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Abstract
Technological advances in medicine have improved the survival rates of many different types
of cancer. However, lung cancer is the leading cause of cancer death due to its frequency and
low long-term survival rate. Therefore, investigating any potential promising treatment types
of lung cancer is important for its large potential impact on the number of people dying to
cancer.
To this end, we investigate the effects of grid irradiation. The first medical trials with grid
irradiation happened during the inception of radiotherapy. Grid irradiation decreased the
adverse effects observed in the skin and other healthy tissue, allowing for a higher tumor
dose, which increased the probability of killing the tumor. However, technological
improvements in radiotherapy made grid irradiation obsolete.
Then a medical trial in the early 90s increased the interest in grid irradiations, spawning
multiple follow up studies. These trials showed impressive results, including when used in
trials of lung cancer patients. However, the effects of grid irradiation are poorly understood.
And, the results of the medical trials are commonly linked with observed bystander effects.
Reduced tumor size in distant nonirradiated tumors and measured increased concentration of
potential bystander sources.
Therefore, we investigate the effects of grid irradiation by looking at the surviving fractions in
lung cancer cells receiving a homogenous dose in the open and closed parts of the grid. Then,
comparing them against the surviving fraction with irradiation without a grid enables us to
find the effects of grid irradiation. When comparing the dose-response of irradiations without
a grid with the LQ model, the cells in the open parts of the grid receiving doses of 3.4(2) Gy,
and 6.8(4) Gy saw decreased surviving fractions of 0.10(7) and 0.11(3). Simultaneously, the
cells in the closed parts of the grid had an increased surviving fraction of by 0.08(3) at 0.4(1)
Gy.
As standard radiotherapy treatments of cancer divide the total dose into fractions, we
investigated the effects of fractionated irradiations with and without a grid. When comparing
the surviving fraction curves against the biologically effective dose, the cells in the open part

of the grid are consistently below the curve without a grid. An unfortunate low sample size
partially limits these results.
The final experiment used medium from irradiated cells to investigate the effects of bystander
signals transmitted through the cell medium. High cell density flasks were irradiated with 0.2
Gy, 2.0 Gy, 5.0 Gy and 10 Gy producing surviving fractions of 1.25(7), 1.09(8), 0.90(2), and
0.9(1).

Sammendrag
Lungekreft er en den ledende årsak til at folk dør av kreft, dens behandling må ofte bli avbrutt
på grunn av pneumoni. Pneumoni skaper en kronisk betennelse i lungene som gjør det umulig
å behandle kreftsvulsten. Dette er grunnen til at forskning på modaliteter som viser potensiale
til å forbedre lungekreftbehandling er viktig. Derfor studerer vi effekten av grid bestråling.
Grid bestråling er en gammel modalitet, som startet å bli brukt kort tid etter at
strålebehandling av kreft startet. Denne modaliteten hindret negative reaksjoner i normalvev,
som tillate økning i dosen til tumoren. Men teknologiske forbedringer i strålebehandling
gjorde modaliteten uinteressant.
Men så på nittitallet ble grid bestråling testet for forbedring av livskvalitet for personer med
store vanskelige kreftsvulster. Av de som fikk behandling, rapporterte 90 % minsket smerte.
Dette skapte økt interesse i grid som en mulig modalitet i behandlingen av kreft. I de mange
oppfølgende medisinske studiene, ble det rapportert svulstminskning i områder ikke bestrålt.
Det ble også målt økt konsentrasjon av mulige kilder til disse såkalte bystander effektene.
Kanskje enda mer interessant, noen av de medisinske studiene rapporterte relativt høy
frekvens av tumor kontroll i behandling av lungekreft. Altså, at de fikk tumor til å slutte å
vokse.
Vi studerer effekten av grid bestråling ved å separere de to områdene med homogen dose i det
åpne og lukket del av grid. Overlevelsen i de to områdene blir sammenlignet mot overlevelsen
med bestråling uten grid, med hjelp av LQ modellen. Denne analysen resulterte i redusert
surviving fraction på 0.10(7) og 0.11(3) for celler bestrålt med 3.4(2) Gy, og 6.8(4) Gy i den
åpne delen av grid. Samtidig ble det målt en 0.08(3) økning i surviving fraction for celler i
den lukkete delen av grid bestrålt med 0.4(1) Gy.
Standard stråleterapi behandling av kreftpasienter, deler opp den totale dosen i fraksjoner.
Derfor ble den samme analysen gjort med flere bestrålinger separert i tid. Når surviving
fraction kurvene for bestrålingene med og uten grid ble sammenlignet mot biologically
effective dose, var cellene i den åpne delen av grid konsekvent under bestrålingen uten grid.
Men denne analysen er delvis begrenset på grunn av få datapunkter.

Det siste eksperimentet studerte effekten av bystander signaler sendt ut i celle mediet. Dette
ble gjort ved å bestråle celler med høy tetthet, deretter overføre mediet til ikke bestrålte celler.
Det resulterte i en surviving fraction på 1.25(7), 1.09(8), 0.90(2), og 0.9(1) for bestrålinger
med 0.2 Gy, 2.0 Gy, 5.0 Gy og 10 Gy.
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1. Introduction
Shortly after the invention of the X-ray tube, Emil H. Grubbé treated a breast cancer patient
without knowing how the X-rays cured cancer [2]. At first, the low voltage X-ray tubes only
allowed for the treatment of skin cancer, but with technological improvement and a higher
voltage started the treatment of more deep-seated tumors [3].
As early as 1909, only 13 years after the first cancer treatment using X-ray radiation, the first
use of modulating the radiation field with a grid was reported [4]. At the time, a large area
around the tumor had to be irradiated, as the accuracy in targeting the tumor was much lower
than today. So, the limiting factor in how high a dose they could deliver to kill the cancer was
the adverse effects of healthy tissue [5]. But as grid irradiation diminishes the skin’s adverse
effects, it allows for a higher tumor dose [6]. However, the invention of the linear accelerator
made treatment with high energy photons possible [5]. This invention spawned a method to
mainly target the tumor with a high dose, and is the method used today called conformal
radiotherapy.
The idea of conformal radiotherapy came from Shinji Takahashi, a radiograph that used the
rotation to take diagnostic pictures and extended it to the treatment of cancer in 1965 [7]. His
idea of irradiating from multiple positions did not come to fruition until two decades later.
However, it has been the gold standard of radiotherapy since the 1980s, as targeting the tumor
from multiple positions increases the tumor dose with each position while most of the healthy
tissue that a single position hits is only hit once per position.
Mohiuddin, M. et al. reintroduced Grid irradiations in 1990 by doing a pilot study of its
capability to improve the life quality of late-stage cancer patients. The patients had a response
rate of 90 % when asked if their pain stopped, a good enough result that it spawned multiple
follow-up studies [8]. One of these studies with curative intent of early-stage lung cancer
achieved stopping tumor growth in 86 % of treatments. This local control rate was higher than
the standard treatments, where a homogenous dose is delivered to the entire tumor multiple
times [9].
A popular speculated reason for increased tumor control rate is that the grid irradiations better
target the tumor’s inner hypoxic parts [9]. The inner part of the tumor lacks oxygen and is
more resistant to ionizing radiation. So, the targeting of this core could change the tumor
environment through mechanisms currently unknown. In January 2019, results from a study

by Slavisa Tubin et al. was published that targeted only the hypoxic core using grid irradiation
[10]. The partially irradiated tumors had a median reduction of 70 %, a result they suggested
was a consequence of bystander effects. Bystander effects are the results of irradiated cells’
capability to signal to nonirradiated cells. Interestingly, they also observed a 52 % reduction
in the size of tumors far away from the targeted area.
Lung cancer is the leading cause of cancer deaths worldwide, with 1.8 million dying
worldwide [11]. Furthermore, the lung is an organ sensitive to the large radiation fields often
needed to cover the tumor. As the call to investigate grid irradiation is growing [12], this
study aims to investigate the effects of irradiating with two homogenous dose regions on the
clonogenic survival of a lung cancer cell line in vitro. However, a potentially important part of
successful treatments with grid irradiation, is using the bystander response. As multiple
successful trials also report increases in known bystander signals while observing reduced
tumor size in nonirradiated parts. And, the signaling of these factors depends on the dose.
Furthermore, there are reported potential crosstalk between the cells in the open and closed
part of the grid. Therefore, the bystander signal sent through the cell culture is investigated.

2. Theory
2.1. Photon interactions
The photon interactions most important for radiobiology are the photoelectric effect, the
Compton effect, and pair production. The photoelectric effect emits an electron by
transferring the photon's energy to an atomic electron. While for Compton scattering, the
electron scatters the photon and absorbs a part of its energy. Compton scattering is the most
probable interaction in low atomic number matter from 20 keV to 30 MeV [13]. As tissue
consists of mostly water [14], and it has low atomic number. Compton scattering is the most
significant effect for medical physics.
2.1.1.

Photoelectric effect

Figure 1. A photon gets absorbed by an atomic electron, resulting in the emission of the
electron. (Wikimedia Commons)

The photoelectric effect is the interaction where a photon gets absorbed by a tightly bounds
orbital electron, resulting in the emission of the electron. There are multiple calculated atomic
cross-sections for the photoelectric effect. However, because of the complexity of the binding
energy, they all differ from experimental data. Luckily there is a workable solution for
photons under 100 keV. As previously mentioned, Compton starts dominating for energies
above 20 keV for low atomic number media. Hence, the solution is valid for the energy
interval, where the photoelectric effect makes a significant difference. Simplifying the
solution to the atomic cross-section's proportionality with the atomic number (𝑍) of the
photon's medium and energy (ℏ𝜈), it becomes:
𝜏
𝑍3
∝
.
ρ (ℏ𝜈)3

(1)

2.1.2.

Compton scattering

Figure 2. The scattering of a photon by an electron, reducing the energy of the photon and
causing the electron to recoil. (Wikimedia Commons)

Compton scattering is the result of a photon that interacts with a loosely bound electron. The
electron is regarded as free, which means that there is no atom to carry momentum. Only part
of the energy is transferred to the electron to conserve momentum, and a photon carries the
rest.
Kinematics and cross section describe the results and probability of Compton scattering [15].
Conservation of energy and momentum find the scattering angles and loss of energy, the
motion of the photon and electron. At the same time, the cross-sections predict the probability
of a given scattering angle with given photon energy and target of interaction.
The most straightforward energy relation is that the inbound and outbound photons' difference
in energy is the same as the electron's energy. A more complex relationship is the energy of
the outbound photon (ℏ𝜈 ′ ) as a function of inbound photon's energy (ℏ𝜈), scattering angle (𝜃)
between them, and rest mass of the electron (𝑚0 𝑐 2 ) [16]:
ℏ𝜈

ℏ𝜈 ′ =
1+

ℏ𝜈
(1 − cos 𝜃)
𝑚0 𝑐 2

(2)

Equation 2 can be analyzed by looking at what happens when the electron energy is a lot
larger than the rest mass of the electron, or a lot lower. For the first example, if ℏ𝜈 ≫ 𝑚0 𝑐 2,
the one in the divisor becomes negligible:
ℏ𝜈 ′ =

𝑚0 𝑐 2
.
(1 − cos 𝜃)

(3)

Consequently, the energy of the scattered photon will approach a constant value at high
photon energies. When the rest mass is much larger than the photon energy, ℏ𝜈 ≪ 𝑚0 𝑐 2 , the
outbound photon energy simplifies to ℏ𝜈 ′ = ℏ𝜈. Thus, Compton scattering leads to no energy
loss at low photon energies.
15th September 1928 Nature published the Klein and Nishina cross-section for the intensity of
photons scattered by a free electron [1]. They used the newly published relativistic electron
theory by Dirac in their calculations. There were still multiple unsolved questions like
electron spin states and how to treat negative energy states [17]. Even so, it is still in use to
this day as it predicts the intensity well for all states except for low energy photons in a high
atomic number medium. However, since the photoelectric effect dominates for low energy
photons in high atomic number medium, this is not a hindrance.
Figure 3 presents the quantum mechanical models and the classical theory for the relative
intensity and scattering angle for Compton scattering in cartesian coordinates. The classical
theory is the low energy limit, and the quantum mechanical models for 564 keV photons are
what the distribution moves towards for higher energies. There is also cylindrical symmetry;
the chance of scattering compared to the first direction is the same for a given angle. So, low
energy photons scatter with an equal probability of going backward and forward, and the
probability of going sideways is half of going forward. When the photon energy becomes a
small fraction of the electron rest mass, the probability of scattering backward will decline in
contrast to the probability of spreading forward, which changes minimally. This decrease in
the possibility of backward scattering also means that the total likelihood of a Compton
interaction goes down with higher photon energy

Figure 3. For photons with energies a lot lower than the rest mass energy of an electron, classical theory
describes the scattering of a photon by a loosely bound electron. However, when the photon's energy
starts to approach the rest mass energy, a quantum mechanical model is needed. There were multiple
different approaches to model Compton scattering. First, when Dirac published his relativistic electron
theory, could Klein and Nishina solve it with their model in 1928. They published this Figure for
564 𝑘𝑒𝑉 photons as a part of their publication. Photons at low energies scatter equally forward and
backward, and scattering to the sides is half as probable. Then when the energy increases, the backward
scattering becomes less probable, meanwhile the chance of scattering from 0 to 10 degree only decrease
by a small degree. This forward bias is the reason megavoltage linear accelerators can treat deep-seated
tumors [1].

The probability of Compton scattering is not proportional to its energy. However, it is a
function of the photons’ medium. The part of the cross-section that is dependant on the
medium is the number of electrons per gram (NAZ/A). The atomic number being atop of the
fraction is deceiving, as the electron density slowly decreases with atomic number. Figure 4
shows the Compton cross-section for copper and water, with water as a suitable substitute for
tissue since tissue is mostly water. The cross-section increases with energy until it becomes
the most dominant interaction. Then, relative to the other interactions, its probability starts
approximately flat with energy. However, it starts increasingly decreasing with increased
energy.

Figure 4. The Compton cross section for copper and water from 1 keV to 300 keV. The cross
section for water is close to the cross section for tissue, as tissue is mostly water. (NIST Data)

2.1.3.

The combined probability of interaction for X-rays up to 300 keV

Figure 5. The mass attenuation coefficient up to 300 keV photons, which are interacting with
soft tissue or copper. (NIST Data)

Figure 5 presents the mass attenuation coefficient up to 300 keV for photons interacting with
soft tissue and copper. The Figure highlights the previously mentioned relationship between
the probability of interaction, the photon's energy, and the medium the photon of interaction.
Firstly, the probability of interaction decreases proportionally with energy the same for both
copper and soft tissue, when the photon energy is in a range where the photoelectric effect
dominates. The one exception for this pattern is the massive increase in the probability of

interaction for copper around 10 keV. This increase comes as a result of the photon not having
enough energy to interact with the K shell. When the photon has enough energy, the
probability increases a lot since the K shell interaction is the most probable. Another
difference between copper and soft tissue is that a photoelectric interaction probability is
proportional to the atomic number to the third power, resulting in less probable soft tissue
reactions. At higher energies, the curve starts to flatten, resulting in the photon moving
towards an energy range where Compton dominates. As the probability of Compton scattering
does not have the same relationship with energy as the photoelectric effect, the curve flattens.
Moreover, the flattening starts earlier for soft tissue than copper, and at the highest energy in
the Figure, the probability of interaction in soft tissue is higher than in copper. A consequence
of Compton scattering being weakly inversely dependant on the atomic number of the
medium.

2.2. Electron interactions
Photons ionizing interactions result in electrons. In comparison to the photons, electrons have
a charge. A charge changes the way the particle interacts with the medium to a great extent, as
the Coulomb fields produced by the medium continually interacts with the electron. This
difference in energy deposition density is why in the calculation of dose in dosimetry, the
focus is on the electrons. The ionization cross-section of a single carbon atom for an electron
with energy between 50 – 200 keV is in the power of 10-16 cm2 [18]. For a photon in the same
energy range and with the same target, the cross-section is to the 10-24 cm2 [19]. Since the
electron probability of ionization is 108 times higher, the high energy deposition density from
the electrons defines the dose in an area. This difference in the cross-section also means that
the mean free path of an electron is much shorter.
Momentum and energy are conserved in the collision between two particles. They put a
threshold on the maximum amount of energy transferred as a function of the mass to the two
particles. Since we are interested in electrons with energies high enough to ionize, there are
mainly two possibilities. The first possibility is when the electron collides with a particle with
the same mass. The second, when the particle the electron is colliding with has much higher
mass. For the first, there is no threshold on the energy transferred. For the second, the
maximum energy transferred is 4 (me /mc ) * K , four times the ratio of the mass of the
electron to the mass of the other particle times the electrons’ kinetic energy. For a collision

with a water molecule (H20), the maximum energy transfer is 0.003 % of the electrons’
kinetic energy.

Figure 6. The perpendicular distance between the path of the electron and the mediums’ atom
defines the impact parameter b, while the difference between the impact parameter and the
radius of the atom defines what type of collision occurs. When the impact parameter and the
atom's radius are approximately the same, the likely outcome is hard collisions with atomic
electrons. But, when the impact parameter is much larger than the atomic radius, the electron
interacts with the atomic Coulomb field. The last interaction with a non-negligible energy
transfer happens when the electron's impact parameter is a lot smaller than the radius of the
atom and the electron interacts with the atom's nucleus. The nucleus of the atom bends the path
of the electron, causing the electron to radiate a photon. (Podgorsak, 2010)

The classical model explains the Coulomb interactions with the impact parameter (b), the
closest distance between the atomic core and the electron. The other parameter is the classical
atomic radius (a).
2.2.1.

Inelastic soft collisions

When the electron travels far from the atom (𝑏 ≫ 𝑎), it is the Coulomb field from the whole
atom that interacts with the electron. Since the distance is significant and the force is inversely
proportional to the square of the distance, the energy transfer is smaller. Therefore, only
loosely bound electrons will be ionized. An electron being far away from an atom is the most
likely scenario, resulting in soft collisions being the most probable type of collision. However,
since soft collisions transfer less energy than hard collisions, both collision types transfer
approximately, on average, the same amount of energy.
2.2.2.

Inelastic hard collisions

An electron that has an impact parameter roughly the same as the atomic radius can now
collide with a (usually) inner shell atomic electron. The electrons are much closer to each
other compared to the soft collisions, causing a higher energy transfer, i.e., hard collisions.
The resulting ionized electron has high enough energy that it will travel a considerable
distance and this is called a delta ray. The delta ray will produce multiple ionizations along
the way that will move dose depositions away from the original track.
2.2.3.

Elastic interactions

If the electron has an impact parameter a lot smaller than the atomic radius, the Coulomb field
of the atomic nucleus influences the electron the most. The chance of ionization is
insignificant, and the difference in mass makes the energy transfer so small it is also
negligible. However, since the amount of scattering is inversely dependent on mass, elastic
interaction is the main scatter process for electrons. It also depends on the medium's atomic
mass, making higher Z medium better at scattering electrons.
2.2.4.

Radiative interactions

The elastic interaction creates a second possible interaction with the nucleus of an atom called
bremsstrahlung. When the electron path becomes perturbed, the negative acceleration causes
photons to radiate away, carrying some of the electrons' energy. The formula for the power
(P) of the emitted electromagnetic wave is:
𝑃=

2 𝑚𝑒 𝑟𝑒 𝑎2
3 𝑐

(4)

with electron mass (𝑚𝑒 ), classical electron radius (𝑟𝑒 ), acceleration (a), and the speed of light
(c)[20]. We know from Newton’s second law, that acceleration is inversely proportional to the
mass of the electron. As a result of Equation 4, the mass to the second power is inversely
proportional to the amount of produced bremsstrahlung resulting in it being mainly an
electron occurrence.
2.2.5.

Energy transfer

Stopping power is the amount of energy transferred per distance, usually given in MeV/cm or
MeV cm2 /g as mass stopping power. There are two potential problems with stopping power
as an estimate of radiation. First, it does not describe how many interactions that transfer the
energy. So, radiation generating 100 hits or a single hit over the same distance will total to the
same energy transfer. It also does not describe the type of interaction, the reason why

radiation types have substantial differences in cell killing potential. The second shortcoming
is that it describes energy transfer, not dose deposition. A hard inelastic collision that
produces a δ-ray will transfer a high amount of energy. However, the resulting high energy δray has low stopping power. Then the delta-ray will move the energy away from the first
interaction. Consequently, there is a vast difference in energy transfer and dose deposition.
Nevertheless, stopping power is an excellent characteristic of radiation for a given energy and
radiation type.

Figure 7. The collision stopping power for electrons almost does not change. So, they deliver
almost the same amount of energy per distance. While protons, as they lose energy and velocity,
have a substantial increase in collision stopping power. The most significant difference in
adipose tissue is at 75 keV, where the stopping power for protons is 207 times the stopping
power of electrons. Furthermore, the proton is 1836 times as heavy as electrons, and scattering
is inversely proportional to the mass of the particle. So, protons with the same energy from a
cyclotron have a much closer endpoint. And, just before this endpoint, their stopping power
increase substantially. Whereas electrons are heavily scattered, resulting in vastly different
paths. (NIST Data, adipose tissue)

Stopping power is divided into two parts, radiative and collision. Since radiative stopping
power is energy removed away from the local region, it does not contribute to the dose. As
previously mentioned, there are hard and soft collisions. Bethe used quantum mechanics with
the Born approximation (electrons in the target atom are slower than the Bohr velocity) to find

the soft collision part. The calculation of the hard collision part uses Møllers’ relativistic
electron cross-section. The resulting stopping power for electrons has the general parts:
𝑆
𝑍 1
2C(β)
= 𝑘 (𝑁𝐴 ) ( 2 ) [ln(𝐸 ⁄𝐼 )2 + F(𝛽) − δ(𝛽) −
] [21].
𝜌
𝐴 𝛽
Z

(5)

The first part is a physical constant (2𝜋𝑟𝑒2 𝑚𝑒 𝑐 2) that does not change with different mediums
and different electron energies. The second part is the electron density of the medium, a
quantity that decreases very slowly for increasing atomic number medium. 𝛽 is the velocity of
the electron relative to the speed of light, resulting in a decrease in stopping power for higher
energy electrons. The first part inside the bracket is from that Bethe used the mean excitation
potential (I) in his quantum mechanics framework. The mean excitation potential is the
geometric mean of the excitation and ionization potentials in a single atom from the target
medium. The mean excitation potential increases almost linearly with the atomic number,
especially for an atomic number higher than 20, causing a small decrease in stopping power
for increasing Z. The second part comes from electron spin, relativistic effects, and exchange
effects. The type of particle (electron) and its energy are the sources of these types of effects.
δ(𝛽) is the density effect correction, a correction for condensed matter since atoms are
dipolar, and for a medium with high density, the dipolar atoms shield the electron from the
Coulomb field emanating from distant atoms. This correction decreases the stopping power
with increasing electron energy in condensed matter. The last part is the shell correction. This
correction is for lower-energy electrons that no longer have high enough energy to interact
with upper energy electron shells in the medium. Luckily the general pattern for collision
stopping power is more accessible than the theoretic derivation of it, and it decreases
exponentially up to 1 MeV with increasing electron energy. Afterward, it starts rising a
relatively small amount as the energy of the electron increases.

2.3. X-rays
The process of creating X-rays starts with passing a current through a cathode. The current
will give energy to electrons that exceed the cathode's work function, producing the release of
electrons from the cathode [22]. When the electrons are released, they become accelerated by
the voltage difference between the cathode and anode. The tube that holds the anode and
cathode contains a vacuum, reducing the likelihood of electrons colliding before the tungsten
target [23]. The electrons will then hit the tungsten anode with maximum possible energy
given by the voltage difference. The electrons will have three different possible interactions
with the tungsten target, each interaction contributing mainly to a different result [24]. The

most common is a collision with an outer shell electron, resulting mostly in heat. The second
interaction happens when an inner shell electron gets ejected by a collision. A lower energy
electron shell will fill the resulting vacancy, emitting a photon with the difference in energy
between the shells in the processes. Bremsstrahlung, explained previously, is the third
interaction and the interaction that produces X-rays.
Kramers spectrum:
Ψℎ𝜈 = 𝐾𝑍(ℎ𝜈𝑚𝑎𝑥 − ℎ𝜈)

(6)

is an approximation of the photon energy distribution without any filtration [25]. It is given in
energy fluence (Ψℎ𝜈 ). A quantity that gives the amount of energy that is emitted, as it is the
number of particles at an energy level times its energy. 𝐾 is the proportionality constant, a
factor that is influenced by factors like the tube current and exposure time [26]. 𝑍 is the
atomic number of the target, showing why having a high atomic number anode is important
for an X-ray tube. ℎ𝜈𝑚𝑎𝑥 is the maximum potential photon energy given by the tube voltage.
The spectrum is a linearly decreasing function with photon energy.

Figure 8. A 100 V X-ray spectrum with 2 mm aluminum filtration. [27-29]

The produced X-ray spectrum has many differences from Kramers’ spectrum. Kramers’
spectrum does not include characteristic radiation, creating tall lines sticking up at the distinct
energy levels. The filtration from the X-ray tube window and the added filtration removes
more of the lower energy part of the spectrum. As the photoelectric cross-section is inversely
proportional to the photon energy to the third power, it increases the probability of interaction
at a lower energy level. The filtration will also create edges followed by a dip in the photon
intensity after distinct energy levels. After this distinct energy, the photon has high enough

energy to interact with a new electron shell. The electron shells with higher binding energy
have a higher photoelectric effect cross-section than the lower ones, creating a significant
increase in the photoelectric effect's chance of absorbing the photon.
X-rays having a spectrum of photon energies means that more than a single energy level can
describe the radiation field, and a complete spectrum is difficult to measure for high fluence
fields. However, the energy range and intensity level will influence the penetrating ability and
what photon interaction is dominant. Half-value layer (HVL) is the amount of filtration
needed to reduce the field's exposure by half, a measurement of the field's penetrating ability.
The equivalent photon energy (ℎ𝜈𝑒𝑞 ) is the photon energy of a monoenergetic photon field
with the same HVL as the X-ray field. With the maximum X-ray photon energy and the
equivalent photon energy, a rough estimate of the field width can be found with
2(𝑇0 − ℎ𝜈𝑒𝑞 ). Usually, X-ray fields are described by tube voltage, filtration, and HVL.
2.3.1.

Filtration

A field with photon energies in a dominant photoelectric effect energy range is most likely
absorbed after the first interaction. Hence, the field will have a steep dose reduction in a
material with increasing depth, and therefore energy ranges where Compton dominates are
preferable. However, we know from Kramers’ spectrum that an X-ray machine will produce
photons in the entire energy range up to the tube voltage.
Furthermore, the photon intensity decreases with increasing energy. Luckily the photoelectric
effect cross-section is larger than the Compton cross-section for the energy range it
dominates. It also increases for lower energy photons enabling the use of layers of metal
placed after the X-ray tube window to remove photons in the photoelectric effect range
mainly. However, this comes at a cost. The intensity of photons will go down at all energies
resulting in a lower dose rate. Therefore the amount of filtration should be minimized while
still removing the lower energy range of the spectrum. There is a second problem stemming
from the filtration material type; from Equation 1, we know that a higher atomic number
material will remove the lower energy photons more efficiently. However, as the electron K
shell's binding energy is higher for higher atomic number medium, they create energy
absorption edges by removing more photons at higher energies after the energy edge. These
energy edges can be removed with lower atomic number filters. Thus a combination of copper
and steel can be used to obtain a spectrum with little characteristic and low energy
components.

2.4. Dosimetry
Dosimetry is the measurement of dose and how to obtain the desired dose. With the absorbed
dose defined as:
𝐷=

𝜖
.
𝑚

(7)

Where 𝜖 is the expectation value of the energy imparted, and 𝑚 is the mass. The energy
imparted is the energy from ionizing radiation that has been deposited and remains in the
mass. The definition of energy imparted is:
𝜖 = ((𝑅𝑖𝑛 )𝑢 − (𝑅𝑜𝑢𝑡 )𝑢 ) + ((𝑅𝑖𝑛 )𝑐 − (𝑅𝑜𝑢𝑡 )𝑐 ) + ∑𝑄.

(8)

The first two parts are the energy leaving the mass from charged and uncharged particles. The
last part is the difference in energy from annihilation or pair production interactions. In
annihilation processes, mass converts into energy. The opposite is correct for pair production.
So, without the last part, an electron that collides with a positron and creates two photons that
travel outside the mass would overestimate the energy imparted by the mass of the electron
and positron.
2.4.1.

Ionization chamber

With a voltage over a cathode and anode, an ionization chamber collects ions from ionizing
interactions. The volume that the cathode and anode receive ions from defines the mass in the
delivered dose. Over this volume, the energy imparted is the number of ionization times the
̅ , the ionization equivalent, gives us the
average released energy. Luckily the quantity 𝑊
ability to calculate the energy imparted. The ionization equivalent is the average energy
expended in a gas per ion pair. So, since ionization chambers measure the number of ion
pairs, the energy imparted can now be calculated with a measured value (Q) and a known
̅ ). With a high enough trueness in the volume and its density, it is straightforward to
value (𝑊
calculate the dose. However, most ionization chambers must be calibrated at an approved
laboratory. The laboratory will then give the calibration constant:
𝑁𝐷,𝑤 =

𝐷𝑤
.
𝑀

(9)

where 𝐷𝑤 is the known dose to water, and M is the ion chamber reading. If the dose-response
is linear, multiplying the ionization chamber reading with the calibration constant gives the
dose.

2.4.2.

Calibration

The International Atomic Energy Agency (IAEA) advises multiple corrections to the
calibration constant in technical report series 398 [30]. As the calibration is valid only for the
conditions during calibration, differences in radiation source and the different conditions the
ionization chamber is in must be corrected. In IAEA TECHDOC 1455, [31] the TRS 277
protocol for medium-energy X-ray beam is:
𝐷𝑤 = 𝑀𝑢 𝑁𝐾 𝑘𝑢 (

𝜇𝑒𝑛
⁄𝜌)𝑤,𝑎𝑖𝑟 𝑝𝑢 .

(10)

𝑀𝑢 is the dosimeter reading corrected for influencing quantities. For this paper, temperature
and pressure are the influencing quantities that varied compared to the calibration. The
correction constant, the correction for the difference in pressure and temperature is:
𝑘𝑇𝑃 =

(273.2 + 𝑇) 𝑃0
.
(273.2 + 𝑇0 ) 𝑃

(11)

𝑇0 and 𝑃0 are the temperature and pressure under the calibration at the standard laboratory. 𝑇
and 𝑃 are the conditions outside of the reference conditions. 𝑁𝐾 is the calibration constant for
the ionization chamber. 𝑘𝑢 is a correction for the difference in energy distribution in the beam
as it travels through the phantom. 𝑝𝑢 is the perturbation factor, a correction factor for the
difference the ionization chamber cavity creates in the field compared to that of the medium
under investigation.

2.5. Grid irradiation
A couple of different used methods achieves the creation of a dose field with peaks and
valleys. The oldest technique is to use a collimation block with striped or circular openings.
The chance of the original photons (N0) interacting after depth (l) follows the law of
exponential attenuation
𝑁 = 𝑁0 exp(−𝜇 × 𝑙) .

(12)

The remaining original photons (𝑁) are a function of the material's linear attenuation
coefficient (𝜇). As the density of a solid-state metal is 103−4 times the density of air, a lot
more photon interaction will happen in the collimator's closed parts compared to the open
areas. Not all photons traversing the collimator will interact with the medium; they will cause

the leakage dose. The other part that constitutes the dose behind the collimator's closed part is
radiation scattered from different areas in the collimator.
2.5.1.

Dosimetry

The collimation used for spatial fractionation creates significant differences in dose spatially.
There will be peaks in the middle of unshielded areas and valleys in the middle of the shielded
areas. The dose gradient between the valleys and peaks is complicated because of the
difference in intensity of photons the collimator creates, and the distance electrons can move
the dose from the first photon interaction. These interactions are complex to handle
theoretically from the underlying interactions. However, radiochromic film can be used as a
dosimeter with high spatial resolution [32]. Radiation causes the film to start polymerization,
creating blue crystals [33], causing an optical density difference in the film. Optical density
change is a complicated function of the created crystals, mainly darkening the film around
wavelengths given by the length of the crystals. EBT gafchromic film is the radiochromic film
used in this thesis. It is only minorly dependent on energy in its response [34], which is vital
for use with X-rays, where there is a considerable interval of energies.

2.6. The Cell
The cell the lowest reoccurring organization that forms living matter. Cells across species
have the same general structure. However, the cells inside of an organism are highly
differentiated. A nerve cell can be over a meter long while other cells have diameters in the
order of micrometers. The size and multiplicity of parts inside the cell also vary depending on
the function of the cell.
The outer boundary of the cell, the cytoplasmic membrane keeps the cell as a coherent unit, as
the membrane is the first barrier and the outermost part of the transport chain into the cell. By
its very structure, it prevents water-soluble matter from passing into the cell with a double
layer of lipids that are hydrophobic. Hydrophobic barriers do not prevent fat-soluble matter,
so they can freely pass through. However, a single passive transport system controlling watersoluble matter is not enough to cover a cell's needs. Therefore, multiple active transport
systems deliver necessary building blocks and messages from the outside.
2.6.1.

Organelles

Inside the cell, there are multiple units enclosed by a membrane. These units go by the name
organelles and perform distinct tasks inside of the cell. The endoplasmic reticulum is a vast

system of membranes connected to the nuclear membrane divided into two parts. The part
closest to the nuclear membrane has the name of the rough endoplasmic reticulum due to
ribosomes covering its surface. The other part lacks the ribosomes, giving it a smoother
surface and its name the smooth endoplasmic reticulum. The primary function of this
structure is to produce lipids and proteins as well as to store them.
The Golgi apparatus is another system of membranes in the cytoplasm that packages and
transports proteins and lipids from the endoplasmic reticulum. The Golgi apparatus forms
packages by creating a membrane around it. They are then labeled with a molecule deciding
the destination of the vesicle. It also removes waste by transporting it in a vesicle outside of
the cell.
Ribosomes produce proteins by fusing amino acids by reading the recipe from mRNA.
mRNA is a copy of a gene that decides the type of amino acids and the length of the protein.
The ribosomes lying on the endoplasmic reticulum mainly export the proteins to the outside
of the cell. However, ribosomes are also floating freely in the cytosol. The proteins produced
by these ribosomes are for use by the cell.
Lysosomes and Peroxisomes are two organelles floating around in the cytosol. Both
organelles are essential for waste management. The Lysosome uses a digestive enzyme to
break down captured viruses and bacteria, isolate molecules for energy production, and rid the
cells of broken organelles. It originates from the Golgi apparatus, an organelle that, in part,
shares its job. While Lysosomes mainly focus on waste disposal, are Peroxisomes primarily
focused on the environmental protection part of waste management by removing peroxides
from the cell. Peroxides are a natural byproduct of cell metabolism. A process Peroxisomes
also helps by breaking down molecules into smaller parts, enabling the release of energy.
The last organelle is the mitochondria, which transfers energy from glucose to adenosine
diphosphate (ADP) by turning it into adenosine triphosphate (ATP) after going through the
citric acid cycle. This conversion uses the high energy phosphate bond in ATP to transmit
energy for use in biochemical reactions. Then, in the biochemical reactions, ATP is cleaved,
releasing the phosphate-binding energy and turning ATP back into ADP. So, as this process is
a cycle, the total number of ADP and ATP molecules stays the same. Furthermore, as
mitochondria deliver most of the energy needed in the human body, this organelle is more
common in cells with higher energy needs.

2.6.2.

The nucleus

Inside the cell lies the nucleus enveloped by a double layer of lipid membranes [35]. Then in
the nucleus lies the genetic material of the cell, the materiel that decides what types of
proteins the ribosomes produce. These proteins are the primary messengers for gene
expression, a process that determines the genetic part of the observable traits in an organism
[36]. For the organism's continued existence, the cell has to proliferate through cell division
[37]. Moreover, before the cell division, the Replication system must copy DNA to have the
same genetic material for each new cell.
Deoxyribose nucleic acid (DNA) is the carrier of hereditary genetic information. Watson and
Crick formulated this molecule's structure as a double helix built with nucleotides [38], with
the double helix shape deduced from Rosalind Franklin’s work [39]. The nucleotide contains
a sugar, a base, and a phosphate group [40]. The sugar forms a ring with five carbon atoms
numbered from 1′ to 5′ with prime marks not confused with the base positions [41]. The 1′
carbon is always attached to the base and the carbons from 3′ to 5′ line the outside helix. The
direction of these carbon atoms is vital since they differ for each strand in the double helix.
Furthermore, the reading direction is different for the two strands as polymerase enzymes
always read DNA strands starting with 5′ moving towards 3′.
The bases are the backbone for the genetic coding. Adenine, Thymine, Guanine, and Cytosine
are the four different types of bases in DNA. As a result of Adenine always paired with
Thymine, is there consistently an equal amount of Adenine and Thymine. The same is true for
Guanine and Cytosine. So, in the duplication of the genetic material, when the double helix
becomes separated, a single strand is enough to create a perfect copy of the other strand.

2.7. Cell cycle
The cell cycle is the carefully monitored process that enables the cell to divide with a minimal
chance of error in the duplication of the genetic material and the cell itself [42]. The cell cycle
is divided into distinct phases; the steps needed for cell division have a defined order [43].
G1, S, G2, and M are the phases, and the G phases are the two gaps in time between the
duplication of the DNA (S phase) and the cell division (M phase) [44]. The respective cyclins'
concentration must increase to pass through each checkpoint since, the Cyclins mediate the
Cyclin-dependent kinase (Cdk) activity that brings the cell through the checkpoints by
phosphorylating proteins prompting downstream processes [45]. However, most normal cells

are not proliferating [46]. They are in a quiescent state (G0 Phase) outside the cell cycle, not
working towards cell division.

Figure 9. The cell cycle, the organized phases that enable cells to duplicate, is a highly
complicated process. However, the process has repeating components and phases that simplify
the understanding of the process. First, the phases divide the cycle into four periods, two gap
phases (G1 and G2) where the cell grows, DNA synthesis (S), and cell division (mitosis). The
complexes that bring the cell from one phase to the other are combinations of cyclin and cyclindependent kinases (Cdk). As keeping the function of each phase distinct is essential for cell
survival, the cyclin and Cdk complexes are highly regulated. Feedback loops are another
reoccurring pattern, and these feedback loops keep the cell from moving backward when going
through the cell cycle. The two most important checkpoints for DNA damage are directly before
DNA synthesis and in G2. These checkpoints stop the cell from moving through the cell cycle
when DNA damage is present. (Wikimedia Commons)

2.7.1.

G0 Phase

The cell moves into the quiescent state after cell division and before it passes through the
restriction checkpoint in G1 [47]. Most of the cells in the human body are in the quiescent
state. Moreover, as cells become more specialized in their function, cell proliferation goes
down [48]. So, terminally differentiated cells are the most specialized cells in the human
body. These cells only proliferate as a response to significant stress [49]. Then on the other

side on the spectrum of cell differentiation lies stem cells, undifferentiated cells capable of
limitless division producing multiple different cell types [50]. However, even stem cells enter
the quiescent state, a state that fulfills two essential functions. Firstly, it stops cells from
constantly dividing, which would be deadly for the larger organism. Secondly, it is a state that
allows the cell to survive in unfavorable environments. The last function is reflected in the
control system, as mainly metabolic signals in the environment decide if the cell leaves or
enters G0 [46].
D type cyclins with Cdk4 and Cdk6 create the G1-Cdk complex that starts the transition from
G0 to G1 [51], and the Cyclin D is the missing part of the Cdk complex that the two genes
Myc and Ras upregulate. If their regulatory systems malfunction, Ras, and Myc initiate
pathways critical for cell division when the correct mitogens and growth factors are in the
environment. However, mutations or epigenetic changes can cause them to be transcribed
without external regulatory signals, which may cause the development of cancer [52]. They
are therefore called proto-oncogenes.
2.7.2.

G1 Phase

The cell dedicates itself to cell division after it leaves G0, starting with producing proteins and
increasing in size until it arrives at the G1/S checkpoint [53]. The p27 and p21 protein keep
cells from transitioning into the S phase by inhibiting the Cyclin-dependent kinase complex
combination of Cyclin E and Cdk2 [42, 54]. They also inhibit Cyclin A and Cdk2, a complex
necessary in the next two subsequent transitions. However, the upregulation of necessary
parts to free Cyclin E/Cdk2 already happened in G0. As Cdk4, Cdk6, and Cyclin D are the
components that mark p21 and p27 for degradation, allowing the Cyclin E/Cdk2 complex to
phosphorylate the retinoblastoma (RB) protein. The RB protein stops the transition into the S
phase by inhibiting the large E2F group of transcription factors needed in the production of
DNA (S phase) and many other processes in the cell cycle [55, 56].
When a cell leaves G0, it is on a path into the S phase. However, there is a mechanism by
which the cell gets arrested in G1. If a double-stranded break happens, the mre11–rad50–nbs1
complex starts the arrest by mobilizing the protein ataxia-telangiectasia mutated (ATM) to the
double-strand break. Alternatively, the arrest can start with a single-stranded DNA break,
activating ataxia telangiectasia and Rad3-related protein (ATR) [57]. This mobilization and
activation have two downstream processes. The critical process for G1 is the subsequent
phosphorylation of p53, which leads to the transcription of p21 [58]. Furthermore, as

mentioned in the previous paragraph describing the path into the S phase, the p21 protein
inhibits the Cyclin E/Cdk2 complex. Consequently, the cell is arrested in G1 as p53 stops the
pathway into the S phase. The arrest does not stop until after the repair of the double-strand
break, or if the damage is too complicated, p53 activates apoptosis [59].
2.7.3.

S Phase

Before the S Phase, the landing pads for the replication complexes connect to the areas where
the DNA replication starts. Then, the MCM2–MCM7 complex is recruited to these pads, and
this complex unwinds the DNA into a single strand. The other needed complex for
replications is polymerases, the enzyme that copies the DNA [60]. Cyclin A/Cdk2 is the
complex that governs the cell through the S phase by starting DNA replication with multiple
replication complexes spread around each chromosome that keep going until the end of the
chromosome, or they meet another replication complex. Moreover, Cyclin A/Cdk2 also stops
the cell from replicating DNA twice by preventing the replication complexes from forming
[61].
2.7.4.

G2 Phase

After finishing DNA synthesis, the Cohesin complex holds the sister chromatids together and
aligns them for cell division [62]. The Cyclin A/Cdk2 complex that governed the S phase
upregulates the Cyclin B/Cdk1 complex that brings the cell into mitosis [63]. But before the
cell can enter mitosis, the enzyme Wee1 is regulated by Plk1 as it hinders entry into mitosis
by inhibiting Cdk1. The entry into mitosis has a vital feedback loop, as partial entry into
mitosis would be deadly. This feedback loop consists of Cdc25 activating the Cyclin B/Cdk1
complex and the Cyclin B/Cdk1 complex activating Cdc25 [64], resulting in a sharp increase
in the complex that brings the cell into mitosis. Before this, during the G2 phase, the cell
grows larger to get ready for the cell division.
The two checkpoints for DNA damage are both in the G2 phase, the most crucial checkpoints
for cancer cells, as many do not have the checkpoint in G1 [65]. The first is a G2 specific
checkpoint, as it occurs immediately after irradiation. The response starts with the recruitment
of ATM to a double-strand break, then activates the protein CHEK2 that, in turn, deactivates
the Cdc25 protein, stopping the activation of the complex that brings the cell into mitosis [66].
Low doses of irradiation do not activate this checkpoint as it requires a threshold of ATM
activation. The second checkpoint becomes activated later, and therefore it arrests cells that

received a large dose in the G1 or S phase. The signaling that stops the cell from dividing is
like the other checkpoint, but it starts with the ATR enzyme activating CHEK1 that
subsequently deactivates Cdc25.
2.7.5.

Mitosis

In mitosis, the cell divides into two functional cells. The mitotic spindle is a large structure
that organizes the chromosomes [67]. At the end of mitosis, a barrier is formed between the
two daughter cells creating a cell membrane for both of them. The division can fail in many
ways, most importantly, from defects in the machinery that organizes the chromosomes. This
failure can result in chromosome rearrangement, errors in chromosome numbers, or cell death
[68].

2.8. DNA damage response
The most dangerous type of damage for a cell is DNA damage. Ionizing radiation causes three
different types of DNA damage. The first is a single-strand break (SSB) when one of the two
strands in DNA has gaps. The second, a double-strand break when both strands have gaps
and, the last is base damage.
Glycosylases detect base damage and subsequently cut the damaged base out [69]. The four
bases are hit randomly by ionizing radiation, so the types of base damage are many. However,
if not repaired, the damage alters the genome, contributes to aging and cancer, and highly
complex base damage could kill the cell [70].
The protein XRCC1 detects SSB and interacts with enzymes involved in DNA synthesis to
repair the damage [71]. The two most important enzymes are DNA ligase and DNA
polymerase. DNA ligase is the enzyme that binds two strands together after DNA polymerase
has replicated the strand on the other side. Another detector of SSB is PARP, a protein that
binds to the damage and recruits XRCC1 to the SSB, the other essential protein in SSB
detection [72].
Double stranded break (DSB) is the most lethal for the cell and, consequently, has the largest
detection machinery. The three proteins that connect the fastest to a DSB make up the mre11–
rad50–nbs1 (MRN) complex, the complex that starts the process of G1 cell arrest when
detecting a DSB. But, when the complex recruits ATM to the site, it also starts the repair
process. Furthermore, the complex binds to the DSB and takes part in the repair. Many

proteins bind to DSB, but the MRN complex is perceived to be the most critical in detecting a
DSB [73].
2.8.1.

Base excision repair

As mentioned in the detection of base damage, glycosylases detect the base damage and
remove the bases. Next, endonuclease removes the structure that contains the bases, called the
nucleotide. Removal of the nucleotide results in an SSB that is repaired in two different ways
depending on the number of bases damaged. The main pattern of both pathways stays the
same. Only when a single base is damaged, the process has fewer steps. Both processes have
polymerase synthesizing the missing nucleotide with a new base by using the nondamaged
strand as a blueprint, then ligase binds the two free strands together [74].
2.8.2.

Single-stranded break repair

The SSB repair shares much with base excision repair. However, a SSB is a direct break in
the strand. This break is joined together by ligase, the same enzyme that joins the strands
together under base excision repair. However, there are many types of breaks that ligase does
not recognize. Polynucleotide kinase 3′phosphatase process these types of breaks, so, ligase
can detect them [75].
2.8.3.

Double-stranded break repair

There are many ways a double-stranded break can occur. The simplest are particle types like
protons or alpha particles that deposit energy more locally, so, a single particle can break both
sides of the strand. For photons, this way is less probable, meaning that there have to be two
photons, breaking the strand at each side to create a double-stranded break. In addition, the
repair of base damage creates a single-stranded break, so, complex multiple base damage on
both strands can be turned into a double-stranded break during the repair. Also, during the
replication of DNA, if there are unrepaired damage, the replication process can create doublestranded breaks. The paths that repair a double-stranded break are called nonhomologous endjoining and homologous recombination. And, nonhomologous end-joining is the faster and
more fallible option in comparison to homologous recombination.
2.8.4.

Homologous recombination

Figure 10. The crosslink created when repairing a double-stranded break during homologous
recombination. The blue and red signifies the two different sister chromatids, and the stippled
lines the copied DNA strand. So, the blue is the intact sister chromatid, and the red is the one
that had a double-stranded break. (Wikimedia Commons)

Homologous recombination repairs the double-strand break by using that DNA is copied
during the S phase, creating two sister chromatids. As this type of repair relies on an identical
strand as a template, this type of repair can only happen in S or G2. The repair starts with
freeing a strand from the other in both sister chromatids. Then a crosslink is created, putting
an intact strand over the gap in the damaged strand [76], as shown in Figure 10. The missing
DNA is then copied from the intact strand, resulting in a perfect replication of the missing
parts as the bases on each side are always in pairs [77]. However, the strands connect in a
crosslink. A problem fixed by cutting the strands crossing over, resulting in each chromatid
carrying a piece of each other.
2.8.5.

Nonhomologous end-joining

Nonhomologous end-joining does not use the sister chromatid of the damaged DNA, so the
repair happens in all phases of the cell cycle. The process can not replicate the missing bases,
as there is no blueprint to copy. This process of repair is much more straightforward, based
upon quickly removing the double-stranded break. After the detection of the double-strand
break, the ends are modified so the repair enzymes can join them together with other suitable
strands [78]. The DNA ends loses up to 20 nucleotides [79], as the repair process does not
replicate the missing parts. However, the survival of the cell is more important than potential
genome mutation. A backup pathway even starts processing double-stranded breaks when the
main pathway becomes damaged.

2.9. Linear quadratic model
The LQ model predicts clonogenic cell survival based on double-stranded DNA breaks [80].
It has two components. The first component is linear with dose and models a single source for
the break. The example would be a particle that deposits energy at a small enough interval

where it could hit both DNA strands in a single passing of the DNA molecule. The other
component in the model is the quadratic with dose representing two separate events leading to
a double-stranded DNA break.
The linear-quadratic (LQ) model has the yield (Y) of lethal damage of:
𝑌 ∝ 𝛼𝐷 + 𝐺𝛽𝐷2

(13)

with dose (D), the linear component (α), the time factor (G), and the quadratic component (β)
[81]. For the quadratic term, the time factor is important for the repair of single-stranded
breaks before another occurs close enough to constitute a double-strand break. The time
component becomes 1 if an acute dose is delivered with a single fractionation. Furthermore,
the hits are considered to follow Poisson statistics, resulting in the surviving fraction (SF)
becoming:
𝑆𝐹 = exp(−𝛼𝐷 − 𝛽𝐷2 ) .

(14)

The surviving fraction is defined as 'the fraction of irradiated cells that maintain their
reproductive integrity' [82]. This reproductive integrity is also called the cells' clonogenic
ability. The formula for the surviving fraction in Equation 14 is used in all single
fractionation experiments to model the survival. While for the fractionation experiments,
where the exposure is well-separated in time. The time factor becomes 1/n, with n being the
number of fractionations. The resulting LQ model is:
𝛽
𝑆𝐹 = exp (𝐷(−𝛼 − 𝐷 )) .
𝑛

(15)

The LQ formula was expanded upon to consider the repair of sublethal damage, creating the
biologically effective dose. Sublethal damage is the type of damage that needs additional
damage to kill the cell [83]. A single-stranded break is an example of sublethal damage as,
very few cells die from a single-stranded break. But if the single-stranded break turns into a
double-stranded break, the damage becomes potentially lethal. The BED formula is:
𝑑
𝐵𝐸𝐷 = nd (1 + 𝛼 ))
𝛽
with the number of fractions (n), and the fraction dose size (d).

2.10.

Fractionations

(16)

Radiation dose fractionations are the practice of separating the total dose into portions, i.e.,
fractions. The time between the fractions allows for repair of DNA damage; Normal tissue has
a better ability to repair DNA damage than tumor tissue, which results in sparing of normal
tissue with a similar tumor effect [84]. So after a single dose, the DNA damage is repaired by
the DNA repair response. This repair results in the cell-killing starting at the bottom of the
exponential curve again, as seen in Figure 11 with the blue curve showing the surviving
fraction after a single dose, and the red curve after two fractions.

Figure 11. The surviving fraction as a function of the total dose. The blue line shows a survival
curve after a single acute dose. In comparison, the red curve was first given a 4 Gy dose, then
given time to repair DNA damage before given a second dose. A fractionated dose of a total of
10 Gy produces less cell killing than a single dose of approximately 6.5 Gy. (Wikimedia
Commons)

2.10.1.

Fractionations and the cell cycle

Different cell lines have different sensitivities to radiation, but cells also have different
radiosensitivity in each of its cell cycle phases. The least sensitive phases are G0 and early in
G1. Furthermore, the S phase is also a comparatively radioresistant phase that becomes more
so the more as DNA is synthesized [85]. Meanwhile, the cell is the most vulnerable in late G1,
G2, and mitosis [86]. This pattern means that the surviving cells after a first radiation dose are
more likely to be in the radioresistant phases. Then, the radioresistance of the cells decreases
with time as the cells progress into more sensitive phases. Furthermore, the cell cycle

checkpoints will influence fractionated irradiation as they delay the cells progress through the
cell cycle between the irradiations [71].

2.11.

Bystander effects

Radiation-induced bystander effects happen when an irradiated cell sends out a signal, and the
signal causes another cell to show increased mutations, chromosomal instability, or change its
response to secondary treatments [87].
2.11.1.

Exosomes

The process of cell secretion and absorption of small vesicles called exosomes are a potential
vehicle of bystander signals between cells. Their transfer of RNA, proteins, and other
biomolecules sends signals to other cells and can cause cancer and spread cancer to other
places in the body [88]. As proteins can either promote or suppress cancer development, the
transfer of proteins from one cell to another can have bystander effects. One type of these
proteins is heat shock proteins, a type of protein that becomes expressed when the cell
becomes introduced to heat, which restores the shape of affected proteins [89]. These proteins
can suppress cancer, so they are researched for a potential anti-cancer drug [90]. MicroRNA
is another biomolecule exosomes carry, a regulator of proteins after their creation that
promotes and obstructs the development of cancer [91].
2.11.2.

Medium induced bystander effect

One of the sources of bystander effects are signals cells secrete after irradiation. A positive
bystander effect that has at least been unconsciously respected during clonogenic assays is
that the cells die if their too few. So there is some signal that cells need from other cells to
survive when handling them in a lab. These and other observations led to experiments where
they irradiated cells and then transferred the medium to other nonirradiated cells. The
observed bystander effects from these experiments vary depending on the cell line. Moreover,
it varies also with the cell line of the irradiated cells. However, even though it is heavily
studied, the cause of the medium-induced bystander response is unknown. Furthermore, the
type is also not known, it could be a chemical or a cellular pathway. The pathways that are
found to be instrumental in some cell lines bystander response have zero effect on other cell
lines.

2.12.

Dose-volume effect and fractionation size

Increasing the volume of the tissue irradiated increases the chance of an adverse effect. A
useful abstraction for the dose-volume effect is to think of organs as circuits in series or
parallel [24]. Organs that have a large dose-volume effect have relatively high radioresistance
when irradiating a small area. These organs can be thought of as a circuit in parallel; if a
single circuit gets destroyed, it still functions as it has reserve tissue that fulfills its task. On
the other side, if the spinal cord is damaged during irradiation, the size of the field does not
matter. The organ functions like it is a circuit in series so that no reserve tissue can distribute
messages from the brain.

Figure 12. The probability of lung inflammation vs. the mean dose given in the healthy part of
the lung. [92]

Lawrence B. Marks et al. reviewed the clinical data for the dose-volume effect when
irradiating the lung. Figure 12 looks at the dose-volume effect from two different
perspectives, with data from different treatment groups. The Figure shows the probability of
lung inflammation vs. mean lung dose. In the planning phase of radiation therapy, lung
volume is defined as the healthy part of the lung. The treatment plan calculates the dose
distribution in the healthy lung volume, and from this distribution, the mean lung dose is
calculated. The data is noisy, but the logistic fit has a relatively small confidence interval
producing a gradual increase in risk with increasing mean lung dose.

2.13.

Fractionation size

Increasing the fractionation size has similar consequences as increasing the irradiated volume
of an organ. Figure 13 presents the incidence of Pneumonitis versus dose from the paper by

Lawrence B. Marks et al. [92], with data from whole lung irradiations. The striped line is the
model fit when irradiating without fractions, and the other data points are treatments with
different fraction (fx) sizes. In comparison, the ratio in parenthesis is the ratio of patients that
developed Pneumonitis. The single irradiation creates a sharp increase in the risk of lung
inflammation. Meanwhile, most of the fractionated treatments have a lower probability of
lung inflammation. The one outlier has the highest fractionated dose. So, separating the dose
into fractions enables an increased total dose, and increasing the fractionated dose increases
chance of inflammation.

Figure 13. The frequency of lung inflammation versus total dose. The dashed line is a model fit
to single fractionation irradiations. The other data points are treatments where the dose was
separated into fractions with the fraction size given in cGy/fx and the ratio of patients
developing Pneumonitis in parenthesis. [92]

2.14.

Cell counting algorithm

The cell counting algorithm records the location and size of the colonies. So, the different
samples have a distribution of colony size and location. As these distributions do not follow a
theoretical distribution, they have to be estimated. And, the kernel density enables the
presentation of nonparametric distributions.
2.14.1.

Kernel density estimate

The kernel density estimation is a nonparametric way to estimate the probability density
function [93]. Parametric methods assume an underlying distribution in their analysis of the
data, so data that does not fit the distribution influence parametric methods' accuracy. In
contrast, nonparametric methods do not make an underlying assumption about the
distribution.

Figure 14 compares the kernel density estimate to a histogram, a good comparison as both
approximate a probability distribution. However, there are differences, and a helpful
intermediate step is a smoothing histogram. The smoothing histogram improves upon the
histogram by creating a single bin from multiple averaged bins with slightly different bin
origins [94]. This smoothing reduces the error in the approximation of the distribution from
the bin origins. Because of the potential problems with bin origins, it is called a nuisance
parameter. The smoothed histogram uses m histograms with widths of h. Creating a single bin
with slightly shifted x positions with [95]:
𝑚

1
𝑓(𝑥) =
∑ 𝑓̂𝑖 (𝑥) .
𝑚

(17)

𝑖=1

While the kernel density estimation uses:
𝑛

1
𝑥 − 𝑥𝑖
𝑓(𝑥) =
∑ 𝐾(
)
𝑛ℎ
ℎ

(18)

𝑖=1

with n observations, h the smoothing parameter called the bandwidth and the kernel (K). The
kernel is the shape of the density bump, with each observation contributing to the final
probability distribution. In comparison to the smoothed histogram, the bandwidth is
comparable to the bin width. So, the major difference is instead of a smoothed bin
contributing to the probability distribution, the shape of the kernel contributes with its' center
at each observation.

Figure 14. The approximation of the probability distribution using a histogram and a kernel
density estimate. The six observations are indicated by the black lines below the probability

distribution. For the histogram, each observation increases the size of the bin. The position of
the bin profoundly influences this summation of observations inside a single bin. For the kernel
density estimation, the kernel contributes to the probability distribution. The kernel in this plot
is a gaussian curve. (Wikimedia Commons)

3. Materials and Methods
3.1. The Cell Line
A cell line is an established culture of cells capable of replicating outside of a living body. A
cell line enables the study of tissue without a human test subject since the cell line keeps
many of the properties of the original tissue [96]. In this thesis, the cell line used was A549,
one of the cell lines originating from a study by Donald J. Giard et al., where they tried to
create cell lines from 200 different human tumors [97]. A549 came from a lung cancer tumor
resembling type II alveolar epithelial cells, a type of cell that constitutes 10-15 % of all lung
cells, and contributes to forming an organized phase that is mechanically robust to stress
coming from the inhaled air [98-100].

3.2. Subculturing
Cells need nutrients and the correct molecules around it to start growing. Medium and serum
need to satisfy these requirements in the cell culture. Consequently, the A549 cells were
grown in a BioWhittaker 1:1 mix of Dulbecco's Modified Eagle Medium (DMEM) and F12
with 15 mM Hepes and L-Glutamine. Using a 1:1 combination of DMEM and F12 is common
since DMEM is nutrient heavy with amino acids and vitamins, which F12 compliments with a
broad spectrum of vitamins and trace elements [101, 102]. Also, 10 % of fetal bovine serum
was added into the medium to provide potential missing growth factors, and mitogens
intended to stimulate cell growth and proliferation [103]. Furthermore, penicillin/streptomycin
was added to control bacterial contamination.
As cells divide, they occupy more space and consume nutrients, leading to an insufficient
quantity of nutritious substrate and growth inhibition. Therefore, the cells need to be diluted
twice a week, and the medium must be replaced once a week between the reseedings. So, to
separate the cells from the proteins attaching them to the substrate and the cells from each
other, BioWhittaker Trypsin EDTA mix with 200 mg/L Trypsin and 170.000 U of Versene
(EDTA) per liter of trypsin was added to the cells. The cells were then transferred into new
flasks to ensure exponential growth. Senior engineer Joe Alexander Sandvik kept the cell
culture alive at the cell lab at BMF. He passaged the cells on Mondays and Fridays, and he
substituted the medium on Wednesdays.
The general growth pattern for human cells follows four distinct phases, which can be
described by a single model [104]. The initial growth period for the cell culture is the lag

phase when the cells adapt to the environmental shock of being moved to a new environment
[105], and creates a matrix outside the cell that links it to the substrate [106]. The next stage
for the cell culture is the logarithmic growth phase, when growth is exponential since the
number of new cells is proportional to the present population [107]. This period ends when
there is insufficient space or a nutritious substrate [108], initiating the stationary growth phase
when the number of new cells equals the number of dying cells. The stationary growth phase
and the subsequent death phase, where the number of dying cells overtake the number of new
cells are metabolically unhealthy for the cells [109]. As the cell starts to breakdown molecules
inside itself to fulfill its energy needs, in other words, the metabolic state becomes destructive
[110]. Therefore, the cells should be reseeded before leaving the logarithmic phase.
3.2.1.

Incubation

The medium mentioned above satisfies many of the growth conditions needed for cellular
growth. However, there are also environmental conditions, like the temperature and pH, that
only an incubator can fulfill. Therefore in this study, an incubator (Thermo, USA) in the cell
lab on the third floor of the Chemistry building at the University of Oslo served as a storage
container for the cell flasks. The incubator produced a 5 % CO2 concentration environment,
replicating the human body's environment as CO2 is a by-product of the metabolic cycle
[111]. The CO2 in the incubator and the human body reacts with H2O producing carbonic
acids that reduce the pH value [112]. Furthermore, keeping the temperature at 37° C keeps the
cells moving through the cell cycle, so they keep replicating [113]. The incubator's final
function is to produce an environment with high humidity, reducing condensation in the flasks
and evaporation of the medium [114].

3.3. Fixation and staining
The cells' ability to survive is based on its capacity to grow into a colony of at least fifty cells
since the cells can die suddenly after having gone through multiple divisions [115]. So, the
capability of producing fifty cells after receiving the dose test the cells' ability to reproduce
long term [116]. The time needed to produce fifty cells varies for different cell lines [117].
For this thesis, the cells were given six days to replicate before they were fixated. However,
the colonies are barely visible in their natural state. So, the cells are also stained to facilitate
the counting of the colonies. The fixation started with removing the cell flasks from the CO2
incubator and removing the medium from the flasks. Afterward, washing the flasks with
phosphate-buffered saline (PBS) removes any loose residual biological material originating

from the medium or the cells that could obfuscate the colonies. PBS is a non-toxic solution
[118], but the force of adding it directly on to the cells could have washed the cells away.
Therefore, the stream of PBS exiting from the pipette was directed gently onto the flask sides.
Ethanol stops the replication of the cells and is highly toxic to cells [119, 120]. Thus, the cells
were fixated by first adding 3 ml of ethanol to the cell flasks, then subsequently, after five
minutes, the ethanol was removed. Lastly, 3 ml of methylene blue was added to the flasks.
Methylene blue is a dye that both dead and alive cells absorb. However, as a result of living
cells reducing methylene blue into a colorless product, only dead cells are left stained [121].
The dye was transferred back into its original container after the cells had been in contact with
the methylene blue for five to ten minutes. Transferring with a pipette leaves some residue
inside of the flask. Therefore, the flasks were washed with regular tap water before they were
placed with their necks pointed down over a sheet of paper. After the flasks had dried up, they
were scanned and counted by an automatic cell counting algorithm.

3.4. Aseptic handling
In cell experiments, multiple types of potential contaminations would destroy the integrity of
the results. Cross-contaminations is a reoccurring problem with an extensive history, leading
to mistaken results, and even some falsification of data [122, 123]. In particular,
contaminations can bias results since different cell lines have differing treatment sensitivity
[124]. Significantly, the cell-killing in a cell flask containing two different cell lines is a
function of both cell populations. Thus, the data would reflect the most radiosensitive cell line
for small doses and the least radiosensitive cell line for large doses [125]. As a result, all
information obtained in the experiment would become compromised.
Another type of infection is microbial contaminations, such as a Mycoplasma infection.
Mycoplasmas are the smallest known living cell, a type of bacteria without a cell wall [126]—
the effects of a Mycoplasma infection wary with the kind of Mycoplasma and the type of cell
infected. A Mycoplasma infection could, in some cases, take a long time to be noticed.
However, it is an infection that often significantly influences cellular physiology and
metabolism [127]. The cells in our laboratory are checked regularly for mycoplasma
infection. Antibiotics are included in the cell medium to limit bacterial infections. However, it
comes at a cost; the smaller contaminations are harder to detect. Notably, smaller
contaminations are also potentially influencing the result to a lesser degree [124]. Using
antibiotics is widespread but comes with another cost as well. It may change the cellular

DNA, resulting in potential undesired gene expression and regulation changes [128].
Nevertheless, even with aseptic handling of the material and considerable care, our laboratory
needs to use antibiotics to avoid bacterial infections as part of an important focus on scientific
rigor.
All processing of open-cell flasks was done inside a Laminar airflow (LAF) bench (Thermo,
USA) as an open-cell flask would be vulnerable to airborne contaminations. The flask had to
be opened during cell experiments [129]. The LAF bench created an air curtain, preventing
contaminants from the outside of the bench [130]. Furthermore, cleaning the bench before use
was essential as the bench could have become contaminated, and the bench released
contaminating particles from the airflow when it was turned on [131].
The other major pathway for contamination was direct contact. Therefore, all equipment
brought into the bench was sprayed with ethanol, and pipette tips were only in direct contact
with a single source. Furthermore, the tips were sealed in sterile packaging that was opened
inside the LAF bench. It was also important not to hold hands or instruments over open flasks,
as particles or a drop of liquid could fall into the flasks. So, the closed systems used prevented
contaminations in the cell culture, a vital process that prevented infections from ruining the
cell culture [132].

3.5. X-ray irradiation
The room that houses the X-ray unit (PMC 1000; Pantak, USA) had multiple safety features.
The panels and the door surrounding the X-ray tube were plated with lead and insulated the
people using the X-ray tube from the radiation. Furthermore, a safety switch blocked the Xray tube's power if the door was not closed correctly. Turning on the X-ray unit started a 20
minutes warm-up sequence that heated the internal components inside the X-ray tube,
resulting in a lower chance of anode failure since a warm anode will better tolerate the prompt
heat loads when the irradiation starts [133].
The irradiation chamber under the X-ray tube had multiple possible positions for the flat
Perspex board that the container holding the cells stands on, allowing for different distances
between the source of the field and the cells. For all the experiments in this thesis, 60 cm were
between the field source and the Perspex board. The irradiation chamber door also was
connected to the safety trigger through a button that the door pushed in if it closed. Inside the
irradiation chamber, a heating system kept the temperature at 37° C during irradiation, which

was vital as in lower temperatures, the cells exit the cell cycle giving the cell a longer than a
natural period for repair [134].
The container for the cell flasks and grids are made of Perspex. This low atomic weight
material only minimally perturbs the field by scattering. So, the container's contribution to the
backscatter dose is insignificant [135]. The container has four cavities in the shape of T25
flasks. The 0.5 cm indentation for the grid block over the cavities has the same symmetry
lying 3.0 cm from the bottom of the container. The distance between the grid and the substrate
that the cells lie on was 2.7 cm, as the substratum of the T25 flask is raised 0.3 cm.

a) Circular grid

b) Striped grid

c) Irradiation chamber

d) Cell flask container

Figure 15. The equipment that shaped the field and positioned the flasks were the grids (a/b),
and the cell flask container (d). There are two different types of grids. One has fifty circular
holes (a) with a 2.5 mm radius over nine columns and eleven rows alternating between six and
five holes in each column, creating a 53:1000 ratio of open to closed space. The second (b) has
ten striped openings that are 5.0 mm wide with 10.0 mm in between the stripes. The whole grid
has a 413:1000 ratio of open to closed space. Both grids are 5.0 mm thick and made of tungsten.
The cell flask container (d) holds four T25 cell flask and the grid. It is 5.0 cm tall, and the

bottom part under the cell flask is 1.5 cm thick. There is 0.05 cm of air in between the cell flask
and the grid as the cell flask is 2.95 cm tall while the substrate with the cells lies 2.7 cm under
the grid. The irradiation chamber (c) that the X-ray unit irradiates into from above has a marked
irradiation position for the cell flask container on the flat Perspex board that is 60 cm under the
field source.

Two tungsten grid blocks were constructed to create striped and circular grid irradiation
patterns. The outer dimensions are the same for both blocks, a length of 150.0 mm, a width of
130.0 mm, a depth of 5.0 mm, and four rounded corners with a radius of 10.0 mm. The striped
grid has eight striped openings that are 5.0 mm wide, 120.0 mm long, and rounded short sides
with a 2.5 mm radius. Another two stripes on the grids' outer side are shorter than the other
eight, with a length of 85.0 mm. The stripes cover the grid symmetrically with 15.0 mm from
one middle point to the other with 10.0 mm of tungsten in between the stripes. There are four
circular holes in the corner with a 2.5 mm radius not used to shape the field, as they are there
to hold the grid in place. Overall, the striped grid has 5 674.9 mm2 of open space, and
13 739.3 mm2 of space closed off by 5 mm of tungsten, creating a 413:1000 ratio of open to
closed space. The other grid has 50 circular holes with a 2.5 mm radius. The holes are spread
out with alternating six or five along the horizontal axis, creating nine total columns, with the
holes separated by 25.0 mm from the center. The holes cover a combined area of 981.8 mm2,
leaving a total of 18 432 mm2 of closed space combined, creating a 53:1000 ratio of open to
closed space.
Moving cells in a Styrofoam box with two T75 flasks filled with water at 37°C from the
incubator in the cell lab on the third floor to the heated part of the hypoxia lab next to the Xray machine in the cellar after turning on the warm-up sequence keeps the temperature loss at
a minimum. Minimizing temperature change is critical to ensure that the cells are not arrested
in the cell cycle [136]. Furthermore, storing the grids in the warmed-up lab prevented the cell
flasks from being put into contact with cold metal, causing a severe drop in temperature.
Inside the X-ray room, two systems determine the field's characteristics, the filtration, and the
current and voltage applied to the tube. A padlock sealed the filter holder with 1.52 mm
aluminum and 0.50 mm copper and the X-ray tube inside a small container insulated with lead
above the irradiation chamber. The second system was usable after the X-ray machine had
finished its warm-up sequence, and involves the control board for the voltage, current, and
exposure time.

3.5.1.

Dosimetry

The two parts needed to measure the dose rate is a sensitive volume that reacts to the
ionization and a device measuring the reaction of the sensitive volume [35]. An FC65-G
Farmer type ionization chamber (IBA Dosimetry, Germany) served as the sensitive volume. It
is an ionization chamber with one electrode forming a straight line with the other cylindrically
surrounding it [137]. Its calibration factor of 43.77 ± 0.39 mGy/nC was determined by the
Secondary Standard Dosimetry Laboratory operated by the Norwegian Radiation Protection
Authority. An electrometer (MAX-4000; Standard Imaging, USA) were the measuring device
used in conjunction with the Farmer chamber.
After connecting the electrometer and the farmer chamber, the first task is to start the zeroing
process by pressing the start button. This zeroing process removes the background radiation
from the measurement. However, with increased time, there is a chance of drift in the
calibration. So, the rate measured with no radiation must be checked intermittently. Since the
setup used irradiates four flasks simultaneously, the dose rate across the surface inside of the
irradiation chamber is important, as an area that does not give a uniform dose would create
differences in the dose delivered to the individual flasks. Dose mapping was done by dividing
the area into squares and reading the dose rate inside every other square. In other words, the
squares measured only connected directly to each other diagonally.

3.6. Proton Irradiation
The proton irradiations were done at the Oslo Cyclotron Laboratory (OCL) in the basement of
the Physics building at the University of Oslo. The proton beam coming from the cyclotron
inside the cyclotron vault is guided with magnets to the experimental hall, where the 21.5 cm2
cell dishes (Nunclon, Denmark) were irradiated. The cyclotron was operated by the engineers
working at the OCL. Our only interaction with the cyclotron was to deactivate the beam stop
at the control room when we started the irradiations and adjust the beam intensity. The
readings of the monitor chamber (PTW Freiburg, Germany) in front of the cell dishes were
done through a camera feed at the control room, enabling us to activate the beam stop at a
given dose.
Next to the control room was a room with a LAF bench (NuAire, China) and a CO2 incubator,
used to handle the dishes before and after irradiation. During the irradiation, the cell dishes
were placed inside a cylindrical container that kept it and the grid in the correct position. The

cell medium was poured out, and the remaining drop removed with a cotton swab before
irradiation, since the medium would otherwise shield the cells from the proton beam. The grid
plate had three stripes that were 5 mm wide separated by 1 cm of metal. When irradiating in
front of the Bragg peak, the cell dish lid was replaced by parafilm. Parafilm is much thinner
than the lid so that the cell dish would end in front of the peak.
The monitor chamber connected to the electrometer (PTW Freiburg, Germany) was placed
between the beam window and the cell dish container. An ionization chamber was placed in
the same position as the cell dish to find the monitor chamber's calibration factor that gave the
desired dose. The dose was found and correlated to the measured fluence by the monitor
chamber from the ionization chamber reading. This calibration was done at regular intervals
as the proton beam energy fluctuates. Furthermore, after the irradiation, a test reading was
performed to verify that the beam had not changed energy levels. However, the cyclotron
fluence varied greatly, meaning that the targeted dose was sometimes hard to hit. Therefore,
after stopping the irradiation by activating the beam stop, the given fluence was written down
for precise calculation of the given dose.

3.7. The Experiments
At the beginning of August 2019, training in lab procedures was started. The single
fractionation and medium experiments were done multiple times until the results were
reproducible, a necessary test for lab procedure competency. Then, after the training period,
all types of irradiation experiment methods were repeated three times. For all types of
experiments, the X-ray unit settings were 220 V and 10 mA with 1.52 mm aluminum and 0.50
mm copper filtration. The supervisors determined the default filtration for the X-ray unit. In
all presented experiments, 30 000 cells were seeded into T25 flasks (Nunclon, Denmark).
After a pilot experiment, the optimal number of seeded cells was found comparing results
with different densities. The centrifuge (Mega Star 600R; VWR, USA) was run for five
minutes with the relative centrifugal force (RFC) set to 200.
Table 1. The radiation treatment varied between the four types of experiments. The experiment with
irradiation of cells directly was done with doses of 2 Gy, 5 Gy, and 10 Gy by a 220 V X-ray unit.
Similar experiments were also done with two different types of grid shielding the cells, creating a
circular and striped dose deposition pattern. The X-ray unit's irradiation time was kept the same as
when without a grid, so the dose is a nominal dose for the irradiation with a grid. For fractionation
experiments, a 2 Gy dose was given at the start and end of the day. The fractionations were repeated

over three days, and after each dose, two replicates were removed from the pool of flasks being
irradiated, resulting in two replicates at each total dose. Fractionation experiments were also with a
striped grid. In medium induced bystander experiments, the cells were not directly irradiated but
exposed to the medium harvested from flasks irradiated near confluency. Then, in the final
experiment, the cells were irradiated with protons.

Single fraction
Condition
Treatment

Grid

2 Gy, 5 Gy,
and 10 Gy
Without,
circular and
striped

Experiment
Fractionation
1×2 Gy, 2×2 Gy, 3×2
Gy, 4×2 Gy, 5×2 Gy, and
6×2 Gy
Without and striped

Medium
induced
0.2 Gy, 2 Gy,
5 Gy, and
10 Gy
Without

Proton
irradiation
2 Gy, 5 Gy, 10
Gy, and 13 Gy
Striped

Four types of experiments were done. The first type of experiment was single-fraction
irradiation without a grid, a striped grid, or a circular grid. The doses given were 2 Gy, 5 Gy,
and 10 Gy. The second type was fractionation experiments with 2 Gy given one, two, three,
four, five, or six times totaling up to 2 Gy, 4 Gy, 6 Gy, 8 Gy, 10 Gy, or 12 Gy. Irradiations
were done with and without a striped grid in the fractionation experiments. The third
experiment was conditioned medium induced bystander response where a semi-confluent
flask was irradiated with 0.2 Gy, 2 Gy, 5 Gy, or 10 Gy. After 40 minutes, the conditioned
medium was filtrated through a 0.22 µm filter (Sarstedt, Germany) and transferred over to
flasks seeded with 30 000 cells that had not been irradiated. The last type of experiment was
irradiation with a striped field of protons with 2 Gy, 5 Gy, 10 Gy, and 13 Gy.
In a year, four weeks at the OCL are scheduled to be used by the biophysics department.
These weeks have multiple different people running different types of experiments. In the first
week, experiments related to this thesis were planned on Tuesday, Thursday, and Friday on
the 42nd week of 2019. On all these days, the dishes were finished seeded at 0900, and the
irradiation was started five hours later. On Thursday, experiments were cut short due to the
cyclotrons' instability and subsequent collapse, resulting in the cancelation of all the
experiments on Friday. The cyclotron was not up and running the next semester either, so the
plan of using multiple proton beam positions and grid modalities had to be canceled.
3.7.1.

Seeding

To exclude artifacts from biological processes affected by cell density, the number of cells
seeded was the same for all experiments. This cell density was chosen as high enough to be
able to measure the effects of the high doses, but low enough to be possible to identify
individual colonies
The first step in planning an experiment was to order cells from senior engineer Joe
Alexander Sandvik with desired specified confluency on the desired date. Then the cells given
were used to seed into flasks for the planned radiations and control samples. The seeding
started with moving the medium and trypsin into the Grant JB Aqua 18 water bath set to 37degree Celsius. Next, the LAF bench (SAFE 2020; Thermo Scientific, USA) was turned on
and wiped down with 5 % virkon (DuPont, UK). After the virkon had dried, MQ water was
sprayed on the surface and cleaned up with paper. The equipment needed for the seeding was
sprayed with 70 % ethanol, then placed inside the bench. The equipment included two 10 ml
pipette tubes (Sarstedt, France), two 5 ml pipette tubes, two 2 ml pipette tubes, a container
holding two 15 ml tubes (Sarstedt, Germany), a jar for disposed medium, T25 flasks for
seeding, a 2 ml syringe (Becton Dickinson, Spain), and a disposable needle (Misawa Medical
Industry, Japan). The bottles of medium and trypsin were collected after 15 minutes in the
water bath, and the remaining water on the bottles was removed with tissue paper. Then, they
were sprayed with ethanol and placed inside the LAF bench after the ethanol had evaporated.
The cell flask with the ordered cells was collected from the incubator and disinfected with
ethanol after the equipment was prepared. Then, 3 ml trypsin was added after the medium was
removed and the flask had been washed with 1.5 ml trypsin. New flasks were then marked
with the name of the owner, the number of cells added, cell type, and current date on each
T25 flask while the trypsin isolates the cells. The cells were drawn up with a needle and a 2
ml syringe after a five-minute incubation time. They were then sprayed back into the bottom
of the original flask. This procedure was repeated until the cells were well separated when
observed through a microscope, and 3 ml of medium was added. The cells were next moved
into a 15 ml tube and centrifuged for five minutes. The supernatant was removed after the
centrifugation, and the cell pellet was resuspended in 6 ml of fresh medium.
The cell density was counted in a Bürker chamber. The cells were resuspended with a pipette,
and approximately 0.1 ml was taken from the middle of the tube. Two of the ten Bürker
chambers were filled, and the chamber was placed on the microscope. Each of the nine
squares was counted. Then, the average was taken without the lowest and highest outlier. The

cell solution was diluted to give a density of 30 000 cells/ml. Next, 1 ml of the diluted mixture
was added with a pipette to each of the marked flasks and 4 ml of pure medium to achieve a
final density of 30 000 cells/flask with a total of 5 ml medium. The flasks were stacked in sets
of three or four flasks and gently shaken horizontally as a final step before taken to the
incubator.

3.8. Analysis
All cell flasks were analyzed with an algorithm created by Delmon Arous. This algorithm
finds colonies by pre-processing a digital image, then partitioning it into segments, dividing
into colonies, and finally recording the location by the colonies center. The scanning of the
flask was done by Bjørg Vårli Håland, who then gave the digital images to Delmon, who used
the algorithm on the scanned pictures. After the colonies were found, the locations, colony
size, and various other data were uploaded to Microsoft Teams.
The data are mainly analyzed with two methods. The first is the LQ model. The experiments
and their analysis by the algorithm have plenty of causes leading to failure. As the LQ model
is the best-established method to analyze cell killing, the failure to model the data with this
model hints at underlying deficiencies. Also, the control samples' different colony counts
produce a population standard deviation represented with errorbars in each surviving fraction
data point. Meanwhile, the LQ model is plotted with the 95 % confidence interval from the
ordinary least squares regression. All regressions were done with the python package
statsmodels.
The other analysis uses kernel density estimation. The kernels can take many forms, like a
gaussian function or a uniform square [138]. As these kernels make up the probability
function by having their middle in the location at each observation, the size and shape can
help investigate the effect of the sensitivity in measuring the colony location by its centroid.
The kernel density estimate smooths the probability distribution with the bandwidth. The
implementations of kernel density estimate have multiple useful automatic methods for
bandwidth selection when estimating the distribution from a large number of observations
[139]. The large dataset and ease of comparison to other samples are the reason kernel density
estimates are used for comparing colony sizes, as there are thousands of observations in a
single sample for the presented data. However, the automatic methods for bandwidth selection
fail for distributions with multiple local maxima. Therefore, the bandwidth is set based on the

colony size when used for calculating an estimation of the surviving fraction in grid
irradiation.
3.8.1.

Colony counting algorithm

The algorithm starts with pre-processing the digital image with principal component analysis.
Only the second principal component was found to reflect the colonies, while the first
component reflected the background. The second principal component is then mapped as a
linear combination of the image color information contained in the three color channels [140].
So, colonies are highlighted from the background. Then k-means extract data patterns turning
the colonies white and the background black [141]. Since the flasks were seeded at a high
density, and the resulting colonies may grow into each other, the processed image can have
large continuous white blobs containing multiple colonies.
The next part of the algorithm detects how many colonies are in a single blob by analyzing the
original second principal component with what is called a watershed. The separation happens
in all points where their steepest descent ends in a local minimum [142]. The type of
watershed used is a multi–extended maxima-based watershed with plausibility criteria. After
the watershed, the location and size of the separated shapes are recorded.

l
a)

b)

Figure 16. The colony counting algorithms detected colonies for a control sample (a), and a
flask shielded by a striped grid when irradiated (b). The grid creates two separate homogenous
doses of 6.82(38) Gy and 0.76(18) Gy (b) with 0.13(2) mm between them with gradual dose
change.

4. Results
The results have three general parts, first the dosimetry with grid dosimetry from Bjørg Vårli
Håland. Then, the evaluation of an automatic colony counting algorithm developed at the
group. This algorithm is developed to count colonies and record their location. Since when
irradiating with a grid, multiple different exposure groups are in the same flask, the location
of the colonies is correlated to their received dose. The last general part of the result is the
analysis of grid experiments and the medium induced bystander experiment.
Table 2. List of experiments.

Experiment
1

2

3

4

Single fractionation ✓ ✓

✓

✓

✓

Dotted Grid
Fractionation

✓

Bystander

✓

5

6

7

8

9

✓
✓
✓ ✓ ✓

Table 2 shows the experiments presented with numbers in the results section. For a single
experiment, all of the treatments had the same control samples as they were seeded at the
same time. The single fractionation experiments are irradiation with or without a striped grid.
The dotted grid experiments are not presented, as the dosimetry was not done for them.
However, the control samples from these experiments were included when testing the
algorithm. The fractionation experiments have one to six irradiations of 2 Gy for the same
flask, with a twelve-hour window between irradiations. The medium induced bystander
experiment is where the medium from an irradiated flask with near confluent cells gets
transferred to unirradiated cells. The proton experiments are not presented with numbers, but
by their day of irradiation.

4.1. Dosimetry
As Morgane dos Santos et al. 2018 put it, "The main objective of radiobiology is to establish
links between doses and radiation-induced biological effects" [143]. Specifically, for this
study, the clonogenic study investigates the probability of cells in a population to retain its
ability to divide after having received a dose. The probability of losing the capability to
proliferate changes with dose and to determine the correlation, the accuracy of the delivered

dose must be good enough to link small changes in response to changes in dose. Meanwhile,
to have reproducible results, a change in the surviving fraction must not be observable within
the trueness of the delivered dose [144]. Furthermore, dosimetry protocols may produce
systematic errors, so the uncertainty in presented doses have the standard deviation from the
protocol included.
This section starts with going through the data for irradiation without a grid, the foundation
for determining the irradiation times in all experiments. The second part of the dosimetry
follows with data from striped tungsten grid irradiation with gafchromic film. The results
sections focus on the two general areas with a homogenous dose. As a result of the grid, the
dose distribution has four peaks, and four valleys. The dosimetry presented appears to have an
artifact from the film's scanning process. This artifact meant that the peak dose and valley
dose for the irradiations with the grid had systematic deviations. However, in presented
surviving fractions, this artifact was corrected for by Bjørg Vårli Håland. Furthermore, the
spatial information was not affected by the artifact.
4.1.1.

Open field dosimetry

The dosimetry was done with a Farmer ionization chamber (see section 3.5.1). Calculations of
dose follow the IAEA Code of Practice TRS-277 protocol for medium-energy X-rays, while,
the dosimetry in Anne Marit Rykkelid's thesis is a reference for the setup. The ratio of massenergy absorption coefficient in water to that of air is 1.07. The calibration coefficient to the
ionization chamber of 43.77(20) mGy/nC in air and the electrometer calibration factor of
0.9998(6) are from the 2016 calibration at the Norwegian secondary standard dosimetry
laboratory. The last two factors needed for the dose calculations are the perturbation and the
beam quality. These factors have values of 1.023(1) and 1.0 in our setup. Table 3 shows the
resulting irradiation times needed for 0.2 Gy, 2 Gy, 5 Gy, and 10 Gy, calculated with the
measured dose rate of 10.4(1) mGy/s while the tube is stable, and a startup period dose of
21(1) mGy over the first five seconds.
Table 3. Irradiation time needed to achieve the corresponding dose calculated with the IAEA Code of
Practice TRS-277 protocol for medium-energy X-rays for the used X-ray machine operated with 220
V tube voltage, 10 mA tube current, and primary filtration with 1.52 mm aluminum and 0.50 mm
copper. The distance from the source was 58.2 cm.

Dose [Gy]

Time

0.2

2.0

5.0

10.0

22 s

3 min 15 s

8 min 4 s

16 min 4 s

The X-ray unit has a five-second startup time where the dose rate climbs. After the startup
period, the measured current does not change. However, the measured current changes from
day to day, but correcting for pressure and temperature removes this difference within the
electrometer's sensitivity. Figure 17 presents the measured relative error from the prescribed
dose (a), and the same over the first five seconds when the tube stabilizes (b). The X-ray unit
can only irradiate in whole seconds; therefore, the predicted doses are 1997.0 mGy, 5002.6
mGy, and 9994.6 mGy. This limitation in the X-ray tube control system is not the dominating
uncertainty in the measurements since the average standard deviation for each dose is
2(2) mGy, 21(7) mGy, and 10(1) mGy for 2 Gy, 5 Gy, and 10 Gy, respectively.

a)
b)
Figure 17. The measured relative error for the X-ray machine for 2 Gy, 5 Gy and 10 Gy (a) and
the dose delivered over the first five seconds when the X-ray tube voltage is climbing up to 220
V (b).

In contrast, the 10 Gy standard deviation is 22.3 mGy—more than ten times the standard
deviation in the startup period. However, this spread, which contributes to the X-ray machines
uncertainty, is lower than the sensitivity in the measured dose rate of 0.5 %. Therefore, the
uncertainty from the X-ray machine is not represented when measuring the current from the
electrometer. In conclusion, after fifteen seconds, the standard deviation from the dose rate
overtakes the standard deviation in the startup period dose and becomes the primary source of
uncertainty in the measurements. However, the relative standard deviation from the dosimetry

protocol is 4.33 times the relative standard deviation from the X-ray machine, so the X-ray
machine precision increase the relative uncertainty in the dosimetry from 0.9(1) % to 1.0(1)
%. The resulting relative uncertainty is the same for 2.0 Gy, 5,0 Gy, and 10 Gy.
4.1.2.

Grid-irradiation dosimetry

Flasks irradiated with a striped grid have cells exposed to multiple different doses. Irradiating
gafchromic films can be used to find the spatial dose distribution and thereby evaluate the
effect of irradiation through the grid. Knowing the spatial distribution of the dose enables
separating areas of the flask into exposure groups with known dose levels. Moreover, the
difference between the multiple films for a single position expresses the precision of dose
delivery spatially in the setup.

a) Mean dose in position C from all four

b) A single magnified peak from one film from

films.

position D.

Figure 18. The spatial distribution of dose measured with gafchromic film.

The films show four peaks and valleys in the dose distribution. The upper peak and the upper
valley cover an area of the flask, which is narrower, reducing them in size compared to the
other peaks and valleys. The lower peak is substantially smaller and covers the edge of the
film, an area that the cutting process warped in the bottom right corner. The three complete
peaks on the films have a width of 4.9(2) mm and a dose of 3.4(4) Gy. The area in between
the high dose area (peak) and the low dose area (valley) separates the homogenous areas by
0.13(2) mm, with gradual dose decline. The valleys' dose stays flat, creating plateaus in the
valley that are 10.6(2) mm wide with a 0.4(2) Gy dose in all four valleys.
When presenting a single peak, as the magnified peak in Figure 18b, without reducing the
largest doses of 15 Gy from pixels where the film has been scrapped, the peak and valley look

like the same area since the colormap does not look noticeably different for 0.5 Gy and
4.0 Gy. Therefore, the signal in the scraped pixels has been reduced to 0 Gy, resulting in small
distinct spots in both the peak and valley, as shown in Figure 18b (dark spots). This reduction
was only made in this Figure.
The peaks and valleys are not in the same position in different films. So, taking the average
dose of the films for a single flask position introduces an uncertainty in the position of the
peak and valley area. Figure 18a shows the results from position C without reducing the high
dose pixels artifacts. This reduction is the reason the heatmap covers a higher range than the
dose in the peaks.
The amount of overlap in peak area, when taking the mean for each position, varies
substantially. Converting the dose map into binary values enables quantification of overlap by
comparing the mean of the four films to each of the individual films. As the peaks have a
large amount of noise, the threshold was set to the lowest dose peak minus two times its
standard deviation to not threshold out large parts of the lowest peak. This analysis resulted in
57(3) %, 68(3) %, 80(2) %, and 99(1) % of the peaks remaining for positions A, B, C, and D,
respectively. The standard deviation in position D's peak is 0.43 mGy, more than double
compared to the other three flask positions with 0.17 mGy, 0.17 mGy, and 0.19 mGy. This
standard deviation is so significant that for position D, it will include areas where three
samples have overlapping peaks. However, 93(5) % of the peaks remain when using only a
single standard deviation in the threshold.

4.2. Evaluation of colony counting algorithm
The evaluation of the automatic colony counting algorithm was done using the control
samples to calculate the plating efficiency. Without decreased survival due to irradiation, the
control samples are the edge cases for the algorithm having the most colonies. The edge cases
are where patterns of failures and biases for algorithms are the easiest to find.
4.2.1.

Plating efficiency

The following formula calculates the plating efficiency (colony forming efficiency) after
counting the number of colonies [145]:
𝑃𝐸 =

𝑛𝑜. 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑
× 100%
𝑛𝑜. 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑

(19)

The plating efficiencies were calculated from colony count of the entire cell flask by the
algorithm developed by Delmon Arous with values listed in Table 3. There was partial plating
failure in the first proton experiment and the first medium induced bystander response
experiment. Meaning, parts of the flasks and dishes did not have attached cells, creating large
areas with no colonies. Two of the experiments, the last fractionated and dotted grid
experiment, have abnormally low plating efficiencies. Looking at the flasks from these
experiments under a microscope revealed that most of the cells had not divided into colonies
before fixation. This failure to form colonies was observed in control flasks and irradiated
flasks. Both experiments had been seeded from a flask with higher confluency than usual,
which means that they potentially had left the logarithmic growth phase. For the other
experiments, the plating efficiency was between 8 and 13%.
Table 4. The plating efficiency for all used experiments.

Plating efficiency [%]
X-ray

*

No. Open field

Striped grid

Dotted grid

Medium induced

Fractionated

Proton

1

13.1(1)

13.1(1)

12.6(1)

3.1(4)+

12.8(2)

7.3(7)+

2

12.6(1)

12.6(1)

8.4(2)

8.3(9)

9.4(3)

5.0(5)

3

8.4(2)

8.4(2)

4.6(2)

8.2(4)

2.7(7)

*

Absent, +Partial plating failure

4.2.2.

Proton experiments' plating efficiency

Figure 19. The control samples from the proton experiment with partially failed plating of
colonies. The dish had been rotated.

The control dishes in the proton experiment all had partial plating failure as a result of
rotation. Figure 19 shows the plating failure on the dish's outer edges, leaving a large area in
the middle with colonies. So, the number of colonies in the entire dish was linearly
extrapolated. The extrapolation data points were 33 %, 66 %, and 100 % of the area with
colonies. As if the only data point was 100 % of the area with colonies, the number of
colonies was overestimated. This overestimation is an effect the colony density decreasing
towards the outer edges of the dish.
4.2.3.

Automatic colony counting

The following describes the first observed apparent algorithmic failure: counting colonies in
flasks that received a high dose. It was discovered for these flasks with low colony density
that shadows from the scanning process made the algorithm count colonies in areas without
any real colonies. The colony counting algorithm breaks down sometimes, with the result that
nonexistent colonies become counted. Figure 20 shows one of these breakdowns, where all
the counted colonies are shadows created in the scanning process. Also, the algorithm
sometimes counts one or more dead cells as part of a colony; other times, there is only a
shadow without any cells, as seen in Figure 20b, where the red marks indicate the middle of
the colony. Luckily, the causes of the shadows situate them mainly near the left edge of the
flask. So, when the algorithm fails, it is possible to take away the problematic area and detect
colony counting failures by the ratio counted to the left of the continuous shadow line
illustrated on the right of Figure 20b.

a) Entire flask.

b) Magnified section of the left side.

Figure 20. A 10 Gy dose flask, with the counted colonies marked with a red circle. The
algorithm failed for this sample, and the continuous shadow line on the left of the flask is the
largest uninterrupted problematic area for the automatic colony counting.

The scanning process creates shadows from three sources, two of which create them on the
left side. The one source of the shadows that spread evenly is the edge of the bottom of the
flask, creating shadows around the flask's border. The other two origins are the markings for
reading off the amount of liquid inside the flask on the left side, and the corner along the right
side of the top of the flask that creates a dark line in the image. This line shows up only on the
left side since, the flask is not in the middle of the window when scanned, but in the bottom
right corner. This problem gets resolved by removing the problematic areas and is described
in section 4.2.7.
4.2.4.

Spatial distribution of colonies in control samples

Figure 21. The fraction of counted colonies to the left of the continuous dark line (Figure 20) in
the control samples.

As reported above, the colony counting algorithm counts mainly the shadow on the left side
of the flask as colonies when there are too few colonies, or the colonies have a too diffuse
blue color. Moreover, in these cases, the algorithm also fails to count the real colonies in the
middle. So, the ratio of colonies counted to the left of the area with many shadows become
large for flasks where the algorithm failed. This relationship was used to pick out faulty
colony counts. Figure 21 presents the fraction of counted colonies on, and to the left of the
continuous shadow line presented in Figure 20, for the control samples. The control samples
from experiments 5, 6, and 7 have a higher fraction than the rest. For the 7th experiment, the
first bystander experiment, the lower fraction, is a consequence of the plating failing in the
middle of the flask. The other two experiments had control samples where most of the cells
died before fixation. The sixth control sample from the fifth experiment is the most significant

outlier from theses experiment, with 33.9 % of colonies to the left of the shadow in the shape
of a straight line. For reference, the flask in Figure 20 has 74.1 %.
As previously mentioned under the plating efficiency section, experiment number 5 and 6
ultimately ended up failing as the cells ended up in an unhealthy state. The cells on the
interior of the flask had all died, while on the periphery, there were alive healthy clusters of
colonies, as seen in Figure 22. Overall, the amount of cell mass in these control samples is
much lower, as the cells not on the periphery of the flask multiplied only a few times before
dying and can therefore not be counted as colonies, which require at least 50 cells.
Differences in the amount of cellular mass influence the degree of blue intensity in the flask,
as it is the cellular mass that methylene blue stains. Compared to a healthy control sample, the
average blue intensity normalized to the average grayscale intensity is 1.062. In comparison,
the average in the failed experiment is 1.007, with the lowest outlier having an even lower
intensity of 1.003. So altogether, the number of seeded cells and their staining process are
essential factors in the success of the algorithm.

a) Microscopic image of a large cluster of cell
mass on the edge of the flask.

b) Clusters of colonies on the edge of the flask.

Figure 22. Clusters of cells on the edge of the flask observed in experiments five and six
control samples.

4.2.5.

Luminosity mask

The flasks from experiment 3 and 4 had a brighter blue intensity in their staining. This lighter
blue color created problems for the algorithm, resulting in the algorithm failing faster with
increased dose than the other experiments. So, to correct this difference in staining, a
luminosity mask darkened the blue color in these two experiments. The darkening amount
was chosen by darkening the blue intensity of a control flask from experiment 3 until it
matched the control flasks from experiment 1. Then, all the flasks in experiments 3 and 4 got

the same luminosity mask. Figure 23 presents the original (a) and darkened (b) image. In the
presentation of surviving fractions in section 4.3, the label luminosity mask indicates
darkened flasks.

a)

b)

Figure 23. The original control sample from experiment 3 (a) and the result of matching its blue
color to control samples from experiments 1 and 2 with a luminosity mask (b).

4.2.6.

Spatial distribution of colonies in open field irradiation experiments

Before the effects of irradiating with a grid can be found, the clonogenic survival in the open
field without the grid must be known. We know from previous parts that the shadows created
during the scanning process impact the colony counting algorithm. And, the colony density
was higher on the edges of the flask for control samples. Furthermore, the irradiation could
also impact the colony formation unevenly and the colony counting algorithm. So, the same
procedure to find faulty colony counts used in Figure 21 was used on the open field single
fractionation experiments. For the 2 Gy dose, the first two experiments have the same fraction
of 0.09, while experiment 4 has 0.1. This increase compared to the control samples ratio of
0.07 results from the automatic colony counting algorithm starting to count shadows when
real colonies are missing under the shadows. As seen in Figure 24, the 5 Gy samples from
experiment 4 are significant outliers from the other two experiments. The reason is quickly
seen when looking at what the algorithm counts as colonies in experiment 4 for the flasks
irradiated with 5 Gy and 10 Gy; many counted colonies do not have a single cell.
Furthermore, the algorithm does not detect real colonies in the middle. The same is observed

for all samples irradiated with 10 Gy—the algorithm failed for all flasks irradiated with 10 Gy
without a grid.

Figure 24. The fraction of cells to the left of the continuous dark line (presented in Figure 20)
for open field single fractionation experiments.

4.2.7.

Open field regions of interest

When separating the flask into different regions of exposure, the control samples'
corresponding areas are the controls for the different regions of exposure. So, the colony
density has to be the same for the different areas of the peaks, and the same for the areas of
the valleys. While the colony locations in two dimensions are a bivariate distribution,
histograms enable us to compare colony densities in a single dimension. However, the bins'
sizes and locations in the histogram create false patterns, as a result of the scanning process
that includes the lower wall of the flask. But, careful comparisons of the histograms to a
hexbin plot, a plot that shows the joint probability distribution overcome these problems. The
hexbin plot divides sections in both dimensions into hexagons. Then, a darker hexagon
signifies a section with a higher colony density. Figure 25 presents the mean colony density in
a hexbin plot for all the control samples, except for experiments five, six, and seven, with
histograms on the side for the x- and y-direction. This plot was created using the python
package seaborn.
Looking at Figure 25, the colonies evenly distribute across the flask, except for two general
areas. The first, on the left, bottom, right, and top right border, contains a higher number of
automatically counted colonies, as seen by the dark areas in the hexbin plot. On the left

border, the number of colonies equals the number of colonies counted in the middle of the
flask, even though it is approximately 3/5 times the length as the flask sides start tapering
upward towards the neck. Edges contained in a single bin in Figure 25 make the increased
colony density easily distinguishable. Conversely, in the one dimension histogram, two bins
split the bottom edge in two, and the top-right edge moves diagonally. The opposite is true for
the hexbin plot at the top of the flask, where two hexagon sections going horizontal split the
top edge in two, but a single bin in the histogram covers the top edge. The second area with
deviating colony count is directly before the left edge, shaped like a straight line. The area
corresponds to the dark continuous line presented in Figure 20, the shadow that caused the
algorithm to count phantom colonies. However, for the control samples, it decreases the
number of colonies counted with the fourth bin in the histogram, having 20 % fewer colonies
than the fourth bin from the right.

Figure 25. The distribution of counted colonies in the control samples with sections divided
into hexagons and histograms for both x and y on the top and right side.

4.2.8.

Irradiated samples

For the 10 Gy samples, counting colonies become too difficult for the algorithm. The colony
count distribution starts to reflect where there are shadows instead of colonies. Figure 26b
shows automatically counted colonies from the three 10 Gy experiment irradiated without the
grid, presented in a hexbin plot, and histograms using the same method as the previous
section. The dominant force influencing colony count is the continuous dark line and the
volumetric markings on the left side, as seen in Figure 20. The influence from a second
shadow right above is more visible for the 10 Gy samples. This shadow is a thinner line from

the tapering right side of the flask that lands entirely inside the flask. On the top of the flask is
there relatively less counted colonies. However, the elevated circle in the middle also causes
phantom colonies. To the right of this circle is the only area without phantom colonies. But,
compared to the control samples, the same area does not have a more significant number of
colonies counted compared to the interior of the flask. So, shadows influence all areas where
the algorithm counts a higher number of colonies on the edges of the flask than the interior.
The 5 Gy samples, presented in Figure 26a, have a dip in the number of colonies counted at
the bottom of the flask. From Bjørgs' master thesis, we know that the dose applied to the area
is homogenous. But, when inspecting the scanned picture, the bottom area is brighter, causing
a decrease in colony counts.

a)
b)
Figure 26. The density of automatically counted colonies divided into hexagon sections for the
(a) 5 Gy open field experiments without the failed colony count and (b) 10 Gy open-field
experiments with x and y histograms on the sides.

4.2.9.

Separating into areas with and without shadow and edge effects

a)
b)
Figure 27. The separated area of the flask without shadows and edges that influence colony
count (a). And, the area removed (b), both areas illustrated using a control sample from
experiment 3.

As the previous sections have shown, the edges and shadows influence the algorithm. So, the
area without any shadows, is the area used to analyze all experiments. All the 10 Gy flasks
were used to get a robust area that took into consideration the positional difference when
scanning the flasks. As for these samples, the automatic colony counting algorithm only
picked out shadows. The flask area was reduced until it did not pick out any automatically
counted not-colonies in the 10 Gy flask irradiated without a grid. Figure 27b shows the
resulting area, with automatically counted colonies from a control sample from experiment 3.
In comparison, Figure 27a shows the area with shadows and edges.

4.3. Dose-response measurements
Cell survival curves present the surviving fraction of cells at a given dose with the surviving
fraction on a logarithmic scale and the dose on a linear scale. For these curves, the LQ model
is used to describe the data with its linear component of cell killing characterized by the alpha
parameter and the quadratic component by the beta parameter. The ratio of alpha/beta is the
dose where the quadratic and linear components of cell killing have contributed equally.
Therefore, the alpha/beta ratio is a measurement of the curve's curvature describing the cell
killing.
4.3.1.

Clonogenic survival without grid

a)
b)
Figure 28. The clonogenic survival of the open field experiments modeled with the linearquadratic formula with real colony counts. In a is the counts without a luminosity mask, while b
shows the result after using the luminosity mask. The blue bands illustrate the 95% confidence
interval from the regression of the LQ model.

As previously mentioned, the algorithm has a potential bias towards counting colonies on the
edges and shadows of the flask. In the previous section, the areas were separated. A difficulty
with this approach is that the algorithm for flask irradiated with 10 Gy had only counted
colonies in shadows, the reason Figure 28a has no data for 10 Gy. So to try and fix this, a
luminosity mask was used on the scanned pictures.
When looking at control samples from experiment 4, the colonies had a brighter blue intensity
compared to the other two experiments. So, the control samples were darkened to match the
intensity in the control samples of experiments 1 and 2. Then, the same relative darkening was
applied to the other flasks in the experiment. This darkening was done with a luminosity mask
in Photoshop. This change enabled the algorithm to count colonies for the 5 Gy dose.
However, the 10 Gy flasks from all the experiments were still a challenge. The blue color for
these samples was darkened to the point where the algorithm started counting colonies. This
darkening resulted in many non-colonies being counted in the middle. So, the luminosity
mask was not enough to count the 10 Gy samples.
4.3.2.

Manual counting

Table 5. Manually and automatically counted 5 Gy colonies.

COUNTING METHOD
REPLICATE

MANUAL

AUTOMATIC

A

398

317

COUNTING METHOD
REPLICATE

MANUAL

AUTOMATIC

B

421

235

C

414

305

D

470

384

The flasks for which the algorithm failed, were manually counted. This count included all the
flask irradiated with 10 Gy and the flasks irradiated with 5 Gy from experiment 4. The flasks
irradiated with 5 Gy doses were manually and automatically counted, so they are compared in
Table 5. The algorithm underestimates the number of colonies in these flasks, with an average
decrease of 27 % when moving from manual to automatic counts.

Figure 29. The area of the flask without any shadow or edge effect with manual colony count
for flasks where the algorithm failed.

The manual counts of the too difficult flasks to analyze for the algorithm were done to
estimate better the alpha and beta parameters. The lower standard errors enable easier
comparison of the surviving fractions from the grid irradiations. When combing counts, the
counted colonies was decreased by the ratio of the whole flask to the area removed. This
analysis resulted in a 4 % decrease when approximating the flask to a rectangle with a
trapezoid on top. The flasks irradiated with 10 Gy from experiments 1, 2, and 4 have an
average of 35(3), 48(7), and 31(3) colonies. The third replicate from experiment two has 64
colonies, the most substantial outlier from the average when comparing the experiment. The
alpha and beta values for this combination are 0.07(3) Gy-1 and 0.036(3) Gy-2.

4.3.3.

Clonogenic survival with grid irradiation

When irradiated with a grid, the peak and valley doses are separated by 0.13(2) mm, and the
difference in dose between the peak and valley creates observable different surviving
fractions. Furthermore, the slack in the position of the flask in the container it is irradiated in,
and the positioning, when scanned, is more substantial than 0.13(2) mm. As all these
precision errors affect the gafchromic film dosimetry and, the film dosimetry precision is a
measurement of the precision in the dose delivery. Therefore, the area of colonies in the peak
and valley were reduced by the film precision. Admittedly, placing the film inside the flask
and cutting it introduces more errors than when irradiating the cells. However, as long as
these errors are random, they can be quantified by standard deviation calculations.
The gafchromic dosimetry previously presented has an artifact from scanning the films inside
a T25 flask. Scanning the film inside of a T25 flask left the scanner open at an angle. This
angle means that the scanner has a variable distance to the film. Bjørg Vårli Håland corrected
this artifact in her master thesis by creating trend curves from four homogeneously irradiated
films and then adjusting for the artifact using the films as a 5 Gy baseline. With the
correction, the average peak and valley doses were found to be 3.4(2) Gy and 0.4(1) Gy when
irradiating with a 5 Gy dose without the grid. As a result, the valley doses are 0.15(4) Gy,
0.4(1) Gy, and 0.8(2) Gy for the 2 Gy, 5 Gy, and 10 Gy nominal doses. At the same time, the
peak doses are 1.4(1) Gy, 3.4(2) Gy, and 6.8(4) Gy.
Figure 30 presents the mean surviving fraction for grid irradiation. The LQ model, with its 95
% confidence interval predicts the surviving fraction when irradiating without a grid. The
surviving fractions are divided into two parts, the fields' peak (a) and its valley (b). As seen in
the Figure, grid irradiation decreases the surviving fraction in the dose peak for the higher
doses. At the same time, the dose valley follows the surviving fraction predicted from the
irradiation without a grid with one exception. The dose of 0.4(1) Gy produced an increased
surviving fraction.

a)
b)
Figure 30. The surviving fraction for the peak (a) and valley (b) with the open field LQ model.

4.3.4.

Grid irradiation colony size

The smallest measured colony size is a function of the algorithm, as there is a threshold for
colony size when the algorithm counts colonies. Therefore, Figure 31 does not show colony
sizes smaller than 0.03 mm2 for the kernel density estimates for flask irradiated with a 5 Gy
open field time from experiment one (a) and two (b). As shown in Table 6, the median colony
size for both experiments is largest for the open field exposure group, then the valley, control,
and at last the peak. Also, the mean is larger than the median, and the mean is larger than the
mode for all groups, except the group irradiated with an open field in experiment two. This
pattern is a characteristic of a right-skewed distribution [146], the reason all but the open field
distribution from experiment two in Figure 31 lean left. The valley and peak exposure groups
have the highest and lowest variance, a fact reflected in Figure 31, where the valley
distribution covers a broader range of colony sizes with a high probability. Furthermore, the
colony sizes in the peak exposure group cover a much smaller range.

a)

b)

Figure 31. The probability density approximated with kernel density estimate for experiment 1
(a) and experiment 2 (b) for the flasks irradiated with a 5 Gy open field time, and the control
sample.

Skewness is a measurement of the lack of symmetry [147], that measures the symmetry
difference around the mean [148]. The normal distribution has a skewness of zero, and the
exponential distribution has a skewness of 2. Most of the skewness factors in the colony area
distributions are close to two. However, the relationship between the measurements of the
center (mean, median, and mode) does not follow the exponential distribution. Another
measurement of the shape of the distribution, the kurtosis measures how clustered the
distribution is around the mean and highlights a difference from the exponential distribution
[149]. So, a flat and wide distribution has a lower kurtosis than a tall and thin distribution with
heavy tails. The exponential distribution has a kurtosis of 6, none of the exposure groups
come close. Even though the peak exposure groups have a higher probability maximum, they
have the lowest kurtosis due to having the lowest mean and a relatively long tail. All the other
distributions have a higher kurtosis than the exponential distribution.
Table 6. Statistics of the distribution of colony sizes in experiments one and two for the different
exposure groups irradiated with the 5 Gy open field time and the control sample.

Experiment 1

Experiment 2

Statistic

Control

Open Valley Peak

Control

Open

Valley Peak

Mean [mm2]

0.220

0.241

0.237

0.166

0.224

0.240

0.243

0.181

Median [mm2]

0.183

0.216

0.196

0.139

0.189

0.213

0.203

0.151

Mode [mm2]

0.073

0.142

0.121

0.044

0.065

0.220

0.052

0.069

Variance [mm2]

0.027

0.020

0.032

0.012

0.027

0.022

0.034

0.014

Skewness

2.51

2.05

2.30

1.69

2.90

1.92

2.14

1.47

Kurtosis

16.2

11.7

11.8

4.11

22.8

10.2

9.13

3.43

4.3.5.

Clonogenic survival with fractionations

Figure 32. The surviving fraction for cells irradiated with 2 Gy fractions over 1, 2, 3, 4, and 5
total fractionations (two replicates), and the LQ model is predicting the response as 2 Gy
fractionations well separated in time.

The previously analyzed data from the fourth experiment showed that the algorithm stopped
counting real colonies for doses of 5 Gy and above. This shortcoming was improved by
applying a luminosity mask, and as this experiment was done in the same week as experiment
3. They were dyed with methylene blue two days apart. So, the experiment is presented with
and without a luminosity mask. Meanwhile, the third fractionation experiment had most cells
dying in all flasks. This experiment is the previously mentioned experiment that was seeded
from a nearly confluent sample. Consequently, the third fractionation experiment is not
presented. Figure 32 presents all surviving fractions and Table 7, the mean surviving fraction.
Both also have the predicted surviving fractions when irradiating with 2 Gy fractions well
separated in time from the LQ model. Overall, the surviving fractions decline faster than the
predicted response.
Table 7. The mean surviving fractions for cell irradiated with 2 Gy fractions over 1, 2, 3, 4, and 5 total
fractions (two replicates) and the LQ model prediction of the response to 2 Gy fractionations well
separated in time.

Surviving Fraction [%]
Total Fractions
Experiment

1

2

3

4

5

1

80(4)

59(4)

19(10)

10(5)

0.6(2)

3

57(4)

21(1)

4.80(3)

0.3(3)

0

Surviving Fraction [%]
Total Fractions
Experiment

1

2

3

4

5

3 with luminosity mask

52(1)

23(2)

19(4)

10(8)

1.0(3)

Predicted response

75(5)

57(7)

43(8)

33(8)

25(7)

4.3.6.

Grid irradiation dose valleys after fractionation

Figure 33. The surviving fraction for fractionated irradiations with striped grid for cells in the
valley of the field with the predicted response from the well-separated in time fractionated LQ
model with parameters from the irradiations without a grid.

Figure 33 presents the mean surviving fractions for grid irradiation dose valleys after
fractionations. Experiment 1 shows surviving fractions clustered around the predicted
response. This predicted response is using the same model as the last section, the LQ model
with irradiations well separated in time. Compared to experiment 1, the surviving fractions in
experiment 3 are inconsistent; the surviving fraction increases when going from the first to the
second fractionation and from the fifth to sixth. A pattern not supported by previous research,
in contrast to the increased survival at low doses that is a well-known phenomenon [150]. The
vast difference in the surviving fraction uncertainty in experiment 3 is a result of the replicates
having either almost the same colony counts, or a vast difference in the number of counted
colonies. Having only two replicates for each number of fractionations exaggerates this issue.

Furthermore, the luminosity mask did not change the surviving fractions from experiment 3
significantly.
4.3.1. Grid irradiation dose peaks after fractionation

Figure 34. The surviving fraction for cells in the peak of the field with the predicted response
from the well-separated in time fractionated LQ model with parameters from irradiations
without a grid.

Like the clonogenic survival in the fields' valley, multiple patterns also repeat for the fields'
peak. First, the distance between the predicted survival and surviving fraction in experiment 1
increases with a higher dose. This slope in the cell killing of experiment 1, equals the
predicted slope with a 2 Gy fractionation size. In other words, the surviving fraction from
experiment 1 has the predicted surviving fraction of cells irradiated with 2 Gy
fractions. Secondly, the surviving fraction from experiment 3 is consistently below the
surviving fraction from experiment 1, and the difference increases even more with increased
total dose. However, using the luminosity mask reduces the differences.
4.3.2.

Comparisons of fractionation sizes

Figure 35. The surviving fraction of the three different fractionation sizes from experiment 1
compared to the biologically effective dose. The blue curve is the fractionated irradiation
without a grid. The other two are the two homogenous dose areas created by the grid, with a
1.36 Gy fractionation size for the tissue in the peak. And, a 0.15 Gy fractionation size for the
tissue in the valley.

The biologically effective dose enables comparisons of different fractionation sizes. It enables
the conversion of doses to their biological dose since the biologically effective dose considers
the amount of damage from the fractionation regiment. Figure 35 presents the surviving
fraction against the biologically effective dose for the three different fractionation sizes. The
Figure only presents the data from experiment 1, as the other two experiments went wrong.
Since the fractionation size was 0.15 Gy in the valley, the biologically effective doses are
tiny. However, the doses from the peak and the irradiation without a grid both share plenty of
overlap, with the surviving fraction from the grid irradiation consistently below the non-grid
irradiated surviving fraction
4.3.3.

Proton grid irradiation

Due to problems with proton beam, only clonogenic survival for protons with a grid exist.
Furthermore, the dishes were not marked according to orientation, so information to link
between the dosimetry location and the clonogenic survival location was missing. Therefore
the cell dishes were analyzed using the surviving fraction of cells from the whole dish with a
fit to the LQ-model using the known area covered by the dose peak or valley and the
corresponding doses. A presumption is that the peak and valley doses define the surviving
fraction for the dish. In other words, the area between the valley and the peak dose, and any

bystander effects are insignificant. The total surviving fraction predicted by the LQ model
then becomes:
𝑆 = 𝐴𝑃 exp(−𝛼𝐷 − 𝛽𝐷2 ) + 𝐴𝑉 exp(−𝛼𝑅𝐷 − 𝛽𝑅 2 𝐷2 )

(20)

With 𝐴𝑃 , the ratio of the area the peak covers of the dish and 𝐴𝑉 , the same ratio for the valley.
𝑅 is the ratio of the valley and peak dose.

Figure 36. The 95 % surviving fraction confidence interval with grid irradiation using the LQ
model from the open field X-ray experiments divided into two different exposure populations in
the peak and valley. The error bars are the uncertainty in the surviving fraction stemming from
the standard error from the plating efficiency.

The data from the proton experiments have a multitude of problems. The partial plating
failure resulted in substantial differences in surviving fractions, the plating efficiency
uncertainty is shown for all data points in Figure 36 with errorbars. The second source of
noise in colony counts is from the staining process that left blue lines in some of the dishes.
For this reason, the counted colony location was inspected against the scanned picture of the
dish in MATLAB, and the algorithm counted multiple phantom colonies because of these
blue lines. So these dishes are not included. The 13 Gy groups are the most clearly damaged
by this; only a single dish from each day is in Figure 36.
The peak dose area was measured by grayscaling a picture of an irradiated gafchromic film,
then creating a binary image using MATLAB with a threshold that selected the peaks. The
area of the dose valley was found by using that both ratios combine approximately into one
when the area between the valley and peak is insignificant. A circular elevation on the dish's

outer edges that creates shadows in the scanning process limited the dish's investigated area;
the analysis does not include the colonies around and beyond the circle. The ratios of the peak
and valleys are from the same area as the one used to extract colonies, resulting in 67 % for
the valleys and 33 % for the peaks. The peak and valley doses of 4.71(43) Gy and 0.06(6) Gy
was found from Bjørg Vårli Hålands' master thesis.
The manual stopping of the cyclotron scatters the data points around the targeted dose in
Figure 36. There are many outliers from the 95 % confidence interval in this Figure; all except
one dish from Thursday, the day the cyclotron stopped working, are well below the
confidence interval. Meanwhile, only two out of nine surviving fractions from Tuesday are
outside the confidence interval.
4.3.4.

Medium induced bystander response

The medium induced bystander response experiments are labeled as experiments 7, 8, and 9.
Of these experiments, the data from experiment 7 is discarded because of the partial plating
efficiency failure mentioned in section 4.2.1. Potentially, a smaller area than the area shown
in section 4.2.9 could have been developed to avoid areas with plating failure. However, the
results from experiments 8 and 9 are very consistent.

Figure 37. The number of colonies relative to the mean in the control samples for bystander
experiments 8 and 9, with the 0.2 Gy, 2.0 Gy, 5.0 Gy, and 10.0 Gy doses—also, a linear
regression of the data with a 95 % confidence interval with Table 8 summarizing the ordinary
least squares (OLS) regression results.

The bystander experiments with transferred medium from 0.2 Gy irradiated flasks all show
increased survival; the lowest surviving fraction for a single flask is 1.19(3). Resulting in a
mean surviving fraction of 1.25(7). For the next doses of 2.0 Gy, 5.0 Gy and 10.0 Gy, the
mean surviving fraction is 1.09(8), 0.90(2), and 0.9(1). So, the increased survival at 0.2 Gy
went to a decrease in survival for 5 Gy and 10 Gy. The surviving fractions for 0.2 Gy and 2.0
Gy do not have an overlapping mean standard error. But this is not the case for the surviving
fractions for the 10 Gy flasks and the 5 Gy flask. Figure 37 demonstrates the surviving
fraction decrease with each flask vs. the dose and a 95 % confidence interval for the
regression. Meanwhile, Table 8 presents the coefficients and their statistics from the ordinary
least squares regression that built the confidence interval.
Table 8. Summary of the regression results of the constant and slope parameter from the medium
induced bystander experiments surviving fraction, and the coefficients standard error, t-test, two-tailed
p-value, and the 95 % confidence interval.

Coefficient

Standard Error

t-test

P>|t|

[0.025

0.975]

Constant

1.1878

0.046

25.606

3.7 × 10-13

1.088

1.287

Slope

-0.0381

0.008

-4.668

3.6 × 10-4

-0.056

-0.021

Table 8 shows that the relative error of the constant and slope is 3.9 % and 21 %. The t-test
and the two-tailed p-value (P > | t |) tells us how significant these errors are. With a
probability of 0.036 % that the observed surviving fractions come from a random distribution
without the decrease in surviving fraction with dose, it is safe to conclude that the surviving
fraction decreases with dose to the medium donor flask. However, the linear model is not a
great predictor of the variance in the data, as the r squared score of 0.609 means that the
model explains only a little over half the variance in the surviving fraction.
4.3.5.

Medium induced bystander response colony area

Since the transfer of medium from irradiated cells to healthy cells induces bystander effects,
the change in colony size distribution vs. surviving fraction could give indicators of the
underlying causes. Table 9 presents the ratios between the different doses and the control
samples for statistics describing the distribution. At 0.2 Gy and 2.0 Gy, the mean and median
colony size decreases. Towards higher doses, they stay more or less the same. However, there
is not a significant change in the mode for three out of the four doses. The 5 Gy dose creates
the one significant mode change, a doubling of the mode. For the statistics of the shape of the
distribution, the skew ratios are not significant compared to the standard error. Furthermore,

the only potentially significant change for the kurtosis is at 5.0 Gy, with a 0.5(2) ratio. So, the
transfer of medium from cells irradiated with 5 Gy created fewer outliers in the colony size. In
summary, at 0.2 Gy and 2.0 Gy, the distribution of colony sizes moves towards smaller sizes,
while the data shows no significant change in the shape of the distribution. Then, at 5.0 Gy,
the mode increases two-fold, and the number of outliers in the distribution decrease.
Table 9. Colony area distribution statistics of the different treatments compared to the control
samples.

Dose
Ratio

0.2 Gy

2.0 Gy

5.0 Gy

10 Gy

Mean

0.90(2)

0.93(3)

0.987(3)

1.01(1)

Median

0.90(1)

0.95(1)

1.02(2)

1.057(1)

Mode

1.1(4)

1.3(2)

2.3(3)

1.1(3)

Skew

1.2(4)

1.4(2)

0.7(2)

2(2)

Kurtosis

2(2)

1.6(7)

0.5(2)

1.3(6)

4.3.6.

Grid irradiation corrected for the medium induced bystander effect

Figure 38. The gird irradiation surviving fraction corrected for with the medium induced
bystander response.

The grid irradiations showed increased cell killing and, the medium induced bystander
experiment showed a negative bystander response at high doses. So, the bystander effect
could explain the additional cell killing in the grid irradiations. Therefore, Figure 38 presents
the surviving fraction corrected for with the linear regression from the medium induced

bystander response. All data points still show increased cell killing, including the lowest dose,
which was inside the confidence interval before. But, as the regression predicts a positive
bystander effect, for the 2 Gy surviving fraction, it increases the difference while it decreased
it for 5 Gy and 10 Gy.
4.3.7.

Grid irradiation high surviving fraction area

Figure 39. The probability density of colonies in the plane perpendicular to the striped grid
openings. The presented sample was irradiated with a grid with the 10 Gy nominal dose.

The bystander effect is classified as the effect irradiated cells have on nonirradiated cells.
When we irradiate with grid, all cells are irradiated. However, the large doses create a large
difference in surviving fraction in the area behind the grid openings and behind the closed
grid. The low dose area covers a width of 10.6(2) mm, if the area with high surviving fraction
deviates from this width, more factors are influencing the surviving fraction than the dose
difference.
The area in the flask with a high surviving fraction in the flask can be found by estimating
their probability density. This analysis can find the areas with a high surviving fraction in the
grid irradiation and quantify their width. The full width half maximum was used to quantify
the width of the areas with high surviving fractions. The shape of the kernel was set to
epanechnikov, as it does not contribute to the probability function past its bandwidth. The
bandwidth was set to 10 pixels. This width was found to be typical for a colony. This analysis
was done for the three peaks in the flasks with maximum width, as seen in Figure 39. Before
the one-dimensional analysis, a two-dimensional analysis was done to see if the probability
density is dependent on both horizontal and vertical positions. No angle in the probability

density was found. Therefore, only a single dimension was used. The resulting widths are in
Table 10, with the number indicating the experiment and the letter the replicate.
Table 10. The average width and location of the three surviving areas in the flask grid irradiated with
a nominal 10 Gy dose.

WIDTH
PEAK
REPLICATE

1

2

3

1A

10.06 mm

10.40 mm

10.63 mm

1B

10.57 mm

10.78 mm

10.67 mm

1C

10.78 mm

10.84 mm

10.88 mm

1D

10.61 mm

10.74 mm

10.72 mm

2A

10.46 mm

10.63 mm

10.57 mm

2B

10.57 mm

10.74 mm

10.72 mm

2C

10.55 mm

10.88 mm

10.84 mm

2D

10.61 mm

10.50 mm

10.88 mm

MEAN

10.53(7) MM

10.74(5) MM

10.72(4) MM

4.3.8.

Fractionations

Figure 40. The probability density of colonies in the plane perpendicular to the striped grid
openings. The sample was grid irradiated with six fractionations of a 2 Gy nominal dose.

The fractionated grid experiments were irradiated multiple times with a grid. These multiple
irradiations could influence the area with a high surviving fraction entirely differently than the
single irradiations. Furthermore, the resulting widths presented in Table 11 are different from
the high-dose single-grid irradiations. Figure 40 shows the less abrupt change in the
probability of a colony when going from the area with high survival to the area with low
survival.
Table 11. The average width of the three areas with relatively high surviving fraction in the grid
fractionated irradiations with six fractions.

WIDTH
PEAK
1

2

3

1A

9.70 mm

10.38 mm

10.61 mm

1B

10.17 mm

10.46 mm

10.78 mm

2A

10.57 mm

10.67 mm

10.84 mm

2B

9.85 mm

10.52 mm

10.63 mm

MEAN

10.0(2) MM

10.51(6) MM

10.71(6) MM

5. Discussion
5.1. Dosimetry
The ionization chamber dosimetry that the X-ray irradiation time for a certain dose is based
on and the gafchromic film dosimetry gave a 3 second difference in irradiation time for a 5
Gy dose. As these three extra seconds are applied when the tube is stable, the difference in the
delivered dose is 31.2 mGy. At 5 Gy, this is a 0.6(6) % change in the dose. This increase is
not insignificant as it changes the uncertainty. For spatially fractionated irradiation, the
uncertainty is 1.7(1) % as compared to the open field irradiation with an uncertainty of 1.0(1)
%. However, the uncertainty is still well below the often cited recommended 3.5 %
uncertainty [144, 151, 152].
A more worrying factor is that the gafchromic films used were past their expiration date. Das
et al. presented the only found study in the literature of expired films [153], at the AAPM
2014 56th annual meeting. The only available data from this study is in the abstract, where the
reported changes in the dosimetric difference in a photon beam were 20 %., while the change
when irradiating with protons was a little smaller, 15 %. In the present study, the valley and
peak doses were measured with a 95 % confidence interval to 0.4(2) Gy and 3.4(4) Gy,
producing relative standard errors of 6%, and 26 % for the valley and peak. At a glance, the
relative error in the peak could be explained by the expiration dose. However, this explanation
is unlikely as the irradiated films were irradiated with control films from the same batch and
the same expiration day.
5.1.1.

Low dose accuracy

Irradiation with very small doses resulting in irradiation times close to the X-ray tube’s 5
second startup time is advised against, since the dose delivered while the X-ray tube climbs to
max voltage may vary. As the bystander experiment was irradiated with 0.2 Gy (22 Seconds),
the relative error in the startup dose was reported in the results sections. A problem with
investigating the startup period is that the protocol used to convert measured charge to dose is
valid for when the X-ray tube is at max voltage. Luckily, the primary filter keeps photons
below 20 keV down to a minimum, so this problem is not as large as it could be. The X-ray
machine was calculated to deliver 0.2 Gy after 22 seconds. This irradiation time has 17
seconds of irradiation when the X-ray tube is stable. In this period, the standard deviation is
0.68 mGy, calculated from the measured standard deviation of 0.04 mGy/s in the dose rate.

As the recommended uncertainty in dose delivery is 3.5 %, this allows for a systematic error
of 6.9 mGy from the startup period, and the dosimetry uncertainty would still be good
enough. In a report from the International Atomic Energy Agency (IAEA) where they tested
different setups for medium energy kilovoltage X-ray beams, the lowest reported tube voltage
of 80 keV and the highest had a difference of 4.5 % in the calibration factor [31]. When
applying this difference to the startup period of 21 mGy, the rounded-up error is 1 mGy. So,
the X-ray tube is more than stable enough to use for 0.2 Gy dose irradiations. The error from
only being able to irradiate in whole seconds could have had an unfortunate effect here, but
luckily it only creates an error of 2.2 mGy for 0.2 Gy irradiations.
5.1.2.

Spatial accuracy

In the grid irradiations, the automatic colony counting algorithms records position of colonies
by their centroid, which is then correlated to the spatial dosimetry obtained from the
gafchromic films. The accuracy to which we can determine what colonies have been given a
certain dose is influenced by multiple of factors. First, from the dosimetry in the results
sections, the peaks’ homogenous areas have a width of 4.9(1) mm, and the valleys’ plateaus
are 10.6(1) mm wide. Both are separated by 0.13(2) mm of gradual change in dose. Some of
the factors that influence the precision in locating the areas irradiated with the two different
homogenous doses include the positioning in the cell flask container, the positioning of the
container when irradiated, and the flask position in the scanner when taking a picture.
Consequently, investigating the 0.13(2) mm with gradual dose change, is not possible with
our setup.
The outliers that were not positioned correctly are easy to find by analyzing the survival
distribution in the flask. Also, the difference in flask position when pushed in is lower than
the other factors. However, the large container’s position for the flask and grid when
irradiating could create larger undetectable differences. The large container was put inside of
an area indicated with tape. Small differences in angle and position will rotate and move the
field. This will influence the positions of the dose peak and valley areas, which are expected
to have a relatively constant surviving fraction. A suggestion for future improvement of the
reproducibility of positioning the cell flasks between cell irradiations and film dosimetry
measurements is to ensure the plate’s position on which the cell flask container is placed in
the irradiation chamber better. For example, rods could be put in place, ensuring that the
distance of separation between the larger container and the walls in the irradiation chamber is

always exactly the same. Correctly done with two rods on each side, this would also keep
rotation to a minimum.

Figure 41. A flatbed scanner, the same type of scanner used for taking pictures of the cell flask.
In this picture, the flatbed scanner takes a picture of a jade rhinoceros. (Wikimedia Commons)

A flatbed scanner was used to take pictures of the irradiated cell flasks. The area included in
the picture is the large glass surface shown in Figure 41. When used to take pictures of the
cell flask, the cell flask was put in the bottom right corner of the glass surface. Then the lid
was closed, and a large black blanket was put on top, hindering light from outside sources
influencing the picture. The lid pushes on the cell flask, so the top of the cell flask was
positioned against the edge of the scanner. So during the scanning of the flask, the top of the
flask is the reference point for the flasks’ position.
In comparison, the positioning of the reference point is on the opposite side during irradiation.
Before the flask is irradiated, the bottom of the flask is touching the larger container’s wall
holding the grid and flasks. As the length of the cell flasks is built with a tolerance of ± 0.5
mm, this tolerance will also decrease our precision by about ± 0.5 mm. The reason for this
setup was that the cell flask bottle cap bends upwards. So, the flask would crash with the grid
or scanner lid if rotated during irradiation or scanning.

5.2. Bystander experiments

There have been multiple studies already published investigating bystander effects in A549
cells. One of these studies by Mohammed M. Shareef et al. from 2007 [154] showed that
A549 cells produce tumor necrosis factor-α (TNF-α) when exposed to a 10 Gy dose and that
transfer of the conditioned medium over to unirradiated cells increased their radioresistance.
Introducing a neutralizing antibody against TNF-α into the medium removed the increased
radioresistance. They also showed that TNF-α activates nuclear factor-κB in A549 cells.
This study has some important differences from our bystander experiment. Firstly, they
transfected EGR1 into the A549 cells, a reported tumor suppressor [155]. They also did not
filter the medium; they centrifuged the sample and took the supernatant as the medium.
Lastly, we extracted the medium 40 minutes after irradiation while they used 24 hours.
Another study by Sejal Desai et al. from 2014 [156] tested confluent cells, enabling the
investigation of gap junctions. As cells in our study were not confluent, this communication
pathway for bystander signals were not present in our study. However, it is one of the stronger
communication pathways for bystander effects and it is important. Desai et al. used irradiation
of defined areas of confluent A549 cells with a proton microbeam that has a high dose
gradient, so irradiated cells were right next to nonirradiated cells enabling the comparison of
cell killing of the irradiated cell to the cells that did not receive a dose. As confluent cells
form gap junctions that can transport intercellular signals to bystander signals from irradiated
cells, they incubated the cells with lindane, a gap junction inhibitor, creating a reduction in the
number of double-strand breaks by 70 % in the bystander cells. To summarize, gap junction
intercellular communication in A549 cells is a significant source of cytotoxic bystander
response.
The immune response as a source of bystander effects in A549 has also been investigated.
Cells will release cytokines into the medium, conditioning the medium with proteins that
work as signal transmitters for the immune system. The study by Sejal Desai et al. from 2013
showed that A549 cells had the highest increase in cytokine secretion of TGF-β1 in response
to a 6 Gy dose [157]. Furthermore, A549 cells released all the investigated cytokines at a
significantly higher level in response to a single 6 Gy dose compared to three fractionations
with 2 Gy. When compared to the four other cell lines in the study, A549 cells had the highest
fold increase of cytokine secretion when receiving a 6 Gy dose. This study is important since
it potentially shows that it is the increased dose during grid irradiation compared to the
standard 2.0 Gy fraction size that induces the bystander effects observed in patients [158].

The bystander effects observed in the present experiments can be broken down into two parts.
First, the medium induced bystander response that tests for the bystander signal transferred
through the cell culture. To summarize, our results showed an increased surviving fraction of
1.25(7) at 0.2 Gy and an increased surviving fraction of 1.09(8) at 2.0 Gy, then a decrease to
0.90(2) at 5 Gy and 0.9(1) at 10 Gy. When using the linear regression to try and correct for
the bystander effect in the areas of the grid-irradiated flasks with the lowest dose, the results
were poor for probably two reasons. The linear regression with an r squared score of 0.609
does not explain the pattern particularly well. Insight into this can be gained from comparing
the deviating grid irradiations. The surviving fraction in the valley dose of 0.15 was within the
predicted LQ model. However, the next dose of 0.4(1) Gy produced an increased surviving
fraction that disappeared at 0.8(2) Gy. So, suppose these changes in the surviving fraction
come from bystander signals like the medium induced bystander experiment, the positive
bystander effect activates at 0.2 Gy and disappears somewhere around 0.8 Gy.
The cells in the dose peak receiving a 3.4(2) Gy showed a decrease in surviving fraction of
0.10(7). This dose is the lowest with a decreased surviving fraction, which could be explained
by the 5.0 Gy medium induced bystander effect. However, then at 6.8(4) Gy, the surviving
fraction was 0.01(1), with the predicted surviving fraction of 0.12(2). For the medium induced
bystander response to explain this, it would have to kill 10 % of the total cells irradiated,
while not influenced by how many were killed by the irradiation. However, it is possible that
there is some signal between the cells in the open and closed part (which does receive some
irradiation) of the grid, that is not present when transferring medium form homogeneously
irradiated cells to unirradiated cells, amplifying the bystander signal.

5.3. Proton experiments
As previously mentioned, the proton experiments had multiple problems. The cell dishes we
used appeared to have a defect in the coating layer, so the cells did not attach properly. This
was observed after staining, as the thesis’ main supervisor moved the cells by lightly touching
them. Furthermore, the control samples from Tuesday did not have any cells attached to the
dishes’ outer edges due to the too high rotating speed of the cell container. However, this
could be adjusted by only counting the center area of the cell dish. The biggest problem in the
first experiment was the uneven seeding of cells. In the following experiments, more focus
was therefore directed on experimental consistency and protocol development.

Figure 42. A dish irradiated with the highest dose used for proton grid irradiations. The red
arrow indicates a blue line that caused problems when analyzing the dish with the algorithm.

There are also challenges with the staining process when using dishes instead of flasks. The
automatic colony counting algorithm is dependent on consistency in the staining process. The
plating problems potentially exaggerated these challenges, but this should be investigated
before another proton grid irradiation, as irradiation is not needed to test the staining process.
As seen in Figure 42 indicated by the red arrow, the staining process created blue lines. The
automatic colony counting algorithm counts these stains as colonies. So, the stains falsely
increase the colony count. For the first day, the dishes were washed by dipping them into a
water bath. After washing six dishes, the water was changed. The next day, while inspecting
the dishes, the blue lines were found in the areas irradiated with the peak dose. As they were
washed last, it was believed that the water in the water bath needed to be changed more often.
So, the water was thereafter changed for every third dish. This change created no visible
improvement, indicating that the rate of replacing the water was not the problem.

Figure 43. A magnified look at a dish irradiated with 2 Gy, with a single long blue line
indicated with red arrows.

The high-resolution scans of the proton dishes enabled a better inspection of the staining.
Magnifying the dish and looking at the areas between the colonies revealed harder to see
stains. Figure 43 presents a magnified look at a dish grid irradiated with 2 Gy showing a dark
line between the colonies, indicated with red arrows. The denser colony count in the flask
irradiated with a lower dose hid the blue lines. These blue lines are not problematic when
manually counting colonies. However, they influence the algorithm.
The blue lines’ cause could be not enough washing before introducing the methylene blue into
the dish. This phase of the staining process aims to remove contaminants by washing the dish
with a water-based salt solution. As the plating easily failed in the dishes, this wash was very
gentle. In summary, before the next grid irradiation. The correct procedure of prewash and
staining needs to be established, with verification of the procedure by looking at highresolution pictures of the dish.

5.4. Methods
At the start of the thesis’ planning, we decided to seed the cells at the end of the day before
irradiation. Then, at the start of the next day, irradiate the flasks. Most of the A549 cells are
attached to the bottom of the flask after five hours. During the extra time after these five
hours, the cells are proliferating. Some irradiated cells were two connected cells, meaning that
the ionizing radiation had to kill both to stop a colony from forming. This multiplicity
increases the perceived radioresistance of the cell culture. However, this thesis’s main
objective was to investigate the spatial distribution of cell killing with grid irradiations

compared to open field irradiation. Any potential error in cell sensitivity to ionizing radiation
would be the same for the different irradiations. So, the multiplicity effect was ignored. The
multiplicity effect is most prominent for high doses. However, the automatic colony counting
algorithm does not adjust for this.
The dishes for proton irradiation were seeded only five hours before irradiation, minimizing
the probability of cells proliferating. The proton grid irradiation minimally decreases the
maximum dose (see master thesis of Bjørg Vårli Håland). Furthermore, the dishes irradiated
with protons were situated in front of the Bragg peak. So, the highest cell killing area in the
10 Gy proton grid area can be compared to the 10 Gy X-ray irradiation without a grid. Figure
44 compared the cell death after 10 Gy irradiations with minimally multiplicity (a) and the Xray samples with a higher multiplicity (b). The dead cells in the proton irradiation (a), are
more scattered and less aggregated than the X-ray irradiation (b). In the proton irradiated
dishes, the cells were able to divide less before irradiation, while in the X-ray irradiated
flasks, there was more proliferation before irradiation. The same pattern of death is seen in the
5 Gy proton irradiation as the 10 Gy X-ray flask. As the multiplicity effect increase the
radioresistance, it is the most likely cause. Since the increased number of dead cells produces
a more complex picture for the k-means part of the algorithm, which separates the real
colonies from the background. So, it would be natural to assume that the multiplicity effect
should be minimized. However, the entire picture of what happens is more complex, and data
from clonogenic assays determined to find the dose-response of A549 helps explain why.

a)

b)

Figure 44. The 10 Gy proton (a) and X-ray (b) irradiations, where the proton irradiation was
irradiated 5 hours after seeding and 16 hours for the X-ray irradiations.

5.5. Multiplicity effect

Figure 45. The measured dose-response without grid from this thesis and data corrected for it
from Hilde Solesvik Skeie master thesis, “The relative biological effectiveness of low energy
protons for human lung carcinoma cells.”

In Hilde Solesvik Skeie’s master thesis, “The relative biological effectiveness of low energy
protons for human lung carcinoma cells” at the Biological and Medical Physics department,
she investigates the dose-response of A549. As shown in Figure 45, in this investigation, she
corrects for multiplicity both after and before irradiation. The dose for which our surviving
fraction at 10 Gy equals hers’ surviving fraction is around 7 Gy. And, the algorithm’s success
is predicated on having enough colonies. So, correcting for multiplicity would decrease the
maximum possible dose. Meanwhile, the effect on how many times cells divide before they
die is unknown—highlighted by this Figure, by the large distance between our surviving
fraction at 10 Gy and Hildes that represent the 10 Gy dose from protons. So, the 10 Gy doses
from the proton and the X-ray experiments are nowhere near comparable. This factor was not
observable for our proton data, since the standard deviations and experimental errors are too
large. At the same time, the interval with predicted surviving fraction change was relatively
short.

5.6. Luminosity mask
The luminosity mask tried to correct for the weak methylene blue staining intensity in
experiments 3 and 4. This intensity was not a problem when manually counting cells.
However, the intensity caused problems for the automatic colony counting algorithm. The

intensity of the staining is a function of many factors. A study by Dhuha D. Salman et al.
investigated the best conditions for absorption based on the size of the dyed object, pH,
temperature, density of the dyed object, contact time, and dye concentration [159]. The dyed
object was eggshell membrane, the mainly protein-rich lining on the inside of the hard
eggshell [160]. The absorbance increased linearly with methylene blue concentration. For the
size of the dyed object, the absorption efficiency increased with size but unevenly. The
absorption increased linearly with pH above a pH of 4, but under a pH of 4, the absorption
started decreasing quicker. They did not test for temperatures under 20 degrees Celsius, but
no noticeable change was recorded from 20 degrees to 40 degrees. With time, the amount of
absorbed dye was at the maximum after 20 minutes, then after this time, it started slowly
decreasing. In the experiments in this thesis, only the contact time between the cells and the
dye was controlled.
The recommended time for a standard clonogenic assay was to use between 5 to 10 minutes
of contact time with the methylene blue. When staining, a 9 minute contact time was the aim.
This time will change between flasks, but the largest change in colony intensity was seen
between experiments. And, the experiments stained two days apart had the same intensity. So,
the most probable cause of the staining difference is variations in methylene blue
concentration either due to dilution from the use or different amounts of residual ethanol in
the flasks/dishes. However, the contact time should be increased to 15 minutes for future
experiments to help the algorithm distinguish colonies from the background.

5.7. Fractionations

Figure 46. The difference between the surviving fraction and the predicted surviving fraction
(LQ-model with exposure well separated in time). The data is the three different fraction sizes
(Gy/fx) that were delivered with and without a grid during experiment 1, as the grid creates two
fraction sizes.

The model that the surviving fractions of cells exposed to fractionated irradiation were
compared to, was the LQ model with exposures well-separated in time. Figure 46 presents the
difference between the surviving fractions and the predicted surviving fraction from the
model. The three different curves indicate the irradiations without a grid, surviving fractions
in the area that received the peak dose from the grid, and the surviving fractions from the dose
valley from the grid. The two different types of irradiations resulted in fraction sizes of
2.0 Gy/fx, 1.36 Gy/fx, and 0.15 Gy/fx. Except for the smallest fraction size of 0.15 Gy/fx,
they all showed increased cell killing compared to the model. The model assumes successful
repair of sublethal damage between fractions, so the data may indicate that it is not achieved
in the experiments either due to too little time between fractions or compromised repair
capability.

5.8. Kernel density estimate

Figure 47. Kernel density estimate of the highest dose grid irradiations. The type of plot is a
rainbow plot, with the median curve in black. The red curve is the most central, and the purple
the least central.

Figure 47 presents the type of plot used to find outliers. The Figure shows a magnified
estimated probability density for the highest dose grid irradiations presented as a rainbow
plot. These are plots used to find outliers when measuring curves, like the yearly climate to
find years affected by El Niño. However, suppose there were strides to improve the trueness
in the dose delivery spatially. In that case, these plots could be used to measure the
improvements with twenty grid irradiations at the nominal 10 Gy dose analyzed by the
algorithm. However, the uncertainty introduced during the scanning phase would still impact
the results.

6. Conclusion
We measured the effects of grid irradiation, by first quantifying the A549 dose-response with
the LQ model without grid. Then with the LQ model as the baseline, the shift in the surviving
fraction could be found. As grid irradiation creates valleys and peaks in the dose, the analysis
was divided into the two areas that received a homogenous dose. For the highest homogenous
dose area, the surviving fraction deviated from the open field LQ prediction at the two highest
doses of 3.4(2) Gy, and 6.8(4) Gy. At 3.4(2) Gy, the surviving fraction decreased by 0.10(7),
while at 6.8(4) Gy, it decreased by 0.11(3). So with this method, we highlighted the increased
cell killing from grid irradiation in the high dose area. Meanwhile, at the homogenous dose
area with a low dose, the surviving fraction increased by 0.08(3) at 0.4(1) Gy.
The next experiments divided the total dose into fractions of 2.0 Gy without a grid, 1.4(1) Gy
in the high dose area, and 0.15(4) Gy in the low dose area. It resulted in the high dose area
from the grid irradiation having a consistently lower surviving fraction curve compared to the
biologically effective dose. Although there are limitations when comparing the curves
because of the low sample size.
In the final experiment, we irradiated cells at a high density, then filtered the culture medium
through a 0.22 µm filter and transferred to healthy cells to test for the bystander response
from cell signals transferred through the medium. Irradiating at doses of 0.2 Gy, 2.0 Gy, 5.0
Gy, and 10 Gy produced surviving fractions of 1.25(7), 1.09(8), 0.90(2), and 0.9(1),
respectively.
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