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SUMMARY 

Lung cancer is a disease which has poor prognosis and is very life-threatening, 

as the survival rate five years after being diagnosed is merely 20%.This is the 

reason why the scientific community continues research within the field of 

radiotherapy physics in order to increase this survival rate, as many patients who 

are diagnosed with this disease are subjected to radiotherapy. 

 

18FDG PET based imaging is an excellent diagnostic tool for tracking down 

tumors as they are highly metabolic active and tend to absorb the FDG 

radiotracer and appear as bright spots in the images. Studies showed a great 

dependency between the amount of FDG uptake in the tumor and its 

aggressiveness. The higher the uptake, the more aggressive the tumor. For this 

reason, giving higher dose to the tumor could probably be the key to better 

treatment. However it’s not straightforward to induce a high dose to the tumor 

without harming the normal tissue with today’s treatment planning systems 

(TPS).In order to surpass this obstacle dose painting by numbers (DPBN) is 

proposed. This method employs direct use of the digital PET images in the 

radiotherapy planning, where higher radiation doses are given only to the parts of 

the tumor showing high image intensity, where the aggressive disease is located. 

  

In this project we used the CT images from a patient who had lung cancer in 

order to create an anthropomorphic phantom. This phantom simulated the thorax 

of the patient and contained 101 cavities, to be filled with alanine dosimeters. 

DPBN depends on the biological medical images employed. Based on the FDG-

uptake in PET images, a linear relationship was applied between PET-intensity 

and radiotherapy dose to create a DPBN prescription map. Based on this map, 

an inverse DPBN prescription map was also constructed to be used as a pre-

treated plan or mock plan during optimization in the TPS. The desired outcome is 

to achieve better local control of the tumor compared to conventional 

radiotherapy (RT). A series of VMAT treatment plans were constructed in the 

Varian Eclipse treatment planning system which were then relocated to the 

phantom. The phantom was irradiated at a Varian Trilogy linear accelerator at the 

Oslo University Hospital, and subsequently the alanine dosimeters were removed 

and they were transferred for read-out by an EleXsyS 560 Super X spectrometer. 

The dose of each dosimeter was estimated from accompanying calibration 

curves. The series of calibration dosimeters was irradiated immediately prior to 

the irradiation of the phantom. Finally, the planned doses in the TPS were 

compared with the prescribed doses and the measured doses. It was found that 

for all plans the correspondence, between each pair of observations was quiet 

good. The quality factors QF between planned-delivered dose was 2.3% and 



 
 

1.90% for plan1 and plan2 pooled together, the extreme plan respectively. Thus 

we conclude that DPBN can be delivered quiet accurately, at least for the TPS 

and phantom used in this study.  
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1 Introduction 
 

Lung cancer is a very aggressive disease as it is the leading cause of cancer-

related death for men and the second for women worldwide. The rates of lung 

cancer have been found to be the highest in places where smoking commenced 

firstly, such as North America and Europe. The survival rate has somewhat 

increased in the last years, but remains low as the early detection of lung cancer 

is not easy (Ahmad & Gadgeel, 2015). 

 Lung cancer can be divided in two types, either (1) non-small cell lung cancer 

(NSCLC) which further can be categorized based on the histology: squamous-

cell carcinoma, adenocarcinoma, and large-cell lung cancer, or (2) small cell lung 

cancer (SCLC). NSCLC accounts for 85% of all cases (Herbst & Heymach, 

2008). Additionally NSCLC is subdivided into four stages based on the 

malignancy. Stage one refers to cancer cells that lie inside the lung and haven’t 

migrated to nearby lymph nodes, as happens in stage two cancer. Stage three is 

the situation where malignant cells have migrated to neighboring tissue. Finally in 

stage four, the cancer metastases in other places of the body which are far from 

the lungs (Herbst & Heymach, 2008). For patients with SCLC, chemotherapy or 

radiotherapy is chosen as a treatment option, whereas for NSCLC a combination 

between surgery, radiation therapy, chemotherapy or immunotherapy is 

implemented based on the stage (www.lungcancer.org). The statistics show that 

the diagnosis of a great percentage of patients with NSCLC is done very late, 

when the malignancy of the tumor has reached stage three (Bülzebruck et. al, 

1992). For this reason, such patients are not considered for surgery but rather 

undergo radiotherapy. However the majority of these patients have a very poor 

prognosis. 

Positron emission tomography (PET) is a very sensitive and precise examination 

method to diagnose lung cancer (Pieterman et. al, 2000). Through PET images, 

the metabolically hyperactive tissue, such as tumors, can be screened. This is 

done through the use of a radiotracer injected in the body. The principle of a PET 

unit is the detection of pairs of photons as a product of electron-positron 

annihilation. Through the use of complex algorithms, a reconstruction of 3D 

image series is achieved, which reveals biologically active tissue inside the 

patient. A widespread radiotracer is Fludeoxyglucose (18F-FDG). 18F-FDG 

based PET imaging has been proven as an excellent tool for diagnosis of primary 

NSCLC (Frank et. al, 1995), (Patz et. al, 1994). On the other hand, PET doesn’t 

show anatomy, so it is difficult to define the exact location of e.g. the tumor. CT 
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images show anatomical structures in the body by distinguishing between the 

densities of various organs and tissues. That’s why it is usual that CT imaging is 

also used together with PET in the form of a hybrid PET/CT unit. PET/CT is 

proven to give substantial evidence for the correct staging of NSCLC at early 

examination. This is a feature not achievable if the PET images are read next to 

the CT images (Lardinois et. al, 2003).  

It has also been found that there is a correlation between the uptake of FDG in 

the tumor and its aggressiveness. A high concentration of FDG before treatment 

is a clear sign of low survival probability, for cancers of the head and neck, the 

uterine cervix and lung. Additionally, remaining FDG uptake in the tumor after 

treatment has been found to be a bad prognostic sign. Last but not least, the 

parts of the tumor that consumed the most FDG were very likely to show tumor 

recurrences later on (Arnesen et. al, 2015). To summarize, patients with 

radiation-resistant cancer and radiation resistant areas of tumor can be identified 

by FDG-PET. All this evidence shows that it may be beneficial to target the high-

uptake region of tumor with elevated radiation doses (Arnesen et. al, 2015). This 

method is called Dose painting. 

Dose painting made its appearance more than a decade ago. It is typically based 

on the use of PET images, which are transformed to dose prescription maps. 

Here, a linear relationship may be assumed, giving tumor voxels with the highest 

FDG uptake a higher dose than voxels with low uptake. However, such voxel 

wise dose prescription, Dose Painting By Numbers (DPBN), has yet to be 

implemented clinically because of its complexity and the fact that it is not 

supported by commercial treatment planning systems (Arnesen et. al, 2015). 

This problem was overcome by a method implemented at Oslo University 

Hospital. Earlier results indicate that an inhomogeneous tumor dose prescribed 

voxel by voxel according to the PET image is feasible (Arnesen et. al, 2015). 

The main goal of this project was to test whether the DPBN method suggested 

above can be accurately delivered to a patient-like geometry relevant for lung 

cancer. This was accomplished by comparing prescribed doses to different 

voxels of the tumor, with planned and delivered doses. The irradiations were 

done in an anthropomorphic (human-like) lung phantom based on CT images of 

a lung cancer patient.  The phantom had 101 cavities inside of it, for alanine 

dosimeters to be placed in both normal tissue and tumor. The different plans 

were done through Volumetric Modulated Arc Therapy (VMAT) optimization, an 

inverse optimization technique, using PET and CT images of the patient before 

he was treated. The set-up and irradiation of the plans was done at Oslo 

University Hospital using a commercial treatment planning system and a 6MV 

linear accelerator. Finally, the alanine dosimeters were extracted and their signal 
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was read-out at the ESR laboratory at the Department of Physics, University of 

Oslo. The hypothesis of this project is to verify the method described in the paper 

of Arnesen (Arnesen et. al. 2015) and check the potential benefits against 

conventional radiotherapy with respect to better tumor control and sparing of 

normal tissue.   
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2 Fundamental theory 

 

2.1 Ionizing radiation 
Ionizing radiation has the capability of ionizing atoms as a consequence of 

interactions between them. The necessary energy needed to cause a change in 

the orbital state of an electron is in the range of 25 ev. The field of radiological 

physics began after Wilhelm Rontgen and Marie Curie discovered x-rays and 

radium respectively during the 1890’s (Attix, 2004).  

There are two categories of ionizing radiation, as it was defined by the ICRU 

(International Commission on Radiation Units and Measurements), direct and 

indirect ionizing radiation. Direct ionizing radiation is fast charged particles which 

give energy they carry to the point of interaction with matter by predominantly 

coulomb forces. Indirect ionizing radiation concerns the transfer of energy from 

uncharged particles (photons and neutron) firstly to charged particles which 

subsequently transfer energy to matter as direct ionizations. 

The most important types of ionizing radiation are x-rays, γ-rays, fast charged 

particles, heavy charged particles and neutrons. Following is a brief description 

for each category. 

 X-rays: X-rays is electromagnetic radiation which may be produced in two 

ways. Either with the deceleration of electrons (bremsstrahlung) or by the 

change of orbital state of electrons in an atom. 

 γ-rays: γ-rays is also electromagnetic radiation which is radiated from 

nuclear reactions.  

 Fast electrons or positrons  

 Heavy Charged Particles: Many relevant types either formed by nuclear 

reactions or artificially produced in an accelerator.  

 Neutrons: Uncharged particles that may result from nuclear-reactions.  

 

 

2.1.1 Χ-ray and γ-ray interactions with matter 
Χ-rays and γ-rays can interact with matter in many different ways depending on 

the photon quantum energy .h  and the atomic number of the medium  . The 

most important types of interactions are photoelectric effect, Compton scattering 

and pair production. In all three processes, the energy is firstly transferred to 

electrons which will then deposit the energy they received into matter.  Finally 
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there are two additional types which are Rayleigh scattering and photonuclear 

interactions.  

Photoelectric effect is the process where a photon interacts and gives all its 

energy into matter, so it is fully absorbed. The atom, which received this energy, 

responds by emitting a so-called photoelectron. The energy of the photoelectron 

is given by: 

. bT h v E     (2.1) 

Where bE  is the binding energy of the electron with the atom. The condition for 

photoelectric effect to occur is described by:  

bh v E      (2.2) 

Otherwise the phenomena can’t take place. Photoelectric effect is usually 

accompanied by emission of characteristic radiation or Auger electrons. In the 

former, photons are formed with energy from electronic orbital transitions 

corresponding to the vacancy after the photoelectron. In the Auger process the 

extra energy kept by the ionized atom can be released by ejection of a loosely 

bound electron. As a result, the Auger effect leads to a doubly-ionized atom. It 

appears to be more energetically preferred by the atom to produce an Auger 

electron for low Z-absorbers, whereas for high Z-absorbers characteristic 

radiation is more common. 

Compton scattering occurs when x-ray or γ-ray photons interact with a loosely 

bound electron, which is assumed to be free (unbound) and stationary. When this 

interaction occurs, the incident photon will give part of its energy to the electron 

and as an outcome get scattered and change its initial direction in an angle θ 

relative to its initial track. The unbound electron absorbs the energy given to it in 

the form of kinetic energy T and will also have a direction described by an angle 

φ relevant to the initial direction of the photon. The energy and momentum 

conservation is valid throughout this process. The equations that describe this 

phenomenon are: 

2

0

.

' . '

. . '

.
cot 1 tan

. 2

E h v

E h v

T h v h v

h v

m c








 

   
    

  

           (2.3) 
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Where E is the initial quantum energy of the photon, E’ is the new energy of the 

photon after it imparts part of its energy. Finally T and θ is the kinetic energy of 

the electron and the scattering angle of the photon after the phenomenon occurs. 

A schematic overview of the Compton process is shown in figure 2.1. 

 

 

Figure 2.1: Compton scattering. A photon with quantum energy .E hv  interacts 

with an unbound electron. The electron is scattered in angle φ relative to the 

initial direction of the photon, whereas the photon loses energy so it also 

changes direction in an angle θ to its initial track. 

 

Pair production is the process in which a photon interacts with a charged particle 

or nucleus through the electromagnetic field created around them. As a result, 

the photon annihilates and creates an electron and a positron. If the process 

occurs through the interaction with an electron, then it’s called triplet production 

because the electron receives some recoil energy too. The minimum energy 

needed in order for pair production to occur is: 

2

02. .E m c     (2.4) 
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This is equal to two times the rest mass of the electron. The equations which are 

valid for pair production in the field of a nucleus and pair production in an 

electron field are 2.6 and 2.7 respectively: 

2

02hv m c T T         (2.5) 

2

02 ehv m c T T T        (2.6) 

Where T   is the kinetic energy of the electron created, T   is the energy of the 

positron and eT  is the kinetic energy of the recoil electron. 

As previously mentioned, the main factors that determine which of the three 

processes will occur are the atomic number Z and the quantum energy E.   

Figure 2.2 summarizes in which area each process is most dominant based on 

the Z and E. We observe that for low energies and high Z, the most likely 

process to occur is photoelectric effect. For medium energies and low Z Compton 

scattering dominates over a large area, whereas for very high energies it’s most 

likely that pair production will take place.  

 

Figure 2.2: The figure describes which type of photon interaction is most 

dominant under certain values of Z and E (Attix, 2004). 
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2.1.2 Photon attenuation 
A very important quantity that is referred in radiological physics is attenuation. 

The probability per unit length that an interaction will take place is given by the 

linear attenuation coefficient. It is symbolized by the Greek letter μ with unit 

[ 1cm ]. If we divide the linear attenuation with the density ρ to eliminate this 

dependency, then we have the mass linear attenuation coefficient μ/ρ (Kahn, 

2010). Photons attenuate as:  

0.
xN N e      (2.7) 

Where 0N  is the number of the photons before entering the medium and N the 

number of photons present at depth x. At this stage it is important to say that μ is 

relevant only for “narrow-beam measurements”, that’s why it’s often called 

“narrow beam attenuation coefficient”. 

By narrow beam measurements we mean that the detector is placed far away 

from the absorber so that it doesn’t receive secondary particles but only the 

primary particles. If on the other hand both scattered and secondary uncharged 

particles reach the detector and thus are counted, then we talk about broad-

beam measurements. 

 

Figure 2.3: Narrow-beam measurement. The detector is placed at a long 

distance from the absorber, so that the detector doesn’t count the scattered and 

secondary particles. Only the primary particles are taken into account (Attix, 

2004). 
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Two additional quantities used widely in radiological physics are the energy 

transfer coefficient tr , and the energy absorption coefficient en . Likewise when 

the density dependency ρ is taken away, then we talk about the mass energy 

transfer tr


 and mass energy absorption coefficient en


 respectively. The 

fraction of energy transferred from photons, in the form of kinetic energy, to 

charge particles per unit length, is given by equation 2.8:  

tr

tr
hv

 


    (2.8) 

Where tr  is the mean energy transferred to the charged particles. The mass 

energy transfer coefficient can be linked to the mass energy absorption 

coefficient through equation 2.9: 

(1 )en tr g
 

 
     (2.9) 

Where g  is the mean fraction of energy of secondary electrons that is lost as 

bremsstrahlung. If the atomic number Z and the quantum energy h v  are low, 

then g is nearly zero. For all the photon interactions that were mentioned above, 

a total mass attenuation coefficient can be found that is defined as the sum of the 

probability of each separate interaction to occur and given by equation 2.10: 

R   

    
       (2.10) 

 

Where /   describes photoelectric effect, /   is the result of Compton 

scattering, κ/ρ of pair production and finally /R   is the contribution of Rayleigh 

scattering. 

 

2.1.3 Charged particle interactions 
Charged particles give their energy in a different way than uncharged particles 

do. That is because uncharged particles may travel big distances in matter, in the 

order of [cm] and interact very seldom, transferring large parts of their energy, 

whereas the interactions from charged particles will lead to small energy 

transfers. Furthermore charged particles lose their energy through interactions 

with one or more electrons in matter in a continuous fashion due to their 
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electromagnetic field they create around them. This gradual loss of energy is 

called continuous slowing-down approximation (CSDA) and is given by equation 

2.11: 

0
1

0

T

CSDA

dT
R dT

dx



 
  

 
    (2.11) 

There are basically three types of electron collisions, “soft” and “hard” collisions 

and elastic nuclear scattering. In order to define whether an interaction is of the 

one or the other type, one has to compare between the impact parameter b 

relative to the atomic radius a. Figure 2.4 shows the two significant parameters 

when a charge particle - atom interaction occurs. 

 

 

Figure 2.4: Charge particle – atom interaction. The parameter a, is the classical 

radius of the atom and b is the distance of the path of the charge particle relative 

to the center of the atom (Attix, 2004). 

 

If a charge particle passes at a great distance from the atom, such that b>>a, 

then the electromagnetic field of the particle interacts with the atom as a whole, 

leading to its excitation to a higher energy state. This process is called “soft 

collision” and only a small amount of energy is given to the atom. When the 

parameter b is comparable with the atomic radius a, then the likelihood of the 

charge particle interacting with just a single electron of the atom is highest. This 

type of interaction delivers a big portion of energy to the electron, so in most 

cases it will subsequently be ionized and ejected, resulting in a δ-ray. Finally if 
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the impact parameter is much smaller that the atomic nucleus which means that 

the charge particle will travel very close to the atom, then the primary 

phenomenon is elastic coulomb force interactions with the nucleus. In this case 

the electron gives just a very small portion of its energy, such that the 

conservation of momentum after this interaction will be fulfilled. The process is 

not followed with photon emission.  

In order to quantify the energy loss of charge particles, the quantity stopping 

power is introduced. It’s basically the expected energy loss per unit length and is 

given by the equation 2.12: 

, ,Y T Z

dT

dx

 
 
 

   (2.12) 

Where Y is the type of the charge particle, Z is the atomic number of the medium 

and T is the kinetic energy of the particle. The most common units that stopping 

power is given is either [MeV/cm] or [J/m]. If the density dependence of the 

medium is taken out, then the mass stopping power is introduced as given by 

equation 2.13: 

dT

dx
   (2.13) 

The mass stopping power is the sum of two components, the collisional stopping 

power and the radiative stopping power. The first component described the loss 

of energy though soft and hard collisions as mentioned previously, whereas the 

radiative stopping power described the loss of energy as bremsstrahlung. The 

mass stopping power is described by equation 2.14: 

s h

c c c

dT dTd

dx dx dx  

     
      

     
   (2.14) 

 

2.2 Quantities that describe radiation fields 
In this subchapter we define some important non-stochastic quantities that help 

describe the processes involved between ionizing radiation and matter. Fluence 

Φ is defined as the ratio between the number of particles hitting a volume V per 

unit area da at a certain point P. It’s given by the equation 2.15:  

dN

da
     (2.15) 
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Figure 2.5: A radiation field is striking a sphere of volume V, mass M and great 

circle area a. 

 

The quantity fluence can also vary with time, so it’s then called fluence rate. It is 

defined as given by equation 2.16: 

2

t

d d N

dt dtda


      (2.16) 

And if it is integrated from time t=0 to time t’=to then the fluence becomes: 

0

to

tdt      (2.17) 

The radiation field can also be dependent of the energy and direction. Thus the 

differential fluence becomes as described by equation 2.18:  

,
d d

d d
 

 
   

 
   (2.18) 

Where   is the number of particles per energy and area hitting the volume in 

the energy interval: [ , ]T T dT . 
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Energy fluence Ψ is defined as given by equation 2.19: 

max

0

T dT



      (2.19) 

This formula describes how much energy strikes a point P in the volume V from a 

radiation field. If the field is monoenergetic then equation 2.19 becomes: 

dN

da
        (2.20) 

 

 

2.3 Quantities that describe ionizing radiation 

interactions 
There are three very important quantities in order to describe the way ionizing 

radiation interacts with matter, which are widely used in radiation dosimetry. 

These are Kerma K, absorbed dose D and exposure X. 

Kerma K is a non-stochastic quantity and is valid for indirectly ionizing radiation 

such as photons. It is the expectation value of the energy transferred per unit 

mass in a point of interest and is given by the ratio
 trd E

K
dm

   (2.21), where ( trE ) 

is the energy transferred in a given volume (dv) with mass (dm ). The energy 

transferred is an expectation value and is given by the formula: 

  ( )nonr

tr in out uu
R R Q       (2.22), where  in u

R  is the incoming radiative energy 

of the incoming uncharged particles, ( )out uR  is the radiative energy that is coming 

out of the volume, without taking into account the energy lost as bremsstrahlung.  

ΣQ is the energy which is the result of conversion from mass to energy or vice 

versa. The unit for Kerma most commonly used is [ /J kg Gy ]. Kerma can also 

be linked with the energy fluence for photons and the mass energy transfer 

coefficient through equation 2.23: 

max

0

'( ).

E

tr

E

dE







 
    

 
    (2.23) 
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Where Ψ’ (E) is the energy fluence spectrum, 
tr  is the linear energy-transfer 

coefficient and (ρ) is the density of the volume of interest. It should be stated that 

the term ,( / )tr E z   doesn’t represent a differential distribution. 

Due to the fact that Kerma is the sum of the kinetic energy given to charged 

particles, which is to be lost either in collision losses or radiative loses, Kerma 

can be considered as a two term quantity. The first quantity describes the energy 

given to cause either excitations or ionizations whereas the second term 

describes the photon energy created through radiative losses:  

c r      (2.24) 

The term CK  is the collision Kerma, which is the expectation value of the energy 

given to charged particles per unit mass that results in collisional losses. This 

component can also be related to the energy fluence as described by equation 

2.25: 

en
cK




     (2.25) 

If the radiation beam used is due to neutrons, the charged particles that will be 

created are protons and some heavy nuclei, in which case rK  is very minute. 

Therefore, in the case of neutrons: cK K . 

The quantity absorbed dose is applicable both if the ionizing radiation deposits 

energy in a direct or an indirect way. It is easily explained using the quantity 

imparted energy (ε) which is equal to: 

( ) ( ) ( ) ( )in u out u in c out cR R R R Q         (2.26) 

Where ( )in cR  is the radiation in the form of charged particles entering a volume 

(V) whereas ( )out cR is the radiation of the charged particles exiting the volume. 

The terms ( ) , ( )in u out uR R  and ΣQ are the same as defined previously.  

The energy imparted ε is the total energy entering the volume V minus the 

energy leaving the volume. Thus, the absorbed dose is described, by equation 

2.27, as an element of volume V and mass m: 

d
D

dm


   (2.27) 
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If the number of charged particles that enter the volume V is the same as the 

number of the same type and energy particles that leave the volume, then we 

have what is called charge particle equilibrium (CPE). If the conditions to have 

CPE are fulfilled, then the absorbed dose can be connected relative to the term 

collision Kerma, with the formula 2.28: 

cD K    (2.28) 

 

2.4 Dosimetry 
By the term radiation dosimetry we mean the science that deals with the 

measurement of the absorbed dose as a result from the different interactions 

between matter and ionizing radiation. Dosimetry incorporates all the quantities 

mentioned before such as Kerma, absorbed dose, fluence and exposure. In 

order to estimate the dose, dosimetry uses some devices known as dosimeters. 

Dosimeters give a “reading” which is equal to, or proportional to, the absorbed 

dose given to the volume of interest. This reading can then be interpreted in 

certain ways based on the type of dosimeters used to estimate the real dose. 

Dosimeters are basically divided in two categories. The first are the absolute 

dosimeters and the second are the relative dosimeters. An absolute dosimeter is 

a device which provides the absorbed dose more or less directly without 

requiring-calibration. Some typical representatives of this category are: 

 Calorimeters 

 Ferrous sulfate dosimeters  

 Ionization chambers 

The second category, relative dosimeters, provides with a reading which is not 

the absorbed dose. In order to acquire the actual dose, one has to multiply with a 

calibration factor. Typical representatives of this type of dosimeters are: 

 Thermoluminesence dosimeters 

 Diodes 

 Film dosimeters 

 Alanine dosimeters (EPR dosimetry) 

Errors in dosimeter readings may be denoted as precision errors and accuracy 

errors. Precision errors are the statistical errors which reflect deficiencies in the 

machines used (most often small) or are the outcome of varying environmental 

conditions. These kinds of errors are mainly reflected in the standard deviation. 
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The lower the standard deviation, the higher the precision. Accuracy errors are 

the systematic errors which influence the reading and are the result of for 

example bad calibration. When we refer to the accuracy of a dosimeter, we just 

mean its ability to be have no errors that are associated with the calibration. 

These two traits of a dosimeter are totally independent with respect to it’s other. 

A dosimeter can be very precise but have a bad accuracy, or vice versa. It can 

even have both great precision and accuracy, or even both be bad. 

Dosimeters may have their limitations. Figure 2.6 shows different shows three 

curves which correspond to three different signals. The line with the highest 

slope (upper blue curve) corresponds to a higher signal. The red line initiates 

from a value 0r  because there was some background signal. Upon doing a read-

out, a high signal is desirable, because the higher the signal the higher the 

sensitivity of the dosimeter. So generally, the criteria that a dosimeter needs to 

fulfill are:  

 Be sensitive (give a high slope) 

 Have a low background signal 0r  

 Have a high upper detection limit, because dosimeters can sometimes 

saturate, so if it receives even more dose than its saturation point it won’t 

give more signal 

 

Figure 2.6: Schematic plot showing different slopes of the signal of dosimeters. 

0r  is the background signal. The higher the slope, the better the signal and as a 

result the better the sensitivity of the dosimeter. 
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2.4.1 Electron spin resonance 
Electron spin resonance (ESR) also known as electron paramagnetic resonance 

(EPR) is a technique, where the basic principle is the identification of free 

radicals, which are molecules containing unpaired electrons, through the use of a 

magnetic field and microwaves. Free unpaired electrons can be found in two 

possible magnetic states, either with a spin-up or spin-down. This is called the 

Zeeman effect. These states have different potential energies when the electrons 

are in an external magnetic field. If the energy in the form of microwaves 

coincides with the energy needed to cause transitions between the spin states, 

the electron may change spin state from up to down or vice versa. This 

phenomenon is known as resonance. Moreover, in the magnetic field there are 

slightly more electrons in the lowest energy state. The ratio between the number 

of spins in each state is given by the Boltzmann distribution function, equation 

2.29: 

Bup K T

down

N
e

N

 
 
 

    (2.29) 

Where upN  and downN  is the number of spins in each state, ΔE is the difference in 

energy between two states, BK  is the constant of Boltzmann and T is the 

temperature of the spin system. What is actually measured in ESR spectroscopy 

is the microwave energy absorbed (Olsson, 2011). Typically the sample with free 

radicals is fixed in a cavity called resonator. Additionally this cavity is connected 

via beam guides to a microwave source and further to a phase-sensitive detector 

(diode). By keeping the microwaves at a certain frequency and by shifting the 

magnetic field until resonance is found, will give a resonance spectrum (Lund et. 

al, 2011). In order to obtain the signal from the spectrum, a signal modulation 

method is used to reduce the noise. This produces a 1st derivative signal, which 

is the experimental ESR signal (Weil et. al, 1994). 

 

2.4.2 Alanine dosimetry 
In this project the method used for measurements of the dose after irradiation is 

alanine/ESR dosimetry. The creation of radicals is of high importance in order to 

see the consequences of radiation on living tissue, as they are the main source 

leading to biological damage in cells. Most radicals which are formed in radiation 

chemistry are short lived. As radiation causes ionizations, which subsequently 

leads to formation of radicals, the radical density is a good indicator of radiation 
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dose. Finally, creation of free radicals in biomolecules such as amino acids is 

shown to be very suitable for use in ESR dosimetry (Regulla & Deffner, 1982). 

 

Figure 2.7: ESR spectrum of irradiated alanine showing the first derivative of the 

absorption curve (Malinen, 2003). 

 

The area that is covered by the ESR absorption curve is proportional to the 

number of free radicals in the dosimeter irradiated. That number of radicals is 

then proportional to the dose. Thus, the area under curve is proportional to 

absorbed dose. However, a typical way to measure the signal is to measure the 

value of the peak-to-peak intensity (figure 2.7) of the first derivative experimental 

curve, because the peak-to-peak is also proportional to the number of radicals 

formed. After reading the signal in terms of peak to peak value, one can estimate 

the actual dose by constructing a calibration curve. In order to make the 

calibration curve (figure 2.8), some additional alanine dosimeters have to be 

irradiated with well-defined doses and then make the read-out of their signal. By 

knowing what signal corresponds to the known doses and by comparing the 

signal of the other alanine dosimeters in question, the dose can be estimated. 
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Figure 2.8: Plot showing a calibration curve constructed for alanine dosimeters 

with well-defined doses up to 12 Gy irradiated with a 60Co source. The y-axis is 

the peak to peak signal (Malinen, 2003). 

 

Alanine dosimeters have many advantages, as well as some disadvantages. The 

benefits are: 

 Non-destructive readout which means that the dose that the dosimeter 

carries is not affected by the read-out. Thus, many readings of the same 

dosimeter can be made without distorting the signal. 

 They come to various shapes and sizes 

 Linear dose response (as the one in figure 2.6) 

The drawbacks are: 

 Their low sensitivity, requiring high doses to be given in order to provide 

an accurate dose estimate  

 Fading, light sensitivity 

Moreover, the dose-response relationship depends on parameters such as 

irradiation temperature, radiation quality, dose rate, dose level and radiation 
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energy. So if a significant dependence on one of these parameters is observed, 

this should be corrected.  

Alanine has properties which are highly wanted in dosimeters used for ESR 

dosimetry. This amino acid has an atomic structure which is very close to that of 

water as far as energy absorption is concerned. It is fading at a rate of only 1% 

per year if it is under normal laboratory conditions (Sleptchonok et. al, 2000). 

Last but not least, the dose-response relationship is linear in the range of 1 Gy - 

104 Gy (Regulla & Deffner, 1982). If the alanine dosimeters are exposed to light, 

then it is usual that their signal is distorted as it can reduce the number of free 

radicals inside of them (Regulla & Deffner, 1982). So dosimeters should be kept 

in a dark place when not used. However this problem is not that pronounced as 

in other solid dosimeters. The most common shape the alanine dosimeters are in 

the “pill” form, also containing small amounts of a binding material (Hansen et. al, 

1987).  

 

2.5 Computed tomography 
Computed Tomography (CT), also known as axial computed tomography, is a 

medical diagnostic modality which is available in every modern hospital today. 

The invention of CT was done four decades ago, in 1972 by the British engineer 

Godfrey Hounsfield who worked at the EMI Laboratories in England and another 

physicist named Allan Cormack. These later became Nobel laureates in 

medicine. The first installation of CT scanners into the clinic was done around the 

year 1974. The first systems available were used only for head imaging, while 

systems that could scan the whole body of a patient were introduced in 1976. CT 

became widely available by about 1980. Today, only in the US there are 6,000 

CT scanners and nearly 30,000 installed in the rest of the world 

(www.imaginis.com). CT imaging gives the opportunity to create images of blood 

vessels, bone, soft tissue and the different organs of the human body.  The book 

used mainly to cover the theory of this section is -“Introduction to Medical 

Imaging”- (Smith & Webb, 2011).  
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2.5.1 CT scan generations  
Throughout these four decades from the invention of the CT scanner, the CT 

technology has advanced with a very fast pace, going from first to current, fourth 

generation scanners. The main improvement of the different generations is the 

time needed to acquire a full body image. The improvements were done mainly 

by changing the design of the detector array and the tube motion. 

The first two generations of scanners are not manufactured any longer, but the 

way they worked and their main principles are very important in understanding 

their next generation relatives. Just one detector was used in the first generation 

scanners. Additionally, the x-ray photon beam exiting the source was a lean 

pencil beam moving in a straight line over the patient and during acquisition. 

After a full motion along the patient, the tube changed angle by 1 degree and the 

whole process was repeated again and again up to 180 degrees angle of the 

detector. The main drawback of this scanner was the time needed for an image 

acquisition as one slice needed around 5 minutes. The second scanner 

generation used an x-ray field in the shape of a fan and more detectors to 

acquire the images. That way a greater range of angles could be achieved in one 

shot. As a result the acquisition time was improved.  

The 3rd generation machine is composed of a large series of detectors which is in 

continuous motion around the patient together with the tube of the unit. Finally in 

the last generation machines, the detectors are fixed in a ring design while only 

the tube moves. The time needed to acquire the image slices is just some 

seconds both for the third and fourth generation unit. In overall, the 

improvements in the 3rd and 4th generations were related mainly to changes in 

the design of the detector array and the tube motion. Figure 2.9 shows a 3rd 

generation (upper image) and 4th generation (lower image) scanner. 
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Figure 2.9: The right image shows a third generation scanner where the 

detectors move roundly in accordance to the motion of the tube. In the right 

image a fourth generation CT scan is shown where the detectors are stationary 

(Hathcock & Stickle, 1993), (Wikipedia.org). 

 

A complete CT scanner is a complex machine composed of many different parts. 

To name some of the parts, we have: The gantry with the detectors and x-ray 

tube, the table where the patient lies during examination, the computer system 

that does all the calculations through algorithms and the operator console, where 

the employee responsible sets all the parameters and the patient information 

before the acquisition. Figure 2.10 shows all the parts of a modern CT scanner. 
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Figure 2.10: Components of a modern CT unit. 

 

2.5.2 Basic principles 
A CT unit uses an x-ray tube which creates photons that are accelerated under a 

high voltage. Then they pass through the volume of interest of the patient and 

exit to the other side attenuated based on the density of the different elements. 

Finally they are collected by the detectors which are set in the other side where 

the beam exits and convert the photon intensity into electrical signals, which are 

amplified and converted from analog to a digital form. A CT scan is composed of 

many slices through the volume under inspection. Afterwards, each and every 

image depicting the different slices is examined separately to find any 

abnormalities. One basic difference of CT scanning relative to X-ray imaging is 

that anatomy is not depicted in a transmission fashion as in x-ray images.  The 

CT image pixel elements are called the image matrix.  Each piχel element 

represents a part of the tissue in the area of interest. The most common matrixes 

used are either 256 pixels x 256 pixels or 512 pixels x 512 pixels. In that way, the 

body is digitally reconstructed in grey levels.  

The grey levels in the CT images are mainly interpreted as differences in x-ray 

attenuation between different tissue elements, for example bones and soft tissue. 

The main determinant of this contrast is in fact the photoelectric effect, while of 

lower importance is the tissue density. Bones are composed of calcium among 

others, so they appear very distinct in CT images compared to soft tissue (which 
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is very carbon-rich), that the photoelectric effect is strongly dependent on atomic 

number. 

The gray level that each pixel has in the CT slices is then expressed through the 

linear attenuation coefficient and its dependence on tissue composition. In other 

words, every element in the CT image matrix is described by an effective 

attenuation coefficient.  

Image formation in CT is achieved by the different reconstruction techniques 

available, each of which has its advantages and disadvantages on the quality of 

the image. The process that these reconstruction techniques follow is to solve a 

series of equations with multiple variables.The most common technique is the 

back projection method, where every projection value is summed to all the 

elements along the direction it was acquired. That however, gives a blurred 

image. In order to overcome this problem, signal convolution with a high-pass 

filter is implemented that enhances the signal in the borders between different 

tissues as shown in figure 2.11. 

Finally it is possible to use a cone beam configuration instead of a fan 

configuration beam, by interfering with the collimation. Thus it makes it feasible to 

acquire many slices per rotation and not just one.  This is called cone-beam CT 

(CBCT). The advantage of this technique is that a big element can be scanned 

much faster than by using a fan beam (Smith & Webb, 2011). 
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Figure 2.11: The top figure illustrates the back projection technique, whereas the 

figure in the bottom shows the filtered back projection (Smith, 1997). 

  

The CT image value is also called the CT-number. The unit used for CT-numbers 

is the HU (Hounsfield unit), which is measured relative to water. For a given 

tissue, the HU is given by equation 2.30: 

1000water

water

HU x
 




    (2.30) 
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Where water  is the attenuation coefficient in water whose value by definition 

gives zero. The second number which is pre-defined and is unchangeable 

regardless of conditions is the attenuation in air, whose value is -1000 HU. When 

the HU of an object is measured to be very high, then it means that it has a high 

atomic number and/or is very dense. For example bone is found to have a HU’s 

exceeding 2000. 

In overall a CT unit uses a x-ray tube which creates photons that are accelerated 

under a high voltage. Then they pass through the area of the patient that is due 

to be examined and pass to the other side attenuated based on the density of the 

different elements. Finally they are collected by the detectors which are set in the 

other side where the beam exits and convert the photon intensity into electrical 

signals. After the signals are amplified they are changed from analog to a digital 

form. Throughout the process, the gantry rotates relative to the patient in the xy

plane while the table of the patient is moving in the longitudinal direction. Thus a 

series of slice images is acquired. In today’s modern CT scanners the gantry and 

detectors move in synchrony in a non-stop way around the patient, which is 

termed the helical technique. The outcome is a very fast acquisition of the 

images which is extremely important in case of an emergency where a patient is 

seriously injured. Additionally it reduces the probability of the patient feeling 

uncomfortable while on the table to move which will result in a distorted image. 

Finally cone beam CT is called the situation where a cone beam configuration is 

used instead of a fan configuration beam, by interfering with the collimation. Thus 

it makes it feasible to acquire many slices per rotation and not just one.  This is 

called cone-beam CT (CBCT). The advantage of this technique is that a big 

element can be scanned much faster than by using a fan beam (Smith & Webb, 

2011). 

 

2.6 Positron emission tomography (PET) 
Most of the theory in this section is taken from the book “Webb’s Physics of 

Medical Imaging, 2012”. Positron emission tomography is a diagnostic imaging 

technique which has many applications in modern medicine. The main principle 

is the use of a positron-emitting radioactive substance attached to biomolecules 

which, by positron-electron annihilation, causes the creation of a pair of photons. 

The use of PET is of great significance in radiology, as it can detect metabolically 

hyperactive tissues, such as tumors or it can also show metastases. Today there 

are many radioisotopes used in PET imaging such as 15O, 11C, 13N and 18F. 

The selection of the most appropriate biomolecule depends on the pathological 
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condition, if it is for cardiological, neurological or oncological examination. Table 

2.1 shows the most widespread tracers used in PET imaging. 

 

Radionuclide Half-Life 
(min) 

Target 
Reaction 

Common 
Compounds 

Usage 

15O  2.0 14 15( , )N d n O  15

2O  Oxygen 
metabolism 

- - - 15 15 15

2 2, ,C O C O H O  Blood fow, blood 
volume 

13 N  10.0 16 13( )O pa N  13

3NH  Myocarial 
perfusion 

11C  20.4 14 11( )N pa C  11 11 11

2 3, ,CO CO CH I  Radiolabelling a 
large range 

18 F  110 18 18( , )O p n F  18 FDG  Glucose 
metabolism 

124 I  6048 124 124( ,2 )Te d n I  124Na I  Thyroid imaging, 
labelling proteins 

82 Rb  1.3 82 Sr decay  82 RbCl  Myocardial 
perfusion 

Table 2.1: Most common positron-emission tracers used in PET-imaging 

(Webster et. al, 2012). 

 

2.6.1 Basic principles 
The radioisotope to be used during a PET examination is produced in a 

cyclotron. For instance, to produce 18F, protons are accelerated a kinetic energy 

of about 16 MeV and used to bombard 18O-water. This yields 18F plus neutrons.  

However, 18F decays with a half-life of 110 min (table 2.1) so the following 

production of the radioactive tracer molecule has to be made rather fast. Still, 18- 

FDG has two important assets compared to the other positron emitters. Firstly it 

has a prolonged half-life which gives more time between the creation of the 

radioisotope in the cyclotron up until the acquisition of the scan. Secondly it has a 

low positron energy which contributes to an enhancement in the resolution of the 

final reconstruction (en.wikipedia.org). The molecule used for the binding of the 

radioisotope can be a sugar, a protein or even a hormone. Each of these is 

tailored to take part in a specific process inside the body. The radioactive tracer 

is injected into the patient’s bloodstream where reactions take place. The 

radioactive atom on the tracer may emit a positron, which gradually loses energy. 

In the end the positron hits an electron orbiting around an atom and annihilation 

takes place. The energy from this process is released in the form of two photons 
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moving in opposite directions out of the patient’s body. The PET scanner has the 

shape of a big ring and is equipped with many detectors set circularly. The 

number of detectors equipped in modern units, may reach ~2000 and the axial 

typically ~20 cm. The two γ-rays exiting the patient, hit the detector ring on 

opposite sides.  Their origin can be verified by following their reverse path. By 

detecting thousands of these events every second and through complex iterative 

reconstruction algorithms the volume under examination is revealed in three 

dimensions. Figure 2.12 is an overview of the process of PET scanning, starting 

from the injection of the radioactive substance up to the reconstruction of the 3-D 

image. 

 

 

Figure 2.12: Overview of PET examination. The radioactive isotope emits a 

positron which travels a short distance before it reacts with an electron and 

annihilate. Two opposite moving photons are produced through this process and 

are detected by several detector rings fixed around the patient 

(www.medicalxpress.com). 

 

The data that a PET unit obtains is a series of pairs of γ-rays identified very close 

in time, which are recognized by the ring detector system. Modern PET scanners 

use a time window of approximately a few nanoseconds to register these pairs of 

γ-rays. All of these events are characterized by the so-called line of response 
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(LOR) which associates these two photon counts. These can be categorized into 

sinograms, as discussed for CT. PET images can be noisy because of two main 

contributors, scattered photons and random events. The first describes a pair of 

photons which was scattered from its initial track, so they can falsely be 

associated to an untrue line of response. The latter describes photons that were 

produced from dissimilar annihilation but are assigned as if they came from the 

same event. So generally before the data are analyzed, there should be some 

editing to compensate for random and scattering events (en.wikipedia.org). 

 

2.6.2 FDG-PET  

A widely used PET tracer in tumor detection is the Fluorine-18 labelled 

fluorodeoxyglucose (FDG), which is a sugar analogue. Studies show that tumors 

absorb glucose in a very fast pace compared to normal tissues. 18F-FDG differs 

from glucose because a hydroxyl group in the second position is replaced by 18F 

(figure 2.13). Tumors consume FDG in more or less the same way as they 

absorb glucose with the difference that FDG cannot undergo the full glycolytic 

chain. This fact is very important for PET scanning, as the tracer will accumulate 

in high amounts in tumors, resulting in high intensity in the PET images which 

aids tumor detection (figure 2.14) (Sibylle, 2005). Studies show that high 

concentration of FDG in tumors for patients who have lung cancer, cervical 

cancer, or head and neck cancer is prognostic for low survival rate (Grigsby, 

2008), (Carvalho et. al, 2013). Furthermore, the parts of the tumor that have the 

highest FDG uptake before treatment are the most aggressive and also the most 

probable to have recurrences later on (Due et. al, 2014), (Aerts et. al, 2014).  



30 
 

 

Figure 2.13: Comparison of glucose molecule (left) and FDG molecule (right) 
(en.wikipedia.org). 

 

 

Figure 2.14: The figure shows 18-FDG PET-based whole body scanning. The 

accumulation of high amounts of PET is visible in the large tumor located 

centrally in the image (en.wikipedia.org). 
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2.6.3 SUV unit 

A very common way to quantify the amount of radiotracer that a tissue absorbs is 

in terms of the Standardized Uptake Value, abbreviated as SUV. It’s often used 

for the analysis of 18F-FDG images of cancer patients and it is defined by the 

ratio:  

( )

[ ( ) / ' ( )]

C T
SUV

injection dose MBq patient s wight kg
    (2.31) 

Where C(T) is the tracer concentration (estimated by the PET scanner) at a 

specific at a specific moment (T) relative to the dose of the radioactive substance 

that was incorporated in the body of the patient per kilogram of his body mass. 

The SUV value is a semi-quantitative value as it can be affected by many 

parameters, such as image noise and low image resolution. Finally it is important 

to note that tissues other than cancer can absorb FDG and have a high SUV. 

This is often tissue which has an inflammation or is infected 

(www.radiopaedia.org).  

 

2.7 Radiotherapy 
 

This section describes radiotherapy and the techniques and principles that are 

employed for this type of treatment. Most of the theory in this part is taken from 

the Handbook of Radiotherapy and Physics – Theory and Practice (Mayles et. al, 

2007). Here, it is described what a linear accelerator is and what the different 

apparatus that constitute one unit are. A brief explanation of the basic principles 

of accelerators will be described. 

Χ-ray tubes that can accelerate electrons with energies up to 300 KeV are good 

for treatment of superficial lesions and tumors that are not very deep inside the 

body. However if the patient has a deep-seated tumor then X-rays with high 

penetrating capability is needed. This can be achieved with units that accelerate 

electrons in the megavoltage range. The machines that can achieve this high 

energy acceleration of electrons are typically linear accelerators, betatrons and 

microtrons. Out of the three the linear accelerators are the most widely used, 

both because of their low cost and the fact that they can be constructed in 

considerably low sizes. 
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The main idea behind the function of linear accelerators (linacs) is the use of an 

RF-pulse produced by e.g. a magnetron which can create up to 5000 pulses in a 

mere second. These pulses are then fed into the acceleration waveguide of the 

linac. The unit is also equipped with an electron gun which is ejecting electrons 

into the waveguide with the same phase and frequency as the RF-pulses. In that 

way, the electron meets a pulse and “surfs” on top of it throughout the 

waveguide. As the electrons travel along with the pulses, they gradually gain 

more and more energy, with the highest energy obtained at the point where they 

exit the waveguide. A bending magnet may be used to bend the electrons 

vertically, if the accelerating waveguide is mounted horizontally. These electrons 

can either be used to treat a patient directly, or bremsstrahlung X-rays from 

radiative losses can be produced. In the latter, a metal target is inserted into the 

electron beam to create the X-rays. The most common target material is tungsten 

as it has a high atomic number with high probability of radiative losses. In many 

cases there is a beam flatness filter right after the source, so that when the X-ray 

photons exit, they will produce a more or less flat dose distribution in the 

horizontal direction. If however an electron treatment is preferred, then instead of 

a target material, a scattering foil is placed in order to let the electrons scatter 

and result in a wider beam.  Most parts of the linac are put inside a gantry that is 

able to rotate around the patient relative to a stationary point called the isocenter 

and deliver the planned radiation at a given angle. Figure 2.15 is a schematic 

sketch of a linear accelerator used in radiotherapy for treatment with X-rays. 

 

 

Figure 2.15: Illustration of all the different components that a linear accelerator is 
composed of (www.clinicalgate.com). 
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2.7.1 Beam collimation and control 

After the X-ray beam has been produced in the target material, the extension of 

the beam is limited by a primary collimator. Right after this, there is usually a 

double ionization chamber. The first one is used to measure the accumulated 

beam intensity, which is given as so-called monitor units (MU). Before use, the 

linac is calibrated so that a given MU corresponds to a given dose at certain 

depth in water. In the case of treatment, the desired MU is set by the operator to 

give a desired dose to the patient. The second ionization chamber is used as a 

back-up, in case the first chamber malfunctions. Downstream, there is a second 

collimator which may be used to shape the beam to fit the beam to individuals 

patients disease extensions. Nowadays the most common collimator system is 

the multi-leaf type which is composed of many thin plates that can move 

independently to each other and provide many different shapes and sizes. 

Modern linear accelerators can create from very tiny field sizes up to 40 x 40 cm 

to cover larger volumes. Also the energy of the photons can be selected for 

different treatments, but the most common ones are 6 MV, 10 MV and 15 MV. 

Figure 2.16 shows how the MLC leaves can be positioned in order to create 

different field patterns. 

 

 

Figure 2.16: Different field patterns can be achieved through MLC, as each leaf 
can be moved separately from their neighbors (www.maxonmotorusa.com). 

 

http://www.maxonmotorusa.com/
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2.8 Volumes and margins used in radiotherapy 

The international commission on radiation units and measurements (ICRU) has 

established the volumes and their margins used during radiotherapy treatment 

planning (ICRU, 1993). These are the (GTV), (CTV), (PTV) and (ITV).  Gross 

Tumor Volume (GTV) is the main part of malignant tumor and is found through 

careful examination of diagnostic images. Coming next, the Clinical Target 

Volume (CTV) is the (GTV) plus neighboring areas where there is suspicion that 

cancer cells have migrated. Internal Target Volume (ITV) consists of the (CTV) 

plus an additional margin which is compensated for body movement, both 

external and internal. The Planning Target Volume (PTV) contains both the (ITV) 

and an additional margin which compensates for uncertainties in the field. Figure 

2.17 shows all the different volumes described above. Last but not least, the 

irradiated volume is the region in which the dose delivered is of comparable in 

importance relative to the tolerance of normal tissue. Finally the organs at risk 

(OARs) are volumes which are healthy and can’t tolerate high dose so they have 

to receive as low dose as possible during irradiation and have to be taken into 

account during treatment planning. Each organ has a different tolerance against 

radiation which can be found through bibliography.  

 

 

Figure 2.17: Established ICRU volumes in radiotherapy (Høyer et. al, 2011).  

 



35 
 

2.9 Dose calculations 

The improvement of modern computers has made it possible to do complex 

calculations of energy depositions from ionizing radiation, which can be used to 

simulate the dose distribution inside a patient in just a few seconds. This is 

achieved through mathematical algorithms offered in the treatment planning 

systems. In this project, the algorithm that was put into effect is the Analytical 

algorithm (AAA), which is part of the Varian eclipse treatment planning system 

installed at Oslo University Hospital. The deposition of dose is calculated as the 

mixture of dose delivery through a mathematical kernel constituted by scattered 

photons and electrons. The kernel may be estimated from Monte Carlo 

simulations where kernel parameters are stored in a look-up table in the planning 

system (Van Esch et. al, 2006). The dose is thus determined as if it is a 3D loop 

of these kernels distributed within the treatment beam. Moreover, the radiation 

field is assumed to be composed of many beamlets and the patients are 

constituted by the CT 3D image matrix.   

 

 

2.10 Dose volume histograms (DVH) 

Dose volume histograms (DVH) are plots of dose [ ]Gy  - %Volume, which gives 

an overview of the radiation dose distribution inside a region of interest in the 

patient. DVHs are widely used in the treatment planning process, as they can 

straightforwardly give an idea of the dose received both by healthy tissues and 

targets. There are primarily two DVH categories, known as differential and 

cumulative plots. The differential type is a plot showing the number of voxels that 

received a given dose. The cumulative plot, which is the most common, shows 

the percentage of a certain volume that has received a given dose or higher. 

DVHs are very useful for clinical evaluation of treatment plans, and can also be 

further processed by mathematical modelling to calculate e.g. probability of tumor 

control (Drzymala et. al, 1991). Figure 2.18 is an example of a cumulative DVH. 
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Figure 2.18: Illustration of a cumulative DVH. In the X-axis is the dose and in the 
Y-axis the percentage of the volume that received a specific dose or higher 
(Holm et. al, 2013). 

 

2.11 Volumetric modulated arc therapy (VMAT) 

The theory of this section is based on a review (Teoh et. al, 2011). Volumetric 

modulated arc therapy (VMAT) is a technique widely used in radiation therapy. 

Compared to conventional radiotherapy, this technique is used to deliver higher 

doses to the tumor and thereby sparing more normal tissue and organs at risk. 

One significant benefit over e.g. Intensity Modulated Radiotherapy (IMRT) is the 

enhancement in treatment delivery due to the fact that the time and MU’s are 

highly reduced. Two typed of modulated arc deliveries exist, tomotherapy and full 

volumetric modulated arc therapy (VMAT). VMAT provides the possibility for the 

user to differentiate between three criteria, the gantry rotation speed, the shape 

of the beam by using MLC collimators and the dose rate (Otto, 2008). 

Improvements in VMAT technique systems have made it possible to treat the 

entire target by applying one or two arcs, although complex cases may require 

more. Today there are various vendors providing commercially VMAT systems 

such as Varian and Elekta.  

The radiation beam used in VMAT is at given time point during beam delivery 

usually very narrow. While the gantry is rotated, the radiation is delivered 

continuously in the form of small segments, called beamlets. Dosimetrically these 

segments are of concern. When a large radiotherapy field such as a 10x10 cm 
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field is used to treat a patient, equilibrium (see CPE above) is created along the 

central axis due to scattered radiation. However if a very narrow-beam is used 

such as these beamlets, the dose relative to the penetration depth will be 

reduced, because with narrower beams there is no such in-field equilibrium. The 

size of an ionization chamber used in a linear accelerator may be bigger than the 

size of VMAT beamlet, so dose measurements in such small beams are 

associated with greater uncertainties. As the field size becomes bigger, these 

uncertainties are reduced. This is a problem known as “Small Field Dosimetry”, 

which can be explained better with a schematic plot between the measured 

output factor OF and the field size as shown below. The OF is described by the 

ratio between the dose due to a narrow field, relative to the dose given by a 

broad field with the same MU and for the same depth: 

narrow

broad

D
OF

D
    (2.32) 

VMAT can be realized via inverse optimization. In inverse optimization, the user 

sets upper and lower constraints for different targets and OARs. The optimal 

would of course be not to give the OAR any dose, but during irradiation there 

would always be some dose delivered to these tissues as well. Dose criteria 

established based on previously published clinical results can be found in the 

literature for each specific organ. Similar constraints are for the tumor to make 

sure that the cancer cells are eradicated. Apart from that, the user chooses what 

the prescribed dose should be and the system strives to achieve the best result 

which is closer to these demands by changing the VMAT delivery parameters 

iteratively. In addition, the energy of the radiation and how many arcs that will be 

used during treatment are chosen prior to optimization. The optimization principle 

is thus that the TPS through iterative processes tries many different 

configurations in order to find the best treatment by fulfilling the desired 

objectives. This is done through the minimization of a function, called the cost 

function, which is simply a mathematical expression that minimizes the quadratic 

difference between the sum of the prescribed doses ( presD ) and the planned 

doses ( planD ) and is given by the equation 2.33: 

 
2

min
pres planD D  

  
   (2.33) 

There is only one overall minimum of this function, however through this iterative 

process, many local minima may be found. In order to avoid the TPS from 
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stopping when encountering such a local minimum, some further criteria and 

further iteration may aid finding the global minimum. 
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3 Materials and methods 
 

This chapter describes the equipment and methods used for treatment planning, 

irradiation of the phantom and dose calculations. In this study, a series of 

treatment plans were constructed based on PET/CT images of a NSCLC patient 

(van Elmpt et. al, 2012). The different plans were then transferred to a lung 

phantom constructed based on the CT images of this patient. Furthermore, inside 

the phantom were 101 cavities in different positions, the purpose of which was to 

be filled with alanine dosimeters, which were placed both in positions that 

corresponded to normal tissue and tumor. The planning was done using a 

commercial Eclipse Treatment Planning System (TPS), (version 10.0, Varian 

Medical Systems, Inc, Palo Alto, USA) and the irradiation was done with a 6 MV 

(Varian Trilogy linear accelerator of Varian Medical Systems) with a 120 leaf 

Millennium multi leaf collimator, at the Oslo University Hospital, Norway. Prior to 

irradiating the phantom, a calibration series of alanine dosimeters, were 

irradiated. After each irradiation based on the different plans, all the alanine 

dosimeters, both the ones inside the phantom as well as the ones used for 

calibration, were transferred at the ESR laboratory of the Department of Physics, 

University of Oslo for cross-examination. Electron paramagnetic resonance 

spectroscopy was used to measure the signal from the dosimeters in an EPR-

spectrometer with a Bruker ER041XG X-band Microwave Bridge.  Finally a 

calibration curve of well-known doses was constructed in order to interpret the 

signal of each alanine dosimeter into a dose. 

 

3.1 Patient & phantom characteristics 
The phantom was constructed based on pre-treatment PET/CT images of a non-

small cell lung cancer (NSCLC) patient with a stage III tumor measuring 184 3cm  

(Svestad et. al., 2016), located in his left lung. The PET/CT images were 

acquired on a Biograph 40 PET/CT scanner (Siemens AG, Germany) after the 

use of 205 MBq 18FDG, an hour before the actual scan.  Figures 3.1, 3.2 show a 

CT image of the patient of a middle slice and a PET-image showing the FDG-

uptake in the different areas of the tumor respectively. The so-called “hot-iron” 

color scale was used to present the FDG-uptake. As seen from figure 3.2, the 

parts of the tumor that have the “white” color are also the parts of the tumor that 

absorbed the most FDG. Finally the right shows the CT image of the patient (on 

the left) blended with the PET-image (in the middle). Additionally, figure 3.4 

shows the reconstructed CT image of the entire volume of the patient for a 

coronal and a sagittal plane. 
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For obtaining the PET images, 18FDG was injected. The time after the injection 

in order to obtain the images was about one hour, based on standard protocols. 

The images were reconstructed with a standard three-dimensional reconstruction 

algorithm called OSEM2i21s, using a matrix composed of 168 x 168 elements 

with a pixel size of 4.07 x 4.07 mm, whereas the thickness of each slice is 2.025 

mm. The CT images are obtained using a tube voltage of 120 KV. The pixel 

matrix is 512 x 512 with a pixel size of 0.98 mm, whereas the thickness of each 

slice is 3 mm.  

 

Figure 3.1: CT image of the patient with delineated GTV (orange color). 

 

 

Figure 3.2: PET-image of showing the PET-uptake along the tumor with varying 

color tones based on its intensity. 
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Figure 3.3: CT image (figure 3.1) overlapped with PET-image (figure 3.2). 

 

 

Figure 3.4: Reconstructed CT images of the whole patient. Left image: Frontal 

plane. Right image: Sagittal plane. 

 

The phantom used in the study is based on the CT images of a NSCLC patient. It 

is an anthropomorphic phantom composed of materials which simulate both 

normal tissue and tumor. The phantom is 13.2 cm in the longitudinal direction 

and is composed of eleven slices of 1.2 cm width, each of which is divided into 

three identical sub-slices of 4 mm width. These slices contain materials which 
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correspond to tumor, lung or soft tissue. In addition to the main part of the 

phantom, two extra parts are placed both on the top and bottom of it to simulate 

realistic radiation scattering conditions. These two parts are composed of ten 

indistinguishable slabs of 5 mm width. The material which simulates soft tissue is 

polystyrene (Vikureen, Vink BVBA, Belgium). It has a density of ρ = 1.06 
3/g cm  

and its tradename is Vikureen PS black 840 Matt for the top and bottom slabs 

and Vikureen PS white 744 Matt for the main part of the phantom. The material 

used to simulate the lung tissue is polyurethane (Vikureen, Vink BVBA, Belgium). 

It has a density of ρ = 0.25 
3/g cm  and its commercial name is Ebazell 260.  

 

 

Figure 3.5: The top images show the whole phantom fully-assembled. The top 

and bottom slabs of the phantom are the ones with the black color. The two 

images below show two slices of the phantom after it was disassembled. The left 

is the middle slice of the phantom, positioned on the central part of the tumor, 

with the most alanine dosimeters both in the tumor and normal tissue. 

 

The phantom contains a total of 101 cylindrical cavities for alanine dosimeters. 

The alanine dosimeters have a cylindrical shape and a height of 2.5 mm, 

whereas their diameter is 5 mm. Their commercial product name is ES200-2106 

and the supplier is Gamma Service Produkt bestrahlung GmbH. The top and 
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bottom black parts also contain in total eight cavities, each with a depth of 2.5 

mm. The remaining 85 cavities are positioned throughout the main-body of the 

phantom, and the majority of them lie in the part where the tumor is situated, 

whereas the rest are positioned throughout the normal tissue. The depth of these 

cavities is 6.5 mm. After the cavities of the phantom have been filled with the 

dosimeters, an extra cap has been placed on top to prevent the alanine 

dosimeters from moving inside the cavities. These caps were made from the 

same materials as the phantom, and had a height of 4 mm. The cavities inside 

the phantom were numbered from 1 to 101 and a map-labelling of those 101 

cavities was made. This map helped during the labelling of the alanine 

dosimeters after they were extracted from the phantom, as will be explained 

later. In figure 3.6, a CT image of the middle slice of the phantom is visible, which 

has the most cavities. 

 

 

Figure 3.6: Top image: CT image of the middle slice of the phantom depicting 

the position of the cavities both in the normal tissue and across the tumor. 

 

3.2 Treatment planning 
The tumor volume (Gross Tumor Volume, (GTV)), the organs at risk (OAR) as 

well as some other selected target areas were delineated on the PET/CT images 

in the TPS by medical physicists. The delineations were used during treatment 

planning at the Oslo University Hospital. In this study four different treatment 

plans were constructed for the lung cancer patient using VMAT optimization. The 
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minimum prescribed dose for the first plan was 70 Gy, a calibration series of 2 

and 6 Gy was used and the radiation was delivered in one fraction. The second 

and third plan were copies of the first plan but a calibration series of 2, 6, 10, 14 

and 18 Gy were used instead, while the dose was delivered in four fractions. 

Finally for the forth plan we created a more extreme dose along the tumor, were 

the minimum prescribed dose was 67.5 Gy, 2, 6, 10, 14 and 18 Gy were again 

used for the calibration series and four fractions. Additionally the delivery of the 

dose was done using two half arc for each irradiation. The treatment plans were 

constructed following the pre-treatment PET/CT images of the patient of this 

study, in order to have a more clinically realistic result. The volumes delineated 

on the patient images were then transferred onto the CT images of the lung 

phantom. It was very important that the exact same volumes were transferred as 

far as the position and dimensions were concerned. In order to construct the 

plans and calculate the dose distributions, the Eclipse treatment planning system 

(TPS) (version 10.0, Varian Medical Systems) and the Analytical Anisotropic 

Algorithm (AAA), (version 10.2.28, Varian) were used respectively as mentioned 

before. 

The different volumes on the patient images that were used during treatment 

planning were contoured by medical physicists. Namely the volumes used were 

the GTV, PTV, lungs, the heart, the esophagus and finally the spinal cord. The 

GTV was manually contoured in each section while the PTV was defined by 

adding a 5 mm margin in all directions of the GTV. Furthermore, as far as the 

lungs are concerned, Eclipse exploits a method which sets a threshold for the CT 

numbers of all pixels. Pixels with a lower CT number than this threshold were 

considered as lungs. The heart was defined straightforward based upon the CT 

images. Finally the esophagus and spinal cord were defined based upon the 

images. 

 
 

3.2.1 DPBN prescription  
FDG-PET images of the patient were used as basis for creating DPBN maps. 

Firstly, the GTV delineation, the PET images and a TPS calculated DICOM file 

were put in the programming language IDL v8.2, (Interactive Data Language 

v8.2, ITT Visual Information Solutions) in a special program constructed by 

(Arnesen et. al., 2015). The DICOM file is just a format, used widely in medicine 

today, which stores inside of it a dose distribution and makes it possible to be 

transferred between different software and be exploited in various ways. A linear 

relationship between prescribed dose to each voxel and FDG PET uptake was 

applied inside the primary tumor volume (GTV), in order to obtain the 18FDG-
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based DPBN tumor prescription map. The formulas used are the same as in the 

work by (Vanderstraeten et. al, 2006) and presented below: 

,v low v lowD D I I     (3.1) 

  1
v low

v low high low

high low

I I
D D D D for I

I I


  


     (3.2) 

,v high v highD D I I     (3.3) 

 

Where 
vD  is the prescribed voxel dose and 

vI  is the PET image voxel value. The 

lowest lowD  and highest highD  dose were prescribed to the 5% and 95% percentile 

of the FDG uptake in the GTV, which means that only 5% of the voxels received 

the lowest and only 5% of the voxels received the highest dose. That way the 

actual DPBN plan was more robust against noise. The decision of the highest 

dose highD  was such, so that given a minimum dose lowD , the mean dose in the 

GTV would be rigid. In this study lowD  was defined as such in order to be equal to 

the prescribed dose to the PTV. In overall, based on this description, a 3-

dimensional dose prescription map was constructed in the programming 

language IDL (Interactive Data Language, ITT Visual Information Solutions, 

v8.2). Figures 3.5 and 3.6 show the DPBN prescription dose map for the two 

treatment plans made in this project, plan1 (70 Gy minimum prescription dose) 

and the extreme plan (plan4), (67.5 Gy minimum prescribed dose). We decided 

to start with plan1 and only after we saw that the dose was delivered accurately 

enough and the conditions-constraints were fulfilled to a great extent, did we 

create the more extreme plan which the TPS strived more to accomplish.  Based 

on the dose scale on the left corner, which is the absolute dose, one can notice 

the dose gradience created across the GTV. The red areas correspond to higher 

doses while the blue areas correspond to the lowest doses planned. Notice that 

the dose scale is not in the same range in the two figures 3.7 and 3.8. 
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Figure 3.7: Prescription DPBN for the first plan constructed with the 70 Gy 

minimum prescribed dose.  

 

 

Figure 3.8: Prescription DPBN for the second and most extreme plan 

constructed with the 67.5 Gy minimum prescribed dose.  
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3.2.2 DPBN inverse prescription 
 From the dose prescription map, an inverse dose painting by number 

prescription map was constructed. In principle, this is done by subtracting the 

prescribed dose from maximum prescribed dose, highD  , for each voxel. In the 

inverse prescription map voxels having an original prescription of highD  will have a 

value of 0 Gy and voxels having an original prescription of 
lowD  will now have a 

value of 
high lowD D , with intermediate dose levels ranging between. The method 

is sensitive to voxels on the border of the GTV being sampled as outside the 

GTV in IDL, but inside the GTV in the TPS. This is solved by assigning all voxels 

outside the GTV a fixed value of 50Gy in the inverse map and inverting the 

voxels inside the GTV around a value of 50 Gy + lowD , giving voxels with an 

original prescription of highD  a value of 50 Gy – (
high lowD D ) and voxels with an 

original prescription of lowD  a value of 50 Gy. The additional uniform dose of 50 

Gy is accounted for during optimization in the TPS. 

In figure 3.9, the left plot shows an example of the relationship between PET-

intensity and dose for the DPBN prescription map, while the right plot shows the 

resulting inverse DPBN prescription map. 

 

Figure 3.9: Left image: Shows the linear relationship between FDG-uptake and 

Dose that was applied in order to construct the DPBN prescription map. Right 

image: Shows the resulting inverse DPBN prescription map. 

 

The DICOM dose file which was transferred to the IDL program was then used 

as a baseline to create two additional files. One which contained the prescription 

map and one which carried the inverse prescription map. The first was meant to 
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be used just for comparison with the actual DPBN plan, while the latter was used 

as a mock plan to trick the TPS system during inverse optimization. After 

transferring both files into the TPS, the actual DPBN plan was constructed using 

VMAT. Two 6 MV arcs were used. By adding the inverse plan as a mock plan in 

dose summation mode, the system defines it as a pre-treated plan. Therefore, if 

a constant summed dose highD  along the GTV is asked, the TPS tries to create a 

DPBN plan the same as the prescribed DPBN prescription plan for the tumor.  

Figures 3.10 and 3.11 show the DPBN prescription maps (left image) compared 

to their resulting inverse dose prescription maps (right image). It is visible that the 

red areas which had the highest doses in the initial prescription maps have now 

the lowest doses, presented with the blue color based on the dose scale in the 

left corner. Respectively the lowest doses which were primarily on the edges of 

the tumor in the prescription maps have now the highest dose in the inverse 

maps. Additionally a red color is visible outside of the GTV volume in the 

background of the inverse prescription map (figures 3.10, 3.11) .This is the 

artificial dose of 50 Gy that was explained in the beginning of subchapter 3.2.2. 

The extra dose was also considered during optimization for the plans made. 

Thus it helped to make the dose prescription map became more robust against 

noise.  

 

 

Figure 3.10: DPBN prescription map (left image) and resulting inverse dose 

prescription map (right image) of the first plan (70 Gy minimum prescribed dose). 

The areas that had the high doses (red color) receive the low doses (blue color) 

in the inverse prescription map and vice versa. The right image also shows the 

homogenous dose of 50 Gy outside the GTV as explained previously. 
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Figure 3.11: DPBN prescription map (left image) and resulting inverse dose 

prescription map (right image) of the most extreme plan (67.5 Gy minimum 

prescribed dose). The areas that had the high doses (red color) receive the low 

doses (blue color) in the inverse prescription map and vice versa. The image also 

shows the homogenous dose of 50 Gy outside the GTV as explained previously. 

 

3.3 Phantom treatment plans 
GTV, PTV, esophagus, heart and spinal cord were transferred from the patient 

images to the phantom images as described previously in subchapter (3.3 

Treatment planning). The lungs were automatically segmented in the phantom 

images. Figure 3.12 below shows the middle slice of the phantom CT image with 

the different delineations. It is possible to notice the cavities lying both in the lung 

and the GTV (small round white spots). 
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Figure 3.12: Contour window in Eclipse Varian TPS. Left image: Αxial PET / CT 

slice of patient. GTV delineated with orange line, whereas PTV with blue line and 

spinal cord with green.  Right top-middle image: Reconstructed CT image of full 

patient volume for a sagittal and coronal plane respectively. Bottom right image: 

3D patient volume. 

 

After the volumes were drawn in the phantom images, all patient plans were 

transferred to the phantom. For all plans a second optimization was run using 

exactly the same dose restrictions as it was used for the patient. The first plan, 

plan1 had a minimum prescription dose to the GTV of 70 Gy, while the whole 

prescription dose was 3.2 Gy over 24 fractions, we used one fraction for the 

irradiation and just two calibration doses. The second and third plans, plan2 and 

plan3, were a copy of plan1. Plan2 was the same as plan1 but four fractions 

instead of one and a greater range of calibration dosimeters were used, because 

the sensitivity of alanine dosimeters is better at higher doses. Plan3 was the 

same as plan1 but an on purpose error was applied, by moving manually, and 

not automatically through the TPS, the coach of the linac, where the phantom 

was positioned, 5 mm in all directions relative to the isocenter. The current 

vertical position was 9 cm and it was moved upwards to 8.5 cm. The longitudinal 

position was 92.6 cm and it was moved towards the gantry to 93.1 cm. Finally the 

lateral position was 992.7 cm and it was moved to the left of the patient where 

the tumor was to 993.2 cm.  Finally the last plan, plan4 was more extreme as it 

had greater dose gradience across the GTV. The minimum prescription dose 

was 67.5 Gy over 24 fractions, the same range of alanine dosimeters was used 

and four fractions were given during the irradiation as in plan2 and plan3. For all 
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plans a 6 MV linac was used during the irradiation and two half arcs for each 

fraction. Following are two tables which correspond to the optimization criteria 

used for the two constructed plans. The first table concerns plan1, whereas the 

second (bottom) concerns the extreme treatment plan. 

 

Structure Limit Vol [%] [Gy] 

Heart Upper 4.5 63.65 

GTV Upper 0 120 

GTV Lower 100 120 

Lungs hs + vs Upper 15.5 67.80 

Medulla spinals Upper 0 74.23 

PTV Lower 100 120 

Esofagus upper 29.5 76.87 

Table 3.1: Optimization criteria, plan1. The technicality with the addition of the 

artificial 50 Gy dose was taken into account. 

 

Structure Limit Vol [%] [Gy] 

Heart Upper 4.3 59.91 

GTV Upper 0 117.5 

GTV Lower 100 117.5 

Lungs hs + vs Upper 15.5 64.70 

Medulla spinals Upper 0 71.76 

PTV Lower 100 117.5 

Esofagus upper 30 77.55 

Table 3.2: Optimization criteria used, extreme plan. The technicality with the 

addition of the artificial 50 Gy  dose was taken into account. 
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3.4 Phantom irradiation 
The irradiation for all plans was implemented at Oslo university hospital using a 

Varian Trilogy linear accelerator armed with a 120 blade Millennium multi-leaf 

collimator. Prior to each irradiation of the phantom, nine (for plan1) and eighteen 

(for all rest plans) dosimeters were irradiated for calibration purposes. The range 

of this calibration was 0, 2 and 6 Gy  for irradiation of the first plan, and all the 

rest plans had a calibration range of 0, 2, 6, 10, 14 and 18 Gy. Three alanine 

dosimeters were used for each dose value of the calibration dosimeters. The 

higher the dose ranges of the calibration dosimeters, the better the sensitivity of 

the alanine dosimeters. The irradiation of these extra dosimeters was performed 

in a standard water calibration phantom made of polymethylmethacrylate 

(PMMA), (Physikalisch Technische Werkstatt, Germany), the dimensions of 

which are 30 × 30 × 30 3cm  which was filled with still water. The dosimeters were 

fixed upon a holder made of PMMA and was positioned in the water phantom. 

For all plans the PMMA holder of the calibration dosimeters was fixed in 5 cm 

depth in the water phantom, had a distance from the source to the surface of the 

phantom which was 95 cm, the energy of the radiation used was 6 MV and the 

field size used during all irradiations was 10x10 2cm . Those values are in 

compliance with the protocols used in the department for the calibration. A 

calibration factor for the phantom had to be taken into account. The thickness of 

this glass is 3 mm and is made of PMMA, which has a density equal to
31.19 /g cm  . When a 6MV linac is used during the irradiation, the value of this 

calibration factor is set to 0.9979, so the calibration doses had to be divided by 

this number in order for them to be corrected. However after applying this 

correction the change from the initial value was so minute that it played no 

significant role. As previously mentioned, the dose was delivered in one fraction 

in plan1 whereas four fractions for all the rest plans. A calibration series of 

dosimeters were acquired for each plan. As far as the irradiation of the phantom 

is concerned, the phantom was adjusted manually so that its isocenter would 

coincide with the one on the planning system for each plan. Furthermore, a cone 

beam CT-scan was acquired before each irradiation for all plans in order to 

correct for any possible deviations in the position between the phantom when 

placed under the linac and the position of the phantom in the treatment planning 

system. The system then performed an automatic modification to correct for 

those deviations, which were very small in the range of 1 mm. Thus the 

dosimeters absorbed also some dose from the Cone beam CT process, but the 

doses were so small, in the range of few mGy that they didn’t have any 

significant role to the overall dose that the alanine dosimeters received. After the 

irradiation, the alanine dosimeters were extracted from the phantom, each stored 
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inside a small tube and finally labeled with a number corresponding to the 

position in which they were placed within the phantom. The same process was 

applied for the alanine dosimeters irradiated for the calibration. Finally all 

dosimeters were kept within a black bag and saved inside a self so they were not 

exposed to light, until they were transferred to the ESR lab for read-out. Figure 

3.13 below shows the dosimeter holder used to hold the calibration alanine 

dosimeters during irradiation. 

 

 

Figure 3.13: Dosimeter holder of made of PMMA used during irradiation of the 

calibration series. 
 

3.5 Portal dosimetry (plan verification)  
Portal dosimetry is an established clinical method used to verify if the dose 

distribution within a patient, or phantom in this study, matches the dose 

distribution planned in the treatment planning system. For the constructed plans, 

a verification plan was also performed using portal dosimetry (Eclipse Varian 

Medical Systems) for plan1 and the extreme plan. Since plan2 and plan3 are 

identical to plan1 with regard to dose delivery per fraction, verification plans were 

nod performed for these. The verification plan was based on the VMAT plans 

made for plan1 and plan4. All the parameters in the verification field, such as the 

energy of the beam, the number of fields used, the pattern that the MLC leaves 

follow to move and the dose rate are the same as in the original plans. For each 

field, a dose distribution is calculated for a plane. The user of the software thus 

takes the PDIP (Portal Dose Image Prediction). The angle of the gantry was set 

to 0 degrees for both plans when the irradiation was performed. What is 

irradiated is a detector, called the MV imager which has the form of a panel and 

is armed in the opposite side of the source of the linac, in other words under the 

coach. The distance between the source and the MV imager is 100 cm. After this 

MV imager is irradiated based on the verification plan, the dose distribution is 

compared with the dose prescribed (planned dose) by the TPS. This is 
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implemented using the gamma analysis in the software ‘Portal Dosimetry’. This 

analysis makes a point by point comparison between the predicted dose in each 

point and the delivered dose in each point of the MV imager. Through gamma 

analysis, certain criteria are checked and if they are fulfilled then the point is 

termed as pass or fail. These criteria concern the dose difference between the 

measured and delivered dose, as well as the distance in between them for a 

given dose level. The criteria used for gamma analysis at Ullevål hospital are: 

 

 At least 95% of all points should have a gamma value which is lower than 

1 

 No more than 1% of all points examined in gamma analysis should have a 

value of 2 

 

 

3.6 ESR-alanine dosimetry 
All the alanine dosimeters were transferred to the ESR-LAB of the Chemistry 

building of the University of Oslo for recording of their signal. The process was 

performed under normal atmospheric Conditions using an EleXsyS 560 Super 

ESR spectrometer which was armed with an ER041XG X-band microwave 

generator. A standard rectangular cavity ER41025T (Bruker) was used for the 

measurements. The bottom of the cavity was shielded with a plug made of Teflon 

to assure that the dosimeters were placed in the correct position inside the 

magnetic field. Dosimeters were placed in a quartz tube and lowered into the 

cavity. 
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 The parameters used in the spectrometer were the same for all measurements 

of the alanine dosimeters and can be seen in table 3.3:  

 

Parameters Value 

Microwave Power 10 mW 

Microwave Frequency 9,66 GHz 

Modulation Amplitude 1,1 mT 

Modulation Frequency 100 KHz 

Attenuation 13dB 

Recording Time 20,97 s 

Recording Constant 655,36 ms 

Table 3.3: ESR parameters used for measurement of dosimeters. 

 

For the first experiment the doses selected for calibration were 2 Gy and 6 Gy 

and of course the 0 Gy dosimeters. For the rest of the experiments the range 

was 2, 6, 10, 14 and 18 Gy and the 0 Gy dosimeters. For each value of doses, 3 

dosimeters were used (9 dosimeters in total for 1st experiment and 18 dosimeters 

for all the rest experiments). The same systematic process was followed for all 

alanine dosimeters of the different experiments. Thus, first the signal of the 

calibration dosimeters was measured and then the signal of the alanine 

dosimeters inside the lung phantom.  After the signal of each individual dosimeter 

was recorded, the calibration dosimeters were measured again to check whether 

there was any deviation in the signal of the same dosimeter in the beginning and 

in the ending of the recording, which could be due to the sensitivity of the 

spectrometer over a long period of time. For each dosimeter series, the recording 

was done on the same day.  
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Figure 3.14: Overview of the main parts of the ESR system. Spectrometer used 

(left image). The cavity (black object) used for the measurements (middle image). 

The cavity is placed between a pair of magnets (right image). 

 

ESR dosimetry measures the amount of free radicals present in the dosimeter, 

which is proportional to the dose received. Measurement of the ESR signal was 

done by taking the peak-to-peak amplitude of the main line of the first derivative 

ESR spectrum. This is an indirect way to measure dose. Due to the fact that 

many dosimeters received very low dose during irradiation (lower than 1 Gy), the 

signal-noise ratio in their spectra was very low. As a result, many spectra couldn’t 

be interpreted straightly by looking at the peak-to-peak value and so in order to 

overcome this problem the spectra needed to be adjusted manually with a 1st 

derivative gauss function. Based on the readings from the spectra of the 

calibration dosimeters, a calibration curve was constructed for each dosimeter 

series. That was achieved through data analysis in the software Excel 2010 

using linear regression. After constructing the calibration curves, it was possible 

to estimate the dose carried by each alanine dosimeter inside the lung phantom. 
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Figure 3.15: Spectrum obtained from a 6 Gy calibration alanine dosimeter. The 

red line is the experimental, while the blue light blue line is the 1st derivative of 

the Gaussian function, which was adjusted manually on top of the experimental. 

 

3.7 Data analysis 
The planned dose to the phantom was extracted as point dose for all plans in the 

eclipse Varian TPS. Additionally the planned doses to the patient and prescribed 

doses to the patient were also “read” in eclipse. As the irradiations were done to 

the phantom, in order to have a good understanding of how accurately the 

planned doses were delivered, it was necessary to measure the prescribed 

doses to the phantom as well. However the eclipse system doesn’t provide this 

function. In order to estimate it then, a factor X was found between the ratio of 

the planned dose to the phantom - planned dose to the patient, using the formula 

3.4: 

planned dose phantom
X

planned dose patient
     (3.4) 

The prescribed dose to the phantom was then easily calculated as the factor X 

multiplied by the prescribed dose to the patient: 

prescribed dose patient X prescribed dose phantom    (3.5) 
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3.7.1 Comparison of delivered and planned doses 
Of great importance is to compare the doses ‘read’ in the eclipse system of the 

different treatment plans (planned doses) and the doses which were carried by 

the dosimeters measured in the ESR-LAB. Dosimeters were divided into two 

categories, those positioned in places where normal tissue was and those that 

were placed in the tumor, which is of highest importance. The analysis was then 

focused on finding differences between the delivered and planned doses. 

 

3.7.2 Uncertainty estimates 
For dose values estimated by ESR/alanine dosimetry, the formula 3.6 was taken 

into account in order to estimate the uncertainties (Nagy, 2000): 
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   (3.6) 

 

In this formula 0X  is the measured dose value, 2,n Pt   is a coefficient for selected 

probability 95%, 
fitS  is the standard error of the linear fitting curve, b is the slope 

of the curve, m is the number of repeated measurements for each dosimeter, n is 

the number of calibration points used for the calibration curve and meanX  is the 

average value of all the calibration points iX .  

 

3.7.3 Quality factor 
In overall, in this project we followed a chain of steps. Firstly a prescription dose 

map was constructed based on 18FDG-uptake in the tumor, then the planned 

doses were calculated through treatment planning and finally the dose 

distribution from the TPS was delivered to the phantom through irradiation 

(delivered dose). The quantification of the voxel by voxel correspondence in 

DPBN can be achieved by calculating a quality factor,QF , (Vanderstraeten, 

2006), (Arnesen et. al, 2015). In this project three quality factors were calculated 

in total for each plan. The first is between the prescription dose and the planning 
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dose, the second between the planning dose and the delivered dose and finally 

the third is the resulting quality factor between prescription and delivered dose. 

 

 In general the quality factor given by formula 3.7: 

1
1y x ii

T

QF Q
N

      (3.7) 

y

i

x

i

D
Q

D
    (3.8) 

Where iQ   is the quality index found for all tumor voxels iV  and is given as the 

ratio between the doses 
i

yD  of the next step over the doses i

xD  of the previous 

step of the chain, for example planned over prescribed dose. Similarly the other 

two quality factors can be found by replacing with the doses. A QF of zero 

indicates no deviations between two dose distributions compared. Figure 3.16 

shows an illustration of the chain steps followed and the resulting QF found for 

the transition between each step. 

 

 

Figure 3.16: Illustration of the chain followed in this project for every experiment. 

Three quality factors were calculated to assess the transition for each step. 
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4 Results and data analysis 
 

In this project two VMAT treatment DPBN plans (plan1 and plan2) were 

constructed in a commercial TPS. Two additional plans, which were copies of the 

first plans but with different irradiation conditions, were also constructed. Plan3 

had 4 fractions delivered to the phantom instead of one and more calibration 

points compared to plan1. Plan4 had an on purpose 5 mm error shift of the 

phantom in all directions relative to the isosenter. All treatment plans were 

transferred to the linear accelerator for irradiation. For all irradiations the 

phantom was filled with alanine dosimeters in various locations. The prescribed, 

planned and measured dose to each of the different alanine dosimeters were 

then compared for each of the treatment plans. This chapter therefore presents 

the results of the optimization and verification plans as well as the dose 

comparisons for all treatment plans. 

The full DVH’s from the TPS for both lung and tumor are compared with the 

DVH’s for point doses from the TPS. The purpose of these plots is to check 

whether the points selected in the different areas inside the phantom are 

representative for the whole volumes. The doses estimates are presented in 

tables, in the form of average measured dose, average planned dose, average 

prescribed dose and the mean difference between those. In addition, plots of 

prescribed -vs planned dose, planned –vs delivered dose and prescribed -vs 

delivered dose for each dosimeter is constructed for both normal tissues and the 

tumor which is of highest interest. Finally the quality factors for each step of the 

planning process are presented in the form of a table and the quality index 

histograms for each step are also given. 

 

4.1 Plan1 
Figure 4.1 shows an axial PET/CT image of the patient with the intensity of the 

FDG given as ‘hot iron’ overlay. Furthermore, Figure 4.2 shows the 

corresponding dose prescription map both for an axial and a sagittal slice, 

respectively. The prescription map follows a linear relationship, with the highest 

prescribed doses to the areas with the most FDG uptake. 
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Figure 4.1: PET image blended with patient CT, axial slice. The ‘hot iron’ color 

tones indicate the intensity of the FDG uptake, with white indicating the highest 

uptake. 

 

 

 

Figure 4.2: Dose prescription map for plan1, axial slice (left) and sagittal slice 

(right). Please see fig. 4.1 for corresponding PET image. As seen, the highest 

doses are prescribed mainly in the center of the tumor, while the lowest are given 

at the edges of the tumor. 

 

 



62 
 

Figure 4.3 describes the relationship between the PET-intensity and the 

prescribed dose in the phantom. The points in the plot are not completely on the 

plotted line, and the fluctuations seen are due that the prescribed dose in the 

patient image basis which was further transferred to the phantom image basis.   

 

 

Figure 4.3: Plot showing the relationship followed between tumor dose 

prescription and PET-uptake to create the dose prescription map in the phantom 

for plan 1. The solid line is the theoretical ideal prescription. 

 

 

4.1.1 Dose volume histograms 
In order to verify that the cavities spread inside the different areas of the phantom 

are representative for the tumor and other tissues, the full DVH of the TPS was 

plotted versus the DVH for the point doses of the TPS. Plot 4.4 below concerns 

only the GTV, while plot 4.5 concerns the points in the left and right lung. As 

seen from fig. 4.4, the DVHs are very similar, indicating the alanine dosimeter 

reading will give a representative measure of the dose distribution in the tumor. 

There are larger discrepancies for the lungs (Figure 4.5), but this is not a major 

issue as most emphasis is put on the tumor in the current work. 
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Figure 4.4: Plot showing the full DVH of the TPS (blue curve) in the GTV for 

plan1 compared with the DVH for the alanine point doses in the TPS.  

 

 

 

Figure 4.5: Plot showing the full DVH of the TPS (blue curve) for both left and 

right lung of plan1 compared with the DVH for the alanine point doses in the 

TPS.  
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4.1.2 Dose correspondence plots 
Plan1 was irradiated with only one fraction and the calibration points used were 

0, 2 and 6 Gy. Plot 4.6 concerns only the normal tissues, showing the planned 

dose (in the TPS) plotted versus the delivered dose. The line in the plot is the 

identity line which shows how good the planned dose corresponds with the 

delivered dose and as a result how accurate the delivery is. The closer the 

positioning of the points on the solid line, the better the correspondence between 

the two. Table 4.1 shows an overview of the calculated mean values of the 

planned and delivered doses and the standard deviation between their 

differences for the low, medium and high dose region for plan1. 

 

Figure 4.6: Plot showing the correspondence between planned and delivered 

dose for the normal tissues, plan1. The solid line is the identity line. 

 

OAR Mean Planned [Gy] Mean Delivered 
[Gy] 

St. Dev. Plan.-
Deliv. 

Low 0.37 0.62 0.11 

Intermediate 1.44 1.56 0.20 

High 2.28 2.39 0.10 

Table 4.1: Τhe mean planned, mean delivered and the standard deviation 

between their difference for all points in the low, intermediate and high dose 

region for normal tissues, plan1. 



65 
 

The remaining results in this subchapter concern the GTV only for plan 1. In 

figure 4.7, the prescribed dose is plotted against the planned dose. Figure 4.8 

shows the planned versus the delivered dose. Finally, figure 4.9 shows the 

correspondence between the prescribed dose and the delivered dose. In all three 

plots the representative solid line shows how good the correspondence is 

between each pair of doses, prescribed-planned, planned-delivered and 

prescribed-delivered, respectively. Table 4.2 shows an overview of all the 

calculated mean values of prescribed, planned, delivered doses and the standard 

deviation between each pair of them for the low, medium and high dose region 

for plan1. 

 

 

Figure 4.7: Plot showing the prescribed versus planned dose for the GTV, plan1. 

The solid line is the identity line. 
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Figure 4.8: Plot between planned and delivered dose for the GTV, plan1. The 

solid line is the identity line. 

 

 

Figure 4.9: Plot between prescribed and delivered dose for the GTV, plan1. The 

solid line is the identity line. 
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Tumor Mean 
Prescribed 

[Gy] 

Mean 
Planned 

[Gy] 

Mean 
Delivered 

[Gy] 

St. Dev. 
Pres.-
plan. 

St. Dev. 
Deliv.-
Plan. 

St. Dev. 
Deliv.-
Pres. 

Low 2.99 2.95 2.97 0.06 0.10 0.11 

Intermed. 3.68 3.63 3.61 0.08 0.13 0.16 

High 4.02 3.96 3.93 0.08 0.10 0.10 

Table 4.2: Mean prescribed, mean planned, mean delivered dose for the GTV 

low, intermediate and high doses and the subsequent standard deviations 

between their differences for plan1. 

 

4.2 Plan 2 
Plan2 was a copy of plan1, but here four fractions were given to the phantom to 

increase the signal from the alanine dosimeters. Furthermore, more calibrations 

points were used; 0, 2, 6, 10, 14 and 18 Gy.  

 

4.2.1 Dose correspondence plots 
Figure 4.10 concerns only the normal tissue, and shows the planned dose TPS 

plotted against the delivered dose for plan2. Table 4.3 shows an overview of the 

calculated mean values of the planned and delivered doses and the standard 

deviation between their differences for low, medium and high dose region for 

plan2. 
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Figure 4.10: Plot showing the correspondence between planned and delivered 

dose for normal tissue, plan2. The solid line is the identity line.  

 

OAR Mean Planned 
[Gy] 

Mean Delivered 
[Gy] 

St. dev. Plan.-
deliv. 

Low 0.37 0.40 0.024 

Intermediate 1.44 1.42 0.050 

High 2.56 2.58 0.30 

Table 4.3: Mean planned, mean delivered and the standard deviation between 

their difference for low, intermediate and high doses for normal tissues, plan2. 

 

The remaining results in this subchapter concern the GTV only for plan2. In 

figure 4.11, the prescribed dose is plotted against the planned dose. Figure 4.12 

shows the planned versus the delivered dose. Finally, figure 4.13 shows the 

correspondence between the prescribed dose and the delivered dose. In all three 

plots the representative solid line shows how good the correspondence is 

between each pair of doses, prescribed-planned, planned-delivered and 

prescribed-delivered, respectively. Table 4.4 shows an overview of all the 

calculated mean values of prescribed, planned, delivered doses and the standard 

deviation between each pair of them for the low, medium and high dose region 

for plan2. 
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Figure 4.11: Plot showing the prescribed versus planned dose for the GTV, 

plan2. The solid line is the identity line. 

 

 

Figure 4.12: Plot showing the correspondence between planned and delivered 

dose for the GTV, plan2. The solid line is the identity line. 



70 
 

 

Figure 4.13: Plot showing the correspondence between the prescribed and the 

delivered dose for GTV, plan2. The solid line is the identity line. 

 

Tumor Mean 
Prescribed 

[Gy] 

Mean 
Planned 

[Gy] 

Mean 
Delivered 

[Gy] 

St. Dev. 
Pres.-
plan. 

St. Dev. 
Deliv.-
plan. 

St. Dev. 
Deliv.-
pres. 

Low 2.99 2.96 2.91 0.25 0.12 0.31 

Intermed. 3.74 3.70 3.65 0.30 0.27 0.45 

High 4.05 4.01 3.95 0.33 0.12 0.37 

Table 4.4: Mean prescribed, mean planned, mean delivered dose for the GTV for 

low, intermediate and high doses and the subsequent standard deviations 

between their differences for plan2. 
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4.3 Plan1+2 pooled together 
 

4.3.1 Dose correspondence plots 

As plan1 and plan2 basically are the same plans, but with slightly different 

irradiation and dosimetry conditions, it was decided to pool the results from these 

two plans. In plot 4.14, the planned dose is plotted against the delivered dose for 

Plan1+2. This plot concerns only the normal tissues. Table 4.5 shows an 

overview of the calculated mean values of the planned and delivered doses and 

the standard deviation between their differences for the low, medium and high 

dose region for plan1+2 poled. 

 

 

Figure 4.14: The correspondence between planned and delivered dose for 

normal tissues for plan1+2 pooled. The solid line is the identity line.  
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OAR Mean Planned 
[Gy] 

Mean Delivered 
[Gy] 

St. Dev. Plan.-
Deliv. 

Low 0.60 0.71 0.12 

Intermed. 1.66 1.73 0.11 

High 2.98 3.00 0.34 

Table 4.5: Mean planned, mean delivered and the standard deviation between 

their difference for all low, intermediate and high doses for normal tissues for 

plan1+2 pooled. 

 

The remaining results in this subchapter concern the GTV only for plan1+2 

pooled together. In figure 4.15, the prescribed dose is plotted against the planned 

dose. Figure 4.16 shows the planned versus the delivered dose. Finally, figure 

4.17 shows the correspondence between the prescribed dose and the delivered 

dose. In all three plots the representative solid line shows how good the 

correspondence is between each pair of doses, prescribed-planned, planned-

delivered and prescribed-delivered, respectively. Table 4.6 shows an overview of 

all the calculated mean values of prescribed, planned, delivered doses and the 

standard deviation between each pair of them for the low, medium and high dose 

region for plan1+2 pooled. 
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Figure 4.15: Plot showing the correspondence between planned and delivered 

dose for the GTV of plan1+2 pooled. The solid line is the identity line. 

 

 

Figure 4.16: Prescribed versus planned dose plot for the GTV of plan1+2 

pooled. The solid line is the identity line. 
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Figure 4.17: Plot showing the correspondence between the prescribed and the 

delivered dose for GTV of plan1+2 pooled. The solid line is the identity line.  

 

Tumor Mean 
prescribed 

[Gy] 

Mean 
planned 

[Gy] 

Mean 
delivered 

[Gy] 

St. Dev. 
Pres.-
plan. 

St. Dev. 
Plan.-
deliv. 

St. Dev. 
Pres.-
deliv. 

Low 2.99 3.67 4.02 0.06 0.08 0.10 

Intermed. 2.96 3.63 3.96 0.07 0.10 0.14 

High 2.94 3.60 3.91 0.08 0.08 0.09 

Table 4.6: Mean prescribed, mean planned, mean delivered dose for the GTV 

low, intermediate and high doses and the subsequent standard deviations 

between their differences for plan1+2 pooled. 

 

4.4 Extreme plan 
In this experiment greater dose gradients were created inside the tumor. Four 

fractions were used during irradiation and a series of 0, 2, 6, 10, 14 and 18 Gy 

were used as calibration points. The tumor PET-intensity for this plan is the same 

as it was for plan1 and plan2, however the dose prescription map was made 

more heterogeneous inside the tumor. The subsequent dose prescription map is 

shown in the figures 4.18 for an axial and a sagittal slice. Based on the dose 
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scale on the upper left part of the image, it is stated that the highest dose is 

prescribed mainly in the red areas of the tumor, while the lowest is given in the 

edges. 

 

 

Figure 4.18: Dose prescription map for extreme plan, axial slice (left) and sagittal 

slice (right). Please see fig. 4.1 for corresponding PET image.  

 

Figure 4.19 shows the relationship between the PET-intensity and the prescribed 

dose for the extreme plan. Again, the deviations around ideal prescription line are 

due to that the prescribed dose in the patient image basis which was further 

transferred to the phantom image basis. 
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Figure 4.19: Plot showing the relationship followed between tumor dose 

prescription and PET-uptake to create the dose prescription map in the phantom 

for extreme plan. The solid line is the theoretical ideal prescription. 

 

 

4.4.1 Dose volume histograms 
In order to verify that the cavities spread inside the different areas of the phantom 

are representative for the tumor and other tissues, the full DVH of the TPS was 

plotted versus the DVH for the point doses of the TPS. The first plot (figure 4.20) 

below concerns only the GTV, while the second plot (figure 4.21) concerns the 

points in the left and right lung. As seen from fig. 4.20 the DVHs are very similar, 

indicating the alanine dosimeter reading will give a representative measure of the 

dose distribution in the tumor. There are larger discrepancies for the lungs 

(Figure 4.21), but this is not a major issue is most emphasis is put on the tumor 

in the current work. 
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Figure 4.20: Plot showing the full DVH of the TPS (blue curve) in the GTV for the 

extreme plan compared with the DVH for the alanine point doses in the TPS.  

 

 

 

Figure 4.21: Plot showing the full DVH of the TPS (blue curve) for both left and 

right lung for the extreme plan compared with the DVH for the alanine point 

doses in the TPS.  
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4.4.2 Dose correspondence plots 
Figure 4.22 concerns only the normal tissue and shows the planned dose TPS 

plotted against the delivered dose for the extreme plan. Table 4.7 shows an 

overview of the calculated mean values of the planned and delivered doses and 

the standard deviation between their differences for the low, medium and high 

dose region for the extreme plan. 

 

 

Figure 4.22: Plot showing the correspondence between planned and delivered 

dose for the normal tissue, extreme plan. The solid line is the identity line. 

 

OAR Mean Planned [Gy] Mean Delivered 
[Gy] 

St. Dev. Plan.-
Deliv. 

Low 1.20 1.11 0.10 

Intermediate 1.92 1.93 0.03 

High 2.41 2.42 0.06 

Table 4.7: Mean planned, mean delivered and the standard deviation between 

their differences for low, intermediate and high doses for normal tissues, extreme 

plan. 
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The remaining results in this subchapter concern the GTV only for the extreme. 

In figure 4.23, the prescribed dose is plotted against the planned dose. Figure 

4.24 shows the planned versus the delivered dose. Finally, figure 4.25 shows the 

correspondence between the prescribed dose and the delivered dose. In all three 

plots the representative solid line shows how good the correspondence is 

between each pair of doses, prescribed-planned, planned-delivered and 

prescribed-delivered, respectively. Table 4.8 shows an overview of all the 

calculated mean values of prescribed, planned, delivered doses and the standard 

deviation between each pair of them for the low, medium and high dose region 

for the extreme plan. 

 

 

Figure 4.23: Plot showing the prescribed versus planned dose for the GTV, 

extreme plan. The solid line is the identity line. 
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Figure 4.24: Plot between planned and delivered dose for the GTV, extreme 

plan. The solid line is the identity line. 

 

Figure 4.25: Plot between prescribed and delivered dose for the GTV, the 

extreme plan. The solid line is the identity line. 

 

 



81 
 

Tumor Mean 
Prescribed 

[Gy] 

Mean 
Planned 

[Gy] 

Mean 
Delivered 

[Gy] 

St. Dev. 
Pres.-
plan. 

St. Dev. 
Deliv.-
plan. 

St. Dev. 
Deliv.-
pres. 

Low 2.81 2.82 2.79 0.11 0.15 0.20 

Intermed. 3.40 3.41 3.41 0.30 0.33 0.49 

High 4.25 4.17 4.13 0.35 0.40 0.58 

 

Table 4.8: Mean prescribed, mean planned, mean delivered dose for the GTV for 

low, intermediate and high doses and the subsequent standard deviations 

between their differences, extreme plan. 

 

 

4.5 Error plan (plan3) 
This experiment (plan3) is a copy of plan1 but additionally, on purpose, a 5 mm 

shift error was made. Here, the coach table was moved manually by 5mm in all 

directions relative to the isocenter. Four fractions were used during irradiation 

and the calibration series were given doses of 0, 2, 6, 10, 14 and 18 Gy. 

 

4.5.1 Dose correspondence plots 
Figure 4.26 concerns only the normal tissue, and shows the planned dose TPS 

plotted against the delivered dose for the low, medium and high dose region for 

the error plan. Table 4.9 shows an overview of the calculated mean values of the 

planned and delivered doses and the standard deviation between their 

differences for the error plan. 
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Figure 4.26: Plot showing the correspondence between planned and delivered 

dose for normal tissue, error plan. The solid line is the identity line.  

 

OAR Mean Planned [Gy] Mean Delivered 
[Gy] 

St.dev. plan-deliv. 

Low 1.31 1.32 0.15 

Intermediate 1.84 1.78 0.20 

High 2.77 2.52 0.38 

 

Table 4.9: Mean prescribed, mean planned, mean delivered dose for the normal 

tissues for low, intermediate and high doses and the subsequent standard 

deviations between their differences, error plan. 

 

The remaining results in this subchapter concern the GTV only for the error plan. 

In figure 4.27, the prescribed dose is plotted against the planned dose. Figure 

4.28 shows the planned versus the delivered dose. Finally, figure 4.29 shows the 

correspondence between the prescribed dose and the delivered dose. In all three 

plots the representative solid line shows how good the correspondence is 

between each pair of doses, prescribed-planned, planned-delivered and 

prescribed-delivered, respectively. Table 4.10 shows an overview of all the 
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calculated mean values of prescribed, planned, delivered doses and the standard 

deviation between each pair of them for the low, medium and high dose region 

for the error plan. 

 

 

Figure 4.27: Plot showing prescribed versus planned dose for the GTV, error 

plan. The solid line is the identity line. 

 

 

Figure 4.28: Plot showing the correspondence between planned and delivered 

dose for the GTV, error plan. The solid line is the identity line. 
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Figure 4.29: Plot showing the correspondence between the prescribed and the 

delivered dose for GTV, error plan. The solid line is the identity line. 

 

Tumor Mean 
Prescribed 

[Gy] 

Mean 
Planned 

[Gy] 

Mean 
Delivered 

[Gy]  

St. dev. 
prescr.-

plan. 

St. dev. 
Plan. 
deliv. 

St. dev. 
Prescr.-

deliv. 

Low 2.90 2.86 2.97 0.03 0.24 0.23 

Intermed. 3.09 3.07 3.09 0.08 0.40 0.38 

High 3.85 3.79 3.61 0.07 0.31 0.34 

 

Table 4.10: Mean prescribed, mean planned, mean delivered dose for the GTV 

low, intermediate and high doses and the subsequent standard deviations 

between their differences, error plan. 
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4.6 Simulations in the treatment planning system 
 These simulations employ plan1 using the Eclipse system. No measurements 

were performed in conjunction with these investigations. In this simulation a 5mm 

shift in all directions relative to the isocenter was applied, but in the opposite 

directions of what was done for the error plan. After the applied shift in the TPS, 

the system recalculated the dose and planned doses were compared with 

measured doses (from the error plan). It is expected that the errors from the 5mm 

shift in the error plan now be compensated for and the points will give a better 

correspondence. This is shown through figures 4.30 and 4.31 below, where 4.30 

concerns only the normal tissue while 4.31 concerns the GTV. Notice the high 

correspondence now achieved between the plan and the delivery. 

 

 

Figure 4.30: Plot showing the correspondence between planned and delivered 

dose for the normal tissues in the 5 mm shift simulation. 
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Figure 4.31: Plot showing the correspondence between the planned and the 

delivered dose for GTV for the 5 mm shift simulation plan.  

 

4.7 Quality index histograms & quality factors  
In this subchapter the Quality index histograms are constructed with resulting 

quality factors for each step of the planning and delivery chain, Prescription-

Planning, Planning-Delivery and Prescription-Delivery are presented for each of 

the plans. The quality factor is highly relevant, as the quantification of the voxel 

by voxel correspondence in dose is given through it. All plots below concern only 

the GTV, as there is no prescribed dose for the OAR. 
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4.7.1 Plan1+2 
The plots in figures 4.32, 4.33 and 4.34 below, show the constructed quality 

index histograms for the transition between each pair of the prescribed, planned 

and delivered doses steps. Table 4.11 shows an overview of the QF calculated 

between each pair of prescribed planned and delivered doses for plan1+2 pooled 

together. 

 

 

Figure 4.32: Plot showing the Quality index histogram for the step prescription-

planning for plan1+2 pooled. 
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Figure 4.33: Plot showing the Quality index histogram for the step planning-

delivery for plan1+2 pooled. 

 

 

 

Figure 4.34: Plot showing the Quality index histogram for the step prescription-

delivery for plan1+2 pooled. 
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Step Presc.-Plan. Plan.-Deliv. Presc.-Deliv. 

QF [%] 2 2.3 3.1 

 

Table 4.11: The quality factors (in %) for each step of the chain of the process 

followed for plan1+2 combined together. 

 

 

4.7.2 Extreme plan 
 

The plots in figures 4.35, 4.36 and 4.37 below, show the constructed quality 

index histograms for the transition between each pair of the prescribed, planned 

and delivered doses steps. Table 4.12 shows an overview of the QF calculated 

between each pair of prescribed planned and delivered doses for the extreme 

plan. 

 

 

Figure 4.35: Plot showing the Quality index histogram for the step prescription-

planning for the extreme plan. 
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Figure 4.36: Plot showing the Quality index histogram for the step planning-

delivery for the extreme plan. 

 

 

 

Figure 4.37: Plot showing the Quality index histogram for the step prescription-

delivery for the extreme plan. 
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Step Presc.-Plan. Plan.-Deliv. Presc.-Deliv. 

QF [%] 1.65 1.90 2.78 

 

Table 4.12: The quality factors (in %) for each step of the chain of the process 

followed for the extreme plan. 

 

4.7.3 Error plan 
The plots in figures 4.38, 4.39 and 4.40 below, show the constructed quality 

index histograms for the transition between each pair of the prescribed, planned 

and delivered doses steps. Table 4.13 shows an overview of the QF calculated 

between each pair of prescribed planned and delivered doses for the error plan. 

 

 

Figure 4.38: Plot showing the Quality index histogram for the step prescription-

planning for the error plan. 
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Figure 4.39: Plot showing the Quality index histogram for the step planning-

delivery for the error plan. 

 

 

Figure 4.40: Plot showing the Quality index histogram for the step prescription-

delivery for the error plan. 
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Step Presc.-Plan. Plan.-Deliv. Presc.-Deliv. 

QF [%] 2 7.71 7.89 

Table 4.13: The quality factors (in %) for each step of the chain of the process 

followed for the error plan. 

 

4.7.4 Simulation error 
The plots in figure 4.41 shows the constructed quality index histograms for the 

transition between planned - delivered doses step and table 4.14 shows the 

calculated QF between planned - delivered doses for the simulation error plan. 

 

 

Figure 4.41: Plot showing the Quality index histogram for the step planning-

delivery for the simulation plan. 
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Table 4.14: The quality factors (in %) for each step of the chain of the process 

followed for the simulation plan. 
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4.8 Sensitivity of QF relative to changes in displacement 
In this experiment we examined the sensitivity of the quality factor QF as a 

function of displacement. For this purpose a series of simulations was conducted 

in the TPS. Plan1 was copied and shifted for  2.5 mm and  5 mm in all 

directions relative to the iso-center. In every simulation, the planned doses were 

estimated in the TPS as point doses. Finally as the prescription dose for plan1 is 

always the same and not affected by the shift, the quality factor QF between 

prescription and planning was calculated. The same procedure was followed for 

the extreme plan. The plots below illustrate the change in QF with the simulated 

shifts for the plan1 and extreme plan, respectively. In the first plot below it should 

be noticed how sensitive the QF is to displacements, where its value is only 2% 

for zero shift and increases up to almost 9% for -5 mm shift. For the extreme 

plan, the maximum QF was close to 12% for -5 mm shift. 

 

 

Figure 4.42: Plot depicting the QF between prescription and planning relative to 

the simulation shifts for plan1.  
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Figure 4.43: Plot depicting the QF between prescription and planning relative to 

the simulation shifts for the extreme plan. 

 

4.9 Portal dosimetry verification plan 
Table 4.15 shows the percentage of evaluated points which have a gamma value 

smaller than 1, the average gamma value of all evaluated points and finally the 

percentage of evaluated points with a gamma value bigger than 2 for both arcs of 

plan1. As plan2 and the error plan are copies of plan1, the same verification is 

valid. 

 

Plan 1 Field 1 Field 2 Average 

Gamma < 1 99.2% 99.0% 98.8% 

Gamma av. 0.24 0.20 0.215 

Gamma > 2 0.0% 0.0% 0.0% 

Table 4.15: Overview of the results acquired through portal dosimetry for plan1. 

Firstly the percentage of evaluated points with gamma < 1 is shown, then comes 

the average gamma value for all evaluated points and finally the percentage of 

evaluated points with Gamma > 2, and the average of all values. 
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Table 4.16 shows the percentage of evaluated points which have a gamma value 

smaller than 1, the average gamma value of all evaluated points and finally the 

percentage of evaluated points with a gamma value bigger than 2 for both fields 

of the extreme plan. 

 

Extreme Plan Field 1 Field 2 Average 

Gamma < 1 98.6% 99.0% 98.8% 

Gamma gj. 0.23 0.20 0.215 

Gamma > 2 0.0% 0.0% 0.0% 

Table 4.16: Overview of the results acquired through portal dosimetry for the 

extreme plan. First the percentage of evaluated points with gamma < 1 is shown, 

then comes the average gamma value for all evaluated points and finally the 

percentage of evaluated points with Gamma > 2, and the average of all values. 
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5 Discussion 
 

5.1 Study of uncertainties and limitations  
The main purpose of this project was to investigate if DPBN is applicable in a 

commercial TPS and accurate in order to give prescribed inhomogeneous doses 

to the tumor voxel by voxel. This is to achieve better tumor control by giving the 

tumor areas with higher PET intensity higher dose and less dose to the tumor 

areas which have less PET-uptake. This could further spare the normal tissues 

by irradiating with as low dose as possible. In order to assess the performance of 

the DPBN method, the correspondence between prescribed and planned dose, 

between planned and delivered doses as well as the quality factors were 

examined. In this thesis an anthropomorphic lung phantom has been constructed 

based on the pre-treatment PET/CT images of a lung cancer patient. A number 

of DPBN treatment plans have been constructed and transferred to the phantom 

for irradiation. A very interesting aspect is to see if the desired dose escalation 

has been achieved, mainly in the tumor which is of highest importance in this 

study. 

However, at this point the possible limitations and uncertainties associated both 

with the method and the study in general should be discussed. First of all, the 

phantom was based on the PET/CT images of only one patient. Thus, we can’t 

be perfectly sure whether this method will work for other patients. Still, the tumor 

was quite large with rather inhomogeneous PET uptake distribution, making a 

challenging case that could be planned with DPBN with no major problems. 

Furthermore, the phantom is not perfectly constructed to simulate the chest of 

the real patient. First, it doesn’t have bony anatomy. Thus there could possibly be 

less scattering and photon attenuation because of these differences. Moreover, 

the phantom doesn’t account for breathing motion as the lungs simulated inside 

of it are stationary, whereas the lungs of the real patient move while inhaling and 

exhaling. 

Also, the phantom is composed of many slices, so there could be some air gaps 

in-between them. This could affect the difference between the planned and the 

delivered doses. In order to minimize this problem, the supporting plastic rods 

holding the phantom together were tightened hard with two plastic screws. 

One last limitation associated with the phantom is the fact that there were only 

maximum 101 alanine dosimeters inside it. It would have been better if more 

dosimeters could be inserted, which could provide a more complete comparison 

between the planned dose in the TPS and the delivered dose. However, the 



98 
 

reading of the signal of each dosimeter in the ESR lab, as well as the localization 

and labelling of each dosimeter inside the phantom would require more time. As 

was demonstrated, the alanine dosimeters in the tumor gave quite a 

representative readout of the tumor dose distribution (figure 4.4, 4.20). 

Another possible limitation could be the treatment planning system used. In this 

study, the DPBN method functioned on a commercial Varian Eclipse, version 

10.0 TPS. All dose distributions have been calculated with the AAA algorithm. 

However, it’s not certain that the DPBN method will work in other vendors TPS, 

as every system has its own specific characteristics and slight differences 

between. 

There are also some uncertainties with the methodology applied in this study. For 

example, as it was stated in the Results chapter, where the plot between PET-

intensity and prescription was illustrated, the methodology is not perfect when the 

prescription is transferred from the patient to the phantom. The PET-intensity is 

based on the patient, and there is no PET-uptake in the phantom which is 

actually irradiated. Therefore, the plot of the relationship between PET-intensity 

and prescription dose is not absolutely linear, but rather the points deviate 

slightly (figures 4.3, 4.19).  

A small discussion should also be made about the impact of PET reconstruction 

algorithms. A very important thing to stress when using dose painting is the fact 

that the technical characteristics of the imaging modalities have a strong impact 

on the resulting dose prescription. Different studies have been conducted and in 

one of them (Knudtsen et. al, 2014) it was found that for both DPBN and DPBC, 

the PET reconstruction algorithm used will affect the dose prescription map. 

However the effect is less pronounced for DPBN than for DBPC. For instance, as 

found in that study, for six different reconstruction algorithms the QF of the 

different dose distributions ranged from 0.5% to 1.3%. Thus the intensity 

distribution of the voxels change with reconstruction setting and subsequently the 

dose prescription will be very different for the same object. Therefore, it should 

be taken into account that the QF’s found in the current study were calculated on 

the basis of only one PET reconstruction algorithm. 

Additionally, there could also have been some positional errors related either with 

the positioning of the phantom on the coach, or errors with the linac itself as 

there could be issues with its mechanics and irradiation system. The former was 

taken into account by using the cone beam CT system to position the phantom. 

However, it is difficult to appraise the latter, although small dose differences were 

observed, indicating a high linac performance. 
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Finally there are some limitations with the dosimetry. First, as noted above, ESR 

dosimetry is point dosimetry. An alternative could be for example 2-D dosimetry 

using e.g. gafchromic films (Sorriaux et. al., 2012). 

The advantage of alanine dosimetry is that we have full control of each 

measurement point. Each point can be treated as an individual measurement, 

whereas in film dosimetry the whole film has to be scanned and the interpretation 

of the results is much more difficult to assess. Also, the alanine dose response is 

highly linear, which is not the case for gafchromic films. Another possible option 

for dosimetry could be by using gels, so-called Gel Dosimetry. This can be an 

even better option as it provides a dose measurement in full 3-D. However gel 

dosimetry would be extremely difficult to accomplish in our phantom, as for 

example it can be very difficult to have an inhomogeneous gel phantom. 

Additionally, we know the exact position where we did the alanine measurement 

as each dosimeter was fixed inside the phantom.  

 

5.2 Verification plans 
A verification plan is a way to examine whether the delivery of the linear 

accelerator is in accordance with the planned dose distribution. In this study the 

portal dosimetry technique was implemented, where an MV imager which lies 

below the table is irradiated and a fluence distribution is acquired.  In the clinic 

this procedure is followed before a treatment plan is delivered to the patient. If 

the results of the verification plan show that there are many points which don’t 

fulfill the criteria, then this indicates that there are some errors with the plan 

and/or the linear accelerator. These errors are mostly related to the MLC-leaves, 

which under some circumstances don’t follow the motion pattern they were 

supposed to. For both verification plans in this study, the criteria were fulfilled 

and both plans passed the examination.This strengthen the results, as the 

verification basically confirms that the highly modulated fluence that is required 

for DPBN may be achieved with current linac technology. 

 

5.3 DPBN treatment plans 
It is vital to make a discussion concerning our DPBN plans: plan1/2 and the 

“extreme” plan, and notice the differences between them. First of all plan1/2 was 

constructed in order to investigate the feasibility of the DPBN method. After it 

was found that this plan could be delivered with rather high accuracy, we 

constructed a second plan, the extreme plan. Here, it the aim was to see if an 

even greater dose inhomogeneity can be achieved in the tumor by the TPS. 
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Again, a very good correspondence was found between planned and delivered 

doses with small deviations (figures 4.8, 4.24). As seen from the optimization 

criteria in tables 3.1, 3.2 the constraints were stricter in the case of the extreme 

plan. That is because we wanted to achieve a greater dose gradient than in 

plan1/2, so it was vital to assure that no more than the acceptable dose (based 

on literature) would be given to normal tissue. As seen from table 5.1 showing 

the calculated QF’s, we observe that in the case of the extreme plan, a lower 

quality factor was calculated in all three steps between prescription-planning, 

planning- delivery and prescription-delivery. This was not expected, as we 

thought this plan would create a more challenging situation for the planning and 

delivery system. Thus, the lower QFs must be due to other causes, such as a 

improved transfer of the dose prescription map to the phantom image series and 

more accurate setup of the phantom at the linac.  

Apart from these two, an on purpose error plan was constructed with a 5 mm 

shift in all directions relative to the isocenter of the phantom. The purpose was to 

check the impact of patient misplacement. This was a copy of plan1/2 but again 

four fractions were used during irradiation with the same calibration series. 

Through this plan we concluded that if the patient is not placed correctly by even 

a few mm, it can have a huge impact on the treatment, as a very different dose 

will be given to each voxel compared to the prescribed dose (figures 4.28, 4.29) 

and table 4.13.  We can also understand, based on figures 4.42 and 4.43, the 

great importance of the correct positioning of a patient, when even a slight 

misplacement of 2 mm can cause a huge increase in the resulting QF. This is 

caused by a big deviation in the planned doses relative to the intended. 

Last but not least, when we simulated 5 mm positional errors in the opposite 

direction of the error introduced at the treatment unit, we saw that the 

correspondence between planned-delivered doses came back to normal as they 

were positioned precisely along the identity curve (figure 4.31). This means that 

it’s possible to study shift errors with the TPS instead of doing the whole 

measurement process (positioning of the phantom on linac, irradiation of 

calibration dosimeters, and extraction of the dosimeters). 
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5.4 Precision of alanine dosimeters & quality factors 
In order to calculate the doses to the alanine dosimeters in the phantom, 

calibration dosimeters irradiated with known dose were used. By knowing the 

exact dose of each calibration dosimeter and the signal it corresponds to, 

regression analysis was followed to estimate the dose to all the phantom 

dosimeters.  

The analysis of residuals is common following regression analysis.  With 

‘residuals’, we here mean the difference between the measured dose and the 

dose estimated by the regression analysis. In the case of the calibration 

dosimeters, the measured dose is the known dose delivered to them. In this 

project a residual analysis of all calibration curves has been done in order to 

examine the overall precision of the dosimeters. In this way, it can be concluded 

whether this precision influences the uncertainty of the dose delivered to the 

dosimeters inside the phantom.  

Figure 5.1 illustrates the residuals of all calibration dosimeters measured during 

the study, plotted against the absorbed dose. First, systematic differences would 

appear as marked shifts in the data, e.g. for low or high-dose data. However, the 

data seem randomly scattered around zero, indicating that the linear model 

works fine. 

 

 

Figure 5.1: Plot showing the absolute residual (in Gy) of all calibration 

dosimeters versus the dose.  
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From figure 5.1 we observe that the max value of all the residuals is about ± 0.35 

Gy. The standard deviation over all residuals was calculated to be σ=0.10 Gy. 

This number is the absolute precision and means that every point dose which is 

measured in the phantom has a precision of 0.1Gy. Thus, even if a perfect dose 

distribution was to be delivered, the alanine dosimeters would still carry this 

uncertainty. 

Here, a simulation was done to calculate the quality factor at a dose of 14 Gy 

(typical tumor dose in the phantom). A random number generator provided 1000 

random numbers with mean value μ οf 14 a standard deviation σ of 0.1. 

The relative uncertainty rel


 


 was calculated to 0.007 or 0.7%. Using the 

definition of the quality factor, QF was calculated over the 1000 simulated 

numbers. This gave QF = 0.6%. 

By comparing the simulated QF of 0.6 % at 14 Gy with the QF of the delivered 

plans of this study, valuable conclusions can be made. The simulated QF is very 

small for instance compared to the QF(plan-del) of plan2 or the extreme plan 

shown in the table 5.1. This means that these values of QF cannot be attributed 

to the uncertainties in the alanine dosimeters, but rather it should be other errors 

that affect the plan and give higher QFs. Repeating the simulation for m=3.5, the 

relative uncertainty was 2.9% with a subsequent QF of 2.4%. For plan1, lower 

doses were applied and thus less precision is expected. In table 5.1, it is clear 

that a higher QF(plan-del) are found for this plan, so it is likely that the 

uncertainty in the alanine dosimeters has made a greater contribution compared 

to plan2 (where higher doses were applied). 

 

Plans QF pres.-plan. 
[%] 

QF plan.-del. [%] QF pres.-del. [%] 

Plan1 2 2.95 3.17 

Plan2 1.99 1.70 3.12 

Extreme Plan 1.65 1.90 2.78 

Error Plan 2 7.71 7.89 

Table 5.1: Summary of the QF between each step for all plans 
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Figure 5.2 shows the mean tumor dose chosen for the simulation along the x-

axis versus the QF obtained from each dose level along the y-axis. From that plot 

we see that QF becomes relatively high for low doses, greatly increasing for 

doses below around 8 Gy. So overall, for low doses the uncertainties of the 

alanine dosimeters have a strong impact on the QF, but for high doses it’s not 

very important. 

 

 

Figure 5.2: Plot showing the relationship between the mean tumor dose and the 

QF for the simulations made based on precision in alanine dosimeters. 

 

At this point it should be mentioned that as both plan2 and the error plan were 

copies of plan1, they should all have the same QF between the step of 

prescription to planning, which has a value of 2.00 in plan1. However we observe 

from table 5.1 that the QF for plan2 is 1.99. The reason for this is that only 38 

alanine dosimeters were inserted in the phantom tumor cavities for this plan, 

whereas for plan1 and the error plan we used was 40 dosimeters. For this reason 

the calculations of the QF gave a marginally smaller value. 

By comparing the relative uncertainties of the calibration dosimeters of different 

dose levels between this MSc thesis and the MSc thesis of Svestad (Svestad, 

2013) some interesting differences appear (figure 5.3). Incidentally, other 

differences and similarities will be discussed in the next subchapter. First, the 

dose levels chosen in these two studies are different. In the current thesis we 
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chose to apply higher doses (up to 18Gy), while Svestad et al chose doses up to 

almost 9 Gy. This means that the relative uncertainty in estimated tumor dose is 

expected to be much better in the current study. For instance, the relative 

uncertainty for 18 Gy is only 0.6% while for 9 Gy it’s around 1.6%. Second, it 

appears that the 
'rel s  from the current thesis are slightly lower at comparable 

doses. This indicates that the current ESR acquisition protocol gives a slightly 

higher precision, possibly resulting from a stronger and more reproducible ESR 

signal. This is also seen when comparing absolute 
.abs  across the entire dose 

range, being 0.1 Gy in the current thesis and 0.13 Gy in the thesis by Svestad. 

 

 

Figure 5.3: Comparison of relative uncertainty for different dose levels between 

the current thesis and the thesis of Svestad (Svestad, 2013). 

 

To sum up from both MSc projects, it is clearly shown that the relative uncertainty 

decreases with dose. The dosimeters positioned in the GTV received a typical 
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5.5 Comparison with other studies 
The current study has many similarities with the study done by Svestad et al 

(Svestad 2013), later published by Knudtsen et al  (Knudtsen et. al, 2016). The 

same anthropomorphic phantom made pf polystyrene and polyurethane was 

used. Other similarities are that in both projects a series of VMAT plans were 

constructed in Varian Eclipse (version 10.0) for photons with energy of 6MV. All 

plans were made on the basis of the 18F-FDG PET images as well as the CT 

images that this cancer patient had prior to his treatment. The phantom was 

irradiated using a Varian Trilogy linear accelerator for both cases. In order to 

achieve accurate results in terms of dose delivery, correct positioning the lung 

phantom is important. That’s why in both studies a CBCT scan of the phantom 

was made prior to its irradiation in order to assure that the phantom was 

positioned correctly. The small deviations in the matching of the position of the 

phantom were corrected by the machine. It is important to comment that the dose 

absorbed by the alanine dosimeters because of the CBCT is very low, in the 

range of a few mGy (Sykes et. al, 2013), compared to the actual dose ranging up 

to 18 Gy. Furthermore, the read-out of the signal of the alanine dosimeters was 

done in the same ESR-lab, although with slightly different acquisition settings 

and ESR cavities. However, a major difference is that the current work used 

Dose Painting by Numbers (DPBN), where an inhomogeneous dose was given to 

the tumor voxel by voxel, whereas in the other study Dose Painting by Contours 

(DPBC) was implemented, giving an escalating dose to a well-defined area. 

 

5.5.1 Comparison with published quality factors 
The process applied in this study is composed of three steps. Based on a 

prescription dose map, a plan was constructed in a TPS and finally after 

irradiation, the delivered doses were estimated. The quality factor QF was used 

to examine the correspondence between prescribed-planned, planned-delivered 

and the overall prescribed-delivered doses. This quantity was first introduced by 

(Vanderstraeten et. al, 2006) and has been considered an established factor in 

dose painting by numbers. Basically, QF quantifies the voxel by voxel 

correspondence helps to assess how accurate the transition between each step 

is.  

Table 5.3 is an overview of the QFs found through other studies, in comparison 

with the values found in this study. 
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Work Site QF (pres.-plan.) 
[%] 

QF (plan.-deliv.) 
[%] 

 
Skorska et. al. 

DPBN 

 
Head & Neck 

 

2.10 - 

3.04 - 

2.72 - 

 
Arnesen et. al. 

DPBN 

Cervix 2.60 - 

Head & Neck 1.80 - 

Lung 2.00 - 

Personal 
communication 

Malinen E. 
Svestad G. 

DPBC 

 
 

Lung 

 
 

4 

 
 

2.2 

 
 

 Meijer et. al. 
DPBN 

 
 

Lung 

4.9 - 

5.3 - 

4.2 - 

4 - 

5.9 - 

6.8 - 

 
Current Study 

DPBN 

 
Lung 

2.00 2.95 

1.99 1.70 

1.65 1.90 

Table 5.3: Table showing an overview of the QF values found in other studies in 

comparison to the current study.  

 

It should be stated that dosimetry was applied only in the current and Svestad’s 

study. One thing to notice is that the QF in Svestad’s study is lower between 

planning-delivery than between prescription-planning. The non-zero QFs in table 

5.3 means that the correspondence between e.g. prescription and planning is not 

perfect. It is therefore vital to interpret the causes of those differences. First of all, 

when a photon beam interacts at a point in the patient, it will lead to the creation 

of electrons. 

Mathematically, this generation of electrons (and also Compton-scattered 

photons) may be represented by a so-called point spread-kernel (figure 5.4), 
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which estimates the dose distribution around an interaction point. More 

theoretical background on point spread-kernels can be found at the review of 

Ahnesjo A. and Aspradakis M. (1999). So when a dose is prescribed at a specific 

point, the linac photon will interact in that point but then the secondary particles 

will smear out this energy around the point. Thus, it is clear that a perfect step-

by-step, voxel-by-voxel dose distribution cannot be achieved with photons in 

practice. This will cause QF(pres-plan) to be non-zero. 

 

 

Figure 5.4: Schematic view of a photon point-spread kernel. When a photon 

beam interacts at a point of interest, the dose is not delivered merely to that 

specific point but rather it is distributed to a neighboring region as well.  

 

Secondly, another uncertainty can be the way the optimizer of VMAT works to 

arrive at the best plan. As described previously in subchapter “2.11 Volumetric 

Modulated Arc Therapy (VMAT)”, the TPS uses a function called the cost 

function, implemented in an iterative process, in order to find the optimal plan. So 

the TPS strives to create a plan which is as close as possible to the desired goal, 

taking into account the constraints set in conjunction with the inverse 
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optimization. Thus a perfect match can’t be expected due to this minimization 

procedure. The following image shows the process followed through IMRT 

optimization which is however very similar to VMAT optimization, where the cost 

function is used. 

 

 

Figure 5.5: The figure above illustrates the steps through IMRT optimization 

including dose calculations. The process begins with setting the constraints and 

the leaf collimation framework, while the final step is the acquisition of the 

expected dose (Ahnesjo et. al, 2006). 

 

Additionally another reason for the difference of the QF between planned and 

delivered dose is the finite size of the MLC-leaves used for collimation and 

intensity modulation. As a result, although they can move continuously in one 

direction, they have a fixed size in the other direction (5 mm at the isocenter in 

the current work). Apart from that, it may be that as the gantry of the linac moves, 

in some angle, the MLC collimators move slower than intended and more dose 

than intended passes through that point. This is also an uncertainty as it will lead 

to the delivery of a different dose than the planned. 
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Finally, another reason for non-zero QFs could be that the measure of the 

planned dose in the TPS was done manually through the option “point dose” 

provided by the system. Here, we first zoomed into each alanine dosimeter in the 

TPS and did the measurement exactly in the center. However it was observed 

that some alanine dosimeters were very sensitive to minute shifts. So when the 

point dose was applied at the center of an alanine dosimeter or maybe in 1mm 

next to that point, the dose changed by some mGy. Those dosimeters were the 

ones which were located very close to another medium, for example dosimeters 

on the edge between normal tissue and tumor.  

 

5.6 Impact of the different uncertainty elements 
In this project we are dealing with different sources of error that come into play 

while doing DPBN. Those errors are associated with the inherent uncertainties of 

each individual step of the process. For example, as mentioned in the study by 

(Knudtsen et. al, 2014) the selected reconstruction algorithm will have an impact 

on the resulting dose distribution. Similarly both the planning step and the 

delivery step are accompanied by their own limitations and uncertainties.  In this 

section we did a simulation where we combined various uncertainties related to 

each step and calculated the subsequent QFs. In these simulations, each new 

step carries the uncertainties of the previous ones. As a result, the planning 

carries the uncertainties of imaging while the delivery step carries the 

uncertainties of both planning and imaging. Finally the total error can be found 

through the formula 5.2: 

2 2 2

1 2 3       (5.2) 

Where i  is the relative uncertainty associated with every step. In these 

simulations, we again used random numbers to generate 1000 numbers which 

were propagated from prescription to planning to delivery. The table below shows 

five different simulations with various uncertainties and the resulting calculated 

QF’s of each step. 
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Simulation Prescription 
[%] 

Uncertainty 

Planning 
[%] 

Uncertainty 

Delivery 
[%] 

Uncertainty 

QF [%] 
prescription 

QF [%] 
Planning 

QF [%] 
Delivery 

Total 
Error 
[%] 

1nd 1 1.5 1 0.8 1.4 1.6 2 

2nd 1 2 2 0.8 1.7 2.3 3 

3rd 1.5 2 2 1.2 1.8 2.5 3.2 

4th 1.5 2.5 2.5 1.2 2.1 2.9 3.8 

5th 2 2.5 1 1.5 2.5 2.6 3.3 

6th 3 2 2 2.3 2.7 3.3 4 

Table 5.4: Overview of the simulations done to investigate the impact of different 

uncertainties on the QF of imaging, planning and delivery step. 

 

From table 5.4 we observe that the quality factor is highly affected by the 

uncertainties of all three steps. Furthermore, comparing the 2nd and 6th 

simulation, where the only difference is the uncertainty in prescription, we see the 

subsequent QF being much higher for the latter case. Also, as a general rule 

QFs are lower than standard deviations. 
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5.7 Suggestions for future work 
 

In this project we investigated the accuracy of dose delivery of different DPBN 

plans. However as mentioned below, there could be some additional or 

alternative options which can be studied in order to add more insight into and 

results to the current work.  

First of all it would be of great interest to repeat a similar project with different 

treatment planning systems provided by other vendors who use other algorithms 

to calculate the dose. 

Secondly, a good alternative would be to perform another type of dose 

verification, for instance arc verification, instead of portal dosimetry, as studies 

show that arc verification if superior (Hailei L., 2014). 

Third, it would be valuable to conduct the same study with a different type of 

dosimetry, maybe film dosimetry or even Gel dosimetry which is 3-D and which 

could provide additional information. 

Fourth, it would be good if some other type of phantom could be constructed to 

repeat this task, which would have more types of materials such as the bony 

anatomy. Furthermore, more cavities for alanine dosimeters would be ideal in 

order to have more representative points for each individual structure. 

 Finally, it would be of great interest to use a phantom which would simulate lung 

movement to make the study more realistic.  
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Appendix 

 

Part A: Labelling of cavities for positioning of alanine 

dosimeters 
 

In the first part of the appendix all the CT slices of the lung phantom are 

presented from top to bottom with the numbering of the alanine dosimeters 

labelled with red color. These images were obtained from the master thesis of 

Svestad, (Svestad, 2013) as it concerns exactly the same phantom. 

 

 

Figure A.1: CT image of the 1st slice (starting from top) of the lung phantom 

showing the position of the alanine dosimeters 
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Figure A.2: CT image of the 2nd slice of the lung phantom showing the position 

of alanine dosimeters 

 

 

Figure A.3: CT image of the 3rd slice of the lung phantom showing the position 

of alanine dosimeters 
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Figure A.4: CT image of the 4th slice of the lung phantom showing the position 

of alanine dosimeters 

 

 

Figure A.5: CT image of the 5th slice of the lung phantom showing the position 

of alanine dosimeters 
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Figure A.6: CT image of the 6th slice of the lung phantom showing the position 

of alanine dosimeters 

 

 

Figure A.7: CT image of the 7th slice of the lung phantom showing the position 

of alanine dosimeters 

 



121 
 

 

Figure A.8: CT image of the 8th slice of the lung phantom showing the position 

of alanine dosimeters 

 

 

Figure A.9: CT image of the 9th slice of the lung phantom showing the position 

of alanine dosimeters 
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Figure A.10: CT image of the 10th slice of the lung phantom showing the 

position of alanine dosimeters 

 

 

Figure A.11: CT image of the 11th slice of the lung phantom showing the 

position of alanine dosimeter 
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Figure A.12: CT image of the 12th slice of the lung phantom showing the 

position of alanine dosimeters 

 

 

Figure A.13: CT image of the 13th slice of the lung phantom showing the 

position of alanine dosimeter 
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Figure A.14: CT image of the 14th slice of the lung phantom showing the 

position of alanine dosimeters 

 

 

Figure A.15: CT image of the 15th slice of the lung phantom showing the 

position of alanine dosimeters 
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Figure A.16: CT image of the 16th slice of the lung phantom showing the 

position of alanine dosimeters 

 

 

Figure A.17: CT image of the 17th slice of the lung phantom showing the 

position of alanine dosimeters 
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Figure A.18: CT image of the 18th slice of the lung phantom showing the 

position of alanine dosimeters 

 

 

Figure A.19: CT image of the 19th slice of the lung phantom showing the 

position of alanine dosimeters 
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Part B: Calibration curves 
 

The following plots illustrate the calibration curves for all plans. In the x-axis is 

the calibration dosimeter signal, whereas in the Y-axis is the dose measured in 

Gy. 

Plan1 

 

Figure Β.1: Plot showing the relation between the ESR-signal versus the 

calibration dose. The solid line is a first order regression line. This plot concerns 

plan1.  
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Plan2 

 

Figure Β.2: Plot showing the relation between the ESR-signal versus the 

calibration dose. The solid line is a first order regression line. This plot concerns 

plan2.  

Extreme Plan 

 

Figure Β.3: Plot showing the relation between the ESR-signal versus the 

calibration dose. The solid line is a first order regression line. This plot concerns 

the extreme plan.  
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Error Plan 

 

Figure Β.4: Plot showing the relation between the ESR-signal versus the 

calibration dose. The solid line is a first order regression line. This plot concerns 

the error plan.  
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