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Abstract 

Patients undergoing External Beam Radiation therapy (EBRT) are unavoidably exposed to 

unattended radiation doses out of the treatment field. Although out-of-field doses are very small 

compared to the therapeutic dose at the targeted volume, they can cause potentially severe 

damage to the patient such as radiation-induced secondary cancer. The dose calculation accuracy 

of the currently available treatment planning system is known to decrease drastically out of the 

treatment field. Although its exceedingly long computation time, Monte Carlo simulation 

methods are considered to be the most accurate methods for dose calculations in radiotherapy 

because of its most complete and detailed description of radiation interaction with matter. 

A new Monte Carlo software called PRIMO was recently released. It shows very attractive 

features to simulate clinical treatment cases. PRIMO was used to investigate the dose distribution 

out of the treatment field from a cutting-edge Varian TrueBeam linear accelerator equipped with 

the most recent multileaf collimator (HD 120 MLC) from Varian. PRIMO dose calculations 

accuracy was first validated. The validation process included comparing the simulation dose 

calculation in a water tank, anthropomorphic phantom and virtual simplified geometry of the 

Electronic Portal Imaging Devices (EPID) with the measured dose by ion chambers, Gafchromic 

films and EPID. The validation process included both static and dynamic fields, and the 

simulated dose was evaluated within the treatment field and out of the treatment field borders. 

PRIMO proved to be a reliable tool to simulate TrueBeam and it provides an accurate dose 

calculation out of the treatment field. PRIMO was then used to investigate the out-of-field dose 
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distribution. The results have shown the existence of two regions with increased dose values than 

the background which are not calculated by TPS. These two regions were called Localized 

Extra-Focal Dose (LEFD) regions, to distinguish them from the extra-focal dose resulting from 

general leakage radiation. Both LEFD regions start to appear after 11 cm from the isocenter in 

the direction perpendicular to the MLC leaves travel direction. Each LEFD consisted of two 

overlapping components. The first component is nearly elliptical dose distribution caused by the 

scattered radiation from the beam collimation and monitoring parts through the gap between the 

Y-jaws and the outermost border of the MLC. While the second component is a well-defined 

rectangular dose distribution, it has the width of X-jaws aperture and the length of 10 cm (from 

11 to 21 cm in the direction perpendicular to the leave travel direction of the studied system 

(TrueBeam equipped with HD 120 MLC)). It is caused by the transmitted radiation through only 

Y-jaws. The dose in the LEFD regions was found to be up to 160% of the transmitted dose 

through the closed MLC. The factors that affect these two components (e.g. photon beam energy, 

using flattening filter or not, Y-jaws aperture and collimator rotation angle) were studied. The 

effect of this LEFD on real clinical treatment cases was evaluated for Three-dimensional 

Conformal Radiation Therapy (3DCRT) treatment plans and for Volumetric Modulated Arc 

Therapy (VMAT) treatment plans as well. Several recommendations based on the results were 

provided to eliminate this LEFD or at least mitigate its effect on the patients. During the course 

of preparation of this thesis, several codes and tools were developed to overcome some 

shortcomings in PRIMO to simulate clinical treatment cases and to export the simulated dose 

distributions. These codes were also used to study the effect of the treatment couch 

implementation in the treatment plans and to evaluate the dose in the vicinity of Cardiac 

Implantable Electronic Devices (CIED).  
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Resumo 

Os pacientes submetidos à radioterapia por feixe externo (EBRT) são inevitavelmente 

expostos a doses de radiação não desejadas fora-do-campo de tratamento. Embora as doses fora-

do-campo sejam muito pequenas em comparação com a dose terapêutica no volume alvo, podem 

causar danos potencialmente graves ao paciente, como cancros secundários induzidos por 

radiação. Sabe-se que a precisão do cálculo da dose do sistema de planeamento de tratamento 

atualmente disponível diminui drasticamente fora do campo de tratamento. Embora com um 

tempo de computação ainda muito longo, os métodos de simulação de Monte Carlo são 

considerados os mais exatos para cálculos de doses em radioterapia externa devido à sua 

descrição mais completa e detalhada da interação da radiação com a matéria. 

Um novo software de Monte Carlo chamado PRIMO foi lançado recentemente. Ele possui 

características muito atraentes para simulação de casos de tratamentos clínicos. O PRIMO foi 

usado para investigar a distribuição da dose fora do campo de tratamento de um acelerador linear 

Varian TrueBeam, equipado com o colimador multifolhas (“multileaf collimator” ou MLC) mais 

recente da Varian (HD 120 MLC). A precisão dos cálculos da dose obtida pelo PRIMO foi 

validada pela primeira vez. O processo de validação incluiu a comparação do cálculo da dose de 

simulação no tanque de água, fantasma antropomórfico e geometria virtual simplificada dos 

dispositivos de imagem de portal eletrónico (EPID) com a dose medida por câmaras de 

ionização, filmes radiocrómicos e EPID. O processo de validação incluiu campos estáticos e 

dinâmicos, e a dose simulada foi avaliada dentro do campo de tratamento e fora o campo de 
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tratamento. O PRIMO provou ser uma ferramenta confiável para simular o TrueBeam e fornece 

um cálculo preciso da dose fora do campo de tratamento. O PRIMO foi então utilizado para 

investigar a distribuição de doses fora do campo. Os resultados mostraram a existência de duas 

regiões com valores de dose mais aumentados do que o fundo, que não são calculados pelo TPS. 

Essas duas regiões foram chamadas regiões de Dose Extra-Focal Localizada (LEFD), para 

distingui-las da dose extra-focal resultante da radiação de fuga. Ambas as regiões LEFD 

começam a aparecer após 11 cm do isocentro na direção perpendicular à MLC deixa a direção de 

deslocamento. Cada LEFD consiste em dois componentes sobrepostos. A primeira componente é 

uma distribuição quase elíptica da dose causada pela radiação dispersa da colimação do feixe e 

pela transmissão pelo espaço entre as mandíbulas Y e a beira mais externa do MLC. A segunda 

componente é uma distribuição de dose retangular bem definida, possui a largura da abertura dos 

colimadores-X e o comprimento de 10 cm (11 a 21 cm na direção perpendicular à direção de 

deslocamento do sistema estudado (TrueBeam equipado com HD 120 MLC), causada pela 

radiação de transmissão através apenas dos colimadores-Y. A dose observada nas regiões LEFD 

foi até 160% da dose transmitida através do MLC fechado. Vários factores afetam essas duas 

componentes (por exemplo, foi estudada a energia do feixe de fotões, usando ou sem flattening 

filter, abertura do colimador-Y e ângulo de rotação do colimador. O efeito desse LEFD em casos 

reais de tratamento clínico foi avaliado para os planos de tratamento de Terapia por Radiação 

Conformada Tridimensional (3DCRT) e para tratamentos volumétricos em arco (VMAT). Várias 

recomendações baseadas nos resultados foram fornecidas para eliminar o LEFD ou pelo menos 

atenuar o seu efeito sobre os pacientes. No decorrer da preparação desta tese, vários códigos e 

ferramentas foram desenvolvidos para superar algumas deficiências no PRIMO para simular 

casos de tratamento clínico e exportar as distribuições simuladas de doses. Esses códigos 
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também foram usados para estudar o efeito da implementação do leito de tratamento nos planos 

de tratamento e para avaliar a dose nas proximidades de dispositivos eletrónicos cardíacos 

implantáveis (CIED). 
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Chapter 1  

 

Introduction 

Techniques and technology for delivering radiotherapy have developed significantly over 

the past decades. Modern techniques in External Beam Radiation Therapy (EBRT) are capable of 

delivering highly conformal dose distribution to the tumor while minimizing the dose to the 

healthy tissues and organs surrounding the tumor. However, this enhanced conformality has not 

reduced the problem of the dose out of the treatment field borders (out-of-field dose). 

Furthermore, modern techniques such as Intensity-Modulated Radiation Therapy (IMRT) and 

Volumetric Modulated Arc Therapy (VMAT) involve using more Monitor Units (MUs) than 

conventional Three-dimensional Conformal Radiation Therapy (3DCRT) to deliver the same 

dose to the Planning Target Volume (PTV), which increases the out-of-field doses [1, 2]. 

Patients undergoing EBRT are unavoidably exposed to unintended radiation doses far from the 

treatment fields (out-of-field dose) caused by leakage radiation from the linear accelerator (linac) 

head, scattered radiation from the beam collimators and modifiers, and internal scattered 

radiation originating in the patient body [3-7]. Out-of-field doses are very small compared to the 

dose at the isocenter and are not generally considered during treatment planning. Even if they 

were considered, it is difficult to measure, characterize, or model them in the commercially 

available Treatment Planning Systems (TPSs) [8]. Even though, out-of-field doses may lead to 

potentially severe detriment to the patient, such as myocardial damage [9-11] and radiation-



2 

 

induced secondary cancer [12-18] and their minimization should always be considered. In 

contrast to Elekta (Elekta AB, Stockholm, Sweden) and Siemens (Siemens Medical Solutions, 

Concord, CA, USA) where the multileaf collimators (MLC) replaces rather than supplements a 

jaw, MLC is used as a tertiary collimator in Varian linacs (Varian Medical Systems, Palo Alto, 

CA, USA) which offers additional head shielding to the linac to reduce the head leakage 

reaching the patient [8]. Nevertheless, this tertiary collimation system design allows the presence 

of a gap between the upper jaws (Y-jaws) and the outermost leaf in the MLC, which might allow 

the scattered radiation (e.g. from primary collimator or flattening filter) to pass through this gap 

and reaches the patient without any further attenuation. In addition, the new Varian high-

definition MLC (HD 120 MLC) doubles the resolution at the central area of the MLC compared 

to the previous model (Millennium 120 MLC) but it has a reduced length in the direction 

perpendicular to the leaves travel direction (Y-jaws direction), causing less attenuation to the 

treatment beam in this direction. Although there are numerous reports in the literature describing 

out-of-field dose from clinical linear accelerators [19, 20], the effect of these two contributors 

(the gap and the reduced dimension) is not documented, and their contribution to the out-of-field 

doses is not yet studied.   

1.1. Motivation and objectives of work 

Although the new advances in treatment techniques have increased the overall 5-year 

survival for pediatric cancers to approximately 80%  [21-23], cancer is still the most common 

fatal disease in children [24]. Following accidents, cancer is the leading cause of death in 

children aged 1 to 14 years in the United States [25]. Pediatric cancer can be treated with a 

combination of therapies including: surgery, chemotherapy and EBRT depending on the type and 

stage of the disease [24, 26]. Patients undergoing EBRT are unavoidably exposed to unintended 
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out-of-field doses. Several studies have concluded that the scientific evidence supports the 

hypothesis of a Linear No-Threshold (LNT) dose-response relationship between radiation 

exposure and the development of cancer [27-29]. This means that the smallest dose of radiation 

has the potential to cause a small increase in the risk of developing cancer in humans. 

Moreover, pediatric subjects treated with EBRT present a special concern compared to 

adults especially due to: i) their longer life expectancy to express the late (stochastic) effects of 

radiation; ii) their higher organ sensitivity to carcinogenic effect of ionizing radiation and iii) 

their tendency to receive higher organ doses due to geometrical factors (e.g. smaller body size) 

[13, 14, 30, 31]. For these reasons, pediatric patients are about 15 times more sensitive to 

radiation than middle-aged adults [32]. Surprisingly, in some particular pediatric cancers, 

secondary induced cancers cause more deaths than the primary cancers [33]. Radiation-induced 

thyroid and breast cancers have been observed in pediatric subjects after receiving doses as low 

as 100 mGy in these organs/tissues [33]. 

Since the currently available TPSs are not commissioned for out-of-field dose calculations, 

and since their dose calculation accuracy is known to decrease drastically beyond the limits of 

the treatment fields [34-36], it is very important to develop more accurate alternatives to evaluate 

this out-of-field dose contribution and to provide the necessary protocols to reduce or mitigate 

their effects on normal tissue out of the treatment field without compromising the effectiveness 

of the treatment. 

Monte Carlo (MC) simulations can provide an alternative method to conventional TPS 

algorithms to determine the dose distribution, particularly in areas located far from the treatment 

field. MC simulation is considered to be the most accurate method for dose calculation in 

radiotherapy because of its most complete and detailed description of radiation interaction with 
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matter [37-39]. Recently, a new MC code called PRIMO [40] was released. PRIMO is a 

standalone PENELOPE based software, which has a graphical user interface including various 

tools for analyzing and representing the generated data. PRIMO simulates most Varian and 

Elekta linacs, with their most common electron applicators and MLCs, and computes dose 

distribution in user-defined geometric phantoms or imported DICOM (Digital Imaging and 

Communications in Medicine) images from Computerized Tomography (CT) scans. It has 

several variance-reduction techniques developed by its authors [41-44] incorporated within. In 

addition, PRIMO has the capability of importing and simulating phase-space files, written by 

other codes, in the International Atomic Energy Agency (IAEA) binary format [45]. The 

aforementioned features make PRIMO user-friendly, versatile and suitable for simulating clinical 

alike treatment plans. For these reasons, it was chosen for the present study. Nevertheless, 

PRIMO has several shortcomings that need to be overcome before it can be fully used for out-of-

field dose evaluation, especially when it comes to clinical dose calculations in CT scans or to 

compare the simulated results with measurements.  

The major part of the work has been conducted on Varian TrueBeam linac. However, some 

work was done by other linac models (namely, Novalis and Trilogy) to demonstrate that the 

findings and recommendations are applicable to other models. TrueBeam is one of the most 

recent models of linacs. It has a lot of improvements and new treatment techniques compared to 

its predecessors, such as removing the flattening filter from the linac head and improved 

resolution MLC. Due to the intellectual property, the manufacturer decided not to make the linac 

head materials and geometry available for research and released instead a set of phase-space files 

to be used as a source to simulate the linac head downstream of the plane of the movable jaws.  
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This thesis aims to: 

• Validate the second version of the phase-space files released by Varian to simulate 

TrueBeam; 

• Develop the necessary tools to simulate the dose distribution in clinical cases, and to 

export the simulated dose distributions to be compared with measurements by means of 

third-party software;  

• Validate the accuracy of the simulated dose calculation within the treatment field borders, 

and out of the treatment field;  

• Study the effect of the tertiary MLC design and the new MLC dimensions on the out-of-

field doses; 

• Characterize the factors that affect the MLC contribution to the out-of-field dose; 

• Evaluate the impact of MLC contribution to the out-of-field dose on the dose delivered to 

patients during 3DCRT, or upon using more advanced techniques such as VMAT; 

• Develop adequate strategies to eliminate MLC contribution to the out-of-field dose or, at 

least, mitigate its impact.  

Due to the use of more than one modality in evaluating the dose distribution (TPS-

calculations, MC simulations, Two-Dimensional (2D) dose measurements with Gafchromic 

films and Electronic Portal Imaging Devices (EPIDs), and dose scans with ion chambers), 

significant proportion of results reported in the work are based on relative, rather than absolute, 

measurements. 
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Chapter 2  

 

State of the art 

2.1. Introduction 

Cancer is a generic term for a large group of diseases characterized by the uncontrolled 

growth of abnormal cells beyond their usual boundaries that can then invade adjacent parts of the 

body and spread to other organs. The latter process is referred to as metastasizing. Metastases are 

a major cause of death from cancer [46]. Cancer is caused by the transformation of a normal cell 

from a pre-cancerous lesion to a malignant tumor in a multistage process [47].  

Approximately one in three people will develop cancer during their lifetimes [48]. 

According to estimates from the World Health Organization (WHO) for the year 2018, cancer is 

the second leading cause of death globally [47]. It is held accountable for approximately 9.6 

million death (101 per 100,000 people) and 18 million new cases are estimated in 2018 (197.9 

per 100,000 people) [49]. About 1 in 6 deaths worldwide is due to cancer [50]. In Portugal alone, 

more than 58000 estimated new cases (259.5 per 100,000 people) and around 29000 cancer 

mortality (103.6 per 100,000 people) are expected in 2018 according to the International Agency 

of Research on Cancer (IARC) [51]. Cancer is a leading cause of death for children and 

adolescents worldwide, and approximately 300,000 children aged 0 to 19 years old are diagnosed 

with cancer each year [52]. Figure 2.1 shows the percentages distribution of incidence and 
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mortality rates for the most common cancers and the most common pediatric cancer worldwide 

(regardless of patient gender) for the year 2018. It also shows the percentages distribution of 

incidence and mortality rates for the most common cancers in Portugal.  

 

Figure 2.1. The percentages distribution of incidence and mortality rates (regardless of patient 

gender) for the most common cancers in 2018 for: (a) all ages, worldwide, (b) pediatrics and 

adolescences, worldwide and (c) all ages, Portugal [51]. 
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The cancer treatment pathway can vary significantly from one patient to another. Cancer can 

be treated with different modalities depending on its type, its location, and stage of progression 

at diagnosis. Surgery, chemotherapy and radiotherapy are the most commonly used approaches. 

In addition to the previous approaches, some other modern procedures are being used less 

frequently such as hormone-based therapy, anti-angiogenic strategies, stem cell therapies, and 

immunotherapy. 

• Surgery is one of the most preferred modalities to treat cancer because it is the least 

damaging treatment to the surrounding tissue compared to chemotherapy and 

radiotherapy and the tumor can be removed without unnecessary risk to tissue 

damage. Depending on the stage of the tumor, surgery may be performed to: remove 

the entire tumor from certain part of the patient’s body; debulk the tumor if its 

removal may cause some damage to certain organ; and to ease its symptoms in case 

of large tumors which may cause pain or pressure to certain organ. Different kinds of 

surgery (such as open or minimally invasive) are used depending on the location of 

the tumor, its mass and patient’s preference. In the case of open surgery, it is usually 

performed to remove the tumor alongside some amount of surrounding healthy 

tissue. Surgery has the highest probability of recovery, especially if the disease is 

still localized [46]. 

• Chemotherapy is based on medication administration (orally and/or intravenously). 

Chemotherapy stops the tumor progression by killing their ability to divide and 

enforcing apoptosis. Thus, there are two types of chemotherapy drugs: cytostatic to 

stop their growth and cytotoxic to kill them. However, chemotherapy drugs target 

normal cells as well, which could result in chemotherapy dose-dependent side effects 
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such as fatigue, nausea, hair loss, vomiting, etc. In addition, patients could become 

immunocompromised as a result of vigorous chemotherapy treatment, which may 

lead to complicated infections and death [46, 53]. 

• Radiation therapy (also known as radiotherapy) involves using ionizing radiation 

such as electrons, protons and high energy photons (γ rays and X-rays) to destroy 

tumor cells. When the ionizing radiation passes through the body, it causes the 

particles in the body to charge electrically, and energy is transferred in this way from 

the radiation to the body. This energy can either kill the cancer cells directly or alter 

them genetically, which can lead to cellular death primarily by apoptosis [54]. 

Radiation therapy is most effective when a tumor is contained, easily accessible, and 

located away from major organs of the body. It can be used with curative or 

palliative intents. Radiation therapy can be used as an individual modality or 

combined with other modalities. Radiation therapy can be used before surgery to 

shrink the tumor size, or after surgery to destroy the remaining tumor cells and 

reduce the cancer relapse probability [54]. Radiation therapy might also be used in 

combination with chemotherapy as well [55]. Radiation therapy is recommended as 

the treatment of choice because of its superior outcome compared to other 

modalities. This superiority is due to better survival, local control and low toxicity 

profile [55]. Due to its important role in cancer treatment, approximately 50% of all 

cancer patients receive radiation therapy at a certain point in their treatment course 

[54, 56, 57]. According to the Portuguese health ministry, radiotherapy plays an 

important role in the national plan to prevent and control cancer, between 50 to 60% 

of cancer patients benefited from radiotherapy in the last years [58]. 
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The radiation dose may be delivered to the patient either externally or internally. 

Subsequently, radiation therapy is divided into two subcategories, External beam radiation 

therapy (EBRT), including in this case intraoperative electron beam radiotherapy and internal 

radiation therapy (Brachytherapy). In EBRT radiation is generated and delivered from a distant 

source, from outside the body and directed at the patient's tumor site. In the case of 

Brachytherapy, the radiation is delivered inside or close to the body by sealed radioactive 

sources, using catheters or seeds placed as close as possible to the tumor site. Sometimes, they 

may be inserted directly into the tumor [54].  

2.2. External beam radiation therapy  

EBRT is the most common type of radiation therapy. The most commonly used external 

beams are γ rays emitted from ⁶⁰Co units (now less common in developed countries), high-

energy X-rays and electrons from linacs (on the order of some MeV). More exotic particles such 

as protons accelerated by cyclotrons [59], heavy ions beams accelerated to high energies in 

synchrotrons [60] and epithermal neutron beams used in boron neutron capture therapy (BNCT) 

[61] are also less commonly used in EBRT [62]. 

2.2.1. Linear accelerators (linacs) 

In 1895, a “new kind of ray” was discovered by the physics Wilhelm Conrad Röntgen. He 

called it X-rays (the X representing the unknown). In the next year, natural radioactivity was 

discovered by Henry Becquerel. Those two discoveries had a tremendous impact on physics, 

chemistry, biology, technology and medicine. The effect of the ionizing radiation on the living 

tissue was noticed at an early stage of handling the ionizing radiation, and in a few years, it was 

used to treat cancer. 
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During the first 50 years of radiotherapy, the technological progress was relatively slow, and 

it aimed to produce higher and more intense X-rays. Up to about 1950, most of the EBRT was 

carried out mainly with X-rays generated at X-ray tubes with voltages up to 300 kVp [62, 63].  

The invention of ⁶⁰Co units in 1950 with their higher photon beam energies (around 1 MeV) 

provided a super boost to the radiation therapy and those units took the lead of EBRT machines 

from the conventional X-ray tubes for the next few years. However, ⁶⁰Co units were gradually 

replaced by more sophisticated linacs. Due to its compact and efficient design and versatility, 

linacs became the most widely used radiation source in modern radiotherapy. Linear accelerators 

offer excellent versatility for use in radiotherapy through isocentric mounting and provide either 

electron or megavoltage X-ray therapy with a wide range of energies.  

The tremendous advances in radiation therapy in the past few years were possible due to the 

advances in linac technologies and computerization, compared to the traditional radiation therapy 

machines (such as X-ray tubes and ⁶⁰Co units).  

2.2.1.1. Components of Modern Linacs 

Linac is a device that uses high-frequency electromagnetic waves to accelerate electrons to 

high kinetic energies (from 4 to 25 MeV) flowing a straight trajectory in special evacuated 

structures called accelerating waveguides. These electrons can be used for treating superficial 

tumors, or they can be used to produce photons via bremsstrahlung emission for treating deep-

seated tumors [62-64]. The main systems of the linac are shown in Figure 2.2:  

• The injection system is the source of the electrons; it is an electrostatic accelerator, 

also referred to as the electron gun. The electron gun consists of a heated filament 

cathode and a perforated grounded anode. Electrons are thermionically emitted from 
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the heated cathode, focused into a pencil beam and accelerated to the anode from 

where they drift into the accelerating waveguide. The electrostatic fields used to 

accelerate the electrons in the electron gun are directly supplied from the pulsed 

modulator.  

• The radiofrequency (RF) system is used for additional accelerating of the electrons 

in the accelerating waveguide to the desired kinetic energy. The microwave radiation 

used to accelerate the electrons is produced by the RF system, which consists of two 

major components: an RF power source and a pulsed modulator. The accelerating 

waveguide consists of an evacuated copper tube. The tube interior is divided by 

copper disks with various apertures and distances. Electrons are injected into the 

accelerating waveguide with an approximated initial energy of 50 keV, they interact 

with the electromagnet field of the microwaves and gain energy from the sinusoidal 

varying electric field. The high-energy electrons exit the accelerating waveguide in 

the form of a pencil beam with approximately 3 mm of diameter [63].   

• The electron beam transport system is used to transport the electron beam from the 

accelerating waveguide to the X-ray target (in photon beam mode) or to the linac exit 

window for electron beam therapy. The system consists mainly of drift tubes and 

bending magnets. Additionally, steering and focusing coils are used to keep the 

electron beam centered and to reduce its divergence. The bending magnets are used 

to change the direction of the electron beam in linacs operating at energies above 6 

MeV, where the waveguide is long and parallel to the gantry rotation axis. Three 

systems for electron beams are available: 90⁰ bending, 112.5⁰ bending and 270⁰ 

bending (as the one shown in Figure 2.2). In low energy linacs, the waveguide is 
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short, and the target is embedded in the accelerating waveguide in the same direction 

of the treatment head central axis (CAX). Consequently, no beam transport between 

the accelerating waveguide and target is required [62]. 

 

Figure 2.2. Schematic diagram of a typical medical linear accelerator with the accelerating 

waveguide mounted parallel to the gantry rotation axis. Four major systems can be identified, 

namely, the injection system (green), the RF system(blue), the beam transport system (red) and 

the beam collimation and monitoring system (brown) typical configuration for a photon beam.  

• Linac treatment head system (also known as beam collimation and monitoring 

system) is used to produce the clinical beams. It consists of several components to 

shape, localize, monitor the treatment beam and modulate its intensity. The 

important components of the modern linacs include: 

o Several retractable X-ray targets. 

o Primary collimator. 

o Flattening filter (in photon beam mode) and electron scattering foils (in electron 

mode). 

o Dual transmission ionizing chamber. 

o Secondary collimator (X-jaws, Y-jaws and MLC). 
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When linac operates in photon mode (Figure 2.2) the electron beam hits a cylindrical block, 

called target, made of high atomic number (high-Z) material such as tungsten, and photons are 

produced by bremsstrahlung emission. As a result of bremsstrahlung emission, the electron 

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

incident electron energy. The average photon beam energy is about one-third of the maximum 

energy [63]. Targets are usually water-cooled and can be divided according to their thickness 

into thin, medium and thick targets depending on the continuous-slowing-down approximation 

(CSDA) electron range, R, in the target material. The thickness of thick targets equal to ~ 110% 

R, while in thin targets is equal to ~ 2% R. Thin targets are used to produce photon spectra with 

higher mean energy, but they transmit more incident electrons [65].  

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

beyond the target and has a conical aperture machined into a tungsten shielding block (see Figure 

2.2). The thickness of the shielding block is designed to attenuate the intensity of the average 

photon beam to 0.1% of its initial value [62]. The primary collimator defines the maximum 

circular filed size, which is then further truncated with an adjustable collimator (movable jaws) 

producing rectangular or square fields with a maximum field size of 40x40 cm² at the isocenter 

plane. The fluence of the broad bremsstrahlung radiation beam is non-uniform: spatially the 

photon beam is forward-peaked (see Figure 2.2), and the photon energies are inversely 

proportional to the angular deviation from the incident electron beam. This gives rise to 

centrally-peaked dose profiles not suitable for most conventional radiotherapy treatments*. To 

 

 

* Modern linacs such as Varian TrueBeam linear accelerator can operates with centrally peaked dose 

profiles (not flattened photon beams) or with flattened photon beams.  
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obtain a uniform field, a ‘flattening filter’ is inserted in the beam. The filter has a higher 

thickness along the central axis causing greater attenuation to the photon beam at the central 

region to equalize the beam radial intensity. Each clinical photon beam has its own target–

flattening filter combination. The flattening filters are mounted on a rotating carousel to facilitate 

the mechanical positioning into the beam [62]. The flattened photon beam is incident on the 

monitoring chambers. Dual transmission ionization chambers are used to monitor the photon 

beam output as well as the radial and transverse beam flatness. 

In addition to the fixed primary collimator, modern linacs have secondary movable 

collimators for further collimation of the incident photon beam. The secondary collimators 

consist of four jaws and MLC: two jaws forming the upper jaws and two forming the lower jaws 

of the collimator. For Varian linacs, the upper jaws (also called Y-jaws) move parallel to the 

accelerator waveguide when collimator rotation is 0°. They follow an arc trajectory that keeps 

the distance between the target and the jaws constant. The lower jaws (also called X-jaws) move 

perpendicular to the accelerator waveguide when collimator rotation is 0° following linear 

trajectory.  

The MLC is formed by two banks of packed metal sheets called leaves. There are usually 26 

to 80 pairs of opposed leaves depending on the MLC model (see Figure 2.3). Each leaf can move 

individually by a computer-controlled motor. The MLC in Varian linacs is used as a tertiary 

system below the movable jaws (see Figure 2.2), this design was initially adopted by Varian for 

two reasons. First, to facilitate the retrofitting of the MLC onto existing units. Second, in case of 

MLC failure, it will not take the entire linac out of service: the offending leaves can manually be 

moved out of the treatment field and alloy blocks can be used [66]. Placing MLC as a tertiary 

system closer to the patient than other linac manufacturers (such as Elekta and Siemens) has both 
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positive and negative results. One negative result for this approach is the need for a greater 

overall bulk of MLC to cover the same area at the isocenter due to the divergence nature of the 

treatment beam (see Figure 2.2) [66]. Another negative result of such design is the existence of a 

gap between the Y-jaws and MLC in the Y-jaws direction, which may lead to scattered radiation 

leakage from the treatment head (this aspect is going to be further developed in Chapter 5). One 

positive characteristic of this design is that the leaf width is larger, which means that 

manufacturing tolerances are smaller [66]. Another positive result of the tertiary design is that 

the MLC provides an additional shielding layer which reduces the head leakage radiation 

reaching the patient [8]. MLC was first designed to conform the shape of the treatment field to 

the tumor contour. Later, it was found to be useful for modulating the intensity of the beam 

during the treatment [67] (see section 2.3.2). 

 

Figure 2.3. Varian Millennium multileaf collimator [68]. 

Linacs are usually mounted isocentrically and the operational system is distributed over 

major and distinct sections: gantry, gantry stand or support, modulator cabinet, patient support 
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assembly (i.e. treatment couch) and control console [62]. Modern linacs have several degrees of 

freedom shown in  Figure 2.4 which shows a schematic representation of the linac. The treatment 

head can rotate 360⁰ around the horizontal axis which is referred to as gantry rotation. The 

secondary collimation structure (X-jaws, Y-jaws and MLC) can rotate around the CAX, defined 

along the vertical axis which crosses the target. This degree of freedom is referred to as 

collimator rotation. The intersection of the previous two axes is known as isocenter. The 

isocenter is located at 100 cm from the target. The treatment couch can also rotate around CAX. 

This particular degree of freedom is referred to as couch rotation. In addition, the treatment 

couch can be displaced in the three spatial directions: left and right (X direction), up and down 

(Y direction) and in and out the target-gun direction (Z direction). Since the treatment gantry can 

be rotated 360⁰ so as to be under the patient, the treatment couch top is designed to have a 

minimal effect on the beam (using thin or low-density materials).  

 

Figure 2.4. Schematic diagram of the linear accelerator with its freedom degrees of the gantry, 

secondary collimator, and treatment couch. 
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 Figure 2.5. shows a general view of the TrueBeam linac installed on IPO-Porto with its 

major components. 

 

Figure 2.5. General view of TrueBeam linac installed on IPO-Porto and its major components. 

2.3. Modern treatment techniques in photon beam external radiation therapy 

The use of the X-ray transmission CT scanning in clinical diagnostic radiology in 1970 

provided significant enhancement to the EBRT [69]. CT scans have been applied to the EBRT 

planning to describe the geometry and the electron density of the region which will be irradiated, 

it provides the information of the tumor localization and the surrounding healthy tissue. The goal 

of EBRT is to maximize the radiation dose to the tumor and to minimize (spare) the radiation 
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dose to the surrounding healthy tissue nearby. Several treatment techniques have been developed 

to achieve this goal such as: 

2.3.1. Three-dimensional conformal radiotherapy (3DCRT) 

3DCRT is a forward-based and manually optimized treatment technique that aims to 

conform the spatial distribution of the prescribed dose to the 3D target volume and to minimize 

the dose to the surrounding tissue at the same time. Typically, the 3DCRT treatment plan is 

achieved by a set of fixed radiation beams (from different gantry angles) that conform the shape 

of the target volume contour from the perspective of an observer located at the radiation source 

for each individual treatment field. This perspective is known as the beam’s eye view (BEV). 

The field shape is set with the MLC. The radiation beam for this technique has usually a uniform 

intensity. 

3DCRT technique uses a trial and error approach in testing various combinations of 

treatment fields to find the best dose distribution for a given target volume. 

2.3.2. Intensity-modulated radiation therapy (IMRT) 

IMRT technique represents a step ahead and more advanced development of 3DCRT. In this 

technique, not only the beam can be shaped to fit the tumor contour, but the intensity of the 

treatment beam can also be modulated. Modulation can be considered as dividing the treatment 

beam into small beam elements (beamlets), each with a different intensity. The sum of these 

multiple beams can produce a non-uniform (intensity-modulated) treatment field. Brahme [70] 

showed that modulating the intensity across the treatment field will lead to a better dose 

coverage of the target volume. Two types of MLC-based delivery modes are clinically used, 

namely, step-and-shoot [71] and sliding-window [72], both deliver intensity-modulated treatment 
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fields with fixed gantry angles. In step and shoot mood, each intensity-modulated field is formed 

by a sequence of sub-fields (segments), each sub-field has a uniform intensity. The beam is 

turned on to deliver each field only when the MLC leaves are static. The number of segments can 

vary from a few segments to several hundred. In sliding-widow mode, each intensity-modulated 

field is delivered in a dynamic fashion, and the MLC leaves are continuously moving during the 

patient irradiation. IMRT uses a reversed treatment planning approach (called inverse planning) 

different than the forward one used in 3DCRT to avoid the trial and error approach. In this 

approach, the desired dose distribution in PTV† is analyzed, and the optimum number of fields 

and gantry angles is designed by highly sophisticated computing algorithms. 

A different modality, known as tomotherapy (slice therapy), is also used for delivering 

intensity-modulated treatment beams by means of rotating fan beam and binary leaf collimator. 

In this technique, the patient is treated slice by slice in a similar way to CT imaging. The 

intensity-modulated treatment beams are delivered while the gantry rotates around a longitudinal 

axis of the patient. Tomotherapy can be divided into two types: serial tomotherapy and helical 

tomotherapy. In serial tomotherapy, a binary leaf collimator called Multi-leaf Intensity 

Modulating Collimator (MIMiC) is attached to the linac head and the treatment couch is indexed 

to move on to two slices at a time and the patient is treated in slice-by-slice approach [63, 73, 

74]. The helical tomotherapy was first proposed by Mackie et al. in 1993 [75]. In this type of 

tomotherapy, the couch is continuously moving through a ring-gantry similar to the helical CT, 

and beamlets are created using a binary mini-multileaf collimator [63, 74].  

 

 
† PTV is a volume defined in the patient that contains the tumor, together with microscopic malignant 

disease, and additional anisotropic margins to account for possible uncertainties in beam alignment, patient 

positioning and organ motion. 
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2.3.3. Volumetric modulated arc therapy (VMAT) 

Intensity-Modulated Arc Therapy (IMAT) was first proposed in 1995 by Yu [76] as an 

alternative to tomotherapy. IMAT involves delivering the intensity-modulated treatment beams 

with a continuous rotation of the linac gantry. But in IMAT case the beams are collimated by the 

MLC dynamically. Yu suggested than increasing the number of gantry angles would reduce the 

number of intensity levels at each gantry angle. IMAT is similar to steep-and -shoot IMRT in 

that each treatment field (located along the arc) is divided into subfields of uniform intensity. 

The desired intensity modulation is then acquired by the superposition of the subfields through 

multiple overlapping arcs (typically three to five) which are delivered at a regular angular 

interval. The MLC leaves move to the new position during the angular interval. Each arc is 

programmed to deliver a single subfield at each gantry angle [63]. The IMAT technique was 

never widely used nor adopted to the TPS algorithms by the linacs manufacturers, mainly due to 

the necessity of treating several arcs to deliver a single IMAT treatment with a little if any 

improvement in the isodose distribution or delivery efficiency of IMRT [63]. The first 

commercial implementation of IMAT was introduced in 2008 by Varian under the trade name of 

RapidArc. RapidArc implements the algorithm developed by Otto [77]. This algorithm adds 

more degrees of freedom to the dose delivery such as variable gantry rotation speed and variable 

dose-rate. In addition, it uses a new technique called progressive sampling to optimize VMAT 

dose delivery. The term VMAT was first introduced by Otto and is now widely used to refer to 

delivery of arc therapy with variable dose-rate [78]. In a VMAT treatment, the gantry moves 

continuously, with the MLC leaves, dose rate and gantry speed varying simultaneously 

throughout the arc. VMAT can provide better conformal dose distribution than conventional 

IMRT and better sparing for Organs at Risk (OARs) [79-81]. The main advantage of VMAT is 
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its superior delivery efficiency. Several studies reported a considerable reduction in both 

treatment time and MUs used, compared to IMRT [80, 82-84]. Nevertheless, VMAT spreads out 

the dose over a larger number of gantry rotation angles than IMRT and 3DCRT and 

consequently more healthy tissue out of the treatment field will be irradiated. Dosimetric 

comparison for the dose distribution achieved with 3DCRT, IMRT, and VMAT techniques is 

shown in Figure 2.6. 

 

Figure 2.6. Comparison of the PTV (yellow contour) isodose distributions achieved with 

3DCRT, IMRT, and VMAT in: (a) axial, (b) coronal and (C) sagittal plans [81]. 

2.4. Treatment planning 

The ultimate goal of radiation therapy is to deliver the maximum prescribed dose to the 

tumor and the minimum dose to the surrounding tissues and OARs. In practice, there is always a 
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weighting between delivering the maximum prescribed dose to the tumor and maintaining the 

dose to the healthy tissue surrounding the tumor under certain tolerance levels. 

Prior to delivering radiation treatment to the patient, a comprehensive planning process is 

performed. This process includes imaging, delineating the contours of the relevant anatomical 

structures, dose prescription and fractionation, dose calculation, patient positioning and 

immobilization and treatment plan verification to optimize the radiotherapy treatment to the 

patient. This comprehensive process is referred to as treatment planning. The treatment planning 

process is performed with a software package or a combination of different packages and its 

hardware platform called the treatment planning system (TPS) [85]. The patient data is entered 

into the TPS, then the anatomy is defined, the treatment beams are set up, the dose distribution is 

calculated, the plan is evaluated, the Quality Assurance (QA) plans are created and the approved 

treatment plan is then sent to the treatment linac. The International Commission on Radiation 

Units and Measurements (ICRU) has issued several reports that include guidelines to standardize 

the dose prescriptions and to define the target volumes (e.g. PTV and OARs) that should be 

considered during the treatment planning [86, 87].  

2.4.1. Imaging  

Imaging plays a key role in treatment planning. Treatment planning is based on the 

anatomical characteristics of the individual patient, such as the external geometry, the location of 

the tumor and OAR in addition to variation in the tissue density [85]. The invention of the CT in 

the 1970s had led to a revolution in diagnostic image procedures and initiated the era of 3DCRT 

[88]. CT images are the preferred imaging modality in treatment planning. It provides the ability 

to localize the tumor and the surrounding healthy tissues and in addition, the dose distribution in 

the body is accounted for the tissue densities within the patient [89, 90]. Nowadays, other 
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adjuvant imaging modalities such as magnetic resonance imaging (MRI), single-photon emission 

computed tomography (SPECT), positron emission tomography (PET) and ultrasound (US) are 

used in conjunction with the CT to identify the anatomical structures of the patient and to enable 

volumes of interest contouring within the patient body.  

In addition to the images, medical image datasets also contain various image related 

parameters such as: patient identification and technical information about the imaging equipment 

in use as well as the exam. The format at which these parameters are stored is critical to correct 

interpretation by the TPS. The need for standardizing this storage format to ensure the vital 

connectivity and interoperability between different imaging modalities and medical equipment 

have led to the development of the standard DICOM. DICOM was extended for use in various 

subspecialties such as radiotherapy. The extension of DICOM into radiotherapy is known as 

DICOM-RT [91, 92]. Seven DICOM-RT specific objects were added to the DICOM standard, 

these objects are:  

• RT Structure Set: contains information related to the patient anatomy such as body 

contours and target volumes and OAR volumes.  

• RT Plan contains information related to the treatment plan such as beam angles, 

collimator angles and configurations, fractionation scheme, dose prescription, 

accessories used, and patient setup.  

• RT images CT images are considered to be ordinary DICOM images. In contrast, 

RT images include not only image information, but also the presentation of the 

image (position, plane and orientation), It can also be used for calculated images 

using the same geometry, such as digitally reconstructed radiographs (DRRs). 
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• RT Dose contains dose data generated by TPS such as Three-Dimensional (3D) dose 

data, isodose curves and Dose–Volume Histograms (DVHs).  

• RT Beams Treatment Record, RT Brachy Treatment Record and RT 

Treatment Summary Record, contain the information acquired from the actual 

radiotherapy treatment, these objects are the historical record of treatment and are 

linked with the other “planning” objects to form a complete picture of the treatment 

planning [91, 92].   

2.4.2. Dose calculation 

In radiotherapy, the accuracy of the dose calculated by TPS is very important to achieve the 

desired tumor control and to spare the healthy tissue. An ideal dose calculation can perfectly 

reflect the actual dose distribution within the patient body. ICRU report 50 [86] recommends a 

target dose uniformity within +7% and –5% of the prescribed dose. 

Dose calculation algorithms used for treatment planning are generally classified as factor-

based algorithms or model-based algorithms. 

2.4.2.1. Factor-Based Algorithms  

Also known as correction-based algorithms, the absorbed dose in a water phantom is 

measured for a rectangular beam incident on the surface of the phantom. The data is 

parameterized into absorbed-dose distributions as a function of the field size, depth, of-axis 

position and source-isocenter distance. The dose within a patient is then calculated by 

extrapolating these measurements to the specific chosen treatment fields by applying factors to 

account for the difference between the measurements and patient-specific conditions, such as the 

including of the missing tissue at the patient's surface and the approximation of tissue 



26 

 

heterogeneities [93]. These algorithms are very fast and there is no need to distinguish between 

the radiation fields of the linac and the energy transport by photons and electrons in the patient 

[94, 95].  

2.4.2.2. Model-Based Algorithms 

The limitation in the factor-based Algorithms to effectively account for absorbed dose 

variations due to tissue heterogeneities and field geometries variations led to a newer model-

based algorithm. Model-based algorithms were based on convolution or superposition methods 

[96-98]. The general principle of these algorithms is the convolution of the energy fluence 

distribution with a kernel that describes the energy distribution caused by a narrow 

monoenergetic beam in water [65]. The kernel can be obtained through Monte Carlo methods. 

The dose kernel incorporates the energy deposited by all secondary particles including electrons 

per energy released by the primary photons. Thus, model-based algorithms generally consist of 

two parts: the first part models the beam and represents the energy fluence distribution before it 

enters the patient, it is usually defined by the size and the shape of the beam. The second part 

models the patient and calculates the dose in the patient at any point for the incident energy 

fluence. Model-based algorithms are widely used in commercial TPSs, such as pencil-beam 

convolution (PBC) [99, 100], analytical anisotropic algorithm (AAA) [101, 102] and collapsed 

cone convolution (CCC) [103].  These analytical algorithms perform accurate dose calculations. 

Nevertheless, the accuracy of these algorithms might be jeopardized in the case of small fields or 

large mass density gradients. Alagar et al. [104] found that for 6 MV photons in air heterogeneity 

the percentage normalized root mean squared deviation (%NRMSD) deviation from measured 

for AAA algorithm and 1×1 cm2 field size is as high as 20.1% for near setup and 15.5% for far 

setup. More recently, an alternative approach based on a deterministic grid-based Boltzmann 
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equation solver (GBBS). The new Acuros ™ algorithm (Transpire Inc., WA)  was first published 

by Vassiliev et al. [105], this algorithm has been implemented in Varian Eclipse TPS and was 

released for EBRT as Acuros® XB. It was considered to provide accurate results similar to MC 

in heterogeneous media [106, 107]. 

2.4.3. Monte Carlo dose calculations for treatment planning 

Model-based algorithms are usually based on various simplifications and approximations. 

They can provide reliable results in high-dose areas and in the primary beam bath areas in a very 

short time. But the dose calculation can be inaccurate especially in heterogenous medium or out 

of the treatment field. The accuracy of the dose calculations of the currently available TPS is 

known to decrease drastically beyond a few centimeters from the treatment field borders [8]. 

MC simulations can provide an alternative method to conventional TPS algorithms to 

determine the dose distribution, particularly in areas located far from the treatment field. MC 

simulation is considered to be the most accurate method for dose calculation in radiotherapy 

because of its most complete and detailed description of radiation interaction with matter [37-

39]. 

Generally speaking, MC methods are a statistical approach that uses random numbers to 

solve mathematical or physical problems in the form of integration, derivation, et cetera [108]. 

While deterministic or analytical approaches utilize macroscopic calculations to solve problems 

like the propagation of the radiation through the matter, MC techniques reach the fundamental 

microscopic properties to the propagation mechanism to solve the macroscopic system [108]. 

MC techniques have long been used in radiation oncology physics, not only for simulating the 

particle transport and calculating the dose deposition in the patient body or phantom but also in 
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other applications such as modeling ionization chamber response [109] and calculating stopping 

power ratios in electron dosimetry [110]. For radiation therapy, MC is based on simulating the 

track of each individual ionizing particle (usually photons and electrons in radiotherapy) crossing 

the irradiated volume and sampling dose deposition from the interaction of these particles with 

the irradiated volume according to the fundamental laws of physics [37, 38, 111]. 

General-Purpose radiation transport MC codes (such as EGSnrc [112], MCNP [113], 

GEANT4 [114], and PENELOPE [115-117]) have been used in EBRT for estimating the 

absorbed dose distribution in patients since several decades [118]. They can simulate radiation 

transport in a wide range of energies ranging from a few hundred eV up to GeV, and in complex 

geometrical structures for materials composed from most the periodic table elements [118]. 

The results obtained by these codes are more accurate than the ones obtained by TPS based 

on analytical non-stochastic algorithms [119]. Nevertheless, General-Purpose MC codes have 

two major drawbacks. First, they require extremely long computing time, which is usually not 

accepted for daily clinical routine. Several approaches have been adopted to mitigate this 

problem such as: simplifying the physics and the geometry models of the general-purpose MC 

code, increasing the computing power by using massive parallel computing and implementing 

variance reduction techniques. The second drawback is that it takes a lot of effort to configure an 

MC simulation from scratch [118]. In addition, The interpretation of linac blueprints and the 

introduction of the geometry into the MC system can be a tedious and error-prone task [44]. 

MC systems (such as eIMRT [120], MCDE [121], MMCTP [122] and RTGrid [123]). have 

been developed to overcome these two drawbacks and facilitate the use of MC in clinical routine 

and research. One of these systems is called PRIMO [40]. PRIMO has attractive features to 

simulate clinical alike treatment cases (see section 3.6) and it was used in this study. 
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2.4.3.1. Variance-reduction techniques 

The simulation of particles transport through the linac head and within the patient geometry 

is a very intensive computational task that consumes exceedingly long time. Variance-reduction 

techniques were developed to make MC calculations more efficient. A convenient measure of 

calculation performance is the simulation efficiency η, defined as: 

  𝜼 =
𝟏

𝛔𝟐𝑻
                                                                                                               Equation 2-1                                                                                                        

where σ² is the variance and T is the total calculation time for N histories. The variance, σ², 

is proportional to the inverse of the number of histories N, while T is proportional to N. 

Therefore, the efficiency η is almost independent of N. The simulation efficiency for a fixed 

number of histories can be improved either by reducing the variance and/or by decreasing the 

calculation time per history (i.e. making approximation). The use of variance reduction 

techniques and approximations is required in the MC code used in EBRT to obtain sufficient 

accuracy (low statistical uncertainties) in an affordable amount of computing time [108, 111]. 

Several variance techniques have been developed and used in EBRT, such as particle splitting, 

Russian roulette and interaction forcing.  

2.4.3.1.1. Particle splitting  

Particle splitting in the target refers to a technique used to increase MC efficiency. When a 

primary particle reaches the region of interest, where the dose is tallied, its interaction with the 

matter is replicated n times in order to sample the interaction statistic distribution. On one hand, 

to replicate the same interaction n times increases the calculation time by n. On the other hand, 

the splitting in the phantom increases the total amount of simulated interactions with the region 
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of interest, and overall, it increases efficiency. The parameter n is called the splitting factor and 

the resulting dose deposited by each particle replica is weighted by 1/n ensuring that the result is 

not biased by the variance-reduction technique. Particle splitting is also used in LINAC target 

simulations to enhance the photons production by bremsstrahlung after an electron-target 

collision [108, 111]. 

2.5. Literature review 

As mentioned earlier, the out-of-field dose is caused by three major components: head 

leakage; collimator scatter and internal scatter [3-7]. Unlike internal scatter which cannot be 

avoided, collimator scatter can and should be minimized. There are plenty of studies in literature 

describing out-of-field dose from linacs and compare the results between different manufacturers 

and different linac models. These studies were conducted on older models such as Clinac, and 

most of them are mainly based on measuring the radiation at extended distances from the 

radiation field. Such studies have described out of field doses from static fields [6, 19, 124, 125] 

using different dosimeters to evaluate the out-of-field doses, Stovall et al. [125] for example 

measured out-of-field doses for open fields and different photon beam energies from Varian, 

Siemens, and Philips older linacs models using Thermo Luminescent Dosimeters (TLDs) and 

diodes. These studies found that the photon dose out of the treatment field varied depending on 

the manufacturer of the linac and the linac head model. More recent studies have investigated out 

of field doses upon using intensity-modulated treatment fields [1, 13, 20, 126, 127]. For example, 

Kry et al. [20] studied the out of field doses from Clinac 2100 in static and IMRT fields for 

different photon beam energies. He measured the doses with TLD in anthropomorphic phantom, 

Ramsey et al. [128] measured the out of field doses for 6 MV photon beam energy from Varian 

21EX and tomotherapy using ion chamber.  The measurements were performed in water and in a 
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human-like test phantom. These studies showed that intensity-modulated fields involve more 

MUs and consequently higher out of field doses. Other authors have investigated the effect of 

removing the flattening filter on the out of field doses on Varian and Elekta linacs. Vassiliev et 

al. [129] compared the out of field doses for 6 and 18 MV photon beams from a modified Varian 

Clinac 21EX accelerator operating (in service mode) without the flattening filter. Cashmore 

[130] also compared the out of field doses for 6 MV photon beam energy on Elekta Precise linac. 

Both studies have reported significantly reduced head scatter radiation out of the treatment field. 

These studies of flattening filter removal were based on similar studies with MC simulations 

[131, 132]. MC was also used to study out of field doses for flattened energies, several papers 

published in this direction [15, 133-136]. Several other studies have reported that MLC 

orientation might reduce the out of field doses [19, 24]. TrueBeam linac is one of the most recent 

models of linacs from Varian. Despite the reach literature on the out-of-field doses from older 

linac models, until this study was initiated in 2015, the out-of-field dose from TrueBeam has not 

been investigated to the best of found knowledge. Except for one abstract by Varian [137] was 

presented in the fifty‐fifth annual meeting of the American Association of Physicists in Medicine 

(AAPM) in 2013. In this abstract, the out-of-field dose in water phantom was investigated during 

IMRT using an accurate representation of the TrueBeam linac equipped with HD 120 MLC in 

Geant4 and some mitigating strategies were provided. Nevertheless, no dose measurements were 

associated and the effect of the out-of-field radiation on the treated patients was not investigated. 

No paper was published by the authors on this subject later.  
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Chapter 3  

 

Materials and methods 

3.1. Equipment used in this thesis 

3.1.1. Linear Accelerators (linacs) 

Three different linac models manufactured by Varian, namely, TrueBeam STx, Novalis and 

Trilogy, installed at the Portuguese Oncology Institute of Porto (IPO-Porto) were used in this 

study.  

All irradiations and dose measurements (e.g. EPID and ionization chamber) were performed 

by means of TrueBeam unless otherwise stated. Novalis and Trilogy were used to perform some 

comparisons to the measurements acquired by TrueBeam STx. 

3.1.1.1. TrueBeam STx 

The Varian TrueBeam (shown in Figure 2.5) is a high-end, high-performance linac. It is one 

of the most recent generations of linacs from Varian. This linac is a rebuild “from the ground up” 

to treat targets with enhanced speed and accuracy [138, 139]. As a result of the reengineering 

process, TrueBeam has many features that differ significantly from those found in previous 

models. One of the key features is the availability of two types of photon beams: standard 
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flattened filtered beams and flattening filter-free (FFF) beams. Its FFF mode can deliver 

treatments 2.4 to 4 times faster with a dose delivery rate of up to 2,400 MU/min in the FFF 

mode; more than double the dose rate of most other radiosurgery systems [140]. 

Although the internal physical specifications of the TrueBeam are proprietary and are not 

available for research due to the industrial property, some of the changes are known 

qualitatively. In particular, TrueBeam has a different linac head design from its predecessors 

(such as Trilogy and Clinac models). For example, the new linac head has a thicker primary 

collimator with a slightly different design. It has a modified carrousel system to permit the use of 

several flattened and FFF photon energies (6, 10, and 15 MV standard photon energies, 6 and 10 

FFF energies). It also has an integrated bending magnet with an in-air target instead of the 

vacuum-sealed target found in the previous Varian linac models [138, 141-143]. 

TrueBeam STx linac is the stereotactic counterpart of TrueBeam. In contrast to TrueBeam 

which is equipped with a Millennium 120 MLC, the STx houses the newest generation of MLC 

(HD 120 MLC) with smaller leaf projection at isocenter. The TrueBeam STx installed at IPO-

Porto is also equipped with Amorphous Silicon (a-Si 1200 EPID) which is the most recent model 

of EPID from Varian. For simplicity, from here on the “TrueBeam STx” will be referred to just 

as “TrueBeam”  

3.1.1.2. Trilogy  

The Varian Trilogy is a sophisticated dual-energy (6 and 10/15 MV) Linac, it has Varian 

2300 linac head model, the linac head design is similar to the previous Clinac model. The main 

difference is the availability in the Trilogy of a high-dose-rate (1000 MUs/min) 6 MV photon 

delivery mode. Trilogy is equipped with Millennium 120 MLC and is also equipped with a-Si 

1000 EPID. 
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3.1.1.3. Novalis 

Novalis Tx is a marriage of two well-established linear accelerator platforms from two 

separate vendors: the classic Novalis (BrainLAB, Feldkirchen, Germany) and the Trilogy [144]. 

Novalis Tx has Varian 2300 linac head model. It is equipped with HD120 MLC and is also 

equipped with a-Si 1000 EPID. 

3.1.2. Multileaf collimators 

The MLC is used with Varian linacs shaping fields and is used in conjunction with the 

primary and secondary collimators. The MLC shapes the photon beam to conform to the 

treatment area and functions in either the asymmetrical or symmetrical jaw mode. 

3.1.2.1. Millennium 120 MLC 

Millennium 120 MLC has 120 leaves evenly distributed on two Banks. Each bank consists 

of 60 leaves comprised of a 20-cm-wide central region (40 x 5-mm-wide leaves), flanked by two 

10-cm-wide side regions (10x 10-mm-wide leaves), for a total width of 40 cm. It offers a 

maximum static field size of 40 x 40 cm2
 and a maximum dynamic field size of 34 x 40 cm2 (All 

reported dimensions are projected at the linac isocenter) [145-147]. 

3.1.2.2. HD 120 MLC 

HD 120 MLC has also 120 leaves evenly distributed on two Banks. Each of them consists of 

60 leaves comprised of an 8-cm-wide central region (32 x 2.5-mm-wide leaves), flanked by two 

7-cm-wide side regions (14x 5-mm-wide leaves), for a total width of 22 cm. which means that 

HD 120 MLC provides essentially twice the resolution along the axis perpendicular to the leaf 

motion compared to the Millennium MLC. It offers a maximum static beam size of 40 x 22 cm2 

(22 is perpendicular to leaf travel direction) and a maximum dynamic field size of 34 x 22 cm2 
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[145, 146, 148]. Figure 3.1 shows a comparison between the Millennium 120 MLC and HD 120 

MLC dimensions and leaf width projected on the isocenter plane. 

 

Figure 3.1. Comparison between the Millennium 120 MLC and HD 120 MLC dimensions and 

leaf width projected on the isocenter plane [145]. 
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3.1.3. Electronic portal imaging devices a-Si 1200 and a-Si 1000 

EPIDs have been used for patients positioning verification in radiotherapy in recent decades. 

They are rigidly linked to modern linacs (see Figure 2.5). Nevertheless, EPIDs images show 

attractive features to support its use for dosimetric verifications such as: its high spatial and 

temporal resolution and its large detection areas [149-151]. In the last decade, several approaches 

have been developed to use EPID in patient-specific pre-treatment dosimetric verification [152, 

153].   

The design of Varian a-Si 1200 EPID is similar to its predecessor a-Si 1000, it consists of 

(The components are listed in the direction of the beam) [154]: 

• 1.6 mm protective cover plate. 

• 9 mm of a polymethacrylimide foam and electronic circuits. 

• 1 mm copper plate. 

• 0.4 phosphor screen of Terbium activated Gadolinium Oxysulfide (Gd2O2S:Tb). 

• a-Si flat panel light detector (photodiodes and thin-film transistors). 

• Glass panel, rear detector housing, and cables. 

The a-Si 1200 detection matrix has an active area of 43 x 43 cm2 with 1280 × 1280 pixels 

array and pixel spacing of 0.336 x 0.336 mm2. In dosimetry mode, it has a 40 x 40 cm2 active 

area with 1190×1190 pixels array and the same pixel spacing of 0.336 x 0.336 mm2 [154]. 

As mentioned above a-Si 1000 have a similar design to the a-Si 1200, But its detection 

matrix has an active area of 40 x 30 cm2 with 1024×768 pixels array and pixel spacing of 0.392 x 

0.392 mm2  [155]. 
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The a-Si 1200 EPID was calibrated (100 calibrated units (CUs) for 100 MUs of a 10x10 cm2 

field size at 100 cm Source-Detector Distance (SDD)) using a dark field to correct the variations 

in the background signal between pixels, flood field to correct the variations in the pixel 

sensitivity and a calibration field delivered at reference conditions to calibrate the EPID for 

absolute dose. The diagonal dose profile required by Eclipse portal dose image prediction (PDIP) 

analytic software during commissioning was slightly deeper from the depth of maximum dose 

(dmax) to provide a better fit to the portal dosimetry algorithm prediction for open fields. This was 

due to the rounding effect and to the scatter modeling of the predicted profiles from the Portal 

Dosimetry algorithm [156]. 

3.2. TrueBeam commissioning  

As part of the commissioning procedure, measurements of photon beam data were 

performed on the TrueBeam based on the requirement of the Eclipse TPS for the 6, 10 and 15 

MV standard photon energies and the 6 FFF and 10 FFF energies. Photon scanned data 

measurements included percentage depth dose profiles (PDDs), cross-plane profiles, and 

diagonal profiles. The PDD data for each of the previously mentioned energies was acquired for 

field sizes of 2x2, 3x3,4x4, 6x6, 8x8, 10x10, 15x15, 20x20, 30x30 and 40x40 cm2, and were 

normalized to the depth of dmax of the corresponding energy. 

The lateral profile data for each of the previously mentioned energies was acquired for the 

same field sizes (2x2, 3x3,4x4, 6x6, 8x8, 10x10, 15x15, 20x20, 30x30 and 40x40 cm2) at depths 

of dmax, 5, 10, 20 and 30 cm, and were normalized to the CAX. 

All beam data measurements were performed in PTW (PTW Freiburg, Germany) MP3 water 

phantom (as shown in Figure 3.2), using the PTW Mephysto 3D water phantom system running 

software version V. 3.2. 



38 

 

 

Figure 3.2. TrueBeam commissioning procedure at IPO-Porto. 

Measured data was used for the configuration of the photon (AAA and AcurosXB) 

algorithms in the Eclipse TPS Version 13.5.35. The Portal Dosimetry system was also 

configured for use as a QA tool for IMRT and VMAT with 6 MV, 10 MV, 6 FFF, and 10 FFF. 

The photon beam data was acquired with the scanning chambers PTW 31010 and IBA 

CC04. Some field sizes were measured with both chambers to confirm the reproducibility of the 

equipment setup and the resulting data. For all measurements, the ion chambers were offset to 

the effective measurement point calculated to be at 0.6*rcav toward the source for photons (based 

on the guidelines of the Eclipse system and calibration protocols). The water phantom was set up 
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at 100 cm Source-to-Surface Distance (SSD) for all the Eclipse photon scanned beam data 

measurements. The measured photon PDD data were compared to a reference beam data [141] to 

evaluate the measured data and to ensure its accuracy during the measurement process. The 

results of the relative point dose comparison of the PDD energy data measurements to reference 

data showed a relative agreement within ≤0.5% for the depths and field sizes evaluated.  

The measured photon PDD data were also compared to the Varian TrueBeam reference 

beam data set [143]. The results of this comparison of the PDD energy data measurements to 

Varian’s reference data showed a relative agreement within ≤0.5% for the depths and field sizes 

evaluated.  

3.3. Anthropomorphic phantom 

Dose measurements in anthropomorphic phantoms are accurate over a wide range of doses 

and they can replicate the patient irradiation. Additionally, they are not limited by the extent of 

the patient's limited CT scan. Radiation dose measurements in anthropomorphic phantoms are 

considered the gold standard in dose assessment and have frequently been used to determine out 

of field doses in studies of second cancer induction in radiotherapy [157]. An ATOM 

anthropomorphic pediatric phantom (CIRS, Inc., Norfolk, VA) was used to perform dose 

measurements in this thesis. The phantom (model 705-c shown in Figure 3.3.a and Figure 3.3.b) 

is composed of tissue-equivalent materials of various densities representing various tissues such 

as bone, brain, lung and soft tissue. The phantom size representing the height and weight of an 

average five years old child. It is horizontally transected into 26 slices, with a slice thickness of 

25 mm. The entire phantom was scanned in helical mode using a GE LightSpeed RT16 scanner 

(GE Medical Systems, LLC, Waukesha, WI, USA) with 2.5 mm of slice thickness, 512 x 512 
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pixels array and 0.98 x 0.98 mm² pixel size. Figure 3.3.c shows the phantom CT scan 

reconstructed in the coronal view. 

Radiation dose measurements in anthropomorphic phantoms can be performed with a wide 

variety of dosimeters such as TLDs and metal-oxide-semiconductor field-effect transistor 

(MOSFET) which can only provide a point dose measurement, or they can be performed with 

film measurements which provide a high spatial resolution 2D dose measurements.  

 

 

Figure 3.3. Anthropomorphic pediatric phantom used, (a) anterior view, (b) posterior view and 

(c) CT scan of the phantom in the coronal view. 
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3.4. Gafchromic films  

EBT Gafchromic film  has become an important tool to verify dose  distributions in highly 

conformal radiation therapy  such as IMRT and VMAT [158-160], and it has been used to 

measure doses out of the treatment field [161, 162]. Due to: i)  its high sensitivity to a wide range 

of radiation doses (from 1 cGy to over than  40 Gy) [163]; ii) its ability to produce a two-

dimensional dose  distribution with unrivaled spatial image resolution; iii) its near-water 

equivalence and d) its ability to be placed inside a variety of phantoms without perturbing 

charged particle equilibrium [164], Gafchromic film was chosen to perform dose measurements 

within the anthropomorphic phantom. Moylan et al. [165] reported an overall uncertainty of 2.6 

% for EBT3 films, this uncertainty estimate is based on the most clinically likely scenario, 

whereas Borca et al. [159] reported an uncertainty of 1.7 %.  

3.4.1. EBT3 films calibration methodology 

To calibrate the EBT3 films (Ashland Inc., Wayne, NJ, USA), a solid water phantom 

(30x30x20 cm3) consisting of RW3 solid water slabs (PTW, Freiburg, Germany) was used for 

the films’ irradiation. An EBT3 film was cut into 20 pieces of 5x5 cm2. Then, they were inserted 

individually between two solid water slabs, with 5 cm buildup material above the films and 15 

cm material under the films for backscatter. A calibrated Farmer-type ionization chamber (TM 

30013, PTW Freiburg, Germany) was inserted in the phantom 5 cm under the film plane to check 

the linac output during the irradiation process and to calculate the dose delivered to the films by 

applying the International Atomic Energy Agency Technical Reports Series -398 (IAEA-TRS 

398) protocol [166], the films irradiating setup is shown in Figure 3.4.  
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Figure 3.4. Films irradiation setup. 

Each film was perpendicularly irradiated with 6 MV (600 MUs/min) photon beam from 

Varian DHX-S linac, with 100 cm SSD, and 10X10 cm2 field size at the isocenter. To obtain the 

calibration curve, the films were exposed at dose levels ranged from 50 mGy up to 42Gy. Then, 

they were scanned 24 hours after the irradiation using an Epson Expression 10000XL flatbed 

scanner (Seiko Epson Corp., Nagano, Japan), and the software SILVER FAST 10000 XL was 

used to read all the films. The scanner was turned on for 30 minutes before starting the 

digitalization to allow thermal stabilization. Additionally, a sequence of five blank scans was 

performed in order to previously warm-up the scanner before irradiated film digitalization. To 

minimize the effect of the lateral dependence artifacts (the non-uniform response of the readout 

due to the light scattering of the scanner lamp caused by particles in the film active layer) an 
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opaque frame was fitted to the scanner which allowed the fixed positioning of all the films at a 

central location on the scanner [167, 168]. Images were acquired in transmission mode for better 

scanning stability [169, 170], the scanning process with the opaque frame is shown in Figure 3.5. 

 

Figure 3.5. Films scanning procedure. 

Since the lateral response artifact on charge-coupled device (CCD) scanners is smaller in 

landscape orientation compared to portrait orientation [167], films were scanned in landscape 

orientation, as recommended by the manufacturer, with a resolution of 72 dots per inch, and 48 

bits RGB mode (16 bits per color channel). The scanned images were exported in tagged image 

file format (TIFF), then converted to units of Optical Density (OD) by DoseLab Pro software 

v.6.40 (Mobius Medical Systems LP, Houston, TX), using the red and green channels separately. 

Then the calibration curves between the optical density and the absorbed dose for each channel 

were created as shown in Figure 3.6. Since the red channel is more sensitive for low doses in 

these films, it was used to measure doses up to 8 Gy [171]. 
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Figure 3.6. EPT3 film's calibration curves. 

3.5. Gamma index 

Gamma index introduced by Low et al. [172] has become a standard technique used to 

compare two dose distributions in radiotherapy. It combines both percent dose difference (DD) 

and distance to agreement (DTA) concepts to calculate a dimensionless metric for each point in 

the evaluated distribution. Comparing the dose difference between the calculated and measured 

dose values directly with an acceptance tolerance (quantitative evaluation method) may be 

accepted in low dose gradient regions. In high dose gradient regions (when using VMAT 

technique for example) a small spatial error (either in the measurement or the calculations) 

results in a large dose difference between measurement and calculation. In these regions, the 
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distance-to-agreement (DTA) concept is used to evaluate the acceptability of the dose 

calculation. The DTA is the distance between a measured dose point and the nearest point in the 

calculated dose distribution that shows the same dose value. A Gamma value less than 1 

indicates that the evaluated point has passed the DD/DTA criteria. The Gamma index is 

represented by the total percentage of points that have passed a given DD/DTA criteria [173].  

Although the DD/DTA criteria of 3%,3 mm are widely used as standard QA evaluation 

criteria for Gamma index [174], several studies have suggested that these criteria are not 

sensitive enough to provide optimal results in VMAT comparison, and tighter tolerances such as 

2%, 2mm should be adopted [175, 176]. 

3.6. PRIMO software 

PRIMO is a standalone PENELOPE based software, which has a graphical user interface 

including various tools for analyzing and representing the generated data. PRIMO supports most 

Varian linacs, with their most common electron applicators and MLCs; it simulates the radiation 

transport through the whole linac head and computes dose distribution in user-defined geometric 

phantoms or imported patient’s DICOM images from CT scans. In order to increase the 

simulation efficiency, PRIMO has several specifically developed variance-reduction techniques 

(see section 2.4.3.1) incorporated within, namely, the movable skins technique [41], splitting 

roulette [43], rotational splitting [42], and fan splitting [44]. In addition, PRIMO has the 

capability of importing and simulating phase-space files (see section 4.1.2) written by other 

codes in the International Atomic Energy Agency (IAEA) binary format [45]. The 

aforementioned features make PRIMO user-friendly, versatile and suitable for simulating clinical 

treatment cases. For these reasons, it was chosen for this study. Nevertheless, PRIMO is not 

validated for use in clinical patient treatments. 
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PRIMO is designed as a layered software structure, which is schematized in Figure 3.7. The 

lowermost layer is PENELOPE, formed by a set of subroutines for the MC simulation of coupled 

electron and photon transport. The second layer is devoted to the geometry, it is formed by two 

parts: PENGEOM and PENVOX. PENGEOM allows the description of material objects limited 

by quadric surfaces and is included in the PENELOPE distribution. While PENVOX is a set of 

routines that handle voxelized geometries or a combination of voxels and quadrics. PENEASY is 

the main program for PENELOPE that includes several source models, tallies, variance-

reduction techniques and the possibility of combining quadric and voxelized geometries. 

PENEASYLINAC is a complementary tool that generates the input files required for the 

simulation. The Graphical Layer for the Automation of the Simulation System (GLASS) is the 

graphical user interface which allow user to define the system configuration such as machine 

model, irradiation mode (photon or electron) beam nominal energy, jaws position, MLC 

configuration (in photon mode) or applicator type (in electron mode) [40].  

 

Figure 3.7. Schematic of the layered structure of the PRIMO simulation system [40]. 
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The simulation of a linac in PRIMO can be divided into two parts: 

• The first is simulating the linac head component located upstream the movable 

collimators (upper part), this part depends only on the irradiation mode (photon or 

electron) and on the chosen nominal energy which makes this part patient independent.  

• The second part includes simulating the movable collimators (X-jaws, Y-jaws and MLC) 

and all other linac components downstream of them (lower part).  This part changes with 

every radiation field which makes it patient dependent. 

Consequently, the treatment simulation can be divided into three segments as shown in 

Figure 3.8: i) linac upper part (S1); ii) linac lower part (S2) and (iii) the geometrically defined 

phantom or patient CT (S3). 

 

Figure 3.8. Simulation segments, (a) linac upper part (S1); (b) linac lower part (S2) and (c) the 

geometrically defined phantom or patient CT (S3). 

The initial work (Chapter 4 and Chapter 5) has been conducted with the version 0.1.5.1307 

of PRIMO (release date 20-11-2015). This version allows us to import the patient CT scans from 

DICOM-RT image files, it also allows us to import anatomical structures from DICOM-RT 
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Structure files or delineate the structures manually. The analysis tools include the creation of 

probability distributions from phase-space files, production of DVH, dose profiles, and the 

possibility of comparing the MC calculated dose distributions with the experimental dose 

measurements (in water phantom) using the Gamma index (see section 3.5). 

Nevertheless, this version has several shortcomings that limit its capabilities to simulate real 

treatment cases and to compare the results with TPS calculations.  

For example: 

• It does not allow to import of DICOM-RT plan files directly from TPS. The treatment 

beams and the MLC leaves configurations must be adjusted manually for each treatment 

beam of the treatment plan.  

• There are no tools to eliminate the CT couch top from the imported patient DICOM-RT 

CT dataset and to replace it with the linac treatment couch top. 

• It does not have any tools to read the DICOM-RT dose file generated by TPS. 

• There are no tools to compare the simulated dose distributions in-patient with the TPS 

calculated one. 

• The simulated dose distribution cannot be exported directly to be evaluated by other 

software. 

• It only performs simulation in static fields (3DCRT), and the simulation in dynamic 

MLC fields (e.g. IMRT and VMAT) is not available. 

All the aforementioned deficiencies had to be overcome during the course of this thesis. 

Several in-house codes have been developed using MATLAB (MathWorks, Natick, 

Massachusetts) to: read the MLC configurations for each treatment field from the DICOM-RT 
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plan file and write it to the PRIMO configuration file (ppj format text file‡); replace the CT 

couch top with the linac treatment couch top in the patient CT dataset; and to export the 

simulated dose distribution from the dose text files (generated by PRIMO for each simulated 

treatment field) to a single multi-slices DICOM file so it can be analyzed and compared to the 

TPS-calculated dose distribution by means of other software packages such as: VeriSoft 6.2 

software (PTW, Freiburg, Germany); DoseLab pro 6.4 (Mobius Medical Systems, LP, Houston, 

TX) and ImageJ 1.52d software (National Institutes of Health, USA) [177]. All the previous 

tools have been used to simulate 3DCRT cases (Chapter 4 and Chapter 5). The last part was to 

develop the necessary tools to use PRIMO to simulate VMAT treatment plans, this part was 

intended to be an expansion of a previous work conducted at the research center of IPO (CI-IPO) 

by Esposito et al. [178] and Oliveira [179] to simulate dynamic treatment fields. By the time of 

developing the codes to implement VMAT for clinical cases, the new version of PRIMO 

(Version 0.3.1.1600) was released on 31-01-2018. This version has a lot of major changes and 

improvements which covered most of the previous deficiencies. One major improvement in the 

new version is its ability to simulate dynamic treatment fields for IMRT and VMAT treatment 

plans. Consequently, the work in Chapter 6 was conducted by the new version of PRIMO. 

 

 

 

 

 
‡  PRIMO generates a configuration text file (*.ppj) that contains all information related to the running 

simulation including the number to the of static fields and the position of each leaf in the MLC for each field. 
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Chapter 4  

 

PRIMO software validation 

4.1. Introduction 

Several approaches have been adopted to describe the radiation beam existing in the linac. 

One of the most accurate approaches is performing a full MC radiation transport through a 

detailed model of the linac head. For accurate MC simulating for a given linac, a precise 

knowledge of the linac head assembly components geometry and materials are required [180-

182]. All components interacting with the generated beam (such as the primary collimator, the 

ionization chamber and the secondary collimator) must be included and accurately modeled. The 

accuracy of these data is crucial for reproducing the beams and estimating the dose [183-185]. A 

small misrepresentation in one of these components may introduce a vast error that may 

propagate through the whole simulating process. For example, several studies reported a 

significant dose discrepancies in the buildup region between the simulated and measured dose 

distribution produced by Varian Clinac 18 MV photon beam energy with a large field size [186, 

187], Chibani and Ma observed that increasing the entrance and exit radii of the primary 

collimator by 2 mm led to better agreement with the measurement in the buildup region, and they 

suggested that the entrance and exit radii of the primary collimator are 2 mm larger than 

previously thought, which was later confirmed by the manufacturer [188].   
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4.1.1. Simulating linacs with PRIMO 

The linac head design and materials are provided by the manufacturer to the researchers 

under a non-discloser agreement. This information has been used by PRIMO developers to create 

a simulation geometry for several models of  Varian linacs (such as Clinacs 600 C, 600 C/D, 

Unique, the series 21, and 23) and embed them to PRIMO [40]. 

To compute dose distribution in the patient, particles must be transported through the upper 

part of the linac (S1), the beam modifiers in the lower part (S2) and finally through the phantom 

or patient CT (S3). 

Assuming that the manufacturers have provided the developers with the correct linac 

geometry and materials, to simulate the particles transportation through the upper part of a giving 

linac for certain nominal energy with PRIMO, users are asked to provide some initial parameters 

for the electron beam incident on the target (or exiting the waveguide) such as the incident 

electron energy, focal spot size, and angular spread as shown in Figure 4.1.  

 

Figure 4.1. S1 simulation parameters. 

These parameters influence the characteristic of the photon beam [185, 189, 190] and are 

only known approximately [191]. Primary beam information provided by manufacturers might 
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be used as a starting guess of the initial electron beam parameters, then iteratively adjusting 

(fine-tuning) those parameters until achieving the best match to the in-house dose measurement 

in the water tank for the simulated linac.  

Since this segment of simulation (S1) is patient independent and involves a lot of trials 

which consume a lot of computing time, an efficient solution to save time and effort (when the 

simulation parameters are adjusted) is to save the state of the particles reaching a plane situated 

by the end of this segment just upstream the movable jaws in a file. This file is called a phase-

space file and it can be used later as a source to simulate the primary beam through patient 

dependent part of the linac downstream the upper part, and finally to estimate the absorbed dose 

distribution in the desired geometry. PRIMO generates two phase-space files, one at the end of 

S1 which can be used to simulate the linac downstream the movable jaws, the latter is at the end 

of S2 which allows simulating the predefined radiation beam in different geometries. The 

locations of the tow phase-space plans are shown in Figure 4.2.  

 

Figure 4.2. Phase-space planes for simulating patient-independent and patient-dependent 

segments. 
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4.1.2. Phase-space files 

A phase-space files is a collection of information of particles emerging from a radiation 

therapy treatment source passing through a specific plane along with their properties which 

include particle type (i.e., photon, electron or positron), energy, position in Cartesian coordinates 

(x, y, z) and direction cosines (u, v, w) with respect to the Cartesian axes, direction, progeny and 

statistical weight. There is a difference among MC codes with respect to which particle 

properties are saved in the phase-space file and to the file format. For the purposes of 

consistency, a standardized format for phase-space variables was recommended by the 

International Nuclear Data Committee (INDC) [45]. This format includes a header file that 

contains general information that defines the phase-space variables, such as the phase-space files 

number of histories that were simulated to produce the phase-space and the total number of 

particles stored. This information is listed in Table 4.1. 

Variable Meaning 
Type of variable 

returned 

X Position in X direction in cm Real*4 

Y Position in Y direction in cm Real*4 

Z Position in Z direction in cm Real*4 

U Direction cosine along X Real*4 

V Direction cosine along Y Real*4 

E Kinetic energy in MeV Real*4 

Statistical_Weight Particle statistical weight Real*4 

Particle_type Type of the particle Integer*2 

Sign_of_W Sign of W (direction cosine in Z) Logical*1 

Is_new_history Signifies if particle belongs to new history 
Logical*1 

 

Integer_extra 

Extra storage space for variables (e.g., EGS 

LATCH, incremental history number, PENELOPE 

ILB, etc.) 

n*(Integer*4) 

(n ≥ 0) 

Float_extra 
Extra storage space for variables 

(e.g., EGS ZLAST) 

m*(Real*4) 

(m ≥ 0) 

Table 4.1. Information to be returned from a phase-space [45]. 
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The minimum space occupied in the binary file by the information relative to one particle is 

25 bytes. 

4.1.3. Simulating TrueBeam with PRIMO 

As mentioned in section 4.1 a precise knowledge of the linac head assembly geometry and 

materials are crucial for an accurate simulation of a given linac. In the past, this information used 

to be provided from the manufacturers to the researchers under a non-discloser agreement. In the 

case of TrueBeam, Varian decided not to make this data available for research anymore. 

The reasons for this decision are:  

• Their wish to maintain intellectual property. 

• The non-discloser agreement was not always respected previously. 

• The high number of further information requests with no income generated in exchange. 

• Varian no longer wishes to be responsible for the accuracy of this information [192]. 

To accommodate the needs of MC community to perform accurate simulations of 

TrueBeam, consistent with the proprietary nature of the treatment head information, a series of 

precise simulations of the TrueBeam linac treatment head were done at Varian [193] using MC 

code Geant4 [114] for each energy produced by TrueBeam, the dose distributions were 

calculated in a water phantom. The initial beam parameters were tuned such that simulated open 

field dose distributions in water phantom matched the measured golden beam data (available on 

https://www.myvarian.com) [194, 195]. The parameters for each beam are available in the 

header files accompanying the phase-space files (see section 4.1.2). After the agreement with 

measured water phantom data was verified, the phase-space files were recorded on a plane 

located just upstream from the movable jaws (the end of segment (S1) in PRIMO, see Figure 

https://www.myvarian.com/
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3.8). These phase space files were then converted to an IAEA-compatible format [45], and made 

available freely to the TrueBeam users on https://www.myvarian.com. These phase-space files 

can be used as a source to simulate the patient dependent part of the linac head below the phase-

space plane (see Figure 4.2). There are two versions of the phase space files available. It is 

recommended to use the latest. 

Varian also provided TrueBeam users with detailed information on the components of the 

treatment head below the phase-space plane including the jaws and MLC. This detailed 

information is provided for the developer under a non-discloser agreement. The combination of 

the two items (phase-space files and detailed information) allows researchers to accurately 

simulate any field shape and beam energy. 

The information provided by Varian to MC developers revealed large similarities between 

the TrueBeam machine and the Clinac 2100 downstream the jaws (lower part of the linac head 

assembly) [181]. Based on these similarities, two approaches have been adopted by PRIMO 

developers to simulate TrueBeam with PRIMO. 

The first approach is simply based on importing the phase-space files distributed by Varian 

to PRIMO and use them as a source to simulate the lower part of the linac head (S2 segment) 

using Clinac 2100 C/D geometry incorporated within PRIMO. One limitation of this approach is 

that the initial beams parameters cannot be adopted to match the dose measurement of the user’s 

linac.  

The second approach is an experimentally based geometry of the TrueBeam, known as 

FakeBeam, which was developed to simulate 6 FFF and 10 FFF photon beam energies. In the 

https://www.myvarian.com/
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FakeBeam model of TrueBeam linac, the upper part of the TrueBeam linac was modeled by 

introducing modifications to the Varian Clinac 2100 linac geometry.  

The most important of these modifications is the replacement of the standard flattening 

filters by ad hoc thin filters. The sole elimination of the flattening filter of the Clinac 2100 was 

not enough to reproduce the dose distribution of FFF energies produced by TrueBeam in a water 

phantom, because it allows the high-energy electrons escaped from the target to cause higher 

than expected dose at small depths. Thus, a thin filter was introduced to solve this problem. The 

shape of the thin filter was determined through a trial-and-error process, and the material 

composition used in the thin filter was inspired by other flattening filters from Varian [181]. 

Minor changes were also made to the original geometry of the Clinac 2100 to include the 

modification on the primary collimator and lead shield proposed by Chibani and Ma for Clinac 

2100 [188]. Rodrigues et al. [181] validated the FakeBeam model by comparison of the 

simulated PDDs and beam profiles with the experimental measurement, and the model was 

incorporated into PRIMO as a linac model. The FakeBeam beam approach allows PRIMO users 

to generate their own phase-space files and to fine-tune the initial beam parameters of the 

electron beam to match the experimental dose measurement on their linacs.  

Both approaches provide a valid method to simulate TrueBeam with PRIMO, but since the 

detailed information of the linac head was not available and both of them are based on the 

similarities between TrueBeam and Clinac 2100 C/D head assembly. It is advisable to validate 

PRIMO code before using either.  

Given the fact that generating a new phase-space file for each energy with FakeBeam model 

is a very time-consuming process and needs to be iteratively tuned until achieving an accepted 

matching level with the measured data and this process needs to be repeated for each photon 



57 

 

energy produced by TrueBeam. The pragmatic choice to simulate TrueBeam with PRIMO was to 

validate the phase-space files distributed by Varian first, and if the phase-space files are valid 

there is no need to generate new phase-space files with the FakeBeam model. 

4.2. Materials and methods 

4.2.1. PRIMO code validation for TrueBeam  

The validation was performed to ensure that TrueBeam was accurately modeled with 

PRIMO and there are no discrepancies between the computed and measured dose distributions. 

The validation process involved three steps of validation corresponding to the three 

segments of simulation in PRIMO (S1, S2 and S3). The first validation step was performed to 

validate the phase-space files for open fields in water phantom; the second was done to ensure 

that the MLC was accurately modeled with PRIMO; while the third validation was performed to 

evaluate the simulated dose distribution accuracy in an anthropomorphic phantom. All 

simulations were performed using an Intel Xeon CPU E5-2660 version3 (Intel Corp., Santa 

Clara, California, US) at 2.60 GHz with 16 GB of random access memory (RAM) with 32 cores, 

using 16 cores simultaneously (1 GB RAM per computer core) as recommended by the PRIMO 

developers. 

4.2.1.1. Phase-space files validation 

Although the initial beam parameters of the released phase-space files have been adjusted 

such that open field dose distributions matched the measured gold beam data, and several studies 

on TrueBeam commissioning beam data have proven general dosimetric consistency among 

different TrueBeam installations [141-143], it is still advisable to validate these phase-space files 
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by comparing the dose distributions they produce in a water phantom with the beam data 

acquired from TrueBeam installed on IPO-Porto during machine commissioning (section 3.2).  

The first version of phase-space files released by Varian has already been validated for 6 

MV [193] and 6 FFF [196] photon beam energies. The current validation is performed on the 

second version of phase-space files for 6 FFF, 10 FFF and 6 MV photon beam energies.  

TrueBeam phase-space files (version 2; Feb. 27, 2013) for nominal energies of 6 FFF, 10 

FFF and 6 MV (208x108, 100x108 and 279x108 original histories respectively) were downloaded 

from the Varian website (https://www.myvarian.com/). These phase-space files contain enough 

number of particles higher than the minimum number recommended by IAEA and higher than 

the benchmark of other similar studies [45, 182]. 

The characteristic of the initial electron beam source for the phase-space files as described in 

the accompanying header files from Varian are summarized in Table 4.2, The phase-space files 

were imported into PRIMO and used as a source to simulate the linac downstream from phase-

space plane using the geometry of a Clinac 2100 CD (as recommended by the PRIMO user 

manual to simulate TrueBeam linacs).  

 6 FFF 10 FFF 6 MV 

Stored position Z 26.7 cm 26.7 cm 26.7 cm 

Number of original histories 208 x10⁸ 100 x 10⁸ 279 x 10⁸ 

Mean energy 5.9 MeV 10.2 MeV 6.18 MeV 

Energy sigma 0.051 MeV 0.2 MeV 0.053 MeV 

Energy FWHM 0.12 MeV 0.2 MeV 0.125MeV 

sigma X 0.6645 mm 0.8118 mm 0.6866 mm 

sigma Y 0.7274 mm 0.8001mm 0.7615 mm 

Beam divergence 1 mrad 1 mrad 1 mrad 

Table 4.2. The characteristic of the initial electron beam source for the phase-space files. 

https://www.myvarian.com/
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The dose distributions of open square field sizes of 2x2, 3x3, 4x4, 6x6, 8x8, 10x10 15x15, 

20x20, 30x30 and 40x40 cm2 for each of the previous energies were simulated in a water 

phantom with 100 cm SSD. All simulations were divided into two segments. The first segment 

transported the simulated particles from the phase-space plane to a plane located at the water 

phantom (S2 segment in PRIMO). The second one transported the particles in a water phantom 

(S3 segment in PRIMO). Movable skins variance reduction technique was applied automatically 

by PRIMO to the first segment of the simulations. No splitting factor of the particles was used in 

the second segment. 

An in-house developed code was used to convert the PDDs and beam profiles measured 

during TrueBeam commissioning by PTW Mephysto software (mcc file format) into text data 

files readable by PRIMO. The text data file consists of a list of four data values per line, three 

coordinates (x, y and z) of the measurement point and the dose value. The coordinates of the 

measurement point are specified in the same coordinate system as those of the simulation in 

water phantom. The text file format specifications are shown in Figure 4.3. 

The PDDs were normalized at the maximum dose value. The transversal beam profiles at 

depths of dmax, 5, 10, 20 and 30 cm were acquired and were normalized to values corresponding 

values at CAX. The simulated PDDs and beam profiles were then compared to the 

commissioning data (see section 3.2) by means of PRIMO dose curve comparison tool using 

Gamma index methodology and criteria of 2%, 2mm (section 3.5). 
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Figure 4.3. Format specification of the text file used to import measured data for dose 

comparison [197]. 

4.2.1.2. Collimator validation  

As mentioned earlier, PRIMO has several models of MLCs incorporated within, including 

HD 120 MLC. The collimator validation was performed to ensure that HD 120 MLC was 

accurately modeled with PRIMO and to validate the accuracy of using the Clinac 2100 linac 

head geometry to simulate TrueBeam downstream the phase-space plane.  
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For validation, an irregular shape of MLC was configured in Eclipse TPS. The dose 

distribution for 6 FFF photon beam energy was calculated in 30x30x15 cm3 water phantom with 

151x151x75 bins. The gantry, the collimator, and the couch rotation angles were set to 0o.an 

SSD of 95 cm was applied. The X-jaws and the Y-jaws were both positioned at ±5 cm. 

The same treatment plan was simulated with PRIMO in a water slab phantom with the same 

plan configurations, using the previously validated 6 FFF phase space file (described in section 

4.2.1.1). The linac model was chosen to be the Varian Clinac 2100, and the MLC type was 

chosen to be the HD 120 MLC. All particles in the source phase-space (approximately 15 x 108 

particles; 208x 108 histories) were simulated. Since PRIMO v 1.5.1307 does not allow to import 

the MLC from the DICOM file, an in-house MATLAB developed code was used to read the 

MLC leaves configuration from the DICOM-RT plan files and to write them to PRIMO ppj file. 

The treatment plan configurations are shown in Figure 4.4.  

 

Figure 4.4. Treatment plan configuration for MLC validation. 
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To measure the dose distribution of the previous treatment plan, a sheet of EBT3 

Gafchromic film was placed between two RW3 solid water slabs at the depth of 5 cm and was 

irradiated perpendicularly by TrueBeam using 10 Gy of 6 FFF photon beam energy with 95 cm 

SSD. 

EBT3 film was scanned 24 hours after the irradiation in landscape orientation, as 

recommended by the manufacturer, with a resolution of 72 dots per inch. The scanned image was 

exported in TIFF format, then converted to units of OD by DoseLab Pro software v.6.40 using 

the green channel calibration curve obtained in section 3.4.1. 

Since the Gamma analysis tool provided by PRIMO only perform 1D analysis for the 

measured and simulated dose curves and it does not compare the simulated dose distribution with 

TPS-calculated dose distributions nor with film measurements, a third-party software, VeriSoft 

6.2 software, was used to perform the 2D Gamma analysis. 

However, VeriSoft does not support TIFF format, and the digitalized dose image acquired 

by DoseLab pro is not recognized. Therefore, a MATLAB in-house script was used to convert 

the TIFF dose image into a DICOM file with an adequate pixel spacing. 

PRIMO output file, on the other hand, is a sequence of dose values, one per voxel. 

Consequently, an in-house code was developed using MATLAB to read the dose distribution text 

file from PRIMO in order to reshape the data in a volumetric 3D matrix form and export it as a 

single 3D multi-frame DICOM file in the same coordination as the Eclipse DICOM-RT dose 

files, allowing to perform 3D comparison with the TPS calculated dose file, or 2D comparisons 

at any slice in the axial, sagittal and coronal planes with films.  
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Finally, both PRIMO-simulated and TPS-calculated dose distributions in the coronal plane 

at the isocenter level were compared to the Gafchromic film measurement using VeriSoft.  

4.2.1.3. Validating dose calculations in CT scans  

In-field PDDs and beam profiles validations are not enough to establish a validation for out-

of-field dose calculation accuracy because they are mainly depending on the primary radiation 

beam, which does not guarantee that head leakage and collimator scatter are adequately 

calculated. In addition, PRIMO has the capability to compute the dose distribution in a user-

defined geometric phantom or in imported patient DICOM-RT images from CT scans. The dose 

calculations in a defined phantom have already been verified in the previous sections (4.2.1.1 

and 4.2.1.2). Additional validation was performed in a CT scan to validate PRIMO dose 

calculations accuracy in imported DICOM-RT images from CT scans within the treatment field 

and out of the treatment field borders. 

Although PRIMO computes the dose distribution in a patient CT scan, simulating a clinical 

treatment plan is not a direct forward process due to the following shortcomings § : 

• PRIMO does not have any tool to import the treatment plan from the DICOM-RT plan 

file, and the treatment plan fields parameters and MLC configurations had to be manually 

configured individually.  

• Although PRIMO has the capability to read the DICOM-RT structure file from Eclipse 

and import the patient structures to the CT scan including the radiotherapy treatment 

couch top, it does not have the capability to eliminate the CT couch from the CT dataset, 

 

 

§ This work was conducted on PRIMO V.0.1.5, most of these shortcomings have been overcome later in 

V 0.3.1 and more recent versions.  
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which may affect the accuracy of the dose calculations because CT couch is made of high 

atomic number materials, which show different interactions with the treatment beams 

than the treatment couch top. 

• PRIMO does not have any tools to compare the simulated dose distribution with the TPS-

calculated dose or the measured dose distribution.  

All the aforementioned issues have to be addressed during the treatment plan validation 

process before PRIMO could be used to simulate clinical treatment cases later.  

To validate the dose calculations in a patient CT dataset. A hypothetical treatment plan was 

calculated by Eclipse TPS, the plan was created based on an anthropomorphic pediatric phantom 

CT dataset. The same plan was simulated with PRIMO and the dose distribution at several 

distances from the isocenter was measured with Gafchromic films inserted inside the pediatric 

phantom. 

4.2.1.3.1. Treatment plan 

A standard 3DCRT plan was created with Eclipse v.13.5 TPS for a hypothetical brain tumor 

located in the left side of the pediatric phantom. The plan consisted of four static photon beams: 

two laterals, one oblique posterior and one craniocaudal (the photon beam configurations and 

weights are shown in Figure 4.5). The craniocaudal beam has a field size of 4.9 x 4.8 cm2 and it 

was positioned to enter the body at a 45o angle, while the oblique posterior beam passes through 

the treatment couch before it reaches the patient body. The plan was created based on the CT 

scan of the pediatric anthropomorphic phantom described in section 3.3. The thin part of the 

treatment couch top was included in the dose calculations from the couch template embedded in 

Eclipse TPS calculations for more accurate dose calculations (see the green contour in Figure 

4.5) [198-200]. The dose calculations were performed using the AAA v.13.5.3 and AcurosXB 
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v.13.5.3 dose calculation algorithms for the TrueBeam linac and 6 FFF of photon beam energy. 

The dose calculation grid was set to 0.19493 cm to match the simulated dose grid (see section 

4.2.1.3.3.3). The dose values were normalized to the mean dose value at PTV, the relative dose 

was exported as a single multi-frame DICOM-RT dose file to be compared with the simulated 

dose and the film measurements. 

 

Figure 4.5. Treatment plan configurations for patient CT dose verification. 

4.2.1.3.2. Film preparation and phantom irradiation  

Gafchromic EBT3 films were cut to fit the contours of the anthropomorphic phantom and 

were placed between contiguous slices, at 10 cm, 15 cm and 17.5 cm from the isocenter in the 

craniocaudal direction (see Figure 4.6).  
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Figure 4.6. Gafchromic film insertion in the anthropomorphic phantom. 

The phantom (with the films inside) was irradiated according to the previously described 

treatment plan (section 4.2.1.3.1) with 200 Gy (at prescription point; isocenter) of 6 FFF photon 

beam energy, at a dose rate of 1000 (MUs/Min) on TrueBeam linac. The reason for such high 

dose at the isocenter was to overcome the lack of film sensitivity at very low doses at such long 

distances from the isocenter when using therapeutic doses, and for the same reason, no film was 

inserted at the isocenter plane (to avoid film saturation when dose exceeds 40 Gy [163]). The 

results can easily be extrapolated to any clinical case simply by normalizing the measured dose 

at any point to the actual prescribed dose. The irradiated films were scanned 24 hours after the 
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irradiation, using the same scan procedure used in the film calibration (section 3.4.1). The films' 

outer part of the contours were used inside an opaque frame in order to provide similar light 

scattering characteristics near the film contour borders as shown in Figure 4.7. 

 

Figure 4.7. Irradiated film scanning procedure. 

4.2.1.3.3. Treatment plan simulation 

In CT-based dose calculation, CT couch top is typically part of the patient CT scan images, 

couch top may attenuate the treatment beam up to 15% depending on the couch top model, beam 

angle and photon beam energy [201]. Eclipse TPS has the capability of automatically inserting 

the desired Varian couch tops under the patient body contour to increase the dose calculations 

accuracy [198-200], such capably is not available for PRIMO software.  
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4.2.1.3.3.1. Inserting treatment couch top  

Varian Eclipse TPS includes several models of treatment couch tops derived from the 

technical drawings, these couch tops can be inserted automatically under the patient´s body 

contour in the treatment plan [201]. The couch tops structures are inserted as separate entities, 

TrueBeam treatment couch top is modeled in Eclipse as a thin surface shell of higher density 

material (the green structure at Figure 4.8.a and Figure 4.8.b) with a homogeneous fill of foam of 

lower density and attenuation (the yellow structure at Figure 4.8.a and Figure 4.8.b). The CT 

number for each of these components can be assigned. Since the treatment couch usually has 

different thicknesses (in case of TrueBeam treatment couch top we have three parts thin, medium 

and thick parts; thin and thick parts are shown in Figure 4.8.a and Figure 4.8.b, respectively), the 

desired part of the couch is usually chosen based on the location of the treated volume of the 

body on the treatment couch top.  

 

Figure 4.8. Treatment couch top modeling in Eclipse TPS. (a) the thin part and (b) the thick part.  
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To insert the treatment couch top into the CT dataset, an in-house code was developed with 

MATLAB, The code´s flow diagram is shown in Figure 4.9. 

 

Figure 4.9. Flow diagram of the treatment couch top insertion code. 
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The first step was to eliminate the CT machine couch top from the CT dataset. To do so, the 

pediatric phantom CT images were exported from TPS as DICOM-RT files (323 images) 

alongside the DICOM-RT structure file of the patient structures delineated by TPS. These files 

were then imported to MATLAB. The CT numbers of the CT dataset were saved as a 3D array 

and the body contour was used as a mask to assign CT number values outside the body contour 

to zero ( Figure 4.9, step 1). 

The next step was to add the treatment couch top to the CT dataset, the contours of the 

couch top external shell and the internal foam were extracted from the structure file and the CT 

values within the contours were assigned to values corresponding to -700 and -960 Hounsfield 

Units (HU)** for the surface shell and the foam fill, respectively, ( Figure 4.9, step 2 ††). Since 

the patient is not being treated in the vacuum, the CT numbers outside the body and couch top 

contours were replaced with air CT number values from an empty CT scan acquired on the same 

GE LightSpeed RT16 CT scanner ( Figure 4.9, step 3). 

The last step is to rewrite the new CT number array as a DICOM-RT dataset once again. 

The DICOM-RT format specification lists several Information Object Definitions (IODs) that 

can be created. These IODs correspond to images and metadata produced by different modalities 

(such as CT, MRI and Ultrasound, etc.). For each type of IOD, a set of metadata must be present, 

when exporting a certain data as DICOM, MATLAB verifies that all required metadata attributes 

are present, creates missing attributes if necessary and specifies default values where possible. 

 

 
** These values were acquired from a CT scan of the treatment couch top in the same CT machine used to 

scan the anthropomorphic phantom. 

†† This step could be done with PRIMO by assigning the CT values directly to the couch top structures 

imported from the DICOM-RT structure file. 
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Subsequently, some of the new metadata attributes might be different from the originals and 

some others (which are optional) might be missing. To avoid any alteration on the original CT 

metadata (such as pixel spacing, study number, rescale slope, etc.), the DICOM metadata for 

each individual image of the original CT dataset was copied to the corresponding new CT dataset 

image. 

The treatment couch top insertion is shown in Figure 4.10, which shows the original CT 

scan at the isocenter slice of the CT dataset with the CT machine couch top (Figure 4.10.a), the 

same slice after eliminating the CT couch top (Figure 4.10.b) and the same slice after adding the 

thin part of the treatment couch top and the surrounding air (Figure 4.10.c). Since the width of 

the treatment couch exceeds the width of the CT scan, the far edges of the treatment couch in 

Figure 4.10.c are trimmed. Figure 4.10 is similar to the CT scan shown in Figure 4.5, where the 

TPS visualization system shows the treatment couch fused over the original CT. 

 

Figure 4.10. Treatment couch top insertion (a) original CT scan at the isocenter, (b) elimination 

of the CT machine couch top and (c) inserting the thin part of the treatment couch top and the air.  

4.2.1.3.3.2. Creating the simulated treatment plan 

To simulate the previously described TPS treatment plan (section 4.2.1.3.1) with PRIMO, 

the new CT dataset with the inserted treatment couch top was imported to PRIMO alongside the 
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DICOM-RT structure file. Due to the limited number of voxels per simulation (less than 107) and 

also to reduce the simulation time, only the first 140 slices of the dataset were imported to 

PRIMO. All volumes of interest and the film insertion locations were contained in the imported 

slices. The voxelized geometry was created by associating a material and a mass density with 

each voxel in the CT data set according to the GE LightSpeed RT16 scanner calibration curve. 

The isocenter, jaw positions, MLC shape configurations, and beam configurations were set to 

match the TPS treatment plan configuration. To simulate TrueBeam linac, the previously verified 

6 FFF phase-space acquired from Varian was used. The linac model was chosen to be Varian 

Clinac 2100, and the MLC type was chosen to be HD 120 MLC. All particles in the source 

phase-space (approximately 15 x 108 particles; 208 x 108 histories) were simulated using a 

splitting factor of 100 in the phantom as a variance-reduction technique. 

4.2.1.3.3.3. Exporting simulated dose distribution 

In the case of simulating dose distribution in water phantom by PRIMO (like the previous 

simulations for validating the phase-space and MLC) only one field is allowed, and it is placed 

centered at linac CAX at a given SSD. The gantry, collimator rotation and couch angles are fixed 

at 0,0,0, respectively for the field. Subsequently, one dose file for the dose distribution is 

generated by PRIMO. In the case of simulating dose distribution in CT scan defined geometry, 

multiple fields with different gantry, collimator rotation and couch angles are allowed. If the 

dose distribution is produced by multiple fields, a separate dose file per field is generated by 

PRIMO [197] and the final dose distribution is integrated when the dose analysis tab in PRIMO 

interface is loaded. Users can not predefine the relative weight of each field in PRIMO, but after 

loading the integrated dose distribution the relative contribution of the fields to the dose can be 

changed by assigning weight factors to them. In addition, when importing large size CT images 
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into PRIMO the image size is reduced to 256x256 pixels in all cases by employing bilinear 

interpolation and the pixel size is modified accordingly [197]. Subsequently, the dose calculation 

grid (Pixel spacing) at each axial slice is equal to 0.19493 x 0.19493 cm². For this reason, the 

AAA calculation grid in section 4.2.1.3.1 was set to the same values, to ensure that no shift 

would be applied when comparing simulated and TPS-calculated dose distributions. 

To export the simulated dose distribution as DICOM file, The previously described code 

(section 4.2.1.2) was upgraded and several features were added, such as the capability of reading 

more than one dose file, integrating the dose fields according to their relative weight in the 

original treatment plan, and inserting the new pixel spacing to the metadata information of the 

exported multi-frame DICOM file to maintain the original dimensions of the imported volume. 

Before writing the DICOM dose file, the PTV contour was imported from the TPS structure 

file, and the mean simulated dose value within the PTV was calculated, then all the simulated 

dose values were normalized to the mean dose value at PTV (similar to the TPS exported dose 

file).  

Since our intention was directed to evaluate the results within the body, the dose 

measurement have been performed within the body by Gafchromic™ EBT3 films, and TPS 

calculates (and exports) the dose distribution only within the body contour, all the simulated dose 

values outside the body contour were replaced by zero. Finally, the dose distribution was 

exported as a single multi-frame DICOM file. 

4.2.2. Treatment couch effect 

Figure 4.11. illustrates a 3D representation of the beam configurations of the TPS treatment 

plan described in section 4.2.1.3.1. Two treatment beams were implemented in this plan. The 
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first is an oblique posterior beam that crosses the couch top at 203.7⁰ before it enters the body, as 

shown in Figure 4.11.a. This beam was implemented to study the attenuation effect of the 

treatment couch on the treatment beams. The second is a craniocaudal beam which enters the 

body at 45⁰. This beam was implemented to study the scattering effect of the treatment couch on 

the incident beam (see Figure 4.11.b). 

 

Figure 4.11. 3D representation of the TPS treatment plan beam configuration. (I) the oblique 

posterior beam and (II) the craniocaudal beam.  

To study the couch effect on the dose distribution within the patient body three identical 

treatment plans to the one described in 4.2.1.3.3.2  were created. The first is based on the same 

CT dataset without any treatment couch top inserted, while the second and the third are based on 

the same CT dataset with the thin and thick parts of the treatment couch top inserted, 

respectively.  

After simulating the three treatment plans, the results were exported as 3D multi-frame 

DICOM file (as explained in 4.2.1.3.3.3), and the three dose distributions (with thin couch top 

inserted, with thick couch top inserted and without inserted couch top) were compared using 3D 

Gamma index with criteria of 2%, 2mm with reference to local doses (Local Gamma index).  
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4.3. Results  

4.3.1. Phase-space files validation  

Figure 4.12 shows the dose distribution of 10x10 cm2 field size for 6 FFF photon beam 

energy in axial, coronal and sagittal views, in addition to the dose curves (PDD and dose profiles 

at dmax).  

 

Figure 4.12. Dose distribution of 10x10 cm2 field size for 6 FFF photon beam energy in: axial 

(a), coronal (b), sagittal (c) planes at the isocenter and the corresponding PDD and dose profiles 

at dmax (d). 

Figures from Figure 4.13 to Figure 4.28 show a graphical comparison between all the 

calculated and measured data curves for different field sizes and at different depths for 6 FFF 

photon beam energies. 

The data curve comparisons for 10 FFF and 6 MV are listed in Appendix A and Appendix 

B, respectively. 
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Figure 4.13. Comparison between measured and simulated PDDs of 6 FFF for different field 

sizes. 

 

 

 

Figure 4.14. Comparison between measured and simulated lateral dose profiles at 1.4 cm depth.  
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Figure 4.15. Comparison between measured and simulated lateral dose profiles at 5 cm depth. 

 

 

 

Figure 4.16. Comparison between measured and simulated lateral dose profiles at 10 cm depth. 
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Figure 4.17. Comparison between measured and simulated lateral dose profiles at 20 cm depth. 

 

 

 

Figure 4.18. Comparison between measured and simulated lateral dose profiles at 30 cm depth. 
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Figure 4.19. Comparison between measured and simulated lateral dose profiles for a 2x2 cm2 

field size at each considered depth. 

 

 

 

Figure 4.20. Comparison between measured and simulated lateral dose profiles for a 3x3 cm2 

field size at each considered depth. 
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Figure 4.21. Comparison between measured and simulated lateral dose profiles for a 4x4 cm2 

field size at each considered depth. 

 

 

 

Figure 4.22. Comparison between measured and simulated lateral dose profiles for a 6x6 cm2 

field size at each considered depth. 
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Figure 4.23. Comparison between measured and simulated lateral dose profiles for an 8x8 cm2 

field size at each considered depth. 

 

 

 

Figure 4.24. Comparison between measured and simulated lateral dose profiles for a 10x10 cm2 

field size at each considered depth. 
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Figure 4.25. Comparison between measured and simulated lateral dose profiles for a 15x15 cm2 

field size at each considered depth. 

 

 

 

 

Figure 4.26. Comparison between measured and simulated lateral dose profiles for a 20x20 cm2 

field size at each considered depth. 

0

10

20

30

40

50

60

70

80

90

100

110

-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20

R
e

la
ti

ve
 D

o
se

 (
%

)

Off-axis distance (cm) 

1.4 cm Mesured

1.4 cm Simulated

5 cm Mesured

5 cm Simulated

10 cm Mesured

10 cm Simulated

20 cm Mesured

20 cm Simulated

30 cm Mesured

30 cm Simulated

0

10

20

30

40

50

60

70

80

90

100

110

-25 -20 -15 -10 -5 0 5 10 15 20 25

R
e

la
ti

ve
 D

o
se

 (
%

)

Off-axis distance (cm) 

1.4 cm Mesured

1.4 cm Simulated

5 cm Mesured

5 cm Simulated

10 cm Mesured

10 cm Simulated

20 cm Mesured

20 cm Simulated

30 cm Mesured

30 cm Simulated

Depth



83 

 

 

Figure 4.27. Comparison between measured and simulated lateral dose profiles for a 30x30 cm2 

field size at each considered depth. 

 

 

 

Figure 4.28. Comparison between measured and simulated lateral dose profiles for a 40x40 cm² 
field size at each considered depth. 
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Figure 4.13 shows the comparison between measured and simulated PDDs of 6 FFF photon 

beam energies for all field sizes. This figure shows that after the buildup region, there is a 

positive correlation between the field size and PDD, which is caused by the increased scattering 

contribution to the central axis at larger field sizes [62, 63], which also can be noticed in figures 

Figure 4.14, Figure 4.15, Figure 4.16, Figure 4.17 and Figure 4.18, where the relative dose is 

almost not affected by the filed size at dmax in Figure 4.14 and the increased dependence on the 

field size is more significant with increasing the field size and increasing the depth.  

Data analysis was based on comparisons between MC simulations and measurements using 

Gamma index. The analysis was conducted individually for each profile acquired of each 

simulated photon beam energy (namely, 6 FFF, 10 FFF and 6MV) using PRIMO embedded 

comparison tool as shown in Figure 4.29 and Figure 4.30, which illustrate respectively the result 

of comparisons between measured and simulated PDDs and beam profiles at depth of 1.4 cm of 

6 FFF photon beam energy for field size of 10×10 cm2. 



85 

 

 

Figure 4.29. PRIMO dose curve comparison tool, (a) percent depth dose comparison between 

measured (red) and simulated (dark blue) of 6 FFF photon beam energy for field size of 10×10 

cm² and the corresponding dose difference (light blue), (b) the corresponding Gamma index 

value as a function of the depth, and (c) Gamma index histogram. 

 

 

 

Figure 4.30. PRIMO dose curve comparison tool, (a) dose lateral profile comparison between 

measured (red) and simulated (dark blue) of 6 FFF photon beam energy for field size of 10×10 

cm2 at depth of 1.4 cm and the corresponding dose difference (light blue), (b) the corresponding 

Gamma index value as a function of the distance from the central axis, and (c) Gamma index 

histogram. 



86 

 

As it can be noticed from Figure 4.29.a, the PDD curves show a good agreement between 

measured and calculated curves, differences are less than 1% in most of the points, except in the 

high-dose gradient build-up region, near the phantom surface, where an over-response of the 

ionization chamber is expected. This over-response is due to the lack of charged particle 

equilibrium in the buildup region [181, 196]. Figure 4.29 shows that 100% of Gamma points 

passed the 2%, 2mm criteria (i.e. all Gamma points are <1). 

 Figure 4.30.a also shows good agreement between measured and calculated profiles, 

differences are less than 1% except in the regions of a high-dose gradient. 99.13% of Gamma 

points passed the 2%, 2mm criteria. The Gamma index comparison results for all simulated and 

calculated curves for 6 FFF, 10 FFF and 6 MV are summarized in Table 4.3, Table 4.4 and Table 

4.5 respectively. 

Field Size 

(cm2) 

Gamma index passing rate (%) 

PDD 
Beam profile at the depth of 

1.4 cm 5 cm 10 cm 20 cm 30 cm 

2x2 99.06 97.33 96.75 96.30 97.73 99.48 

3x3 99.69 97.50 97.56 97.67 98.40 98.53 

4x4 99.69 96.47 96.59 98.37 99.00 99.08 

6x6 99.69 100.00 97.96 99.03 99.11 99.59 

8x8 99.06 97.14 100.00 99.12 100.00 100.00 

10x10 100.00 99.13 100.00 98.40 99.63 100.00 

15x15 100.00 97.14 96.55 98.68 99.10 98.61 

20x20 100.00 96.39 97.67 97.78 97.19 97.75 

30x30 100.00 99.54 100.00 100.00 100.00 100.00 

40x40 100.00 100.00 100.00 100.00 100.00 100.00 

Table 4.3. Gamma index values of 6 FFF for all compared PDDs and lateral beam profiles. 
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Field Size 

(cm²) 

Gamma index passing rate (%) 

PDD 
Beam profile at the depth of 

2.3 cm 5 cm 10 cm 20 cm 30 cm 

2x2 99.06 97.33 98.70 98.77 98.30 100.00 

3x3 99.69 98.13 98.78 98.84 98.40 99.51 

4x4 99.69 97.65 99.43 98.91 100.00 99.54 

6x6 99.69 97.92 100.00 99.51 99.55 100.00 

8x8 99.38 99.06 100.00 99.12 100.00 100.00 

10x10 100.00 100.00 100.00 100.00 100.00 100.00 

15x15 100.00 100.00 100.00 100.00 100.00 100.00 

20x20 100.00 100.00 100.00 100.00 100.00 100.00 

30x30 100.00 100.00 100.00 100.00 100.00 100.00 

40x40 100.00 100.00 100.00 100.00 100.00 100.00 

Table 4.4. Gamma index values of 10 FFF for all compared PDDs and lateral beam profiles. 

 

Field Size (cm²) 

Gamma index passing rate (%) 

PDD 
Beam profile at the depth of 

1.4 cm 5 cm 10 cm 20 cm 30 cm 

2x2 100.00 96.67 98.70 98.77 97.73 98.44 

3x3 99.38 97.50 96.34 98.84 99.47 98.53 

4x4 99.69 96.47 98.86 96.74 99.50 99.08 

6x6 99.69 99.47 98.47 97.57 100.00 99.18 

8x8 99.69 100.00 99.08 99.12 99.19 100.00 

10x10 99.06 99.57 99.16 99.60 99.26 100.00 

15x15 99.06 98.94 97.93 99.34 100.00 100.00 

20x20 100.00 99.40 97.97 100.00 100.00 100.00 

30x30 99.69 99.08 99.55 99.57 99.59 100.00 

40x40 99.69 97.93 99.64 98.79 98.33 98.66 

Table 4.5. Gamma index values of 6 MV for all compared PDDs and lateral beam profiles. 



88 

 

4.3.2. Collimator validation  

Figure 4.31 shows the 2D Gamma comparison between the simulated and the Gafchromic 

film measured dose distributions (Figure 4.31.a and Figure 4.31.b respectively) for the tested 

MLC leaves configuration, and the corresponding Gamma distribution (Figure 4.31.d). 99.8% of 

Gamma points passed the 2%, 2mm criteria. 

 

Figure 4.31. Comparison between the simulated (a) and measured (b) dose distributions, and the 

corresponding Gamma distribution (d) where 99.8% passed the 2%, 2mm criteria. Comparison 

between the measured (b) and calculate (c) dose distributions, and the corresponding Gamma 

distribution (e) where 95.4% passed the 2%, 2mm criteria. 

 Figure 4.31 also shows the 2D Gamma comparison between the measured and the TPS-

calculated dose distributions (Figure 4.31.b and Figure 4.31.c respectively), and the 

corresponding Gamma distribution (Figure 4.31.e). 95.4% of Gamma points passed the same 

2%, 2mm criteria. Both simulated and calculated dose distributions showed good agreement with 

the measurement (more than 95% of Gamma points passed the 2%, 2mm criteria). Nevertheless, 



89 

 

TPS showed less accurate results which is expected due to the narrow nature of the chosen MLC 

configuration for the irradiated radiation field [202]. 

4.3.3. Dose calculations in CT scans  

The average uncertainty of the simulated treatment plan is 0.571%. As mentioned earlier no 

films were inserted at the isocenter plane due to the high dose at this plane which exceeds the 

film saturation dose. Nevertheless, TPS is known to provide reliable dose calculations at the 

treatment plane region (which is being routinely verified during the periodic QA tests). The 

simulated dose distribution at this plane showed good agreement with the TPS calculated dose 

distribution (AAA and AcurosXB). Figure 4.32 shows a comparison between the simulated dose 

distribution and the TPS (AAA) calculated one (Figure 4.32.a and Figure 4.32.b respectively). 

Both dose distributions were normalized for the mean dose value at PTV. 

 

Figure 4.32. Comparison between the simulated (a) and TPS (AAA) calculated (b) dose 

distributions at the isocenter level (the dose is normalized 100% at the mean dose at PTV) and 

the corresponding Gamma distributions (c). 

Figure 4.32.c shows the corresponding Gamma distribution where 99.2% of Gamma points 

passed the 2%, 2mm criteria. All points below 5% of the maximum dose where suppressed from 

the comparison (otherwise evaluated points with no dose outside the body contour may increase 

the Gamma index value). 
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The comparison of the dose distribution at the thyroid level (10 cm from the isocenter) is 

shown in Figure 4.33, which shows the measured, simulated and TPS (AAA) calculated dose 

distributions (Figure 4.33.a, Figure 4.33.b and Figure 4.33.c respectively). For visualization, the 

100% of the visualization window was adjusted at 0.8% of the mean dose at PTV. 

In addition, Figure 4.33.d shows the Gamma distribution for the comparison between the 

measured and simulated dose distributions where 91.6% of Gamma points passed the 2%, 2mm 

criteria. Which considered to be good results at such low doses compared to the dose at the 

isocenter. Most of the disagreement points are located on the body contour because the layers of 

the Gafchromic films were detached during the cut process and lost its integrity. Eclipse (AAA 

and AcurosXB), on the other hand, provided completely different dose distribution at this 

distance, the difference between the calculated dose distribution (AAA) and the measured one 

could be accessed visually in Figure 4.33. The maximum measured dose at this level was found 

to be approximately 11 mGy per Gy at isocenter while the maximum simulated dose is 10 mGy 

per Gy at isocenter, the reason for such low dose is that the craniocaudal beam is the only 

contributor to the dose at this level (instead of 4 beams at isocenter), the higher dose distribution 

is located on the left posterior region of the body, close to the treatment couch (see Figure 4.33.a, 

Figure 4.33.b) where the craniocaudal beam starts to leave the body. 
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Figure 4.33. The dose distribution at 10 cm from the isocenter: (a) measured by Gafchromic film, 

(b) simulated by PRIMO, (c) calculated by TPS (AAA) and (d) the Gamma distribution for the 

comparison between measured and simulated dose distributions.  

The dose distribution at 15 cm is shown in Figure 4.34. The visualization window was set 

100% equal to 0.7% of the mean dose at PTV. The simulated dose distribution (Figure 4.34.b) 

showed good agreement with the measured one (Figure 4.34.a). 90.7% of Gamma points passed 

the 2%, 2mm criteria. TPS (AAA and AcurosXB) calculated dose distribution showed a 

completely different dose distribution at this level as it can be noticed in Figure 4.34.c for TPS 

(AAA) calculated dosed distribution. The maximum measured dose at this level is approximately 

5.9 mGy per Gy at isocenter while the maximum simulated dose is 6 mGy per Gy at isocenter. 

The higher dose distribution is located (as expected) on the left posterior region of the body (see 

Figure 4.34.a and b). In addition, on the left anterior side of the body (in the elliptical shapes 
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upper right side of Figure 4.34.a and Figure 4.34.b), an unexpected rectangular-shaped dose 

distribution with increased dose values compared to background starts to be noticed. From the 

exported 3D dose distribution, it can be noticed that it enters the body at the chest level after 14.5 

cm from the isocenter and continues to propagate in the following slices. 

 

Figure 4.34. The dose distribution at 15 cm from the isocenter: (a) measured by Gafchromic film, 

(b) simulated by PRIMO, (c) calculated by TPS (AAA) and (d) the Gamma distribution for the 

comparison between measured and simulated dose distributions.  

Figure 4.35 shows the measured, simulated and calculated (AAA) dose distributions (Figure 

4.35.a, Figure 4.35.b and Figure 4.35.c respectively) at 17.5 cm from the isocenter. The 

visualization window was set up to be 0.7%  of the mean dose at PTV for Figure 4.35.a and 

Figure 4.35.b. The TPS calculated dose distribution was completely different from both 

measured and simulated ones, it was also very underestimated, and the visualization window for 

Figure 4.35.c had to be set at 0.3% of the mean calculated dose at PTV. Figure 4.35 also shows 
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the Gamma distribution for the dose comparison between the measured and simulated dose 

distributions (Figure 4.35.d), 93.5% of Gamma points passed the 2%, 2mm criteria. The 

maximum measured dose at this level is approximately 3.9 mGy per Gy at isocenter, while the 

maximum simulated dose was found to be 4.8 mGy per Gy at isocenter. 

 

Figure 4.35. The dose distribution at 17.5 cm from the isocenter: (a) measured by Gafchromic 

film, (b) simulated by PRIMO, (c) calculated by TPS (AAA) and (d) the Gamma distribution for 

the comparison between measured and simulated dose distributions.  

The rectangular-shaped dose distribution at this level was more evident in both measured 

and simulated dose distributions (on the left anterior side of Figure 4.35.a and Figure 4.35.b), 

while it is completely missing in the calculated dose distribution for both calculation algorithms 

(AAA and AcurosXB). It has a width of 4.9 cm (the same as the X-jaws aperture for the 

craniocaudal beam), the center of the rectangle is aligned with the isocenter on the left side of the 
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phantom, and the mean measured dose inside it found to be 67% higher than the background, 

while the mean simulated values inside is 68% of the background. 

4.3.4. Treatment couch effect  

Figure 4.36 shows the 3D Gamma distribution of the dose comparison of the treatment plan 

in the presence of the thick part of the treatment couch top with the case of treatment couch top 

absence. The comparison is shown in the sagittal plane at the isocenter level ( Figure 4.36.a). The 

corresponding Gamma values of the axial plane comparisons are shown in Figure 4.36.b as a 

function of the distance from the isocenter. The Gamma comparison is performed with 2%, 2mm 

criteria with reference to the local doses (local Gamma index). From this figure it can be noticed 

that no significant change in dose distribution can be observed, all Gamma values are higher than 

98% within the treatment fields border. And they drop until 90% at larger distances from the 

isocenter. This is most likely due to the statistical fluctuation in the dose distribution at small 

dose values out of the treatment field in a heterogeneous medium such as the lungs.  
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Figure 4.36. 3D Gamma distribution for the dose comparison without couch top and with the 

thick part of couch top in the sagittal plane at the isocenter (a), and the corresponding Gamma 

values for the axial plane comparisons as a function of distance from the isocenter (b). 

In addition, a small increase in the skin dose near the treatment couch top can be noticed in 

the case of the couch top presence (within the elliptical shape in Figure 4.36.a). This can also be 

verified from Figure 4.37, which shows the Gamma distribution for the previous comparison in 

the axial view located at 15 cm from the isocenter in the caudal direction  

 

Figure 4.37. 3D Gamma distribution of the dose comparison with and without couch top in the 

axial plane at 15 cm from the isocenter. 



96 

 

The location of this elevated skin dose indicates that it can be caused by the scattered 

radiation of the craniocaudal beam from the treatment couch (see Figure 4.36.a). No effect could 

be noticed due to the attenuation of the oblique posterior beam by the treatment couch top. 

All the previous discussion was related to the comparison of the dose distribution in case of 

the thick part of the treatment couch top presence and the case of its absence. Similar results 

were noticed upon using the thin part of the treatment couch top.  

4.4. Discussion 

The model suggested by PRIMO developers to simulate TrueBeam using the phase-space 

files produced by Varian, and to simulate the linac head downstream the plane of the movable 

jaws using Clinac 2100 linac head model was validated for different photon beam energies (with 

and without flattening filter). The validation process was conducted on three levels 

corresponding to the three simulation segments in PRIMO (S1, S2 and S3).  

The first level was to validate the phase-space files released by Varian Medical System, the 

phase-space files for different photon beams energies with and without flattening filter were used 

for simulating simple square fields of different sizes and the results were validated against 

experimental measurements in a water phantom. Gamma index was used to compare the 

measured and simulated PDDs and lateral beam profiles at different depths from the isocenter. A 

good agreement between MC and experimental dose distributions was observed with more than 

97% of the points of depth dose curves and lateral profiles passing the 2%, 2mm criteria of the 

Gamma index.  

The second validation was to ensure that the 120 HD MLC was accurately modeled in 

PRIMO. An irregular static shape of MLC was configured in Eclipse TPS and it was used to 
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irradiate the Gafchromic film within a solid water phantom. The dose distribution for the same 

MLC configuration was simulated in a solid water phantom with PRIMO. Once again, the results 

showed good agreement between measured and simulated dose distributions (more than 99.8% 

of Gamma points passed the 2%, 2mm criteria), indicating that the MLC was accurately 

simulated in PRIMO. 

The last validation level was performed to check the accuracy of PRIMO dose simulations 

within CT scans of the patient’s body. One treatment plan for a hypothetical brain tumor located 

in the left side of the brain was created in TPS, based on the CT scan of a pediatric 

anthropomorphic phantom. The same treatment plan was simulated by PRIMO. To measure the 

dose distribution of the treatment plan, Gafchromic films were inserted inside the pediatric 

phantom at different distances from the isocenter, and the phantom was irradiated with 

TrueBeam according to the treatment plan. The measured, TPS calculated and simulated dose 

distributions were compared using Gamma index. The results showed good agreement between 

the simulated and TPS-calculated dose distributions within the treatment field borders. The 

simulated dose distribution also showed also good agreement with the measured dose outside of 

the treatment field at very low dose levels. TPS (AAA and AcurosXB) on the other hand, 

showed completely different dose distribution from both measured and simulated ones out of the 

treatment field.  

To perform the last level of validation several codes were developed: to eliminate the CT 

machine couch top; implement the treatment couch top to the simulated treatment plan; and to 

export the simulated dose. These tools were used to study the effect of the treatment couch top 

presence on the treatment plan. No significant change in the dose distribution has been noticed 

from the attenuated treatment beam, nor from the scattered one. The results have also shown that 
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the skin dose near the treatment couch (in the out of field region) is a little bit higher in the case 

of the treatment couch presence. It is, therefore, advisable to include the treatment couch top 

within the simulated treatment plans to avoid underestimating the skin dose near the treatment 

couch top during the dose calculations. 

In addition, both measured and simulated dose distributions showed an unexpected well-

defined rectangular shape with elevated dose values than the background, which was not 

calculated by Eclipse TPS (AAA and Acuros). It has the same width of the x-jaws aperture as 

one of the treatment fields and the center of this rectangular is align with the treatment plan 

isocenter, it was linked to the extra-focal leakage dose outside of the linac head.  

Further investigation is presented in the next chapter (Chapter 5) to identify the source of 

this extra-focal dose and to characterize its influence on the out-of-field dose distribution. 

4.5. Conclusion 

PRIMO proved to be a reliable tool to simulate TrueBeam linac and calculate the dose 

distribution for static fields in both water phantoms and in user-defined CT-based geometries. It 

even provides more accurate results than TPS out of the treatment field at very low dose values ( 

as shown in Figure 4.33, Figure 4.34 and Figure 4.35). 
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Chapter 5  

 

Characterization of extra-focal dose influence in 

the out-of-field dose distribution in static fields 

5.1. Introduction 

While gantry leakage is more or less isotropic, an undesirable leakage source has been 

spotted during simulating a clinical treatment plan in a patient CT scan (section 4.3.3). This 

leakage, contrary to the standard gantry leakage, is not isotropic and is located near the primary 

beam in very well-defined positions. Neglecting this source of radiation can underestimate the 

out-of-field dose in a highly unpredictable way. This extra source of radiation, close to the 

primary beam in very specific locations, is usually called an extra-focal dose. An alternative 

denomination could be Localized Extra-Focal Dose (LEFD), to distinguish it from the extra-

focal dose resulting from isotropic leakage radiation. 
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The investigation in the current chapter aims to:  

• Identify the source of this LEFD; 

• Characterize the location and the magnitude of the LEFD using MC simulation and EPID 

measurements for different photon beam energies with or without using the flattening 

filter in a Varian TrueBeam linear accelerator; 

• Apply this information on actual clinical treatment cases;  

• Check the existence of LEFD on other linacs (namely, Novalis and Trilogy) which have 

different linac head model from TrueBeam and are equipped with two different MLC 

models; 

• Finally, some warnings and recommendations based on the results will be presented. 

5.2. Materials and methods  

5.2.1. Dose calculations in a cubic phantom  

A numerically defined cubic phantom was designed with PRIMO. It has the dimensions of 

20x50x20 cm3, and voxel size of 0.2x0.2x0.25 cm3. The phantom consists of two consecutive 

layers along the Z direction (each of them is 10 cm thick). The first layer is lung tissue 

equivalent, with a mass density of 0.3 g/cm3 and the second is equivalent to adipose tissue with a 

mass density of 0.92 g/cm3.  

The phantom irradiation with TrueBeam linac was simulated by MC technique using 

TrueBeam phase-space files with a single static photon beam perpendicular to the phantom, 

using three different photon beam energies, 6 FFF, 10 FFF and 6 MV (from the previously 

validated phase-space files). The central beam axis passed through the center of the phantom. 
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The gantry, the collimator and the couch rotation angles were set to 0o. An SSD of 85 cm was 

applied.  

Three sets of simulations were performed with this phantom. For the first set, the lower 

collimator (X-jaws) was positioned at ±6 cm and the Y-jaws at ±11 cm. The MLC leaves were 

closed on-axis and off-axis. For all three energies (6 FFF, 10 FFF and 6 MV), three longitudinal 

beam profiles (along the line perpendicular to the MLC leaves travel direction) were obtained at 

4 cm depth from the phantom surface.  

The second set was performed with 6 MV photon beam energy to investigate the effect of 

the collimator rotation on the LEFD leakage. It has the same configuration of the first set, except 

that for this simulation the collimator was rotated 900 and the MLC leaves were closed on-axis. 

The X-jaws were positioned at ±11 cm and the Y-jaws at ±6 cm to maintain the same field size 

on the isocenter as the previous set. 

The last set was also performed with 6 MV photon beam energy to investigate the effect of 

Y-jaws aperture on the LEFD. It has the same configuration of the first set, with changed Y-jaws 

aperture values (±5, ±6, ±7, ±8, ±9, ±10 and ±11 cm). The cubic phantom size for this set of 

simulation has been extended in the Y direction, the new dimensions are 20x60x20 cm3, and a 

voxel size of 0.2x0.2x0.25 cm3. 

All simulations were performed with PRIMO software v 0.1.5.1307, using an Intel(R) 

Xeon(R) CPU E5-2660 v3 @ 2.60GHz, with 16 GB of RAM, and 28 cores working 

simultaneously. All the dose distribution simulation results were exported using a MATLAB in-

house developed code. The exported results were written as a single 3D multi-frame DICOM file 

and the results were analyzed and processed using VeriSoft 6.2 sand ImageJ 1.52d software. 
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5.2.2. EPID measurements 

To investigate the effect of the Y-jaws aperture on the LEFD leakage, the EPID was 

irradiated with 100 MUs. During irradiation, the MLC leaves were closed on axis with 0⁰ of 

collimator rotation, SSD= 100 cm, X-jaws aperture was equal to 12 cm, and Y-jaws apertures 

were equal to 12, 14, 16, 18 and 22 cm for all available photon beam energies (6 MV, 10 MV, 15 

MV, 6 FFF, and 10 FFF). 

5.2.3. 3DCRT clinical cases simulations 

Two treatment plans of pediatric patients who were treated using Varian TrueBeam linac 

were simulated with PRIMO. The first is for a 9-y-old pediatric patient who was treated with a 

prescribed dose of 52 Gy for a brain tumor. The treatment plan consisted of two opposed lateral 

6 MV static photon fields with the collimator rotated 0°. The X-jaws aperture was equal to 6.7 

cm and the Y-jaws aperture was equal to 6.4 cm. The second plan is for a 4-y-old pediatric 

patient who was treated with 21 Gy for an abdominal lesion. The plan consisted of two opposed 

anteroposterior and posteroanterior 6 MV static photon fields. The X and Y jaws apertures were 

equal to 9.1 and 14 cm, respectively, and the collimator was rotated 0°. Both treatment plans 

were performed with Eclipse TPS, then they were re-generated using PRIMO, with the same 

beams and MLC configurations. The simulated treatment plans configuration for the first and 

second plans are shown in Figure 5.1 and Figure 5.2 respectively. 

Since the treatment beams for the first treatment plan are not interacting with the treatment 

couch top (see Figure 5.1.b and Figure 5.1.c), there was no need to add treatment couch top and 

no modifications were made the original CT data set. 
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Figure 5.1. First clinical treatment case configurations. The MLC configuration from the beam’s 

eye view (a). The treatment beam configurations in axial (b), sagittal (c) and coronal (d) planes.  

The posteroanterior beam of the second plan, on the other hand, crosses through the 

treatment couch top before it entered the patient body. For this reason, the thick part‡‡ of the 

treatment couch top was inserted to the CT dataset in the same way mentioned at section 

4.2.1.3.3.1 ( see Figure 5.2.b and Figure 5.2.c).  

The treatment plans were then simulated using the previously validated 6 MV phase-space. 

All particles in the source phase-space (more than 14×108) were simulated using a splitting factor 

 

 
‡‡ The thick part of the treatment couch was chosen (instead of the thin one) because the 

tumor is located in the abdominal region of the body, which will be located on the thick part of 

the couch during the treatment.  
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of 100 in phantom as a variance-reduction technique. Finally, the two simulated dose 

distributions for the two simulated plans were exported as a single 3D multi-frame DICOM file. 

 

Figure 5.2. Second clinical treatment case configurations. The MLC configuration from the 

beam’s eye view (a). The treatment beam configurations in axial (b), sagittal (c) and coronal (d) 

planes.  

5.2.4. LEFD measurements on Trilogy  

5.2.4.1. EPID measurements  

Trilogy linac has Varian 2300 linac head model. The one installed in IPO-Porto is equipped 

with Millennium 120 MLC and is also equipped with a-Si 1000 EPID. The EPID was calibrated 

(100 CUs for 100 MUs of a 10x10 cm2 field size at 105 cm SDD). To investigate the effect of 

LEFD on this machine, the EPID was irradiated with 100 MU of 6 MV photon beam energy. 

During irradiation, the MLC leaves were closed on axis with 0⁰ of collimator rotation, SSD= 105 

cm, X-jaws and Y-jaws apertures were equal to 12 cm.  
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5.2.4.2. Dose evaluation in the anthropomorphic phantom  

The EBT3 Gafchromic films were cut to fit the body contour and were inserted at 15, 30 and 

40 cm from the isocenter as shown in Figure 5.3.a. The phantom (with films inside) was 

irradiated by a Trilogy linac (as shown in Figure 5.3.b) with 200 Gy of 6 MV photon beam 

energy according to the same treatment plan described at section  4.2.1.3.1. The only difference 

is that due to the different dimensions and resolution between Millennium 120 MLC and HD 120 

MLC, the Millennium 120 MLC configuration was changed to conform the tumor. The irradiated 

films were treated as explained in sections 3.4.1 and 4.2.1.3.2. 

 

Figure 5.3. (a) Gafchromic films insertion in the anthropomorphic phantom, (b) Gafchromic 

films irradiation within the anthropomorphic phantom with Trilogy linac. 

5.2.5. LEFD measurements on Novalis 

5.2.5.1. EPID measurements  

Novalis linac has Varian 2300 linac head model as Trilogy. The one installed in IPO-Porto 

is equipped with HD 120 MLC and is also equipped with a-Si 1000 EPID. The EPID was 

calibrated (100 CUs for 100 MUs of a 10x10 cm2 field size at 105 cm SDD). To investigate the 
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effect of LEFD on this machine, the EPID was irradiated with 100 MU of 6 MV photon beam 

energy. During irradiation, the MLC leaves were closed on axis with 0⁰ of collimator rotation, 

SSD= 105 cm, X-jaws and Y-jaws apertures was set to 12 cm. 

5.3. Results  

5.3.1. Dose calculations in a cubic phantom  

The first set of MC simulated 3D dose distributions for all photon beam energies showed 

two LEFD regions out of the treatment field (defined by the X and Y jaws apertures). These 

LEFD regions have higher dose values than the background and are located at the two opposite 

sides of the direction perpendicular to the MLC leaves travel direction, as it can be seen at Figure 

5.4. 

 

Figure 5.4. Coronal view of the MC simulated 6 MV photon beam energy dose distribution at the 

isocenter level with MLC closed off-axis (a) and closed on-axis (b). 
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Figure 5.4 shows the coronal view of the 6 MV photon beam at the isocenter level (obtained 

by MC simulation), with MLC closed off-axis (Figure 5.4.a) and on-axis (Figure 5.4.b). From 

these two figures, the mean LEFD value is 46% higher than the mean central MLC transmitted 

dose value, 86% higher than the mean side MLC transmitted dose value and equal to 22% of the 

mean leakage dose value between the two closed MLC banks. Figure 5.5 shows the 3D dose 

distribution in the coronal and the sagittal planes (Figure 5.5.a and Figure 5.5.b respectively) for 

6 MV photon beam energy. From Figure 5.5.a it can be noticed that the LEFD has the width of 

X-jaws aperture and it starts to appear after 11 cm from the isocenter (at the isocenter level) at 

the two opposite sides of the direction perpendicular to the MLC leaves travel direction. 

 

Figure 5.5. The 3D MC-simulated dose distribution of 6 MV photon beam energy of a 12X22 

cm² field size in (a) the coronal view at the isocenter level,(b) 3 cm from the isocenter in the 

sagittal view, and the location of the acquired beam profiles at the depth of 4 cm from the surface 

and at lateral distances of 0, 3 and 7 cm from the isocenter (dashed lines c, d and e respectively). 
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For each simulated photon beam energy, three dose profiles were plotted along the line 

perpendicular to the MLC leaves travel direction at a depth of 4 cm from the phantom surface 

(dashed line Figure 5.5.b). The first one passed through the central axis, the second and the third 

passed at 3 cm and 7 cm to the right of the central axis respectively (dashed lines c, d and e at 

Figure 5.5.a respectively). All beam profiles were normalized to the average value of the dose at 

the central region of the profile. The beam profiles are shown in Figure 5.6 which shows the first, 

second and third dose profiles (Figure 5.6.a, Figure 5.6.b and Figure 5.6.c respectively) for the 6 

MV, 6 FFF and 10 FFF photon beam energies. From these three figures, it can be noticed that 

using the flattening filter may increase the LEFD at this depth up to 20% of the dose leakage 

through the two closed MLC banks (see Figure 5.6.a), and it exceeds the transmitted radiation 

through the central MLC leaves (up to 60% higher), which can be seen at Figure 5.6.b, the 

phantom at the LEFD region along this dose profile is only shielded by the Y-jaws, while the 

phantom in the field region (in-field) is only shielded by the MLC. The LEFD along the third 

dose profile (shielded by X and Y jaws) with the presence of the flattening filter, is up to three 

folds of the dose along the central region of the same beam profile, which is shielded by X-jaws 

and MLC (see Figure 5.6.c). 

Using the FFF energies, on the other hand, will reduce the LEFD compared to the presence 

of the flattening filter (while not stopping it completely). 
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Figure 5.6. Dose profiles at 4 cm depth at the isocenter (a) and 3 cm (b) and 7 cm (c) to the right 

of isocenter, for 6 MV, 6 FFF and 10 FFF photon beam energies. 

5.3.1.1. Collimator rotation effect  

Figure 5.7 shows the dose distribution in the coronal view for the 6 MV photon beam energy 

at the isocenter level, for the same field size, with the collimator rotated 0⁰ (Figure 5.7.a), and the 

collimator rotated 90⁰ (Figure 5.7.b). Two longitudinal beam profiles were plotted at the lateral 

distance of 3 cm from the central axis (to avoid the dose leakage through the two closed MLC 

banks at the isocenter) at the isocenter level (Figure 5.7.c). From Figure 5.7.c it can be noticed 
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that when the collimator is rotated 0⁰ the LEFD starts to appear after 11 cm from the isocenter to 

reach its maximum value after 15 cm from the isocenter, rotating the collimator can eliminate the 

LEFD within the phantom by relocating it out of the phantom. 

 

Figure 5.7. Coronal views of the MC simulated dose distributions of 6 MV photon beam energy 

and 12 x 22 cm² field size at the isocenter level with collimator rotated 0⁰ (a) and 90⁰ (b). Dose 

profiles at 3 cm distance from the isocenter for the previous collimator rotations(c). 
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5.3.2. EPID measurements 

5.3.2.1. Field size effect on LEFD 

All the EPID-measured beam profiles were acquired along the longitudinal direction and 

located 4 cm away from the isocenter in the lateral direction to avoid the dose leakage through 

the two closed MLC banks at the isocenter. Due to the fluctuation in the measured dose values 

along the beam profiles between the transmitted dose through the thin and the thick leaves and 

the large fluctuation between the interleaves and the intraleaves transmitted radiation, all the 

measured beam profiles were normalized to the average value of the dose at the central region of 

the profile for each energy. Then the normalized beam profiles were smoothed using MATLAB 

with a moving-average filter with a sliding window of 10 pixels for the same reason.  

Figure 5.8 (a, b, c, d and e) shows the 2D dose distribution for 100 MUs of 6 MV photon 

beam energy measured by EPID at the isocenter level with the MLC leaves closed on axis, for X-

jaws aperture of 12 cm and Y-jaws aperture ranging from 12 to 22 cm. From this figure (Figure 

5.8.a-e) it can be noted that the dose distribution at the LEFD region consists of two overlapping 

components. The first component is a blurred nearly elliptical-shaped dose distribution (Figure 

5.8.a), while the second is a well-defined rectangular-shaped dose distribution (Figure 5.8.e).  

Reducing the Y-jaws aperture will push the first component of the LEFD away from the 

isocenter and reduce its magnitude until it completely leaves the overlapping area when Y-jaws 

aperture is equal to 12 cm (Figure 5.8.e) or less. Figure 5.8 also shows the beam profiles for the 

previous Y-jaws apertures using 6 MV (Figure 5.8.f) and 6 FFF (Figure 5.8.g) photon beam 

energies. From these figures (Figure 5.8.f and Figure 5.8..g) it can be noticed that, as the Y-jaws 

aperture gets smaller, the scatter dose peak at the LEFD region gets lower and farther from the 

isocenter until it leaves the overlapping region at Y-jaws equal to 12 cm or less, but it does not 
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completely disappear, which can be verified from the increase in dose profiles after 21 cm from 

the isocenter at small Y-jaws aperture ( the elliptical shape Figure 5.8.f and Figure 5.8.g).  

The same effect of reducing the Y-Jaws aperture on the two components of LEFD is 

observed in the EPID-measured images for all other available energies (10 MV, 15 MV, and 10 

FFF). 

 

Figure 5.8. The EPID-measured dose of 6 MV photon beam energy with MLC closed on axis 

with X-jaws aperture equal to 12 cm, and Y-jaws aperture equal to (a) 22 cm, (b) 18 cm, (c) 16 

cm, (d) 14 cm, and (e) 12 cm. The corresponding dose profiles at the longitudinal line are located 

4 cm to the right of the isocenter for (f) 6 MV and (g) 6 FFF photon beam energies. 

The third set of simulations in cubic phantom also showed the same results in 3D. Figure 

5.9. shows the sagittal plane at the isocenter for 12x10 field size. From this figure, it can be 

noticed that the two components of LEFD are completely separated at this Y-aperture (10 cm). 
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Figure 5.9. The 6 MV simulated dose distribution for 12x10 cm² field size in the sagittal plane at 

the isocenter. (a) The first component of LEFD and (b) the second component of LEFD 

The dose distributions for all third set of simulations in cubic phantom in the coronal and 

sagittal planes at the isocenter are shown in Appendix C. 

5.3.2.2. Photon beam energy effect  

Figure 5.10.a shows the beam profiles for a 12x22 cm² field size for all available photon 

beam energies. From this figure, one observes that the first component of the LEFD is the 

dominant component at this Y-jaws aperture. In addition, increasing the photon beam energy in 

the case of flattened energies will slightly increase the LEFD magnitude, while in the case of 

FFF energies, increasing the photon beam energy will slightly reduce the LEFD magnitude. This 

figure is similar to Figure 5.6.b, and the same relationship between the dose energy and the 

LEFD magnitude could be noticed. The difference between the two figures is that Figure 5.6.b 

shows the beam profile from 3D dose distribution within the phantom (see Figure 5.5), while 

Figure 5.10.a shows the beam profile from only a 2D energy fluence distribution (see Figure 

5.8.a). In Figure 5.6.b, the beam profiles were acquired at 11 cm above the isocenter (4 cm under 

the surface), so the LEFD started to appear at 10 cm from the central axis (instead of 11 cm at 

the isocenter level as shown on Figure 5.10.a) due to the divergence of the incident photon 

beams. 
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Figure 5.10.b shows the beam profiles for 12x12 cm² field size for all available photon beam 

energies. The second component of the LEFD is known to be dominant at this Y-jaws aperture 

(Figure 5.8.e). Once again, flattened energies have higher LEFD values when compared to FFF 

energies because the unflattened photon beams are more forward-directed than the flattened 

ones, producing less dose deposition in the LEFD regions. Furthermore, increasing the photon 

beam energy will slightly increase the LEFD magnitude in flattened energies, while in the case 

of FFF energies, increasing the photon beam energy will slightly reduce the LEFD magnitude 

compared with the central dose. 

 

Figure 5.10. EPID-measured dose profiles along the longitudinal line located 4 cm to the right of 

the isocenter for 15 MV, 10 MV, 6 MV, 10 FFF, and 6FFF photon beam energy for (a) 22 cm Y-

jaws aperture and (b) 12 cm Y-jaws aperture. 



115 

 

5.3.3. 3DCRT clinical case 

The 3D dose distribution of the first simulated treatment plan is shown in  Figure 5.11. 

Figure 5.11.a shows the dose distribution at the sagittal view. Since the dose at the LEFD region 

is small compared to the dose at the isocenter, the LEFD was obscured by the high dose at the 

isocenter, and the image displaying window had to be enhanced. By enhancing the visualization 

window, the LEFD started to be distinguished from its neighboring areas as shown in Figure 

5.11.b (which shows the dose distribution in the same view as Figure 5.11.a with a dose 

visualization scale reduced to 1% of the original one). From this figure, it can be noticed that the 

LEFD is located at the thyroid region. Figure 5.11.c shows the dose distribution of the first 

simulated clinical case in the axial view at 14 cm from the isocenter in the craniocaudal direction 

(the axial view location is indicated with a yellow line in Figure 5.11.b).  

 

Figure 5.11. MC-simulated dose distribution of the first 3DCRT treatment plan (a) in the sagittal 

view, (b) with enhanced visualization window in the sagittal view (the yellow line shows the 

axial view location), and (c) at 14 cm from the isocenter at the axial view with enhanced 

visualization window. 

The mean dose at the LEFD region at this distance (14 cm from the isocenter) is equal to 

0.4% of the mean dose at the isocenter, while the mean dose out of the LEFD region at the same 

distance from the isocenter is equal to 0.173% of the mean dose at the isocenter. Given the fact 

that the patient was treated with 52 Gy at the isocenter, the mean dose at the LEFD region is 

equal to 208 mGy, while the mean dose in the adjacent area on the same level is 90 mGy. That 
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means the LEFD region (thyroid in this case) has received an extra 118 mGy of radiation due to 

the second component of the LEFD. The average uncertainty of the first simulated treatment plan 

is 1.031 %. 

Figure 5.12.a shows the dose distribution at the coronal view for the second simulated 

clinical case, while Figure 5.12.b shows the same view with enhanced brightness and contrast. 

Figure 5.12.c shows the axial view at 12 cm from the isocenter in the craniocaudal direction. The 

mean dose in the LEFD region at this distance is equal to 1.5% of the mean dose at the isocenter, 

while the mean dose out of the LEFD region at the same distance from the isocenter is equal to 

0.88% of the mean dose at the isocenter. The increase in the dose to the healthy tissue at this 

distance due to the LEFD leakage is equal to 0.62% of the mean dose at the isocenter. Since the 

patient was treated with a prescribed dose of 21 Gy, the increase in dose to the healthy tissue in 

the LEFD region due to the extra-focal leakage is equal to 130 mGy. The average uncertainty of 

the second simulated clinical plan is 1.001 %.  

 

Figure 5.12. MC-simulated dose distribution of the second 3DCRT treatment plan (a) in the 

coronal view, (b) with enhanced visualization window in the coronal view (the yellow line shows 

the axial view location), and (c) at 12 cm from the isocenter at the axial view with enhanced 

visualization window. 
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The increase in dose due to the localized extra-focal radiation for both of the previous 

clinical cases is small compared to the dose at isocenter, but, as mentioned before, radiation-

induced thyroid and breast cancers have been observed in pediatric subjects after receiving doses 

as low as 100 mGy [33]. This extra dose could easily be avoided by redirecting the LEFD out of 

the body (i.e., rotating the collimator without compromising the treatment objectives as will be 

shown later). 

5.3.4. EPID measurements on Novalis and Trilogy  

The EPID measurements for LEFD distribution for 6 MV photon beam energy and 12x12 

cm² field size with MLC closed on-axis for TrueBeam, Novalis and Trilogy are shown in Figure 

5.13 (a, b and c, respectively). 

 

Figure 5.13. LEFD distribution measured by EPID for 12x12 cm² field size with MLC closed on-

axis for 6 MV photon beam energy (a) measured on TrueBeam, (b) measured on Novalis and (c) 

measured on Trilogy.  

Figure 5.13.a shows the second component of LEFD for TrueBeam, it has the width of 12 

cm (same as the X-jaws aperture) and the length of 10 cm (from 11 to 21 cm away from the 

isocenter), the first component of LEFD can also be detected at a larger distance from the 
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isocenter. This can also be verified from Figure 5.14 which illustrates the lateral beam profiles 

acquired 4 cm from the isocenter of the LEFD images. The beam profile values were 

individually normalized to the mean dose values at the central region of the isocenter of each 

profile.  

Novalis EPID measurement (Figure 5.13.b) exhibited similar LEFD distribution to 

TrueBeam, The second component of LEFD has the same width as X-jaws aperture, but it has a 

more extended length in the direction perpendicular to the leaves travel direction. It starts to 

appear after 11 cm from the isocenter until 24 cm where the first component could be noticed, 

there is no separation between the two components at this Y-aperture as TrueBeam (see Figure 

5.14).  

 

Figure 5.14. Relative dose beam profiles located at 4cm from the isocenter of the EPID dose 

measurements for Novalis, TrueBeam and Trilogy, the beam profiles are normalized to the mean 

value at the central region of the profile.  
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In the case of Trilogy, the second component of LEFD starts to appear after 20 cm from the 

isocenter with lower dose values compared to TrueBeam and Novalis (Figure 5.13.c and Figure 

5.14). 

5.3.5. Film measurements on Trilogy  

Figure 5.15. shows the dose distribution measured by EBT3 Gafchromic film inserted at 15, 

30 and 40 cm from the isocenter (Figure 5.15.a, Figure 5.15.b and Figure 5.15.c, respectively).   

 

 

Figure 5.15. Dose distribution measured by EBT3 Gafchromic films at: (a) 15 cm, (b) 30 cm and 

(c) 40 cm from the isocenter. The arrow indicates to the leakage between the closed MLC leaves. 

The dose distribution at 15 cm from the isocenter measured on Trilogy (Figure 5.15.a) is 

similar to the one measured at the same distance from isocenter on TrueBeam (Figure 4.34.a).  

Both figures show higher dose distribution on the left posterior region of the body where the 

craniocaudal beam leaves the body. In addition, both figures as well show the leakage radiation 

between the closed MLC leaves on the left anterior region of the body (marked by the arrow at 

Figure 5.15.a). But the dose distribution measured on Trilogy shows no sign of any LEFD at this 

distance from the isocenter. The LEFD can be observed in the following measured dose 

distributions at 30 and 40 cm from the isocenter (Figure 5.15.b and Figure 5.15.c). Although the 

dose at this distance far from the isocenter is very small compared to the mean dose at PTV, the 
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mean dose distribution at 30 cm from the isocenter is two times higher than the background, 

while the mean dose at 40 cm from the isocenter is the double of the background. 

5.4. Discussion 

It was shown that in EBRT, the out-of-field doses are an important parameter that should be 

taken into consideration. Although these doses are small compared to the treatment prescribed 

dose at PTV, their effect on the healthy tissue located out of the treatment field is not yet fully 

understood and a significant number of studies have indicated an increased probability of 

developing secondary cancer after radiotherapy [12-15], even without this extra contribution. 

This probability is higher for pediatric patients than for adult patients [13, 14, 30, 31]. The out-

of-field doses are partially caused by the above described LEFD. In this chapter, the modification 

of the LEFD with the MLC rotation, field size, beam energy, flattening filter usage, and distance 

from the isocenter has been investigated using MC simulation in numerically defined cubic 

phantom and EPID measurement. 

For Varian TrueBeam linacs equipped with HD 120 MLC, the results showed the existence 

of LEFD regions with increased dose values when compared with background. These LEFD 

regions started to appear after 11 cm from the isocenter in the direction perpendicular to the 

MLC leaves travel direction. It was observed that this LEFD consisted of two overlapping 

components. 

The first component of the LEFD is caused by the scattered radiation from the beam 

collimation and shaping parts, such as the primary collimator adjacent to the radiation source, the 

flattening filter (if it is used), and the secondary collimators (X and Y Jaws), through the gap 

between the Y-jaws and the outermost border of the MLC as shown in Figure 5.16 (which shows 

a schematic representation in the side view of the linac head with the secondary collimators 
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configured similar to Figure 5.8.a when the Y-jaws aperture is equal to 22 cm at the isocenter 

level).  

 

Figure 5.16. Schematic representation (side view; not to scale) of the linac head, showing the 

scattered radiation from the primary collimator and the flattening filter through the gap between 

the Y-jaws and the MLC. 

This scattered component has a near elliptical dose distribution, and it is highly dependent 

on the Y-jaws aperture. It is the dominating component at large Y-jaws apertures and it reaches 

its maximum at 22 cm Y-jaws aperture. Reducing the Y-jaws aperture will reduce the magnitude 

of this component and push it farther from the isocenter. This component is significantly higher 
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in the case of flattened energies than FFF energies (Figure 5.8.f and Figure 5.8.g) due to the large 

contribution of the flattening filter in the scattered radiation through the gap.  

The second component of the LEFD has the same width as the X-jaws aperture, and it has a 

fixed length of 10 cm (in the case of TrueBeam linac). This component starts to appear at 11 cm 

from the central axis at the isocenter plane. In general, the incident radiation beam out of the 

treatment field is attenuated by a combination of MLC, X-jaws, and Y-jaws. In case of HD 120 

MLC, the incident radiation after 11 cm from the isocenter, in the direction perpendicular to the 

MLC leaves travel direction (and confined laterally by the X-jaws), is no longer attenuated by 

MLC and only attenuated by Y-jaws as shown in Figure 5.17, which shows schematically the top 

view of the secondary collimators (Y-jaws, X-jaws, and MLC) configured similar to Figure 5.8.e 

and projected on the isocenter level. This causes a higher dose value at the LEFD region 

compared to the background. In the case of TrueBeam linac, this component ends at 21 cm from 

the isocenter (Figure 5.8.f, Figure 5.8.g and Figure 5.13.a), where the incident photon beam is 

collimated by the primary collimator. This LEFD component is not affected by the Y-jaws 

aperture, but it is the dominant component at small Y-jaws aperture. This component is also 

greater in the case of flattened mode than the FFF mode. In both modes (flattened and FFF), 

changing the beam energies within the same energy mode did not show a significant change in 

the LEFD magnitude. 
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Figure 5.17. Schematic representation (top view, not to scale) of the secondary collimator 

configurations for 12 x 12 cm² field size projected at the isocenter level. 

In the case of 6 MV beam energy with Y-jaws equal to 22 cm, both of the MC calculations 

and the EPID measurement showed that the dose value at 15 cm from the beam axis at the 

isocenter plane is approximately equal to 160% to the transmitted radiation through the closed 

MLC. Given the fact that the average MLC transmission is up to 2% of the incident radiation 

[148], the dose at the LEFD region is up to 3.2% of the incident radiation, but this radiation is 

not taken into consideration by the TPS (as shown in section 4.3.3) and it may cause future 

complications if it was directed to a highly radiosensitive organ, especially in pediatric patients. 

Other Varian linacs (Trilogy and Varian) showed similar LEFD regions out of the treatment 

field region. From the comparison between the studied linacs (TrueBeam, Trilogy and Novalis), 

it can be noticed that the start of the LEFD regions for both components depends on the type of 
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MLC used (the comparison between HD 120 MLC and Millennium 120 MLC dimensions is 

shown at Figure 3.1). In the case of HD 120 MLC, the LEFD starts to appear after 11 cm from 

the isocenter (in the two opposite sides of the direction perpendicular to the leaves travel 

direction), while in the case of Millennium the LEFD starts to be noticed after 20 cm from the 

isocenter. 

Although the width of the second component of LEFD is equal to X-jaws aperture in all 

cases, the length of this region depends on the linac head model. In the case of TrueBeam, the 

second component of LEFD region ends at 21 cm from the isocenter, while in the case of 

Novalis and Trilogy it has a more extended length (until 24 cm from the isocenter). Even though 

the second component of LEFD in case of Millennium 120 MLC has a smaller length (from 20 

to 24 cm) and lower dose values than HD 120 MLC, it still increases the dose up to 3 folds of the 

background at larger distances from the isocenter (compared to HD 120 MLC) out of the 

treatment field. 

This extra-focal radiation could easily be avoided or mitigated by applying simple 

techniques. These techniques involve rotating the collimator to relocate the LEFD out of the 

patient body, which is the best way to completely avoid the LEFD. In case this is not clinically 

applicable, other techniques could be used to mitigate the LEFD effect, such as reducing the Y-

jaws field size since it can significantly reduce the scatter component of the LEFD or using FFF 

mode energies whenever possible, which will also reduce the dose values in the LEFD region. 

All the previous discussion was directed to the static treatment fields. Dynamic treatment 

fields (such as IMRT and VMAT) involve a higher number of monitor units compared to the 

3DCRT technique, which means a higher dose to the LEFD region. The effect of the dynamic 

fields of the LEFD will be discussed in the next chapter (Chapter 6). 



125 

 

5.5. Conclusions 

Extra precautions should be considered when treating pediatric patients with HD 120 MLC 

or any other collimator presenting similar behavior to prevent the LEFD from being directed to 

any highly radiosensitive organs such as the thyroid or the breast (for female patients). Since 

Eclipse TPS is not designed to evaluate the LEFD out of the treatment field, other calculation 

methods such as MC simulation could be used as an adjuvant tool to evaluate the LEFD. 

Furthermore, since the magnitude of transmitted and scattered radiation in these regions can be 

comparable to transmission by MLC, and significant doses might be present far from the field, 

these features should be taken into account during the commissioning of a linac. Whenever 

present, they should also be included, if possible, in the TPS for a better out-of-field dose 

calculation. More studies are needed to evaluate the LEFD contribution in the out-of-field dose 

when other MLC and linac head models are used. 
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Chapter 6  

 

Localized extra-focal dose collimator angle 

dependence during VMAT 

6.1. Introduction  

In the previous chapter, it has been shown that patients being treated with 3DCRT treatment 

plans on TrueBeam linacs equipped with Varian’s HD 120 MLC are subjected to two LEFD 

regions, which are not calculated by Eclipse TPS. In this particular device, both extra doses start 

to appear beyond 11 cm from the isocenter (at the isocenter plane) in the two opposite directions 

perpendicular to the leaves travel course. Each LEFD consists of two overlapping components. 

The first contribution is an elliptical dose distribution caused by the scattered radiation through 

the gap between the Y-jaws and the HD 120 MLC. This component is dominant at large Y-jaws 

aperture. The second component is caused by the transmitted radiation through the X-jaws. This 

component manifests itself as a well-defined rectangular-shaped dose region. It has the width of 

X-jaws aperture and in the studied system (TrueBeam equipped with HD 120 MLC) and has a 

length of 10 cm (from 11 to 21 cm from the isocenter). The dose at the LEFD region in the case 

of 3DCRT is up to 160% of the dose transmitted through the closed MLC. 
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VMAT technique provides more conformal dose to the PTV and better spare for OAR due 

to the continuous movement of the gantry synchronized with MLC leaves position, but it may 

also increase the risk of secondary cancer induction due to the larger volume of healthy tissue 

exposed to low doses out of the treatment field. In addition, it involves using more monitor units, 

and subsequently more dose ("dose bath") to the healthy tissues (e.g. due to linac head radiation 

leakage or to LEFD) out of the treatment field to deliver the same amount of dose at the isocenter 

when compared to 3DCRT.  

All simulations in this chapter were performed with the new version of PRIMO (Version 

0.3.1.1600), which was released on 31-01-2018. This version has several new features such as 

importing the treatment plan directly from DICOM-RT plan file and replacing the CT numbers 

outside the body contour with air, it allows to simulate dynamic treatment fields (such as IMRT 

and VMAT), it has the possibility of performing fast MC calculations using Dose Planning 

Method (DPM) [203]. In addition, it allows us to calibrate the simulated dose and convert it from 

eV/g to Gy using reference dose measurement (e.g. with ion chamber) in reference conditions.  

The investigation in the current chapter aims to: 

• Validate the dosimetric and spatial accuracy of the dose calculation for VMAT with 

the new version of PRIMO (PENELOPE and DPM simulation engines) within the 

treatment field borders and in the LEFD region using EPID and ion chamber 

measurements;  

• Investigate the dose distribution due to the transmitted component of LEFD during 

VMAT treatment and to study the effect of the collimator rotation angle value on this 

component.  
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6.2. Materials and methods  

6.2.1. VMAT treatment plans 

Eight standard VMAT treatment plans were calculated with Varian Eclipse TPS v.13.5.35 

(AAA algorithm) for a hypothetical abdominal PTV. Each plan consisted of two full arcs using 6 

MV photon beam energy (each arc with 177 control points).  

Since the second component of LEFD has the width of X-jaws aperture, the field size of 

each of the previous plans was adjusted at a fixed size of 10x10 cm2 to avoid the effect of the 

field size variation on the LEFD. The PTV was completely contained in the fixed size of the 

treatment field in all of the treatment plans. The plans were optimized to achieve the same PTV 

and OAR dose objectives, with collimator rotation angle ranging from 0o (360o) to 50o (310o). 

The treatment plans were performed on the CT dataset of the anthropomorphic phantom 

described in section 3.3.  

6.2.2. VMAT treatment plans simulation 

To simulate the previously described treatment plans (section 6.2.1), the anthropomorphic 

phantom structures (which were delineated in Eclipse TPS), the anthropomorphic phantom CT 

data set and the treatment plans, were exported from Eclipse as DICOM-RT files and imported 

into PRIMO. The voxelized geometry was created by associating a material and a mass density 

to each voxel in the CT dataset according to the CT scanner calibration curve (GE LightSpeed 

RT16). The simulated treatment plan configurations for 10⁰(350⁰) collimator rotation angle is 

shown in Figure 6.1. 
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Figure 6.1. Simulated treatment plan configuration for 10⁰(350⁰) collimator rotation angle. 

To simulate the TrueBeam linac downstream the phase space plane with PRIMO, the 

previously validated 6 MV phase-space file with 279x108 histories was used as a source to 

simulate the linac downstream the phase-space plane. The Varian Clinac 2100 was chosen as the 

linac model, and the HD 120 MLC type was used. All particles in the source phase-space (more 

than 14x108) were simulated using PENELOPE simulating engine and splitting factor of 100 in 

the phantom as a variance reduction technique. All simulations were performed using an Intel 

Xeon CPU E5-2660 version3 (Intel Corp., Santa Clara, California, US) at 2.60 GHz with 16 GB 

of random access memory (RAM) with 32 cores, using 16 cores simultaneously (1 GB RAM per 

computer core) as recommended by the PRIMO authors. The simulated dose distribution for 

each treatment plan was exported as a single three-dimensional (3D) multi-frame DICOM file 

using an in house developed code. To minimize the effects of statistical fluctuations and noise 

from voxel to voxel in the simulated data, the dose distribution out of the treatment field was 

evaluated in eight small spherical volumes of 1 cm3 each. Four of these spheres are located along 

the gantry rotation axis, at distances of 10, 12.5, 15 and 20 cm from the isocenter plane. The 
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other four are situated along a parallel line located 7.5 cm to the left of the gantry rotation axis at 

the same longitudinal distances from the isocenter plane. Spheres' locations, as well as the PTV 

and OAR, are shown in Figure 6.2. The mean dose at each spherical structure was normalized to 

the mean dose of the PTV.  

 

Figure 6.2. The PTV, OAR and spherical structures distributions out of the treatment field. 

To investigate the possible clinical impact of the collimator rotation on the treatment plans 

quality, the TPS-calculated cumulative DVHs for PTV and OAR have been compared for each 

of the previous treatment plans. 



131 

 

To quantitatively identify the difference between the TPS-calculated and simulated dose in 

the spheres, the percentage difference in the dose value was calculated according to the 

following equation:  

𝑃𝑟𝑒𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑑𝑜𝑠𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =
𝐷𝑃𝑅𝐼𝑀𝑂−𝐷𝑇𝑃𝑆

𝐷𝑇𝑃𝑆
 𝑋 100                                         Equation 6-1                                                      

Where DPRIMO is the mean value of the simulated dose at the sphere normalized to the mean 

value of the simulated dose at PTV, and DTPS is the mean value of the calculated dose at the 

sphere normalized to the mean value of the calculated dose at PTV. 

6.2.3.  PRIMO software verification methodology for VMAT Treatment plans  

The complexity of the VMAT technique increases the dosimetric uncertainties in treatment 

delivery. It is therefore generally recommended to perform a patient-specific pre-treatment 

dosimetric verification using an appropriate QA protocol to be sure that there is no discrepancy 

between the TPS-planned dose and the delivered (measured) dose in PTV and in OAR. A widely 

adopted QA method is the delivery of a verification plan (which is identical to the treatment 

plan) to a phantom loaded with a 2D dosimeter, then comparing the measured 2D dose 

distribution with the TPS-calculated dose distribution (using Gamma index for example) [204].  

Since the new version of PRIMO did not have any changes to the clinic 2100 linac head 

model geometry nor to dose calculation penEasy/ PENELOPE engine, there was no need to 

revalidate the phase-space, collimator and dose calculations. Nevertheless, the new version of 

PRIMO was not validated for dynamic fields, and it needs to be validated to ensure the dose 

calculations accuracy during dynamic fields simulations. The validation is done by comparing 

the simulated dose distributions with measurements (i.e. performing QA plans for the PRIMO 

simulated treatment plans) using Gamma index analysis.  
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In practice, different pre-treatment QA protocols have been implemented for VMAT QA, 

using 3D array detectors of ion chambers such as Octavius 4D (PTW, Freiburg, Germany) or 

diodes such as ArcCHECK (Sun Nuclear Corp., Melbourne, Florida) and Delta4 (Scandidos AB, 

Uppsala, Sweden) for measuring energy fluence or absorbed dose in three dimensions. 3D array 

detectors offer poor spatial resolutions and they have relatively overall small dimensions to 

measure the out-of-field doses and the treatment dose in a single measurement, due to the 

considered distances between them compared to detector array dimensions. 

EPID is mostly used for geometric verification of patient positioning during radiation 

therapy treatments. However, the EPID images show attractive features for pre-treatment dose 

verification such as its superior spatial resolution, large detection area, and its ability to be used 

for VMAT plan verifications. 

Nevertheless, EPIDs are not made of water-equivalent materials but have high-atomic 

number materials (such as the phosphor screen), which show different dosimetric response 

compared to water equivalent phantoms [205, 206], and the energy fluence map acquired by 

EPID cannot be compared directly to the TPS calculations which are based on measurements in a 

water phantom. MC technique using a precise description of EPID materials and geometry is 

expected to provide an accurate simulated dose distribution (energy fluence map) which can be 

directly compared to the EPID measured one without the need to apply any kernels on the 

simulated dose. 

6.2.3.1. QA verification plans measurements 

A QA verification plan was created using Eclipse TPS for each VMAT treatment plan. Each 

QA plan consists of two treatment arcs. The QA verification plans were delivered by Varian 

TrueBeam linac and measured with the a-Si 1200 EPID. SDD was set to 100 cm. Although the a-



133 

 

Si 1200 is equipped with an additional layer for avoiding backscattered photons from the robotic 

arm, the measurements were performed with 90o of the collimator rotation angle, so expected 

LEFD will not be located on the detector over the robotic arm to avoid any possible interference 

[207, 208]. Then, the two measured intensity distributions for each QA verification plan were 

combined in a single 16-bit grayscale DICOM file according to their relative weight in the 

original treatment plan using MATLAB. 

6.2.3.2.  QA verification plans simulation 

The components of Varian a-Si 1200 EPID are mentioned in section 3.1.3. Three 

components play an essential role in image formation and acquisition. Firstly, a 1 mm thick 

copper plate which converts the incident photons to high energy electrons, filters low-energy 

scattered photons that would otherwise decrease the contrast in the images and provides uniform 

electron build-up to the phosphor layer. Secondly, a 0.4 mm scintillating phosphor screen of 

Terbium activated Gadolinium Oxysulfide (Gd2O2S:Tb), which also converts the incident 

photons into high energy electrons. The generated electrons interact with the phosphor screen 

causing the release of visible light. The last one is an array of amorphous silicon photodiode 

deposited on a glass substrate below the phosphor, which detects the fluorescence and converts it 

into a usable signal to form a 2D pixelated image [209, 210]. 

For an a-Si EPID with a 1 mm copper buildup plate, a phosphor screen and the a-Si 

component, most of the detected signal by the light sensors (more than 99.5%) is from the 

electron and photon interaction within the phosphor layer [209, 211]. 

Since modeling the portal imager have been discussed thoroughly in literature [211] and it is 

out of the scope of this work, a simple geometry consisting of copper, phosphor screen and 
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enough thick material for the backscattered radiation [210, 212] is supposed to provide a good 

MC model for predicted energy fluence to perform the QA for the simulated treatment plans.  

Since PRIMO was originally developed for  MC  dose calculation in voxelized tissue-like 

media, it does not offer  the possibility of constructing a slab phantom of high-atomic-number 

materials, such as phosphor and copper plates. Instead, a 40 x 40 x 5 cm3 cubic phantom was 

built using MATLAB. Due to the limited number of maximum allowed voxels per simulation in 

S3 segment (10⁸ voxels§§) and to reduce the computation time, the phantom voxel array was set 

as 256 x 256 x 250 with bin size of 0.156 x 0.156 x 0.02 cm³ respectively, which offers relatively 

poor simulated image resolution (256 x 256 pixel) compared to the EPID image resolution (1190 

x1190 pixel). 

The phantom consisted of three consecutive layers. The first is 1 mm thickness of copper, 

the second is 0.4 mm of Gd2O2S:Tb and the last is a water-equivalent material. The CT numbers 

of the materials were chosen so the corresponding densities according to the PRIMO material-

density curve would be 8.96 g/cm³ for copper, 7.3 g/cm³ for the phosphor screen and 1 g/cm³ for 

the water-equivalent material.  

To simulate the QA verification plans, the irradiation of the entire 354 control points 

(2x177) for each treatment plan was simulated with 0⁰ of gantry rotation using the previously 

described cubic phantom. The isocenter was adjusted at 1.4 mm under the phantom surface. Both 

measured and simulated dose distributions (energy fluence map) of the QA verification plans 

were individually normalized to the maximum dose value. 

 

 
§§ The number is for PENELOPE simulation engine. In simulations with the DPM engine the number of voxels 

is only limited by the amount of memory assigned by the operating system to PRIMO. 
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To verify PRIMO dose calculations accuracy in case of VMAT within the treatment field 

borders, the measured and simulated dose distributions (energy fluence map) of the QA 

verification plans were compared using Gamma index of 2%, 2mm with reference to the 

maximum dose of the calculated volume (global Gamma index). The comparisons were 

performed within 10 x10 cm² region at the isocenter with suppressing all dose values less than 

5% of the maximum dose value using PTW VeriSoft v 6.2 software. 

6.2.3.3. Point dose measurements verification 

6.2.3.3.1. TPS verification plans for point dose measurements  

Since EPID was not commissioned for low dose measurements such as under the jaws and 

far from the isocenter, an additional verification for PRIMO software dosimetric accuracy in the 

LEFD regions was performed by absolute dose measurements using an ion chamber in a solid 

water phantom. A 3DCRT treatment plan was created with TPS. The verification plan consisted 

of a single 6 MV photon beam irradiating a 60 x 30 x 10 cm3 solid water phantom. The X-jaws 

and Y-jaws were set to ±5 cm and a simple contour was configured with the MLC. The isocenter 

was set at 5 cm under the phantom surface (95 cm SSD) and the prescribed dose was set to 40 

Gy. Two dose distributions were calculated one with the collimator rotation angle equal to 0⁰ and 

the other with MLC rotated 90⁰. The dose calculation for both verification plans was performed 

with both AAA and AcurosXB algorithms.  

The RW3 solid water slab phantom was irradiated according to previous verification plans 

and the absolute doses were measured with a Farmer-type ionization chamber (TM 30013, PTW 

Freiburg, Germany) that has a sensitive volume of 0.6 cm3. The doses were measured at two 

positions: at the isocenter (P1) and at a distance of 13 cm from the isocenter in the direction 

perpendicular to the leave travel direction at the isocenter plane (P2). The readings (charge) of 
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the Farmer chamber were then converted to dose (Gy) by applying the International Atomic 

Energy Agency Technical Reports Series -398 (IAEA-TRS 398) protocol [166]. The verification 

plan configurations and the Farmer chamber positions are shown in Figure 6.3. Figure 6.3.a 

shows the Beam’s Eye View (BEV) of the verification plan with the collimator rotated 0o and 

with the MLC and jaws display turned on. Figure 6.3.b shows the same display with the MLC 

and jaws display turned off. It also shows the Farmer chamber positions (P1 and P2) and the 

locations of the expected LEFD regions. Figure 6.3.c and Figure 6.3.d show the same views as 

Figure 6.3.a and Figure 6.3.b (respectively) for the verification plan with the collimator rotated 

90o. 

 

Figure 6.3. Beam’s Eye View (BEV) of the verification plan with the collimator rotated 0o and 

with the MLC and jaws display turned on (a). The same display with the MLC and jaws display 

turned off Farmer chamber positions (P1 and P2) and the locations of the expected LEFD regions 

(b). Low row (c and d), shows the same verification plan with the collimator rotated 900. 
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6.2.3.3.2. PRIMO point dose plans simulations 

The previous verification plans (with the collimator rotated 0o and 90o) were simulated with 

PRIMO. The CT images dataset, verification plans and the structures were exported from Eclipse 

TPS as DICOM-RT files and imported to PRIMO. The voxelized geometry consisted of two 

materials: air with a mass density of 0.0012 g/cm3 around the phantom and RW3 with a mass 

density of 1.045 g/cm3 for the phantom and bin size of 0.18 x 0.18 x 0.25 cm3. The phantom was 

simulated using the same 6 MV phase space used for simulating the VMAT treatment plans with 

a splitting factor of 100 in the phantom as a variance reduction technique. The simulations were 

performed using both penEasy/PENELOPE and DPM simulating engines. Each simulated dose 

distribution was exported as a single 3D multi-frame DICOM file. 

Two cylindrical structures with a volume of 0.6 cm3 (same dimensions as the sensitive 

volume of the Farmer chamber) were delineated with Eclipse and positioned similarly to the ion 

chamber positions during the irradiation. The two cylindrical structures were used to evaluate the 

TPS-calculated and PRIMO-simulated doses and compare them to the ion chamber 

measurements. 

The measured dose value at the isocenter and the corresponding number of MUs used to 

irradiate the phantom were used to calibrate PRIMO and associate the simulated eV/g to dose 

(J/kg - Gy).  

Finally, the TPS-calculated (AAA and AcurosXB), PRIMO simulated (PENELOPE and 

DPM) and the measured (ion-chamber) dose values were compared at P1 and P2 positions for 

both plans (0o and 90o collimator rotation angles). In addition, the dose distributions of the TPS-

calculated (AAA and AcurosXB) were individually compared with the simulated ones 

(PENELOPE and DPM) using the global 3D Gamma index. The comparisons were performed 
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for the two plans (0o and 90o collimator rotation angles) at 10 x 10 cm2 field size at the isocenter 

for 2%, 2mm criteria with suppressing all dose values less than 5% of the maximum dose value. 

6.3. Results  

6.3.1. Point dose measurements 

Table 6.1 shows a comparison between the calculated, simulated, and measured mean dose 

values at P1 and P2 positions for the two treatment plans (0o and 90o of collimator rotation 

angle). The disagreement between measured and simulated dose values is less than 2% at the 

isocenter and at the LEFD regions. In the present measurements, the TPS algorithms always 

underestimate the dose out of the treatment field. The TPS calculated dose out of the treatment 

field (P2 position) was approximately equal 20% of the measured one within the LEFD region 

(0o of collimator rotation), and approximately half of the measured dose out of the LEFD region 

(90o of collimator rotation). Table 6.1 also shows that the dose at the LEFD region is around 

170% higher than the background (the difference between P2 measurements at 0o and 90o of 

collimator rotation). 

For the dose distributions comparisons at the isocenter with 3D Gamma, more than 96% of 

Gamma points passed the 2%, 2mm criteria in all cases. 
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Mean dose 

value 

TPS-calculated PRIMO simulated Measured 

AAA 

(Gy± σ) 

AcurosXB 

(Gy± σ) 

PENELOPE 

(Gy± σ) 

DPM 

(Gy± σ) 

Farmer 

chamber 

(Gy± σ) 

P1 0⁰ 39.537 ± 0.445 39.611 ± 0.427 40.304 ± 2.057 40.273 ± 2.055 40.12 ± 0.85 

P2 0⁰ 0.036 ± 0.003 0.028 ± 0.002 0.150 ± 0.007 0.147 ± 0.0065 0.15 ± 0.005 

P1 90⁰ 39.339 ± 0.580 39.481 ± 0.518 40.027 ± 2.043 40.050 ± 2.044 40.08 ± 0.92 

P2 90⁰ 0.033 ± 0.002 0.025 ± 0.002 0.064 ± 0.003 0.063 ± 0.003 0.065 ± 0.005 

Table 6.1. Comparison between the TPS-calculated, PRIMO simulated and ion chamber 

measured mean dose values at P1 and P2 positions for 0⁰ and 90⁰ collimator rotation angels. 

Figure 6.4 shows a visual comparison between the TPS-calculated dose distributions (AAA 

and AcurosXB) with the simulated ones (penEasy/PENELOPE and DPM) in the coronal view at 

the isocenter plan for the two collimator rotation angles. Since the dose at the LEFD region is 

less than 1% compared to the dose at the isocenter in this situation, the dose distribution in the 

LEFD region is usually obscured by the higher dose values in the treatment field. To show the 

previous distribution, the visualization windows (image dynamic bandwidths) was reduced from 

0 - 40 Gy to 0 - 0.5 Gy. From Figure 6.4 it can be immediately noticed that LEFD was not 

calculated by either of the TPS calculation algorithms. The average uncertainty for both 

PENELOPE plans was 1.2 % and simulating time about 7 hours, while the average uncertainty 

for both DPM plans was 1.17 % with simulating time around 3 hours. 
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Figure 6.4. Visual comparison between the TPS-calculated dose distributions (AAA and 

AcurosXB) with the simulated ones (PENELOPE and DPM) in the coronal view at the isocenter 

plan for the verification plan with the collimator rotated 0o and visualization window reduced 

from 0-40Gy to 0-0.5 Gy. The low row shows the same dose distributions with the collimator 

rotated 900. 

6.3.2. QA verification plans  

Figure 6.5 shows the dose distribution for the measured and simulated dose distributions for 

a collimator rotation angle of 10o (350o) (Figure 6.5.a and Figure 6.5.b respectively) in addition 

to the transversal dose profile at the isocenter (Figure 6.5.c), which visually shows very good 

agreement when compared to the previous distributions. The low dose distribution in the LEFD 

region is obscured by the high dose values in the treatment field. To show the previous 
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distribution, the visualization windows (image dynamic bandwidths) for figures (Figure 6.5.a and 

Figure 6.5.b) were reduced from 0-65535 to 0-300 grayscale values resulting in Figure 6.5.d and 

Figure 6.5.e respectively.  

 

Figure 6.5. The dose distribution for the measured (a) and simulated (b) QA verification plans 

for 10o (350o) collimator rotation angle at full visualization window, and their corresponding 

transversal dose profile at the isocenter (c). The dose distribution for the measured (d) and 

simulated (e) QA verification plans for 10o (350o) collimator rotation angle with reduced 

visualization window, and their corresponding transversal dose profile crossing the LEFD region 

at 13 cm from the isocenter (f).  

Both measured and simulated dose distributions (Figure 6.5.d and Figure 6.5.e respectively) 

showed two higher dose regions at the two opposite vertical regions in the figures. Each one of 

these dose distributions results from the two overlapping LEFD regions corresponding to the two 

arcs of the treatment plan due to the transmitted component of LEFD. The mean measured dose 

at each LEFD region is up to 165% of the background dose and it is up to 230% of the 

background at the intersection between the two LEFD. Figure 6.5.f shows the transversal dose 

profile crossing the LEFD region at 13 cm from the isocenter. The dose profile shows good 
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spatial agreement between measured and simulated dose distributions. The simulated dose values 

along with the dose profile at the LEFD regions, as well as the intersection region, were slightly 

higher than the measured ones. The difference between the measured and simulated values 

increases when the dose profile is at a farther distance from the isocenter. This difference is most 

likely due to the tendency of the Portal Vision software to overcorrect the measured image on 

such far distances from the isocenter. 

The Gamma evaluation of the dose distributions in Figure 6.5.a and Figure 6.5.b is shown in 

Figure 6.6. It shows the comparison between the measured (Figure 6.6.a) and the MC simulated 

(Figure 6.6.b) dose distributions and the corresponding Gamma distribution (Figure 6.6.c) where 

98.1% of the evaluated Gamma points passed the 2%, 2mm criteria.  

 

Figure 6.6. Comparison between the measured (a) and simulated (b) dose distributions for 10⁰ 

(350⁰) collimator rotation angle and 10x10 cm² field size, and the corresponding Gamma 

distribution (c). 

The Gamma index comparisons between the measured and simulated dose distributions of 

the QA verification plans for all considered rotation angles showed similar results, in all cases 

more than 96% of Gamma points passed the criteria of 2%, 2mm. 

The average uncertainty for all QA verification plans ranged between 2.82 to 3.21 % with 

simulating time about 6 hours for each QA plan. 
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6.3.3. VMAT treatment plans 

The QA verification plans allow comparing the simulated dose distributions with the 

measured ones. But they are limited to 2D distributions in the coronal view of the dose 

distribution and does not provide any anthropomorphic visualization  of the dose distribution 

within the body.  

In addition to the QA plans comparison, another 3D comparison was performed between the 

3D calculated and simulated dose distributions using 3D Gamma index. This comparison was 

conducted to double-check the accuracy of the new version of PRIMO dose calculation in CT 

dataset within the treatment field, where TPS calculation is known to be accurate.  

The matching between the Eclipse calculated dose distributions and the corresponding 

simulated ones for all collimator rotation angles is considered very good within the treatment 

field borders. In all of the previous cases, more than 97% of Gamma points passed the criteria of 

2%, 2mm. 

Figure 6.7. shows the comparison between the simulated and calculated dose distributions 

(normalized at the mean dose value of the PTV) of the VMAT treatment plan with the collimator 

rotated 10⁰(350⁰) in the axial view at the isocenter (Figure 6.7.a and Figure 6.7.b respectively), 

and the corresponding Gamma distribution where 98.3% of Gamma points passed the 2%/2mm 

criteria. The failed points are mainly located on the edges of the PTV where the dose gradient is 

very high and susceptible to positioning misalignments.  
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Figure 6.7. Comparison between the MC simulated dose distribution for the 10⁰(350⁰) treatment 

plan in the axial view at the isocenter plane (a) and TPS-calculated dose distribution of the same 

plan at the same view (b), and the corresponding Gamma distribution (c). 

Figure 6.8. shows the simulate dose distributions for the VMAT treatment plan in the 

coronal view at the isocenter level for all simulated collimator rotation angles with the 

visualization window reduced from 65535 to 700 grayscale values.  

 

Figure 6.8. The MC-simulated dose distributions for the VMAT treatment plan in the coronal 

plane at the isocenter level for 0⁰ (a), ±5⁰ (b), ±10⁰ (c), ±20⁰ (d), ±30⁰ (e), ±40⁰ (f), ±45⁰ (g), and 

±50⁰ (h) collimator rotation angle with the visualization window reduced from 65535 to 700 

grayscale values. 

From this figure, it can be noticed that at small collimator rotation angles the LEFD 

distribution can easily be visually accessed at both pelvic and thoracic regions. At 0⁰ (Figure 

6.8.a) LEFD has a cylindrical dose distribution caused by the complete superposition of the 

LEFDs of each individual treatment arc. As the collimator rotation angle increases, the two 
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cylindrical distributions (corresponding to the two treatment arcs) start to drift apart. However, 

their intersection remains localized along the gantry rotation axis until they are completely 

separated (see Figure 6.8.e). Increasing the collimator angles further will relocate the LEFD out 

of the body as shown in Figure 6.8.g and Figure 6.8.h.  

Figure 6.9 shows the simulated dose distribution for 0o (360o) collimator rotation angle in 

the coronal, sagittal and axial views (Figure 6.9.a, Figure 6.9.b and Figure 6.9.c respectively), 

with the visualization window reduced from 65535 to 600 grayscale values. 

 

Figure 6.9. The simulated dose distribution for 0⁰ (360⁰) collimator rotation angle in coronal (a) 

and sagittal (b) planes, as well as an axial view (c) in a slice located at 13 cm from the isocenter 

axial plane with the visualization window, reduced from 65535 to 600 grayscale values. 

The LEFD distribution has a cylindrical dose distribution that has a diameter of 10 cm 

(equal to the X-jaws aperture) and a length of 10 cm (from 11 to 21 cm from the isocenter) in the 

two opposite ends of the gantry rotation axis. The dose values in the cylindrical LEFD have a 

gradual distribution, which is higher when closer to the isocenter and decreases at greater 
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distances. The dose distribution in the LEFD regions at this collimator rotation angle is higher at 

the central areas than peripheral ones as shown in the axial view located at 13 cm from the 

isocenter (Figure 6.9.c). 

Figure 6.10 shows the dose distribution for 30 o (330o) collimator rotation angle in the 

coronal and sagittal views (Figure 6.10.a and Figure 6.10.b) respectively, with the visualization 

window reduced from 65535 to 600 grayscale values. 

 

Figure 6.10. The simulated dose distribution for 30⁰ (330⁰) collimator rotation angle in coronal 

(a) and sagittal (b) planes, as well as an axial view (c) in a slice located at 14 cm from the 

isocenter axial plane with the visualization window, reduced from 65535 to 600 grayscale 

values. 

These two figures (Figure 6.10.a and Figure 6.10.b) show that at large collimator angles, the 

dose distribution in the peripheral area in the LEFD region is higher than the dose at the central 

area, which can be seen more evidently in the axial view located 14 cm from the isocenter (see 

Figure 6.10.c).  
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In addition, at small collimator rotation angles another region with higher dose values than 

background could be detected at the oral cavity region of the phantom (see Figure 6.8.a-c and 

Figure 6.9). This extra dose is due to the scattered radiation through the gap between the Y-jaws 

and MLC (the first component of LEFD). This  component of LEFD dose also disappears at 

higher collimator rotation angles (see Figure 6.8.e-h and Figure 6.10) 

Figure 6.11 shows the mean deposited dose in spheres  #1, #2, #3 and #4 located along the 

gantry rotation axis at distances of 10, 12.5, 15 and 20 cm respectively from the isocenter 

(spheres numbers and locations are shown in Figure 6.2 and Figure 6.9.a) and normalized to the 

mean dose at the PTV for all simulated collimator rotation angles. This figure shows that the 

dose deposited in sphere #1 (which is located out of the treatment field but closer to the isocenter 

from the LEFD region) is not affected by the collimator rotation angle. However, the standard 

deviation of voxel dose (reflected on the error bars) in this sphere is relatively higher than in the 

other spheres since it is located in a high dose gradient area at the end of the region shielded by 

the MLC. Although sphere #2 is located at a larger distance from the isocenter than sphere #1, it 

shows higher deposited dose values at small collimator rotation angles because it is located in the 

LEFD region where the dose is higher than the background (as shown below). 

For spheres #2, #3 and #4 it can be noticed that, as the collimator rotation angle increases, 

the dose at these points decreases, starting from the most distant sphere from the isocenter, until 

it becomes stable when LEFD completely leaves the considered volume. The dose values in 

spheres #2, #3 and #4 at small collimator rotation angles are approximately 75%, 111% and 

196% higher than the background at large collimator angles, respectively. 
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Figure 6.11. The relationship between the collimator rotation angles and the mean deposited dose 

in spheres #1, #2, #3 and #4 located along the gantry rotation axis, relative to the mean dose at 

the PTV. The error bars represent ±1 standard deviation of percent voxel values inside the 

spheres. 

 

Figure 6.12 shows the relationship between the collimator rotation angles and the dose 

deposition in spheres #5, #6, #7 and #8 situated along a parallel line located 7.5 cm to the left of 

the gantry rotation axis at distance of 10, 12.5, 15 and 20 cm respectively from the isocenter 

plane (sphere numbers and locations are shown in Figure 6.2 and Figure 6.9.a). 



149 

 

 

Figure 6.12. The relationship between the collimator rotation angles and the mean deposited dose 

in spheres #5, #6, #7 and #8 situated along a parallel line located 7.5 cm to the left of the gantry 

rotation axis, relative to the mean dose at the PTV. The error bars represent ±1 standard 

deviation of percent voxel values inside the spheres. 

 

An opposite behavior to Figure 6.11 can be noticed in Figure 6.12, as the collimator rotation 

angle increases the deposited dose at these spheres also increases starting from the most distant 

sphere from the isocenter to the closer one. Then it decreases again when the LEFD leaves the 

spheres. 

The DVHs for PTV and OAR are shown in Figure 6.13 ( PTV and OAR locations are shown 

in Figure 6.2 and Figure 6.1 sagittal and coronal planes). All the DVHs are consistent with the 

dose objectives chosen during the treatment plans calculations. The DVHs showed no significant 
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change in the organ dose coverage related to the collimator rotation for this specific hypothetical 

treatment case.  

 

Figure 6.13. Comparison between the cumulative DVHs in PTV and OAR for different 

collimator rotation angles. 

The percentage difference between the calculated and simulated dose deposited in spheres 

#1, #2, #3 and #4 located along the gantry rotation axis is shown in Figure 6.14. From this figure 

it can be noticed the dose difference in sphere #1 (out of the treatment field but also out of the 

LEFD region) is relatively small compared to the other spheres located within the LEFD region 

and it is not affected by the increase of the collimator rotation angle. The dose difference in this 

sphere reflects the tendency of the TPS to underestimate the dose out of the treatment field 

region. For spheres #2, #3 and #4 located within the LEFD region the dose difference increases 

as the sphere distance from the isocenter increase. For the same sphere, the dose difference in the 

cases of small collimator rotation angles is significantly higher than in the cases of the larger 
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collimator rotation angle. The average uncertainty for all VMAT treatment plans ranged between 

1.48 to 1.75 % with simulating time about 6 hours for each VMAT treatment plan. 

 

Figure 6.14. The percentage dose difference between the calculated (TPS) and simulated (MC) 

dose distribution in spheres # 1, 2, 3 and 4 for different collimator rotation angles. 

 

6.4. Discussion 

The collimator rotation angle effect on the LEFD during VMAT was studied using PRIMO 

software. The accuracy of VMAT calculations in PRIMO was verified by Farmer chamber 

measurements and by EPID measurements as well. The Farmer chamber was used to verify the 

dosimetric accuracy of PRIMO dose calculation at small dose values out of the treatment field in 

the LEFD region and outside this region. While the EPID measurements were used to verify the 

accuracy of the dose distribution calculated by PRIMO for the VMAT plans within the treatment 
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fields border and to verify the spatial accuracy of the dose distribution calculated by PRIMO in 

the LEFD regions. 

6.4.1. Point dose measurements 

Farmer chamber measurements have shown that the dose in the LEFD region is 

approximately 170 % higher than the background dose. The simulated dose values showed good 

agreement with the measurements out of the treatment field in the LEFD region and outside this 

region for both simulating engines (penEasy/PENELOPE and DPM). On the other hand, both 

TPS calculation algorithms (AAA and AcurosXB) showed poor calculation accuracy out of the 

treatment field. TPS showed a tendency to underestimate the dose out of the treatment field in 

general and it completely failed to calculate the LEFD contribution to the out of field doses. The 

dose in the LEFD regions was approximately 5 times higher than the value calculated by TPS. 

6.4.2. QA verification plans 

The QA verification plans showed good agreement between the measured and simulated 

dose distributions within the treatment field borders. They also showed good spatial agreement 

between the measured and simulated distributions in the LEFD regions. The QA verification 

plans showed a small difference between measured and simulated dose values at the LEFD 

regions which increases at larger distances from the isocenter. This difference could result from 

the EPID calibration procedure, which does not involve any special corrections for low dose 

values at large distance from the isocenter, or it could be related to the simplification of the EPID 

geometry during the simulations. 

Both point measurements and QA verification plans have shown that the new version of 

PRIMO is a reliable tool to simulate dynamic treatment fields and that the suggested simplified 
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geometry of EPID can provide a useful tool to simulate dose distributions in the EPID and to 

compare the simulation results with the EPID measurements.  

6.4.3. VMAT treatment plans 

The results showed that patients undergoing VMAT with TrueBeam linac equipped with HD 

120 MLC (this also applies to other linac models equipped with HD 120 MLC such as Varian 

Novalis as shown in section 5.3.4) are exposed to two LEFD regions from each treatment arc. 

These LEFD regions are located beyond 11 cm from the isocenter in the two opposite directions 

perpendicular to the leaves' travel course. The LEFD region is a cylindrical dose distribution 

which has a diameter equal to the X-jaws aperture and higher dose values than the background. 

At a small collimator rotation angles the two LEFD regions corresponding to the two treatment 

arcs (in each direction) are intersected along the gantry rotation axis and doubling the LEFD 

dose in the intersection region. Although the dose at the intersection region is small compared to 

the dose at PTV (less than 1.1%), it is still up to three folds of the background. As the collimator 

rotation angle increases, the intersection region decreases until it vanishes. At this point, the dose 

at the peripheral area of the LEFD region is higher than the central area. Increasing the 

collimator rotation further will relocate the LEFD out of the patient body (at collimator rotation 

angles equal to or greater than 45⁰ (315⁰) in the studied anthropomorphic phantom). Although in 

our studied example, increasing the collimator rotation angle showed no significant change in the 

dosimetric coverage of PTV and OAR, the collimator rotation angle is still an important 

parameter that may affect the treatment plan quality. In practice, the collimator rotation is case 

dependent and can be predefined manually based on the dosimetrist experience depending on the 

target shape, size and location. According to Eclipse TPS, the recommended collimator rotation 
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angles for plan optimizer are 10⁰ (350⁰) and 30⁰ (330⁰) [213]. Based on other factors, several other 

studies have found 45⁰ (315⁰) to be the optimal collimator rotation angle for most cases [77, 214].   

6.5. Conclusions 

Although the doses verified due to the LEFD are not enough to induce deterministic effects 

on the patient, they generate unexpected and unpredictable low dose distributions that can be 

avoided or minimized. In the present case, the LEFD can be avoided during VMAT by 

increasing the collimator rotation angle over 45⁰ (315⁰) to relocate LEFD out of the patient body. 

If this option is not clinically achievable without compromising the dosimetric objectives of the 

target volumes, efforts should be made to relocate this LEFD away from any radio-sensitive 

organ. Otherwise, alternative choices such as measuring the LEFD in anthropomorphic phantoms 

or estimating the dose by means of MC simulations are advisable. The study and characterization 

of such LEFD distributions should be performed on other linacs head and MLC models.  
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Chapter 7  

 

Conclusions and future work 

7.1. Summary of outcomes 

Recent advances in EBRT have resulted in an improvement in the conformality of the dose 

delivered to the targeted volume and better sparing the surrounding tissues. Nevertheless, this 

enhanced conformality did not reduce or accounted for the unintended dose out of the treatment 

field (out-of-field dose). MLC is used as a tertiary collimator in Varian linacs which provides an 

additional shielding layer to reduce the radiation reaching the patient. The primary collimator 

defines the maximum circular field size, which is then further truncated by movable jaws (x-jaws 

and Y-jaws) producing maximum field size of 40x40 cm² at the isocenter plane. Varian 

Millennium 120 MLC has 120 leaves (60 leaves per bank) with the dimensions of 40x40 cm² 

which cover the produced field size completely. The recent model of MLC from Varian (HD 120 

MLC) has the same number of leaves (120 leaves) with the dimensions of 40x22 cm². It provides 

twice the resolution in the central region of the MLC (along the axis perpendicular to the leaf 

motion direction) for better conformality to the tumor (see Figure 3.1). Nevertheless, the new 

MLC leaves the areas beyond 11 cm from isocenter (in both directions perpendicular to the leaf 

motion direction) without the extra shielding provided by the MLC. In addition, the tertiary 
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collimation design adopted by Varian has an inherent feature represented by the existence of a 

gap between the upper jaws (Y-jaws) and the outermost leaf of the MLC, which might allow the 

scattered radiation from the primary collimator and beam shaping and monitoring parts from 

reaching the patient through the gap. The impact of the previously mentioned two issues (the 

reduced MLC dimensions and the gap) on the dose delivered to the patient during EBRT were 

investigated on high-end, high-performance TrueBeam linac equipped with HD 120 MLC, two 

other linac models from Varian (namely, Novalis and Trilogy) were used to compare the 

findings.   

Since the accuracy of dose calculations in the currently available TPS algorithms is known 

to decrease drastically beyond the borders of the treatment field, a different approach based on 

MC simulations combined with dose measurements to verify the results was adopted in this 

thesis. MC simulations were performed with PRIMO software. PRIMO was first validated by 

comparing the simulated dose values in a water tank, anthropomorphic phantom, and virtual 

simplified geometry of EPID with the dose measurements acquired by the ion chamber, 

Gafchromic films and EPID. PRIMO was validated for dose calculations in both static and 

dynamic fields within the treatment field and out of the treatment field borders as well. The 

results have shown the existence of two regions with increased dose values out of the treatment 

field which are not calculated by Eclipse TPS (AAA nor Acuros XB). These two regions were 

called Localized Extra-Focal dosed (LEFD) regions to be distinguished from the extra-focal dose 

resulting from the general leakage from the linac treatment head. Both LEFD regions start to 

appear after 11 cm from the isocenter in the two opposite directions perpendicular to the leaf 

motion direction in the case of HD 120 MLC (after 20 cm from the isocenter in case of 

Millennium 120). Each LEFD consists of two overlapping components. The first component is a 
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nearly elliptical dose distribution caused by the scattered radiation from the gap between the Y-

jaws and the MLC. This component is highly dependent on the Y-jaws aperture, it is the 

dominant component at large Y-jaws aperture and it reaches its maximum at 22cm of Y-jaws 

aperture. This component is significantly higher in the case of the flattened energies than FFF 

energies, due to the large contribution of the flattening filter in the scattered radiation through the 

gab. Reducing the Y-jaws aperture will minimize the magnitude of this component and push it 

further from the isocenter. The second component of the LEFD is a well-defined rectangular-

shaped dose distribution which has the width of the X-jaws aperture, and the length of this 

component depends on the linacs head model and on the MLC used. The beginning of this 

component is after 11 cm from the isocenter in case of HD 120 MLC, and after 20 cm in the case 

of Millennium 120 MLC. The end of this component is defined by the primary collimator of the 

linac head, in the case of TrueBeam this component ends at 21cm distance from the isocenter. In 

Novalis and Trilogy (linac head model 2300) it has a more extended length up to 24 cm from the 

isocenter. This component of LEFD is caused by the transmitted radiation through only Y-jaws. 

Although this component is not affected by Y-jaws aperture, it is the dominant component at 

small y-jaws, it is also greater in the case of flattened energies than FFF energies. Although the 

contribution of LEFD is significantly lower in the case of Millennium 120 MLC and covers less 

volume than HD 120 MLC, the measured dose in the LEFD region is up to two times higher than 

the background (see Figure 5.15.b).  

In the case of VMAT, the second component of each LEFD region was manifested as a 

cylindrical dose distribution which has the diameter of X-jaws aperture and in the case of 

TrueBeam, it has the height of 10 cm (from 11 to 21 cm from the isocenter). In the case of 

general VMAT treatment plans, where the plan consists of two full arcs. At small collimator 
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angles, the two LEFD regions corresponding to the two treatment arcs are intersected along the 

gantry rotation angle, which doubles the effect of the LEFD in the intersection region. The most 

extreme case is when using un-flattened photon beams with large Y-apertures on a linac 

equipped with HD 120 MLC, the dose values, in this case, is up to 160% of the average dose 

transmitted through the MLC (see Figure 5.10.a).  

7.2. Conclusions and recommendations  

Extra precautions should be taken into consideration when treating pediatric patients with 

HD 120 MLC (especially on linacs that cannot operate in FFF mode) to prevent the LEFD from 

being directed to any highly radiosensitive organs such as the thyroid or the breast (for female 

patients). Although the doses verified due to LEFD are not high enough to induce deterministic 

effects to the patient, they generate unattended and unexpected low dose distribution in the 

patient body out of the treated region which could easily be avoided without compromising the 

treatment plan objectives by increasing the collimator rotation angle to relocate the LEFD 

regions out of the patient body. If this option is not clinically achievable without compromising 

the treatment plan quality, other strategies could be applied to mitigate the effect of LEFD on the 

healthy tissues out of the treatment field. These strategies involve: trying to locate the LEFD 

regions away from any radiosensitive organ; reducing the Y-jaws field size which can 

significantly reduce the scattered component of the LEFD and using FFF mode energies rather 

than un-flattened beam energies whenever possible.  

Although PRIMO software PRIMO is not validated nor licensed for the use in clinical 

patient treatments, the results have shown that it can provide more accurate results for dose 

calculations out of the treatment field than Eclipse TPS. Several tools and scripts were developed 

during the work to simulate clinical cases and to export the results. In addition to characterizing 
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the LEFD, these tools were used to study the effect of the treatment couch top on the dose 

distribution within the patient. They also were used to evaluate the out-of-field dose values in the 

vicinity of Cardiac Implantable Electronic Devices (CIED) as shown in Appendix D.  

Since Eclipse TPS underestimates the dose values out of the treatment field in general and 

since it does not take into account the extra dose contribution caused by the LEFD, if the LEFD 

could not be eliminated nor mitigated, other approaches such as using MC simulations or 

performing measurements in anthropomorphic phantoms are advisable to be used as an adjuvant 

tool to evaluate the dose in the LEFD regions.  

Furthermore, since the magnitude of the transmitted and scattered radiation in the LEFD 

regions can be comparable to the transmission by MLC, and significant doses might be present 

far from the field, LEFD should be taken into account during the commissioning of linacs, and it 

should also be included, if possible, in the TPS for a better out-of-field dose calculation.  

The results presented in this thesis could be used to provide data for risk estimation models that 

could guide decision making in EBRT treatment planning, especially in the case of pediatric patients. 

7.3. Future work  

In addition to the strategies provided in the previous section to mitigate the LEFD during 

EBRT, other measures  might also possibly reduce the LEFD upon using dynamic treatment 

fields (IMRT and VMAT) such as activating the jaws track option in Eclipse TPS or reducing the 

dynamic modulation factor of the plan. A further investigation is needed to evaluate the effect of 

these two factors on the dose in the LEFD region. 

Finally, more studies are needed to evaluate and understand the LEFD contribution in the 

out-of-field dose when other MLC and linac head models are used. 
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Chapter 8  

 

Appendices 

8.1. Appendix A 

Data curve comparisons for 10FFF photon beam energy. 

 

Figure 8.1. Comparison between measured and simulated PDDs of 10 FFF for different field 

sizes. 
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Figure 8.2. Comparison between measured and simulated lateral dose profiles at 2.3 cm depth. 

 

 

 

Figure 8.3. Comparison between measured and simulated lateral dose profiles at 5 cm depth. 
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Figure 8.4. Comparison between measured and simulated lateral dose profiles at 10 cm depth. 

 

 

 

Figure 8.5. Comparison between measured and simulated lateral dose profiles at 20 cm depth. 
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Figure 8.6. Comparison between measured and simulated lateral dose profiles at 30 cm depth. 

 

 

 

Figure 8.7. Comparison between measured and simulated lateral dose profiles for a 2x2 cm2 field 

size at each considered depth. 
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Figure 8.8. Comparison between measured and simulated lateral dose profiles for a 3x3 cm2 field 

size at each considered depth. 

 

 

 

Figure 8.9. Comparison between measured and simulated lateral dose profiles for a 4x4 cm2 field 

size at each considered depth. 
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Figure 8.10. Comparison between measured and simulated lateral dose profiles for a 6x6 cm2 

field size at each considered depth. 

 

 

 

Figure 8.11. Comparison between measured and simulated lateral dose profiles for an 8x8 cm2 

field size at each considered depth. 
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Figure 8.12. Comparison between measured and simulated lateral dose profiles for a 10x10 cm2 

field size at each considered depth. 

 

 

 

Figure 8.13. Comparison between measured and simulated lateral dose profiles for a 15x15 cm2 

field size at each considered depth. 
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Figure 8.14. Comparison between measured and simulated lateral dose profiles for a 20x20 cm2 

field size at each considered depth. 

 

 

 

Figure 8.15. Comparison between measured and simulated lateral dose profiles for a 30x30 cm2 

field size at each considered depth. 
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Figure 8.16. Comparison between measured and simulated lateral dose profiles for a 40x40 cm2 

field size at each considered depth. 

 

 

 

 

 

 

 

 

 

 

0

10

20

30

40

50

60

70

80

90

100

110

-35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35

R
e

la
ti

ve
 D

o
se

 (
%

)

Off-axis distance (cm) 

Chart Title

2.3 cm Mesured

2.3 cm Simulated

5 cm Mesured

5 cm Simulated

10 cm Mesured

10 cm Simulated

20 cm Mesured

20 cm Simulated

30 cm Mesured

30 cm Simulated



169 

 

8.2. Appendix B 

Data curve comparisons for 6 MV photon beam energy. 

 

Figure 8.17. Comparison between measured and simulated PDDs of 6 MV for different field 

sizes. 
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Figure 8.18. Comparison between measured and simulated lateral dose profiles at 1.4 cm depth. 

 

 

 

Figure 8.19. Comparison between measured and simulated axial dose profiles at 5 cm depth. 
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Figure 8.20. Comparison between measured and simulated lateral dose profiles at 10 cm depth. 

 

 

 

Figure 8.21. Comparison between measured and simulated lateral dose profiles at 20 cm depth. 
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Figure 8.22. Comparison between measured and simulated lateral dose profiles at 30 cm depth. 

 

 

 

Figure 8.23. Comparison between measured and simulated lateral dose profiles for a 2x2 cm2 

field size at each considered depth. 

0

5

10

15

20

25

30

-35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35

R
e

la
ti

ve
 D

o
se

 (
%

)

Off-axis distance (cm) 

Measured 2x2cm²

Calculated 2x2cm²

Measured 3x3cm²

Calculated 3x3cm²

Measured 4x4cm²

Calculated 4x4cm²

Measured 6x6cm²

Calculated 6x6cm²

Measured 8x8cm²

Calculated 8x8cm²

Measured 10x10cm²

Calculated 10x10cm²

Measured 15x15cm²

Calculated 15x15cm²

Measured 20x20cm²

Calculated 20x20cm²

Measured 30x30cm²

Calculated 30x30cm²

Measured 40x40cm²

Calculated 40x40cm²

0

10

20

30

40

50

60

70

80

90

100

110

-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12

R
e

la
ti

ve
 D

o
se

 (
%

)

Off-axis distance (cm) 

1.4 cm Measured

1.4 cm Calculated

5 cm Measured

5 cm Calculated

10 cm Measured

10 cm Calculated

20 cm Measured

20 cm Calculated

30 cm Measured

30 cm Calculated

Depth



173 

 

 

Figure 8.24. Comparison between measured and simulated lateral dose profiles for a 3x3 cm2 

field size at each considered depth. 

 

 

 

Figure 8.25. Comparison between measured and simulated lateral dose profiles for a 4x4 cm2 

field size at each considered depth. 
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Figure 8.26. Comparison between measured and simulated lateral dose profiles for a 6x6 cm2 

field size at each considered depth. 

 

 

 

Figure 8.27. Comparison between measured and simulated lateral dose profiles for an 8x8 cm2 

field size at each considered depth. 
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Figure 8.28. Comparison between measured and simulated lateral dose profiles for a 10x10 cm2 

field size at each considered depth. 

 

 

 

Figure 8.29. Comparison between measured and simulated lateral dose profiles for a 15x15 cm2 

field size at each considered depth. 
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Figure 8.30. Comparison between measured and simulated lateral dose profiles for a 20x20 cm2 

field size at each considered depth. 

 

 

 

Figure 8.31. Comparison between measured and simulated lateral dose profiles for a 30 x30 cm2 

field size at each considered depth. 
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Figure 8.32. Comparison between measured and simulated lateral dose profiles for a 40x40 cm2 

field size at each considered depth. 
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8.3. Appendix C 

 

 

Figure 8.33. The dose distributions of 6 MV photon beam energy, with MLC closed off-axis in 

the coronal plane at the isocenter for 12 cm X-jaws aperture and Y-aperture equal to: (a) 22cm, 

(b) 20 cm, (c) 18 cm, (d) 16 cm, (e) 14 cm, (f) 12 cm and (g)10 cm. 
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Figure 8.34. The dose distributions of 6 MV photon beam energy, with MLC closed off-axis in 

the sagittal plane at the isocenter for 12cm X-jaws aperture and Y-aperture equal to: (a) 22cm, 

(b) 20 cm, (c) 18 cm, (d) 16 cm, (e) 14 cm, (f) 12 cm and (g)10 cm. 
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8.4. Appendix D 

 

Estimating Dose from Radiotherapy Treatments in the Vicinity of a Cardiac Pacemaker 

using Monte Carlo simulations 

8.4.1. Introduction 

Heart disease and cancer are by far the most leading causes of death in the United States in 

2017 [215, 216]. Half of the cancer patients are expected to undergo Radiotherapy during their 

treatment course [217]. Subsequently, a considerable number of cardiovascular patients with 

CIEDs are encountered in Radiotherapy (especially among the elderly). Irradiating the CIEDs 

may cause altered output stimulation, program resetting and other device failures or malfunction 

due to the ionizing effect of the radiation on the radio-sensitive electronics contained within the 

device[218]. According to the AAPM TG-34 guidelines [219], pacemakers should not be 

irradiated directly with the treatment beams, the CIED’s cumulated dose should either be 

estimated before treatment or measured during treatment and should not exceed 2 Gy. 

Nevertheless, a more extensive study by Mouton et al. [220] was performed on 96 pacemakers 

showed that one irradiated pacemaker exhibited an important failure at an accumulative dose of 

0.15 Gy and nine others failed at a cumulative dose lower than or equal to 2 Gy. It is difficult to 

estimate precisely the dose to CIED since it is usually located out of the treatment field where 

the accuracy of the available treatment planning systems (TPSs) is known to decrease beyond the 

treatment boundary [34, 35], which was also verified in Chapter 4. The dose delivered to the 

vicinity of the CIED could be studied with different dosimeters, but the results show a high 

standard deviation, supporting the hypothesis that the ideal dosimeter to use should be case-

dependent [221]. In addition, such measurement needs special equipment during treatment, or to 
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be performed with an anthropomorphic phantom prior to treatment. MC simulation, on the other 

hand, can provide a more elegant solution to estimate the accumulated dose delivered to the 

CIEDs, and the dose calculations performed by PRIMO code have shown good agreement with 

the measurements out of the treatment field. The objective of the present work is to estimate the 

dose delivered in the vicinity of the CIEDs using MC simulations and to compare the results with 

TPS calculations. 

8.4.2. Materials & Methods 

Five patients with CIEDs have been treated with 6MV photon beam energy on Varian 

Trilogy linear accelerator using either IMRT or VMAT techniques for head and neck and lung 

cancers. The clinical treatment plans were calculated using Varian Eclipse TPS using AAA 

v.13.5 algorithm. The plans were also simulated with MC simulations using PRIMO software 

v.0.3.1.1681. Both calculated and simulated doses were normalized to the mean dose at PTV. 

The dose distributions at the treatment fields were compared using Gamma index with criteria of 

2mm, 2% with reference to the maximum dose (Global Gamma index). Then, both cumulated 

doses of each plan at the vicinity of the CIEDs were compared. 

8.4.3. Results 

The simulated dose distributions matched the calculated ones relatively well. In all cases, 

more than 95% of Gamma points passed the criteria of 2 mm, 2%, within the treatment field 

borders. Figure 8.35 shows the simulated dose distribution for case #1 in the axial and coronal 

views (Figure 8.35.a and Figure 8.35.b, respectively). 
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Figure 8.35. The simulated dose distribution for case #1 in the axial (a) and coronal(b) views. 

Figure 8.36. shows the Gamma comparison between the TPS calculated and MC simulated 

dose distributions for case #1  where 97% of Gamma points passed the 2mm,2% criteria. 

 

Figure 8.36. comparison between TPS-calculated (a) and the MC-simulated (b) dose 

distributions for case #1, and the corresponding Gamma distribution (c) 

As the distance between the edge of the treatment field and the CIEDs decreases the 

cumulated dose at the CIEDs increases and the probability of exceeding the dose limitation 

increases as well. As the previous distance increases the difference between the calculated and 

simulated dose increases as shown in Figure 8.37 and Table 8.1.  
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Figure 8.37. Comparison between the TPS calculated and MC simulated dose values at the 

vicinity of CIED relative to the mean dose at the PTV. The error bars represent ±1 standard 

deviation of percent voxel values inside the CIED.  

 

Case number #1 #2 #3 #4 #5 

Technique VMAT VMAT VMAT IMRT VMAT 

Prescribed Dose 

(Gy) 
60 42 60 30 20 

Distance from the 

field borders (cm) 

Partially 

located in field 

Partially 

located in field 
6.34 8.25 8.35 

Simulated plan 

average uncertainty 

(%) 

1.069 1.003 0.783 1.270 0.960 

Gamma index 

(2%,2mm) 
97% 95.3% 97.4% 97.6% 96.3% 

Dose difference at 

the vicinity of CIED 

(%) 

+6.5% -2.11% +60% -39% +67% 

Table 8.1. Dose difference at the vicinity of CIED. 
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Figure 8.37 shows the comparison between the TPS calculated and MC simulated dose 

values at the vicinity of CIED relative to the mean dose at the PTV for the studied treatment 

cases. While Table 8.1 shows the Gamma index values for the previous comparison for each 

studied treatment case. In addition, Table 8.1 also shows the dose difference between the TPS 

calculated and MC simulated treatment cases. From Figure 8.37 and Table 8.1 it can be noticed 

that Eclipse tends to underestimate the dose in the CIEDs vicinity unless the PTV is partially or 

completely located in the lungs. In this case, the calculated dose by Eclipse was 40% higher than 

the simulated one. 

8.4.4. Discussion & Conclusions 

TPS calculations showed good agreement with MC simulations when CIEDs are located 

close to the treatment fields. At a larger distance from the treatment field, the difference between 

the simulated and calculated doses was larger. Nevertheless, the accumulated dose at such 

distances is very small compared to the dose limitation of CIEDs. 
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