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ABSTRACT 

 

In the current study, we present measurements of peripheral dose that is absorbed 

by specific radio-sensitive organs outside the radiation field for five clinical cases, 

and compare them with the corresponding values that are given by ISIS 3D Treatment 

Planning System, as well as with the values given by a software that can calculate 

peripheral doses called ‘Peridose’. 

The experiment was accomplished in Radiotherapy Department of the General 

University of Patras using the SLI linear accelerator, manufactured by ELEKTA). The 

measurements were made with the use of Metal Oxide Semiconductor Field effect 

Transistor (MOSFET) detectors. The whole dosimetry system consists of  a PC-based 

user-interface software, the MOSFET Reader Module and the individual MOSFET 

detectors. In order to match the attenuation and scattering properties of human tissues 

and bones, and also mimic the internal and external contours of an average patient, we 

used the anthropomorphic RANDO phantom.  

The five treatment plans that were made for the simulation of the corresponding 

clinical cases are: the head, the breast, the mediastinum, the pelvis and the pelvis 

‘boost’ (a treatment plan for the enhancement of the dose in the prostate region). The 

points of interest were: the right eye, the thyroid, the heart, the left ovary and the 

testes. 

The Rando phantom was scanned with the Lightspeed-16 multi slice CT scanner 

in the Diagnostic Radiology Department of the General University Hospital of Patras. 

We found the exact correspondence, between the real phantom and the treatment plan, 

for the points inside the RANDO phantom where the MOSFET detectors were placed. 

Each plans’ parameters were inserted in the ISIS 3D and the peripheral doses for each 

case were calculated. Moreover, by inserting the same parameters into ‘Peridose’ we 

further calculated the corresponding values of peripheral dose.  

Our results shown that ISIS 3D tends to overestimate by far the values of the 

peripheral dose in the points far away from the edge of the radiation field. More 

specifically ISIS 3D, in every case, estimates a percentage above 1% and that is 

because of the algorithms that uses for its calculations.  
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On the other hand Peridose has a very good agreement with the measurements 

although it has certain limitations. In particular, the program cannot calculate the 

peripheral dose very close (e.g. in the ‘head’ case, the right eye) or far away (e.g. in 

the ‘head’ case, the testes) from the radiation field.  

The MOSFET dosimetry system proved to be very practical because of its 

immediate dose readout. It needs no further process to the detectors in order to take 

the integrated dose. 
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INTRODUCTION 

Radiation therapy, also referred as radiotherapy, radiation oncology or 

therapeutic radiology, is the medical use of ionizing radiation as part of cancer 

treatment to control malignant cells of the human body. Radiotherapy is one of the 

three principal modalities used in treatment of malignant disease. The other two are 

surgery and chemotherapy. Modern oncology, according to each case, combines the 

three methods in order to attain the best result for each treatment. Hence radiation 

therapy may be used as the primary treatment. The use of radiotherapy in non-

malignant conditions is limited partly by worries about the risk of radiation-induced 

cancers. 

Radiation therapy has been in use as a cancer treatment for more than 100 years, 

with its earliest roots traced to the discovery of x-rays in 1895 by the great German 

physicist Wilhelm Roentgen. As early as 1897, scientists were discovering that x-rays 

could be used for therapeutic purposes. The field of radiation therapy began to grow 

in the early 1900s, thanks in large part to the groundbreaking work of Nobel Prize-

winning scientist Marie Curie, who discovered the radioactive elements polonium and 

radium, thus opening a new era in medical treatment and research. Radium was used 

in various forms until the mid-1900s when cobalt and cesium units came into use. 

Orthovoltage and cobalt units have largely been replaced by megavoltage Linear 

Accelerators (particle accelerators used to accelerate electrons for the production of 

high energy x-rays), useful for their penetrating energies and lack of physical 

radiation source.  Medical Linear Accelerators have been used as sources of x-ray 

radiation since the late 1940s.  

With Godfrey Hounsfield’s invention of computed tomography (CT) in 1971, 

three-dimensional planning became a possibility and created a shift from 2-D to 3-D 

radiation delivery. CT-based planning allows physicians to more accurately determine 

the dose distribution using axial tomographic images of the patient's anatomy. 
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Radiotherapy is sorted in three categories, depending on what purpose will be 

provided:  

 Curative or radical radiotherapy. Under certain conditions is the main method of 

treatment of malignancy. Usually granted when the volume cannot be operated. 

In many cases it is very effective. 

 Adjuvant radiotherapy which is given as supporting treatment after surgery to 

reduce the phenomenon of relapse.  

 Palliative radiotherapy. It is indicated when the symptoms are extremely 

annoying for the patient such as extreme pain or bleeding. It aims at improving 

the quality of life of the cancer patients.  

 

The basic principle of radiotherapy is to deliver the highest possible amount of 

dose to the geometrically well-defined Planning Treatment Volume (PTV), while 

avoiding the irradiation of the surrounded healthy tissues. The delivered dose should 

be uniform and its value has to be in agreement with the prescription of the 

radiotherapist. Especially the dose that is absorbed from radio-sensitive organs 

(organs at risk), which may be located inside or outside the irradiation field, should 

not exceed the tolerance dose of each organ. If that occurs, there will be a severe 

damage to the function of the organ.  

Commonly, during radiotherapy, a percentage of the prescribed dose that is 

delivered to the target volume is absorbed by organs outside the radiation field. These 

organs may lie close to the radiation field, or in remote regions from it. This amount 

of dose is called peripheral dose (PD), as reported in the literature. The peripheral 

dose is determined by three factors: a) the leakage radiation from the radiotherapy 

machine head due to the interaction of the photon beam with the primary collimators, 

b) the scatter of the radiation in the irradiated volume inside the human body and c) 

the scatter of the radiation from the linear accelerator’s couch, the walls of the room, 

the floor and the ceiling. The percentage of dose that is received by the regions 

outside the field is very small compared to the dose delivered to the target volume. 

Hence, this dose may cause secondary cellular abnormalities, which possibly can 

induct secondary cancers. In recent years the rates of the patients’ survival who are 
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treated with radiotherapy have significantly increased, practically cured, so there is an 

acute interest about peripheral dose, especially in radio-sensitive organs.  

The aim of the current study is to present measurements of peripheral dose that is 

absorbed by specific radio-sensitive organs outside the radiation field for five clinical 

cases, and compare them with the corresponding values that are given by ISIS 3D 

Treatment Planning System, that is clinically used in our department, as well as with 

the values given by a software that can calculate peripheral doses called ‘Peridose’. 

The measurements were made with the use of Metal Oxide Semiconductor Field 

effect Transistor (MOSFET) detectors, in an anthropomorphic Rando phantom. 

More specifically, in the first chapter the basic radiation physics are introduced as 

a necessary background, focused in the interactions of radiation with matter and the 

basic dosimetric quantities. In the second chapter a brief research from the literature, 

about the peripheral dose, is presented. The third chapter presents the materials that 

were used for the experimental measurements (Linac, MOSFET detectors, Rando 

phantom), and those used for the calculation of the peripheral dose (ISIS 3D 

Treatment Planning System, Peridose). In the fourth chapter the whole experimental 

procedure is described explicitly. The fifth chapter refers to the calculations that are 

made by simulating the experimental procedure with ISIS 3D and Peridose. In the 

sixth chapter the results of the experimental measurements and those of the 

calculations are presented and compared. Also the dosimetry reports from the 

MOSFET dosimetry system software are shown for each case. Finally in the last 

chapter the results and the comparison between the measurements and the calculated 

values of the peripheral dose are discussed.  
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CHAPTER 1: INTERACTIONS OF RADIATION WITH 

MATTER – PHYSICAL PROPERTIES 

The processes involved in the interaction of radiotherapy photon beams are 

discussed in this chapter
1
. The most important phenomena are: attenuation of photons 

by scattering and absorption, energy transfer to charged particles, and energy 

deposition by charged particles. The basic quantity governing the degree of 

attenuation is the interaction cross section, which is defined as the area that each 

interaction center presents to the incident photon. 

1.1 TOTAL AND DIFFERENTIAL CROSS SECTION  

The scattering cross section σ represents the area that an interaction center (an 

electron or nucleus) presents to the incident photon and is measured in units of cm
2
 or 

barns (1 barn=10
-28

 m
2
). If the photon is incident on this region, an interaction will 

occur. The cross section of an interaction center is the probability that a photon 

incident somewhere within a unit area will interact with that interaction center. The 

total likelihood of interaction, increases with the cross section and number of 

interaction centers. Also, the number of photons crossing a sphere of unit cross-

sectional area is denoted by the fluence Φ (units cm
-2

). For a fluence Φ and a 

scattering cross section σ, the expected number of interactions as these photons cross 

a unit volume containing one scattering center is: 

<n> = σ Φ  

The situation of a photon fluence Φ incident on a unit volume containing an atom 

with cross section σ is shown in the following figure: 

 

                                                 
1
 Peter Metcalfe, Tomas Kron, Peter Hoban. 1997. The physics of radiotherapy x-rays from linear 

accelerators. Madison : Medical Physics Publishing, 1997. 
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The expected number of interactions in a unit volume, where there are ρscat 

scattering centers in the unit volume, is thus: 

<N> = ρscat  σ Φ        (1) 

This equation also gives the expected number of interactions when Φ photons 

incident on a unit area cross a unit pathlength. The scattering centers can be either 

electrons or nuclei.  

1.1.1 Differential Cross Section  

The cross section σ is the total area presented by a scattering center to the incident 

photon, but the deflection of the photon (if it is not absorbed) depends on the distance 

from the interaction center at which it is incident. The annular area dσ within which 

the deflection will be within a solid angle dΩ, centered on deflection angle θ, is the 

differential cross section dσ/dΩ. The relationship between an increment in θ and an 

increment in Ω is:  

dσ/dΩ = 1/2πsinθ 
d

d




 

The differential cross section concept is illustrated in the following figure: 

 

1.1.2 Linear and Mass Attenuation Coefficient 

The above equation is also the loss of fluence per unit pathlength thus the 

reduction per pathlength dz is:  

dΦ = ρscat  σ Φ dz         (2) 

From equation (1) the fraction of photons lost from a beam in a unit pathlength is 

given by: 

µ = <N>/Φ = ρscat  σ     (3) 



14 

 

which is the linear attenuation coefficient and has units of cm
-1

. Inserting μ in 

equation (2), the fraction of photons lost in a pathlength dz is thus:  

dΦ/Φ = ρscat  σ dz = µ dz  

This differential equation can be solved to yield an equation for the reduction of 

photon fluence with depth z: 

Φ = Φ0 e
-μz 

 

This is the familiar equation for exponential attenuation of the primary fluence, 

where the fluence is Φ0 at the medium surface. This exponential behavior results from 

the fact that a fixed proportion of photons remaining in the primary beam are removed 

in each depth increment.  

In equation (3), the attenuation coefficient is written as the number of atoms per 

unit volume times the cross section per atom. It is also useful to write the electron 

density in terms of mass density ρ. The relationship between ρscat and ρ is easily 

deduced from the fact that the number of atoms per volume is the number of atoms 

per mass times the mass per volume. In turn, the number of atoms per mass is the 

atoms per mole times the number of moles per mass. So we have: 

ρscat = NA * 1/A * ρ     (4) 

where NA is the Avogadro’s number and A is the atomic mass number. Inserting 

equation (4) in equation (3), and dividing by the density then gives the mass 

attenuation coefficient:   

µ/ρ = NA/A * σ  

which is independent of density. The value for compounds is easily obtained by 

taking a weighted sum over each element: 

µ/ρ = ( )i

i

f



  

where fi is the fraction by weight of element i. This can be further expanded using the 

cross sections for the different interaction types for each element.  

 

 

1.2 PHOTON INTERACTION PROCESSES 

The three photon interaction types of relevance at energies used in radiotherapy 

are photoelectric, Compton (incoherent scattering), and pair production processes. 
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The physics of each interaction process and their dependencies on energy and material 

are presented in this paragraph.   

 

1.2.1 Photoelectric Absorption  

Figure 1.1 is a description of the photoelectric process using the Bohr model of 

the atom. The photon strikes an outer or inner shell electron, and all of its energy is 

absorbed by the electron that escapes its shell. If an inner shell electron is involved, it 

is replaced by an outer shell electron. This electron in turn emits some energy in the 

form of a photon whose energy is characteristic of the energy difference between the 

two shells. This radiation is known as characteristic radiation. For the low atomic 

number elements in tissue, this energy is so small that characteristic radiation is 

absorbed locally in closely neighboring atoms. In the photoelectric process, almost all 

of the photon’s energy is transferred to the kinetic energy, Ek, of a bound electron 

such that: 

Ek = Ep – Eb       (5) 

where Ep is the initial photon energy and Eb is the electron binding energy of the 

ejected electron. The photoelectric component of the atomic cross section varies with 

atomic numbers as Z
3.8

 for Z greater than or equal to 16 and varies as Z
3.0

 for Z less 

than or equal to 15. It also varies as Ep
-3

, thus the photoelectric component is most 

important in high Z materials and at low energies. The mass attenuation coefficient 

for low atomic number materials is: 

(µ/ρ)pe ∝ Z
3 

/A * Ep
-3

  

The photoelectric effect is most likely to occur for photon energies just larger than 

the binding energy, hence the large decrease in cross section with energy.  
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Figure 1.1 Illustration of photoelectric absorption  

1.2.2 Compton (Incoherent) Scattering  

The most important photon interaction process for the beam energies used in 

radiotherapy is Compton scattering. In fact from 200keV to 2MeV it is the only 

interaction of importance in soft tissues. Figure 1.2 shows an incident photon with 

energy E = E0 which interacts with a free electron in an outer shell that is ejected with 

an energy Ee. Since the binding energy of the electron is negligible, by conservation 

of energy, the scattered photon retains an energy: 

 

Esc = E0 - Ee
 
     (5) 
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Figure 1.2: Compton scattering process 

 

Momentum is also conserved, since the collision is elastic. The ejected electron 

has a kinetic energy equal to its total energy, E0, minus its rest mass energy, Em (Ee
 
= 

E0 – Em ). Since the electron may have a velocity approaching the speed of light, c, 

then by using the relativistic expression for kinetic energy: 

Ee
 
= m0c

2 
 

12

2
2

1
1

(1 )
v

c

 
 

 
 
  

  

By vector analysis we get the following equations which show that the kinetic 

energy given to the recoil electron and the energy retained by the scattered photon are 

dependent on θ, the angle of recoil photon scatter, as follows: 

Ee = E0 
(1 cos )

1 (1 cos )

 

 

 
 
  

 

Where α = E0/m0c
2
, the ratio of incident photon energy to electron rest mass energy 

(0.511 MeV). By using the equation (5), we get: 

Esc = E0 
1

1 (1 cos ) 

 
 
  

 

Klein and Nishina determined by quantum mechanical analysis that the 

differential cross section for Compton interactions is given by:  

0e
KN

d d
F

d d

 


 
 

where the subscript e is used to indicate that this is a cross section per electron. The 

term 0 /d d   is the classical scattering expression: 

2
20 0 (1 cos )

2

d r

d


 


 

where r0 is the classical electron radius. The term FKN is the Klein-Nishina factor and 

is given by:  

FKN  = 

2 2 2

2

1 (1 cos )
1

1 (1 cos ) [1 (1 cos )](1 cos )
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The differential cross section for energy transferred to electrons represents the 

fraction of incident energy transferred by photons that are scattered into a solid angle 

dΧ and is given by: 

0

tr e e
Ed d

d d E

  


 

 

The total cross section per electron is obtained by integrating the differential cross 

section over all Χ: 

e
e

d
d

d





 

  

Similarly the total energy transfer cross section is: 

0

tr e e
tr

Ed d
d d

d d E

 




 
   

    

Most importantly with Compton interactions, there is no dependence on the 

charge of the nucleus, apart from the fact that the number of electrons per atom is 

equal to the atomic number. The interactions are with free electrons. Finally the 

Compton mass attenuation coefficient is proportional to the number of electrons per 

unit mass and inversely proportional to the square root of the energy: 

1

2
0

incoh

Z
E

A





 
 

 
 

1.2.3 Pair Production  

When the energy of an incident photon is greater than the rest mass energy of an 

electron and a positron (2m0c
2
=1.022 MeV), the photon may be absorbed through the 

mechanism of pair production. Here, the photon passes very close to the nucleus and 

its energy is used to create an electron-positron pair. The excess energy is shared 

between the electron and positron as kinetic energy.  

It is easily shown that the rest mass energy of an electron or positron is 0.511 

MeV using the equation E=mc
2
. Thus the energy of one electronic mass unit is 0.511 

MeV. As two charged particles are formed, the threshold energy required for pair 

production by the photon is 1.022 MeV. The mechanism is described in Figure 1.3, 

which shows the incident photon colliding with the nucleus and an electron-positron 

pair being formed. The positron interacts with an electron after losing its kinetic 

energy, in which process both particles are annihilated. In this process two photons 
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each of 0.511 MeV are emitted in the conversion of mass to energy. This radiation is 

called annihilation radiation.  

 

Figure 1.3 Pair production process  

 

 

Energy and charge are conserved between the photon, electron and positron, but 

momentum is not conserved between the three particles because some momentum is 

given to the nucleus. The differential cross section for the production of an electron-

positron pair has been shown to be approximately:  

22
2 40

0
137 2

pair

pair

d rZ
m c F

d







 

The term Fpair is a complicated function of momentum, energy and angle of 

projection of the positron and the electron, and dΧ is the solid angle into which the 

photon is projected.  

The pair production cross section increases with energy which means a high-

energy beam is less penetrating than a low-energy beam when the main attenuation 

process is pair production. This is in contrast to the Compton and photoelectric 

processes, whose probability of occurrence decreases with increasing energy. The 

mass attenuation coefficient for the pair production is given by: 

2

0log
pair

Z
E

A
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1.3 Electron interactions 

When an x-ray photon interacts with a medium by either photoelectric, Compton 

or pair production process, charged particles are set in motion and deposit energy until 

they run out of energy and stop. In the case of pair production, an electron and a 

positron are first created and then transported. In other cases, a single electron is 

ejected. The ejected electron is sometimes referred to as a secondary electron
2
.  

The important mechanisms of electron transport are energy loss and scattering. 

The rates at which both occur depend on the electron energy as well as the 

composition of the absorbing medium. A higher initial electron energy and/or a 

slower rate of energy loss gives rise to a larger electron range. The processes whereby 

electrons lose energy include collisions with atomic electrons (collision energy loss) 

and interactions with the electric fields of nuclei (radiative energy loss) in which a 

bremsstrahlung photon is emitted. Both of these interaction types are inelastic. Hence, 

energy is lost by the incident electron. 

When the electron passes by a nucleus at a larger distance, the interaction with the 

electric field is elastic and the electron is deflected with no energy loss. This process 

is known as multiple coulomb scattering, since the electron attains a net angular 

deflection after a very large number of coulomb interactions. It is collision energy loss 

that leads to the ionization and excitation processes responsible for biological damage 

to the cell.  

 

1.3.1 Collisional Energy loss   

Collisions that cause electron energy loss are of major interest, as these events 

give rise to deposition of energy. Collisional energy loss occurs when a secondary 

electron passes close enough to an atomic electron to eject it from its shell either 

permanently or temporarily. If the electron is permanently removed, the atom is 

ionized. If it is temporarily elevated to a higher energy level, excitation of the atom 

occurs. Collision energy losses, therefore, include ionization or excitation of the atom. 

                                                 
2
 Khan, Faiz M. The physics of radiation therapy. Baltimore, Maryland 21202 : Library of Congress 

Cataloging-in-Publication Data, 1994. 
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In general this process is closely modeled by a free electron collision because the 

outer shell electrons are loosely bound. 

Collision energy losses in which the electron loses a small amount of energy are 

very frequent. The rate of energy loss by this mechanism depends on electron energy, 

number of atomic electrons per unit volume, and slightly on the ionization energy of 

the atoms in the medium.  

 

1.3.2 Radiative Energy Loss (Bremsstrahlung Production) 

When an electron passes close to the nucleus of an atom, it experiences an 

electromagnetic force that results in an energy loss as shown in figure 1.4 The 

incident electron with initial kinetic energy Ek continues with its energy reduced to 

Ek-hv where hv is the energy lost to the bremsstrahlung photon. 

 

Figure 1.4 Bremsstrahlung Production 

 

 Bremsstrahlung radiation is emitted by conservation of energy. The probability 

of such an interaction increases as the distance of the electron from the nucleus 

decreases. The maximum energy of the bremsstrahlung photon can be no more than 

the incident electron energy, and a spectrum of photon energies below this value is 

produced. Since the energy lost is converted to a bremsstrahlung photon, this is 

referred to as radiative energy loss. There is also a small radiative energy loss 

component due to electron-electron bremsstrahlung, in which the coulomb field of an 

orbital electron decelerates the second electron.  
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1.4 Dosimetric principles and quantities 

Radiation measurements and investigations of radiation effects require various 

specifications of the radiation field at the point of interest
3
. A number of quantities 

and units have been defined for describing the radiation beam and the most commonly 

used dosimetric quantities and their units are defined below.  

 

1.4.1 Photon fluence and energy fluence 

The following quantities are used to describe a monoenergetic ionizing radiation 

beam: particle fluence, energy fluence, particle fluence rate and energy fluence rate.  

The particle fluence φ is the quotient dN by dA, where dN is the number of 

particles incident on a sphere of cross-sectional area dA: 

dN

dA
   

The unit of particle fluence is particles/cm
2
. The use of a sphere of cross-sectional 

area dA expresses in the simplest manner the fact that one considers an area dA 

perpendicular to the direction of each particle and hence that particular fluence is 

independent of the incident angle of the radiation. Planar particle fluence is the 

number of particles crossing a plane per unit area and hence depends on the angle of 

incidence of the particle beam.  

The energy fluence Φ is the quotient of dE by dA, where dE is the radiant energy 

incident on a sphere of cross-sectional area dA:  

dE

dA
   

The unit of energy fluence is J/m
2
. Energy fluence can be calculated from particle 

fluence by using the following relationship:  

dN
E E

dA
    

Where E is the energy of the particle and dN represents the number of particles 

with energy E.  

                                                 
3
 Podgorsak, Ervin B. Review of radiation oncology physics: a handbook for teachers and students. 

Vienna : Educational Reports Series, 2003. 
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However, all realistic photon or particle beams are polyenergetic and the above 

defined concepts need to be applied to such beams. The concepts of particle fluence 

spectrum and energy fluence spectrum replace the particle fluence and energy fluence, 

respectively. They are defined as: 

   E

d
E E

dE


        and           E

d d
E E E E

dE dE


     

Where φE (E) and ΦE (E) are shorthand notations for the particle fluence 

spectrum and the energy fluence spectrum, differential in energy E, respectively. 

Figure 1.5 shows a typical photon and energy fluence spectrum, generated by an 

orthovoltage x-ray unit. The two spikes superimposed onto the continuous 

bremsstrahlung spectrum represent the Kα and Kβ characteristic x-ray lines produced 

in the tungsten target.   

 

Figure 1.5 Photon fluence and energy fluence spectra at 1m from the target of an 

x-ray machine with tube potential 250 kV and added filtration of 1mm Al and 1.8 mm 

Cu.  

 

The particle fluence rate φ is the quotient of d  by dt where d  is the increment 

of the fluence in the time interval dt:  

d

dt


           with units of: particles∗ m-2 ∗ s-1
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The energy fluence rate (intensity) is the quotient of dΦ by dt where dΦ is the 

increment of the energy fluence in the time interval dt:  

d

dt



         with units of: W/m

2
 or J ∗ m-2 ∗ s-1

  

 

1.4.2 Kerma 

Kerma is an acronym for Kinetic Energy Released per unit Mass. It is a non-

stochastic quantity applicable to indirectly ionizing radiations, such as photons. It 

quantifies the average amount of energy transferred from the indirectly ionizing 

radiation to directly ionizing radiation without concerns to what happens after this 

transfer.  

Energy of photons is imparted to matter in a two-stage process. In the first stage, 

the photon radiation transfers energy to the secondary charged particles (electrons) 

through various photon interactions (photo-effect, Compton, pair production). In the 

second stage, the charged particle transfers energy to the medium through atomic 

excitations and ionizations.  

The kerma is defined as the mean energy transferred from the indirectly ionizing 

radiation to charged particles (electrons) in the medium trd E per unit mass dm:  

trd E
K

dm
  

The unit of kerma is joule per kilogram (J∙kg
-1

). The special name for the unit of 

kerma is the gray (Gy), where 1Gy = 1 J∙kg
-1

.  

 

1.4.3 Absorbed dose 

Absorbed dose is a non-stochastic quantity applicable to both indirectly and 

directly ionizing radiations. For indirectly ionizing radiations, energy is imparted to 

matter in a two-step process. In the first step (resulting in kerma) the indirectly 

ionizing radiation transfers energy as kinetic energy to secondary charged particles. In 

the second step these charged particles transfer some of their kinetic energy to the 

medium (resulting in absorbed dose) and lose some of their energy in the form of 

bremsstrahlung losses.  
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The absorbed dose is related to the stochastic quantity energy imparted. The 

absorbed dose is defined as the mean energy   imparted by ionizing radiation to 

matter of mass m in a finite volume V by:  

d
D

dm


  

The energy imparted   is the sum of all energy entering the volume of interest 

minus all energy leaving the volume, taking into account any mass-energy conversion 

within the volume. Pair production, for instance, decreases the energy by 1.022 MeV, 

while electron-positron annihilation increases the energy by the same amount. 

The electrons travel in the medium and deposit energy along their tracks. This 

absorption of energy does not take place in the same location as the transfer of energy 

described by kerma. However absorbed dose and kerma have the same unit which is 

the gray (Gy = J∙kg
-1

).  
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CHAPTER 2: PERIPHERAL DOSE  

 

The peripheral dose (PD) is the radiation dose received at points beyond the 

collimated radiotherapy field edge. So as to ensure that radiosensitive tissues outside 

of the beam do not receive doses approaching their tolerance levels, detailed 

knowledge of magnitude and spatial distribution of the PD may be necessary
4
. 

Sources contributing to the total peripheral dose include the scatter from the treatment 

volume (phantom component), the scatter from collimating structures, the scatter from 

the treatment room and finally for x-ray beams with energies above photoneutron 

production thresholds, neutrons generated within the accelerator or patient.  

The peripheral radiation dose can be important clinically, potentially affecting 

cataract formation, gonadal function and fertility. The PD can also be responsible for 

exposure to the fetus in a pregnant woman, and dose to breast and other tissues for 

which radiation-induced carcinogenesis may be concern
5
.  

In this chapter, some representative studies from the international literature about 

peripheral dose will be presented. In these studies, several techniques were performed 

in various phantoms, with different types of detectors. Some studies focused on 

specific regions to measure and calculate the peripheral dose. Others used different 

fields and energies and some used different programs for their calculations.  

Indra J. Das et al.
6
, used vertex fields which are applied for the treatment of 

cranial tumors. A typical setup parameters used clinically during vertex field 

irradiation, 8x10 cm
2
, and focus-to-skin distance (95-100 cm) were reproduced on an 

anthropomorphic phantom to measure dose to various organs in the primary beam. 

Three photon beams were used. The measured normalized dose to the cervical cord, 

thyroid, heart and female and male gonads was found to be 60, 36, 16, 2.5 and 1,6 % 

                                                 
4
 Benedick A. Fraass, Jan van de Geijn. Peripheral dose from megavolt beams. Med. Phys. 1983, 

Vol. 10, 6. 

5
 Brian J. McParland, Heather I. Fair. A method of calculating peripheral dose distributions of 

photon beams below 10 MV. Med. Phys. . 1992, Vol. 19, 2. 

6
 Indra J. Das, Chee-Wai Cheng, Douglas A. Fein, Lawrence R. Coia, Walter J. Curran, Barbara 

Fowble. Dose estimation to critical organs from vertex field treatment of brain tumors. Int. J. Radiation 

Oncology Biol. Phys. 1997, Vol. 37, 5.  
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respectively, for a 6 MV photon beam. The dose from 4 MV and 10 MV were slightly 

lower and higher respectively.  

Diallo I. et al.
7
, developed a computer program called ‘Dosimetry Electron 

Gamma’ (Dos_EG) to study dose distribution outside the target volume during 

external beam radiotherapy and determine the dose received by the patient arising 

from leakage radiation and scattered radiation from both the treatment head and the 

treatment room. This program also allows to evaluate the dose due to photon 

scattering in the patient by means of a dedicated 3-D algorithm permitting 

computations for the whole body of the patient and take into account height, sex and 

anatomical data at the time of the treatment, dosimetric data and lung heterogeneity 

parameters.  

In figures A and B examples of peripheral dose values estimated by (Dos_EG) 

are presented.  

 

 

 

 

 

The dose estimation after radiotherapy for breast treatment (A) used a 

mathematical adult woman phantom of 167 cm in height. The beam arrangement 

                                                 
7
 I. Diallo, A. Lamon, A. Shamsaldin, E. Grimaud, F. de Vathaire, J. Chavaudra. Estimation of 

the radiation dose delivered to any point outside the target volume per patient treated with external 

beam radiotherapy. Riadiotherapy and Oncology. 1996, Vol. 38. 

 

I. Diallo, A. Lamon, A. Shamsaldin, E. Grimaud, F. de Vathaire, J. Chavaudra. Estimation of the radiation 

dose delivered to any point outside the target volume per patient treated with external beam radiotherapy. 

Riadiotherapy and Oncology. 1996, Vol. 38. 
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involves the two tangential beams to the breast, a tumor field and the AP-PA beams 

towards the lymph nodes in the axilla and supraclavicular fossa. Wedges and 

shielding are taken into account in the calculation. The example (B) for the treatment 

of head and neck cancer uses a male adult phantom of 170 cm in height. The 

treatment technique involves a bilateral supraclavicular beam with shielding and 

lateral opposed cervical beams.  

Michalis Mazonakis et al.
8
, managed to estimate the scattered dose to the thyroid 

from prophylactic cranial irradiation (PCI) during childhood. Except for the 

measurements that were done using fluoride thermo luminescent dosimeters (TLDs) 

placed in two pediatric humanoid phantoms, a three-dimensional general geometry 

time-dependent Monte Carlo N-particle transport code was employed for the 

simulations. Two lateral and opposed fields were used. The phantoms were exposed 

with a 6 MV x-ray beam. The mean dose measured by the four dosimeters was 

considered as the thyroid dose. The scattered dose received by an unshielded and/or 

shielded thyroid was measured. For a cranial dose of 18 Gy, the thyroid dose obtained 

by Monte Carlo calculations varied from 47 to 79 cGy depending upon the age of the 

child. Appropriate placement of the couch block resulted in a thyroid dose reduction 

by 39 to 54%. The mean difference between Monte Carlo results and thyroid dose 

measurements was 9.6%.  

Graham Stevens et al.
9
, in a pertinent study, measured and calculated the 

radiation dose received by the thyroid gland as a result of (PCI) in childhood 

leukemia. The dose to the thyroid resulting from simulated cranial irradiation with 

parallel opposed lateral fields of an adult anthropomorphic phantom with both 6 MV 

x-rays and Cobalt-60 was measured using TLDs. Calculation of thyroid dose using 

Clarkson scatter integration method was performed for 6 MV x-rays. Using open 

unshielded fields, the thyroid region of the phantom received 1.2-1.4% of the 

prescribed cranial dose for 6 MV x-rays and 1.5-1.7% for Cobalt-60. Good correlation 

                                                 
8
 Michalis Mazonakis, Antonis Tzentakis, John Damilakis, Haris Varveris, Stefanos Kachris, 

Nicholas Gourtsoyiannis. Scattered dose to thyroid from prophylactic cranial irradiation during 

childhood: a Monte Carlo study. Phys. Med. Biol. . 2006, Vol. 51. 

9
 Graham Stevens, Simon Downes, Anna Ralston. Thyroid dose in children undergoing prophylactic 

cranial irradiation. Int. J. Radiation Oncology Biol. Phys. 1998, Vol. 42, 2. 
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of the peripheral dose was obtained between phantom measurements and calculation 

of dose using the Clarkson method.  

Sabine Bieri et al.
10

, managed to determine the effects of treatment techniques, 

including patient positioning (supine vs. prone), on the absorbed dose in organs at a 

distance from the treatment volume in breast radiotherapy. Dose distribution was 

studied in a Rando-Alderson phantom, modified with a simulated left breast of tissue-

equivalent material. Radiotherapy delivery was studied using Cobalt-60 and 6 MV x-

ray beams. Doses were measured in several organs and tissues of interest using LiF 

TLDs. Their results showed that the peripheral doses generally decreased 

approximately exponentially with distance from the edge of the treatment field. For 

50 Gy prescribed dose the peripheral doses were significantly higher for supine than 

for prone tangential breast radiotherapy: 0.50Gy vs. 0.25Gy for the upper abdomen, 

0.05Gy vs. 0.02Gy for pelvic organs, 0.17Gy vs. 0.08Gy for active bone marrow and 

0.47Gy vs. 0.12Gy for ipsilateral lung.   

C. J. Amies et al.
11

, dealt with the testicular doses in definite radiation therapy for 

localized prostate cancer. They used an acrylic phantom scrotum and penis that were 

attached to a commercial anthropomorphic phantom. The effect of different positions 

of the testes within the scrotum was determined was determined by placing TLDs at 

five positions within the phantom scrotum and irradiating using a standard treatment 

geometry. A 4-field box technique was performed. The anterior and posterior 

(AP/PA) fields were 12x8 cm and the lateral fields 12x8 cm. The energy used was 6 

MV. A large dose (20 Gy) was delivered to the pelvis to give a sufficient dose to the 

scrotum TLDs to obtain a reasonable signal for analysis. The same parameters were 

applied to the treatment plan that was made for four patients. The peripheral dose was 

further measured for each patient. The results shown that the dose inside the acrylic 

scrotum was measured to be 1.43-1.63%, relative to the dose at the isocenter. 

                                                 
10

 Sabine Bieri, Mariateresa Russo, Michael Rouzaud, John M. Kurtz. Influence of modifications 

in breast irradiation technique on dose outside the treatment volume. Int. J. Radiation Oncology Biol. 

Phys. . 1997, Vol. 38, 1. 

11
 C. J. Amies, H. Mameghan, A. Rose, R. J. Fisher. Testicular doses in definite radiation therapy 

for localized prostate cancer. Int. J. Radiation Oncology Biol. Phys. 1995, Vol. 32, 3. 
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Moreover the dose measurements at the posterior aspect of the scrotum overestimated 

the testis dose by approximately 15%.  

G. Kokona et al.
12

 measured the testicular and ovarian doses in order to assess the 

risk for genital damage to patients treated with megavoltage x-ray beams for benign 

diseases. Radiation therapy of benign diseases was simulated on an anthropomorphic 

phantom with a 6 MV photon beam. The gonadal dose was calculated during the 

irradiation of heterotopic ossification, liver and vertebra haemangiomas, bone cysts, 

Graves’ ophthalmopathy and gynaecomastia. Dose measurements were carried out 

using thermo luminescent dosimeters. The ovarian and testicular total doses were 

found to be 2.00-680 and 2.0-39.0 mGy, respectively, depending on the gonadal 

location in respect to the treatment volume. The radiation-induced risk of hereditary 

disorders in future generations was (1.0-40.8) ×10
-4

 and (1.0-23.4) ×10
-4

 for woman 

and man respectively.  

 Several other studies dealt with the fetal dose in pregnant women undergoing 

radiation therapy in different regions such as brain (Penny K. Sneed et al.
13

, Michael 

Mazonakis et al.
14

), breast (Michael Mazonakis et al.
15

, Christos Antypas et al.
16

), 

head and neck (Matthew B. Podgorsak et al.
17

).  

                                                 
12

 G. Kokona, M. Mazonakis, H. Varveris, E. Liraraki, J. Damilakis. Treatment of bening deiseases 

with megavoltage x-ray beams: is there a risk for gonadal damage? Clinical Oncology . 2006, Vol. 18. 

13
Penny K. Sneed, Norman W. Albright, William M. Wapa, Michael D. Prados, Charles B 

Wilson. Fetal dose estimates for radiotherapy of brain tumors during pregnancy. Int. J. Radiation 

Oncology Biol. Phys. 1995, Vol. 32, 3, pp. 823-830. 

14
Michael Mazonakis, John Damilakis, Haris Varveris, Nikos Theoharopoulos, Nikos 

Gourtsoyiannis. A method of estimating fetal dose during brain radiation therapy. Int. J. Radiation 

Oncology Biol. Phys. 1999, Vol. 44, 2, pp. 455-459. 

15
Michael Mazonakis, Haris Varveris, John Damilakis, Nikos Theoharopoulos, Nikos 

Gourtsoyiannis. Radiation dose to conceptus resulting from tangential breast irradiation. Int. J. 

Radiation Oncology Biol. Phys. 2003, Vol. 55, 2, pp. 386-391. 

16
Christos Antypas, Panagiotis Sandilos, John Kouvaris, Ersi Balafouta, Eleftheria Karinou, 

Nikos Kollaros, Lambros Vlahos. Fetal dose evaluation during breast cancer radiotherapy. Int. J. 

Radiation Oncology Biol. Phys. 1998, Vol. 40, 4, pp. 995-999. 

17
Matthew B. Podgorsak, Robert J. Meiler, Hank Kowal, Steven P. Kishel, James B. Orner. 

Technical management of a pregnant patient undergoing radiation therapy to the head and neck. 

Medical Dosimetry. 1999, Vol. 24, 2, pp. 121-128. 
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CHAPTER 3: MATERIALS 

3.1 MOSFET DOSIMETRY SYSTEM 

A relatively new development for the dosimetry of ionizing radiation is the 

invention of the MOSFET detector. MOSFET is the acronym of Metal Oxide 

Semiconductor Field effect Transistor. They became available for dosimetry in the 

early 1980s and have the unique feature of integrating dose as well as allowing 

immediate dose readout.  

The whole dosimetry system consists of a PC-based user-interface software, the 

mobileMOSFET Reader Module and the MOSFET detectors. The reader module is 

small, lightweight and battery-operated. It hosts the MOSFET dosimeters and realizes 

the measurement circuitry. The software provides a console on screen for the operator 

to perform all required actions in dose measurements, such as reading, displaying, 

saving and printing results. The reader module and the five MOSFET detectors that 

were used in the current study, attached to it, are shown in Figure 3.1.  

 

 

Figure 3.1. Reader module and MOSFET detectors.  

 

The bias located inside the Reader provides regulated voltage to the MOSFET 

dosimeters. This ensures reproducibility and linearity over the lifetime of the 
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MOSFET. The mobileMOSFET Reader provides a choice of two bias sensitivities in 

order to cover a wide range of doses with optimum reproducibility: Standard or High 

Sensitivity. Obviously the high bias sensitivity was chosen because the peripheral 

dose is rather low and so, high sensitivity is needed. 

 

3.1.1 Structure of the MOSFET dosimeter 

The basic MOSFET structure is depicted in Figure 3.2. The type shown is a P 

channel enhancement MOSFET which is built on a negatively doped (n-type) silicon. 

When a sufficiently large negatively voltage is applied to the polysilicon gate, a 

significant number of minority carriers (holes) will be attracted to the oxide/silicon 

surface from both the bulk silicon substrate and the source and drain regions. 

 

 

Figure 3.2. Schematic cross section of a P-channel MOSFET.  

Once a sufficient concentration of holes have accumulated there, a conduction 

channel is formed allowing current to flow between the source and drain (Ids). The 
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voltage necessary to initiate current flow is known as the device threshold voltage 

(VTH).  

When a MOSFET device is irradiated, three things happen within the silicon 

dioxide layer which is the sensitive region:  

a) a build-up of trapped charge in the oxide, 

b) the increase in the number of interface traps and 

c) the increase in the number of bulk oxide traps. 

 

Electron-hole pairs are generated within the silicon dioxide by the incident 

radiation. Electrons, whose mobility in SiO2 at room temperature is about 4 orders of 

magnitude greater than holes, quickly move out of the gate electrode while holes 

move in a stochastic fashion towards the Si/SiO2 interface where they become trapped 

in long term sites, causing a negative threshold voltage shift (ΔVTH), which can persist 

for years.  

The difference in voltage shift before and after exposure can be measured, and is 

proportional to dose. At energies below 50 keV photoelectric absorption is the 

dominant process while between 60 keV and 90 keV both photoelectric and Compton 

scattering become important. For both these mechanisms the energy deposited to the 

oxide (the sensitive region) of the MOSFET is delivered mostly by secondary 

electrons.  

The photoelectric cross-section depends strongly on the target material, 

approximately Z
4
. The result of this is that interface dose enhancement occurs because 

the photoelectric cross-section is different in the Si than in the SiO2. More electrons 

will be produced in the Si, the higher the cross section material, so more will cross 

from Si into SiO2 than will cross the interface in the other direction. Dose 

enhancement and the increasing dominance of photoelectric absorption, as the 

incident energy decreases from 150 keV to 10 keV, results in an increase in device 

sensitivity. This energy dependence is typical of most dosimeters. Oncology 

procedures consist of irradiating patient with high energy photon beams, as it is 

mentioned before (1 to 20 MeV). In these energy ranges the observed energy 

dependence does not exceed 5%
18

.  

                                                 
18

 Nielsen, Thomson. Operator's manual for the mobile MOSFET dosimetry system. Ottawa : Best 

Medical Canada Ltd., 2007. 
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3.1.2 Technical specifications  

Accuracy 

Accuracy relative to an absolute source is determined during calibration, which 

will be described in the experimental procedure. Dosimeter accuracy over its dose life 

is approximately 4%. However, recalibration every 7000 millivolts, or equivalent 

accumulated exposure, will maintain this accuracy.  

Sensitivity 

The typical value for the standard MOSFET dosimeters that we used under full 

buildup, for energies provided in radiotherapy ( > 1MeV) is 2.7 mV/cGy for the high 

sensitivity bias setting.  

Resolution, Capacity, Dose Range 

The system records MOSFET voltage up to 20000 mV with 0.01mV resolution. 

The display is auto ranging to keep appropriate precision. The dose range is 

approximately 7000 cGy for the high sensitivity bias setting.  

Reader Long Term Stability and Linearity 

 Reader stability error is less than one percent of the maximum accumulated dose, 

±1mV, over one year. Linearity error is less than 1% of the total dose reading, ±1mV, 

over the full dose range.  

System Dose to Dose Reproducibility 

The reproducibility at 68% confidence using 
60

Co is <0.8% for 200cGy, <1.2% 

for 100cGy and <3% for 20 cGy. 

Angular Dependence 

The error resulting from irradiating the dosimeter under full buildup with beam 

energies of 1 MeV to 20 MeV at any angle is ±2% through 360 degrees rotation. 

Dosimeter Shelf and Fade 

Dosimeters will retain their specified characteristics for at least one year after their 

date of manufacture. The dosimeter’s fade is <3% of 200cGy, rad or mV when read 

within 15 minutes of exposure. 
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Ambient Temperature Effect 

The system temperature response is less than 2% of 20mV or 1% of 200mV per 

0
C of temperature difference between the start and read process up to an accumulated 

dose of 4000mV or 20000mV respectively.  

Flex Dimensions 

Width of Flex : 2.5 mm 

Thickness of Flex : 0.3 mm 

Length of Flex : 200 mm 

Thickness of bulb : 1.3 mm 

Length of bulb : 8.0 mm 

Distance to center of chip (from end of bulb) : 4.0 mm 

 

3.1.3 Advantages  

The main advantages of the MOSFET dosimetry system are the following: 

1) The MOSFET dosimeter is direct reading with a very thin active area which is 

less than 2 µm.  

2) The physical size of the MOSFET when packaged is less than 4 mm
2
.  

3) The post radiation signal is permanently stored and is dose rate independent.  

4) Its high sensitivity allows a reliable measurement of low therapeutic doses, 

and also has very good accuracy for high-energy x-ray radiotherapy 

applications. 

5) The reader can be used for 1 up to five MOSFET detectors, so we can measure 

the dose at up to 5 different points simultaneously.  

6) It has good linearity, reproducibility and very angular dependence.  
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3.2 LINEAR ACCELERATOR  

Electron linear accelerators have been in clinical use since the early 1950s, either 

to produce fast electron beams or to generate x-rays for radiation therapy. Machines 

of this type have become the mainstay of most radiotherapy departments. The useful 

electron energy range for radiotherapy has proved to be about 4-40 MeV. The clinical 

application of linear accelerators imposes stringent requirements on the machine 

design, some of which are the following:  

 

1. The radiation beam must be well defined, and variable in size. 

2. Inside the beam, the radiation dose pattern should be either uniform or non-

uniform in a precise way. It should also be stable, over the useful life of the 

equipment. 

3. The radiation dose delivered to the patient has to be accurately monitored. 

4. The radiation beam should be movable so it can be applied at the patient in 

any desired position and direction. 

5. The position of the patient support system needs to be movable in three 

dimensions with high precision. 

6. Reliability is very important since the radiotherapy treatments are usually 

delivered in a predetermined number of fractions, over a period of weeks. 

7. Finally a high standard of electrical, mechanical and radiation safety is 

essential. 

 

 

In Figure 3.3 the different parts of the accelerator that are needed for the 

generation of the radiation beam are presented in block form. The arrows between the 

components indicate the main inter-connections and flow of energy. For simplicity 

several ancillary systems such as the control systems interlock systems, cooling and 

vacuum system, are not shown. The main components that are illustrated in the block 

diagram will be briefly described in the following paragraphs of the current section.  

Note that the term ‘linear accelerator’ in general usage, is used as a description of 

the whole system used for the delivery of radiotherapy. In strict terminology it is only 

that part of the radiation treatment machine in which electrons are accelerated up to 

the required energy.  
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Figure 3.3. The main parts of the accelerator needed for the generation of the 

radiation beam.
 19

  

 

3.2.1 Accelerating waveguide  

The idea of using an alternative voltage to accelerate charged particles in a 

straight path dates back to the late 1920s. A series of conducting tubes is connected to 

an alternating voltage supply as illustrated in Figure 3.4. A positively charged particle 

traveling along the axis of the tubes in the diagram can then be accelerated from left 

to right if it passes through the gap between the first and second tubes when the 

polarity of the voltage is as shown. 

                                                 
19

 D. Green, P. C. Williams. 1997. Linear accelerators for radiation therapy. Bristol and Filadelphia : 

Institute of Physics Publishing, 1997. 
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Figure 3.4. Use of an alternating voltage supply to accelerate a charged particle, 

through a series of flight tubes.  

 

If the time required for the particle to pass through the second tube is equal to one 

half cycle of the alternating supply, then the electric field between the second and 

third tubes will be in the direction to accelerate the particle further. This process can 

then give energy to the particle as it passes through each gap in a long series of flight 

tubes. This technology is not practicable for accelerating electrons because the high 

velocity attained by these very light particles would require the use of excessively 

long flight tubes. The successful application of this technology had to wait until high-

powered microwave generators operating at higher frequencies, had been developed 

in the 1940s. 

 

3.2.2 The Magnetron 

The Magnetron is a device that produces microwaves. It’s the microwave power 

source. It functions as a high-power oscillator, generating microwave pulses of 

several microseconds duration and with a repetition rate of several hundred pulses per 

second. The frequency of the microwaves within each pulse is about 3000 MHz. The 

magnetron has a cylindrical construction, having a central cathode and an outer anode 

with resonant cavities machined out of a solid piece of copper. The space between the 

cathode and the anode is evacuated. The cathode is heated by an inner filament and 

the electrons are generated by thermionic emission. A static magnetic field is applied 

perpendicular to the plane of the cross-section of the cavities and a pulsed DC electric 

field is applied between the cathode and the anode. Under the simultaneous influence 

of the magnetic field, the electrons move in complex spirals toward the resonant bare 

led to the accelerator structure via the waveguide.  
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3.2.3 Electron gun-modulator-electron accelerator  

Electrons are produced by thermionic emission in the electron gun, which injects a 

pulse of electrons into the electron accelerator. Energy is transferred to the electrons 

from the RF fields set up by microwaves. The microwave radiation is supplied in 

short pulses, a few microseconds long, and this is generated by applying high-voltage 

pulses of about 50 kV from the pulse modulator to the microwave generator which is 

a magnetron valve. The accelerating electrons tend to diverge, partly by mutual 

Coulomb repulsion but mainly because the electric fields in the waveguide structure 

have a radial component.  

However this divergence can be limited and the electrons focused back on to their 

straight path by the use of a coaxial magnetic focusing field. This field is generated by 

coils which themselves are coaxial with the accelerating waveguide. There are also 

additional steering coils which can be used to guide the electron beam so that it 

emerges from the accelerator structure at the required position. The electron 

accelerator delivers pulses of high-energy electrons into the treatment head, where the 

useful radiation beam is produced.  

 

3.2.4 The treatment head 

The treatment head consists of a thick shell of high-density shielding material 

such as lead, tungsten, or lead-tungsten alloy. It contains an x-ray target, scattering 

foil, flattening filter, ion chamber, fixed and movable collimator, and light localizer 

system. 

Bremsstrahlung x-rays are produced when the electrons are incident on the target 

of  high-Z material. The target is water cooled and is thick enough to absorb most of 

the incident electrons. As a result of Bremsstrahlung interactions, the electron energy 

is converted into a spectrum of x-ray energies with maximum energy equal to the 

incident electron energy. Since linear accelerators produce electrons in the 

megavoltage range, the x-ray intensity is peaked in the forward direction. To make the 

beam intensity uniform across the field, a flattening filter is inserted in the beam. The 

treatment beam is first collimated by a fixed primary collimator located immediately 

beyond the x-ray target. Then it passes through the flattening filter. The flattened  x-

ray beam is incident on the dose monitoring chamber. The monitoring system consists 
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of several ion chambers, whose function is to monitor dose rate, integrated dose and 

field symmetry. The components of the treatment head are shown in figure 3.5. 

 

 

  

figure 3.5 The components of the treatment head.  
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3.3 THE ANTHROPOMORPHIC RANDO PHANTOM 

In radiotherapy the term phantom is used to describe a material and structure that 

models the radiation absorption and scattering properties of the human tissue of 

interest. There are lots of types of phantoms used in radiotherapy dosimetry such as 

water phantoms or solid slab phantoms made of polystyrene which is approximately a 

human tissue equivalent material.  

However, the ideal radiotherapy phantom not only matches the attenuation and 

scattering properties of human tissues but also mimics the external and internal 

contours of the patient. Anthropomorphic phantoms are available for these purposes 

such as the RANDO phantom
20

 which was used in the current study and is illustrated 

in Figure 3.6. Still these phantoms are only a compromise, since all patients differ in 

stature, internal structures and outline.  

 

 

 

Figure 3.6. The anthropomorphic RANDO phantom.   

 

                                                 
20

ThePhantomLaboratory.http://www.phantomlab.com/rando.html. 

http://www.phantomlab.com/index.html. [Online]  
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3.3.1 Technical specifications  

The RANDO man phantom which was used for the experiment represents a 175 

cm tall and 73.5 kg male figure. The phantom is sliced at 2.5 cm intervals as it shown 

in Figure 3.7. 

 

Figure 3.7. RANDO phantom sections.  

 

Soft Tissue 

The RANDO Phantom's soft tissue is manufactured with a proprietary urethane 

formulation with an effective atomic number and mass density that closely simulates 

muscle tissue with randomly distributed fat. The material is virtually indestructible, 

capable of withstanding substantial impact and continuous handling without damage. 

 

Lungs 

RANDO lung material has the same effective atomic number as the soft tissue 

material with a density which simulates lungs in a median respiratory state. The 

moulded lungs are hand-shaped and fitted to naturally fill the rib case.  

 

Skeletons 

 The phantom is built around a natural human skeleton which is reconstructed and 

adjusted to overcome any natural lack of symmetry, distorted joints, etc and fit within 

the mould.  
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Assembly 

Each phantom section has registration pins mounted within it. These pins assist in 

the proper alignment of the phantom sections. An assembly unit is supplied with the 

phantom. It holds the entire phantom or a smaller set of sections together at one time. 

Holes for insertion of individual dosimeters are drilled in each section. The size of the 

grid is 3cm x 3cm and the diameter of the holes is 6mm. The hole diameter is big 

enough so the MOSFET dosimeter will fit in easily. The drilled holes that are not 

used, are filled with standard, solid Mix D plugs so that the measurements will not be 

affected by the air gaps.  

 

Even though many anthropomorphic phantoms are primarily designed for 

radiology, they are a very useful tool in any radiotherapy department for testing new 

treatment techniques, verifying planning algorithms, and evaluating dose distributions 

within a realistic patient.  
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3.4 ISIS 3D TREATMENT PLANNING SYSTEM 

ISIS 3D is part of the ‘ISIS’ package of programs for radiotherapy. It includes the 

treatment planning part and the calculation of dose distributions for external 

radiotherapy
21

. ISIS 3D is widely used in clinical routine. After transferring to the 

system the images to be used, if this is necessary, the general principle of using ISIS 

3D is the following:  

1) Creation of the file for the patient 

2) Creation of a set of contours from a series of slices 

3) Assigning characteristics to the internal contours 

4) Creation of the beam configuration  

5) Calculation and study of the dose distribution in different slices  

6) Saving and eventually printing the study.  

 

In the present study, the specific treatment planning system was used to simulate 

each clinical case, in order to compare the calculated dose distribution in the phantom 

with the measurements of the detectors which were used in the experiment. In the 

following paragraphs the model for photon mode calculation is presented. The 

functions of the ISIS 3D will be discussed in the experimental procedure.  

 

3.4.1 Reference dose and basic dosimetric data 

The algorithm for the dose in one point is based on the principle of separating 

primary and scatter radiation, proposed by Cunningham
22

, based on an original idea 

developed by Clarkson
23

. 

All doses are a priori referred to the dose at a reference distance and depth, zref, in 

a small water column, whose diameter is just as great as to ensure electronic 

equilibrium. This dose, P(zref), is used as normalization value (=1) and gives the 

                                                 
21

 G. Boisserie, J. Drouard, J. C. Rosenwald, S. Zefkili. 2000. Model for photon mode calculation. 

Creation of the treatment unit library for the utilization of isis3D program. s.l. : Technologie Diffusion, 

2000. 
22

 Cunningham, R J. 1972. Scatter air ratio. Physics in Medicine and Biology. 1972, Vol. 17, 1, pp. 

42-45. 
23

 Clarkson, J R. 1941. A note on depth doses in field of irregular shapes. Brit. J. Radiol. 1941, Vol. 

14, p. 265. 
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‘primary’ dose. By varying the depth and keeping constant the distance source to 

point, we obtain the transmission curve for primary radiation, in a narrow field 

geometry or the Tissue Phantom Ratio (TPR) for an almost zero field: P(z). The dose 

D(z,r) at depth z and for a circular field of radius r is given by the sum P(z) + S(z,r), 

where S(z,r) is the scatter at depth z for a circular field of radius r. Computational 

tools, integrated in this system, make possible the calculation of the basic data P(z) 

and S(z,r) from Normalized Depth Dose (NDD) data and from ratios of large/small 

phantom doses for square fields
24

.  

 

3.4.2 Dose at one point for an irregular field shape, a planar surface 

and a homogenous medium, without beam modifiers (Simple cutting 

out)  

Detailed description 

In a first approximation the dose D(x,y,z) at a point P of coordinates x,y,z at a 

depth p is calculated by integrating over circular sectors as follows: 

 

D(p,r) = P(p) + ∑ ΔS(p,ri), where ΔS(p,ri) is the scattering from an angular sector of 

radius ri, as it shown in Figure 3.8.  

 

Figure 3.8. Simple cutting out  

                                                 
24

 Drouard J., Rosenwald J.C. 1986. Utilasation d'un ordinateur pour generer les donnees 

necessaires aux calculs de doses bases sur l'addition du primaire et du diffuse. Toulouse : XXV 

Congres de la SFPH, 1986. 
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The contribution of primary radiation 

The contribution of primary radiation to the dose at a point P can be written as: 

P(x,y,z) = TAR(p,0) x I x C(x,y) x W(x,y) 

where: 

TAR(p,0) is the Tissue Air Ratio at a depth p for a field of zero section (primary 

transmission). 

I is the correction factor that accounts for the inverse square (of the distance to the 

source) law. 

C(x,y) is the correction factor that is used in order to describe the beam penumbra. 

W(x,y) is a correction factor that accounts for the presence of wedge filters.  

 

C(x,y) is calculated imagining the case of a fictive source, of infinite size, whose 

intensity decays exponentially with the distance from the center to the exterior. It 

describes the part of the source seen from the calculation point along the open field 

shape. For example, C(x,y) is 1 at the field center (x = y = 0) and is practically 0.5 at 

the geometric boundary of the field. It is equal to the collimator transmission enough 

far from the beam boundary. The shape of the dose profile is controlled by a 

parameter β, called the ‘collimation constant’. The parameter β corresponds to the 

exponent characterizing the exponential variation of the intensity. For a high value of 

β we get a ‘square’ profile. As the value of β decreases the profile becomes more 

curved, enabling us to model a beam with a larger penumbra. 

 W(x,y) is simply obtained by homothecy and interpolation, starting from a wedge 

transmission profile that is saved in the machine’s library and taking into account the 

possible rotation of the collimator. 

 

The contribution of scatter radiation  

The scatter contribution to the dose at a point P is the sum of the elementary 

scatter ΔSi(p,ri) corresponding to the contribution at a depth p at a point x,y within an 

elementary volume ΔVi exposed to the primary radiation Pi. 

In practice it is enough to apply the Clarkson method, cutting the irradiation field 

in circular sectors of angles less or equal with 10
o
, centered in the calculation point. 

Each elementary volume is a ‘piece of pie’ of thickness equal to the depth of the 
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calculation point and for which we admit that the produced scatter is proportional to 

the primary calculated in the field center.  

 

 

The scatter is :  αi/360 x SAR(p,ri) 

where: 

SAR(p,ri) is the scatter air ratio at a depth p for a circular field of radius ri . ri and αi 

are the radius and the angle respectively of the considered sector.  

The SAR(p,ri) are calculated by interpolation starting with the tables of ‘primary-

scatter’ saved in the machine’s library for 20 depths and 20 radius values. 

The SAR values from the tables are obtained from experimental data using the 

equation: SAR(p,r) = TAR(p,r) – TAR(p,0)  

 

This simple ‘cutting out’ permits to take into account the field shape and to obtain 

a correct calculation of the dose, including for the region situated under the blocks 

and for the region outside the effective field after correcting the primary for the 

transmission through the corresponding attenuator. The method is accurate in terms 

that the primary fluence is uniform all over the field surface in a plane perpendicular 

to the beam axis. In the case of important variations or when a part of the beam is in 

air, the double cutout method gives better results. 

 

3.4.3 Corrections for the external surface of the patient (Double 

cutting out)  

The introduction of the double cutout (over the angle and over the radius), as seen 

in Figure 3.9, allows to account for the real scattering volume, in what concerns 

depth and lateral dimension. Furthermore, it is not necessary to assume a 

homogeneous fluence in what concerns the scatter production and it can take into 

account the changes of the scatter due to the presence of compensators or wedge 

filters. 
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Figure 3.9. Double cutting out 

 

 

It is not necessary to generate a special S(z,r) table for the use of the ‘double 

cutting out’ method. However there is a special manner of using this table. Note that 

the ‘double cutout’ method allows a dissociation between elementary beams.  

The calculation of the depth p is done entirely in 3D for both the simple and 

double cutout model. Each contour is associated with a prism of height equal to the 

slice thickness. In order to avoid the gaps between the slices, a special algorithm was 

implemented, ensuring continuity of the anatomical structure between the external 

cutouts. In the calculation of p, the contours are therefore merged. The method uses 

the concept of equivalent thickness when a line originating from the source and 

reaching the point of calculation, passes successively through media of varying 

densities such as water equivalent materials and air cavities.  

In the case of double cutout it is equally necessary to calculate the depth for all the 

scattering elements. With the aim of gaining time, a preliminary calculation is being 

performed. For each beam, SSDs and depths for all volume elements are being 

calculated and saved in a grid. Starting from these data, the depths for each scattering 

element are calculated from the difference between the source-point distance and the 

skin entrance point. In the particular case where this ‘depth’ is greater than the 

thickness at the scatter element level, the thickness is taken into account, and an 

inverse square of the distance is applied to correct it, due the fact that the scatter 

element is brought at the level of the reference point. 
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3.4.4 Influence of the flattening filter 

In the case of accelerators, the dose profiles are strongly depend on the shape of 

the flattening filter employed. This is modeled by a radial function, extracted by 

experimental measurements that allow correcting the basic profile which is obtained 

when the radial function is not applied. The variation of the spectrum with the beam 

axis distance is taken into account through a correction factor obtained from profiles, 

measured by using big fields at different depths or (when the accelerator has this 

capability) from quality index measurements for asymmetric beams. 

  

3.4.5 Entrance dose 

The dose in the build-up region is taken into account by the computational model 

thanks to the use of the P(z) tables, for depths between 0 and zmax, where zmax is the 

depth of maximum dose for a very small field. The variation of the depth of maximum 

dose and of the surface dose with the field size, is correctly calculated due to the use 

of the S(z,r) values that takes into account the electronic contamination for small z 

values
25

. The electron contamination from the accessories interposed in the beam is 

not actually considered. However it is always possible to define directly the machine 

characteristics in the presence of these accessories, or to define many different 

machines to consider different possible configurations. 

 

3.4.6 Penumbra  

The variation of the primary dose at the margins of the collimator or the block is 

described by an exponential curve, characterized by the exponent β (collimation 

constant) inversely related to the width of the modeled penumbra. For the 

accelerators, β is practically independent of the distance to the source. However, one 

can observe, for high energies, a rapid increase of the penumbra with the depth and 

the field size. This increase is too fast to have been taken into account in the increase 

of the photon scatter contribution. It is due to the phenomena of lack of lateral 

                                                 
25

 Rosenwald J C, Drouard J. 1991. Modelisation de la zone de penombre lorsq'on etend le concept 

de separation primaire-diffuse aux faisceaux d'electrons. Rennes : XXXeme Congres Societe Francaise 

des Physiciens d'Hospital, 1991. 
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electronic equilibrium. It is accounted for through an adequate use of the tabulated 

values S(z,r) for very small r values, for which the electronic equilibrium is not 

ensured. Computational tools allow achieving a good agreement with the 

experimental data of β and the scatter tables for small fields. 

3.4.7 Heterogeneities  

The corrections for the heterogeneities are applied to the dose calculated for a 

water equivalent medium. They are based on the beam subtraction method
26

, 
27

. The 

beam subtraction method allows accounting not only for the modifications introduced 

by the heterogeneities along the line connecting the source with the calculation point, 

but also for the modifications of the scatter due to heterogeneities situated laterally 

relative to this point. 

The method was initially developed for paralelipipedic heterogeneities located in 

rectangular fields, and assumes the following approximations: 

1) The modification of scatter at a point P is supposed to be the same as for a 

paralelipipedic heterogeneity of thickness equal to the thickness crossed by the 

Source to Point (SP) line and of lateral dimensions equal to the heterogeneity 

lateral dimensions, and the longitudinal dimensions equal to the longitudinal 

dimension of the field.  

2) For an irregular field, the modification of the scatter is supposed to be the same as 

for a rectangular field having the same dimensions as those obtained along the 

principal axes passing through P.  

3) No heterogeneities corrections are performed outside the beam geometrical limits, 

particularly in the case of blocks.  

 

 

 

 

                                                 
26

 Kappas K., Rosenwald J.C. 1985. Calcul de doses en radiotherapie en presence d'heterogeneites de 

petites dimensions. Methode de soustraction de faisceaux. J. Eur. Radioth. 1985, Vol. 6, p. 35. 

27
 Kappas K., Rosenwald J.C. 1986. A 3-D beam substraction method for inhomogeneity correction 

in high energy x-ray radiotherapy. Radiotherapy and Oncology. 1986, Vol. 5, pp. 223-233. 
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3.5 Peridose  

Peridose is a software program that has been developed in order to allow the easy 

calculation of the peripheral dose in patients who are treated with megavoltage photon 

radiation. The software is written in Delphi. The calculation is based on published 

data from many authors, distinguishes between orthogonal and tangential beams and 

accounts for the use of wedges and shielding blocks. The separate contributions of 

leakage and collimator scatter to the total peripheral dose are calculated too. The 

maximum number of beams that can be calculated in one run is eight
28

.  

3.5.1 Orthogonal beams  

The calculation procedure consists of ten steps:  

1. In the first step the peripheral dose is calculated per beam as a percentage of the 

dose at depth of maximum dose (dmax) at a reference depth of 10 cm for a 

reference thickness of the patient 20cm.  

2. The small variation of the peripheral dose for photon energies between 4 and 25 

MV is accounted for by applying a correction factor in the second step.  

3. When the primary beam travels through more tissue, the contribution from 

patient scatter to the peripheral dose increases and this is corrected for in the 

third step. 

4. Variation of the peripheral dose with depth is accounted for in the fourth 

calculation step. There are two opposite effects involved. Close to the beam the 

patient scatter contribution increases with depth as a result of the forward-

directed Compton scattering. On the other hand the contribution of leakage 

radiation and scattered radiation from the collimator, referred to as collimator 

related radiation (CRR), decreases with depth because of attenuation. This 

decrease roughly follows the percentage depth dose distribution of the primary 

photon energy.  

                                                 
28

 Geissen, Peit-Hein van der. Peridose, a software program to calculate the dose outside the primary 

beam in radiation therapy. Radiotherapy and Oncology. 2001, Vol. 58, pp. 209-213. 
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5. In step five a correction is made if the CRR is intercepted by the couch. This 

might be the case for posterior-anterior beams for target volumes further away 

from the peripheral dose point. The CRR will then be attenuated by the couch.  

6. In the presented calculation model, distance is defined as the distance of the PD 

point to the beam central ray. Consequently in the model field elongation can 

have a considerable influence. The PD point is much closer to the edge of an 

elongated fields with the long axis in the direction of the distance vector than to 

the field edge of that same elongated field with the long axis perpendicular to 

that vector. Especially at small distances this can make a considerable 

difference, again due to forward-directed Compton scattering. This correction is 

step six of the program.  

7. The use of wedges in the beam has a large effect on the peripheral dose by the 

added amount of scattered radiation emanating from the wedge. This effect is 

largest for externally mounted wedges and smaller for internally mounted ones. 

A global correction factor of 4 is used for external wedges and 1.5 for internal 

wedges in step seven.  

8. In step eight the fraction of the PD contributed by the CRR is calculated. Two 

sets of data are used, one for cobalt-60 gamma radiation and one for 4-25 MV 

photons, giving the fraction of the CRR as function of the field size and 

distance.  

9. In step nine the influence of blocks is addressed. Introduction of a block in the 

beam leaves the PD unchanged but decreases the patient scatter and increases 

the CRR by the same amount. The size of these changes depends on the fraction 

of the area of the field which is blocked and the program accounts for this.  

10. In the final step the CRR is corrected for attenuation at other depths, as 

described in the explanation of step four.  

 

3.5.2 Tangential beams  

The program also offers the option to calculate the peripheral dose for tangential 

treatment techniques (breast). In this case the breast is the scattering volume and 
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measurements were made for three breast sizes which are called small, medium and 

large with field sizes to match. Interpolation by the program is based on the actual 

field size as stated by the user.  

The program follows the same steps as for orthogonal fields with one exception. 

Since the patient scatter is determined by the breast size, there is no need for a 

correction for patient thickness. In addition, the depth of the PD point is defined as the 

depth in anterior-posterior direction.  

In figure 3.10 the input screen of the program is presented, showing which input 

data are required.  

 

 

Figure 3.10. Peridose input screen.  

 

 

 

 

 

 

 



54 

 

CHAPTER 4: EXPERIMENTAL PROCEDURE  

4.1 EQUIPMENT SETUP 

As it is mentioned in the ‘Materials’ chapter, the MOSFET dosimetric system 

consists of the MOSFET Remote Monitoring Dose Verification Software, the Reader 

module and the detectors.  

Firstly the software was installed in a PC in order to control the Reader which is 

placed in the treatment room. The PC was equipped with a Standard Nine Pin Male 

RS-232 Comport. The Reader module (TN-RD-16) was linked to the PC with an RS-

232 (PC to transceiver) connection cable. The five MOSFET detectors (TN-502RD 

Standard Sensitivity MOSFET dosimeters) were attached to the Reader in a specific 

chromatic order. The whole dosimetric system is shown in figure 4.1. The detectors 

were permanently connected twenty four hours before the calibration procedure so as 

to obtain optimal accuracy readings.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Setup of the mobile MOSFET dosimetric system in operator’s and 

treatment room.   
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The configuration of the bias sensitivity is of high importance for the calibration 

and the experimental procedure. It ensures reproducibility and linearity over the 

lifetime of the MOSFET. For the needs of the project the high bias sensitivity was 

selected as it is recommended from the manufacturer.  

After setting up the system components, we ran the program. Through the first 

screen, which is the equipment setup screen, the number of Readers that will be used 

for the project are selected and assigned, the calibration parameters (CFs and CRs) 

can be modified, dosimeter status is verified and the overall system status of 

connected components is monitored.  

The first step in this screen was to set the number of mobile MOSFET Reader 

Modules that were used in the project and then connect to them through the 

CONFIGURE button. By clicking on this button a Configuration screen popped-up 

through which we assigned the Reader Module (S/N 0209) and selected the type of 

the dosimeter that we used which was the single MOSFET dosimeter. The equipment 

setup screen and the configuration window are shown in figure 4.2.  

 

 

  figure 4.2. Equipment setup screen and configuration window 

 

Once the Reader was assigned and the dosimeters were selected, we proceeded to 

the calibration process.  
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4.2 CALIBRATION 

To obtain the maximum measurement accuracy, dosimeters should be calibrated 

prior to the first measurement, and also after any lengthy period of not being used. 

Calibration is performed by measuring the radiation sensitivity of the dosimeters 

under known conditions. This process results in calibration factors (CF) which are 

almost independent of modality or energy.  

For the needs of the calibration procedure we used a water phantom. All five 

MOSFET detectors were placed close to the central axis of the beam, in the uniform 

region of the field. The calibration energy used was 6 MeV of the SLI linear 

accelerator, manufactured by ELEKTA (Radiotherapy Department of the General 

University of Patras). They were irradiated simultaneously under the conditions that 

are shown in table 4.1. The calibration setting is shown in figure 4.3.  

The dosimeters were placed with the curved side facing the beam. This is due to 

the fact that there is a ±2% difference in response from the front to the back. The 

calibration factor of the linear accelerator is 1cGy per 1MU for a 10×10 field at a 

depth of 10cm in the water at an SSD = 100cm.   

 

 

 

Table 4.1. Standard conditions for the calibration of the MOSFET dosimeters 

ENERGY 

(MeV) 

SSD 

(cm) 

FIELD 

(cm) 

GANDRY 

ANGLE 

(°) 

DEPTH 

(cm) 

DELIVERED 

DOSE (cGy) 

6 100 10×10 0 10 50 
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Figure 4.3. Calibration Setup in the water tank 

 

 

The mobile MOSFET software provides a facility to simplify the calibration of 

dosimeters. This tool helps the recording of dose data, the calculation of the CFs for 

each dosimeter, the calibration of averaged CF values after multiple readings and the 

calculation of deviations in order to determine whether to accept the obtained CF 

values and apply the results.  

After the irradiation of the dosimeters, their values were read and applied to the 

calibration tool. The ratio of the measured voltage value to the actual value of the 

radiation dose determines the calibration factor CF: 

 

 

 

ReMOSFET mV ading mV
CF

KNOWN RADIATION VALUE cG
  

  

This procedure was repeated four times and the mean value of the correction 

factor of each dosimeter and its standard deviation is shown in table 4.2. 

 

 

SSD = 100 cm 

Depth = 10 cm 

Source 

10 cm 

Dosimeters 
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Table 4.2. Calibration Factor and standard deviation for each MOSFET dosimeter. 

 
MOSFET 

#1 (purple) 

MOSFET 

#2 (green) 

MOSFET 

#3 (blue) 

MOSFET 

#4 (red) 

MOSFET 

#5 (yellow) 

Average CF 

(mV/cGy) 
3.04 3.00 3.01 3.01 3.03 

Standard 

Deviation (%) 
1.51 2.69 2.70 0.69 2.50 

  

 

Except for the Calibration Factor, there is another calibration parameter that has 

to be set. This is the Correction Factor (CR). It is a multiplicative factor that can be 

used to accommodate certain external factors such as extrapolating partial dose depth 

data to Dmax. In the current project the correction factor (which is optional) had 

always the value of 1, the default value for all MOSFET dosimeters. 

The calibration parameters (CFs and CRs) must be set properly because they are 

used to calculate the doses according to the formula:  

 

CR Voltage
Dose

CF


  

 

As the dosimeters were calibrated and the CFs and CRs were set in the 

configuration screen, we proceeded to the main experimental procedure.  
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4.3 MEASUREMENTS IN RANDO PHANTOM  

4.3.1 Placement of dosimeters 

As it is mentioned, the dose measurements are made for five different clinical 

cases: head, breast, mediastinum, main pelvis and ‘boost’. For each case, a specific 

treatment plan was applied. 

These plans were chosen because they are widely used in clinical routine for the 

treatment of common malignances. We placed the MOSFET dosimeters at the organs 

of interest which are shown in table 4.3: 

 

                     Table 4.3. MOSFET detectors in each organ of interest 

 

 

 

 

 

 

 

The first three detectors are common for all five treatment plans. The forth 

detector was not present when the pelvis (main and ‘boost’) was irradiated, as we 

consider the case of a male patient. The last detector was not present  in the breast 

case as the phantom was considered to be a female patient. In addition, MOSFET #5 

was sited in an extemporary ball of equivalent tissue material, in order to simulate the 

male’s testes.  

The placement of the MOSFET dosimeters and the specific slices of the Rando 

anthropomorphic phantom in which they were placed, are shown in figures 4.4-4.7.  

It should be noted that the choice of the measurement points inside the Rando 

phantom was made with the assistance of an experienced radiotherapist of the 

Radiotherapy Department of the General University of Patras.  

 

 

 

 

MOSFET #1 Right eye 

MOSFET #2 Thyroid 

MOSFET #3 Heart 

MOSFET #4 Left ovary 

MOSFET #5 Testes 
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Figure 4.4. MOSFET #1 (Eye) 

 

   Figure 4.5. MOSFET #2 (thyroid) 
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      Figure 4.6. MOSFET #3 (Heart)     

    Figure 4.7. MOSFET #4, #5 (Ovary, Testes) 
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4.3.2 Treatment plans 

HEAD 

In the first case, the head, all five MOSFET dosimeters were placed inside the 

Rando phantom, at the sensitive organs close and far from the field as it is shown in 

figures 4.4-4.7. The phantom was positioned properly on the Linac couch and was 

irradiated under the conditions that are presented in table 4.4.  

 

 

Table 4.4. Head treatment plan 

 
ENERGY 

(MeV) 

SSD 

(cm) 

FIELD 

(cm) 

GANDRY 

ANGLE 

(°) 

COLLIMATOR 

ROTATION 

(°) 

DEPTH 

(cm) 

DELIVERED 

DOSE 

(cGy) 

BEAM 

1 
6 100 22×14 270 20 7.45 1000 

BEAM 

2 
6 100 22×14 90 340 7.45 1000 

 

 

Two opposed fields were selected. The diaphragm was suitably rotated so that the 

eyes were not included in the irradiation field. The total delivered dose was 2000 cGy, 

in order to get good statistic in the remote regions.  

Immediately after the irradiation, the dose values were read by the MOSFET 

Remote Monitoring Dose Verification Software and then stored.  

 

 

BREAST   

For the case of the breast, only the first four dosimeters were placed in the 

anthropomorphic phantom. We consider the phantom as a female patient with breast 

cancer. Our phantom does not simulate woman’s breast, so the plan was made for a 

woman with mastectomy. The treatment plan is shown in table 4.5.  
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Table 4.5. Breast treatment plan 

 
ENERGY 

(MeV) 

SSD 

(cm) 

FIELD 

(cm) 

GANDRY 

ANGLE 

(°) 

COLLIMATOR 

ROTATION 

(°) 

DEPTH 

(cm) 

DELIVERED 

DOSE 

(cGy) 

BEAM 

1 
6 100 6×16 310 15 6.92 1111 

BEAM 

2 
6 100 6×16 130 345 6.58 1111 

 

We have chosen two opposed tangential fields. The delivered dose was 2222 

cGy. After the exposure the values were read by the software and then stored to a 

separate folder.  

 

 

 

MEDIASTINUM  

For the case of mediastinum, all five dosimeters were placed since this plan could 

simulate the case of either a male or a female patient. Once the anthropomorphic 

phantom was appropriately set, it was irradiated according to the treatment plan that is 

presented in table 4.6.   

 

 

Table 4.6. Mediastinum treatment plan 

 
ENERGY 

(MeV) 

SAD 

(cm) 

FIELD 

(cm) 

GANDRY 

ANGLE 

(°) 

COLLIMATOR 

ROTATION 

(°) 

DEPTH 

(cm) 

DELIVERED 

DOSE 

(cGy) 

BEAM 

1 
18 100 9×18 0 15 10.48 1000 

BEAM 

2 
18 100 9×18 180 345 11.49 1000 
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It is a commonly used treatment plan, with two opposed rectangular fields, for the 

treatment of malignancies in the mediastinum area. The total deposited dose at the 

isocenter was 2000 cGy. The dose values were read and stored as we did for the 

previous cases.  

 

PELVIS (main and ‘boost’) 

In that last case two separate treatment plans were made, for the same type of 

cancer (prostate cancer). The first plan is clinically used to ensure that its fields 

include the whole tumor and the pelvic lymph nodes. The second one is called ‘boost’ 

and is used to deliver a great amount of dose to the tumor. Hence the fields in the first 

plan are wider than those in the second plan. However the same technique is used, 

which is known as ‘4-field box technique’.  

All MOSFET detectors were placed in the Rando phantom apart from the one 

that would measure the dose in the ovary. We irradiated the phantom according to the 

first treatment plan which is shown in table 4.7 and then according to the ‘boost’ 

treatment plan which is presented in table 4.8.  

Finally the dose values were read and stored separately for each treatment plan.  

 

 

Table 4.7. Pelvis treatment plan (main) 

 
ENERGY 

(MeV) 

SAD 

(cm) 

FIELD 

(cm) 

GANDRY 

ANGLE 

(°) 

COLLIMATOR 

ROTATION 

(°) 

DEPTH 

(cm) 

DELIVERED 

DOSE 

(cGy) 

BEAM 

1 
18 100 13×17 0 0 10.23 500 

BEAM 

2 
18 100 13×17 180 0 10.11 500 

BEAM 

3 
18 100 10×17 90 0 16.16 500 

BEAM 

4 
18 100 10×17 270 0 15.67 500 
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Table 4.8. ‘Boost’ treatment plan  

 
ENERGY 

(MeV) 

SAD 

(cm) 

FIELD 

(cm) 

GANDRY 

ANGLE 

(°) 

COLLIMATOR 

ROTATION 

(°) 

DEPTH 

(cm) 

DELIVERED 

DOSE 

(cGy) 

BEAM 

1 
18 100 8×8 0 0 8.28 500 

BEAM 

2 
18 100 8×8 180 0 9.74 500 

BEAM 

3 
18 100 8×8 90 0 16.39 500 

BEAM 

4 
18 100 8×8 270 0 16.57 500 
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CHAPTER 5: CALCULATIONS 

5.1 CALCULATION OF PERIPHERAL DOSE WITH ISIS 3D 

For the needs of the calculation of the peripheral dose with ISIS 3D, we had to 

scan the entire anthropomorphic phantom so as to simulate the treatment plans 

accurately. Hence, the Rando phantom was scanned with the Lightspeed-16 multi 

slice CT scanner in the Diagnostic Radiology Department of the General University 

Hospital of Patras.  

The slice thickness was selected to be 0.5cm. In order to find the exact slice that 

corresponds to the specific Rando slice, we set a reference point under the nose of the 

phantom. Therefore, considering that each Rando slice is 2.5 cm thick, we were able 

to find the precise slices that we needed for the treatment plans. We also found the 

exact correspondence, between the real phantom and the treatment plan, for the points 

inside the RANDO phantom where the MOSFET detectors were placed.  

Once the slices were selected, we simulated the treatment plans by inserting each 

plan’s parameters in the ISIS 3D. In figures 5.1-5.10, the list of beams that were 

calculated and the isodoses in the reference slice of each plan are presented, as they 

are given by the ISIS 3D software.  

As we run the simulation program, a special function of ISIS 3D, called ‘Dose at 

One Point’, was used to calculate the percentage dose that corresponds to each point 

of interest. The specific slices were selected and the program calculated the amount of 

dose that was delivered, as a percentage of the total dose that was calculated at the 

reference point. Those percentages were recorded for every treatment plan. 

The contour of the slice in which the MOSFET #5 was placed (testes), was 

modified. We made that change because the ISIS 3D software should take into 

account the extra ball of equivalent tissue material that we added during the 

experimental procedure so as to simulate the testes. The dose for the testes was 

calculated in that region.  
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Figure 5.1. List of beams of the head treatment plan 
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Figure 5.2. Reference slice of the head treatment plan 
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Figure 5.3. List of beams of the breast treatment plan 
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Figure 5.4. Reference slice of the breast treatment plan  
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Figure 5.5. List of beams of the mediastinum treatment plan 
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Figure 5.6. Reference slice of the mediastinum treatment plan 

 

 

 

 

 

 

 

 

 



73 

 

 

 

Figure 5.7. List of beams of the (main) pelvis treatment plan 
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Figure 5.8. Reference slice of the main pelvis treatment plan 
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Figure 5.9. List of beams of the ‘boost’ treatment plan 
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Figure 5.10. Reference slice of the ‘boost’ treatment plan  
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5.2 CALCULATION OF PERIPHERAL DOSE WITH PERIDOSE 

We used the Peridose software as an additional method for the calculation of the 

peripheral dose. The plan parameters were inserted in the input screen of the program, 

for each case (head, breast, mediastinum, main pelvis and ‘boost’). In addition, a 

number of further parameters were inserted as they were required by the program. 

These are the type of the beam (orthogonal or tangential), the distance from the center 

of the field to the point of interest (PD-point), the thickness of the phantom along the 

beam axis, the depth of the PD-point in the beam direction and the interference of the 

couch. In the case of the breast, Peridose requires the depth of the PD-point in AP 

direction instead of the thickness of the phantom and the depth of the PD-point in the 

beam direction. 

Peridose has a number of limitations for the input parameters. The main 

limitation is for the distance from the center of the field to the PD-point. The 

acceptable value is between 10 and 70 cm. Therefore the software was not able to 

provide the values of the peripheral dose in some of our cases because some PD-

points were closer or more distant from the center of the radiation field. Furthermore, 

there was a limitation for the depth of the PD-point in the beam direction, and for the 

breast case, for the depth of PD-point in the AP direction. As a result of that, in some 

cases, we had to use approximate values for the above parameters. 

 

  

5.2.1 HEAD  

 

In the case of the head, Peridose could calculate the peripheral dose for the 

thyroid, the heart and the left ovary. However, due to the limitations that were 

mentioned above, Peridose could not calculate the peripheral dose for the right eye 

and the testes. The right eye was too close and the testes too remote from the center of 

the radiation field. The input parameters for each organ are presented in tables 5.1-

5.3. The values of the peripheral dose were collected and stored. 
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Table 5.1. Input parameters for the calculation of peripheral dose at the region of the thyroid 

 BEAM 1 BEAM 2 

ENERGY (MeV) 6 6 

BEAM TYPE Orthogonal Orthogonal 

SSD (cm) 100 100 

DEPTH (cm) 7.45 7.45 

FIELD SIZE (cm) 22×14 22×14 

DISTANCE FROM CENTER TO PD-POINT (cm) 18 18 

THICKNESS ALONG BEAM AXIS (cm) 12 12 

DEPTH OF PD-POINT IN BEAM DIRECTION (cm) 5 5 

DOSE AT ISOCENTER (cGy) 1000 1000 

INTERFERENCE OF THE COUCH No No  

 

 

 

 

 

 

Table 5.2. Input parameters for the calculation of peripheral dose at the region of the heart 

 BEAM 1 BEAM 2 

ENERGY (MeV) 6 6 

BEAM TYPE Orthogonal Orthogonal 

SSD (cm) 100 100 

DEPTH (cm) 7.45 7.45 

FIELD SIZE (cm) 22×14 22×14 

DISTANCE FROM CENTER TO PD-POINT (cm) 46 46 

THICKNESS ALONG BEAM AXIS (cm) 12 12 

DEPTH OF PD-POINT IN BEAM DIRECTION (cm) 8 8 

DOSE AT ISOCENTER (cGy) 1000 1000 

INTERFERENCE OF THE COUCH No No  
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Table 5.3. Input parameters for the calculation of peripheral dose at the region of the left ovary 

 BEAM 1 BEAM 2 

ENERGY (MeV) 6 6 

BEAM TYPE Orthogonal Orthogonal 

SSD (cm) 100 100 

DEPTH (cm) 7.45 7.45 

FIELD SIZE (cm) 22×14 22×14 

DISTANCE FROM CENTER TO PD-POINT (cm) 70 70 

THICKNESS ALONG BEAM AXIS (cm) 12 12 

DEPTH OF PD-POINT IN BEAM DIRECTION (cm) 6 6 

DOSE AT ISOCENTER (cGy) 1000 1000 

INTERFERENCE OF THE COUCH No No  

 

 

5.2.2 BREAST  

In the case of the breast, Peridose could calculate the peripheral dose for the left 

eye, the thyroid, and the left ovary. The region of the heart was too close to the 

radiation field so the program was unable to calculate the peripheral dose in that 

region. The input parameters that were inserted for each organ are shown in tables    

5.4-5.6. The values of the peripheral dose were collected and stored. 

 

 

Table 5.4. Input parameters for the calculation of peripheral dose at the region of the right eye 

 BEAM 1 BEAM 2 

ENERGY (MeV) 6 6 

BEAM TYPE Tangential Tangential 

SSD (cm) 100 100 

DEPTH (cm) 6.92 6.58 

FIELD SIZE (cm) 6×16 6×16 

DISTANCE FROM CENTER TO PD-POINT (cm) 32 32 

DEPTH OF PD-POINT IN AP DIRECTION (cm) 5 s 

DOSE AT ISOCENTER (cGy) 1111 1111 

INTERFERENCE OF THE COUCH No No  
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Table 5.5. Input parameters for the calculation of peripheral dose at the region of the thyroid 

 BEAM 1 BEAM 2 

ENERGY (MeV) 6 6 

BEAM TYPE Tangential Tangential 

SSD (cm) 100 100 

DEPTH (cm) 6.92 6.58 

FIELD SIZE (cm) 6×16 6×16 

DISTANCE FROM CENTER TO PD-POINT (cm) 22 22 

DEPTH OF PD-POINT IN AP DIRECTION (cm) 5 5 

DOSE AT ISOCENTER (cGy) 1111 1111 

INTERFERENCE OF THE COUCH No No  

 

 

 

Table 5.6. Input parameters for the calculation of peripheral dose at the region of the left 

ovary 

 BEAM 1 BEAM 2 

ENERGY (MeV) 6 6 

BEAM TYPE Tangential Tangential 

SSD (cm) 100 100 

DEPTH (cm) 6.92 6.58 

FIELD SIZE (cm) 6×16 6×16 

DISTANCE FROM CENTER TO PD-POINT (cm) 41 41 

DEPTH OF PD-POINT IN AP DIRECTION (cm) 6 6 

DOSE AT ISOCENTER (cGy) 1111 1111 

INTERFERENCE OF THE COUCH No No  

 

 

 

 



81 

 

5.2.3 MEDIASTINUM  

In the third case of the mediastinum, Peridose could calculate the peripheral dose 

for the left eye, the thyroid, the left ovary and the testes. Heart was very close to the 

center of the radiation field. The input parameters that were inserted for each organ 

are shown in tables 5.7-5.10. The values of the peripheral dose were collected and 

stored. 

 

 

Table 5.7. Input parameters for the calculation of peripheral dose at the region of the right eye 

 BEAM 1 BEAM 2 

ENERGY (MeV) 18 18 

BEAM TYPE Orthogonal Orthogonal 

SAD (cm) 100 100 

DEPTH (cm) 10.48 11.49 

FIELD SIZE (cm) 9×18 9×18 

DISTANCE FROM CENTER TO PD-POINT (cm) 32 32 

THICKNESS ALONG BEAM AXIS (cm) 20 20 

DEPTH OF PD-POINT IN BEAM DIRECTION (cm) 5 8 

DOSE AT ISOCENTER (cGy) 1000 1000 

INTERFERENCE OF THE COUCH No Yes 

 

 

Table 5.8. Input parameters for the calculation of peripheral dose at the region of the thyroid 

 BEAM 1 BEAM 2 

ENERGY (MeV) 18 18 

BEAM TYPE Orthogonal Orthogonal 

SAD (cm) 100 100 

DEPTH (cm) 10.48 11.49 

FIELD SIZE (cm) 9×18 9×18 

DISTANCE FROM CENTER TO PD-POINT (cm) 19 19 

THICKNESS ALONG BEAM AXIS (cm) 20 20 

DEPTH OF PD-POINT IN BEAM DIRECTION (cm) 5 5 

DOSE AT ISOCENTER (cGy) 1000 1000 

INTERFERENCE OF THE COUCH No Yes 
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Table 5.9. Input parameters for the calculation of peripheral dose at the region of the left ovary 

 BEAM 1 BEAM 2 

ENERGY (MeV) 18 18 

BEAM TYPE Orthogonal Orthogonal 

SAD (cm) 100 100 

DEPTH (cm) 10.48 11.49 

FIELD SIZE (cm) 9×18 9×18 

DISTANCE FROM CENTER TO PD-POINT (cm) 40 40 

THICKNESS ALONG BEAM AXIS (cm) 20 20 

DEPTH OF PD-POINT IN BEAM DIRECTION (cm) 6 8 

DOSE AT ISOCENTER (cGy) 1000 1000 

INTERFERENCE OF THE COUCH No Yes 

 

 

 

 

Table 5.10. Input parameters for the calculation of peripheral dose at the region of the testes 

 BEAM 1 BEAM 2 

ENERGY (MeV) 18 18 

BEAM TYPE Orthogonal Orthogonal 

SAD (cm) 100 100 

DEPTH (cm) 10.48 11.49 

FIELD SIZE (cm) 9×18 9×18 

DISTANCE FROM CENTER TO PD-POINT (cm) 50 50 

THICKNESS ALONG BEAM AXIS (cm) 20 20 

DEPTH OF PD-POINT IN BEAM DIRECTION (cm) 5 5 

DOSE AT ISOCENTER (cGy) 1000 1000 

INTERFERENCE OF THE COUCH No Yes 
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5.2.4 PELVIS (main) 

In the case of the whole pelvis irradiation, Peridose could calculate the peripheral 

dose for the left eye, the thyroid and the heart. The testes were too close to the 

radiation field, so the software could not give us an acceptable value of the peripheral 

dose in that region. The input parameters that were inserted for each organ are shown 

in tables 5.11-5.13. The values of the peripheral dose were collected and stored.  

 

 

 

 

Table 5.11. Input parameters for the calculation of peripheral dose at the region of the right eye 

 BEAM 1 BEAM 2 BEAM 3 BEAM 4 

ENERGY (MeV) 18 18 18 18 

BEAM TYPE Orthogonal Orthogonal Orthogonal Orthogonal 

SAD (cm) 100 100 100 100 

DEPTH (cm) 10.23 10.11 16.16 15.67 

FIELD SIZE (cm) 13×17 13×17 10×17 10×17 

DISTANCE FROM CENTER 

TO PD-POINT (cm) 
70 70 70 70 

THICKNESS ALONG BEAM 

AXIS (cm) 
20 20 25 25 

DEPTH OF PD-POINT IN 

BEAM DIRECTION (cm) 
5 8 5 5 

DOSE AT ISOCENTER (cGy) 500 500 500 500 

INTERFERENCE OF THE 

COUCH 
No Yes No No 
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Table 5.12. Input parameters for the calculation of peripheral dose at the region of the thyroid 

 BEAM 1 BEAM 2 BEAM 3 BEAM 4 

ENERGY (MeV) 18 18 18 18 

BEAM TYPE Orthogonal Orthogonal Orthogonal Orthogonal 

SAD (cm) 100 100 100 100 

DEPTH (cm) 10.23 10.11 16.16 15.67 

FIELD SIZE (cm) 13×17 13×17 10×17 10×17 

DISTANCE FROM CENTER 

TO PD-POINT (cm) 
60 60 60 60 

THICKNESS ALONG BEAM 

AXIS (cm) 
20 20 25 25 

DEPTH OF PD-POINT IN 

BEAM DIRECTION (cm) 
5 6 5 5 

DOSE AT ISOCENTER (cGy) 500 500 500 500 

INTERFERENCE OF THE 

COUCH 
No Yes No No 

 

 

 

Table 5.13. Input parameters for the calculation of peripheral dose at the region of the heart 

 BEAM 1 BEAM 2 BEAM 3 BEAM 4 

ENERGY (MeV) 18 18 18 18 

BEAM TYPE Orthogonal Orthogonal Orthogonal Orthogonal 

SAD (cm) 100 100 100 100 

DEPTH (cm) 10.23 10.11 16.16 15.67 

FIELD SIZE (cm) 13×17 13×17 10×17 10×17 

DISTANCE FROM CENTER 

TO PD-POINT (cm) 
33 33 33 33 

THICKNESS ALONG BEAM 

AXIS (cm) 
20 20 25 25 

DEPTH OF PD-POINT IN 

BEAM DIRECTION (cm) 
5 12 6 12 

DOSE AT ISOCENTER (cGy) 500 500 500 500 

INTERFERENCE OF THE 

COUCH 
No Yes No No 
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5.2.5 ‘BOOST’ 

In the last case of the pelvis ‘boost’, Peridose could calculate the peripheral dose 

for the left eye, the thyroid and the heart. As in the case of main pelvis, the testes are 

placed close to the radiation field. Thus the software could not give us an acceptable 

value of the peripheral dose in that region. The input parameters that were inserted for 

each organ are shown in tables 5.14-5.16. The values of the peripheral dose were 

collected and stored.  

 

 

 

Table 5.14. Input parameters for the calculation of peripheral dose at the region of the right eye 

 BEAM 1 BEAM 2 BEAM 3 BEAM 4 

ENERGY (MeV) 18 18 18 18 

BEAM TYPE Orthogonal Orthogonal Orthogonal Orthogonal 

SAD (cm) 100 100 100 100 

DEPTH (cm) 8.28 9.74 16.39 16.57 

FIELD SIZE (cm) 8×8 8×8 8×8 8×8 

DISTANCE FROM CENTER 

TO PD-POINT (cm) 
70 70 70 70 

THICKNESS ALONG BEAM 

AXIS (cm) 
20 20 25 25 

DEPTH OF PD-POINT IN 

BEAM DIRECTION (cm) 
5 8 5 5 

DOSE AT ISOCENTER (cGy) 500 500 500 500 

INTERFERENCE OF THE 

COUCH 
No Yes  No No  
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Table 5.15. Input parameters for the calculation of peripheral dose at the region of the thyroid 

 BEAM 1 BEAM 2 BEAM 3 BEAM 4 

ENERGY (MeV) 18 18 18 18 

BEAM TYPE Orthogonal Orthogonal Orthogonal Orthogonal 

SAD (cm) 100 100 100 100 

DEPTH (cm) 8.28 9.74 16.39 16.57 

FIELD SIZE (cm) 8×8 8×8 8×8 8×8 

DISTANCE FROM CENTER 

TO PD-POINT (cm) 
63 63 63 63 

THICKNESS ALONG BEAM 

AXIS (cm) 
20 20 25 25 

DEPTH OF PD-POINT IN 

BEAM DIRECTION (cm) 
5 6 5 5 

DOSE AT ISOCENTER (cGy) 500 500 500 500 

INTERFERENCE OF THE 

COUCH 
No Yes  No No  

 

 

 

Table 5.16. Input parameters for the calculation of peripheral dose at the region of the heart 

 BEAM 1 BEAM 2 BEAM 3 BEAM 4 

ENERGY (MeV) 18 18 18 18 

BEAM TYPE Orthogonal Orthogonal Orthogonal Orthogonal 

SAD (cm) 100 100 100 100 

DEPTH (cm) 8.28 9.74 16.39 16.57 

FIELD SIZE (cm) 8×8 8×8 8×8 8×8 

DISTANCE FROM CENTER 

TO PD-POINT (cm) 
37 37 37 37 

THICKNESS ALONG BEAM 

AXIS (cm) 
20 20 25 25 

DEPTH OF PD-POINT IN 

BEAM DIRECTION (cm) 
5 12 6 12 

DOSE AT ISOCENTER (cGy) 500 500 500 500 

INTERFERENCE OF THE 

COUCH 
No Yes  No No  
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CHAPTER 6: RESULTS 

6.1 PERIPHERAL DOSE MEASUREMENTS AND CALCULATIONS 

All values of the measurements that were collected during the experimental 

procedure are in fact the integrated peripheral doses that were measured by the 

MOSFET dosimeters. Once we collected those values, we divided each value with the 

according total delivered dose (at the isocenter) of each case. As a result of that, we 

derived the percentage of the dose that was delivered to each point of interest in each 

case.  

Regarding to the calculation of the peripheral dose with the ISIS 3D TPS, the 

function ‘dose at one point’ gave us directly the percentage of the total delivered dose 

that was calculated at the reference point. So there was no need for further 

calculations.  

Peridose gave as the total peripheral dose in cGy, in each case. Thus, we further 

divided those values with the total delivered dose of each case in order to provide the 

according percentages.  

The above percentages that correspond to the peripheral doses delivered to every 

point of interest in each case are presented in tables 6.1-6.5.  

 

 

 

Table 6.1. Values of the peripheral dose as a percentage of the total delivered dose at the 

reference point in the case of the head.   

 
MOSFET 

detectors (%) 
ISIS 3D TPS (%) PERIDOSE (%) 

Right eye 11.5 13.6 - * 

Thyroid 1.52 2.8 1.64 

Heart 0.106 1.5 0.115 

Left ovary 0.025 1.1 0.04 

Testes 0.015 1.3 - * 
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Table 6.2. Values of the peripheral dose as a percentage of the total delivered dose at the 

reference point in the case of the breast.   

 
MOSFET 

detectors (%) 
ISIS 3D TPS (%) PERIDOSE (%) 

Right eye 0.08 2.1 0.036 

Thyroid 0.26 2.2 0.095 

Heart 2.22 3.4 - * 

Left ovary 0.047 1.6 0.018 

 

 

 

Table 6.3. Values of the peripheral dose as a percentage of the total delivered dose at the 

reference point in the case of the mediastinum.   

 
MOSFET 

detectors (%) 
ISIS 3D TPS (%) PERIDOSE (%) 

Right eye 0.21 1.4 0.27 

Thyroid 1.21 2.5 1.15 

Heart 51.5 65 - * 

Left ovary 0.089 1.4 0.135 

Testes 0.063 1.3 0.08 

 

 

 

Table 6.4. Values of the peripheral dose as a percentage of the total delivered dose at the 

reference point in the case of the pelvis (main).   

 
MOSFET 

detectors (%) 
ISIS 3D TPS (%) PERIDOSE (%) 

Right eye 0.043 1.3 0.055 

Thyroid 0.041 1.3 0.075 

Heart 0.184 1.4 0.335 

Testes 6.95 4.5 - * 
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Table 6.5. Values of the peripheral dose as a percentage of the total delivered dose at the 

reference point in the case of the ‘boost’.   

 
MOSFET 

detectors (%) 
ISIS 3D TPS (%) PERIDOSE (%) 

Right eye 0.045 1.4 0.05 

Thyroid 0.038 1.3 0.06 

Heart 0.061 1.5 0.14 

Testes 46 38.1 - * 

 

 

* Peridose could not calculate the peripheral dose due to the limitation for the value of the 

distance from the center of the field to the according point of interest. 

 

 

6.2 MOSFET REPORTS 

The MOSFET dosimetry system allows us to export the information that we have 

obtained through the experimental procedure in the mobileMOSFET report format, in 

each case.  

These reports present the date and time when the measurement was completed, 

the treatment settings for each plan that was made (energy used, gandry angle, size of 

the field, etc.) and the measurement results. Furthermore, by applying a standard 

image of the human body in the report, the locations of points of interest for each 

treatment plan are shown. As a result, we obtained an overview of the measurements 

that we have done in each situation.  

In the next pages the dosimetry reports for every case (head, breast, mediastinum, 

pelvis (main) and ‘boost’) are presented.  
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mobileMOSFET 

- DOSIMETRY REPORT - 

First Name:  Rando Registry #:   

Last Name:  Head Finish Time: 21/3/2009 11:44:14 πμ 

 

Treatment Setting: 

Fraction:  1 Gantry Angle:  90-270 Field Size:  14x22 cm
2
 

Wedges:  - SSD:  100 cm   

Block:  - MU:   Machine Type:  ELEKTA SLI 

Energy:  6  Collimation:  335-25 Machine S/N:   

 

Measurement Result: 

Dosimeter Reader Location Target Dose Measured Dose Deviation 

#1-1 S/N=0209 Right eye  230 cGy  

#1-2 S/N=0209 thyroid  30,4 cGy  

#1-3 S/N=0209 heart  2,12 cGy  

#1-4 S/N=0209 left ovary  0,492 cGy  

#1-5 S/N=0209 testes  0,309 cGy  

 

MOSFET Positions: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mobileMOSFET  
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- DOSIMETRY REPORT - 

First Name:  Rando Registry #:   

Last Name:  Breast Finish Time: 22/3/2009 10:52:27 πμ 

 

Treatment Setting: 

Fraction:  1 Gantry Angle:  310-130 Field Size:  6x16 cm
2
 

Wedges:  - SSD:  100 cm   

Block:  - MU:   Machine Type:  ELEKTA SLI 

Energy:  6 Collimation:  5-355 Machine S/N:   

 

Measurement Result: 

Dosimeter Reader Location Target Dose Measured Dose Deviation 

#1-1 S/N=0209 Right eye  1,79 cGy  

#1-2 S/N=0209 thyroid  5,89 cGy  

#1-3 S/N=0209 heart  49,4 cGy  

#1-4 S/N=0209 left ovary  1,04 cGy  

 

MOSFET Positions 
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mobileMOSFET 

- DOSIMETRY REPORT - 

First Name:  Rando Registry #:   

Last Name:  Mediastinum Finish Time: 22/3/2009 11:31:20 πμ 

 

Treatment Setting: 

Fraction:  1 Gantry Angle:  0-180 Field Size:  9x18 cm
2
 

Wedges:  - SAD:  100 cm   

Block:  - MU:   Machine Type:  ELEKTA SLI 

Energy:  18 Collimation:  0-0 Machine S/N:   

 

Measurement Result: 

Dosimeter Reader Location Target Dose Measured Dose Deviation 

#1-1 S/N=0209 Right eye  4,25 cGy  

#1-2 S/N=0209 thyroid  24,1 cGy  

#1-3 S/N=0209 heart  1030 cGy  

#1-4 S/N=0209 left ovary  1,77 cGy  

#1-5 S/N=0209 testes  1,25 cGy  

 

MOSFET Positions: 
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mobileMOSFET 

- DOSIMETRY REPORT - 

First Name:  Rando Registry #:   

Last Name:  Pelvis (main) Finish Time: 22/3/2009 11:53:17 πμ 

 

Treatment Setting: 

Fraction:  1 Gantry Angle:  0-180/90-270 Field Size:  13x17/10x17 cm
2
 

Wedges:  - SAD:  100 cm   

Block:  - MU:   Machine Type:  ELEKTA SLI 

Energy:  18 Collimation:  0-0/0-0 Machine S/N:   

 

Measurement Result: 

Dosimeter Reader Location Target Dose Measured Dose Deviation 

#1-1 S/N=0209 Right eye  0,866 cGy  

#1-2 S/N=0209 thyroid  0,824 cGy  

#1-3 S/N=0209 heart  3,68 cGy  

#1-5 S/N=0209 testes  139 cGy  

 

MOSFET Positions: 
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mobileMOSFET 

- DOSIMETRY REPORT - 

First Name:  Rando Registry #:   

Last Name:  ‘Boost’ Finish Time: 22/3/2009 12:08:29 μμ 

 

Treatment Setting: 

Fraction:  1 Gantry Angle:  0-180/90-270 Field Size:  8x8/8x8 cm
2
 

Wedges:  - SAD:  100 cm   

Block:  - MU:   Machine Type:  ELEKTA SLI 

Energy:  18 Collimation:  0-0/0-0 Machine S/N:   

 

Measurement Result: 

Dosimeter Reader Location Target Dose Measured Dose Deviation 

#1-1 S/N=0209 Right eye  0,909 cGy  

#1-2 S/N=0209 thyroid  0,758 cGy  

#1-3 S/N=0209 heart  1,22 cGy  

#1-5 S/N=0209 testes  927 cGy  

 

MOSFET Positions: 
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CHAPTER 7: CONCLUSIONS AND DISCUSSION  

7.1 GENERAL CONCLUSIONS 

As far as our results are concerned, the organs that lay at regions remote from the 

radiation field receive a very low percentage of the total delivered dose in the centre 

of the field. The regions close to the edge of the field receive a higher percentage, but 

yet again it is considered relatively low. 

In some points of interest that are very close to the field, the values of measured 

and calculated peripheral dose are particularly high. This occurs due to the fact that 

these regions are overlapped by the beam penumbra of the radiation field. More 

specifically, in the case of the mediastinum, the measured percentage was 51.5% and 

the calculated by ISIS 3D was 75%. In the case of the ‘boost’, the region of the testes 

was measured to receive 46% and the corresponding calculated value by ISIS 3D was 

38.1%.Peridose could not calculate the peripheral dose for these regions.  

In the case of the head the heart, the ovary and the testes, received a very low 

peripheral dose as it was expected. The right eye received a percentage of 11.5% 

(measured) and 13.6% (ISIS 3D). The thyroid received a percentage of 1.52% 

(measured), 2.8% (ISIS 3D), 1.64% (Peridose).  

In the breast case, only the heart receives a noticeable percentage of 2.22% 

(measured) and 3.4% (ISIS 3D).  

In the mediastinum case, the peripheral dose at the regions of the eye, the ovary 

and the testes is very low. Only in the thyroid region, the percentage of the total 

delivered dose was slightly above 1%. Finally, in the main pelvis case, the remote 

regions (eye, thyroid, heart)  received a very low amount of dose, but the region of the 

testes reached the percentage of 6.95% (measured) and 4.5% (ISIS 3D). In the ‘boost’ 

case only the testes received a high percentage, as it is mentioned above.  

The dose in the particular regions that were overlapped by the penumbra could 

hardly be regarded as peripheral dose. Because of the position of the radiation field, 

they should be shielded or blocked in order to avoid getting such a high percentage of 

the dose of the isocenter of the field.  
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7.2 ISIS 3D TREATMENT PLANNING SYSTEM 

As far as we concern the results from the calculations with ISIS 3D Treatment 

Planning System, we can see significant differences from the phantom measurements. 

Generally we observe that ISIS 3D overestimates the peripheral dose in all regions, 

close or remote from the radiation field. There is only one exception in the main 

pelvis case at the testes region, that ISIS 3D gave us a lower percentage of the total 

delivered dose compared with the measured peripheral dose in that region.  

The major difficulty for the ISIS 3D to calculate with accuracy the peripheral 

dose, especially in the remote regions, is the fact that it uses a standard collimation 

constant and a standard transmission value for the radiation beam that passes through 

the primary collimators. This constant has been calculated for the collimators of the 

ELEKTA SLI LINAC and is used in order to model the beam penumbra. Furthermore 

the transmission constant is also fixed and assumes that the radiation beam that passes 

through the primary jaws, delivers an additional percentage of the total delivered dose 

at the isocenter of the radiation field. This additional percentage is approximately 1% 

of the total delivered dose inside the field. As a result of that the percentages that are 

given by ISIS 3D that correspond to the remote points of interest are the sum of the 

transmitted radiation through the collimator jaws and the scattered radiation that 

reaches the point of interest through the patient body. As a consequence these 

percentages are found to be above 1% of the dose at the center of the field.  

For example in the main pelvis case the peripheral dose to the right eye, the 

thyroid and the heart have approximately the same percentage of the total delivered 

dose. In the breast case the differences are noteworthy, as ISIS 3D gives 2.1% for the 

right eye and 2.2% for the thyroid, in contrast with the measurements of 0.08% and 

0.26% respectively.  

Regarding the points of interest that are close to the radiation field, ISIS 3D also 

overestimates the peripheral dose by 1-2%. However, considering the accuracy of the 

dosimeters, this deviation is acceptable. As an example in the case of the head, ISIS 

3D calculate the percentage of the total delivered dose to be 13.6% in the right eye 

and 2.8% in the thyroid region when the measurements shown 11.5% and 2.8% 

respectively.  
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To conclude, ISIS 3D is not capable to calculate accurately the peripheral dose in 

regions far from the edge of the radiation field. It may be used for an approximate 

estimation of the peripheral dose at points of interest close to the radiation field.  

 

7.3PERIDOSE 

In general, our results have shown that Peridose had a very good agreement with 

the measurements that were made. At any point of interest that Peridose could 

calculate the peripheral dose, there were very slight differences of about 0.05%-0.15% 

from the measured values.  

The major issue about using the Peridose software for the calculation of the 

peripheral dose in our study, is that it has limitations about the distance from the 

center of the radiation field to the point of interest. In all five cases Peridose could not 

accept the value of the distance from the center of the field to one or two PD-points.  

In the case of the head, the right eye was very close and the testes far away from 

the edge of the field for Peridose, in order to calculate those peripheral doses. For the 

cases of the mediastinum and the breast the dose in the region of the heart could not 

be estimated. Moreover the peripheral dose in the testes could not be calculated in the 

cases of the main pelvis and the pelvis ‘boost’. In addition Peridose has limitations 

about the thickness of the patient (phantom) along beam axis, the depth of the point of 

interest in beam direction and for the breast case the depth of the PD-point in AP 

direction.  

The advantages of the Peridose software is that it is easy in use, it can calculate 

up to eight beams in one run and it gives the total peripheral dose, the peripheral dose 

of each beam, the total uncertainty and the total leakage and external scatter in cGy. 

Also it has the ability to calculate the peripheral dose for orthogonal and tangential 

fields.  

Peit-Hein van der Geissen et al
29

 , who developed the program, reported a mean 

ratio of measured versus calculated PD of 0.92 with a standard deviation (SD) of 35% 

                                                 
29

 Peit-Hein Van der Giessen, Herman W.J. Bierhuizen. Comparison of measured and calculated 

peripheral doses in patients undergoing radiation therapy. Radiotherapy and Oncology. 1997, Vol. 42, 

pp. 265-270. 
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for all treatment techniques that were performed. For tangential techniques this was 

1.12 and 26% respectively.  

Thus the accuracy of the program, regarding that it will be used most frequent in 

pregnant women, has a SD starting point of 30% and an accuracy of two SD could be 

obtained for patients. In view of the uncertainty of known risk factors, this accuracy 

was considered acceptable. 

 

 

 7.4 MOSFET 

Although semiconductor detectors are widely used for the dosimetry of ionizing 

radiation, MOSFET detectors were recently developed for applications in 

radiotherapy and especially in radio-therapeutic in vivo dosimetry. 
30

,
31

,
32

. Thus, the 

MOSFET dosimetry system proved to be a very useful tool for the measurements of 

the peripheral dose that were needed for this study. 

As the MOSFET dosimetry system allows immediate dose readout, providing us 

with the integrated dose, the measurements were carried out easily without a further 

process on the detectors in order to take the final results. Furthermore their small 

physical size was ideal for the measurements in the RANDO anthropomorphic 

phantom due to the fact that the detectors would just fit in the phantom’s holes.  

Tsang Cheung et al.
33

 evaluated the temperature effects of MOSFET detectors 

used for dosimetry in radiotherapy treatment. Results have shown that MOSFET 

detectors provide stable dose measurements with temperatures varying from 15
o
C up 

to 40
o
C. However the author suggests that the detectors should not be exposed in big 

                                                 
30

 Paolo Scalchi, Paolo Francescon, Priyadarshini Rajaguru. Characterization of a new MOSFET 

detector configuration for in vivo dosimetry. Med.Phys. 2005, Vol. 32, 6, pp. 571-578. 

31
 Sam Ju Cho, Won Taek Kim, Yong Gan Ki, Soo Il Kwon, Sang Hoon Lee, Hyun Do Huh, 

Kwang Hwan Cho, Byung Hyun Kwon, Dong Won Kim. In vivo Dosimetry with MOSFET detector 

during radiotherapy. IFMBE Proceedings. 2006, Vol. 14, 3. 

32
 Rosenfeld, A. MOSFET dosimetry on modern radiation oncology. Radiation Protection Dosimetry. 

2002, Vol. 101, 1-4, pp. 393-398. 

33
 Tsang Cheung, Martin J Butson, Peter K N Yu. Effects of temperature variation on MOSFET 

dosimetry. Phys. Med. Biol. 2004, Vol. 49, pp. 191-196. 
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temperature changes in order to perform accurate measurements, something that we 

tried to attain during the experimental procedure.  

In another study
34

, the same author evaluated the ability of a MOSFET detector to 

measure low therapeutic doses and concluded that MOSFET detectors could provide 

useful information for areas where low dose assessment is required, such as for the 

estimation of the peripheral dose.  

 In conclusion, we consider the MOSFET dosimetry system a very useful method 

to obtain sufficiently accurate measurements of peripheral dose.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
34

Tsang Cheung, Peter K N Yu, Martin J Butson. Low-dose measurement with a MOSFET in high-

energy radiotherapy applications. Radiation Measurements. 2005, Vol. 39, pp. 91-94. 
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