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Abstract

Mixed electron-photon beam radiation therapy (MBRT) is an emerging treatment tech-

nique that combines both particles in a single plan to exploit their advantageous charac-

teristics. An MBRT plan uses multiple beam energies and a large number of apertures to

achieve a highly conformal dose to the target volume. However, the complexity of the

technique makes it more prone to error. This project aims to develop a comprehensive

QA protocol for MBRT, and we explored the possibility of utilizing trajectory log files

and MapCHECK, a 2D diode array detector, for MBRT plan verification. In this study,

2 MBRT plans were robustly optimized for 2 soft tissue sarcoma (STS) patients. One of

the plans was delivered repeatedly on 3 different linacs to account for the inter-linac and

intra-linac differences in deliveries. Treatment log files for 12 deliveries were collected

to retrieve axis data for 3D dose reconstruction. Dose calculations were performed with

Monte Carlo methods using EGSnrc. The log file-recalculated mean dose to the clinical

target volume (CTV) and three organs at risk (OAR) of the patient were computed and

compared to the planned dose. The deviations between the recalculated and the planned

dose to the CTV were below 0.1 % for all deliveries. The log file-recalculated dose was in

excellent agreement with the planned dose with no significant inter and intra-linac dif-
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ference. Both MBRT plans were also delivered to the MapCHECK with collapsed gantry

angle. A MapCHECK Monte Carlo phantom was modelled for dose simulations in the

MapCHECK using EGSnrc. The agreement between the measured and calculated dose

distribution was evaluated using gamma analysis with the gamma criteria of 3%/2mm.

The gamma passing rate varied between 84.55 % and 97.78 %, depending on the plan

and the delivery distance. The agreement between MapCHECK measurement and simu-

lation was excellent for the electron deliveries at an SAD of 80 cm but deteriorated with

increased SAD to 100 cm.
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Abrégé

La radiothérapie à faisceau mixte (MBRT) est une technique émergente qui combine l’utilisation

de faisceau d’électrons et de photons dans un seul plan de traitement afin d’exploiter

leurs caractéristiques avantageuses. Un plan MBRT utilise des faisceaux de multiples

énergies et un grand nombre d’ouvertures afin d’atteindre une dose hautement conforme

au volume cible. Toutefois, dû à sa complexité, la technique de MBRT est plus propice

à l’erreur. Ce projet vise à développer un protocole complet d’assurance qualité pour

MBRT. Nous avons exploré la possibilité d’utiliser les fichiers journaux de trajectoire et

un détecteur à barrettes de diodes MapCHECK pour la vérification de plans MBRT. Dans

cette étude, deux plans MBRT ont été robustement optimisés pour deux patients atteints

d’un sarcome des tissus mous. Un des plans a été administré à plusieurs reprises sur trois

linacs différents pour tenir compte des différences inter-linac et intra-linac. Les fichiers

journaux de la trajectoire ont été collectés pour 12 administrations. Les données d’axes

provenant de fichiers journaux sont utilisées pour des reconstructions 3D de la dose. Ces

calculs sont effectués par méthode Monte Carlo avec le moteur de calcul EGSnrc. La dose

moyenne au volume-cible clinique (CTV) et à 3 organes à risque du patient ont été re-

constituées à partir des fichiers journaux et comparées à la dose planifiée. La variation
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entre la dose reconstituée et la dose planifiée au CTV était inférieure à 0.1 % pour toutes

les administrations. La dose reconstituée était en excellente accord avec la dose planifiée

sans aucune significante différence inter- ni intra-linac. Les deux plans MBRT ont été ad-

ministrés au MapCHECK avec l’angle du portique fixé verticalement. Un fantôme Monte

Carlo de MapCHECK a été modelé pour des simulations de dose dans le MapCHECK

avec EGSnrc. L’accord entre la distribution de la dose mesurée et la dose calculée ont

été évaluée par analyse gamma avec un critère gamma de 3 %/2 mm. Les taux de pas-

sage ont varié entre 84.55 % et 97.78 %, dépendamment du plan et de la distance de

l’administration. L’accord entre les mesures MapCHECK et la simulation était excellent

pour l’administration d’électrons à une distance à la source (SAD) de 80 cm mais s’est

détérioré lorsque la SAD a été augmentée à 100 cm.
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Chapter 1

Background and Introduction

This chapter discusses briefly the development of radiation therapy from the first ther-

apeutic use of radiation to modern radiotherapy techniques. It covers the procedures

and methods for quality assurance in external beam radiotherapy. The motivation and

objective of this thesis will also be given at the end of the chapter.

1.1 Radiation Therapy

Radiation therapy is a type of cancer treatment that uses high-energy particles to kill

tumour cells. The high-energy radiation beams are generated and delivered by a linear

accelerator, or a linac. In this section, we will review the progress in radiotherapy and

the design of a medical linac. We will also briefly go through some modern treatment

modalities in external beam radiotherapy.
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1.1.1 History of Radiation Therapy

The beginning of radiation therapy was marked by the discovery of X-rays by a Ger-

man physicist, Wilhelm Conrad Roentgen, in 1895 [29]. The penetrability of X-rays was

evidenced by the photographic plate showing Roentgen’s wife Bertha’s hand. The first

therapeutic use of X-rays happened a year after. Émil Herman Grubbé, an American doc-

tor, attempted to treat her breast cancer patient by exposing her lesion with X-rays for

about one hour in a single treatment [26, 40].

In the early 1950s, the first medical linac was installed at Hammersmith Hospital,

London. It was capable of producing an 8 MV X-ray beam and was put into practice

in 1953 [23]. In the next decade, many more clinical linacs were manufactured and be-

came operational around the world. However, the performance of most early machines

was limited by low beam energy and radiation output due to the immature waveguide

design and power source [65]. The fully stable isocentric linacs capable of producing mul-

tiple choice of energies became gradually available in the 1970s. Since then, the linac has

become the most commonly used medical device in radiation therapy.

Nowadays, medical linacs have further evolved into more sophisticated systems that

are versatile, user-friendly and safe to use. Most of them are well-equipped with imaging

systems for dose verification or target tracking. The implementation of the multileaf col-

limator (MLC) also paves the way for radiation beam shaping and modulation to achieve

exceptional dose distributions. The components of modern medical linacs will be dis-

cussed in more detail in the following sections.
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1.1.2 Cancer and Radiotherapy

Cancer has been one of the deadliest diseases in human history. According to the Inter-

national Agency for Research on Cancer (IARC), the disease is causing approximately 10

million deaths every year globally. Cancer is a type of tumour that is characterized by un-

controlled cell growth and the ability to metastasize. Radiotherapy utilizes high-energy

radiation beam to kill cancer cells [10]. A radiation beam can be composed of charged par-

ticles such as electrons or protons or uncharged particles like photons or neutrons. The

beam deposits energy to cancer cells through either direct or indirect ionization, which,

in turn, induces damage to their genetic material, DNA. The molecular structure of DNA

is disrupted either directly by the energy deposited by the radiation beam or through

the interactions with highly reactive free radicals. When the cancer cells fail to repair the

damage to their DNA, they stop dividing and eventually die.

1.1.3 Linac Design

Medical linacs are machines that accelerate charged particles to generate a high-energy

radiation beam that is aimed toward the region of tumour cells in the patient’s body. The

formation of the radiation beam is carried out by six classes of operating components,

namely the injection system, RF power generation system, accelerating waveguide, aux-

iliary system, beam transporting system, and the beam collimation and beam monitoring

system [23]. The main components of a medical linac are shown in Fig. 1.1.

3



Figure 1.1: The schematic diagram of a medical linac [55].

Beam generation

The injection system is an electron gun that injects electrons into the accelerating waveg-

uide through thermionic emission. The RF power generating system consists of an RF

power source and a pulsed modulator which provides high voltage, high current, and

short-duration pulses for the RF power source and the electron gun. Waveguides are

metallic structures that propagate electromagnetic waves in a preferred direction. The

generated RF power is transported by the power transmission waveguide to the acceler-

ating waveguide, which transfers energy from the high power RF fields to the electrons

and accelerates them to the desired kinetic energy. The auxiliary system is not directly re-

sponsible for electron acceleration, but it maintains the normal functioning of the linac. It

4



includes a vacuum pumping system, a water cooling system, an air pressure system and

shielding to prevent radiation leakage. The electrons exit from the accelerating waveg-

uide will enter the beam transporting system in which they are directed by bending mag-

nets to either the beam exit window or the X-ray target.

Beam delivery

Before being delivered to the patient, the pencil beam is modified into a clinically useful

form by the beam collimation and beam monitoring system in the linac treatment head.

To deliver photon beams, the accelerated electrons first strike the X-ray target to produce

bremsstrahlung photons. Then, a flattening filter is used to flatten the intensity of the pho-

ton beam. The primary collimator, secondary collimator, and multileaf collimator (MLC)

are collimation devices that determine the shape and size of the photon radiation field

according to the tumour region. For electron beam delivery, the target and the flattening

filter in the beam path are replaced with a scattering foil which scatters the electron pen-

cil beam over a larger area. Finally, the dose monitoring systems are ionization chambers

that monitor the output and the quality of the beam during the delivery to ensure safety

and accuracy.

1.1.4 Treatment Planning in External Beam Radiotherapy

A radiotherapy treatment is planned based on the information concerning the target vol-

ume in the patient’s body. The 3D structure of the target and the surrounding organs at

risk (OARs) can be obtained through different imaging modalities, including computed

tomography (CT) and Magnetic resonance imaging (MRI). Upon acquiring the anatomi-

5



cal information of the patient, the target volume and the OARs will be delineated on CT

slices by the clinicians. The procedure is known as contouring [54]. Once the target is

outlined, some critical structure volumes are defined for treatment planning, namely the

gross tumour volume (GTV), clinical target volume (CTV), internal target volume (ITV)

and planning target volume (PTV).

The GTV includes only the visible tumour volume on the medical image without

adding any margin. The CTV covers the area outside the GTV that may contain micro-

scopic malignant diseases to be cured. It is usually defined to be the 1 cm extension from

the GTV. The ITV is drawn by considering the changes in size and position of the CTV

due to organ motions. The PTV is often depicted by adding a 0.5 cm margin to the CTV to

account for the effect of all possible geometrical variations caused by setup uncertainties

and patient motions [31]. The typical geometrical relationship among the four volumes is

illustrated in Fig. 1.2.

Figure 1.2: The diagram showing the typical relationship among the GTV, CTV, ITV, PTV

and an OAR.
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1.1.5 Treatment Modalities in External Beam Radiotherapy

There are various treatment modalities in external beam radiotherapy (EBRT). In this sec-

tion, we will go over some common techniques using photons or/and electrons.

3D Conformal Radiation Therapy (3D-CRT)

3D conformal radiation therapy is a conventional treatment technique which photon

beams are shaped according to the 3D structure of the tumour. With the detailed informa-

tion obtained from the CT images of the patient, physicists decide the direction and shape

of the radiation field such that the dose can be accurately delivered to the cancerous cells.

The technique is relatively simpler and more efficient, however, radiation to surrounding

normal tissues is inevitable.

Intensity Modulated Radiotherapy (IMRT) and Volumetric Modulated Arc Therapy

(VMAT)

Intensity-modulated radiotherapy is a modern technique that delivers non-uniform pho-

ton beam intensities with the help of computerised inverse planning [62]. In IMRT, each

beam is further divided into smaller beamlets with different intensity levels. This enables

the delivery of a highly conformal dose to the target region while reducing the dose to

healthy tissues. The radiation fields in IMRT are accurately shaped by the MLC, which

typically consists of 20 - 80 independent movable leaves arranged in pairs [17] (Fig. 1.3).

In contrast to 3D-CRT, which uses forward planning, IMRT employs inverse planning

methods. The desired treatment outcomes, in terms of the prescribed target dose and the

7



Figure 1.3: A picture showing the 120 Millenium multileaf collimator (Varian Medical

Systems, Palo Alto, CA) [16].

maximum OARs dose, are first specified and input into the computer system. Based on

the dose objectives and constraints, an objective function is defined as a mathematical

description of the treatment plan quality [50]. To optimize the plan, the objective function

is minimized by adjusting the beamlet weight. A comparison between the treatment plan

for 3D-CRT and IMRT is shown in Fig. 1.4.

Figure 1.4: The treatment plan for 3D-CRT (left) and for IMRT (right) [60].
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In a conventional IMRT treatment, the radiation beam is turned off when the gantry

rotates from one delivery angle to the next one. This is known as the ”step-and-shoot”

delivery. At each gantry angle, the beam is modulated by moving MLC leafs, which

is called the dynamic MLC (DMLC). Volumetric modulated arc therapy (VMAT) is an

advanced IMRT technique in which the gantry rotates with the beam on during the course

of the treatment. During the rotation, the MLC leaves are in constant motion to modulate

the beam intensity. This method allows the delivery of radiation in a single arc efficiently,

but it requires more complex and time-consuming planning and QA processes [64].

Modulated Electron Radiotherapy (MERT)

Compared to photons, electrons have a shorter practical range that makes them more suit-

able for treating superficial cancers and sparing deeper healthy tissues. Due to the scatter-

ing property of electrons, the penumbra of an electron beam increases significantly with

depth [37]. Therefore, electron beam applicators are often positioned at a small distance

(a few centimetres) from the patient for electron beam collimation. Conventional electron

radiotherapy involved the use of patient-specific cutouts and bolus to achieve favourable

dose distribution to the target volume [45]. However, due to the time-consuming and

complicated setup of electron therapy, it is not frequently used.

Efforts have been made to explore the possibility of modulated electron radiotherapy,

in which the energy and intensity of electron beams are modulated using MLC [15,30,32].

Using photon MLC for electron beam modulation allows the combination of both modal-

ities in the same plan, but removing the electron applicator requires modifications in the

traditional setup to restore the penumbra of the electron beam. Karlsson et al. (1999)
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attempted to replace the air in the treatment head with helium to reduce the effect of

electron scattering in the air. The experiment successfully reduced the electron penum-

bra width by more than 30 % [32]. Ma et al. (2000) developed a prototype of an electron

MLC for MERT that could be attached to an electron applicator. They demonstrated the

ability of MERT to provide uniform target coverage in a hypothetical treatment plan [45].

Al-Yahya et al. proposed using the few leaf electron collimator (FLEC) to deliver MERT in

an automated manner. They showed that the FLEC could deliver MERT plans in a step-

and-shoot mode at an SSD of 100 cm [4]. Alyahya et al. also presented an approach to

combine MERT with IMRT. In this work, MERT was added to pre-optimized IMRT plans

by reweighing the beam contributions and transferring some weights to electron ener-

gies [3]. Although many more approaches for MERT delivery have been suggested, un-

fortunately, the existing linac design is not optimized to modulate electron beam, which

makes the practical implementation of MERT very challenging.

Mixed-Beam Radiotherapy (MBRT)

Mixed electron-photon beam radiotherapy is a technique that combines the use of elec-

tron and photon beams in a single treatment. Electrons and photons exhibit different

behaviours on energy deposition. The depth dose curve of electron beams drops off very

rapidly after reaching the maximum dose and the particles have a much shorter range

compared to photons. In contrast, photon beams can penetrate deeper into human tissues

due to their slower dose fall-off. The percent depth dose (PDD) curve for a 6 MV photon

beam and a 6 MeV photon beam is shown in Fig. 1.5 for comparison. In a mixed-beam

plan, the short-range electron beams target superficial cancer cells and the penetrating
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photon beams kill deeper targets. The technique makes use of the advantageous charac-

teristics of both particles and could be well-suited to treat superficial cancer with some

deep-seated components [49].

Figure 1.5: The PDD curve for a 6 MV photon beam and a 6 MeV electron beam in water

[39].

Early in 1998, Janson et al. compared the performance of using mixed electron-photon

beams and photon beams in a loco-regional radiotherapy plan for breast cancer patients

after surgery [30]. The electron beam was shaped with a photon MLC and had an SSD

of 85 cm. The study found that using a mixed-beam plan significantly reduced the dose

to OARs compared to a conventional photon-only plan. However, it also resulted in a

slightly inadequate dose to target volumes. Mu et al. (2004) studied the use of the mixed-

beam technique to treat head and neck cancer patients [38]. It was also shown that the

mixed-beam plan contributed to a lower healthy tissue dose compared to a photon IMRT

plan. Alexander et al. investigated the possibility of combining FLEC-based MERT with
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photon beams. The shape and weights of the FLEC apertures were first optimized using

direct aperture optimization (DAO). Two tangential MLC-collimated photon beams were

then added to the MERT plan and the plan was re-optimized to become an MBRT plan.

The results showed that the addition of photon beamlets improved both target homo-

geneity and OAR sparing [6]. Mueller et al. (2017) developed a Monte Carlo based treat-

ment planning process for MBRT and compared the plan quality among MBRT, MERT,

IMRT and VMAT for a chest wall case and a squamous cell carcinoma case [49]. In both

cases, the MBRT plan provided the best OARs sparing. Renaud et al. (2017) developed

a mixed-beam optimization model and examined the performance of MBRT, MERT, and

IMRT [57]. Again, the MBRT plan resulted in superior target coverage and OARs sparing.

Being able to deliver excellent dose distribution, an MBRT plan consists of many com-

ponents. In the study by Mueller et al. (2017), an MBRT plan can comprise more than

fifty apertures across five different beam energies. Due to the differing scattering proper-

ties of photons and electrons, the couch position also may need to be adjusted during the

treatment for suitable SSDs.

1.2 Quality Assurance in External Beam Radiotherapy

Quality assurance is an essential process in radiotherapy that ensures the quality and

safety of the treatment plan to be delivered. In this section, we summarize the procedures

for patient-specific quality assurance in conformal radiotherapy.
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1.2.1 Patient-specific Quality Assurance

Highly conformal radiotherapy is achieved by sharp dose fall-off. The use of steep dose

gradients requires a much higher accuracy in both treatment planning and delivery. In-

volving a rotating gantry and dynamic MLC in the delivery also makes the process more

complex and prone to errors. Therefore, patient-specific quality assurance (PSQA) must

be performed for each plan individually before treatment to detect any potential uncer-

tainties in radiation delivery. PSQA is often conducted by comparing the ”reference”

dose, the desired dose distribution, to the ”evaluated” dose, the actual dose distribution

delivered. The desired dose distribution is planned using the treatment planning system

(TPS) according to defined objectives and constraints. The actual dose distribution can be

acquired through various approaches, for instance, dose measurement in a phantom or

log file-dose reconstruction. If the deviation between the two distributions is beyond the

tolerance limit, the treatment quality is considered unacceptable, and the delivery system

should be re-investigated [47].

1.2.2 Gamma Analysis

To ensure accurate delivery, the agreement between the planned and the actual dose dis-

tribution is assessed using gamma analysis. The dose comparison can be broken into two

parts, the dose difference (DD) test and the distance-to-agreement (DTA) test.

The dose difference is a straightforward concept defined by the numerical difference

δ between the reference dose De and the evaluated dose Dr at a given position r⃗:
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δ(r⃗) = De(r⃗)−Dr(r⃗) (1.1)

This test is the most applicable in low-dose gradient regions where the dose level re-

mains relatively constant with the position. However, in high-dose gradient regions, an

acceptable small spatial shift can result in a significant dose difference falling outside the

acceptance criteria. Therefore, the concept of DTA is introduced and defined as the near-

est distance between a point r⃗e in the evaluated distribution and a point r⃗r in the reference

distribution where De(r⃗e) = Dr(r⃗r) [68].

Taking into account both the dose difference and the distance-to-agreement, the gamma

Γ is defined as [43]:

Γ(r⃗e, r⃗r) =

√
r2(r⃗e, r⃗r)

∆d2
+

δ2(r⃗e, r⃗r)

∆D2
(1.2)

where r(r⃗e, r⃗r)/∆d and δ2(r⃗e, r⃗r)/∆D is the normalized DTA and DD respectively. The

gamma index, the parameter for dose validation, is defined to be the minimum gamma

for all evaluated points:

γ(r⃗r) = min {Γ(r⃗e, r⃗r)} ∀ {r⃗e} (1.3)

A point that satisfies the condition of γ < 1 means it passes the specified criteria. The

gamma passing rate (%) indicates the percentage of the evaluated points passing the test.

For IMRT, commonly used QA criteria will be 3%/3 mm with a 90% passing rate [24].
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1.2.3 Patient-specific QA Methods

The dose to be evaluated can be obtained via various techniques. Single-point measure-

ment can be performed using an ionization chamber. Film dosimetry, electronic portal

imaging devices (EPID), and diode array allow 2D dose measurement. Log file-based QA

is an emerging method that provides quantitative information on treatment quality and

enables the reproduction of 3D dose distribution.

Ionization Chamber

In a point-dose measurement, the ionization chamber is typically inserted in a QA phan-

tom that is designed to mimic the patient’s anatomy. The phantom provides attenuation

that is consistent with human soft tissue and allows dose measurement at the target vol-

ume depth. The accuracy of point-dose measurement using an ion chamber depends

on the position and the volume of the device. The chamber should be positioned in a

region of uniform dose where the maximum and minimum dose inside the detector vol-

ume should not differ from the mean dose by more than 5 % [47]. In general, a chamber

with a cavity smaller than 0.125 cc is suggested for IMRT measurement to maintain accu-

racy [25]. However, a smaller chamber volume also leads to a lower signal [22]. Accord-

ing to the measurement performed by Levbovich et al., a 0.009 cc chamber is 60 times less

sensitive than a 0.6 cc chamber [41]. Charge leakage should also be taken care of when a

smaller chamber is used.
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Film Dosimetry

Radiographic and radiochromic films are convenient dosimetric tools to obtain 2D dose

distribution of extraordinary spatial resolution. Film can be easily placed inside various

types of phantoms at any depth of interest. The dose information recorded on the film is

expressed in terms of optical density (OD), which describes the degree of blackening of

the film and can be measured by a densitometer [53]:

OD = log10(
I0
I
) (1.4)

where I0 is the measured initial light intensity of the incident beam in the absence of

film and I is the intensity transmitted perpendicularly through the film. With a calibration

curve, the absorbed dose can be converted from OD.

To calibrate a film properly, one should ensure that the dose delivered over a region of

interest (ROI) in the calibration is uniform. A calibrated linac or Co-60 unit can be used to

perform accurate film calibration. [52]. It was also suggested that the radiation beam used

for calibration should share similar energy characteristics to the one used in experimental

conditions to minimize the difference in energy response [46]. Besides, factors including

beam energy, field size [61], film plane orientation [58], and film processing can all affect

the dependence of OD on the dose. These measurement uncertainties should be taken

into consideration to avoid dosimetric errors.
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Electronic Portal Imaging Devices (EPID)

Electronic Portal Imaging Devices are imaging systems that measure the x-rays intensity

of the exiting treatment beam. They are large, high-resolution 2D diode arrays attached

to the gantry that capture exit dose images at all gantry angles (Fig. 1.6). Since it is

positioned at the direct opposite of the gantry head, it is an excellent pre-treatment QA

tool to validate the linac performance in terms of the dose output, beam homogeneity, as

well as MLC leaf positions or trajectories. To compare the planned and the actual dose

distribution in EPID-based PSQA, one can directly compare the 2D dose plane at the level

of the detector [66]. Another more advanced strategy will be reconstructing the 2D or 3D

dose distribution with the acquired portal images at all angles.

Figure 1.6: A Varian linac with an electronic portal imaging device (EPID) [11].
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Diode Array

Diode arrays are electronic systems that contain an assembly of diodes in a single pack-

age. Depending on the arrangement and the positions of the diodes, they can measure

either 2D or 3D dose distributions. Commercially available diode array systems are man-

ufactured in different shapes for various purposes. Two commonly used diode arrays are

ArcCHECK (Sun Nuclear, Melbourne, FL) and MapCHECK 2 (Sun Nuclear, Melbourne,

FL). The ArcCHECK device is a cylindrical phantom with a helical detector grid of 1386

diode detectors and is often used for 3D dose measurement [63]. The MapCHECK 2 is a

planar diode array of 1,527 diode detectors for 2D dose measurement [59]. Dose distri-

bution measured with a diode array can be conveniently imported into QA software for

dose verification, making it an efficient method with virtually no post-processing time.

Log File Analysis

During a treatment, the linac system records the axis positions and MU delivered at each

control point. The data is then exported as a treatment log file after the delivery. From the

log file, the difference between the expected and the actual positions of the MLC leaves,

gantry angle, and MU can be analyzed directly, which makes it easier to identify the

problematic control points. Besides, the detailed axis information at each delivery angle

can be retrieved from the log file for dose reconstruction. The delivery data can be used

as input for Monte Carlo (MC) dose simulation to estimate the 3D dose distribution in

the patient’s anatomy. With the reconstructed dose distribution, dose-volume histograms

(DVHs) can be generated to examine the delivery quality.
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1.3 Thesis Motivation and Objectives

As discussed previously, mixed-beam therapy is an emerging treatment modality that can

provide excellent target coverage and normal tissue sparing to superficial cancer. How-

ever, being a newly developed technique, the QA procedures for MBRT have yet to be

well-established. The objective of this study is to develop a comprehensive QA protocol

for mixed-beam therapy which paves the way for the implementation of MBRT in clinical

practice.

To design a QA program for MBRT, the plan verification methods should be able to

detect errors that are specific to MBRT. The photon delivery of MBRT shares similar prop-

erties to IMRT and VMAT. However, in the electron delivery, MBRT uses photon MLC

to modulate electron beams. The removal of the electron applicator makes the delivery

more challenging as the photon MLC is not ideal for electron beam collimation. The ef-

fect of electron scattering in air may deteriorate the quality of the treatment. The use of

multiple beam energies and the changing couch position in MBRT also create more room

for error. Therefore, a well-designed PSQA program is essential to prevent any potential

errors in the delivery of an MBRT treatment.

The performance of two PSQA methods was investigated in this study, they are log

file-dose reconstruction and MapCHECK dose measurement. Log file analysis provides

knowledge on the machine performance in the treatment. Log files contain quantitative

details of the delivery and enable direct comparison between the expected and the actual

delivery parameters. Since the data in the log files are independent of any factors external

to the linac, any deviations between the planned and the reconstructed dose distribution
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can be attributed to machine failures. On the other hand, MapCHECK measurement in-

corporates the potential setup uncertainties in the treatment. From the results measured

by the MapCHECK, we can gain some insights into the errors that might occur when a

real patient is being treated on the couch. Errors in phantom positioning and beam qual-

ity, including beam symmetry and flatness, can only be detected with a measurement-

based QA method. The two methods together can be the basis of an inclusive MBRT

PSQA program.

The project can be divided into two parts:

• Collect treatment log files upon deliveries of MBRT plans and reconstruct the deliv-

ered dose distribution in the patient anatomy using the EGSnrc Monte Carlo system.

The Monte Carlo phantom of the patient on EGSnrc was obtained by conversion

from the CT slices of the patient. The reconstructed dose to the CTV and OARs was

compared to that of the planned dose.

• Deliver MBRT plans to the MapCHECK with collapsed gantry angle. The expected

dose to the MapCHECK was simulated using the EGSnrc Monte Carlo system. A

MapCHECK Monte Carlo phantom was modelled on EGSnrc for simulation accord-

ing to the device blueprint provided by the manufacturer. The agreement between

the measured and simulated dose distribution was evaluated using gamma analy-

sis.
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Chapter 2

Theory

This chapter explains some principles of radiation physics. The first part reviews the me-

chanics of particles interacting with matter and different forms of energy deposition. In

the second part, we will talk about the basics of Monte Carlo dose calculation in radio-

therapy. A brief introduction to the EGSnrc Monte Carlo system will also be given at the

end of the chapter.

2.1 Particle Interactions in Radiation Therapy

Radiation energy is deposited into the patient’s body through direct or indirect ionization.

When sufficient kinetic energy is transferred from the radiation to a bound electron, the

electron can overcome the attractive force from the nucleus and escape from the atom.

The formation of a positive ion in this process is known as ionization. Charged particles

like electrons interact with matter and result in direct ionization. Uncharged particles like

photons cause indirect ionization by interacting with matter to produce charged particles
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which subsequently causes ionization. In this section, we review the theory behind the

interactions of electrons and photons with matter.

2.1.1 Interactions of Electrons with Matter

As charged particles, electrons experience Coulomb interactions with the absorber atoms

when travelling through an absorbing medium. The types of Coulomb interactions that

occur depend on the relative size of the atomic radius a of the absorber atom and the im-

pact parameter b, which is the perpendicular distance between the nucleus and the initial

path of the incident particle (Fig. 2.1). When b ≈ a, the incident electron directly impacts

with an orbital electron of the absorber atom and hard collision occurs. Each hard colli-

sion involves a relatively large amount of energy transfer between particles. When b ≫

a, the incident electron interacts with the bound electrons of many atoms and undergo a

series of soft collisions. Despite the small energy transfer in each soft collision, the total

energy loss by the incident electron in soft collisions is large due to a large number of

interactions. When b ≪ a, the incident electron interacts with the nucleus of an absorber

atom and is deflected by its strong electric field. The deflected electron experiences a sud-

den deceleration and loses kinetic energy with the emission of bremsstrahlung photons.

This process is called radiative collision.

When moving across an absorbing medium, the charged particle transfers its kinetic

energy to either the medium through collision loss or bremsstrahlung photons through

radiation loss. The rate of energy loss per unit mass length, expressed in g cm−2, by the
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Figure 2.1: The three categories of Coulomb interactions between an electron and an atom

[55].

travelling electron in the medium can be described by the mass stopping power S (in

MeV cm2 g-1) :

S = −1

ρ

dE

dx
(2.1)

where ρ is the density of the absorber. The total mass stopping power of an electron can be

broken down into the radiation component and electronic component. For computational

convenience, the electronic component is further divided into soft and hard collision. The

total mass stopping power can be expressed using the following equation:

Stot = Srad + Ssoft
col + Shard

col (2.2)
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Radiation Stopping Power

According to the Larmor relationship, the power of bremsstrahlung emission of a charged

particle is proportional to the square of its acceleration a. For a particular atomic number

z and mass m of the incident charged particle, its acceleration is linearly proportional to

the atomic number Z of the absorbing medium. The total cross section for bremsstrahlung

emission has been shown by Hans Bethe and Walter Heitler in 1930s to be [14]:

σrad ∝ αr2eZ
2(cm2/nucleus) (2.3)

where α is the fine structure constant, re is the classical electron radius. With the bremsstrahlung

cross section, the mass radiation stopping power of an electron can be expressed as:

Srad = NaσradEi (2.4)

where Na is the atomic density, Ei is the initial total energy of the electron.

Collision Stopping Power

Compared to heavy charged particles, the relativistic effects in the collision between the

incident electron and orbital electrons become more significant due to the low mass of

electrons. Colliding with orbital electrons can also result in up to 50% of energy loss by

the incident electron. Combining the effect of both soft and hard collision, the complete

mass collision stopping power for electrons is given by the ICRU Report 37 as:
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Scol = 2πr2e
Z

A
NA

mec
2

β2

{
ln
E2

K

I2
+ ln(1 +

τ

2
) + F−(τ)− δ

}
(2.5)

where τ = EK/(mec
2), β = v/c and δ is the density effect correction. F−(τ) is a function

for electron and is equal to:

F−(τ) = (1− β2)[1 +
τ 2

8
− (2τ + 1)ln2] (2.6)

The relationship between the mass stopping powers and the kinetic energy for elec-

trons is illustrated in Fig.2.2.

Figure 2.2: The mass stopping powers for electrons in water as a function of electron

kinetic energy [13].
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Range of Electrons

When travelling through a medium, electrons experience a large number of collisions

that result in deflections and kinetic energy loss. Due to their small mass, electrons are

more likely to be scattered with large scattering angles and move in a tortuous trajectory.

Therefore, instead of the penetration depth, various ranges of interest in radiotherapy

and dosimetry were defined for electrons. These electron ranges are identified on the

percent depth dose curve for electrons (Fig. 2.3). Besides, the range of electrons can also

be defined by its mean path length in the absorber, called the ”continuous slowing down

approximation (CSDA)” range. This concept can be mathematically expressed as:

RCSDA =

∫ (EK)0

0

1

Stot(E)
dE (2.7)

where (EK)0 is the initial kinetic energy of the electron, and Stot(EK) is the total mass

stopping power of the electron as a function of its kinetic energy EK .

2.1.2 Interactions of Photons with Matter

When travelling through an absorber, a photon interacts with the nuclei or the orbital elec-

trons of the absorber atom in several ways. As a result of interactions, charged particles

are often released by gaining energy from the incident photon. The progressive reduc-

tion of photons’ energy as it traverses a medium is known as attenuation, which can be

characterized by a parameter called the linear attenuation coefficient µ. The relationship

between the intensity I of a narrow beam of mono-energetic photons and its travelling

distance x in a medium can be expressed as:
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Figure 2.3: A typical percentage depth dose curve of electron and some common defini-

tions of electron range, including R80, R50, RP, Rmax [55].

I = I0e
−µx (2.8)

where I0 is the initial intensity of the incident photon beam. The parameter µ is dependent

on the incident photon energy hν and the atomic number Z of the medium. It describes

the probability of an interaction occurring between the photon and the absorber atom per

unit path length. To remove the dependence on material density, the mass attenuation

coefficient, µm = µ/ρ is more often used for convenience.

Determined by the types of interaction with the absorber atom, photons are either

absorbed or scattered. In the following, some interactions of major importance in medical

physics will be introduced.
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Compton Scattering

Compton scattering (incoherent scattering) occurs in the interaction between a photon

and a loosely bound orbital electron of an absorber atom. An electron is loosely bound

if its binding energy EB is smaller than the photon energy hν. In Compton scattering,

an incident photon of energy hν strikes a stationary orbital electron and is scattered at an

angle θ with energy hν ′. Upon interaction, the electron acquires energy from the photon

and is ejected at a recoil angle of ϕ (Fig. 2.4).

Figure 2.4: The schematic diagram of Compton scattering.

The scattering angle ranges from 0°(forward scattering) to 180°(back scattering), and

the recoil angle ranges from 0°to 90°. Applying the conservation laws of energy and

momentum, the relation among hν, hν ′, EK and θ is derived as:

EK(hν, θ) = hν − hν ′ = hν
ϵ(1− cos θ)

1 + ϵ(1− cos θ)
(2.9)

28



where ϵ = hν
mec2

.

The cross-section for a Compton interaction to occur between a photon and an electron

per unit solid angle can be expressed as the Klein-Nishima differential electronic cross

section per unit solid angle deσ
KN
C /dΩ. Consequently, the Klein–Nishina electronic cross

section (in cm2/electron) is derived by integrating deσ
KN
C /dΩ over one whole solid angle:

eσ
KN
C =

∫
deσ

KN
C

dΩ
dΩ (2.10)

The probability for a Compton interaction to occur for an atom can be characterized

by the Klein–Nishina Compton atomic cross-section aσ
KN
C = Z(eσ

KN
C ). From aσ

KN
C , the

Compton mass attenuation coefficient σC/ρ is calculated:

σC

ρ
=

NA

A
(aσ

KN
C ) =

ZNA

A
(eσ

KN
C ) ≈ 1

2
NA(eσ

KN
C ) (2.11)

where NA is the Avogadro number.

Rayleigh Scattering

When an incident photon interacts with an absorber atom as a whole without causing

excitation or ionization, Rayleigh scattering (coherent scattering) occurs. Due to its large

mass, the absorber atom takes up an insignificant amount of recoil energy from the pho-

ton and the incident photon is scattered at a relatively small scattering angle with no

energy loss. This type of interaction is more likely when the incident photon energy hν is

low and the atomic number Z of the absorbing medium is high.
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The Rayleigh mass attenuation coefficient σR/ρ can be obtained through the relation-

ship:

σR

ρ
=

NA

A
(aσR) (2.12)

where aσR is the Rayleigh atomic cross section that is proportional to Z2/(hν)2.

Photoelectric effect

The photoelectric effect is the interaction between a photon and a tightly bound orbital

electron of an absorber atom. A tightly bound electron has a binding energy EB com-

parable to or slightly smaller than the photon energy hν. In a photoelectric effect, a

photon with energy hν hits an orbital electron and is then completely absorbed. The

electron which absorbed the photon is ejected as a photoelectron with kinetic energy

EK = hν − EB. Subsequently, the vacancy of the ejected electron is filled by another

electron from the outer shell. The energy from the electronic transition will be released

either as a characteristic x-ray (Fig. 2.5) or an Auger electron.

The mass attenuation coefficient for the photoelectric effect τ/ρ can be calculated from

the atomic cross section aτ with the equation:

τ

ρ
=

NA

A
(aτ) (2.13)
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Figure 2.5: The schematic diagram of photoelectric effect and the subsequent emission of

a characteristic photon.

Pair Production

When an incident photon has energy higher than the total rest energy of an electron and

a position (i.e. hν > 2mec
2), the photon can disappear and materialize into an electron-

position pair. This direct conversion of light energy into matter is called pair production.

For the phenomenon to occur, the conservation laws of energy, charge and momentum

must be satisfied. Therefore, pair production only takes place in the vicinity of a third

particle, either an atomic nucleus or an orbital electron in the absorber, which can take

up the momentum of the incident photon. When pair production occurs in the Coulomb

field of an electron, the extra energy and momentum absorbed by the orbital electron may

be sufficient for it to escape the interaction site. Since two electrons and one position are

generated in the process, it is more often known as triplet production.

The atomic cross-section aκ for pair production can be derived by:

aκ = αr2eZ
2P (ϵ, Z) (2.14)
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where P (ϵ, Z) is a function of hν and Z. The mass attenuation coefficient for pair produc-

tion κ/ρ can be expressed in terms of aκ with the equation:

κ

ρ
=

NA

A
(aκ) (2.15)

Attenuation coefficients

The total mass attenuation coefficients µm of a photon travelling in an absorbing matter

can be calculated by summing up the corresponding mass attenuation coefficients for the

four effects:

µm =
µ

ρ
=

σC

ρ
+

σR

ρ
+

τ

ρ
+

κ

ρ
(2.16)

The likelihood of an individual effect happening depends on the atomic number Z1

of the absorber and the energy hν of the incident photon. Therefore, a particular process

will be predominant within a certain range of Z and hν as shown in Fig. 2.6.

2.2 Monte Carlo simulations in radiotherapy

The Monte Carlo (MC) dose calculation method has been considered the ”gold stan-

dard” in radiotherapy dosimetry due to its accuracy and ease of use. Some available

Monte Carlo code systems that are frequently used in the field of medical physics include

EGSnrc [34], PENELOPE [9], GEANT4 [2] etc. The MC method simulates the physical

1The probability also depends on the atomic mass number A but the dependence is waeker because of
the limited Z dependence of the ratio Z/A.
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Figure 2.6: The region of predominance for photoelectric effect, Compton effect, and pair

production in the plot of Z versus hν [1].

process of particle interactions without the need for complex approximations. Due to

its stochastic nature, high dose precision can be simply achieved by providing a sufficient

amount of simulated particles [48]. This section provides a brief introduction to the work-

ing principle of MC simulations and discusses the clinical aspects of the MC method in

handling particle transport in accelerators and patients.

2.2.1 The Monte Carlo Method in Dose Calculation

In a Monte Carlo simulation, the interactions of all incident particles and secondary par-

ticles are simulated. First, the nature and entering direction of primary particles are de-

termined by the model of the source. After travelling a certain distance, each particle

undergoes interaction according to the probability distribution. Then, the particles are ei-

ther absorbed or scattered to the next interaction site with updated energy and direction.
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If the energy or the position of a particle lies beyond the range of interest, the particle is

discarded [35]. For neutral particles like photons, the process of particle transport can be

described by an analog simulation which consists of four steps [18]:

Step 1, determine the travelling distance r of the particle before the next interaction.

The random distance r is sampled according to a probability distribution p(r) using the

inverse transform method:

r = − ln(1− ξ)

µ
(2.17)

where ξ is a random number which has a uniform distribution between 0 and 1 and is

equal to the cumulative probability of p(r):

∫ r

0

p(r′)dr′ = ξ (2.18)

with p(r)dr being the differential probability to find a particle in the interval [r, r + dr],

which is dictated by exponential attenuation with attenuation coefficient µ.

Step 2 is to transport the particle to the interaction site. According to the geometric

information of the simulation volume, the particle’s trajectory is simulated.

Step 3, decide the type of interaction. The total cross-section σtot is equal to the sum

of all cross-section σi for interaction type i, i.e. σtot =
∑

σi. To sample the interaction

type, a random number ξ is compared to a ratio of cross-sections. For example, if ξ <

σ1/σtot, interaction type 1 will be selected. Likewise, interaction type 2 will be selected if

ξ < (σ1 + σ2)/σtot.
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Step 4, simulate the selected interaction with the physics of particle collision and cal-

culate the new energy and direction of the particle. Then, the four steps are repeated for

each particle until it ”dies”. For photons, their trajectory ends due to pair production or

photoelectric effects, or when their energy becomes lower than the specified low-energy

photon cutoff (PCUT) due to scattering.

For charged particles like electrons, they experience a large number of interaction be-

fore their energy reaches the low-energy cutoff (ECUT). Analog simulation, which is of-

ten referred to as an ”event-by-event” approach, is not practical for charged particles and

therefore, the condensed history (CH) technique, pioneered by Berger [5], is used instead.

By assuming that the change in electron energy or direction in most interactions were in-

significant, several interactions are grouped in to a single ”condensed history step” and

the cumulative effect of multiple interactions were considered as a whole.

2.2.2 Treatment Head Simulation

To simulate the particles’ trajectory from the treatment head to the patient, the particles

are transported from the radiation source to various components, including the collima-

tors, flattening filters and other patient-dependent structures such as jaws and MLCs.

Due to the complexity of a linac, it is time-consuming to simulate the entire process for

every single plan. Therefore, the simulation process is often split into several steps.

The simulation starting from electrons striking the target or the scattering foil to just

before reaching the jaws in the linac head can be carried out separately, and the informa-

tion will be stored into a ”phase-space” file [18]. Since this part of the simulation is mainly
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determined by the structure of the accelerator but not the patient-specific treatment plan,

the phase-space file can be reused for the beam of the same particle and energy generated

by the same linac. With the pre-calculated phase-space file, one simply needs to sim-

ulate the particles downstream for each patient plan and make dose calculations more

efficient. However, it is important that the number of particles in the phase-space file is

large enough to minimize the uncertainty propagated to the downstream quantities.

2.2.3 Patient Dose Calculation

The simulated particles travelling through the patient-specific components will arrive at

the patient phantom in which the patient dose is calculated. In most cases, the patient

anatomy acquired from CT slices is converted into a computational phantom for calcula-

tion. The conversion is done using calibration curves relating the Hounsfield unit (HU) of

the CT scan to material interaction coefficients [18]. The computational phantom contains

information on the geometrical structure, material compositions and mass densities in-

side the volume of interest. The resolution of the dose distribution depends on the voxel

size of the phantom.

Being a stochastic method, the accuracy of dose calculation is correlated to statistical

uncertainty. A radiation history is referred to the entire process of an incident particle and

its progeny particles traversing the medium and undergoing collisions until they are all

eventually absorbed [19]. The statistical uncertainty of the scored quantity dose D, or the

standard error sD of the mean dose, can be expressed in terms of the number of histories
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N [18]:

sD =

√√√√√ 1

N − 1

∑N
i=1D

2
i

N
−

(∑N
i=1Di

N

)2
 (2.19)

where we can see that the uncertainty sD is approximately proportional to 1/
√
N . Since

the simulation T is proportional to N , a longer simulation time is needed to achieve higher

precision.

2.3 The EGSnrc Monte Carlo system

EGSnrc is a general-purpose toolkit released in 2000 by the National Research Council

of Canada to perform Monte Carlo simulations of coupled electron and photon trans-

port [35]. It can handle particles with energies ranging from a few keV up to hundreds of

GeV. A main feature of the package is the use of the condensed history technique used for

electron and positron transport, which approximates the cumulative effect of numerous

transport and collision processes into a single path length. This method offers a lower

threshold for computing power and better computing efficiency. This section briefly in-

troduces the two EGSnrc user codes for beam modelling and dose calculation, BEAMnrc

and DOSXYZnrc.

2.3.1 BEAMnrc

BEAMnrc is a Monte Carlo code to simulate beam sources for external radiotherapy. The

simulation is instructed by the BEAMnrc inputs and component modules specified by the

user.
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The BEAMnrc input file (.egsinp) defines the parameters controlling the Monte Carlo

transport and the nature of the incident particles in terms of their charge and type of

source. The rest of the settings will be handled by the component modules’ input files.

In BEAMnrc, the accelerator is divided horizontally into several portions. Each of these

portions is an independent component module that can be re-used in different simula-

tions. This design allows users to change the parameter of each component separately

without affecting the other settings. The patient-specific part of the simulation, including

the position of the jaws and MLC, are controlled by the component modules files.

2.3.2 DOSXYZnrc

DOSXYZnrc is a Monte Carlo code to calculate 3-dimensional dose distribution in a com-

putational phantom. It simulates particle transport in the phantom and scores the en-

ergy deposition in each voxel. The simulation parameter is controlled by the user using

the DOSXYZnrc input file (.egsinp). The structure of the phantom is described by the

egsphant (.egsphant) file.

The EGSnrc phantom for the simulation is specified in the DOSXYZnrc input file. The

egsphant can either be derived from CT slices or manually defined by the user on the

DOSXYZnrc GUI. The egsphant file defined the voxel number, the voxel boundaries, and

the material and density at every voxel of the phantom. The input file also determines

the phase-space data file and the beam source file to be used, with the isocentre and

incident direction of the source for each control point described. When the simulation is

completed, a .egslog file and .3ddose are generated as the output. The .egslog file contains
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information regarding the statistical data, number of histories and computational time of

the simulation. The .3ddose file recorded the dose and the statistical uncertainty to every

single voxel in the phantom.
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Chapter 3

Materials and Methods

The feasibility of two possible patient-specific quality assurance (PSQA) methods for

mixed-beam radiotherapy (MBRT) was examined in this study. This chapter discusses the

methodologies adopted to evaluate the performance of log file-based and MapCHECK-

based quality assurance. The details of the two approaches will be considered in separate

sections.

3.0 The Brems platform

In this project, an in-house web-based treatment planning system, Brems, was used. After

a plan is optimized on Brems, the plan .xml file can be downloaded and imported to the

linac for delivery. The .xml contains the parameter for linac operations and can be used in

the developer mode of Varian TrueBeam linacs. Brems also handles dose simulation and

dose processing. The 3D dose distributions obtained from simulations can be displayed

on the patient CT, and dose DVH and dose profile can be plotted. From the simulated
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dose data, one can perform dose arithmetic and normalization on Brems. The processed

dose then can be exported as DICOM files which can then be read in other softwares.

3.1 Log file-based Quality Assurance

Log file analysis has been shown to be a viable method for IMRT and VMAT plan verifica-

tion [20, 21, 33]. Since MBRT plans share similar natures with IMRT and VMAT, a similar

QA approach could be applicable. In this study, we attempted to reconstruct the 3D dose

distribution of MBRT plans for PSQA using the data provided in treatment log files. The

detailed procedures to validate this method will be elaborated in this section.

3.1.1 Treatment plan and Delivery

An MBRT plan for a patient (patient 1) with soft tissue sarcoma (STS) in the right leg was

robustly optimized. The plan consists of an arc delivery of a 6 MV photon beam, and

step-and-shoot deliveries of 5 electron beam energies (Table 3.1). The SAD of the photon

delivery was 100 cm, and that of the electron delivery was shortened to 80 cm to minimize

the effect of electron scattering in the air. A CT slice of the patient and the position of the

CTV are shown in Fig. 3.1. The delivery angles of the photon beam and the electron

beams are indicated by the yellow arc and the white arrows, respectively.

Due to the changing couch position throughout the treatment, each energy component

of an MBRT plan was delivered with a corresponding .xml plan file. In other words, the

MBRT plan for patient 1 consists of six .xml plan files. The log files were also collected

separately for each energy component. To evaluate inter-linac and intra-linac differences
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Table 3.1: Summary of the MBRT plan for patient 1.

Particles Energy Angle SAD (cm)
Photon 6X From -50° to 170° 100
Electron 6E, 9E, 12E, 16E, 20E (15°, 45°, 75°) 80

in deliveries, the whole plan was delivered one time on three Varian TrueBeam linacs

(TB3, TB4, TB5) and ten times on TB5.

Figure 3.1: A CT slice of patient 1 with the contour of the CTV and three OARs. The

yellow arc represents the photon’s arc segment, while the white arrows represent the

electron beam angles.

3.1.2 Log file Collections

During the delivery with the Varian TrueBeam linac, the actual axis positions and the cor-

responding number of MU delivered were recorded by the TrueBeam system at every 20

ms [67]. The collected information was stored in a trajectory log file which was generated

upon the completion of each delivery. The data in the trajectory log files were read and
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parsed with the log analyzer module of the Pylinac Library [36]. In order to perform dose

recalculation, the following data of each control point were retrieved from the log file:

• Gantry angle

• Collimator angle

• Couch positions (horizontal, longitudinal, vertical directions)

• Couch angle

• MLC leaf positions (Bank A and B, each with 60 leaves)

• Jaw positions (x and y directions)

• MU

3.1.3 Log file-Dose recalculation

The dose calculation was performed with the Monte Carlo method using the EGSnrc code

system. TrueBeam phase space files (TrueBeamPhsp) provided by Varian were used as

the beam source. The axis data obtained from the log file were used to generate the input

files for the MC simulation. The MLC leaf positions and jaw positions were defined in

the BEAMnrc input files. The gantry angle, collimator angle, and the isocentre which was

converted from the couch positions, were specified in the DOSXYZnrc files. An egsphant

of the patient’s anatomy was generated from the CT slices of the patient. The DOSXYZnrc

user code was used to score the dose to the patient’s anatomy with a voxel size of 2.5 ×

2.5× 2.5 mm3.
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3.1.4 Dose Comparison

The planned and the log file-recalculated dose distributions were compared for each set

of data. The mean dose to the CTV and the OARs, and the percentage difference be-

tween the planned and the recalculated values were calculated. Discrepancies in log file-

recalculated doses obtained from deliveries across three different linacs were analysed.

This analysis was also performed for the set of repeated deliveries on the same linac.

3.2 MapCHECK-based Quality Assurance

For the measurement-based PSQA for MBRT, we investigated the viability of using the

MapCHECK 2 device (Sun Nuclear, Melbourne, FL) (Fig. 3.2). ArcCHECK has been a

commonly used device (Sun Nuclear, Melbourne, FL) for IMRT and VMAT dose veri-

fication due to its capability to measure 3D dose distribution [8, 42, 51]. However, the

ArcCHECK detectors are positioned at a physical depth of 2.9 cm, which is comparable

to the range of 6 MeV and 9 MeV electron beams. Due to the steep dose fall off of elec-

tron beams, the signals from these energies measured by the ArchCHECK will be too low.

Since low energy electron beams are often used in an MBRT plan, MapCHECK 2 with a

physical detector depth of 1.2 cm (water-equivalent depth of 2 cm) is more favourable.

This section explains the procedures to assess the practicability of using MapCHECK 2

for MBRT QA.
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Figure 3.2: The MapCHECK®2 device (Sun Nuclear, Melbourne, FL) [59].

3.2.1 MapCHECK Detector Specifications

MapCHECK 2 is a two-dimensional planar dosimetry detector tool. It contains a 26 cm

x 32 cm detector array consisting of 1527 solid state detectors. The position and arrange-

ment of the detectors are shown in Fig. 3.3. The device can measure electron beams in

the energy range of 6 MeV to 25 MeV and photon beams of energy ranging from Co-60 to

25 MV. Above the detector array, there is a 2 cm water-equivalent inherent buildup made

of polycarbonate. MapCHECK 2 was accompanied by the Sun Nuclear Corporation®

(SNC) patient software, which handled the calibration process and dose measurement.

After each measurement, the system outputs a ”measurement text file” which records the

absorbed dose to every detector on the array.
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Figure 3.3: The geometry of the detector array [59].

3.2.2 Phantom Modelling

To validate the viability of MapCHECK-based QA, the dose distribution to the MapCHECK

was calculated by Monte Carlo methods and compared to MapCHECK measurements. To

perform a Monte Carlo dose simulation on the MapCHECK, a MapCHECK egsphant was

created and the dose to each voxel in the phantom was calculated. For the best agreement

between the Monte Carlo dose and the measured dose, the MapCHECK egsphant must

be as realistic as possible. We attempted two different methods to model the MapCHECK

phantom.
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Generating MapCHECK Egsphant from CT

A straightforward way to generate the MapCHECK egsphant was through CT conver-

sion. The MapCHECK was levelled and a CT scan was taken for the device. The CT slices

of the MapCHECK were imported to the Eclipse treatment planning system (Varian Med-

ical Systems, Milpitas, CA). With the Eclipse TPS, the case of the device and the silicon

detectors were outlined using the automatic contouring tool, which allowed the user to

select particular regions in the image according to a specified range of CT numbers. When

converting the CT slices to an egsphant, the material and density in contoured volumes

can be manually defined. The body contour of the MapCHECK was selected to be poly-

carbonate, with a density of 1.2 g/cm3. The detectors’ contour was chosen to be silicon

which has a density of 2.33 g/cm3. The egsphant generated from CT slices has a regular

voxel size of 0.25 cm x 0.25 cm x 0.25 cm. For clarity, this egsphant will be referred to as

the ”CT MapCHECK egsphant” in the following text.

Generating MapCHECK using the Manufacturing Specification

Another method to generate the MapCHECK egsphant was to write the egsphant file

manually according to the blueprint provided by the manufacturer. With the MapCHECK’s

dimension, configuration, and the detectors’ position specified, the material and density

in the MapCHECK phantom were defined voxel by voxel. Due to the irregular detectors’

arrangement, the egsphant was built using unequal voxel sizes. This method allowed the

phantom to be modelled in a more realistic manner with no assumptions on the compo-

sition based on CT numbers. However, it was more time-consuming to manually assign
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material and density to each voxel. In contrast to the CT MapCHECK egsphant, this

egsphant will be referred to as the ”blueprint-defined MapCHECK egsphant”.

3.2.3 MapCHECK Calibration

Array Calibration

Before doing measurements with the MapCHECK, array calibration is needed to account

for the sensitivity difference across the detectors. The calibration process was carried out

according to the instructions provided by the MapCHECK 2 Reference Guide [59]. In

the calibration, the device was exposed to a 37 cm x 37 cm jaw-defined 6 MV photon

field or a 25 cm x 25 cm 12 MeV electron field collimated by an electron applicator. The

fields were delivered at 100 cm SSD. The exposure was repeated for multiple MapCHECK

orientations. The reason for using separated array calibrations for photons and electrons

was to minimize the effect of the energy dependence of the detectors. A calibration file

for 6 MV and 12 MeV were generated after the calibration process and were later used to

apply correction factors to the measurements. The experimental setup for MapCHECK

calibration and measurement is shown in Fig. 3.4.

Absolute Dose Calibration

Absolute dose calibration allows the conversion from relative dose to absolute dose. The

absolute dose calibration was carried out by delivering a 10 cm x 10 cm radiation field of

each energy of interest to the array with the corresponding known absolute dose-to-water

at the detector depth input into the SNC patient software. The beams were delivered at
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Figure 3.4: The setup for MapCHECK calibration and measurement.

an SSD of 100 cm. The MapCHECK was positioned such that the centre detector aligned

with the central axis of the radiation field. The dose calibration was performed for a

photon beam at 6 MV, and electron beams at 6 MeV, 9 MeV, 12 MeV, 16 MeV, and 20 MeV.

The expected dose-to-water DCalibration
water at the detector depth under the calibration

condition was obtained by doing a Monte Carlo simulation on the blueprint-defined

MapCHECK phantom. The Monte Carlo dose DMC
detector delivered to the voxel of the cen-

tre detector in the phantom was retrieved from the output dose file (.3ddose file). The

MC dose-to-detector DMC
detector was first converted to the MC dose-to-water DMC

water with

the mass electronic stopping power ratio [Sel/ρ]
water
detector of water to the detectors averaged

over the electron fluence in the detector (eq. 3.1). Then the MC dose-to-water DMC
water was

converted into physical dose-to-water DReference
water under the reference condition with the

energy-dependent Monte Carlo reference dose calibration factor NMC (MC dose/1 cGy ·

MU/primary history) and the number of MU delivered (eq. 3.2). Since the use of NMC
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assumed the linac was calibrated in terms of absorbed dose to water to 1 cGy/MU un-

der clinical reference conditions, DReference
water (cGy) was further scaled by the daily output

Doutput (cGy/MU) of the linac to obtain the dose-to-water DCalibration
water under the calibration

condition(eq. 3.3):

DMC
water = DMC

detector × [Sel/ρ]
water
detector (3.1)

DReference
water (cGy) =

DMC
water

NMC

(
1 cGy

MU

)
×MU (3.2)

DCalibration
water (cGy) = DReference

water × Doutput (cGy/MU)

1 (cGy/MU)
(3.3)

The output Doutput of the linac was measured using an ion chamber in water at the

reference depth dref under the reference condition described in the AAPM Task Group 51

(TG-51) protocol [7].

3.2.4 Phantom Model Verification

Output Factor Measurement

To ensure the model of the blueprint-defined MapCHECK egsphant accurately represents

the real MapCHECK, we validated the egsphant by comparing the simulated and the

measured field output factors. MLC-defined 3 cm × 3 cm, 5 cm × 5 cm, 8 cm × 8 cm and

10 cm × 10 cm fields were delivered to the MapCHECK at 100 cm SSD, and the dose to

the centre detector was measured and simulated. The field output factors were defined
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as the ratio of the dose to the centre detector in a given field to the dose in the 10 cm × 10

cm field. The experiment was performed for a 6 MV photon beam and a 12 MeV electron

beam.

10 cm x 10 cm Fields Measurement

To validate the MapCHECK performance at each beam energy, 10 cm x 10 cm fields of

different energies (6 MV, 6 MeV, 9 MeV, 12 MeV, 16 MeV and 20 MeV) were delivered

to the MapCHECK and simulated on the MapCHECK egsphant. The measured and ex-

pected dose to each MapCHECK detector was obtained from the measurement data and

the MC simulation respectively. The dose distributions of simulation and measurement

were compared through a global gamma analysis with a gamma criterion of 3%/2mm

and a low dose threshold of 10%.

3.2.5 MBRT Plans Measurement

Treatment Plans and Delivery

In addition to the plan for patient 1, a plan for another STS patient (patient 2) was pre-

pared for MapCHECK measurements. This plan comprises step-and-shoot deliveries of

a 6 MV photon beam and electron beams of 5 energies at 100 cm SAD (Table. 3.2). Fig. 3.5

shows a CT slice of the patient with the contour of the CTV. The yellows arrows indicate

the delivery angles of the photon beams and the white arrows indicate that of the electron

beams. The patient plan was transposed onto the MapCHECK setup on Brems with the

isocentre positioned at the centre detector.
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Particles Energy Angle SAD (cm)
Photon 6X (-25°, 9°, 43°, 77°, 111°, 145°, 179°) 100
Electron 6E, 9E, 12E, 16E, 20E (-10°, 50°, 130°) 100

Table 3.2: Summary of the MBRT plan for patient 2

Since MapCHECK is a two-dimensional dosimetric tool, beams being delivered at

larger gantry angle will experience high attenuation when entering the MapCHECK. To

validate our MapCHECK model in a simplistic condition, the two plans were delivered

to the MapCHECK with collapsed gantry angle at 0 degree. This was to minimize the

complications due to attenuation and scattering when beams entering the MapCHECK

from the sides or travelling through the couch. This can ensure any discrepancy observed

between the measurements and the simulations was due to the MapCHECK model.

Although the plan for patient 2 was optimized at 100 cm SAD, it was delivered at

both 80 cm SAD and 100 cm SAD to examine the dependence of the measurement on the

distance of delivery. Same as the delivery of patient 1’s plan, the plan consists of six .xml

plan files and the measurement was made for each energy components separately. Upon

completion of the delivery, the individual measurement text files were summed to derive

the total distribution of the whole plan.

Dose Comparison

The simulated dose distributions were compared to the measured distributions. The MC

dose and the measured dose to each detector voxel were retrieved from the 3ddose file

and the measurement text file, respectively. In the delivery of the MBRT plan, the beam

quality to the phantom varied voxel by voxel. This was because the energy spectrum of
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Figure 3.5: A CT slice of patient 2 with the delivery angles indicated.

the beam varies with the scattering condition at different positions. Electron beams ex-

perience intensity modulation and scattering when travelling through the MLCs and the

phantom. The loss of electron energy could lead to significant changes in the beam energy

spectrum. To correct for the difference in beam quality between the calibration condition

and the MBRT field, a correction factor for each voxel i in the MapCHECK phantom was

derived using the stopping power ratio [[Sel/ρ]
water
detector]

MBRT of water to detector at a voxel i

in the MapCHECK phantom under the measurement condition, and the stopping power

ratio of water to detector at the centre detector of the MapCHECK phantom under the

calibration condition [28]:

DMBRT
water,i (cGy) = DCalibration

water,i × [[Sel/ρ]
water
detector]

MBRT
i

[[Sel/ρ]water
detector]

Calibration
centre

(3.4)

The stopping power ratios for each voxel in the MapCHECK were calculated with the

SPRXYZnrc Monte Carlo code, which was modified from the SPRRZnrc and DOSXYZnrc

code. By importing the stopping power ratio scoring routine of the SPRRZnrc code into
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the DOSXYZnrc code, the stopping power ratio can be scored in the same phantom that

was used for DOSXYZnrc dose calculation.

The agreement between the measured and the simulated dose distribution was evalu-

ated using gamma analysis with a gamma criterion of 3%/2mm and a threshold of 10%.
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Chapter 4

Results

This chapter presents the experimental results of the study. The first section focuses on

the comparisons between the planned and the log file-recalculated dose to the patient’s

CTV and OARs. The second section reports the results obtained from MapCHECK mea-

surements and Monte Carlo simulations.

4.1 Log file-based Quality Assurance

The MBRT plan for patient 1 was successfully delivered on the three TrueBeam linacs

with no interlocks triggered. A total of 12 sets of log file data were collected for dose

reconstruction.

4.1.1 Dose Recalculation and Comparison

6 × 107 histories were simulated in the plan dose calculation such that the statistical un-

certainties of each energy was below 1 % for voxels receiving more than 50 % of the
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maximum dose. The dose distribution in the patient’s anatomy from one set of data and

the planned dose distribution is shown in Fig. 4.1. Dose profiles were plotted to compare

the dose difference between the two dose distributions.

Figure 4.1: The planned and the recalculated dose distribution in the patient’s anatomy

(left) and their corresponding dose profiles (right).

Inter-linac Difference

To examine the inter-linac difference in the delivery, the recalculated doses to the CTV

and OARs across TB3, TB4 and TB5 are shown in Table. 4.1 and Table. 4.2. The deviations

between the recalculated and the planned mean dose to the CTV varied between -0.031

% to 0.079 %. For the OARs, which contain more low dose regions that are plagued with

higher statistical uncertainty, the dose deviations ranged from -0.02 % to 2.07 %. There

was no dependence observed between linacs and the log file dose.

Intra-linac Difference

For intra-linac variation, which expresses the reproducibility of a delivery by a given

linac, the mean, minimum and maximum dose over 10 sets of data collected from TB5 are

tabulated in Table. 4.3. The recalculated dose to the CTV in 10 deliveries varied from 51.79
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Table 4.1: Comparison between the planned and recalculated mean dose to the CTV from

3 deliveries on different linacs.

CTV
Theoretical dose (Gy) 51.795

Log file dose (Gy) TB3 TB4 TB5
51.818 51.779 51.836

Difference (%) 0.044 -0.031 0.079

Table 4.2: Comparison between the planned and recalculated mean dose to the OARs

from 3 deliveries on different linacs.

Normal Tissue Ring Bone (Right leg) Tissue Strip
Theoretical dose (Gy) 17.01 1.98 0.482

Log file dose (Gy) TB3 TB4 TB5 TB3 TB4 TB5 TB3 TB4 TB5
17.01 17.01 17.02 1.99 1.99 1.99 0.492 0.491 0.491

Difference (%) 0.01 -0.02 0.04 0.61 0.61 0.61 2.07 1.87 1.87

Gy to 51.84 Gy with a mean of 51.83 Gy. The recalculated mean CTV dose differed from

the planned dose by 0.058 %. The differences between the planned and the recalculated

dose for the OARs were all below 2.1 %. The log file-recalculated dose exhibited high

reproducibility across deliveries and small deviations from the planned dose.

Table 4.3: Comparison between planned and recalculated mean dose from 10 deliveries

on TB5 linac.

CTV Normal Tissue Ring Bone (Right leg) Tissue Strip
Theoretical dose (Gy) 51.80 17.01 1.978 0.482

Min Max Min Max Min Max Min Max
Log file dose (Gy) 51.79 51.84 17.00 17.02 1.988 1.991 0.490 0.492

51.83 17.01 1.990 0.491

Difference (%)
Min Max Min Max Min Max Min Max

-0.002 0.093 -0.041 0.035 0.506 0.657 1.660 2.075
0.058 -0.009 0.581 1.867
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4.2 MapCHECK-based Quality Assurance

4.2.1 Phantom Modelling

A CT MapCHECK egsphant was created from the CT slices of the MapCHECK. The out-

line of the MapCHECK body and the silicon detectors were automatically contoured on

Eclipse based on the range of CT numbers (Fig. 4.2). Due to the CT artifacts near the edges

of the MapCHECK, the CT numbers were very high at the two sides of the detector array.

Since the detectors’ contours were drawn automatically according to a specified CT range,

the inconsistent CT number along the detector plane led to inaccurate outline of the de-

tectors’ structure and position. Furthermore, detailed information regarding the material

and composition of the device could not be obtained from the CT MapCHECK egsphant.

Compared to the blueprint-defined MapCHECK egsphant, this model assumed a very

simplistic structure for the device and failed to represent the real MapCHECK model.

Figure 4.2: The CT slice of the MapCHECK with the contours for the MapCHECK body,

silicon detectors and the couch.
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A blueprint-defined MapCHECK egsphant was generated. A screenshot of the egsphant

on dosxyz show is shown in Fig. 4.3. The staggered pattern of the detector arrange-

ment and the dimension of each detector were modelled in detail. Compared to the

CT MapCHECK egsphant, the blueprint-defined MapCHECK egsphant represented the

structure of the device in a more precise and realistic manner. Since the blueprint-defined

MapCHECK egsphant was adopted to be the standard Monte Carlo phantom for all the

MapCHECK simulations in this study, it will be referred to as ”MapCHECK egsphant” in

the following texts.

Figure 4.3: A screenshot of the blueprint-defined MapCHECK egsphant on dosxyz show

showing the detector arrangement.
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4.2.2 Phantom Model Verification

Output Factor Measurement

To validate the MapCHECK egsphant, the measured and simulated output factors were

compared. The measured and simulated dose to the centre detector for each field size

were obtained for output factors calculation. The statistical uncertainty of the centre de-

tector dose for all energies and field sizes was less than 0.2 %. The dose to the centre

detector and the output factors for 6 MV and 12 MeV radiation fields were shown in

Table. 4.4 and Table. 4.5, respectively.

Table 4.4: The comparison between the simulated and measured output factors for a 3 x

3 cm2, 5 x 5 cm2, 8 x 8 cm2 and 10 x 10 cm2 6 MV field.

6 MV Simulation Measurement % DifferenceField size (cm2) Detector dose (Gy) Output factor Detector dose (Gy) Output factor
3 x 3 83.21 0.932 83.66 0.938 -0.646
5 x 5 86.46 0.968 86.62 0.971 -0.296
8 x 8 88.65 0.993 88.77 0.995 -0.239

10 x 10 89.27 1 89.18 1 0

Table 4.5: The comparison between the simulated and measured output factors for a 3 x

3 cm2, 5 x 5 cm2, 8 x 8 cm2 and 10 x 10 cm2 12 MeV field.

12 MeV Simulation Measurement % DifferenceField size (cm2) Detector dose (Gy) Output factor Detector dose (Gy) Output factor
3 x 3 34.23 0.458 33.40 0.444 3.274
5 x 5 58.52 0.783 57.84 0.768 1.934
8 x 8 72.06 0.964 72.29 0.960 0.440

10 x 10 74.75 1 75.31 1 0

The output factor difference for 6 MV fields was within 1 % for all field sizes. For 12

MeV fields, the discrepancies varied from 0.44 % for the 8 cm x 8 cm field to 3.27% for the

3 cm x 3 cm field. The output factor reduced with radiation field size due to the lack of

electron lateral scatter equilibrium. The deviations between simulation and measurement
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were larger for electron beams and smaller field sizes. This suggests that the MC model

may be less accurate at smaller fields.

10 cm x 10 cm Fields Measurement

10 cm by 10 cm fields of different beam energies were delivered to the MapCHECK to

examine model’s accuracy at each energy. The gamma passing rate for all energies are

tabulated in Table. 4.6. The agreement between the simulated and measured dose distri-

bution of all energies has a gamma passing rate of above 95 % except for 6E, which has a

passing rate of 88.3 %. The isodose line contour and the gamma map for the 6 MeV and

12 MeV 10 cm x 10 cm field are shown in Fig. 4.4 and Fig. 4.5.

Table 4.6: The gamma passing rate with a gamma criteria of 3%/2mm of the 10 cm x 10

cm field for each energy.

Beam Energy 6X 6E 9E 12E 16E 20E
Gamma passing rate (%) 96.59 88.26 100.00 100.00 99.76 100.00

4.2.3 MBRT Plans Measurement

Patient 1

The MBRT plan for Patient 1 was delivered to the MapCHECK with collapsed gantry

angle. The measured and simulated dose distribution were compared (Fig. 4.6). The MU

and gamma passing rate for each beam energy in the plan are shown in Table. 4.7. The

gamma passing rate for all energy components were above 90 %. The gamma passing

rate of the whole plan reached 97.78 %.
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Figure 4.4: The isodose line contour (left) and the gamma map (right) of the 6 MeV 10

cm x 10 cm field. The thin and thick isodose line indicated the measurement and the

simulation, respectively.

Figure 4.5: The isodose line contour (left) and the gamma map (right) of the 12 MeV 10

cm x 10 cm field.

Patient 2

The MBRT plan for patient 2 was delivered to the MapCHECK with collapsed gantry

angle at 80 cm SAD and 100 cm SAD to compare the effect of delivery distance on the

agreement of measurements with calculations. Table. 4.8 shows the MU and gamma

62



Table 4.7: The gamma passing rate with a gamma criteria of 3%/2mm of MBRT plan for

patient 1.

Beam Energy 6X 6E 9E 12E 16E 20E Total
MU 2687.6 3695.2 6786.6 2525.4 401 2085 17179.7
Gamma passing rate (%) 93.86 98.33 98.37 100.00 93.22 90.58 97.78

Figure 4.6: The isodose line contour (left) and the gamma map (right) of the MBRT plan

dose distribution for patient 1.

passing rate for the plan at two different SADs. The dose distribution and the gamma map

for the two deliveries are shown in Fig. 4.7 and Fig. 4.8. The 80 cm SAD delivery showed

higher gamma passing rates compared to using 100 cm SAD for all energy components

except for 6X. The gamma passing rate for the total plan reached 97.1 % using an 80 cm

SAD, while it was 84.55 % when delivered at 100 cm SAD.

Table 4.8: The gamma passing rate with a gamma criteria of 3%/2mm for the MBRT plan

for patient 2.

Beam Energy 6X 6E 9E 12E 16E 20E Total
MU 5764.1 6336.4 8478.4 11707.1 5346.3 7126.3 44758.6
Gamma passing rate (%) (80 cm SAD) 92.62 98.35 98.61 99.34 98.45 96.13 97.10
Gamma passing rate (%) (100 cm SAD) 94.53 74.50 85.46 94.91 91.73 81.76 84.55
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Figure 4.7: The isodose line contour (left) and the gamma map (right) of the MBRT plan

dose distribution for patient 2 delivered at 80 cm SAD.

Figure 4.8: The isodose line contour (left) and the gamma map (right) of the MBRT plan

dose distribution for patient 2 delivered at 100 cm SAD.
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Chapter 5

Discussions

This chapter discusses the measurement results and provides possible explanations for

the deviations between the expected and the actual outcomes. We will also compare our

work with previous studies and deliberate our future directions in this project.

5.1 Log file-based Quality Assurance

5.1.1 Dose reconstruction using log files

From the results presented, dose distribution reconstructed using log files data showed

excellent agreement with the planned dose distribution with no inter- and intra- linac

differences observed. However, in this study, only three Varian TrueBeams and one MBRT

plan have been tested. The results may not be generalizable to other machines and MBRT

plans.
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Previous studies have evaluated the performance of reconstructing VMAT dose dis-

tribution in patients’ anatomy with log file data [21, 33, 56]. Qian et al. (2010) updated

the DICOM-RT file with log file data after delivery and reconstructed the delivered dose

distribution on the CBCT-based patient model with the anisotropic analytical algorithm

(AAA) on Eclipse [56]. Defoor et al. (2015) and Katsuta et al. (2017) adopted similar meth-

ods to reconstruct VMAT dose distribution using Pinnacle TPS and Monaco TPS respec-

tively [21, 33]. All studies demonstrated the agreement between the planned and recon-

structed dose distribution for VMAT plans. In addition to photon beams in VMAT, MBRT

plans involve also electron beams. In this study, we extended the use of log file-dose re-

construction to electron deliveries and demonstrated the feasibility of recalculating dose

distributions with log file data for both photon and electron beams.

An advantage of using log file-dose reconstruction for QA is that the planned dose

and the recalculated dose are obtained using the same algorithm [21]. This eliminates

any difference in the quality and accuracy of the two dose distributions and enables a fair

comparison. Any deviations observed between the planned and the recalculated dose can

be attributed to machine performance and the delivery errors can be easily pinpointed.

However, the accuracy of the reconstructed dose also relies heavily on the calculation

algorithm. In our study, we made sure the number of histories in the MC calculation was

large enough such that the uncertainties were below 1 % for all voxels with more than 50

% of the maximum dose. A balance between the computational time and the statistical

uncertainty should also be carefully considered.
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5.1.2 Error detection sensitivity of Log file-dose reconstruction

In future work, we aim to evaluate the sensitivity of log file-based QA in detecting de-

livery errors. A commonly used approach to investigate the sensitivity of a QA tool is to

generate intended errors manually from the original plan, and examine the ability of the

QA method to identify these errors [12, 27, 44]. Heilemann et al. (2013) studied the sen-

sitivity of Octavius 2D-Array (PTW-Freiburg) and the Delta4 device (Scandidos) to MLC

misalignments by purposely creating MLC displacements of different magnitudes from

the original plan [27]. Bedford et al. (2014) investigated the performance of using portal

imaging to detect VMAT synchronization errors by simulating errors in gantry angle, MU

and MLC leaf positions [12]. Liang et al. (2016) studied the machine error sensitivity of

ArcCHECK, Delta4 and an EPID-based technique by simulating potential delivery errors

due to the gravitational effect [44]. These studies were mainly conducted using VMAT

plans but their methodology could apply to MBRT plans.

Errors that might occur during MBRT delivery include:

• Gantry angle - MLC desynchronization

• Gantry angle - MU desynchronization

• MLC encoder drift

• Sluggish leaf

• Carriage backlash

• Gravitational shift
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To examine the performance of log file-based QA to detect MBRT delivery errors, we

can modify the original plan to create multiple erroneous plans that incorporated differ-

ent types of errors. Errors due to MLC encoder drift and sluggish leaves can be simulated

by introducing small shifts in the position of a few MLC leaves. Errors triggered by the

gravitational effect can be reproduced by moving all MLC leaves in the same direction

by the same magnitude as a function of gantry angle. Creating mismatches between

gantry angles and MLC apertures can also mimic desynchronization. After delivering

the erroneous plans, we can again collect log files for dose calculation and compare the

reconstructed dose with the original planned dose. To study the sensitivity of log file-

reconstruction, we should introduce errors of various magnitudes to see what is the min-

imum error to cause a ”noticeable difference” between the two dose distributions.

5.2 MapCHECK-based Quality Assurance

5.2.1 MapCHECK Calibration

Array Calibration

In the array calibration, the MapCHECK was calibrated with a 6 MV photon field and a

12 MeV electron field. Separated calibration files were used to apply correction factors to

photon and electron measurement to account for the potential energy dependence of the

detectors. Ideally, array calibration could be conducted for each energy in the MBRT plan

to further eliminate the effect of energy dependence. We have tested using a 12 MeV and

a 16 MeV array calibration file to correct a 16 MeV measurement and the results show
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minimal differences. Therefore, we decided to use the 12 MeV array calibration for all

electron energies as 12 MeV is in the middle of the range of electron energies in the MBRT

plans.

A minor problem we observed during the array calibration was that the 37 cm x 37

cm 6 MV field measured by the MapCHECK showed a slightly asymmetric beam profile

along the x-axis (Fig. 5.1). This could possibly be due to the asymmetric beam delivered

by the linac or the incorrect levelling of the MapCHECK. This could affect the quality

of the calibration because a flat and symmetric profile is required to measure the rela-

tive sensitivity differences between the detectors. An asymmetric profile may lead to

incorrect calculation of the correction factors for each detector. However, based on the

measurement results of the 10 cm x 10 cm fields (Table. 4.6), the asymmetry did not have

a significant effect on the gamma passing rates with the criteria of 3%/2mm.

Absolute dose Calibration

In the absolute dose calibration, the MapCHECK was calibrated to the known absolute

dose-to-water DCalibration
water at the detector depth under reference condition. At preliminary

stages of the study, we attempted to derive DCalibration
water by simply scaling down the ref-

erence dose using a PDD table. The dose to the centre detector was thus calculated as

the dose in reference conditions, at dmax, multiplied by the PDD at 2 cm water-equivalent

depth for each energy. However, the results for the MBRT plans measurement showed

poor agreement with the planned dose distributions. We suspected that the 2 cm water-

equivalent thickness of polycarbonate advertised by the manufacturer may not be ap-

plicable to all beam energies. Therefore, we decided to model a MapCHECK phantom
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Figure 5.1: The measured beam profile of a 37 cm x 37 cm 6 MV field along the x-axis. A

green horizontal line was drawn for determining the beam symmetry.

on EGSnrc and calculate the corresponding DCalibration
water for each energy with Monte Carlo

simulation. The results of output factor measurement (Table. 4.4 & Table. 4.5) and 10 cm x

10 cm fields measurement (Table. 4.6) validated the model and the absolute dose calibra-

tion of the MapCHECK. With the verified MapCHECK MC phantom and an accurately

calibrated MapCHECK device, we could proceed to MBRT plans measurement.

5.2.2 Effect of Delivery distance on Measurement Results

The agreement between the measured and planned dose distribution for the two MBRT

plans was presented in Table. 4.7 and Table. 4.8. The results for the patient 1’s plan, in

which the electron beams were delivered at an 80 cm SAD, and the 80 cm SAD delivery

of patient 2’s plan showed excellent gamma passing rate in the total delivery and the
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passing rate for all energy components were above 90 %. For the 100 cm SAD delivery of

patient 2’s plan, the gamma passing rate for all energy components were lower than the

80 cm SAD delivery except for 6X. The results showed a strong dependence of the gamma

passing rate for electron energies on the delivery distance. A possible cause could be that

the scattering effect of electron beams were not accurately modelled in the simulations.

When the beam was delivered at 80 cm SAD, the particles went through a shorter distance

in the air and experience less scattering. Therefore, the potentially inaccurate model has

less effect on the deliveries with a shortened SAD. The gamma passing rate for 6E was

the worst among all electron energies in the 100 cm SAD delivery of the plan as well as

the 10 cm x 10 cm field delivery, which had an SSD of 100 cm. Due to the steep dose

gradient of the depth dose curve, the low energy electron beams are more sensitive to

any inaccuracies in the detector model and the beam model. Although the MapCHECK

MC phantom was modelled according to the specifications described by the blueprint,

there might be some manufacturing uncertainties. Small errors in the detector dimensions

including effective detector volume and effective depth can be accentuated and lead to

considerable dose differences between measurement and simulation. Inaccuracies in the

Monte Carlo beam model could also lead to discrepancies with measurements. Although

we used Varian-supplied phase space files as our beam source, these phase space files

are generated for a generic TrueBeam linac, and may have very slightly different energy

spectrum from our clinical ones. The phase spaces are also positioned upstream from

the jaws and MLCs. Inaccuracies in our MLC models could have larger impact at lower

electron energies.
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To conclude, the measured and simulated dose distributions showed excellent agree-

ment in both plans when an 80 cm SAD was used for electron deliveries. Although the

agreement was lower in one or more energy components, the discrepancies had only a mi-

nor impact on the performance of the combined delivery. In this study, only two MBRT

plans were tested. The lower passing rate for a certain energy component could be due to

a specific aperture but not the beam energy. In the future, we will continue investigating

more MBRT plans and try to pinpoint the problem.

5.2.3 Non-collapsed Delivery

Ideally, the MapCHECK measurement and collection of treatment log files can be per-

formed in a single delivery with varying gantry angles to provide both a measurement-

based and calculation-based QA for an MBRT plan at the same time. However, being

a two-dimensional detector array, the capability of MapCHECK in measuring radiation

from large gantry angles remains to be tested.

The major issue of using MapCHECK to measure dose from non-collapsed delivery

was that the beam delivered at large gantry angles will experience high attenuation in

the MapCHECK phantom and the couch before reaching the detectors (Fig. 5.2). For the

simulation of a non-collapsed delivery, not only the detector array but the case of the

MapCHECK should also be carefully modelled. To validate the model for non-collapsed

delivery, delivery of simple fields at different gantry angles will need to be made to ensure

that the model can correctly simulate the beam entering from all angles.
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Figure 5.2: The beam from large gantry angles experience high attenuation in the

MapCHECK phantom and the couch.
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Chapter 6

Conclusion

In this study, we examined the feasibility of using log files and MapCHECK for MBRT

plan verification. Two MBRT plans for two soft tissue sarcoma patients were optimized

for the study. The MBRT plans consist of a 6 MV photon beam, and electron beams of 6

MeV, 9 MeV, 12 MeV, 16 MeV and 20 MeV.

To evaluate the performance of log file-based QA for MBRT, an MBRT plan was deliv-

ered on three Varian TrueBeams and treatment log files were collected for dose reconstruc-

tion in the patient anatomy using the EGSnrc Monte Carlo system. The planned and the

recalculated dose to the PTV and three OARs were compared with intra-linac and inter-

linac differences taken into consideration. The deviations in the dose to PTV were below

0.1 % in all deliveries across three different linacs. The difference in the dose to the three

OARs varied between -0.02 % to 2.07 %. The log file-reconstructed dose showed excellent

agreement with the planned dose with no intra- or inter-linac differences observed.

To compare the planned dose and measured dose on the MapCHECK, a MapCHECK

Monte Carlo phantom was modelled on EGSnrc for dose simulation. The phantom was
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validated through field output factors measurement and 10 cm x 10 cm fields measure-

ment. Two MBRT plans were delivered to the MaPCHECK with collapsed gantry angle

at 0° and the agreement between the measurement and simulation was evaluated using

gamma analysis with gamma criteria of 3%/2mm. The gamma passing rate for the to-

tal delivery reached 97 % for both plans when the electron beams were delivered at an

80 cm SAD. The gamma passing rate dropped to 85 % when the SAD was increased to

100 cm SAD. For individual energy components, 6E showed the strongest dependence on

delivery distance, possibly due to the significant scattering effect of low energy electrons.

This study demonstrated the potential of log files and MapCHECK as MBRT QA tools.

The next step in this study will be to examine the capability of MapCHECK to measure

non-collapsed delivery. The sensitivity of the two methods will also be studied by creat-

ing errors artificially in the delivery.
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