays and γ-rays are of the same nature,
they differ only in the ways they are produced and their energy.

• x-rays
X-rays are a form of electromagnetic radiation with the wavelength in
the range 10−8 - 10−10 m. X-rays are emitted by charged particles (usu-
ally electrons) in changing atomic energy levels. They are produced in
accelerator by colliding of electrons with a metal target. In medical
applications, this is usually tungsten or its composite 5% rhenium and
95% tungsten. For specialized applications like mammography, molyb-
denum is used.

• γ-rays
γ-rays (wavelength < 10−10 m) are emitted from atomic nuclei dur-
ing radioactive decay. Usually their emission is accompanied by the
emission of an electron (beta ray) from the nucleus.

Particulate radiations

• Charged particles

– Electrons
Electrons are negatively charged particles. They may be acceler-
ated to high energy (their speed is then close to the velocity of
light) using betatron or linear accelerator. Electrons are widely
used for cancer treatment [Hall et al 2006].

– Protons
Protons are positively charged, almost 2000 times heavier than
electrons. For the sake of their mass, they must be accelerated
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in larger devices than electrons - cyclotrons or synchrotrons are
used.

– α particles
These particles consist of two neutrons and two protons bound to-
gether (helium nucleus). Similarly as protons, they can be accel-
erated in cyclotrons or synchrotrons. Alpha particles are ejected
from radioactive nuclei (uranium or radium) in an alpha decay. α
particles are the main source of natural background radiation in
nature [Hall et al 2006].

– Heavy charged particles
Heavy charged particles are ions of elements such as carbon, oxy-
gen, neon and others. They are positively charged and they have
usually high kinetic energy (∼ 100 MeV).

• Uncharged particles

– Neutrons Neutrons are electrically neutral particles with mass a
little bit larger than that of a proton. Neutrons for medical uses
are usually produced by bombarding a beryllium target with pro-
tons.

3.1.2 Interactions of radiation with matter

Radiation may be classified as ionizing or non-ionizing. Non-ionizing radia-
tion does not have enough energy to produce ions in the irradiated matter.
Instead of producing charged ions, the non-ionizing radiation has adequate
energy only for excitations. The examples of non-ionizing radiation are ultra-
violet radiation, visible light, infrared radiation. Ionizing radiation has suf-
ficient energy to break chemical bonds and eject electrons from the atoms.
Ionizing radiation can be divided to directly ionizing and indirectly ioniz-
ing radiation. Directly ionizing particles are charged particles (electrons,
protons, ions) with energy sufficient to disrupt the atomic structure of the
matter and produce ions. The indirectly ionizing particles (uncharged parti-
cles like neutrons, photons) do not produce chemical and biological changes
by themselves, but can eject directly ionizing charged particles from atoms
in matter [Carlsson 1978].

Photons

The photon beam intensity is attenuated in matter due to absorption, scatter
and pair production. The intensity of beam decreases exponentially with
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depth:
I(d) = I0 e−µd, (3.1)

where I0 stands for initial value of intensity, µ = nσ is the absorption coeffi-
cient [m−1]; here n is the number of atoms per m3 in the material, σ means
the absorption cross section (in m2).

Generally, there are several types of interactions between photons and
matter; most important are Compton effect, photoelectric effect and pair pro-
duction [Attix 1986]. The relative occurrence of these processes is schemati-
cally shown in Figure 3.2.

• Compton effect
This effect has been first measured by A. H. Compton in 1923. An
x-ray photon of wavelength λ collides with an electron of an atom and
a photon of wavelength λ′ emerges at an angle θ. The energy given
to the orbital electron is sufficient to its ejection from the atom. This
recoil electron can interact with other electrons in the surroundings.
The amount of energy which the photon gives to the orbital electron is
determined by the initial energy of the photon and by the geometry of
the collision [van der Plaats 1969].

• Photoelectric effect
In this case, the x-ray photon ejects an orbital electron from the atom
and completely looses all its energy (photon is totally absorbed). A part
of the photon energy is used for liberation the electron, the rest of the
energy is received by the electron as kinetic energy. The ejected electron
is traversing through the surrounding matter and is slowed down by
other collisions. The empty place which the photoelectron leaves is
then filled by an electron of a higher energy level and the redundant
energy is emitted as characteristic x-radiation [van der Plaats 1969]

• Pair production
Pair production is an absorption process in which a photon disappears
and an electron and a positron are created. This process may occur if
the energy of x-ray photon is greater than 1.02 MeV (because electron
and positron so formed each have a mass equivalent to 0.51 MeV). The
energy over 1.02 MeV is given to the electron-positron pair as kinetic
energy. Pair production increases with higher atomic number and with
increasing x-ray energy [Attix 1986, van der Plaats 1969].

• Rayleigh (coherent) scattering
In this case, the photon is scattered by the combined action of the whole
atom. The photon loses practically negligible amount of its energy
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and the atom moves just enough to conserve momentum. After the
collision, the photon is usually deflected by only a small angle. Rayleigh
scattering contributes nothing to dose, because there is no ionization
or excitation. The relative importance of Rayleigh scattering is only a
few percent of the beam attenuation coefficient [Attix 1986].

• Photonuclear reactions
Photon of great energy (about a few MeV) enters the nucleus, may
cause its excitation and a proton or neutron is emitted. The neutron
produced in this process may lead to problems in radiation protection
during the treatment. Although the effects caused by neutrons in radio-
therapy are insignificant in comparison with the predominating photon
beam, there are limitations on neutron levels in radiotherapy beams
[Attix 1986].

Figure 3.2: Relative occurrence of three most important types of photon
interactions; picture taken from [Attix 1986]

Charged particles

There is a big difference between charged and uncharged particles and in a
manner in which they lose their energy. An individual photon or neutron
may traverse in matter practically with no interaction and lose its energy in
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one or a few events. In contrast, the charged particles are surrounded by
Coulomb electric force field and interact practically with all atoms that they
have passed [Attix 1986]. If only the interactions given by coulombic forces
are considered, there are four types of interactions of charged particles with
matter:

• Inelastic collision with electrons
This is the main process of energy transfer, especially if the veloc-
ity of the particle is lower and bremsstrahlung is not very significant.
Charged particles cause excitations of the atomic electrons and ioniza-
tions.

• Inelastic collision with nucleus
The charged particle causes the excitation of the nucleus or the particle
may radiate (bremsstrahlung). Bremsstrahlung is electromagnetic radi-
ation produced by the deceleration of a charged particle, when deflected
by atomic nucleus. Bremsstrahlung increases with kinetic energy of the
incident particle and with atomic number of the nucleus.

• Elastic collision with nucleus - Rutheford scattering
The charged particles lose its energy only by recoil by the nucleus.
There is no radiation and no ionization.

• Elastic collision with electrons
The recoil of charged particles on atomic electrons is significant only
for low energy electrons.

The transfer of energy in matter is given mainly by inelastic collision
of charged particles with atomic electrons. This energy loss describes the
Bethe-Bloch formula [Bethe 1930, Bloch 1933]:

−dE

dx
=

4π

mec2

nZ2

β2

( e2

4πε0

)2[
ln

( mec
2β2

I(1− β2)

)
− β2

]
, (3.2)

where β = v / c
v ... velocity of the particle
E ... energy of the particle
x ... distance travelled by the particle
c ... speed of light
Z ... particle charge
e ... charge of the electron
ε0 ... vacuum permittivity
me ... rest mass of the electron
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n ... electron density of the target, n = NA Z∗ ρ
A

; NA stands for Avogadro
number, Z∗ is atomic number, A means mass number and ρ describes the
density of the matter

I ... excitation potential of the target

From this equation it follows that energy given to a mass is inversely pro-
portional to velocity of the particle squared, thus protons and ions deliver
majority of its energy in the end of range. The energy loss in dependence on
depth (x) (including also effects like energy-loss straggling) can be depicted
as so-called Bragg curve, see Figure 3.3.

Figure 3.3: Depth-dose curve for different energy of protons, picture taken
from [http://www.werc.or.jp]

In the literature, energy loss of different particles in different materials
were calculated with various refinements such as shell correction, Bloch cor-
rections from the first Born approximation, the density-effect correction and
others. These calculations are discussed in detail for example in [Attix 1986,
ICRU 1993, Ziegler 1999, Ulmer 2007]. Because the ionization energy loss
are of stochastic nature, large fluctuations may emerge in the amount of en-
ergy deposited by a particle traversing the matter. The Bethe-Bloch formula
gives only the average value of energy loss. The individual energy losses are
distributed with various probability around the mean value. This distribution
may be considered as Gaussian in the first approximation [Kundrát 2004].
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To calculate the range, diffusion and slowing down of charged particles it
is necessary to use the complete set of differential cross sections for energy
losses and angular deflections in all collisions. There are two widely used
approximations [ICRU 1993]:

• Continuous slowing down approximation - CSDA
In this approximation charged particles are assumed to transfer their
energy continuously along their tracks. The CSDA range mean the
path length that a particle would traverse when slowing down from its
original energy E0 to a stop, if its rate of energy loss along the track
were equal to the mean rate of energy loss [Attix 1986].

• Straight ahead approximation
The charged particle is being scattered during its path throughout ma-
terial (multiple scattering). In this case, the angular deflections caused
by multiple scattering are omitted and track of the particle are assumed
to be straight. For charged particles, this approximation is very good
except the very end of particle track.

The range of a charged particle is the distance it travels before it stops,
i.e. it looses all its kinetic energy by interacting with atoms in matter. The
distance traveled per unit energy loss is given by the reciprocal value of the
stopping power S(E)= −dE

dx
. The mean range R(T) of a particle of kinetic

energy T is the integral of reciprocal stopping power down to zero energy
[Turner 1995]:

R(T ) =

∫ T

0

(−dE

dx
)−1dE. (3.3)

The distribution of individual ranges around mean value can be considered
as Gaussian, similarly as for the energy losses. The range depends on the
type of the particle, on its initial energy and on the material which it tra-
verses. Because of stochastic nature of individual energy transfers, the range
of particle is a stochastic quantity, too.

The scattering and energy loss straggling blur the Bragg peak. Heavier
ions (carbon, oxygen, neon etc.) have less lateral scattering than protons
and sharper Bragg maximum, but fragmentations of nuclei caused by nuclear
reactions especially for high energy induce a ”tail” beyond the Bragg peak
(see Figure 3.4). Fragmentation limits the use of absorber material in the
beam (i.e. for passive beam shaping). Especially for heavier ions like neon
an unacceptable amount of fragments is created. In case of carbon ions the
number of fragments is tolerable when the beam energy is set up by the
accelerator without passive beam shaping devices [Kraft 2001].

The fragmentation of ions gives a possibility of PET verification of treat-
ment plans. In case of carbon irradiation, the small amount of the incident
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Figure 3.4: Bragg curve for Fe, picture taken from [http://www.bnl.gov]

ions undergoes nuclear fragmentation. They break up to one or two neu-
trons, that may convert the stable 12C to isotopes 10C and 11C. These
isotopes have almost the same velocity and ends at the almost same place as
the main beam. These isotopes decay into e+ and e− and while annihilating
they radiate γ-rays, that can be observed by PET scanner. Therefore, the
location of the irradiating volume can be made visible [Hall et al 2006].

Neutrons

Because of zero electrical charge in comparison with charged particles the
neutrons are highly penetrating. They cause indirect ionization and they
are absorbed in matter mainly by elastic or inelastic scattering. In contrast
to photons, which interact with orbital electrons, neutrons interact with the
nuclei and give rise to recoil protons, α particles and nuclear fragments.

Neutrons can be classified into three energy categories: thermal neutrons
(E < 0.5 eV), intermediate-energy neutrons (E = 0.5 eV - 10 keV) and fast
neutrons (E > 10 keV). The typical interaction of thermal neutrons with
tissue is neutron capture by nitrogen or by hydrogen. The dominating process
for intermediate fast neutrons is elastic scattering, where the neutron collides
with the nucleus and its kinetic energy is partly given to the nucleus and
partly is retained by the reflected neutron. In soft tissue, the main interaction
is between hydrogen nuclei and neutrons because hydrogen is most abundant
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atom in tissues. For fast neutrons, inelastic scattering dominates. If neutron
of high energy collides with the carbon or oxygen nucleus, three or four
α particles are created (so called spallation products). The α particles so
created are densely ionizing and may markedly contribute to biological effect
of neutrons [Hall et al 2006].

3.2 Chemical phase

Ionization and excitation lead to the breakage of chemical bonds and the
formation of free radicals. These are highly reactive and they can damage
important molecules in the cell, especially DNA.

3.2.1 Radiolysis of water

The vast majority of biological molecules occur in an aqueous milieu; approx-
imately 75-80 % of cells is composed of water [Hall et al 2006]. Therefore,
the products of water radiolysis are the main factors in radiation-induced
damage to DNA. The direct effect of excitations and ionizations of water by
the secondary electron is the dominant reaction in cells for low LET irradi-
ation [Alpen 1998]. The simplified scheme of water radiolysis is depicted in
Figure 3.5. If the water molecule is excited by radiation, it may dissociate
immediately to H• and OH•:

H2O
∗ → H• + OH•. (3.4)

As a result of ionization, the ion radical H2O
+ is created:

H2O → H2O
+ + e−. (3.5)

The excited water molecule H2O
∗, radicals H• and OH• and product from

direct ionization of water, H2O
+ and e− are the primary products of water

radiolysis. The immediate products are results of their reactions with water or
other molecules [Alpen 1998]. H2O

+ is charged and has an unpaired electron
in the outer shell; this makes it highly reactive. The lifetime of H2O

+is only
about 10−10s. The ion radical reacts with water molecule and forms reactive
hydroxyl radical OH•:

H2O
+ + H2O → H3O

+ + OH•, (3.6)

or dissociates
H2O

+ → H+ + OH•. (3.7)
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The free electron produced by ionization interacts with H2O to create H2O
−

or can form a cluster with water molecules e−aq (solvated or hydrated electron),
compare [Alpen 1998, Platzman 1953]. The hydrated electron reacts with
water molecule to produce OH− and H•:

e−aq + H2O → OH− + H•. (3.8)

In the first 10−11 s there are created H•, OH• and e−aq. In reactions of these
early products is diffusion practically negligible.

Hydroxyl radicals reacts together and give rise the highly reactive hydro-
gen peroxide:

OH• + OH• → H2O2. (3.9)

If free oxygen is presented in cell, radicals are created:

e− + O2 → O− + O•, (3.10)

and consequently

O• + H2O → H• + HO•
2,

O− + H2O → H• + HO−
2 . (3.11)

As equations (3.10), (3.10) shown, the abundance of oxygen in cells leads to
creation of highly reactive oxygen radicals, which may leads to further DNA
damage (for details, compare section Oxygen effect at page 17).

3.2.2 Reactions with DNA

The radicals produced by radiolysis of water may damage the DNA molecule
in many different ways [Alpen 1998]:

• Extraction of hydrogen atoms

R−H + H• → R• + H2, (3.12)

R−H + OH• → R• + H2O. (3.13)

• Dissociative reactions

R−NH+
3 + e−aq → R• + NH3, (3.14)

R−NH2 + H• → R• + NH3. (3.15)
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Figure 3.5: Scheme of the radiolysis of water. Taken from [Arena 1971]

• Addition reactions

R− CH = CH −R + OH• → RCHOH − CH• −R. (3.16)

• Restitution

R• + R− SH → R−H + R− S•. (3.17)

• Damage fixation in oxygen effect

R• + O2 → R• − peroxide. (3.18)

Not all these reactions have the same importance for cell inactivation. There
is a possibility to measure the relative contribution of individual radiation
products to DNA damage in radical scavenging studies. According to ex-
perimental evidence, OH• is the major agent in DNA damage [Alpen 1998,
Chatterjee and Holley 1993]. The measured reaction rate constant for OH•

+ DNA is approximately 3 x 108 mol.s−1 whereas for H• + DNA just 1.4 x
108 mol.s−1 and for e−aq + DNA only 8 x 107 mol.s−1 [Alpen 1998].
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There are a large number of possible reactions of the radicals produced
in water radiolysis with molecules in cells. Detailed list of these reaction can
be found e.g. in [Chatterjee and Holley 1993]. The water radiolysis by heavy
charged particles is discussed in [Gervais et al 2006, Uehara and Nikjoo 2006,
Yamashita et al 2008].

3.2.3 Chemical modification of radiation response

Radiosensitizers

Radiosensitizers are chemical compounds which enhance the response of cells
to radiation. For practical use in radiotherapy, radiosensitizers must selec-
tively sensitize tumor cells while having no effect on healthy tissues. At the
present time, two kinds of compounds are being used in cancer treatment
[Hall et al 2006]:

• The halogenated pyrimidines
The halogenated pyrimidines are incorporated into DNA molecule in
place of thymine. The differential effect is based on the idea that the
tumor cells have faster cycle than normal tissues and consequently in-
corporate more of the radiosensitizer than normal cells. Detailed dis-
cussion about the radiosenzitizing effect of halogenated pyrimidines can
be found e.g. in [Iliakis and Kurtzman 1991].

• Hypoxic cells sensitizers
This method is based on the fact that in tumors hypoxic cells are
present. The electron-affinic compounds selectively sensitize these hy-
poxic cells without effect on oxygenated cells. The clinically applicable
compound must be able to selectively sensitize tumor hypoxic cells with
tolerable toxicity to normal tissue, must be highly soluble in water and
lipids and capable to diffuse through cell mass to tumor. The widely
used compounds are e.g. misonidazole, etanidazole and nimorazole. An
extensive survey of chemical radiosensitization of hypoxic cells is given
in [Adams 1973, Adams 1977]

Radioprotectors

Radioprotectors (scavengers) are the chemical agents, that react with the
radicals or other reactive species. The important scavengers are compounds
with sulfhydryl group -SH (thiols), such as reduced glutathione, which is
present normally in most cells. The mechanism of radiation protection by
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thiols is given by:

DNA• + R− SH → R− S• + DNA. (3.19)

The clinical use of radioprotectors in radiotherapy is very problematic due
to potential tumor protection and lowering of treatment efficiency.

3.3 Biological phase

The biological phase describes the period in which all subsequent processes
are in progress. Enzymatic reactions repair majority of lesions in DNA.
Some lesions remain unrepaired and this fact can lead to eventual cell death
or mutation. Cells can undergo several mitotic divisions before dying. Killing
of stem cells and the subsequent loss of the cells causes tissue damages during
the first weeks and months after radiation exposure (early effects). At later
times after the irradiation the so-called late reactions appear, such as fibrosis,
blood-vessel damage. Later secondary tumors (radiation carcinogenesis) may
appear, thus illustrating the fact that the timescale of the observable effects
of ionizing radiation may extend up to many years after exposure.

3.3.1 DNA as a target for radiation damage

At the present time, there is a general agreement that chromosomes, specif-
ically the DNA molecules, are the target for damage caused by ionizing ra-
diation (compare e.g. [Alpen 1998, Steel 1993, Hall et al 2006, Ward 1990].
The evidence may be summarized in several points:

1. For primitive organisms, such as viruses and bacteriophages, there is
a quantitative relationship between the DNA damage and biological
function. The amount of strand breaks in DNA correlates very well
with loss of biological functions.

2. For higher organisms the relation between DNA damage and biological
inactivation is not such simple, but certainly loss of function has been
measured with DNA strand breaks.

3. For many organisms the DNA repair capability is closely connected
with cell survival after irradiation and cells lacking in the repair ability
are substantially more radiosensitive. The artificially prepared mu-
tants, which differ from maternal line only in repair capacity, are much
more radiosensitive.
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4. The other cell organelles are usually in abundance and the destruction
of some of them has no effect on the cell survival. On the contrary,
the DNA is in cell usually only in one or two exemplars (for haploid or
diploid cells) and the exact sequence of bases is crucial for cell survival.

3.3.2 Sources and types of DNA molecule damage

Various changes of DNA molecule are caused by replication errors, heat,
normal metabolic processes, radiation and exposure to substances in the
environment. The number of this events averages to about 1 000 to 1 000
000 molecular lesions per cell per day [Lodish et al 2004]. Only fewer than
one thousandth of this amount results in a permanent change in DNA, the
rest are mended by DNA repair enzymes [Alberts et al 2002].

Sources of DNA damage can be divided into two groups:

• endogenous - replication errors, attack by reactive oxygen radicals pro-
duced during normal cellular respiration (spontaneous mutation), es-
pecially the process of oxidative deamination

• exogenous - induced by external causes like radiation, toxins, mutagenic
chemical agents etc.

The replication of damaged DNA before cell division can lead to the
incorporation of wrong bases to DNA strand. Daughter cells can inherit
these mutations from which the original DNA sequence is unrecoverable.

Types of DNA damage

• modification of the base - all four of the bases in DNA can be modified
at various positions

• mismatches of the normal bases as a result of a failure of proofreading
during DNA replication (the wrong DNA base is stitched into place in
a newly forming DNA strand)

• breaks in backbone

– single strand breaks (SSB)

– double strand breaks (DSB)

• crosslinks - covalent linkages between bases

– intrastrand - on the same DNA strand



CHAPTER 3. BIOLOGICAL EFFECTS OF RADIATION 35

– interstrand - on the opposite DNA strand

Moreover, in scale of days, irradiation of the cell can cause mutations and
chromosome and chromatid aberrations.

The schematic description of DNA damage is given in Figure 3.6.

Figure 3.6: Types of DNA damage. Picture taken from [Steel 1993]

3.3.3 Other damages caused by radiation

Radiation-induced mutations

Some damage caused by irradiation is sufficient to change a cellular genetic
information (mutation), but not enough to lead to stop cell division. Mu-
tations come from a non-lethal modification of the base sequence in DNA.
This alternation can be qualitative (bases are inserted, deleted or changed) or
quantitative (genes are decreased or increased in number). Mutations lead to
the expression of a different protein or may change amount of normal protein
production. The frequency of radiation induced mutations usually increases
proportionally with dose. At higher radiation doses lethal events in cells can
prevail and the frequency of mutations decreases [Steel 1993].

Chromosome aberration

Chromosomal aberrations are disruptions in the normal chromosomal content
of a cell. Damage to chromosomes is one of most common effect of ionizing
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irradiation. The exposure of cells to ionizing radiations such as x-rays, γ-
rays or charged particles causes a dose-dependent delay in the entering of
cells into mitosis. When cells that were irradiated in interphase begin to
divide, chromosome aberrations appear in some of them. Although the most
serious chromosomal abnormalities lead to early cell death, some aberrations
can be carried through many divisions [Steel 1993].

When cells are irradiated, breaks are produced in the chromosomes. Bro-
ken ends appear to be ’sticky’ and can rejoin with any other sticky end.
If breaks in DNA fibre are produced, different fragments may behave in a
different ways:

• Breaks may reintegrate in their original state.

• Breaks may fail to rejoin and lead to a deletion.

• Broken ends may rejoin other broken ends and give rise to chromosomes
that are deformed.

There are two main groups of abnormalities: chromosome aberration and
chromatid aberration. Chromosome aberration results from irradiating cells
early in interphase (G1 phase), before genetic material has been duplicated
[Hall et al 2006]. Irradiation of cells later in interphase, after the DNA
has doubled and the chromosomes consist of two strands of chromatin (G2
phase), leads to chromatid damage. Break that occurs in a single chromatid
arm leaves the other arm of same chromosome undamaged. Irradiation in S
phase can lead either to chromatid aberration or to chromosome aberration
[Steel 1993]. The types of chromosome and chromatid aberrations and their
occurrence in cell cycle are shown in Figure 3.7.

Many types of chromosome abnormalities are possible, not necessarily
associated with cell inactivation.

• Lethal aberrations

– Dicentric or tricentric (an interchange between two separate chro-
mosomes)

– Formation of a ring (a break is caused by irradiation in each arm
of a single chromatid early in the cell cycle and the sticky ends
may form a ring and a separate fragment)

– Anaphase bridge (Breaks occur in both chromatids of the same
chromosome, sticky ends rejoin incorrectly. In anaphase, when the
two sets of chromosomes move to opposite poles of cell, the region
of chromatin between the centromeres is stretched across between
the poles and separation into new daughter cells is inhibited)
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Figure 3.7: Scheme of radiation induced chromosome and chromatid aberra-
tions. Picture taken from [Steel 1993]

• Non-lethal rearrangements

– Symmetric translocation (radiation induces breaks in two different
chromosomes since the replication has begun and the broken pieces
are exchanged between these two chromosomes)

– Small interstitial or terminal deletion (result from one or two
breaks in the same arm of the same chromosome, leading to the
loss of genetic information in the end of chromosome arm or be-
tween two breaks)

3.3.4 Detecting of DNA damage

Measurement of DNA double- and single-strand breaks frequency in mam-
malian cells is essential for the understanding of cell damage mechanisms by
ionizing radiation and many DNA-reactive drugs. Many of these techniques
can measure either SSB or DSB by manipulation of the pH.

Sucrose Gradient Sedimentation

In this technique [Steel 1993, Cox et al 1973], the solute is sucrose or some
other not very dense substance that has perceptible viscosity. Solutions are
prepared within centrifuge tubes with a sucrose concentration varying con-
tinuously from around 30 % at the bottom to 5 % at the top. Cells are
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exposed to radioactive DNA precursors (3H or 14C thymidine) for labeling
most of the DNA. After that, cells are mixed with solution that causes cell
lysis and releases the DNA. The experimental substance is placed at top of
the gradient, which is then centrifuged for up to 20 hours at about 20 000
- 30 000 rpm. The larger fragments migrate further and the distribution
of fragment sizes is detected by piercing the bottom of the centrifuge tube,
collecting fractions of the fluid and assaying for the modified thymidine.

Filter Elution Assay

The alkaline and neutral (or nondenaturing) filter elution assays are very
useful methods for measuring DNA strand breakage [Rudinger et al 2002,
Steel 1993]. In the 1970s Kohn developed these techniques [Kohn et al 1973],
initially for total yield of strand breaks at pH sufficient to denature the
strands (pH > 12), then specifically for double strand breaks at near-neutral
pH [Bradley and Kohn 1979]. Cells are lysed and DNA is prelabeled by
radioactive 3H or 14C thymidine. The principle of filter elution is based
on the fact, that the rate at which DNA fragments are carried through a
microporous filter by a fluid flow depends on the size distribution of those
strands.

Pulsed Field Gel Electrophoresis

This method is used to separate especially long strands of DNA by length,
and for this reason it is very suitable for measuring of strand breakage pro-
duced by small radiation doses [Steel 1993]. Fragments of DNA are incorpo-
rated into a flat gel matrix of agarose and they generally migrate under an
electric field. In case of normal electrophoresis, large DNA fragments (above
30-50 kb) migrate at similar rates, regardless of size. In this technique, the
DNA molecules are forced to change direction of movement using pulsing
electric field and alternating it (usually between directions 30 to the axis
of motion). Consequently, fragments with different sizes begin to separate
from each other. The theoretical basis of this effect is not clearly explained
(numerous models have been proposed [Carle et al 1986, Birren et al 1993]),
but generally speaking, the smaller fragments are able to re-orient to the new
field more quickly than are larger ones. For calibrating this technique, DNA
of known molecular weight (for example intact yeast chromosomes) is used
[Steel 1993]. The detailed discussion about this technique and models that
describes the behavior of DNA during PFGE can be found e.g. in [Chu 1990].
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Single Cell Gel Electrophoresis assay

The single cell gel electrophoresis assay is a sensitive technique which de-
tects DNA damage in individual cells. Individual cells or nuclei are placed in
agarose, lysed under neutral buffer conditions to release the DNA and elec-
trophoresed. The damage is represented by an increase of DNA fragments
migrating out of the cell nucleus and creating the characteristic pattern re-
sembling the comet with a head and a tail [Klaude et al 1996]. The image is
visualized by ethidium bromide, silver stain or fluorescent dyes. If the cells
are undamaged, under application of an electrical current their DNA does
not migrate and the amount of migration DNA in the agarose is directly pro-
portional to the quantity of damage [Hall et al 2006]. This method detects
single-strand DNA breaks, alkaline-sensitive sites, incomplete excision repair
sites and DNA crosslinks [Tice et al 1991, Tice et al 1995].

Fluorometric Analysis of DNA Unwinding

This method was invented by [Birnboim 1990] for detecting x-ray induced
DNA damage in normal and repair-deficient mutants of mammalian cells.
The method is based on the unwinding of DNA strand from break sites
under alkaline conditions [Baumstark-Khan et al 2000]. Cells are lysed by
addition of detergents and high salt concentrations and the DNA is dena-
tured at pH 12,4. After neutralization using HCl the DNA is fragmented by
ultrasound and after that stabilized by sodium lauryl sulfate. The solution
that contains single- and double-stranded DNA, is applied to hydroxyapatite
columns. By addition of increasing concentrations of potassium phosphate
buffers single-stranded DNA and double-stranded DNA can be chromato-
graphically separated. The eluate is incubated and the relative fluorescence
(DNA content) of the sample is measured with a spectrofluorometer. Finally,
the percentage of double-stranded DNA and the quantity of DNA breaks can
be calculated [Ahnström et al 1981].

There are many other methods for detecting DNA damage: fragment
length analysis using repair enzymes (FLARE) that enable base specific
DNA damage detection [Chirikjian 1997], semi-artificial fluorescent molecu-
lar machine for DNA damage detection [Didenko et al 2004], acoustic waves
[Hianik et al 2006], flow and laser scanning cytometry [Milner et al 1987,
Darzynkiewicz et al 2006] etc.
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3.3.5 DNA repair processes

Repair of damaged bases

Damaged or wrongly inserted bases can be repaired by several mechanisms:

• direct chemical reversal of the damage

• excision repair

– Base Excision Repair (BER)

– Nucleotide Excision Repair (NER)

– Mismatch Repair (MMR)

Although direct chemical reversal is an efficient way of repair of some spe-
cial types of DNA damage, excision repair is a more general way of dealing
with a wide variety of DNA lesions. Therefore, the diverse kinds of excision
repair play a crucial role in DNA repair mechanisms in both prokaryotic and
eukaryotic cells. In excision repair, the damaged DNA base or bases are
recognized primarily and after that removed by special set of enzymes. In
place of missing bases the new DNA strand is then synthesized and the in-
tact complementary bases act as a template. Three types of excision repair,
Base Excision Repair, Nucleotide Excision Repair, and Mismatch Repair,
each one with different sets of enzymes, enable cells to repair a variety of
different types of DNA damages.

Direct chemical reversal of damage

Most damage to DNA molecule is repaired by some type of excision repair
that consists in removal of the damaged bases and their new synthesis in
the excised region. However, some specific kind of lesions in DNA can be
repaired by direct reversal of the damaged base, which may be a more effi-
cient way of repairing specific types of DNA damage that occur frequently
[Cooper 2000]. But only a few types of DNA damage are repaired in this
way, particularly pyrimidine dimers caused by exposure of DNA to ultravio-
let light and alkylated guanine residues modified with methyl or ethyl groups
at the O6 position of the purine ring.

Pyrimidine dimers result from ultraviolet light absorbed by a double bond
in pyrimidine bases, which causes opening of the bonds. If it is next to a
second pyrimidine base on the same strand, the UV-modified bases set up a
cyclobutane ring resulting from saturation of the double bonds between car-
bons C5 and C6. This formation deform the structure of the DNA molecule
and blocks transcription or replication from this site on strand, so their repair
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is closely correlated with the ability of cells to deal with UV irradiation. One
mechanism of repairing UV-induced pyrimidine dimers is photoreactivation,
a direct reversal of the dimerization reaction [Setlow 1966]. Energy derived
from visible light is used to break the cyclobutane structure and the original
pyrimidine bases remain in DNA, restored to the normal state. Photoreac-
tivation repair of pyrimidine dimers is typical for a variety of prokaryotic
and eukaryotic cells, including E. coli, yeasts, and some plants and animals.
However, this mechanism of DNA repair is not universal for all species; many
of them, including humans, lack this type of DNA repair.

The other type of direct chemical reversal in cells represents repair of
alkylated guanine. O6-methylguanine forms complementary base pairs with
thymine instead of cytosine. This lesion can be repaired by an enzyme O6-
methylguanine methyltransferase that transfers the methyl group from to a
cysteine residue in its active site and restore the normal state of guanine.
This pathway of repair occurs in both prokaryotes and eukaryotes.

Base Excision Repair

In this type of repair, a single damaged base is recognized and removed from
the DNA molecule and the correct one is replaced according to an undamaged
template strand. The scheme of Base Excision Repair (BER) is demonstrated
in Figure 3.8.

In the first step, a group of DNA glycosylases recognizes a modified base in
DNA and catalyzes its hydrolytic removal. In the DNA molecule an apyrim-
idinic/apurinic (AP) or abasic site is, therefore, produced. There are at least
six types of these enzymes, each intended for a special type of DNA dam-
age, e.g. deaminated cysteins or adenines, different types of alkylated or
oxidized bases, bases with opened rings and bases in which a double carbon-
carbon bond is converted to a single one [Alberts et al 2002]. After that,
AP endonuclease removes the sugar residue and the gap is filled with the
correct nucleotide by DNA polymerase β. Finally, DNA ligase III restore
the sugar backbone of the DNA strand. In case more that one nucleotide is
to be replaced, the complex of RFC/PCNA/DNA polymerase δ/ε completes
the repair synthesis, the overhanging flap structure is removed by the FEN1
endonuclease and DNA strands are sealed by ligase [Hall et al 2006]. BER
is often responsible for correcting damages that occur spontaneously, due
to replication errors, the inherent instability of DNA, or from alkylation of
DNA. Defects in BER may caused an increased mutation rate, but usually
do not lead to cellular radiosensitivity.



CHAPTER 3. BIOLOGICAL EFFECTS OF RADIATION 42

Figure 3.8: The scheme of two subpathways of BER. On the left is the repair
of a single nucleotide (short patch), on the right is repair of two or more
nucleotides (long patch).
Taken from [http://www.rndsystems.com]

Nucleotide Excision Repair

Nucleotide excision repair (NER) is a flexible repair pathway, involved in the
removal of a wide variety of bulky DNA lesions, such as pyrimidine dimers.
In this type of repair, the damaged bases (e.g., a thymine dimer) are removed
as part of an oligonucleotide containing the lesion [Hall et al 2006]. There
are two slightly different variants of NER: global genomic NER (GG-NER),
which repairs damage in both transcribed and nontranscribed DNA strands
in active and inactive genes in the genome, and transcription coupled NER
(TC-NER), which proceeds on the actively transcribed areas of the DNA.
These two forms of NER are practically identical except in their damage
recognition mechanism. Successful NER involves the action of approximately
30 proteins and requires a stepwise execution of these events (see Figure 3.9):

1. Damage recognition by specialized enzymes.

2. Binding of a multi-protein complex at the damaged site. The subunits
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of this complex have helicase activity and unwind the DNA locally in
the damaged area.

3. Double incision of the damaged strand several nucleotides away from
the damaged site, on both the 5’ and 3’ sides (the whole excision region
is usually between 24 and 32 nucleotides in length) and displaced of the
damage-containing oligonucleotide.

4. The gap is then filled by correct nucleotides by DNA polymerase δ/ε
and the strand is sealed by a DNA ligase.

Figure 3.9: The scheme of nucleotide excision repair.
Picture from [http://www.rndsystems.com]



CHAPTER 3. BIOLOGICAL EFFECTS OF RADIATION 44

Mismatch Repair

The mismatch repair (MMR) mechanism repairs replication errors such as
base-base mismatches, insertion and deletion loops resulting from DNA poly-
merase misincorporation of nucleotides and template slippage. The systems
primarily repair mismatched, but undamaged, base pairs and small inser-
tions or deletions. Some kind of modified bases, such as O-methylguanine
are also detected. The mismatch repair is similar to the other excision re-
pair pathways (BER and NER). Many mismatched bases are removed by the
proofreading activity of DNA polymerases. The remaining wrong bases are
repaired by the mismatch repair system, which scans newly replicated DNA
molecule. The repair is initiated by recognition of the mismatch, insertion
or deletion by specialized proteins (so-called MutS α β in mammalian cells).

Mismatch repair is strand specific, because only the newly synthesized
DNA strand will contain errors and replacing bases in the original (template)
strand would leads to errors. The mismatch repair mechanism have several
systems which distinguish the newly synthesized strand from the parental. If
a mismatch is found, the enzymes of this repair system identify and excise the
mismatched base specifically from the newly replicated DNA strand. After
that, the error is corrected and the proper base sequence is restored. In
mammalian cells, it appears that the strand-specificity of mismatch repair
is determined by the presence of single-strand breaks, which would occur in
newly synthesized DNA strand. Similarly as for BER, there are two types
of mismatch repair mechanisms; long patch and short patch. Long patch can
repair all types of mismatched bases and can excise segments up to a few
kilobases long. Short patch repair is dedicated only for specific mismatches
caused by damage to the DNA, and removes regions of approximately 10
nucleotides [Alberts et al 2002]. In all organisms, mismatch repair involves
the following steps (see Figure 3.10):

1. Detection of a single mismatch, in the newly synthesized DNA strand

2. Determining which of the two base pairs is incorrect

3. Correcting the error by excision repair

Mismatch repair is a highly conserved mechanism; it occurs widely in
prokaryotes as well as in eukaryotes. The MMR mechanism is described in
details e.g. in [Iyer et al 2006].
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Figure 3.10: The scheme of mismatch repair.
Picture taken from [http://www.rndsystems.com]
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Repairing of strand breaks

Ionizing radiation and certain chemicals can produce both single strand
breaks (SSBs) and double strand breaks (DSBs) in the DNA backbone. In
contrast to SSBs, which usually have insignificant effect to the cell survival,
the DSBs may lead to chromosomal instabilities and consequent nonregu-
lated gene expression, carcinogenesis or cell inactivation. DSBs differ from
other types of DNA damage, because they influence both strands of the DNA
molecule and therefore it is not possible to use the complementary strand as
a template for their repair (compare BER, NER and MMR in previous sec-
tions).

Single strand breaks are repaired using the same enzymes as used in Base
Excision Repair (BER). Complete interruption of DNA strands are repaired
by two different types of mechanism:

• direct joining, also called Non Homologous End Joining (NHEJ)

• Homologous Recombination (HR)

The cellular decision which pathway to use to repair DSB is not understand;
however, the choice seems to be influenced by the stage within the cell cycle
at the time of damage induction [Takata et al 1999].

Non Homologous End Joining

The double strand break in DNA molecule is sealed by a simple ligation. This
rejoining can be perfect, simply renewing the original sequence, or imperfect,
adding a few nucleotides, or removing in region ranging from one nucleotide
to a few kilobases. In mammalian cells, essential for the process of NHEJ
is the DNA-dependent protein kinase complex and the Ku70 and Ku80 het-
erodimeric protein [Featherstone and Jackson 1999a]. The Ku proteins seem
to be the first proteins that recognized a DNA double strand break and to-
gether bind to the broken site [Featherstone and Jackson 1999b]. After that,
the Ku protein forms a complex with the DNA-dependent protein kinase cat-
alytic subunit (DNA-PKcs; its function in NHEJ is not yet fully explained)
and recruits other proteins (XRCC4, Artemis and DNA Ligase IV) to the
damage site. Because the ends of most DSBs are induced by toxic agents,
damaged sites are unable to be directly sealed. Therefore, before joining has
started, the ends often must be processed by specialized nucleases and poly-
merases. After that, the DNA-PKcs is released from the Ku-bound DNA
and Ku proteins join with LX complex at the DNA end. Then, the NHEJ
protein complex ligates the DNA ends by Ligase IV [Caldecott 2004].
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Figure 3.11: The scheme of two pathways of double strand break repair,
Homologous Recombination on the left and Non Homologous End Joining
on the right.
Picture taken from [http://www.rndsystems.com]
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Homologous Recombination

Homologous recombination (HR) is the exchange (crossing over) or replace-
ment (gene conversion) of a DNA region by its homologous DNA sequence
from the undamaged homologous chromosome or the sister chromatid. In
contrast to NHEJ, HR requires close proximity the repaired region and an
undamaged chromatid or chromosome, which serves as a template. There-
fore, the majority of homologous recombination repairs proceeds in late S
and G2 phases of the cell cycle when the undamaged chromatid is available.
Homologous recombination also occasionally occurs between similar DNA se-
quences on nonhomologous chromosomes or within a chromosome. A single
gene conversion event changes one of the pair of homologous sequences with-
out changing any other parts of the genome. The repair process is mediated
by RAD52 group of proteins, which is supposed to be the initial sensor of
the broken DNA sites. The free ends are processed by nucleases and the 3’
single-stranded DNA (ssDNA) overhangs are created. The new ssDNA ends
are bound by RAD51 proteins to form a nucleoprotein filament. The RAD51
nucleoprotein filament then seeks the undamaged DNA sequence on the sis-
ter chromatid for a homologous template. After the homologous DNA region
has been recognized, DNA is unwind by ATPase activity of Rad54 protein.
The two invading ends serve as primers for DNA synthesis and create the
structure called Holliday junction. After that, the flanking sequences are iso-
merized and whole process is finished by ligation. The schema of homologous
recombination is depicted in Figure 3.11.

3.3.6 Cellular and tissue response to radiation damage

As mentioned above, generally, DNA repair systems comprise these mecha-
nisms: direct DNA damage reversal, DNA excision repair, mismatch repair
and homologous recombination. The various kinds of DNA damage are sum-
marized in Table 3.1. The basis, on which the choice of the DNA repair
pathway is made, is not fully understand yet. There is general agreement
that it depends on the inducing agent or process [Iliakis et al 2004].

Low-LET radiation mainly causes the base damage through the formation
of reactive radicals in water radiolysis. During the repair of base damage,
temporary single strand breaks (SSB) are created as intermediate products
in the repair. Double strand breaks (DSBs) may be created by high doses
of low-LET radiation from clusters of damaged bases. On the other hand,
high-LET radiation may generate DSBs directly without the previous cre-
ation of base damage [Ward 1985]. The amount of single base damage is
approximately two orders of magnitude bigger than the amount of DSBs.
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The primary events caused by ionizing radiation, arranged by abundance,
are: base damage > SSB >> DSB [Alberts et al 2002].

The DSBs may be repaired either by by non-homologous endjoining (NHEJ),
or homologous recombination (HR). Determination of the relative contribu-
tion of NHEJ and HR specifically to the repair of ionizing radiation induced
DSBs is important for understanding of the mechanisms leading to chro-
mosome aberration formation. The biochemical studies confirm, that the
process of main importance is NHEJ. Only a small fraction of ionizing ra-
diation induced DSBs undergo the homologous recombination or HR comes
after the initial end joining [Iliakis et al 2004].

The models of some repair processes in cells can be found e.g. in [Politi et al 2005]
(BER), [Semenenko et al 2005, Semenenko and Stewart 2005] (BER, NER)
and [Cucinotta et al 2008] (NHEJ).

DNA

Damage

Effect Repairability Reference

Altered Bases Primary Easily Repaired [Ward 1995]

SSB Primary
and secondary

Easily Repaired

in most cases

[Ward 1985]

DSB Primary
and secondary

Not all
accurately
repaired

[Ikpeme et al 1995]

[Löbrich et al 1995]

[Taucher–Scholz 1995]

Fragmentation Primary
and secondary

Results from
inability to repair
primary damage

[Holley and Chatterjee 1996]

Deletions Secondary Results from
inability to repair
primary damage

[Kronenberg et al 1995]

Chromosomal
Rearrangements

Secondary Results from
inability to repair
primary damage

[Nagasawa and Little 1981]

Protein-DNA
cross-link

Secondary Not repaired [Olinski et al 1992]

Table 3.1: Radiation induced damage.
Table from [http://hacd.jsc.nasa.gov/].



Chapter 4

Modelling of radiobiological

effects

This chapter presents some models used for analyzing the relationship be-
tween cell survival and radiation dose. The attention is paid to formulat-
ing the basic assumptions and relations between physical characteristics of
radiation (dose, LET), biological characteristics of cells (repair capacities,
properties of the chromosomal system) and the biological output (survival,
inactivation, mutation).

4.1 Target theory

The target theory explains the dose-response curves on the basis of a pre-
sumption that there are regions in the chromosomal system of a cell that
are critical for the survival of the cell [Chadwick et al 1973]. The survival of
the cell is assumed to depend directly on the number of these sensitive sites
(targets) having been hit. In fact, the location of these sensitive targets in
cell is at least problematical.

Generally, the model is applicable for high doses and is not suitable for
lower, more clinically relevant doses.

There are several versions of this theory [Steel 1993]:

Single-target single-hit inactivation

In this approach, just one hit to a single sensitive target is sufficient to cell
inactivation. Under the assumption that the impacts of individual particles

50
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into cell are completely random, the distribution of traversing particle num-
bers may be represented by Poisson statistics. For each cell it is possible to
write

p(survival) = p(no hits) = e
− D

D0 , (4.1)

where D0 stands for the dose that yields on an average one hit per target.
Thus ratio D/D0 represents the average number of hits per cell.

The survival curve is exponential, therefore linear in the semi-logarithmic
plot (see Figure 4.1). This type of cell survival curve occurs for the inactiva-
tion of viruses and bacteria or some types of very sensitive mammalian cells
and for very high-LET radiation [Steel 1993].

Multi-target single-hit inactivation

Let us assume that there are more important targets in a cell and one hit to
each of n targets leads to cell inactivation. Using Poisson statistics:

p (no hits on a specific target) = e
− D

D0 , (4.2)

Therefore,

p (at least one hit on a specific target) = (4.3)

p (specific target inactivated) = 1− e
− D

D0 , (4.4)

and for n targets in the cell,

p(all targets inactivated) = (1− e
− D

D0 )n. (4.5)

Probability of survival is then given by

p(survival) = p(not all targets inactivated) = 1− (1− e
− D

D0 )n. (4.6)

As shown the Figure 4.1, the survival curves approximate to a straight line
for high doses and have a shoulder for low doses, in the region of the so called
quasi-threshold dose (Dq) [Steel 1993].

Two-component model

The major drawback of the multi-target single-hit model is predicting a flat
response for very low doses (see Figure 4.1 on the right side). Due to exper-
imental evidence for a certain initial slope at low doses, the model may be
adapted by adding a single-hit term:

p(survival) = e
− D

D1 (1− (1− e
−D( 1

D0
− 1

D1
)
)n). (4.7)

Here the term e
− D

D1 adjust the initial slope, i.e. D1 represents the dose
required to reduced survival from 1 to 1

e
(see Figure 4.2).
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Figure 4.1: The two most common variants of target theory. The single-
target single-hit (left); the multi-target single-hit (right); picture from
[Steel 1993]

Figure 4.2: The two-component model; taken from [Steel 1993]
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4.2 Linear-quadratic model

The linear-quadratic model (LQ model) [Chadwick et al 1973, Dale 1985,
Thames 1985] is the most commonly used tool for describing cell radiation
response in radiobiology. There is strong theoretical and experimental evi-
dence for LQ model at low doses and low-LET radiation [Sachs et al 1997],
but this model is unsuitable in predicting dose-response of high doses and
high LET radiation (survival curves become more linear).

Figure 4.3: The linear quadratic model; picture from [Steel 1993]

The survival probability S is given by

S = e−αD−βD2

, (4.8)

where α, β are parameters. This equation represents a continuously bending
survival curve. The curvature is determined by the ratio α/β. The α/β ratio
[Gy] describes the dose value at which the linear contribution to cellular
damage (αD) is equal to the quadratic contribution (βD2) [Steel 1993], see
Figure 4.3. It results from equation 4.8:

αD = βD2,

D = α/β. (4.9)

There is a possible interpretation of linear and quadratic terms: linear term
exp(−αD) relates to the number of lethal lesions produced by a single radia-
tion track (the single-track effect) and the quadratic component exp(−βD2)
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corresponds to the number of lethal lesions produced by two different radia-
tion tracks (i.e. the two-track effect) [Steel 1993, Wang et al 2006].

[Chadwick et al 1973] proposed that two separate tracks might cause
damage to opposite strands of the DNA molecule and induce a double strand
break. However, at present time this hypothesis seems not very plausible,
because the probability of such a close interaction of tracks at a few gray
doses is too small. The more likely explanation is complex DNA damage and
interaction between more widely-spaced regions in DNA [Steel 1993].

The linear quadratic model in fractionation radiotherapy

The linear-quadratic model is very useful for describing the relationship be-
tween the total isoeffective dose and the dose per fractions in fractionated
radiotherapy [Steel 1993]. The survival after a dose d per one fraction is
according to 4.8

Sd = e−αd−βd2

. (4.10)

There is a experimental evidence that all fraction in a series have the same
effect, so the biological effect E after n equal fractions of irradiation (here it
is assumed that repair of sublethal lesions is finished) can be expressed as

E = −ln(Sd)
n = −n ln(Sd) = n(αd + βd2) = αD + βdD, (4.11)

where d means the dose per fraction and the total delivery dose D = d n.
Thus the relationship between the total dose and the dose per fraction is
described by equation

D =
(E

α

)
/
[
1 +

d

α/β

]
. (4.12)

The α/β ratio is different for various types of tissues. For tissues with early
reaction to irradiation the characteristic α/β value is about 7 - 20 Gy, for
late-responding tissues it is in the range of 0.5 - 6 Gy. In tables 4.1 and 4.2
the values α/β for some types of acute- and late-responding normal tissues
are reported.

There are several methods to calculate isoeffect relationships for radio-
therapy on the basis of LQ model [Hall et al 2006]. The main approaches
are Extrapolated Tolerance Dose (ETD) by [Barendsen 1982] and Total Ef-
fect (TE) suggested by [Thames and Hendry 1987]. Mathematically identical
to ETD is Biologically Effective Dose (BED) [Dale 1985, Barendsen 1982].
These concepts seek for a fractionation specification, that have the same
effect.
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Tissue and effect α/β References

Skin - desquamation 11.2 (7.8-18.6) Turesson and Thames (1989)

Skin - erythema 7.5 (5.4- 10.9) Turesson and Thames (1989)

Lung (acute) <8.8 Cox (1987)

Table 4.1: Values of α/β ratio for early responding tissues. Data from
[Steel 1993].

Tissue and effect α/β References

Larynx - cartilage necrosis <4.4 Horiot et al (1972)

<4.2 Stell and Morrison (1973)

Lung - pneumonitis <3.8 Cox (1987)

Cord - myelopathy <3.3 Dische et al (1981)

Bowel - performation 2.2 - 8.0 Bennet (1978)

Table 4.2: Values of α/β ratio for late-responding tissues. Data from
[Steel 1993].

From Eq. (4.11) it follows

E = n d(α + βd)

E

α
= D[1 +

d

α/β
] = Biologically Effective Dose (BED) (4.13)

The term [1 + d
α/β

] is called relative effectiveness.
The LQ model described in Eqs. 4.9, 4.11 supposes that between fractions

is enough time for cells to repair sublethal damages. This time is approx.
6 hours, but for some types of tissues (spinal cord) can be more than 24
hours. If the interval between irradiation is lower than this ”full-repair time”,
residual unrepaired damage can interact with damages from the next fraction
and the total tissue damage increases. The simple LQ model can be modified
by adding a repair half-time (T1/2) to take incomplete repair into account (so
called Incomplete repair model [Thames 1985]). Repair half-time represents
the time required for half of the maximum possible repair in tissues. In
this approach, the quantity of unrepaired damage is described by a function
Hm, which depends on the interval between fractions, the number of equally-
spaced fractions and repair half-time. For fractionated radiotherapy, an extra
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term is added to Eq. (4.13):

BED = D
[
1 +

d

α/β
+

Hmd

α/β

]
, (4.14)

where m stands for number of fractions per day. In case of continuous very
low dose rate radiotherapy (< 5cG/hour), cells have opportunity to fully
repair during irradiation. The corresponding modified BED formula is then

BED = D
[
1 +

d

α/β
+

g d

α/β

]
. (4.15)

Values of Hm and g are accessible for various repair half-times in publications
[Thames and Hendry 1987, Steel 1993].

Nanodosimetry-based LQ model

In this approach the coefficients α and β of the LQ formula are explicitly ex-
pressed in terms of three physical quantities and three biological quantities
[Wang et al 2006]. The physical parameters are related to energy deposi-
tions and the biological quantities are connected with lesion production, in-
teraction probabilities and lesion repair rate. According to the model, DNA
lesions may be divided into two types: unrepairable and repairable lesions.
Unrepairable DNA damage is supposed to be irreversible (complex double
strand breaks, lethal chromosome aberations), while repairable DNA lesion
can be fully repaired with the exception of pairwise interaction between two
repairable damages, which can lead to unrepairable damage, too.

The advantage of the new model is the possibility to relate parameters α
and β to physical and biological characteristics and to estimate the iso-effect
for radiotherapies that involve ionizing radiation of mixed LET.
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4.3 Local Effect Model

In Local Effect Model (LEM), the biological effect of ionizing radiation is de-
termined locally as a function of the local dose deposited by charged particle
tracks [Scholz and Kraft 1996]. The inputs for this model are x-ray survival
curves, the radial dose pattern inside the track and geometrical parameters
of cell nucleus. LEM is able to cover special properties characteristic for
charged particles, like the relative biological effectiveness (RBE) as a func-
tion of energy and atomic number of the particles and the transition from
linear to shouldered survival curves (on semilogarithmical scale) depending
on the size of the biological object and particle fluence.

The LEM is based on the premise that the biological effect of radiation
is given by the spatial local dose distribution and thus there is no difference
between local dose inactivation effect of charged particles and x-rays. Ac-
cording to [Barendsen 1990] and others, cell nucleus is the target volume for
the cell inactivation and sensitive sites are homogenously located through-
out the whole volume of nucleus. The track structure and dose distribution
of photons and ions is evidently completely different, but the size of critical
target is in the order of micrometers and integration of energy over such a vol-
umes smears out the fine structure of dose distribution. On the other hand,
x-ray survival curves are not linear and for lower doses there is a shoulder. It
means, high doses are relatively more efficient in comparison with low doses.
Using the same presumption in local doses, the certain amount of energy
given as a high local dose into a small volume of the nucleus is more efficient
than the same energy deposited as a low local dose in a larger volume. In-
tegration of the energy over the nuclear volume would thus underestimate
the biological effects created by the high local doses in the center of a track
[Scholz and Kraft 1996].

Using Poisson distribution, one obtains for survival of cells:

Sion(D) = e−NX(D), (4.16)

where D is the dose delivered by the X-rays and NX(D) represents the aver-
age number of lethal events produced by photon radiation in the cell nucleus.
Lethal events are created by local dose deposition and cell nucleus is homoge-
nously sensitive. For photon radiation the density of lethal events νX(D) in
the cell nucleus can be written as

νX(D) =
NX(D)

Vnucleus

=
−ln SX(D)

V
, (4.17)

where Vnucleus stands for the volume of the nucleus. The total number of
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lethal events in the cell is the summation over sensitive volume:

NX =

∫
x

∫
y

∫
z

νX(D(x, y, z))dx dy dz =

∫
x

∫
y

∫
z

−ln Sx(D(x, y, z))

V
dx dy dz.

(4.18)
According to the main assumption of the LEM, the local biological effect is
determined by the local dose, but is independent of the particular radiation
type leading to a given local dose:

νion(D(x, y, z)) = νX(D(x, y, z)), (4.19)

and therefore

Nion,lethal =

∫
x

∫
y

∫
z

−ln Sx(D(x, y, z))

V
dx dy dz. (4.20)

Using Eqs. (4.16) and (4.18), taking into account the Eq. (4.19), the survival
fraction is given by

S = e−Nion,lethal . (4.21)

In accordance to the principles of the model, the fundamental premise of the
LEM is, that the local biological effect is determined by the local dose, but
is independent of the particular radiation type leading to a given local dose,
i.e. local density of lethal events ν(D) is equal for both the photons and ions
supposing they delivered the same energy locally [Scholz and Elsässer 2007].

The x-ray survival curve is shouldered and therefore the number of lethal
events caused by sum of the single dose depositions is lower than the sum of
two dose depositions together (see Figure 4.4) :

N(D1 + D2) > N(D1) + N(D2). (4.22)

Therefore for local doses, the efficiency of overlapping tracks is higher in com-
parison to single dose distributions. For that reason the biological efficiency
has to be calculated from the total local dose at a given subvolume, taking
into account local doses from all the particles contributing to a given point
in the nucleus (Figure 4.4). Hence, if the track diameter is large enough
and a sufficient part of energy is deposited by overlapping tracks, the shoul-
dered survival curves are to be expected. On the other hand, exponential
survival curves occur for very high LET particles and low fluences, where
the overlapping is negligible, or for low LET particles and very high fluences,
where the diameter of tracks is very small and there is a small probability
for overlapping tracks.

For describing survival curves for photon irradiation, the authors of LEM
have chosen a parametrization that is linear-quadratic in low dose range and



CHAPTER 4. MODELLING OF RADIOBIOLOGICAL EFFECTS 59

Figure 4.4: Overlapping of the tracks in nucleus. Taken from
[Kraft et al 1999]

linear for doses above the threshold dose Dt [Scholz et al 1997, Scholz and Kraft 1996].
Cell survival is then determined by

S(D) = e−aD−bD2

for D ≤ Dt (4.23)

S(D) = Ste
−s(D−Dt) for D > Dt,

where the coefficients a, b are analogous of α, β in LQ model, s determines
the slope of the survival curve at threshold dose Dt and St stands for survival
at the threshold dose.

Practically, for the prediction of survival after ionizing particle irradiation
it is necessary to know [Scholz and Kraft 1996, Beuve et al 2007]:

• radial dose distribution D(r) for determining the local dose distribution
in certain position inside the track

• the sensitive volume V and geometrical parameters of the cell nucleus

• x-ray survival curve for calculating the number of lethal events N(D)
and event density ν(D)
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First, a lay-out of ion irradiation is generated randomly for an irradiation
dose Dion and after that the local dose is obtained from a track structure
model. The number of lethal events is derived from Eq. (4.18), where
S(D(x, y, z)) means survival after x-ray irradiation. Ion irradiation is a
process of very stochastic nature, all procedure has to be repeated many
times to decrease influence of statistical fluctuations on the calculated sur-
vival. The detailed description of computational procedure of LEM is given
in [Scholz et al 1997].

The Local Effect Model describes experimental data quite satisfactory
even thought some presumptions of the model are based on certain simplifi-
cations.

4.4 Kinetic models

4.4.1 Repair-Misrepair Model

This model [Tobias 1985, Tobias et al 1980] is based on distinguishing the
initial submicroscopic lesions and macroscopic processes like cell repair and
cell progression. For RMR model the so-called uncommitted lesions (U le-
sions) are relevant. After irradiation of cells by ionizing particles, the lesions
are created and cells try to repair them. The quality and velocity of repair
processes is dependent on the availability of repair enzymes. Moreover, the
radiation may influence the repair processes in many ways - some present
repair enzymes can be inactivated by radiation or more repair enzymes may
be also created. In the RMR model it is supposed that the cell has a ”mem-
ory” for previous irradiation. Some of the U lesions can interact with other
U lesions created previously. After irradiation, the number of lesions per cell
U0 is proportional to dose D and to the yield coefficient δ:

U0 = Dδ. (4.24)

The time-dependence of the number of lesions per cell may be described by
differential equation

dU

dt
= −λU − κU2, (4.25)

where λ stands for linear self-repair coefficient and κ is a coefficient for coop-
erative repair, including the interference between pairs of U -lesions. For the
sake of simplicity, the time saturation term T = 1− e−λt is used, single dose
is delivered into a cell at t = 0 and it is assumed that there remain no U(t)
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lesions when t →∞. With these assumptions, the solution of Eq. (4.25) is

U(t) =
U0e

−λt

1 + U0T
ε

, (4.26)

where ε = λ/κ.
Under the supposition that no new U-lesions are created during the repair

process, the U0 can be expressed as

U0 = U(t) + RL(t) + RQ(t). (4.27)

In this equation,
RL(t) =

∫ t

0
λUdt = ε ln (1 + U0T

ε
) is the total number of self-repairs and

RQ(t) =
∫ t

0
λU2dt is the total number of quadratic misrepairs. The authors

suppose that all linear repairs lead to survival and all quadratic repairs are
lethal misrepairs. The mean number of lethal lesions in cells, when t →∞ is

RQ(t →∞) = U0 −RL(t). (4.28)

The survival probability is equal to absence of lethal lesions in cell

S = eRQ(t→∞) = e−U0 [1 +
U0

ε
]ε = e−δD[1 +

δD

ε
]ε. (4.29)

This equation contains two independent parameters and it is composed of
lesion term e−δD and repair term [1 + δD

ε
]ε. The model can be modified by

further additional assumptions [Tobias 1985].

4.4.2 Lethal and Potentially Lethal Model

This model, proposed by [Curtis, 1986], involves many kinds of radiobiologic
processes: lesion interaction, irreparable lesions created by single tracks, fix-
ation of linear lesions and lesion repair and binary misrepair. The main
presumptions of the model are:

• Irradiation leads to two different kinds of lesions, lethal and potentially
lethal. The lethal damage is irreparable and causes inactivation of the
cell. Potentially lethal lesions may be repaired by the cell repair system.
This process is characterized by average rate constant εPL per unit time.
PL lesions can also interact with each other (rate constant ε2PL per unit
time) causing a lethal lesion. This type of creating irreparable damage
is called binary misrepair.

• Potentially lethal damages may be fixed in cell (i.e. made unrepaired,
lethal) by trypsinization or other process.
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• The numbers of lethal and potentially lethal lesions for a certain dose
rate Ḋ per cell per unit time are given by ηLḊ and ηPLḊ, where ηL is
the rate of production of lethal lesions and ηPL is the rate of production
of potentially lethal lesions per unit of absorbed dose.

• There is no saturation in the repair process, i.e. the rate of repair per
lesion is not dependent on the present lesions in the cell.

The scheme of creating lethal and potentially lethal lesions in cells is de-
scribed in Figure 4.5. Using the presumptions mentioned above, the time

Figure 4.5: The scheme of LPL model; picture adapted from [Curtis, 1986]

rate of change in the numbers of potentially lethal lesions nPL(t) is given by

dnPL(t)

dt
= ηPLḊ − εPLnPL(t)− ε2PLnPL

2(t). (4.30)

In this equation, the number of lesions caused by irradiation is changing
in time by correct repair (term εPLnPL(t)) and by binary misrepair (term
ε2PLnPL

2(t)). The quadratic term for binary misrepair arises from the fact
that the probability for interaction of the potentially lethal lesions per unit
time is proportional to the number of pairwise interactions of lesions.

Similarly, for the number of lethal lesions it is possible to write:

dnL(t)

dt
= ηLḊ + ε2PLnPL

2(t). (4.31)
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Here, the initial number of lethal lesions is increasing by the binary misrepair
term from Eq. (4.30). Because no lesions are present at the start of the
irradiation (at time t=0), the initial conditions are nL = 0, nPL = 0.

The solution of Eqs 4.30 and 4.31 is given by

nL(t) = ηLD+εln
[ 2ε0

ε0 + εPL + (ε0 − εPL)e−ε0t

]
+

(ε0 − εPL)2t

4ε2PL

−nPL(t) (4.32)

nPL =
2ηPLḊ(1− e−ε0t)

ε0 + εPL + (ε0 − εPL)e−ε0t
, (4.33)

where ε0 stands for

ε0 =

√
εPL

2 + 4ε2PLηPLḊ (4.34)

and
ε =

εPL

ε2PL

. (4.35)

In real situations, the irradiation stops at time t = T and after time tr all
repair processes are finished and the outcome of irradiation is determined. In
time t = T for numbers of lethal and potentially lethal lesions it is possible
to write

dnPL(t)

dt
= −εPLnPL(t)− ε2PLnPL

2(t) (4.36)

dnL(t)

dt
= ε2PLnPL

2(t) (4.37)

where the initial conditions for these differential equations are

nPL(T ) = the value of nPL in Eq. (4.30) in time t = T
nL(T ) = the value of nL in Eq. (4.31) in time t = T

The solutions of these differential equations are:

nPL(t) =
NPLe−εPLtr

[1 + NPL/ε(1− e−εPLtr)]
(4.38)

nL(t) = NL+
NPL(1 + NPL/ε)(1− e−εPLtr)

[1 + NPL/ε(1− e−εPLtr)]
−ε ln[1+

NPL

ε(1− e−εPLtr)
], (4.39)

where NL = nL(T ) from Eq. (4.32) and NPL = nPL(T ) from Eq. 4.33 and
tr is time after that there is no repair present in cells.

The total number of lethal lesions at that time per cell is the sum of lethal
and potentially lethal lesions, because all potentially lethal lesions present in
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cell at the end of the repair time tr are thought to be fixed, i.e. lethal. The
total number of lethal lesions per cell in time t = T + tr is then

nTOT (T + tr) = nL(T + tr) + nPL(T + tr). (4.40)

The survival of the cell is equivalent to the probability that no lethal
lesions is present in cell:

S = e−nTOT (T+tr) = e−nL(T+tr)−nPL(T+tr). (4.41)

Using the terms from Eqs. (4.38) for nL and (4.39) for nPL, the survival
is given by

S = e−(NL+NPL)+ε ln[1+NPL/ε(1−e−εPLtr )] =

= e−NTOT [1 + NPL/ε(1− e−εPLtr)]ε. (4.42)

In this equation,
NL = number of lethal lesions after irradiation,
NPL = number of potentially lethal lesions after irradiation,
NTOT = NL + NPL.

The survival may be expressed as a function of absorbed dose D and dose
rate Ḋ = D/T :

S(D, Ḋ, tr) = e−NTOT (D/Ḋ)[1 +
NPL(D/Ḋ)

ε
(1− e−εPLtr)]ε, (4.43)

where NTOT (D/Ḋ) = nPL(T ) + nL(T ) is the total number of lesions at the
end of irradiation exposure time, NPL(D/Ḋ) = NPL(T ) is the number of
potentially lethal lesions at the end of irradiation exposure time.

If the available repair time tr is sufficiently long, the term (1 − e−εPLtr)
may be neglected and the Eq. 4.43 can be simplified

S(D, Ḋ, tr = ∞) = e−NTOT (D/Ḋ)[1 +
NPL(D/Ḋ)

ε
]ε. (4.44)

Practically, the parameters in the model ηL, ηPL, εPL and ε2PL are to be
determined for a given cell line. The parameter ηL is the reciprocal value
of the D0 for the exponential curve obtained at very low doses. The val-
ues of ηPL, εPL and ε2PL were obtained by fitting the experimental data
[Curtis, 1986].

4.4.3 Two-Lesion Kinetic Model

Kinetic models mentioned above, the LPL model and RMR model, are prac-
tically successful in describing the cell inactivation by radiation. On the other
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hand, these models are not so good in relating cell killing to the creation and
repair or misrepair of the double strand breaks, which are commonly accepted
as the main reason for cell killing by radiation [Steel 1993, Sachs et al 1997].
The Two-lesion kinetic model (TLK) was proposed by R. D. Stewart to
understanding better the relation between DSBs in cells and their killing
[Stewart 2001].

This model is similar to former kinetic models like LPL and RMR model.
Like in the LPL model, creation of DSBs is proportional to the absorbed dose.
In contrast to LPL, where lethal and potentially lethal lesion are no further
classified, simple and complex DSB types with unique characteristic of lesion
repair are distinguished. The elementary version of DSB is the simple DSB
(Type I), interpreted as a 10 - 20 bp long DNA section that contains a break
in each strand. A complex DSB (Type II) contains elementary damage sites
in addition to simple DSB (like base damage, base deletion, single strand
breaks). The TLK model does not include direct lethal lesion production
term that is included in the LPL model. Instead of this, the damage fixation
mechanism and the linear misrepair of DSBs, similarly as in RMR model,
are considered. In real situation, the misrepair of DSB causes a lethal or a
nonlethal genetic change of the DNA molecule. In contrary, in the TLK this
misrepair always leads to a lethal DNA damage. Formation of DSB, their
repair and misrepair are described by two nonlinear differential equations:

dL̄1(t)

dt
= 2Ḋ(t)Y Σ1 − (ε1 + λ1)L̄1(t)− L̄1(t)[η1L̄1(t) + η1,2L̄2(t)]

dL̄2(t)

dt
= 2Ḋ(t)Y Σ2 − (ε2 + λ2)L̄2(t)− L̄2(t)[η1,2L̄1(t) + η2L̄2(t)]. (4.45)

In this equation, L̄1(t) is number of Type I DSBs and L̄2(t) is number
of Type II DSBs per cell. The Σ1, Σ2, λ1,λ2, η1, η2 and η1,2 are parame-
ters with biophysical interpretation, the parameters ε1 and ε2 describe the
fixation of DSBs. The calculated cell survival curves are in very good agree-
ment with experimental data (CHO 10B2 cells, irradiated by 137Cs γ rays
[Stewart 2001]).

4.5 Probabilistic two-stage model

The Probabilistic two-stage model, proposed in the Institute of Physics, is
described in next chapter in detail.
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Probabilistic two-stage model

The model of biophysical mechanisms of cell inactivation by ionizing particles
was proposed in 1980s by Dr. Lokaj́ıček [Lokaj́ıček 1981, Lokaj́ıček 1986].
This earlier version of probabilistic two-stage model distinguishes two stages:
physico-chemical phase (formation of double strand breaks - DSBs) and bio-
logical phase (cellular repair and survival or inactivation as the final response
to irradiation). The DSBs are considered as the main reason for cell inac-
tivation. In accordance with [Resnick 1976, Resnick and Martin 1976], the
damages of chromosomes (in diploid cells) were divided into three groups
[Lokaj́ıček 1986]:

1. only one chromosome of a homologous pair is damaged,

2. at least one DSB is created in each chromosome of a homologous pair,
but they are not in the same segment,

3. at least one DSB is formed in homologous segments of chromosomes.

In the model the survival probabilities for different damage kinds were de-
rived.

The next approach [Judas et al 2001, Kundrát 2004] is mathematically
similar to the Linear-Quadratic model. Briefly, the survival ratio in the LQ
model is given by

S(D) = e−σ(D) (5.1)

σ(D) = αD + βD2.

66
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However, in the probabilistic two-stage model, the function σ(D) was devel-
oped into the whole Taylor series:

σ(D) =
∑

k

αkD
k (5.2)

S(D) = e−
∑

k αkDk

The polynomial expansion into the Taylor series gives an exact representa-
tion of the survival curve. This model has been used for analyzing survival
curves of V79 cells irradiated by protons and deuterons [Hromč́ıková 2003].
However, due to its high computational complexity, the polynomial fitting
procedure may be used only for low total particle numbers (maximum up to
approximately 6 – 8 particles), i.e. for high-LET particles or in the low-dose
region of survival curves [Kundrát 2004].

The current form of the probabilistic two-stage model (P2S) proposed
in the Institute of Physics, Academy of Sciences of the Czech Republic
[Kundrát et al 2005, Kundrát 2006] represents the damage induction caused
by radiation and takes into account also repair processes in cells. This model
enables to distinguish and describe two various types of lesions: lethal dam-
age formed by a single track and less severe damage, where only the combi-
nation of at least two events may be lethal.

The probabilistic two-stage model has been used for analyzing several
published data sets, for example two Chinese hamster cell lines with different
radiosensitivity (data from [Weyrather et al 1999]). All these results can be
found in Part ”Results and analyses”.

5.1 Basic concept of the model

In the probabilistic two-stage model, the ”first stage” involves physical and
chemical phase of the radiobiological mechanism, i.e. energy deposition
to the cell (more precisely to the chromosomal system, which is generally
accepted as the most sensitive target for radiation in cells; compare e.g.
[Steel 1993, Sachs et al 1997, Hall et al 2006, Alpen 1998]). As described
above in Chapter ”Biological effects of radiation”, charged particles cause
ionization and excitation of atoms in cells. After that, the changed molecules
react with others, the chemical bonds are broken and these processes lead to
damage of important molecules (especially the DNA).

The ”second stage” is characterized by the response of the irradiated cell
to damage caused by radiation, i.e. biological phase. It involves enzymatic
repair processes in the cell itself. All these biological mechanisms lead to the
final cell response to irradiation - survival or inactivation.
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Under the condition that the particles imparted to cells have approxi-
mately the same energy (monoenergetic ions), the average number of parti-
cles traversing the chromosomal system at given dose may be described by
equation

hD =
A.D

L
. (5.3)

Here D stands for dose [Gy], L means linear energy transfer (LET) of given
radiation [keV.µm] and

A = Ck.σ, (5.4)

where Ck = 6.24 [keV Gy−1µm−3] is a conversion constant corresponding to
the standard choice of units and σ is the geometrical effective cross section of
the cell nucleus (more precisely the sensitive area within the nucleus). The
average number of particles that hit the nucleus is proportional to dose:

hD = h D. (5.5)

The number of particles having impacted to the given nucleus is random.
The probability of hitting a cell nucleus by k particles is therefore given by
Poisson statistics:

Pk(D) =
(hD)k

k!
e−hD (5.6)

The probability of cell survival after k hits is

S(D) = 1−
∑

k

Pk(D)pk(L), (5.7)

where p(k) is the probability of cell inactivation after k hits. These probabil-
ities fulfill the condition

p0 = 0 ≤ pk ≤ pk+1 ≤ 1. (5.8)

The equation (5.7) may be rewritten by replacing the term (1 − pk) by the
survival probability qk after k hits,

S(D) =
∑

k

Pk(D)qk(L). (5.9)

5.2 Damage induction and repair

After irradiation, various types of DNA lesions are formed in cells. In the
probabilistic two-stage model, three kinds of lesions are distinguished (see
Figure 5.1):
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• Lesions negligible for the cell. The cellular repair system can recondi-
tion this lesion type without problems.

– single strand breaks, base loss, small deletions

• Damage of lower severity. They are repaired if they occur in cells
separately. It must combine with at least another one to be lethal.
Probability of this type of lesions is denoted as b in probabilistic two-
stage model.

– some type of double strand breaks, DSB pair misrejoining, some
deletions

• Severe lesions induced by a single track, possibly lethal even if only
one damage of this type is in a cell. Probability of forming a severe
single-track lesion is named a in this model.

– complex damaged sites, lethal dicentric or tricentric aberrations

Figure 5.1: The schematic description of the damage type in cells, adapted
from [Kundrát 2006]

5.2.1 Cell survival probability

The probability of not forming a severe damage or a less severe damage by
one particle hit may be expressed as (1-a) or (1-b), respectively. Therefore,
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the probability of not forming a severe single-track lesion after k traversals
of particles is given by

qa
k = (1− a)k, (5.10)

and analogously for less severe b-type damage:

qb
k = (1− b)k. (5.11)

Together, the probability of creating neither a single track lesion nor a single
lesion is

qk = qa
k .q

b
k. (5.12)

The cell survival probability after k particle traversals of the nucleus is given
by [Kundrát 2006, Kundrát 2008]

qk =
k∑

i=0

(k
i )a

i(1− a)k−i

k−i∑
j=0

(k−i
j )bj(1− b)k−i−jrab

ij , (5.13)

where rab
ij stands for corresponding repair probabilities of severe type of single

track lesion and less serious ”combined” damage, respectively. For i=0 ∧ j=0
and i=0 ∧ j=1 there is no effect for the cell, because at least one severe a-type
damage or two ”combined” b-type damage are necessary for cell inactivation.
Therefore, r00 = r01 = 1.

The first term in Eq. (5.13),
∑k

i=0(
k
i )a

i(1− a)k−i describes the formation
of i severe single-track lesions after k hits. Assuming that one particle can
create only one kind of lesion, the b-type damage can be formed only from k-i
hits. Thus, the term

∑k−i
j=0(

k−i
j )bj(1 − b)k−i−j describes the induction of less

severe b-type damage from k-i hits. Therefore, the the modified probability
b∗ = b.(1− a) express the probability of induction a less severe damage with
taking into account the fact that if one particle create the a-type damage, it
cannot create a b-type.

The cell survives if after repair processes in cell no a-type damage and
at most a single b-type lesion remain unrepaired. Assuming the independent
repair of individual lesions, the repair function is given by

rab
ij = ri

a.{r
j
b + j rj−1

b (1− rb)}, (5.14)

where ra and rb are repair success probabilities of a severe single particle
a-type damage or a less severe ”combined” b-type damage and i, j stand for
the numbers of lesions formed. The cell survival probability after k hits of
the nucleus can be rewritten as

qk =
k∑

i=0

(k
i )a

i(1− a)k−iri
a

k−i∑
j=0

(k−i
j )bj(1− b)k−i−j{rj

b + j rj−1
b (1− rb)}, (5.15)
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where the first sum represents the induction and repair of i severe single-track
lesions and the second one describes the induction of j less severe ”combined”
damages and their repair.

The Eq. (5.15) can be summed by dividing to two double series to form
[Kundrát 2008]

qk = [ara+(1−a)(1−b+brb)]
k+k(1−a)b(1−rb)[ara+(1−a)(1−b+brb)]

k−1.
(5.16)

By denoting
∆ = a ra + (1− a)(1− b + b rb)
γ = (1− a)b (1− rb),
Eq. (5.16) can be rewritten in a simple form

qk = ∆k + k γ∆k−1. (5.17)

The terms γ and ∆, or 1−∆ and 1−∆−γ respectively, may be interpret
as follows [Kundrát 2007]:

γ = (1− a) b (1− rb) = (no a-type damage is created) (5.18)

and (b-type-damage is created) and (b-type damage is not repaired)

1−∆ = 1− a ra + (1− a)(1− b + b rb) = (5.19)

= a (1− ra) + (1− a) b (1− rb) =

= (a-type damage is created and not repaired)

or (b-type damage is created and not repaired)

1−∆−γ = a(1−ra) = (a-type damage is created and not repaired) (5.20)

In other words, γ mean the probability of creating the unrepaired b-type
damage, 1 −∆ − γ represents the probability of creating the unrepaired a-
type damage and 1−∆ signifies the formation of unrepaired a-type damage
or unrepaired b-type damage.

The cell survival probability qk descends with the number k of hits to the
nucleus. In Figure 5.2, qk for several different values of repair probabilities
ra and rb are displayed.

If repair processes are not taken into account as an independent term,
i.e. only unrepaired damages are considered (ra = rb = 0), it is possible to
rewrite the Eq. (5.16) in an even more simple form:

qk = (1− a)k[(1− b)k + kb(1− b)k−1]. (5.21)

Using Eqs. (5.6), (5.9) and (5.17) the cell survival at dose D is given by

S(D) =
∑

k

Pk qk =
∑

k

(hD)k

k!
e−hD(∆k + k γ∆k−1), (5.22)
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Figure 5.2: Survival probability qk for various values of ra and rb. Values of
a, b and h are fixed: a = 0.2, b = 0.3, h = 2.

which one may convert by summing to

S(D) = e−hD(1−∆)(1 + γhD). (5.23)

This term is independent on k (number of the nucleus hits) and it is given
only by dose and damage induction and repair probabilities. The behavior of
function S(D) for various values of repair probabilities ra and rb is represented
in Figure 5.3.

5.2.2 Parametrization

The damage induction probabilities a, b and repair probabilities ra and rb

in Eqs. (5.10) - (5.15) depend on the radiation quality (i.e. type of particle
and LET), as well as on biological characteristics (in particular, the repair
capability of given cell line, the stage of cell cycle). For the analysis of
experimental data, a, b and r are represented by functions depending on LET
only. These functions must be smooth, continuous and sufficiently flexible
to represent various types of behavior of cell survival curves. The functions
a(L) and b(L) must be increasing with LET, because with increasing energy
given to the cell the probability of creating a damage in DNA increases. We
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Figure 5.3: Survival ratio in dependence of dose for various values of ra and
rb. Values of a, b and h are fixed: a = 0.2, b = 0.3, h = 2.

have assumed that r(L) decreases with LET (the function r(L) is decreasing
with LET), but in analysis presented in part ”Results and analyses” it will
be shown that probability of successful repair is practically independent on
LET. All these functions describe probabilities, therefore their values range
between 0 and 1. The conditions mentioned above are fulfilled for example
by test functions of this type:

a(L) = a0
(1− e(−(a1L)a2 ))

(1 + a3 e(−(a4L)a5 ))

b(L) = b0
(1− e(−(b1L)a2 ))

(1 + b3 e(−(b4L)b5 ))

r(L) = 1− r0
(1− e(−(r1L)r2 ))

(1 + r3 e(−(r4L)r5 ))
. (5.24)

Every these functions is dependent on LET and six auxiliary parameters. For
our analysis we have used this type of parametrization with a3 = 0, b3 = 0,
r3 = 0. This presumption reduces the number of parameters to three for
each function, but the flexibility is still sufficient. In Figure 5.4 the behavior
of function a(L) is shown. This figure shows that a function with three
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parameters allows satisfactory flexibility for describing various behavior of
a(L).

The values of parameters a0 − a2, b0 − b2 and r0 − r2 may be obtained
by analyzing the experimental data (this will be subject of the Part ”Results
and analyses”). The fits are systematic in the sense that for all experimen-
tal curves of one cell line type irradiated by one type of particle the same
parameters ai, bi, ri are used.

Figure 5.4: Function a(L) with various sets of auxiliary parameters a0 − a2



Chapter 6

Methods of calculation

6.1 FORTRAN

FORTRAN (abbreviation from The IBM Mathematical Formula Translating
System) is a programming language that in the 1950s was developed for
numeric computation and solving scientific problems. The FORTRAN code
enables solving of computationally difficult problems like numerical weather
prediction, computational physical and chemical analysis and others.

After the first version from 1956, FORTRAN has occurred in several
latter versions with various extensions and compatibility with previous edi-
tions. The newer versions have supported processing of character-based data
(FORTRAN 77), array programming and object-based programming (FOR-
TRAN 90/95), object-oriented and generic programming (FORTRAN 2003)
and parallel processing (the latest FORTRAN 2008).

The information about programming in FORTRAN can be found e.g. in
[Etter 1990] or [McCracken 1961].

6.2 MINUIT

MINUIT routine was developed at CERN by Fred James as a tool designed
to find the minimum value of a multi-parameter function and analyze the
shape of the function around the minimum [http://seal.web.cern.ch]. The
main application is statistical analysis using the chisquare or log-likelihood
functions, computation of the best-fit parameter values including uncertain-
ties and correlations between the parameters.
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The MINUIT works upon a multi-parameter function named FCN, al-
though the individual name may be changed by the user. The FCN function
is defined by the user and depends on one or more variable parameters. The
MINUIT routine then minimizes FCN with a view to maximum and minimum
values of these parameters set by user, i.e. MINUIT find such a combination
of parameters values that give the lowest value of chisquare. The chisquare
is defined as follows:

χ2(α) =
n∑

i=1

fi(α)− ei

σ2
i

, (6.1)

where α is the vector of free parameters being fitted, ei individual measured
values and the σi are the uncertainties in the individual measurement values
ei.

The parameter values and commands specifying the requested analysis
are given either as a data file or they are written in special calling program
in FORTRAN. The calling program needs to be compiled before execution,
but gives a possibility of conditional execution, looping and other features
available in FORTRAN. It is also possible to use calling program which use
the input data file.

MINUIT routine is designed for finding the parameter values which mini-
mize a function FCN defined by user. The shape of multi-parameter function
FCN in proximity of the minimum determines the uncertainty in the best
parameter values, the so called parameter errors. MINUIT gives a possibility
to analyze the parameter errors in several different ways (calculation of Error
Matrix, finding FCN contours and others).

The detailed information about MINUIT package can be found especially
in [http://seal.web.cern.ch], various methods for finding the greatest or least
value of function are given e.g. in [Nelder and Mead 1965, Rosenbrock 1960]

6.3 Data digitizing

Data were digitized from published papers by digitizing program WinDIG,
which was created by D. Lovy at Dept. of Physical Chemistry in University
of Geneva [http://www.unige.ch].

WinDIG is a free data digitizer for Windows, designed to get curves and
points from scanned images of different formats. The programm enables
manual or fast automatic curve digitalization, measuring and storing dis-
tances in a graph, basic bitmap edition functions for small corrections and
many other functions.
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6.4 Procedure of calculation

The first step consists in writing the initial parameters and their maximum
and minimum values into a data file (see Figure 6.1). The parameter number
is in the first column, followed by the name given by the user, in next col-
umn is required step size. In last two columns are maximum and minimum
acceptable values.

Figure 6.1: The part of the input data file

The second step is compilation and start of the FORTRAN program
calling the minimization routine MINUIT. The program acts on the input
data file and the resulting parameter values are saved in to the output data
file. In this file may be found information about the resulting FCN value,
and also the values of parameters and their uncertainties (see Figure 6.2).
The output values may serve as an input for next run of the minimization
procedure.

Figure 6.2: A part of the output data file
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Chapter 7

Analysis of experimental data

7.1 Study of cellular repair

For our study of cellular repair two cell lines have been chosen: wild type
CHO-K1 cells and their radiosensitive mutant xrs5 with lacking Ku80 com-
ponent of the active DNA-PK complex that is important in double strand
break repair. Twelve survival curves for xrs5 and CHO-K1 irradiated by car-
bon ions of different LET values measured by [Weyrather et al 1999] have
been used. In accordance with experimental evidence [Dikomey et al 1998]
we have supposed that these cell lines did not vary in the induced DNA
damage and the difference in response to irradiation is only due to their
different repair capacities. The results of this analysis were published in
[Hromč́ıková et al 2007]

7.1.1 Cell lines

Chinese hamster ovary cells CHO (see Figure 7.1) are widely used in bio-
logical, farmaceutical and medical research and development. They have a
very low chromosome number (2n = 22), and for their rapid growth and high
protein production they are an ideal model for radiation and other research
[http://www.microscopyu.com].

Chinese hamster ovary cells - CHO-K1
In 1957, T. Puck derived original Chinese hamster ovary (CHO) cell line
from the female Chinese hamster (Cricetulus griseus) from Dr. Yerganian’s
laboratory at the Boston Cancer Research Foundation [Puck et al 1958].
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Chinese hamster ovary cells - mutant line xrs5
The xrs5 are radiosensitive mutant of CHO-K1 cells, lacking in the Ku80
component of the active DNA-PK complex. This complex is important in
double strand break repair and in V(D)J recombination [Feng et al 1996].

CHO-K1 xrs5

Cultivation

Medium Ham’s F12 medium with

10% fetal calf serum and

2mM glutamine

α-MEM medium with 5%

fetal calf serum and 2mM

glutamine

Antibiotics 50units/ml penicillin and

50µg/ml streptomycin

50units/ml penicillin and

50µg/ml streptomycin

Atmosphere humidified air, 5% CO2 humidified air, 5% CO2

Temperature 37 ◦C 37 ◦C

Properties of the

cells

Doubling time 12h 12h

Plating efficiency 0.75 ± 0.11 0.43 ± 0.06

Average nuclear

size

108 ± 4.15 µm2 122 ± 8 µm2

Table 7.1: Parameters of CHO-K1 and xrs5 cells. The data was taken from
[Weyrather et al 1999].

The parameters of cell cultivation and biological properties are given in
detail in Table 7.1.

Before irradiation, the cell population was grown as monolayer logphase
cultures. In case of low energy experiments, the cells were plated in a small
area at the center of Petri dishes (35 mm in diameter) at an amount of 8x104

cells per one dish 12 – 24 hour before irradiation. Low-energy irradiation
(energy of the particles 3.5 – 18.4 MeV/u) was performed at the GSI Uni-
lac and the Tandem van de Graaf accelerator at Max Planck Institut fur
Kernphysik in Heidelberg, Germany. For high-energy experiments, the cells
were plated in an area of 3 cm in diameter to 25 cm2 culture flasks. The
irradiation was done at the GSI synchrotron SIS in Darmstadt, Germany
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Figure 7.1: Live Chinese Hamster Ovary cells (CHO) in vitro viewed by a
phase contrast microscope.
[http://flickr.com/photos/8928507@N02/2547162058]

[Weyrather et al 1999]. The physical parameters of the carbon beams used
in irradiation are characterized in Table 7.2.

Cell survival after particle irradiation was measured by a colony assay
in accordance with standard laboratory procedures [Wulf et al 1985]. All
measurements were repeated 2-4 times; except 103.0 keV/µm, where the
survival curve is the result of single experiment.

Energy [MeV/u]
Energy
on target
[MeV/u]

LET
[keV/µm]

Range
in water
(mm)

270 266.4 13.7 140

195 190.7 16.8 80

85 76.9 32.4 15.9

18.4 18.0 103.0 1.2

11.4 11.0 153.5 0.5

6.12 5.4 275.1 0.15

5.0 4.2 339.1 0.1

3.5 2.4 482.7 0.05

Table 7.2: Parameters of carbon beams used in irradiation of CHO-K1 and
xrs5 cells. The table is redrawn from [Weyrather et al 1999].
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7.1.2 Assumptions

In our analysis of experimental data it has been supposed that damage for-
mation characteristics are the same for both cell lines. Although the xrs5 cell
line has no Ku80 component of the active DNA-PK complex and therefore is
lacking in some repair pathways, the ability of repair is not totally blocked.
Those repair processes that are common for both cell lines have been in-
cluded in the damage induction probability (i.e., only unrepaired lesions for
xrs5 cells are considered). Damage induction probabilities a(L) and b(L) are
chosen in accordance with Eq. 5.24:

a(L) = a0(1− e(−(a1L)a2 )), (7.1)

b(L) = b0(1− e(−(b1L)b2 )).

Involving of repair processes for CHO-K1 is given by function:

ra(L) = 1− ra0(1− e(−(ra1L)ra2 )), (7.2)

rb(L) = 1− rb0(1− e(−(rb1L)rb2 ));

for xrs5 repair is not considered.

7.1.3 Results

Survival curves

In Figures 7.2 - 7.4 the theoretical and experimental survival curves for CHO-
K1 and xrs5 cells are given. In Figure 7.5 the damage induction probabilities
a and b are shown. Assuming that one particle can create only one kind
of lesion, the b-type damage can be formed only in case that there was
create no a-type damage. For the sake of clarity, there is modified function
b∗ = b.(1−a) shown, too. In Figure 7.6 the repair probabilities in dependence
on LET are displayed. In Figures 7.7 and 7.8 the functions 1−∆ (creation of
unrepaired a- or b-type damage), γ (formation of unrepaired b-type damage)
and 1−∆−γ (creation of unrepaired a-type damage) in dependence on LET
are shown.

For calculations of the average number of particles traversing the chro-
mosomal system hD (see Eq. (5.3)) the published values of nucleus area has
been used [Weyrather et al 1999]:
σCHO = 107,8 µm2, σxrs = 122,0 µm2.
For the sake of simplicity, it has been supposed that geometrical effective
cross section of the chromosomal system σ is equal to whole nucleus area.
The experimental data has been fitted by minimization routine MINUIT. For
calculation of cell survival the Eq. (5.23) has been used.
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Figure 7.2: Survival curves for CHO-K1 (in red) and xrs5 cells (in blue) for
13.7 and 32.4 keV/µm
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Figure 7.3: Survival curves for CHO-K1 (in red) and xrs5 cells (in blue) for
153.5 and 275.1 keV/µm
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Figure 7.4: Survival curves for CHO-K1 (in red) and xrs5 cells (in blue) for
339.1 and 482.7 keV/µm
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Figure 7.5: Damage induction probabilities in dependence on LET
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Figure 7.6: Repair success probabilities in dependence on LET
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In Tables 7.3 and 7.4 the results for damage induction and success repair
probabilities are given.

parameter value uncertainty

a0 0.950 0.3 x 10−2

a1 0.60 x 10−2 0.3 x 10−4

a2 1.826 0.9 x 10−2

b0 0.127 0.4 x 10−2

b1 0.061 0.003

b2 1.32 0.08

Table 7.3: Parameters of damage induction probabilities; the values are com-
mon to both cell lines

parameter value uncertainty

ra0 0.575 0.2 x 10−2

ra1 1.08 0.01

ra2 3 1

rb0 0.259 0.3 x 10−2

rb1 7 5

rb2 0.000 0.1 x 10−2

Table 7.4: The parameters of repair success probability for CHO-K1 cell line;
repair probability is function of LET

The fit is systematic in the sense that for all experimental curves the same
parameters ai, bi, ri are used; together 12 parameters. The measurement
errors are taken from published experimental data [Weyrather et al 1999].

The repair success probabilities in dependence on LET seem to be al-
most constant (see Figure 7.6). If the calculation was made with only one
parameter fitted by MINUIT (i.e. the repair probabilities independent on
LET):

ra = r∗a0 rb = r∗b0, (7.3)
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the survival curves and damage induction probabilities remain practically un-
changed (compare Figures 7.5 and 7.6 with Figure 7.9). In the Table 7.8 and
7.6 values of damage induction probabilities and success repair probabilities
ra0 and rb0 are presented.
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Figure 7.9: Damage induction probability (left) and repair probability
(right); repair probability not dependent on LET

parameter value uncertainty

a0 0.955 0.3 x 10−2

a1 0.58 x 10−2 0.2 x 10−4

a2 1.778 0.8 x 10−2

b0 0.270 0.9 x 10−2

b1 0.0131 0.6 x 10−3

b2 0.72 0.01

Table 7.5: The parameters of damage induction probabilities

parameter value uncertainty

r∗a0 0.421 0.002

r∗b0 0.844 0.002

Table 7.6: Parameters of repair success probability for CHO-K1 cell line;
repair not dependent on LET
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The χ2 of both calculations are almost the same, too:

χ2 repair probabilities dependent on LET : 9528
χ2 repair probabilities independent on LET : 9671

For estimating how different the damage induction probabilities for CHO-
K1 and xrs5 cells are, independent fits have been made. In this analysis the
values a and b have been fitted independently for individual curves, for both
cell lines. It means that every experimental survival curve is fitted by the
model (Eq. 5.23) separately, with individual values of a and b. For the
sake of simplicity the repair probabilities ra, rb are the same for all CHO-K1
cells and for xrs5 the repair is not considered at all. The damage induction
probabilities for independent fits together with systematic fits are displayed
in Figure 7.10. The individual values of a, b are given in Table 7.7. These
values for repair probabilities are: r∗a = 0.42, r∗b = 0.84. These values are
almost the same as in the case of systematic fit with repair independent on
LET, compare Table 7.6. All values in this analysis were calculated with
an accuracy of 0.01. The χ2 of this independent fit is 7956, approximately
about 15 % better then the systematic fit. The Figure 7.10 demonstrates
that the a and b in the independent fit have roughly the same behavior as
the systematic fit. These findings are in accordance with assumption that
the repair ability of the xrs5 cells is very low.
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cell line LET [keV/µm] a b

13.7 0.0110 0.0663

16.8 0.0160 0.0703

32.4 0.0511 0.0569

CHO-K1 103.0 0.3597 0.0184

153.5 0.5603 0.0135

275.1 0.7875 0.1272

339.1 0.8712 0.0007

482.7 0.9891 0.0002

13.7 0.0498 0.0010

32.4 0.1119 0.0057

xrs5 153.5 0.5357 0.0073

275.1 0.8948 0.0031

339.1 0.9435 0.0006

482.7 0.9129 0.0030

Table 7.7: Values of a and b, independent fits.

Damage induction probabilities

The calculated survival curves (see Figures 7.2 – 7.4) are in good agreement
with experimental data. In Figure 7.5 damage induction probabilities in
dependence on LET are displayed. It is evident, that for lower LET values (<
50 keV/µm) the probability of creating less severe damage (b) dominates over
the probability of forming lethal damage by a single track (a). This finding
results from the fact that for low LET the particles transfer to DNA molecule
an energy insufficient to forming a severe lesion (complex damage site). With
increasing LET (and thus increasing energy given to a cell per unit length)
the probability of creating a lethal single particle damage increases. At the
LET value of approx. 60 keV/µm the contributions of a and b are equal.
From this value the probability of inducing a single particle damage steeply
increases, to approximately 300 keV/µm, and from this value more slowly to
the probability value of 0.95. The ”combined” modified damage probability
b∗ = b.(1 − a) has the maximum at 60 keV/µm and then decreases to zero.
This fact mean, that for these LET values practically every particle traversing
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the nucleus has enough energy to create a severe a-type damage.
The experimental curves demonstrate that the steepest slope has the

survival curve for LET = 153.5 keV/µm. At this LET value the Relative
Biological Efficiency (RBE) reaches the maximum and for greater LET the
so-called overkill effect occurs (for more details about RBE and overkill effect
see page 14). The RBE in dependence on LET for this data set can be found
in [Weyrather et al 1999].

Probability of successful repair

As mentioned in section ”Assumptions”, repair is considered only for wild
cell line CHO-K1. The repair success probabilities in dependence on LET
are given in Figure 7.6. As shown in this figure, repair success probabilities
ra(L), rb(L) for CHO-K1 are practically constant. This finding gives the
support for the idea that only the first stage in radiobiological mechanism
is dependent on physical characteristics of the irradiation (e.g. LET) and
the second phase is determined only by biological properties of given cell
population [Kundrát 2007]. The difference in repair capability between these
cell lines can be visible also in Figures 7.7 and 7.8. For the xrs5 cells, the
function γ is identical with modified probability b∗ = b.(1−a) and 1−∆−γ
coincides with function a.

The cell repair capability is dependent on cell line type, the position in cell
cycle (most sensitive are cells in M phase [Steel 1993]), presence of scavenging
agents and many others conditions. The most radiosensitive ”wild” cells are
those with high division and metabolic rate or non-specialized (stem cells).
In laboratory it is possible to prepare cell lines with well defined type of
radiosensitivity (like xrs5 mutant in this analysis).

Theoretically, the ra(L) and rb(L) are dependent only on the intrinsic
cell characteristic. Therefore it is possible to say that CHO-K1 cells suc-
ceed in repairing approximately 42 % of the a-type damage and 84% of
the b-type damage not repaired by xrs5 cells (see Tab. 7.4). The a-type
damage involves lethal single particle lesions, like complex damage sites (a
group of double-strand breaks and other lesions), while the b-type damage
encompasses the less severe lesions (some types of double-strand breaks, mis-
rejoining of double-strand breaks); see DNA lesion classification on page 68.
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7.2 Comparison of different models

The aim of this section is to compare various models used currently in radio-
biology. For this purpose we have chosen the generally used Linear Quadratic
model, the Probabilistic Two-stage model proposed in the Institute of Physics
and the Local Effect Model proposed in the GSI center in Germany. The
models have been compared by fitting the same experimental data set (chi-
nese hamster ovary cells CHO-K1). The theoretical survival curves obtained
from these three models are shown and the goodness of fits is discussed.

7.2.1 Cells

The experimental data was taken from [Scholz et al 1997]. The experiments
were performed by W. Weyrather with CHO cells grown as monolayers in
culture flasks; the further details about cells and their processing were not
published. It has been assumed that cells have the same properties as CHO
cells used in previous section ”7.1 - Study of cellular repair”. This assump-
tion is corroborated by the fact that in both cases the measurements were
performed by the same authors (W. Weyrather, M. Scholz). Nevertheless,
even when the experiments were done with the same cell line and the equal
physical parameters of carbon beam, the survival curves are slightly different
(see Figure 7.18 on page 102). This discrepancy may be the result of different
growth conditions of the cultures, differences in irradiation or diverse data
processing and survival scoring.

7.2.2 Characteristics of compared models

The already mentioned models have been used: Linear Quadratic model,
Local Effect Model and Probabilistic two-stage model. Very brief character-
istics of these models:

Linear Quadratic model
In the Linear Quadratic model (LQ) the survival of irradiated cells is given
by

S = e−αD−βD2

, (7.4)

where α, β are parameters. This approach represents continuously bending
curves. Further details about this model can be found on page 53.

Local Effect Model
The Local Effect Model (LEM) is based on the presumption that the bio-
logical effect of irradiation is given locally as a function of the local dose
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deposited by charged particle tracks [Scholz and Kraft 1996]. The inputs
for this model are x-ray survival curves, the radial dose distribution inside
the track and geometrical parameters of cell nucleus. The LEM theoretical
curves are taken from [Scholz et al 1997] and they have not been calculated
by the author of this thesis. Further details about the Local Effect Model
can be found on page 57.

Probabilistic two-stage model
The Probabilistic two-stage model (P2S) describes the damage induction
caused by radiation and also repair processes in cells. The P2S model en-
ables to distinguish and describe two various types of lesions - lethal damage
formed by a single track and less severe damage, where only combination
of at least two events may be lethal. Further details about Probabilistic
two-stage model can be found on page 66.

7.2.3 Results

In Figures 7.11 and 7.12 the theoretical and experimental survival curves
for CHO-K1 fitted by the probabilistic two-stage model are shown. The
damage induction probabilities a, b and the modified probability b∗ = b.(1−a)
and also the repair probabilities ra(L) and rb(L) in dependence on LET are
displayed (Figures 7.13 and 7.14). In Figure 7.15 the functions 1−∆, 1−∆−γ
and γ in dependence on LET are shown. For calculations of the average
number hD of particles traversing the chromosomal system (see Eq. (5.3))
the published value of nucleus area has been used [Weyrather et al 1999]:
σCHO = 107,8 µ2.

For the sake of simplicity, it has been supposed that geometrical effective
cross section of the chromosomal system σ is equal to whole nucleus area.

In Figures 7.16 and 7.17 the comparisons between theoretical curves ob-
tained by LQ model, P2S model and LEM for several different LET values
are presented.
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Survival curves
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Figure 7.11: Survival curves for CHO-K1 cells irradiated by 13.7 and 16.8
keV/µm C ions, fitted by the P2S model
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Figure 7.12: Survival curves for CHO-K1 cells irradiated by 32.4 and 153.5
keV/µm C ions, fitted by the P2S model
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Figure 7.13: Damage induction probabilities in dependence on LET.
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Figure 7.14: Success repair probabilities in dependence on LET.
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Figure 7.15: Functions 1−∆, 1−∆− γ and γ in dependence on LET.
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Figure 7.16: Comparison of P2S model (in red), LQ model (in blue) and
LEM (in green); the survival curves for CHO-K1 cells irradiated by 13.7 and
16.8 keV/µm C ions
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LEM (in green); the survival curves for CHO-K1 cells irradiated by 32.4 and
153.5 keV/µm C ions. In the lower graph the red line coincides with the blue
one.
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The Probabilistic two-stage model fit

The experimental data has been fitted by minimization routine MINUIT.
For calculation of cell survival the Eq. (5.23) has been used. The fit is
systematic, for all four experimental curves the same parameters ai, bi, ri

has been used. In Table 7.8 the results for parameters of damage induction
and success repair probabilities are given.

parameter value uncertainty

a0 0.75 0.07

a1 0.0186 0.5 x 10−3

a2 4.9 0.3

b0 0.334 0.3 x 10−2

b1 0.028 0.6 x 10−3

b2 1.04 0.05

ra0 0.30 0.03

ra1 3 2

ra2 0.7 0.2

rb0 0.19 0.5 x 10−2

rb1 1.6 0.2

rb2 0.3 0.02

Table 7.8: Parameters of damage induction probabilities and repair success
probabilities; repair is dependent on LET

The CHO cells were irradiated by beams with the same LET values as
cells in previous Section ”Study of cellular repair”. Nevertheless, the dam-
age induction probabilities and success repair probabilities are not exactly
the same. This fact is caused by slight differences in experimental curves
in both measures, compare Figure 7.18. This figure shows, that especially
the fourth curve (LET value 153.5 keV/µm) is different in measurement by
[Scholz et al 1997] than in measurement performed by [Weyrather et al 1999].
As mentioned above, the differences in measurements may be result of differ-
ent growth conditions of the cultures, differences in technique of irradiation
or discrepant data processing and survival scoring.

The damage induction probabilities show the same trend as in Section
”Study of cellular repair”: for low LET the probability of creating less severe
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damage (b-type) dominates over the probability of forming lethal damage by
a single track (a-type); compare Figure 7.13.

The repair success probabilities ra and rb are shown in Figure 7.14. Again,
the curves are almost constant. This finding gives support for the idea men-
tioned in previous analysis that repair success is determined only by biological
properties of a given cell population.

Figure 7.18: CHO-K1 cells: comparison of survival curves for equal values of
LET; P2S fit.
Experimental data taken from [Weyrather et al 1999] (in red) and from
[Scholz et al 1997] (in green).

The Linear Quadratic model fit

The cell survival after irradiation was calculated from equation

S = e−αD−βD2

, (7.5)
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where α, β are parameters unique for all curves (therefore, for calculating
was used 8 parameters). The parameter values are given in Table 7.9.

LET [keV/µm] α β

13.7 0.3607 0.0358

16.8 0.3301 0.0421

32.4 0.4495 0.0599

153.5 0.9923 0.0000

Table 7.9: Parameters α, β in linear-quadratic fit

The Local Effect Model fit

The Local Effect Model fit was adapted from [Scholz et al 1997] by data
digitizing program WinDIG (for details about the programm, see page 76).

The comparison of fits

The goodness of fit of a mathematical model characterizes how well it rep-
resents experimental data. Measures of goodness of fit usually describe the
discrepancy between values acquired by the experiment and the values ob-
tained by a given model. For describing the goodness of fit, the reduced χ
square weighted by measurement uncertainties has been used:

χ2(α) =
n∑

i=1

fi − ei

σ2
i

, (7.6)

where the square of difference between theoretical and experimental value
is in the numerator and the uncertainties of the measurement are in the
denominator. The value of χ2 was calculated directly by routine MINUIT
(for further details, see chapter ”Methods of calculation” on page 75).

The comparison of Linear Quadratic model, Local Effect Model and Prob-
abilistic two-stage model is given in Figures 7.16 and 7.17. In Table 7.10, χ2

values for each survival curve and a sum of them are displayed.
From this table follows that the fourth curve has the biggest χ2 for all

models. This finding is given by fact that the experimental values of this
curve are relatively scattered in comparison to other curves. For this curve,
all fits are almost linear (on semi-logarithmic scale), but the LEM fit lies
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curve LET [keV/µm] χ2

LEM LQ P2S

1 13.7 52 35 55

2 16.8 237 27 26

3 32.4 180 9 34

4 153.5 1599 663 662

Σ χ2 2068 733 777

Table 7.10: χ2 of different fits for single curves and general χ2

more outside the experimental points than P2S and LQ fits (see Figure 7.17)
and therefore the χ2 of the Local Effect Model for this curve is relatively
high.

Generally speaking, the goodness of fit was the best for the Linear Quadratic
model; the Probabilistic two-stage model shows similar results. The disad-
vantage of the LQ model and to a certain extent also the P2S model is that
they are only descriptive, whereas the LEM may be regarded as a predictive
model. On the other hand, the P2S model involves also the repair processes
that are included neither in the LQ nor in the LEM. The P2S model may be
in a manner regarded as partially predictive as it relates all parameters in a
systematic way.

A similar comparison of different radiobiological models for cells irradi-
ated by B ions can be found e.g. in [Hollmark et al 2007], where descriptive
models like LQ model, Repairable-conditionally repairable damage model
(RCR), P2S model and predictive models like Track structure theory (TST)
and LEM model are compared.
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7.3 Inactivation effect of different types of
ions

In this analysis the cell inactivation in dependence on LET and ion species to
assess the differences in the biological effects will be discussed. The difference
in inactivation effect is caused by differences in track structure that result
from the different energy deposition pattern for various ions.

For this study the published data [Tsuruoka et al 2005] has been used.
The experiments were performed at International Space Radiation Labora-
tory and Division of Accelerator Physics and Engineering, National Institute
of Radiological Sciences, Chiba, Japan.

7.3.1 Cell line

Normal human skin fibroblasts NB1RGB were obtained from the Riken cell
bank in Japan (cell No. RCB0222). The basic characteristics of cultivation
and qualities of cells are given in Table 7.11. The fibroblast skin cells are
depicted in Figure 7.19.

Figure 7.19: Fibroblast skin cells, 1000x zoom.
Picture taken from [http://www.ideum.com/portfolio/zoom−dna].

The cell cultures were irradiated by carbon (290 and 135 MeV/nucleon),
neon (230 and 400 MeV/nucleon), silicon (490 MeV/nucleon) and iron
(500 MeV/nucleon) ions generated by the Heavy Ion Medical Accelerator
in Chiba (HIMAC) at the National Institute of Radiological Sciences (NIRS)
in Japan. The physical parameters of beams and dosimetry have been de-
scribed in [Kanai et al 1999]. All irradiations of cells were performed at
room temperature [Tsuruoka et al 2005]. Experimental data will be given in
corresponding figures.

Immediately after irradiation, cells were centerplated onto plastic dishes
(diameter 100 mm, Falcon 3003) to produce 60 - 70 colonies per dish for the
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Cultivation

Medium Eagles minimum essential medium

(MEM) with 10% fetal bovine serum

During culturing cells were rinsed in

calcium- and magnesium-free phosphate-

buffered saline (PBS) and exposed to a

0.2% trypsin solution

Atmosphere 95 % air and 5% CO2

Temperature 37 ◦C

Properties of the cells

Plating efficiency 30 - 40 %

Average nuclear size 172.3 ± 2.18 µm2

Table 7.11: Parameters of NG1RGB cells.
The data was taken from [Tsuruoka et al 2005].

cell survival assay. The colonies were fixed and dyed with the help of 20 %
methanol and 0.2 % crystal violet after 14 days of incubation.

Cell survival was measured using a colony formation assay to measure
reproductive cell death. For each dose value, three replicate dishes were
used. According to standard procedures, colonies containing more than 50
cells were considered as survivors [Tsuruoka et al 2005]. The measurement
for each dose was repeated three times.

7.3.2 Carbon ions

In Figure 7.20 the experimental survival curves for NG1RGB cells irradiated
by carbon ions with various LET values are shown together with theoretical
curves obtained by us. The damage induction probabilities and repair prob-
abilities in dependence on LET are displayed in Figures 7.21 and 7.22. In
Figure 7.23 the functions 1−∆, 1−∆− γ and γ in dependence on LET are
displayed.
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Figure 7.20: Carbon - survival curves for NG1RGB cells irradiated by 13,
19, 38 and 54 keV/µm
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Figure 7.21: Carbon - the damage induction probabilities in dependence on
LET
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Figure 7.22: Repair success probabilities in dependence on LET
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Figure 7.23: Carbon - functions 1 − ∆, 1 − ∆ − γ and γ in dependence on
LET.

7.3.3 Neon ions

In Figure 7.24 the theoretical and experimental survival curves for NG1RGB
cells irradiated by neon ions of various LET values are given. The damage
induction probabilities and repair probabilities in dependence on LET are
displayed in Figures 7.25 and 7.26. In Figure 7.27 the functions 1 − ∆,
1−∆− γ and γ in dependence on LET are shown.



CHAPTER 7. ANALYSIS OF EXPERIMENTAL DATA 110

 0.001

 0.01

 0.1

 1

 0  1  2  3  4  5  6

s(
D

)

D [Gy]

 45 keV/micrometer
 59 keV/micrometer

 0.001

 0.01

 0.1

 1

 0  1  2  3  4  5  6

s(
D

)

D [Gy]

 77 keV/micrometer
 105 keV/micrometer

Figure 7.24: Neon - survival curves for NG1RGB cells irradiated by 45, 59,
77 and 105 keV/µm
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Figure 7.25: Neon - the damage induction probabilities in dependence on
LET
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Figure 7.26: Neon - the success repair probabilities in dependence on LET
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Figure 7.27: Neon - functions 1−∆, 1−∆−γ and γ in dependence on LET.

7.3.4 Silicon ions

In Figure 7.28 the theoretical and experimental survival curves for NG1RGB
cells irradiated by silicon ions of five various LET values are presented. The
damage induction probabilities a, b and b.(1-a) and repair probabilities in
dependence on LET are displayed in Figures 7.29 and 7.30. In Figure 7.31
the functions 1−∆, 1−∆− γ and γ in dependence on LET are shown.
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Figure 7.28: Silicon - survival curves for NG1RGB cells irradiated by 55, 59,
69, 113 and 145 keV/µm
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Figure 7.29: Silicon - the damage induction probabilities in dependence on
LET
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Figure 7.30: Silicon - the repair success probabilities in dependence on LET
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Figure 7.31: Silicon - functions 1 − ∆, 1 − ∆ − γ and γ in dependence on
LET.

7.3.5 Iron ions

In Figure 7.32 the theoretical and experimental survival curves for NG1RGB
cells irradiated by iron ions of various LET values are shown. The damage
induction probabilities and repair probabilities in dependence on LET are
displayed in Figures 7.33 and 7.34. In Figure 7.35 the functions 1 − ∆,
1−∆− γ and γ in dependence on LET are demonstrated.



CHAPTER 7. ANALYSIS OF EXPERIMENTAL DATA 116

 0.001

 0.01

 0.1

 1

 0  1  2  3  4  5  6

s(
D

)

D [Gy]

 200 keV/micrometer
 260 keV/micrometer

 0.001

 0.01

 0.1

 1

 0  1  2  3  4  5  6

s(
D

)

D [Gy]

 300 keV/micrometer
 350 keV/micrometer

Figure 7.32: Iron - survival curves for NG1RGB cells irradiated by 200, 260,
300 and 350 keV/µm
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Figure 7.33: Iron - the damage induction probabilities in dependence on
LET. The green line coincides with the blue one.
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Figure 7.34: Iron - the repair success probabilities in dependence on LET
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Figure 7.35: Iron - functions 1−∆, 1−∆− γ and γ in dependence on LET.
The magenta line coincides with the green one.

7.3.6 Results

As in previous analyses, it has been supposed that geometrical effective cross
section of the chromosomal system σ is equal to whole nucleus area. For all
calculations of the average number of particles traversing the chromosomal
system hD (Eq. (5.3)), the published value of nucleus area has been used
[Tsuruoka et al 2005]: σNG1RG = 172 µm2.
The uncertainties of measurements are taken from published experimental
data [Tsuruoka et al 2005].

Ion type The value of χ2

Carbon 47

Neon 91

Silicon 41

Iron 164

Table 7.12: The χ2 obtained for different ions
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parameter value uncertainty

a0 0.83 0.03

a1 0.72 x 10−2 0.2 x 10−3

a2 1.79 0.06

b0 0.13 0.02

b1 0.08 0.02

b2 2.3 0.1

ra0 0.56 0.09

ra1 0.07 0.06

ra2 0.73 0.09

rb0 0.9 0.1

rb1 0.2 0.1

rb2 0.1 0.1

Table 7.13: Carbon - the parameters of damage induction probabilities and
repair success probabilities; repair regarded as dependent on LET

parameter value uncertainty

a0 0.2007 0.4 x 10−4

a1 0.1159 x 10−1 0.1 x 10−5

a2 3.0429 0.9 x 10−3

b0 0.1539 0.6 x 10−4

b1 2.95 0.05

b2 0.54 0.06

ra0 0.9479 0.2 x 10−3

ra1 1.9312 0.3 x 10−3

ra2 1 3

rb0 0.2711 0.1 x 10−3

rb1 0.079 0.006

rb2 3 2

Table 7.14: Neon - the parameters of damage induction probabilities and
repair success probabilities; repair regarded as dependent on LET
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parameter value uncertainty

a0 0.99 0.01

a1 0.3 x 10−2 0.2 x 10−3

a2 1.47 0.04

b0 0.02 0.08

b1 0.5 0.3

b2 0.8 0.6

ra0 0.99 0.04

ra1 3 1

ra2 0.19 0.07

rb0 0.3 0.2

rb1 3 1

rb2 0.4 0.9

Table 7.15: Silicon - the parameters of damage induction probabilities and
repair success probabilities; repair regarded as dependent on LET

parameter value uncertainty

a0 1.0 0.1

a1 0.24 x 10−2 0.3 x 10−3

a2 0.86 0.4 x 10−1

b0 0.95 0.9 x 10−1

b1 0.8 x 10−4 0.3 x 10−4

b2 2.5 2

ra0 1.0 0.2

ra1 0.7 x 10−1 0.5 x 10−1

ra2 0.3 0.1

rb0 0.6 0.6

rb1 0.5 x 10−1 0.2 x 10−1

rb2 2.5 2

Table 7.16: Iron - the parameters of damage induction probabilities and
repair success probabilities; repair regarded as dependent on LET
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In Table 7.12 the χ2 for all four survival curves are given. The presented
figures shows that the theoretical fits are in good agreement with experimen-
tal data.

In Tables 7.13, 7.14, 7.15 and 7.16 the parameters of damage induction
probabilities and repair probabilities for carbon, neon, silicon and iron ions
irradiation are displayed.

Damage induction probability

In Figures 7.21, 7.25, 7.29 and 7.33 damage induction probabilities a, b and
the modified probability b∗ = b.(1− a) in dependence on LET are displayed.
In all cases for low LET values the probability of creating a less severe damage
(b) dominates over the probability of forming lethal damage by a single track
(a). For lower LET radiation the particles do not impart enough energy to
the target to cause a severe damage. The probability of creating a severe
single particle damage increases with increasing LET. The LET value where
these probabilities are equal is for all ions lower than 100 keV/µm. The
highest value is for neon ions, approximately 90 keV/µm, and lowest value
occurs for iron ions, where it is practically zero.

In survival curves for cells irradiated by silicon and iron, the overkill effect
occurs apparently. The survival curve for 145 keV/µm silicon is markedly less
steep than the curve for 113 keV/µm. For iron ions, the steepest curve is even
the curve with the lowest LET - that mean that all LET values lie behind
the RBE maximum. The position of the Relative Biological Efficiency (RBE)
maxima in dependence on LET for various ions can be found in [Kraft 2001].

Repair success probability

From Figures 7.22, 7.26, 7.30 and 7.34 the similar results follow as in previous
sections: First, repair success probabilities ra(L) and rb(L) are practically
constant (independent on LET), and second, the repair probability of ”com-
bined” damage rb(L) dominates over the repair probability of single-particle
damage ra(L) in all cases. The first finding again validates the idea that
only the first stage in radiobiological mechanism depends on physical prop-
erties of the irradiation (e.g. LET) and the second phase is given only by
biological characteristic of cells. The value of ra(L) remains between 0.05
and 0.15 for all four data sets. On the other hand, the value of rb(L) varies
to a large extent. This finding follows from the fact, that practically in all
cases the corresponding probability of creating b-type (less severe) damage
is very small. This is also the reason why big errors occurs in calculation of
the parameters ra0 – ra2 and rb0 – rb2.



Chapter 8

Discussion

In previous chapter the basic characteristics of DNA damage induction and
also the cellular repair for various cell lines irradiated by different ion species
of various energies were derived. The discussion about the particular results
is given in corresponding sections in preceding chapter. The general findings
are summarized in further text.

For all analyzed data sets we have shown both the damage induction
probabilities a, b and the modified probability b∗ = b.(1 − a) and also the
repair success probabilities ra(L) and rb(L). The functions 1−∆ (creation of
unrepaired a- or b-type damage), γ (formation of unrepaired b-type damage)
and 1−∆−γ (creation of unrepaired a-type damage) in dependence on LET
are given in corresponding figures, too.

In the analysis ”Study of the cellular repair” repair capacities of two cell
lines, wild CHO-K1 cell line and their repair deficient CHO mutant, xrs5,
have been compared. It has been assumed that the damage induction prob-
abilities for both severe single particle and less severe ”combined” damage
to chromosomal DNA are equal for wild CHO-K1 and for mutant xrs5 line.
The results show how the Probabilistic two-stage model represents the fact
that the wild type CHO-K1 cells are capable to repair quite large amounts
of lesions not repaired by radiosensitive xrs5 cells (compare Figure 7.6). For
the sake of simplicity, repair processes that are common for both cell lines
have been comprised directly in the damage induction probability, i.e. only
unrepaired lesions for xrs5 cells are taken into account.

The analysis ”Comparison of different models” gives a confrontation be-
tween the Linear Quadratic model (LQ), Local Effect Model (LEM) and
Probabilistic two-stage model (P2S). All models represent the shape of sur-
vival curves quite satisfactorily, the best results gives the LQ model and
similarly the P2S. The LEM theoretical curves lie more outside the experi-
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mental points than the other two fits. The LQ model and to a certain extent
also the P2S model are only descriptive models, on the other hand the LEM
may be considered as a predictive model. The LEM requires the radial dose
distribution, the sensitive volume V and geometrical parameters of the cell
nucleus and x-ray survival curve for calculating the number of lethal events
and event density. The LQ model needs no cell parameter, the fit is given
only by two parameters α and β for each survival curve. For the P2S model it
is necessary to know the geometrical effective cross section of the cell nucleus
and the LET of irradiation beam; the calculation is made with 6 parameters
for damage induction and 2 or 6 parameters for repair (depends on type of
repair parametrization) for each set of survival curves with the same kind of
ion and cell line. In the P2S model also takes the repair capability of given
cell line into account.

The study ”Inactivation effect of different types of ions” describes the
differences in the radiobiological mechanism for diverse ion species. For the
analysis, the normal human fibroblast NG1RGB irradiated by carbon, neon,
silicon and iron has been used. On the survival curves of cells irradiated by
silicon and iron ions the overkill effect is observable.

Generally, in all performed analyses, similar findings have been observed:

• For lower LET values (generally for LET < 70 keV/µm) the probability
of creating less severe damage (b) is greater than the probability of
forming lethal damage by a single track (a). For low LET the particles
cause less severe damage to DNA and with increasing energy given to
a cell nucleus the probability of creating a lethal single particle damage
increases. The less severe damage is also more likely repaired by cell
enzymatic repair mechanisms.

• The repair probability of less severe ”combined” b-type lesions dom-
inates over the severe single particle a-type damage for all analyzed
survival curves. This finding validates the fact that the less severe
damages are repaired by the cell repair mechanism more likely than
the more severe lesions.

• The probability of successful repair is practically independent on LET.
That leads to the conclusion that only the first phase of radiobiological
mechanism is dependent on physical parameters of the irradiation and
the consequent stage is determined only by biological characteristics of
cells. The Eq. (5.24) is not very suitable for describing the constant
function, and especially parameters r2,3 are therefore calculated with
big uncertainties.
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In testing the Probabilistic two-stage model on the basis of experimental
data it is difficult to quantify precisely the damage induction and correspond-
ing repair. That is given by fact that in all analyzed experiments the cell
survival was measured using a colony formation assay to measure reproduc-
tive cell death. This mean that all repair processes were finished and the
outcome of irradiation is determined by both the damage induction and re-
pair mechanisms. For individual cell lines the results demonstrate that cell
repair is not dependent on LET and to a certain extent on the particle used
in irradiation. The first possibility to solve the problem is analyzing wild cells
and their repair deficient mutant. On the supposition that these cell lines
did not differ in the induced DNA damage and the difference in response to
irradiation is caused only by their different repair capacities, it is possible to
obtain damage induction probability without influence of repair processes.
This approach was used for the CHO-K1 cells in this work. The second pos-
sibility is to use the data sets where repair processes were disabled (for this
purpose the irradiation on ice is being used). These data sets are available
for x-rays irradiation [Roos et al 2000], but not for protons and ions. For
further developing the model, the data sets for various cell lines and different
ions are needed.



Chapter 9

Conclusion

The Probabilistic two-stage model is a realistic model that describes the
radiobiological effects of charged particles and represents the given exper-
imental cell survival curves consistently and systematically. In the model,
the ”first stage” means physical and chemical phase of the radiobiological
mechanism, the impartation of the energy to the chromosomal system and
forming the damages. The ”second stage” involves the biological phase of
radiobiological effect., i.e. in particular the repair processes. The model
quantifies two different types of lesions, a severe damage formed by a single
particle and less severe damage, where combination of at least two events
may be lethal.

The Probabilistic two-stage model has been used for analyzing several
published data sets, for Chinese hamster cell lines with different radiosensi-
tivity (data from [Weyrather et al 1999]) and for normal human fibroblast
cells (data from [Tsuruoka et al 2005]). The theoretical curves are in good
agreement with experimental data.

For further develop the model and increase its predictive power, two major
fields seems to be important: (i) taking into account the microdosimetric
approach, especially track-structure models and (ii) involving the biological
models of repair.

The analyses presented in this work have indicated the importance of
involvement the repair processes in cells into the model. Nevertheless, for the
detailed study of cellular repair, special experiments are needed, preferably
data sets where the repair processes are disabled during and after irradiation
together with their comparison with cells irradiated in normal conditions.
The involvement of the ion species (the proton number of the ion) into the
calculations seems to be interesting, too. These motives will be studied in
the future.
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The present development in the field of hadron therapy accents the de-
mand for realistic description of radiobiological mechanisms in cells after
irradiation by charged particles. A significant way how to understand better
the fundamental radiobiological mechanisms is to involve the physical pro-
cesses on the level of interactions of atoms and charged particles as well as the
chemical reaction between DNA and irradiation induced radicals and finally
the biological mechanisms like enzymatic repair. The mathematical models
in radiobiology should be able to represent both the qualitative and quan-
titative characteristics of experimentally observed behavior of the irradiated
cells.

The present results accent the needfulness for further research of detailed
radiobiological models, which should reflect the various effects of damage
induction and repair processes in cells and tissues.
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Appendix A

Hadron therapy centers in the
world

At present, there are many proton therapy centers in the world and several
facilities which offer treatment by ions (usually carbon). Worldwide more
than 50,000 cancer patients have been treated by proton therapy up to now
and several thousands of patients by carbon therapy. This chapter provides
a brief summary of these centers, forthcoming as well as already working.
Very detailed information about particle therapy centers can be found e.g.
in [http://ptcog.web.psi.ch].

Europe

Proton Therapy Center, Paul Scherrer Insti-
tute (PSI)
Villigen, Switzerland

The PSI was opened in 1984 and it has specialized for treatment of the eye
tumors with the OPTIS facility. In collaboration with Hôpital Opthalmique
of the University of Lausanne approximately 4800 patients have been treated
by proton beam. In more than 98 % of cases tumor was cured or its growth
was stopped. In more than 90 % of cases the eye could be saved. By the end
of 2007 the unique PSI compact gantry was used to treat 320 patients with
brain, skull-base or spinal cord tumors and abdominal sarcomas.

At an early date, the new Gantry 2 with new scanning features will be
ready for patient treatment. Gantry 2 will provide new scanning features
such as organ motion scanning during irradiation. The Gantry 2 is designed
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specifically for the implementation of new advanced parallel beam scanning
techniques. The new system shall be capable of providing multiple target
repainting, without increasing beam size or treatment time.

Source: http://p-therapie.web.psi.ch/e/index.html

Centre de Protonthrapie
Orsay, France

First experiments with the proton beam in cancer treatment were done in
1987. Four years later, in January 1991, the Orsay Proton Therapy Center
(CPO) was established. The center encompasses a hospital unit with exclu-
sive use of the synchrocyclotron for eye and intracranial tumors. Currently,
a large-scale renovation is processing and is scheduled to end in 2010. The
goal is to double the number of patients the Proton Therapy Center can treat
nowadays.

Source: http://www.protontherapie-orsay.fr

Centre of Oncology
Clatterbridge, UK

The Douglas Cyclotron Unit started in 1989 and it is the only proton ther-
apy facility of its kind in the United Kingdom. This center is specifically
concerned with treating cancers within the eye. The most common lesions
treated are choroidal melanomas. In recent years, however, this has been ex-
tended to include choroidal haemangiomas, iris melanomas and conjunctival
melanomas.

Source: http://www.ccotrust.nhs.uk/patient/treatment/cyclotron.asp

Biophysics and Therapy Centre, GSI
Darmstadt, Germany

The GSI center in Germany is the only carbon therapy facility in Europe.
It has been started in 1997 and up to now it has been used to treat almost
400 patients with tumors in the head or neck region. Subsequent monitoring
of patients at GSI over a five-year period revealed that the growth of the
tumors was stopped in 75 - 90 % of the patients, depending on the type of
tumor. New clinical studies are focused to the treatment of the vertebral



column tumors and prostate cancer. The new approach to the treating mov-
ing organs is also under development at GSI. GSI plans the new accelerator
Facility for Antiproton and Ion Research (FAIR) for the research with ion
and antiproton beams.

Source: http://www-aix.gsi.de/%7Ebio/home.html

Heidelberg Ion Therapy Center (HIT)
Heidelberg, Germany

An ion-beam radiotherapy center is under construction at the Heidelberg
University Medical Center in collaboration with GSI Darmstadt. The clinical
operation will start in 2008, and it is supposed that more than 1,000 patients
will be treated here per year.

HIT uses a synchrotron to accelerate protons, carbon ions or even other
ion. Patients will be treated in two fixed beam treatment rooms and one
gantry room.

Source: http://www.klinikum.uni-heidelberg.de (in german)
Source: http://www.medical.siemens.com/

CATANA, INFN
Catania, Italy

In present time, CATANA (Centro di AdroTerapia e Applicazioni Nucleari
Avanzate) is the actually unique proton therapy facility in Italy. There is a
62 MeV proton beam, produced by a Superconducting Cyclotron (SC). The
main interest of CATANA center is the study and the application of protons
for the treatment of shallow tumors such as uveal melanomas and subfoveal
macular degenerations. Moreover, other less frequent lesions like choroidal
haemangioma, conjunctiva melanoma, eyelid tumors and embryonal sarcoma
are treated.

Source: http://web2.lns.infn.it/CATANA/CATANA/default.htm

Rinecker Proton Therapy Center (RPTC)
Munich, Germany

The Rinecker Proton Therapy Center (RPTC) has been designed to provide
radiotherapy for tumours in all parts of the body for approx. 4,000 patients



a year. There are four gantries equipped with patient couches, with adequate
options for movement to allow all the tumors that occur in the body and the
fixed beam for precision irradiation of the eye, brain and facial tumors.

Source: http://www.rptc.de/english/index.htm

Centro Nazionale di Adroterapia Oncologica
(CNAO)
Pavia, Italy

The centre is currently being built in Pavia and its start up is scheduled for
the end of 2008. In this center synchrotron 400 MeV/u with three horizontal
and one vertical beam will be built up.

Source: http://www.cnao.it/

Asia

HIMAC
Chiba, Japan

The National Institute of Radiological Sciences (NIRS) started cancer ther-
apy in 1961 using x-rays and gamma rays. Fast neutron beam therapy using
a cyclotron and proton therapy were introduced in 1975 and 1979, respec-
tively. Charged particle therapy was started in 1994 and by March 2006 it
had been used to treat more than 2,800 patients.

There are three treatment room, with one horizontal, one vertical and
one with both horizontal and vertical beam. The NIRS, in collaboration
with external research institutes and universities, is currently developing new
technologies including laser acceleration and conducting research and devel-
opment on therapeutic systems small enough to install in existing hospitals.

Source: http://www.nirs.go.jp/ENG/research/charged−particle/index.shtml

Proton Medical Research Center
Tsukuba, Japan

The University of Tsukuba started proton clinical studies in 1983 using a
synchrotron constructed for physics studies at the High Energy Accelerator



Research Organization (KEK). A more than 700 patients were treated at this
facility from 1983 to 2000.

In 2000, Proton Medical Research Center (PMRC) was built near to the
University Hospital. PMRC is equipped with a synchrotron and two rotating
gantries. Clinical treatment in PMRC was started in September 2001. Up to
2008, approximately 1500 of patients were treated in this new facility. PMRC
focuses mainly on liver cancer, lung cancer, prostate cancer, esophageal can-
cer and brain or skull base tumors.

Source: http://www.pmrc.tsukuba.ac.jp/engRadiotherapy.html

America

Loma Linda University Proton Therapy Cen-
ter
USA

The Loma Linda proton therapy facility, opened in 1990, was the first hospital-
based proton treatment facility worldwide (until 2003, it was the only one in
USA). Loma Linda University Medical Center attends to treatment of wide
variety of tumors, such as tumors of brain and base of skull, chordomas and
chordosarcomas, pelvis cancers and as well as pediatric cancers.

Source: http://www.protons.com/index.html

The Northeast Proton Therapy Center at The
Massachusetts General Hospital
Massachusetts, USA

The Northeast Proton Therapy Center (NPTC) is located on the main hos-
pital campus of the Massachusetts General Hospital. The proton beam is
divided to three treatment rooms; two of them are equipped by gantries.

Source:http://neurosurgery.mgh.harvard.edu/ProtonBeam/NPTCbrochure.pdf
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List of abbreviations

BED – Biologically Effective Dose

BER – Base-Excision Repair

BNCT – Boron Neutron Capture Therapy

CSDA – Continuous Slowing Down Approximation

CT – Computed Tomography

D – dose

DSB – Double Strand Break

EDT – Extrapolated Tolerance Dose

ICRU – International Commission on Radiological Units

IGRT – Image-guided radiation therapy

IMRT – Intensity-modulated radiation therapy

IMPT – Intensity-modulated proton therapy

LEM – Local Effect Model

LET – Linear Energy Transfer

LPL – Lethal and Potentially Lethal model

LQ – Linear-Quadratic (model)
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NER – Nucleotide Excision Repair

NHEJ – Non Homologous End Joining

MMR – Mismatch Repair

MRI – Magnetic Resonance Imaging

OER – Oxygen Enhancement Ratio

PET – Positron Emission Tomography

P2S – Probabilistic two-stage model

RBE – Relative Biological Efficiency

SCGE – Single Cell Gel Electrophoresis

SOBP – Spread Out Bragg Peak

SSA – Single Strand Annealing

SSB – Single Strand Break

TLK – Two-Lesion Kinetic model
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