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"Never walk away from home ahead of your axe and sword. You can't feel a battle 

in your bones or foresee a fight." 
-The Hávamál 

“Life is a fight for territory and once you stop fighting for what you want, what you 
don't want will automatically take over.” 

-Les Brown 
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ABSTRACT 
Radiation therapy (RT) utilizes the harmfulness of ionizing radiation for good, with 
the goal of destroying cancer cells without damaging too much healthy tissue. 
Dosimetry is always needed to achieve this goal. Dosimetry is a branch of physics 
the purpose of which is to quantify the amount of radiation energy absorbed by a 
mass, i.e., a dose. Dose measurement has always been the basis of safe RT, and 
knowledge of the properties of dosimeters used is essential to obtain the most 
accurate results. Radiophotoluminescence dosimeters (RPLD) made of phosphate 
glass use the luminescence phenomenon to quantify the absorbed dose. Monte Carlo 
(MC) simulations, the gold standard for dose calculation, has been used in dosimetry 
research for a long time. By combining these two methods, flexible and accurate 
measurements with calculated theoretical values providing valuable information for 
research can be obtained.  

The aim of this thesis was to investigate the use of radiophotoluminescence 
(RPL) dosimetry with MC simulations for verification of the planned absorbed dose 
in different geometries and radiation treatment modalities and beam qualities. Each 
part of this thesis had two objectives, the first of which was to investigate the 
irradiation system, the treatment modality, or both, and the second of which was to 
investigate dosimeters and calculation. The measurements used different dosimetric 
methods to compare the results with RPLDs and/or MC simulations. 

The results suggest that RPLDs are versatile and rather easy-to-use dosimeters 
that are suitable for many different purposes. Their small size and energy response 
must be taken into account when planning measurements. The accuracy of MC 
simulations is widely known, although the results can only be as accurate as the 
model used. When creating a phantom, even with extra care a perfect model cannot 
be achieved due to the random nature of the materials. Both methods, RPL dosimetry 
and MC simulations, have their strengths and weaknesses, but together they 
complement each other. The theme of the thesis can be considered timely; the results 
will contribute to a better understanding of the advantages and limitations of the 
dosimetry methods currently used and assist in the development of clinical RT 
treatments. 

KEYWORDS: radiation therapy, dosimetry, radiophotoluminescence dosimeter, 
Monte Carlo simulations, absorbed dose   
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Matemaattis-luonnontieteellinen tiedekunta 
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TIIVISTELMÄ 
Sädehoito on kirurgian ja lääkehoidon ohella syöpäsairauksien perushoitomuoto, jonka 
vaikutus perustuu toisaalta syöpäsolujen sädeherkkyyteen ja toisaalta normaalikudoksen 
kykyyn toipua sädetyksestä. Sädehoidon onnistumisen edellytyksenä on se, että määrätty 
annos on oikean suuruinen ja että se saadaan kohdennettua halutulle alueelle siten, 
etteivät kriittiset elimet tai kudokset saa niille asetettuja toleranssirajoja suurempia 
annoksia. Tämän tavoitteen saavuttamiseen tarvitaan dosimetriaa, fysiikan osa-aluetta, 
jonka tarkoituksena on määrittää absorboituneen säteilyn energiamäärä massayksikköä 
kohden, eli absorboitunut annos. Annosmittaukset ovat aina olleet turvallisen 
sädehoidon perusta, ja dosimetrien eli annosmittarien tunteminen mahdollistaa tarkkojen 
tuloksien saavuttamiseen. Radiofotoluminesenssidosimetrit (RPLD) ovat fosfaattilasista 
valmistettuja annosmittareita, jotka hyödyntävät annoksen tallentamiseen luminesenssi-
ilmiötä. Monte Carlo (MC) –simulointia voidaan sanoa annoslaskennan kultaiseksi 
standardiksi ja sitä on käytetty jo kauan annosmittaustutkimuksissa. Yhdistämällä nämä 
kaksi tapaa, monimuotoinen ja tarkka annosmittaus ja teoreettinen annoslaskenta, on 
tutkimuksen kannalta tärkeä tieto tällöin saavutettavissa.  

Väitöskirjan tavoitteena oli tutkia radiofotoluminesenssi (RPL) -dosimetriaa ja 
MC-simulaatioita suunnitellun annoksen varmistamiseksi, kun käytössä on eri 
sädetysgeometrioita ja -energioita. Jokaisella osatyöllä on kaksi tarkoitusta, joista 
ensimmäinen on kyseisen säteilylaitteen, hoitomuodon tai molempien tutkiminen ja 
toinen on annosmittausten ja -laskennan tutkiminen. Mittauksissa käytettiin useita 
eri annosmittausmenetelmiä, joilla saavutettuja tuloksia verrattiin RPLD-mittausten 
ja MC-simulointien tuottamiin tuloksiin. 

Tutkimustulokset osoittavat RPLD:ien olevan monipuolisia ja suhteellisen 
helppokäyttöisiä annosmittareita, jotka soveltuvat useisiin eri käyttötarkoituksiin. 
Niiden pieni koko, suuntariippuvuus ja energiavaste tulee kuitenkin huomioida 
huolellisesti mittausten suunnittelussa. MC-simulointi on tarkkuudestaan tunnettu 
menetelmä, mutta on hyvä tiedostaa, että laskennalla saatavien tulosten tarkkuus 
vastaa käytettyjen mallien tarkkuutta. Mallien ja fantomien valmistamisessa täytyy 
muistaa, vaikka noudattaisikin erityistä huolellisuutta, että materiaalin satunnaisen 
rakenteen takia ei täysin täydellistä mallia pystytä koskaan luomaan. Molemmilla 
menetelmillä, RPL-dosimetria ja MC-simulointi, on omat vahvuutensa ja 
heikkoutensa, mutta yhdessä käytettynä ne täydentävät hyvin toisiaan. Väitöskirjan 
tutkimusaihetta voidaan pitää ajankohtaisena, ja tutkimustulokset ovat suoraan 
hyödynnettävissä kliinisen sädehoidon kehitystyössä. 

ASIASANAT: sädehoito, dosimetria, radiofotoluminesenssiannosmittari, Monte 
Carlo -simulointi, absorboitunut annos  
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1 Introduction 

A seemingly mysterious phenomenon called radiation is all around us, occurring 
both in nature and artificially. Its detrimental effects have been widely studied, and 
much is yet to be understood. Although the harmfulness of ionizing radiation is well 
known, this dangerous feature can also be used for good, such as in radiation therapy 
(RT). The goal of RT is to destroy cancer cells without damaging too much healthy 
tissue, but this cannot be achieved without proper dosimetry of the ionizing radiation. 
Dosimetry is a field of physics aimed at quantifying the amount of radiation energy 
absorbed by a mass, i.e. an absorbed dose. 

Absorbed dose measurement has always been the foundation of safe RT, and 
knowledge of the tools used, i.e. dosimeters, is essential to obtain the most accurate 
results [1]. The properties of dosimeters have long been studied and their use is well 
documented by professional societies such as the American Association of Physicists 
in Medicine (AAPM) [2]. Knowledge of dosimeters means that the user knows how 
they work in different environments or scenarios, and to what extent quantities such 
as air pressure and temperature affect the results. Different qualities of the radiation 
beam can also have a sizeable impact, and special care must be taken when dealing 
with non-monoenergetic radiation. The distance between the measurement point and 
the radiation source can also alter the outcome. All of these must be considered when 
aiming for the most accurate results. That said, the accuracy should be sufficient for 
drawing conclusions and it is not always worth aiming for the extremes. 

Radiophotoluminescence (RPL) is a luminescence effect observed in some 
minerals or types of glass following exposure to ionizing radiation. This 
phenomenon is exploited in dosimetry using a radiophotoluminescence dosimeter 
(RPLD), which can be shaped into small glass rods with a plastic cover for 
protection. The RPLD can be used to monitor radiation doses for environmental, 
personal, or research purposes [3]. Its advantages include multiple readout times, 
small size, flexible use, very low readout fading, and a wide measurable dose range. 

Monte Carlo (MC) simulations are considered the gold standard for dose 
calculation. They have been used for decades in dosimeter research thanks to the 
accuracy and flexibility of different codes, such as EGSnrc and Geant4. It can be 
used e.g., for determining ionization chamber (IC) correction factors [4] or designing 
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new ICs [5]. It is also used to develop fast calculation algorithms for clinical RT 
treatment planning [6]. In research, the results of MC simulations can be used as 
theoretical values, providing a valuable perspective especially when combined with 
dose measurements. Clinical treatment planning algorithms calculate doses and dose 
distributions, while MC simulates particle interactions: dose is only one outcome. 

This thesis investigates the use of RPLDs with MC simulations. After a brief 
introduction in Chapter 1, the main topic of the thesis is discussed in Chapter 2. It 
consists of absorbed dose, RPL dosimetry, MC simulations, and a brief overview of 
other methods used. Chapter 3 summarizes the aims of the thesis and Chapter 4 
describes the study-specific materials and methods. The results are summarized in 
Chapter 5 and discussed in Chapter 6, and the conclusions are presented in Chapter 
7. 
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2 Theory 

2.1 Absorbed dose 
Electromagnetic waves form the electromagnetic spectrum, which has a range of 
portions categorized by either wavelength, energy, or frequency. The best known of 
these is visible light, which has a wavelength range of 380–750 nm. The rest of the 
spectrum is invisible to the human eye. The two portions with the shortest 
wavelength, x-rays and gamma rays, are classified as ionizing radiation [7]. 

When ionizing radiation passes through a material, the kinetic energy of the 
particles (photons, electrons, etc.) is absorbed through interactions with the 
molecules and atoms, creating secondary particles and energy transfer to the 
material. The average energy transferred to the material (𝑑𝑑𝜀𝜀)̅ is obtained by 
calculating the difference between the energy of the radiation incident on volume V 
having mass m into the material (Rin) and the energy of the radiation emerging from 
the material (Rout) [8] 

 𝑑𝑑𝜀𝜀̅ = 𝑅𝑅𝑖𝑖𝑖𝑖 − 𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 + ∑Q , (1) 

where ∑Q is the change in rest energy. The absorbed dose (D) is the amount of 
average energy (𝑑𝑑𝜀𝜀)̅ absorbed per unit mass (dm) [8] 

 𝐷𝐷 = dε�
𝑑𝑑𝑑𝑑

 . (2) 

The unit of absorbed dose, J/kg, is the gray (Gy) [8]. The absorbed dose is an 
internationally agreed prescription quantity in RT and is measured in a known 
material such as water. This is usually the case in RT dose measurements [9]. In 
measurements, the dose can also be measured in a water-mimicking material such as 
solid water [10].  

The IC is one of the most widely used detectors for measuring absorbed dose 
[11]–[13]. An IC is usually a gas-filled detector where the gas is contained in a 
chamber with two electrodes (Figure 1). Upon impingement by ionizing radiation 
into the chamber, ion pairs are created in the gas and attracted to the electrodes, 
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between which a voltage potential has been created to form an electric field. As the 
electrodes collect the ion pairs, the resulting ionization current between them can be 
measured with an electrometer. If all the ion pairs are collected, the current is directly 
proportional to the absorbed dose in the chamber. An IC can use different gases such 
as air, argon, or various gas mixtures [14]. Most ICs used in measurements are air-
filled ambient pressure chambers or vented chambers with a small channel or vent 
to equilibrate the IC to the atmosphere [14], [15]. 

To get the most accurate results, correction factors are used with ICs. These 
factors are usually calculated using MC simulations, which are discussed in more 
detail in Chapter 2.3, and which take into account many physical properties of the 
IC [16]. In this thesis, absorbed dose measurements fall into two energy-based 
categories, high- and low-energy radiation. High-energy radiation has more 
penetrating power than low-energy radiation, which has a bearing on the correction 
factors used. 

High-energy radiation, such as a 6 MV x-ray (photon) beam, is used in clinical 
external beam RT, where absorbed dose measurements are well standardized [17]. 
Measurements are usually performed following a dosimetry protocol based on 
absorbed dose to water. Reference conditions such as distance to the radiation 
source, water depth, and field size are considered in the protocol to make the results 
comparable. The absorbed dose to water (Dw,Q) with a beam of quality Q can be 
calculated as follows [17]: 

Figure 1. Illustration of a Farmer-type gas-filled ionization chamber (modified from [13]). 

Central electrode
Outer electrode

Insulator

Graphite
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Air

Dural
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 𝐷𝐷𝑤𝑤,𝑄𝑄 = 𝑀𝑀𝑄𝑄𝑁𝑁𝐷𝐷,𝑤𝑤,𝑄𝑄0𝑘𝑘𝑄𝑄,𝑄𝑄0 , (3) 

where MQ is the current measured from the IC, ND,w,Q(0) is the calibration factor of 
the absorbed dose in water, and Q0 is the beam quality used in the calibration of the 
IC. kQ,Q(0) is the correction factor for the difference between the calibration beam 
quality Q0 and the used beam quality Q [17]. If ND,w,Q(0) takes into account the 
difference between the beam qualities (kQ,Q(0)) and more measurement-specific 
correction factors are applied, Equation 3 takes the form [1] 

 𝐷𝐷𝑤𝑤,𝑄𝑄 = 𝑀𝑀𝑁𝑁𝐷𝐷,𝑤𝑤,𝑄𝑄𝑘𝑘𝑇𝑇𝑝𝑝𝑘𝑘𝑠𝑠𝑘𝑘𝑝𝑝𝑜𝑜𝑝𝑝𝑘𝑘𝑒𝑒𝑝𝑝𝑒𝑒𝑒𝑒 , (4) 

where kTp is the temperature and pressure correction factor, ks is recombination 
correction factor, kpol is the polarity correction factor, and kelec is the correction factor 
for electrometer [1]. 

Low and medium kilovoltage x-ray beams are usually used in diagnostic medical 
imaging, such as planar imaging or computed tomography (CT) [18]. They can also 
be used for irradiating cells or small animals. In this case, the energy can be a bit 
higher than in diagnostic imaging, or ‘medium-energy’. Absorbed dose 
measurements with IC, when low- or medium-energy irradiation (40-300 kV) is 
used, require different corrections than those with high energy. The absorbed dose 
in water (Dw) can be calculated with two measurement methods, in-air or in-
phantom. The following equation is used for the in-phantom method [19]: 

 𝐷𝐷𝑤𝑤 = 𝑀𝑀𝐿𝐿𝑁𝑁𝑘𝑘𝑃𝑃𝑄𝑄,𝑒𝑒ℎ𝑎𝑎𝑑𝑑𝑃𝑃𝑠𝑠ℎ𝑒𝑒𝑎𝑎𝑜𝑜ℎ[(�̅�𝜇𝑒𝑒𝑖𝑖/𝜌𝜌)𝑎𝑎𝑖𝑖𝑎𝑎𝑤𝑤 ]𝑤𝑤𝑎𝑎𝑜𝑜𝑒𝑒𝑎𝑎 , (5) 

where ML is the electrometric reading from the IC including all the correction factors 
in Equation 4, and Nk is the air-kerma calibration factor. PQ,cham is an overall IC 
correction factor that takes into account corrections for air cavity, walls, chamber 
stem, energy change, and photon beam angular distribution in the phantom compared 
with calibration. Psheath is a correction factor for a waterproof sleeve. [(�̅�𝜇en/ρ)w

air]water 
is the water-to-air ratio of the mean mass energy-absorption coefficients. The Psheath 
factor is only used when a separate waterproof sleeve is attached to the IC [19]. ICs 
used in dose-in-water measurements are usually manufactured waterproof with a 
coating or other structural means, in which case this factor is not needed. These 
correction factors are tabulated in the AAPM Task Group No. 61 Report [19]. 

In this thesis, the IC was used to determine absorbed dose correction factors for 
RPLDs to obtain the most accurate results. The correction factor was calculated from 
measurements where the irradiation was repeated with the same parameters for both 
IC and RPLDs in a water phantom. Five or more RPLDs were used in the 
measurements and the correction factor was calculated as the ratio of absorbed doses. 
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2.2 Radiophotoluminescence dosimetry 
Luminescence is a phenomenon whereby light is emitted from the excited electronic 
state of a molecule. In the photoluminescence of atomic species the emission 
wavelength is equal to the absorption wavelength, i.e. the excitation wavelength, but 
usually in the case of molecules the emission wavelength is longer. 
Photoluminescence can be observed in gas, liquid or solid phase [20]. RPL is a 
property observed in some minerals or glasses when the compound becomes 
luminescent after exposure to ionizing radiation [21]. Electrons in the material are 
excited by ultraviolet light and, when they return to their original state, fluorescence 
is emitted from the color centers. Electrons in the color center return to the electron 
trap after emission [3]. 

The RPLD uses the RPL effect to register absorbed doses. These dosimeters 
come in many shapes and are made of silver-activated phosphate glass. The 
dosimetric properties are based on the reaction of positive silver ions (Ag+) and 
phosphate ions (PO4

-) in the glass. When exposed to radiation, PO4
- loses one 

electron and forms a hole (hPO4). The reaction has two options: either the loose 
electron combines with Ag+ and is reduced to Ag0, or hPO4 causes oxidation and 
combines with Ag+ to form Ag2+. Ag0 and Ag2+ are color centers, namely RPL 
centers, which are stable energy states [22]. 

Figure 2.  Radiophotoluminescence dosimeter (RPLD) energy band map. After exposure to 
ionizing radiation, Ag+ combines with an electron or hPO4 to form a 
radiophotoluminescence (RPL) center (stable state). The centers are excited by 
ultraviolet light and emit orange light when returning. RPLDs are annealed in hour-long 
heating at 400 ℃ (modified from  [25]). 
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UV laser
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AgPO4  Ag+ + e- + hPO4 
Ag+ + e-  Ag0 

Ag+ + hPO4  Ag2+ (+ PO4) 

When an ultraviolet beam (337.1 nm) produced by the N2-laser pulse is applied 
to the RPL centers, they are excited. As the electrons return to the stable state, a 
photon emission of orange light wavelength (590–630 nm) occurs. The number of 
RPL centers remains constant after the emission, which gives RPLDs their inherent 
re-reading ability. The number of photons emitted is proportional to the number of 
RPL centers, both of which are proportional to the absorbed energy and absorbed 
dose [23]. To release electrons from RPL centers, they need much higher energy, 
which can be achieved with heat. When dosimeters are heated to 400 ℃ for an hour, 
the chemical process is reversed and the glass returns to its original empty state [24]. 
The behavior of the RPLD and its energy states throughout the process are presented 
in Figure 2 [25]. 

Dose Ace GD-302M and GD-352M RPLDs (AGC Techno Glass Co., Shizuoka, 
Japan) are designed for dose measurements and contain different elements (Figure 
3). Their atomic weight composition is 31.55 % P, 51.16 % O, 6.12 % Al, 11.00 % 
Na, and 0.17 % Ag. The dosimeters are cylindrical in shape and have a diameter of 
1.5 mm and length 12.0 mm. Their effective atomic number is 12.04 and the density 
is 2.61 g/cm3 [26]. There is no difference between the glass rods of the GD-302M 

Figure 3.   Dose Ace GD-302M (light red) and GD-352M (yellow) dosimeters. Each dosimeter has 
its own identification number engraved on the end of the rod. The size difference is 
due to the Sn filter in the yellow shell. 



Aleksi Saikkonen 

18 

and GD-352M types. The difference is in the polymethyl methacrylate (PMMA) 
shell that covers the glass. The GD-352M has a Sn filter embedded in a PMMA shell, 
making it larger than the GD-302M shell, measuring 4.3 x 14.5 mm2 compared with 
2.8 x 13 mm2, respectively [27]. The Sn filter is designed to stop low energy photons 
from offsetting the energy dependence of RPLDs [28]. Figure 4 shows the energy 
dependence curves of GD-series RPLDs and thermoluminescence dosimeters (TLD) 
for comparison [3]. The energy dependence of RPLDs has been extensively studied 
over a wide energy range (30 keV–100 GeV) [25], [29], [30]. 

The manufacturer has classified that both RPLDs can be used in the standard 
dose range (from 10 µGy to 10 Gy) and the GD-302M also in the high-dose range 
(1–100 Gy). In addition, the GD-302M must be used with energy above 120 keV 
[27]. These features make the GD-302M ideal for measuring doses used in RT and 
the GD-352M for measuring doses used in diagnostic imaging. When using GD-
352M RPLDs, the strong angular dependence of the dosimeter on its long axis must 
also be taken into account [31]. RPLDs made of undoped LiF can be used to measure 
very high doses (1–15 kGy). What makes this special is that LiF is usually used as a 
TLD material [32]. 

Figure 4.   Illustration of the energy dependence curves of radiophotoluminescence dosimeters 
(GD-302M, GD-352M) and thermoluminescence dosimeter (TLD-100H) (modified from 
[3]). 
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In this thesis, RPLDs were pre-heated at 70 ℃ for 30 min before reading, then 
allowed to cool to room temperature. This is done to accelerate build-up during 
which the amount of RPL fluorescence in the glass element increases and stabilizes 
[27], [33]. Dosimeter reading was done with the Glass Dosimetry Reader FGD-1000 
(Dose Ace, AGC Techno Glass Co., Shizuoka, Japan), which has two types of 
magazines, standard and high-dose, for reading the dose. The standard magazine is 
for doses below 10 Gy and the high-dose magazine for doses of 10 Gy to 500 Gy 
[33]. The reader has one calibration per magazine: against 6 mGy with a Cs-137 
source for the standard magazine and (2 ± 0.5) Gy with a Cs-137 source for the high-
dose magazine. Both calibrations are performed in air. The user can change the 
calibration based on his/her own measurements. For example, when calibrating the 
standard magazine, the user selects a calibration mode for reading the RPLD 
irradiated with a known dose (e.g., manufacturer’s 6 mGy with a Cs-137 source). 
After the reading, the user has the option to enter the correct RPLD dose and the 
program calculates the correction factor using the read value and the correct value. 
In this thesis, the calibration of the reader was not changed. 

To ensure that doses measured by the RPLD are accurate, calibration must be 
performed using known calibrated dosimetry (e.g., IC, TLD, etc.) [23], [26], [34]. 
Typically, the calibration is based on IC measurements under reference conditions 
at beam quality Q, where exactly the same dose is irradiated into both the IC and 
RPLD [23]. When the correction factor is calculated from the ratio of the calculated 
IC doses (Equation 3) and the RPLD doses read by the reader, the accuracy depends 
more on the other characteristics of the RPLD and the measurement setup. 
Characteristics such as dose linearity, energy dependence, angular dependence, 
fading effect and reproducibility have been widely studied and their effect can be 
reduced with good measurement procedures [23], [31], [35]. In this thesis, the setting 
of the calibration measurements were adjusted as close as possible to the irradiation 
settings of the respective measurement (i.e., radiation energy, distance from source, 
medium, dose, dose-rate, etc.). The RPLDs were always oriented with the long side 
towards the radiation beam/source and the readout was performed after pre-heating 
within 12 hours of irradiation. With this procedure, the greatest source of error 
probably lies in the measurements and other, unpredictable, causes. Calibration of 
used ICs is performed every 3 years in a secondary standard dosimetry laboratory. 

2.3 Monte Carlo simulations 
MC simulations, methods, calculations, or experiments are a group of computational 
algorithms that use repeated random sampling to obtain numerical results. MC 
simulations can be used to resolve macroscopic problems based on the interactions 
of microscopic particles like photons, electrons, neutrons, and atoms. MC 
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simulations gain superiority as the simulated problems become more complex [36]. 
In MC simulations, particle interactions are simulated using probability 
distributions. The interactions create tracks and trajectories for the particles, called 
particle histories. The particle history also includes all secondary particles created in 
the interaction. At the end of the simulations, the results can be seen as the average 
of particle histories [37]. The simulation commands are given in an input file that 
describes all the detailed information needed to perform the simulation, e.g., settings, 
modeled structures with materials, and regions of interest or scoring volumes. In this 
thesis, MC simulations were performed with the EGSnrc (Electron Gamma Shower, 
National Research Council, Ottawa, ON, Canada) software toolkit [38]. 

The goal of making an MC model for simulations is to model as accurately as 
possible everything between the source and the phantom that can affect the dose. In 
the model, the volume where the dose is calculated is called the scoring volume. 
Scoring means counting the average particle histories, i.e., the interactions in a 
defined volume, which can be used to calculate either the relative or absolute 
absorbed dose [36]. These particle histories can be seen as a point in d-dimensional 
space, where d represents the number of interactions. In this case, taking the history 
average is equivalent to d-dimensional MC integration. This introduces statistical 
uncertainty into the simulations, which depends on the number of histories. 
Statistical uncertainty usually decreases by a factor of two if the number of histories 
increases by a factor of four [39]. In some cases, the scoring object can be used as a 
source for the subsequent simulation [40]. The object is then called a phase space 
file (phsp file). The phsp file contains complete information about the particle 
history. This may include e.g., particle direction, energy, type, position, statistical 
weight, and interactions before this point [41]. 

In this thesis, MC simulations were used to calculate the theoretical values of 
absorbed doses in order to compare them with RPLD results. The statistical 
uncertainty aimed for in the simulations was 0.5 % or less. The comparison was also 
performed for each measurement of Studies II and III. 

2.3.1 External beam simulations 
The most commonly used treatment unit in external beam RT is a medical linear 
accelerator (linac) (Figure 5). A linac produces electrons with an electron gun and 
uses linear accelerating waveguides to give them up to 20–25 MeV of energy. These 
electrons then collide with a target to produce an x-ray (bremsstrahlung) beam or 
with a scattering foil to produce a broad electron beam. The produced electron beam 
is first focused, steered, and bent with magnets, then fed into the linac head in which 
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either a broad electron beam can be produced with a scattering foil and further shaped 
with applicators, or photons are produced in the target and then the beam shaping 
depends on the magnets and the primary collimator, and finally with secondary 
collimators (jaws) and multi-leaf collimators (MLC) for accurate treatment delivery 
[9]. Linacs are designed for RT treatments and are often capable of producing photon 
and electron beams with different nominal accelerating potentials. They can be 
equipped with e.g., 6 MV, 10 MV, 15 MV, and 18 MV photon energies, as well as 
6 MV and 10 MV flattening filter-free energies [42], [43]. 

MC simulations of the external beam RT can be performed using a combination 
of two applications from the EGSnrc software toolkit: BEAMnrc and DOSXYZnrc 

Figure 5.  Schematic drawing of the linear accelerator model. Component modules (CM) lines 
separate different modules used in the BEAMnrc software (IC: ionization chamber, MLC: 
multi-leaf collimator) (modified from [36]).  
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[44], [45]. Both applications use MORTRAN (more formula translation) code and 
can be accessed via either an input file or a graphical user interface (GUI). 

The BEAMnrc application, an EGSnrc implementation of the BEAM code, is 
one of the most used and cited codes for linac modeling because of its easy-to-use 
building block approach [36]. The BEAMnrc GUI is made to facilitate the input file 
[46]. In the GUI, each input has its own help button that describes the input and its 
options. The BEAMnrc GUI is divided into two parts: main input parameters and 
geometries, i.e. component modules (CM). 

The main input parameter window (Figure 6) contains all the parameters required 
for the simulation that are not related to individual geometries. These parameters 
include e.g., number of histories, global cutoff energies, both source and output 
options, and many different interaction controls. 

Global cutoff energies are divided into two parameters: photon cutoff energy 
(PCUT) and electron cutoff energy (ECUT). Both parameters define the minimum 
total energy below which the particle history is terminated, and the energy is 
deposited in the current region. The unit of value is MeV. The values recommended 
by the developers are ECUT = 0.521 or 0.700 MeV and PCUT = 0.01 MeV. These 
values depend on the type of simulation problem under consideration, and the choice 
is a compromise between the required accuracy and speed. Lower PCUT values can 
also be used without large penalties on the simulation time [47].  

Source parameter controls are used for the radiation source. BEAMnrc has 13 
different source types, each built for different cases. For example, there are a couple 
of different shapes of sources, such as a point source (ISOURC = 13) or a cylindrical 

Figure 6.   Example of the main input parameter window in BEAMnrc. The help button (?) is on the 
left of each input. 
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source (ISOURC = 3). There is also an option to use the phsp file source mentioned 
above (ISOURC = 21) [47]. This option can simplify modeling, because the source 
can be stored after any CM and used in other simulations to replace all CMs above 
it. In Study II, this option was used as a source for the simulations. Phsp files were 
generated by the manufacturer of the treatment unit used. 

In BEAMnrc, the output options are either with the phsp file or without. Phsp 
files are created after each scoring plane, which the user is free to choose [46]. The 
EGSnrc simulation also has a lot of interaction controls to choose which interactions 
(i.e. Compton scattering, photoelectric effect, etc.) are considered in the simulations. 
These controls are included in every EGSnrc software and the implementations are 
clearly described in the manual [39]. 

Geometries, or CMs in BEAMnrc, are the building blocks of a linac. The CMs 
are designed as part of the linac and each one is a horizontal slab stacked on top of 
another (illustration in Figure 5). Each module communicates with the rest of the 
system and has a specific purpose. For instance, there are modules named SYNC, 
which can be synchronized with each other and with the moving parts of the linac, 
i.e., the angle of the gantry, collimator, etc. [47]. When the user configures a new 
linac in the GUI, they first select the desired CMs and their order (Figure 7), after 
which all the necessary parameters can be filled [46]. In this thesis, the focus is on 
the jaws, collimator baseplate, MLC, and light field reticle, as these CMs were used 
in Study II. 

 JAWS is a CM used for jaws. In linacs, the jaws are usually the upper secondary 
collimator and are used as the delimiter for treatment. There are two sets of jaws, 

Figure 7.  Example of the component module (CM) window in 
BEAMnrc. 
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oriented in the X and Y directions, and they define a rectangular symmetrical area 
of the beam. The opening of the jaws is determined by four distances from the beam 
axis, two per jaw: upper and lower. There is also an option for the field type, from 
which one can choose a static, dynamic, or step-and-shoot field. The last two must 
contain a file with information about the fields. The GUI has a built-in feature that 
automatically calculates jaw opening using the field size at a given source-to-surface 
distance (SSD). An illustration of the JAWS module is shown in Figure 8 [47]. 

CONS3R is the CM used for the baseplate. The baseplate is a disk-shaped steel 
plate, the purpose of which stop the scattered radiation. The CONS3R module has 
two mediums, an outer and an inner, whose interface can be freely defined. An 
illustration of the CONS3R module is presented in Figure 8 [47]. 

There are many different CMs for MLCs, which are different types of 
commercially used MLCs. DYNVMLC CM was used in this thesis because it models  
MLCs in the used linac (Chapter 4.2) [47]. The MLC usually acts as the second 
secondary collimator and can be used as a beam shaper or intensity modulator [48]. 
The MLC consists of several leaves that can be controlled separately. The size and 
thickness of the leaves may vary depending on the model and supplier of the 
treatment unit [43], [49]. The DYNVMLC module has three different types of 
leaves: full, target and isocenter. All types have a unique shape and dimensions that 
must be carefully considered in the module parameters. As in the JAWS module, 
there is an option to change the field type. An illustration of the DYNVMLC module 
is presented in Figure 8 [47]. 

SLABS is the CM used for the reticle of the light field. The reticle can be used 
as an aiming aid for the RT. It is a plastic membrane, made of Mylar®, a type of 
stretched polyester film with two lines describing the axes. The SLABS module can 
consist of several slabs with different media. Only the thickness of the slabs is 
needed. An illustration of the SLABS module is presented in Figure 8 [47]. 

After building the CM and the entire linac model, there is a preview function to 
help visualize the module or model. The preview is a two-dimensional plane showing 
the model from the central axis (CAX). One can choose the direction from which the 
model is displayed (xz or yz view) [46]. 

DOSXYZnrc is code for simulating three-dimensional dose distributions in 
voxelized rectilinear phantoms. Just like BEAMnrc, DOSXYZnrc also has a GUI to 
simplify the process of creating an input file. The GUI has a single window from 
which all inputs can be controlled. The GUI also has a help button next to each input, 
like the BEAMnrc GUI [46]. 

DOSXYZnrc has two dedicated beam sources that can be used in many different 
configurations. The code also supports phsp sources and the full BEAMnrc model 
as a radiation source. The direction of the radiation beam can be controlled using the 
code, and several directions can be used in one simulation. For example, one can 
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Figure 8.   Illustration of the component modules for the jaws (JAWS), the collimator baseplate 
(CONS3R), the light field reticle (SLABS), and the multi-leaf collimator (DYNVMLC) [47]. 
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combine BEAMnrc and DOSXYZnrc codes to calculate doses in phantom with  
multi-directional irradiation, where the jaws and MLC positions are synchronized 
with the beam direction, i.e., the gantry angle [45], [47]. 

DOSXYZnrc has two options for the phantom: self-defined or generated from 
CT data. When using a self-defined phantom, the user must specify the voxel 
dimensions and materials. This option can be used to model water phantoms. When 
CT data are used in phantom generation, DOSXYZnrc supports dose calculation for 
CT images. CT images can be converted using the ctcreate code, which converts the 
Hounsfield units of the images to a readable scale for DOSXYZnrc [45]. 

2.3.2 Internal source simulations 
Internal RT or brachytherapy (BT) is an RT technique whereby the source is placed 
inside or near the treatment target [9]. BT treatment can be given with manual 
implantations or remotely with a treatment unit called an afterloader [50], [51]. There 
are several forms of BT, each for a different diagnosis—for example, intracavitary 
BT for gynecological, intraluminal for esophageal, and interstitial for breast cancer 
treatments [52]–[54]. Treatments are categorized as low dose rate (LDR), medium 
dose rate or high dose rate (HDR), the difference being the dose rate at the dose 
specification point. A remote controlled afterloader is most commonly used in HDR 
treatments. Afterloaders are self-shielded treatment units that, for safety reasons, 
transport the source remotely along applicators or catheters and can move the source 
to different stopping positions (dwells) during the treatment [9]. Modern afterloaders 
have many features that help make treatments safer and more accurate, such as 
quality assurance devices or electromagnetic tracking capability [55], [56]. 

In this thesis, the MC simulations of BT was performed using egs_brachy code, 
which uses the egs++ library of the EGSnrc software toolkit [57]. The egs++ library 
is an EGSnrc code based on the C++ language, which gives it more flexibility in 
terms of geometry and source definitions. egs++ comes with a viewer, egs_view, 
which can be used to visualize geometries and particle tracks [58]. The egs++ library 
is used by many EGSnrc applications, e.g. egs_chamber, egs_cbct, and egs_mird 
[59]–[61]. 

egs_brachy is used with input files, which present all the data for the simulations. 
The input file is divided into six main sections: run controls, geometry definitions, 
volume correction, source definition, scoring options, and MC transport parameters. 

Run controls usually start a file and specify the number of histories used in the 
simulation (ncase). In the run control section, one can also specify how many 
portions or batch simulations are made (nbatch), the file format for egsdat files 
(egsdat file format), and how many geometry errors are allowed in the simulation 
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(geometry error limit). There is also the command, nchunk, which divides the 
simulation into chunks when several computers are used for parallel simulations. 
This makes it possible to balance the computing time if the computers have different 
calculation speeds [62]. 

The geometry definitions section defines all used geometries. The definition 
starts by selecting the geometry class i.e. the type or shape of the geometry (box, 
cylinder, sphere etc.), from the egs++ library [58] and filling in all the necessary 
information to make the geometry (dimensions, rotations, materials, etc.). 
Geometries can then be arranged side by side or nested with another geometry class. 
Figure 9 shows an example of geometry definition and illustration of the catheter 
geometry. The geometry definition section must have definitions for the source 
(source geometries) and phantom (phantom geometries). The source geometries 
define which geometries are the actual source objects. The phantom geometries 
define scoring geometries for egs_brachy. The scoring geometry is limited to a 
sphere, cylinder, or cube. For source and phantom geometries, egs_brachy has its 
own library that can be used in simulations. The library contains many different 
sources, e.g. Ir-192 HDR source and I-125 LDR source and water phantoms [62]. 

The source definition section specifies information about the radioactivity of the 
source. The section defines the source charge (type of emitting particle), shape, 

Figure 9.  Geometry definition and illustration of the catheter geometry used in egs_brachy 
calculation. Illustration done with egs_view geometry viewer. Red is polymethyl 
methacrylate (PMMA) and light blue is air. 
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energy spectrum, and location. The charge defines the particles of radiation (photon, 
electron, or positron). The shape input defines the radioactive region within the 
source and is usually similar to the radioactive material of the source geometry. The 
energy spectrum can be either tabulated or monoenergetic, the first using an input 
file and the second an input key (energy) in MeV. The location input 
(transformations) defines the source coordinates, and there must be as many inputs 
as sources. If a moving source is used, one input can contain several coordinates 
[62]. Source weights can also be defined in the source definition, which is a list of 
the relative statistical weights of each source. This can be used to define different 
source activity levels or dwell times at stopping positions [63]. 

In the scoring options section, there are several different options for determining 
the type of scoring, i.e., recording the dose. Types, such as �̅�𝜇en (muen), phsp file, or 
tracklength dose can be defined and used in simulations. Multiple scoring types can 
also be used. In this section, a dose scaling factor can be defined which gives the 
possibility to calculate the absorbed dose, for example to scale the results comparable 
to BT treatment or dose measurements [62]. The dose scaling factor (ks) can be 
calculated using the equation [62] 

 𝑘𝑘𝑠𝑠 = 𝑆𝑆𝐾𝐾
𝑎𝑎𝑒𝑒𝑟𝑟/𝑆𝑆𝐾𝐾ℎ𝑖𝑖𝑠𝑠𝑜𝑜∆𝑡𝑡𝑑𝑑𝑎𝑎𝑚𝑚 , (6) 

where Sref
K is the air-kerma strength of the treatment source at the start of treatment, 

Shist
K is the air-kerma strength per history of the simulation source, and Δtmax is the 

maximum individual dwell time, i.e. stopping time [62]. 
MC transport parameters is a section where all the simulation parameters 

necessary for transporting radiation are defined [62]. This section is similar to the 
BEAMnrc interaction controls (Compton scattering, photoelectric effect, 
bremsstrahlung, etc.). Changing the options (on, off, simple, etc.) can greatly affect 
the efficiency and accuracy of simulations, and each change should be carefully 
considered. The section also has inputs for transport cutoffs (ECUT and PCUT). 
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2.4 Other methods 
In this thesis, a radiochromic film and two different calculation algorithms were used 
for comparison. This chapter describes them briefly. 

The Gafchromic EBT3 (Ashland, Wayne, NJ, USA) radiochromic film is 
designed to measure the absorbed dose deposited by ionizing radiation. It is suited 
for high-energy photons and its dynamic range is applicable for a dose range of 0.2 
to 20 Gy. EBT3 has a three-layer structure: two outer 125 µm matte-polyester layers 
with an inner 28 µm active layer in between. The color transform of the layers is 
proportional to the absorbed radiation dose and can be recognized with the naked 
eye [64]. The active layer consists of 56.8 % H, 27.6 % C, 13.3 % O, 1.6 % Al, and 
0.6 % Li, and the effective atomic number of the film is 7.26 [65]. The use of 
radiochromic film is well documented by AAPM TG-235 (update to TG-55), and 
more information can be obtained from the report [66]. After irradiation, the films 
are scanned with a flatbed film scanner (e.g., Epson Perfection V700 Photo, Seiko 
Epson Corporation, Suwa, Japan) and the typical data format for images is Tagged 
Image File Format (TIFF). Images can be analyzed with analysis software (e.g. 
OmniPro - I'mRT, IBA Dosimetry GmbH, Schwarzenbruck, Germany).  

Figure 10.  Modeled solid water phantom used in Study III with egs_brachy. The yellow lines 
represent tracked photons, the purple box is made of solid water, and the green slab is 
made of polycarbonate. 
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Two different calculation algorithms were used: an anisotropic analytical 
algorithm (AAA, Varian Medical Systems Inc. (now merged with Siemens 
Healthineers), Palo Alto, CA, USA) and Acuros (Acuros BV, Varian Medical 
Systems Inc. (now merged with Siemens Healthineers)). Both algorithms are 
available in a commercial treatment planning system (TPS) and are widely used. 
AAA uses a convolution method with calculation terms for different photons and 
electrons, and Acuros uses a linear Boltzmann transport equation solver that 
describes the macroscopic behavior between particle interactions and matter in the 
calculation space [67], [68]. The main difference between the algorithms is the 
calculation medium and accuracy: AAA calculates the dose to water, while with 
Acuros the medium can be selected from a library. For this reason, Acuros is better 
in regions where the material properties differ substantially from water (bone, lungs, 
and interface regions) [6].   
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3 Aim of the Thesis 

The aim of the thesis was to investigate the use of RPLDs in the verification of the 
planned absorbed dose obtained with different radiation modalities (different beam 
qualities for external beam irradiations and BT sources), and to compare it with MC 
simulations. This main aim was divided into specific aims presented in detail in the 
original publications (I-III): 

 
I. To commission a commercial x-ray irradiation system to be used for cell and 
small animal studies. The study determined the characteristics of the irradiator 
and absorbed dose of the x-ray beam using relative and absolute dosimetry. This 
study observed the use of two different types of RPLD with kilovoltage x-rays. 
The research also served as a learning process for utilizing RPL dosimetry. 
 
II. To investigate the feasibility and accuracy of a dose calculation algorithm in 
a commercial TPS for total body irradiation (TBI) with an extended SSD of 
400 cm, comparing it with the dose calculated by MC simulations and the dose 
measured by different dosimetry methods. In this study, the effect of high-energy 
irradiations of RPLDs was observed. This study also introduced the MC 
simulations of this thesis and served as a springboard for the accurate modeling 
of the irradiation configuration such as the treatment unit, phantoms, and 
materials. 
 
III. To investigate the feasibility and accuracy of the absorbed dose delivered by 
an HDR afterloader in keloid scar BT using dose measurements and MC 
simulations. The aim was also to compare HDR afterloaders from two different 
manufacturers and the accuracy of the common dose model. 
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4 Materials and Methods 

4.1 Cell and small animal x-ray irradiation system 
The commissioning of x-ray irradiation systems for cells and small animals has been 
extensively studied [69]–[72]. The systems fall into two categories according to the 
type of source: a sealed gamma ray source or a sealed tube-based x-ray source [69], 
[73], [74]. X-ray irradiators use low-energy or medium-energy radiation and are 
usually self-contained and provide radiation protection for the user during 
irradiation. Good radiation protection and user friendliness make these systems good 
for research purposes [69], [75], [76]. 

The MultiRad 350 (Faxitron Bioptics, Tucson, AZ, USA) is a fully shielded, self-
contained x-ray irradiation system. It uses a metal-ceramic x-ray tube capable of a 
maximum tube voltage of 350 kV (30-350 kV) and the tube current can be varied 
between 0.1 and 30 mA, but for a maximum tube voltage of 350 kV it is limited at 
11.5 mA. The device has four different beam hardening filters: 0.5 mm and 2.0 mm 
Al, 0.3 mm Cu, and a combination of SnCuAl filters. The latter consists of 0.75 mm 
of Sn, 0.25 mm of Cu, and 1.50 mm of Al. The MultiRad 350 has a motorized shelf 
as a specimen holder and can be used to control the shelf-to-source distance between 
13 cm and 65 cm. The shelf has an integrated internal IC that can be used for dose 
control and daily quality assurance procedures. In addition, the system is equipped 
with collimator jaws to limit the size of the x-ray beam. The maximum field size 
depends on the location of the shelf [77]. 

4.1.1 Measurements with an x-ray irradiation system 
Measurements with the x-ray irradiation system were divided into four parts: dose 
linearity and repeatability with irradiation time, CAX beam profiles, light field to 
irradiation field agreement, and absolute absorbed dose. All the measurements were 
performed at a distance of 45 cm from the shelf to the source. 

Dose linearity and repeatability with irradiation time measurements were carried 
out with the internal IC of the x-ray system. Measurements were performed with a 
0.5 mm Al filter and three different configurations: 350 kV and 10 mA, 250 kV and 
14 mA, and 350 kV and 5 mA. Doses were recorded for irradiation times of 2 to 60 s. 
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The maximum tube potential of 350 kV with 10 mA tube current was chosen in such 
a way that the results would be close to the maximum doses and that the x-ray tube 
would not be overloaded. 

CAX dose profiles were measured using radiochromic films (Gafchromic EBT3, 
Ashland). Axial profiles were collected using a field size of 20 × 20 cm2 at the top 
of a 5.2 cm thick PMMA phantom to include backscatter. 

For measurements of the agreement of the light field and irradiation field, field 
sizes of 5 × 5 cm2, 10 × 10 cm2, and 15 × 15 cm2 were recorded with radiochromic 
films. The corners of the corresponding light fields were marked on each film. 

Absolute absorbed dose measurements were performed with RPLDs, 
radiochromic films, and a thimble IC (PTW30013, PTW-Freiburg GmbH, Freiburg, 
Germany). Both types of RPLD, GD-302M, and GD-352M were used. 
Measurements were carried out using a small water phantom (28.0 × 28.0 × 9.5 cm3) 
at 0, 2, and 5 cm depths in water and 350 kV tube voltage, 10 mA tube current, and 
10 × 10 cm2 field size. Since the dose at 0 cm depth cannot be reliably measured by 
IC, the dose was extrapolated from the dose at 2 cm depth using the percentage depth 
dose (PDD) curve from the MultiRad manual and the results based on RPLD and 
film measurements. 

4.2 Total body x-ray irradiation 
TBI plays an essential role in the treatment of patients with acute myeloid or 
lymphoid leukemia undergoing hematopoietic stem cell transplantation [78]. The 
purpose is to immunosuppress the patient’s entire bone marrow with ionizing 
radiation. This is to avoid donor bone marrow transplant rejection [79]. TBI is an 
alternative to medication methods such as chemotherapy. Usually, patients undergo 
either method or a combination of the two [78], [80], [81]. 

In this study, the TrueBeam (Varian Medical Systems Inc., now merged with 
Siemens Healthineers) linac was used as the treatment unit. The study investigates 
the anterior-posterior/posterior-anterior treatment technique, where the patient either 
lies on the couch on their back or side or remains standing with the SSD extended to 
400 cm. 

4.2.1 Measurements for total body x-ray irradiation 
Dose measurements in this study were divided into three sections: PDD curves and 
CAX dose profiles in water, absolute absorbed dose in water, and point dose 
measurements in an anthropomorphic phantom. All measurements were performed 
using an SSD of 400 cm and a photon beam with a nominal energy of 6 MV. All 
field size data are projected field sizes for an SSD of 400 cm. 
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Measurements of PDD curves and CAX dose profiles were carried out using a 
water phantom (BP2, IBA Blue Phantom 2, IBA Dosimetry GmbH, 
Schwarzenbruck, Germany). Two identical ICs (IBA CC13, IBA Dosimetry GmbH) 
were used simultaneously, one to measure and one to correct for changes in readout 
caused by fluctuations in the linac output. Additionally, PDDs were measured with 
RPLDs (GD-302M) between depths of 1.5 cm and 30.0 cm. PDD measurements 
used a field size of 160.0 × 160.0 cm2 and a collimator angle (CA) of 45°. For more 
accurate surface dose and maximum dose results, PDD curves were also measured 
in solid water slabs (Solid Water HE, Gammex, rebranded as Sun Nuclear, 
Middleton, WI, USA) with a density of 1.032 g/cm3. Solid water measurements were 
performed using a parallel plate IC (IBA PPC40) at depths of 0.2–10.0 cm. 

CAX dose profiles were measured with field sizes of 10.0 × 10.0 cm2, 20.0 × 
20.0 cm2, and 30.0 × 30.0 cm2 at depths of 2.0, 10.0, and 20.0 cm using a CA of 0°. 
Additionally, the central region of both diagonal profiles was obtained at a depth of 
10.0 cm using a field size of 160.0 × 160.0 cm2 and a CA of 45°. 

For absolute absorbed dose measurements, a thimble IC (PTW30013, PTW-
Freiburg GmbH) was used in three different phantoms: BP2, a small water phantom 
(30 × 30 × 30 cm2), and a self-made lung phantom. In BP2, the dose was obtained at 
two depths, 10.0 cm and 20.0 cm, and in the small water phantom from 10.0 cm 
depth. In the lung phantom, the dose was measured at a depth of 12.0 cm. A nominal 
dose of 300 monitor units (MU) was measured using a field size of 10.0 × 10.0 cm2 
and a nominal dose rate of 400 MU/min. Small water phantom measurements were 
repeated with RPLDs to determine correction factors for the RPLD energy response. 
The results were used with the IC results to calculate the correction factor. 

TBI treatment was simulated using an anthropomorphic phantom (CIRS ATOM 
Model 701-C Adult Male Dosimetric Phantom, Computerized Imaging Reference 
Systems, Inc., Norfolk, VA, USA). A CT image dataset of the phantom was acquired 
in the head-first left decubitus position and treatment was planned using Eclipse 
(Varian Medical Systems Inc., now merged with Siemens Healthineers) TPS, a 
treatment dose of 2 Gy per fraction in the whole body volume with a field size of 
160.0 × 160.0 cm2, and a CA of 45°. Inside the phantom, 45 RPLDs were placed 
throughout the phantom volume. 

4.2.2 Simulations for total body x-ray irradiation 
Two dose calculation algorithms were used in this study: AAA calculations 
(v15.6.04, Varian Medical Systems Inc., now merged with Siemens Healthineers) 
and MC simulations. The AAA calculations were performed with Eclipse TPS and 
the MC simulations with EGSnrc-based BEAMnrc and DOSXYZnrc simulations. 
The phantoms used in both calculations were created as precisely as possible in the 
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respective software. In the BEAMnrc simulation, the TrueBeam linac and the 6 MV 
photon beam were modeled according to the manufacturer’s proprietary information. 
The source of the simulation was 6 MV phsp files published by the manufacturer. 
The Phsp file data were scored above the jaws. Due to the location of the phsp plane, 
the TrueBeam model contains only necessary parts below this plane. The model 
includes jaws, an approximation of the collimator baseplate, an MLC in the park 
position, and a light field reticle. 

CT images were used in calculation of doses in the anthropomorphic phantom. 
The treatment plan was first calculated with AAA and then the same plan was 
imported with CT images into the MC software and re-calculated. After simulation, 
the MC plan was imported into Eclipse to collect the absorbed doses. Corresponding 
structures for the RPLDs were contoured in Eclipse for dose comparison. 

4.3 Keloid scar gamma ray irradiation 
Keloid is a pathological process in which the growth of wound healing scars is 
abnormal. It is usually elevated, pruritic, and painful and it can be a psychological 
burden for the patient [82]. This study investigated a treatment method in which a 
treatment catheter is surgically inserted into the scar after keloid removal and no 
bolus material is placed in the treatment area during RT.  

The purpose of this study was to measure doses from two HDR afterloader units: 
microSelectron V2 (Elekta AB, Stockholm, Sweden) and Bravos (Varian Medical 
Systems Inc., now merged with Siemens Healthineers). Both treatment units use the 
Ir-192 source: microSelectron-v2 and GammaMed Plus (Model 232), respectively. 

4.3.1 Measurements for keloid scar gamma ray irradiation 
The plan used in the keloid scar dose measurements consisted of 30 dwell positions 
with 0.5 cm step size, simulating a 15 cm long surgically removed scar (surgical 
cavity) treatment. This plan was created with Eclipse BrachyVision (v16.1, Varian 
Medical Systems Inc.) TPS using the AAPM Task Group No. 43 (TG-43) dose 
model [83]. The dose was normalized to 8.5 Gy at a distance of 0.5 cm from the 
center of the sources. 

In this study, GD-302M type RPLDs were used. Measurements were carried out 
on solid water slabs (Gammex®, 35.3 × 36.7 cm2) with variable thickness and 
polycarbonate (PC) sheet (Makrolon®, 26.0 × 26.0 cm2) with a thickness of 0.6 cm. 
There were five different measurement setups for measuring the dose at three depths. 
The setups were as follows:  

1) Top PC sheet with positions for the RPLDs and treatment catheter. Four 
RPLDs placed at a distance of 0.5 cm and four at 1.0 cm from the center of the 
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catheter. In the second PC sheet, five RPLDs under the catheter at a distance of 
0.65 cm. Figure 11a shows the measurement setup. 

2) Top PC sheet with a position for the catheter. Next a 0.5 cm thick solid water 
slab and below that a PC sheet with five RPLDs at a distance of 1.15 cm.  

3) The same PC sheet with the catheter and a blank sheet underneath. Between 
the sheets, one sheet of EBT3 film (Figure 11b). 

4) Top: PC sheet with catheter, next 0.5 cm of solid water and EBT3 film 
underneath. 

5) The same setup as in 4), but the thickness of the solid water changed to 1.0 cm. 
Each measurement setup was placed between 0.2 cm thick and approximately 18 cm 
thick solid water slabs to simulate skin and internal body structures (Figure 12a). 
Measurements were made in exactly the same way in both treatment units. 

4.3.2 Simulations for keloid scar gamma ray irradiation 
In this study, simulations were performed using egs_brachy. The corresponding PC 
sheets and solid water slabs were modeled as accurately as possible according to the 
material data. Three different simulations were performed in both treatment units.  

Figure 11.  Schematic representation of the cross-sections of polycarbonate (PC) sheets in 
(a) RPLD and (b) film measurements. PC sheets were placed between 0.2 cm 
thick and approximately 18 cm thick solid water slabs (RPLD: 
radiophotoluminescence dosimeter) [III]. 
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1) Modeled 1.2 cm thick PC matrix for scoring. This was for comparison with 
RPLD measurements at distances of 0.5, 0.65, and 1.0 cm and film measurements at 
a depth of 0.5 cm (Figure 12b). 

2) Two 0.6 cm thick PC sheets were modeled, the first being a block and the 
second a matrix, with 0.5 cm thick solid water between the PC sheets. This was 
compared with the RPLD measurement at a distance of 1.15 cm. 

3) One 0.6 cm thick PC sheet on top and a 1.5 cm thick solid water matrix below 
it were modeled for comparison with the film measurement at depths of 1.0 and 
1.5 cm.  

In each simulation, the grid size of the scoring matrix was 0.1 × 0.1 × 0.05 cm3, 
configurations were placed between 0.2 cm thick and approximately 18 cm thick 
solid water slabs, and the created phantoms were placed in the middle of a 400 × 400 
× 400 cm3 air cube. In the upper PC sheet, the catheter was modeled as a hollow 
0.2 cm thick and 16.0 cm long cylinder made of PMMA. The phantom models were 
placed so that the center of the x-axis was in the middle of the cylinder and the source 
moved along the axis. Sources from the egs_brachy library, microselectron-v2, and 
MBDCA-WG were used with microSelectron and Bravos, respectively. The 
simulations were run separately with both sources. The correction factor was 
calculated according to the egs_brachy manual and implemented to scale the dose to 
be comparable with the measurements. More information about the simulation 
parameters can be found in Study III. 

In order to compare the treatment plans, film measurements, and MC 
simulations, profiles were created with Eclipse TPS, where the plans were calculated 
with the TG-43 algorithm in water. The plans were also re-calculated using Eclipse’s 

Figure 12.  (a) Measurement phantom made of polycarbonate (PC) and solid water. (b) Phantom 
modeled with egs_brachy. The figures are missing 0.2 cm solid water slabs for better 
illustration (RPLD: radiophotoluminescence dosimeter) [III]. 
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Acuros BV (v. 1.8.0.867816) dose calculation algorithm, which is a more modern 
algorithm used in clinical TPS. 
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5 Summary of the Results (I-III) 

The original publications included in this thesis deal with methods of measuring and 
calculating the absorbed dose delivered by x-ray and gamma radiation. The main 
aspects of the work lay in the development of experimental methods. The 
experimental setups employed in Studies I and II took advantage of x-rays produced 
in two different ways, characteristic radiation from an x-ray tube (30–350 kV) and 
bremsstrahlung radiation from a linac (6 MV), while the experimental setup 
employed in Study III exploited the use of gamma radiation from a sealed Ir-192 
source (206–612 keV). 
 

I. The results show that the dose was linear at each voltage setting applied, and 
the results were reproducible within 5 % after 15 s of irradiation time. The x-ray 
beam profiles were at an acceptable level in line with the manufacturer's 
specifications, and the light field had shifted by about 0.5 cm. 

 
II. The calculated and measured PDD curves and CAX profiles were found to be 
clinically acceptable, and a small overestimation of the calculated results (MC: 
2.2 %, and AAA: 1.8 %) compared with the absolute absorbed dose 
measurements was observed. The point dose results measured with RPLDs in 
the anthropomorphic phantom showed good agreement between the 
measurements and MC simulations, with an average difference of only 1.0 % (0–
2.1 %) in the whole-body volume. In contrast, the AAA calculation appeared to 
overestimate the doses, the results for the whole-body volume being 6.2 % higher 
than in the measurements. In smaller body volumes the difference was even 
larger (head 8.3 %). 

 
III. The dose profiles agreed well between measurements and calculations; only 
a small difference of less than 4 % was observed. Point dose measurements 
agreed well in the dose maximum area (difference < 7 %) with the simulated 
dose profiles, although the largest difference near the edge of the profile was 
< 30 %. The dose differences between the TG-43 dose model and the MC 
simulation were small (< 4 %). 
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6 Discussion 

The aim of Study I was to describe the commissioning process of an x-ray irradiator, 
i.e., to determine the beam characteristics and dose delivery. Similar irradiation 
systems have been investigated by Newton et al. [69], Stojadinovic et al. [70], and 
Wang et al. [84]. The system uses low- or medium-energy kilovoltage x-rays with 
several filter options, allowing the study of the use of these energies. 

Energy dependence of both RPLD types was observed in the measurements. The 
doses measured with GD-302M (RPLDs without Sn filter) were twice as high as 
with IC doses when the thinnest Al filter was used. With GD-352M, this effect was 
not observed, as the dose difference was only about 15 %, which was in the expected 
range. When using the thickest filter, the difference was 12 % for GD-302M and 
23 % for GD-352M in comparison to IC. The same trend can also be seen in 
comparison to the film results. These results are in good agreement with the energy 
dependence curve (Figure 4). The results show that the energy of the radiation beam 
must be taken into account when planning dose measurements. It also shows that 
when aiming for the most accurate results, the calibration factor of RPLDs should 
be calculated individually for each measurement, rather than using a factory 
calibration or a generic value, especially if the applied energy changes. 

The results of this study with the MultiRad 350 x-ray irradiation system show 
that the system works as expected except for two things: the minimum acceptable 
irradiation time is 15 s, which must be taken into account when the planned dose is 
less than 1 Gy, and an exceptionally small target should not be irradiated or use small 
fields before calibrating the light field and the irradiation field. 

The main aim of Study II was to evaluate the suitability of AAA implemented 
in the Varian Eclipse TPS for TBI treatments when using an extended SSD of 
400 cm. Similar studies have been conducted by Lamichhane et al. [85] & [86], 
Hussain et al. [87], and Tyson et al. [88], with relatively similar results to ours, but 
one study did not recommend AAA for TBI calculation. There, additionally to these 
four studies, the results of the AAA calculation were also compared with results of 
the MC simulations. 

In this study, the models, MC simulations, and their accuracy were important. In 
the first two parts of study, the simulation model consisted of a linac and a water 
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phantom, while in the last part it consisted of a linac and a body phantom. There are 
only slight discrepancies in these simulated parts compared with the real-life 
measurements, but they are hard to correct (mechanical inaccuracy of the jaws) or 
would take too much time to do so (the inclusion of furniture and walls to the 
simulation), and the benefits would be small. The difference in dose definition 
between the AAA and MC simulations (dose-to-water compared with dose-to-
medium) increased the differences in the absolute absorbed dose results. This 
difference is acceptable if the MC model is to match reality as well as possible. The 
dose definition cannot be changed in the AAA calculation. As seen in the last part of 
the study, these same effects do not occur in the treatment scenario when the 
simulation model consists of the linac and body phantom. The small size and 
correction factors of the RPLD enabled accurate point measurements in the 
anthropomorphic body phantom. The RPLDs could be arranged freely in the 
phantom grid, allowing the measurements of absorbed dose in organ-specific 
regions. The size of the RPLD also creates a small challenge, because the results are 
point-like and do not tell the whole truth about the dose distribution. 

The aim of Study III was to determine the feasibility and accuracy of the 
absorbed dose by the HDR afterloader in keloid scar BT. In addition, the study aimed 
to investigate the accuracy of the TG-43 algorithm used in clinical treatment 
planning. This was performed using MC simulations and measurements. Finally, the 
measurements and MC simulations were compared with the Acuros BV algorithm, 
which represents the latest generation of BT dose calculation algorithms. 

In this study, similar problems were observed in the MC simulations to those in 
Study II. Small differences were observed due to dose definition, in the dose-to-
water calculation versus dose-to-medium calculation. The differences in the 
properties of the modeled medium (PC) and the material used were also unknown. 
Large differences were observed for RPLD results compared with MC results. The 
observed differences were probably due to the poor placement accuracy of the 
measurement configuration and the RPLDs. The largest differences were observed 
near the penumbra region, where the placement is most sensitive. In addition, 
measurements with an HDR source are very sensitive to the distances between 
dosimeters and the source, the sensitivity becoming more critical closer to the source. 
In the measurements, the processing was manually aligned, which only affects the 
accuracy of the RPLD results, as all the profiles were independently centered using 
the calculated full width at half maximum of the profile. Some of the differences 
between simulations and measurements can be explained by gravity (the source 
moves by touching the inner surface of the catheter), which the simulations do not 
consider. 

These studies show that the design of measurements and correction factors is 
important when using RPLDs. Although RPLDs are quite easy to use, the location 
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of the dosimeters should be carefully validated. MC simulations give accurate 
results, but still the model used should be carefully constructed so that it matches 
reality as accurately as possible. Despite this, problems may arise with the materials 
or dose definition. But when both methods are successfully combined into a 
measurement setup, the results enable accurate development work. 
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7 Conclusions 

In this thesis, RPLDs were investigated in the verification of absorbed dose with 
different irradiation energies in various geometries, and the results measured by 
RPLDs were compared with the results calculated by the MC method. The research 
was divided into three parts, each focusing on different geometries, radiation 
treatment modalities, and beam qualities. The results suggest that RPLDs are 
versatile and fairly easy-to-use dosimeters that are suitable for many different 
purposes. The accuracy of MC simulations is widely known, although the results can 
only be as accurate as the model used. Both methods have their strengths and 
weaknesses, but together they complement each other. Based on the results presented 
in the original publications (I-III), the following conclusions can be drawn: 
 

I: The x-ray irradiation system can be used safely and in a controlled manner to 
irradiate cells and small animals. However, positioning of the filter must be 
carefully checked between each change. 
 
II: The AAA calculation can be safely used in TBI treatment planning with an 
extended SSD of 400 cm. However, to achieve greater accuracy to within 5 % in 
the planning of TBI treatment, dose validation of TPS must be performed 
carefully at extended SSDs. 
 
III: The nominal treatment dose can be achieved to an accuracy of 4 % with the 
utilized setup. The calculation accuracy of TG-43 seems to decrease with 
increasing distance from the source, which does not significantly affect the 
treatment of keloid scars. It was observed that the placement of RPLDs requires 
special attention. 

 
For the most accurate results, RPLDs must be corrected against a known 

dosimeter, such as an IC. These correction factor measurements should be performed 
individually per measurement in a known setup and conditions, e.g., a water phantom 
that is as similar as possible to the actual dose measurements. Correction can be 
made directly to the RPLD reader or with a correction factor. Using a correction 
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factor also corrects the energy dependencies of the RPLD. This also leaves more 
options for the user to measure doses in different setups, because the correction by 
the manufacturer is intact. The use of RPLDs should be planned in advance: which 
RPLD model to use, with what layout and attachment to the phantom. 

MC simulation gives the user freedom to simulate or calculate doses in different 
setups with the highest accuracy. It brings new perspectives to solving problems, 
even when they are not directly detectable with the dose measurements. The MC 
dose calculation results provide a theoretical comparison to the dose measurements, 
which adds more value to the research. When creating a phantom, even with special 
care a perfect model cannot be achieved due to the random nature of materials. This 
process can be accelerated using CT-based MC simulations, which has its own 
challenges. Overall, MC simulations are a versatile method that can be used in a 
variety of research setups. 
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