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Abstract

The vision of accurate real-time image-guided radiotherapy (RT) has led to the
development of MR-Linacs consisting of MRI scanners integrated within RT
treatment units. The safe clinical operation of these devices requires to calculate
and verify complex clinical dose distributions in patients exposed to the static
magnetic field of the MR-scanner. The effects of the magnetic field on patient
dose are particularly pronounced at tissue-air interfaces where an increase in dose
occurs due to the electron return effect (ERE). State of the art Monte-Carlo
(MC) dose calculation algorithms account for this effect, and form the basis
for the implementation of unprecedented on-line adaptive treatment strategies.
Of particular concern are the treatment sites involving the lung and the pelvic
region where the ERE can impact significantly on the dose. In this thesis, I have
developed 3D-dosimetry techniques based on PRESAGE®) dosimeters for the
validation of these novel techniques.

In contrast to most conventional radiation detectors, this dosimeter is not
affected by the magnetic field and provides uncompromised 3D dose information,
suitable for end-to-end testing of adaptive workflows in MRI-guided RT. The
hitherto inability of retrieving dose using the 3D dosimeters periphery was solved,
enabling for the first time, measuring the ERE in 3D and benchmarking the
results with MC calculations. By exploiting the full volume of PRESAGE®)
dosimeters and using a commercial phantom, I developed a reproducible and
versatile methodology that was easily adapted to perform a variety of tests at the
Elekta MR-linac. Different treatment sites and clinically available workflows were

assessed, and excellent 3D agreement between calculations and measurements
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confirmed their correct implementation. With the same methodology, I performed

the first dose verification of MLC-tracked RT at the Elekta MR-linac.
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Chapter 1

Introduction

"If you can’t see it, you can’t hit it, and if you can’t hit it, you can’t cure it.”

Harold Johns

Radiotherapy (RT') has been used to treat cancer for more than 100 years with
its earliest reported use back in 1895 with the discovery of X-rays [50, 102]. It aims
to maximize the probability of tumour control while minimizing complications to
healthy surrounding tissues. The most widely employed form of RT is external-
beam RT (EBRT) with a linear accelerator (linac), which is used to irradiate a
patient from different directions to reach a tumour with a desired dose distribution
[85, 185]. After the diagnosis, an image, usually a computed tomography (CT)
scan, of the patient is acquired and used by the radiation oncologist to define the
gross tumour volume. Additional margins to that volume are delineated to define
the target volume, to take into account the microscopic spread of the tumour and
geometric uncertainties during delivery. A treatment planning system (TPS) is
then used to design a plan that attempts to deliver the required radiation dose
to the target volume whilst sparing healthy tissues. The calculated dose is then
delivered to the patient throughout different session days, named fractions.

Image-guided RT (IGRT), which uses imaging before or during each treatment

21



Introduction

session to assess the target’s position, has become essential for the delivery of
complex RT [23, 206]. Several imaging modalities are conventionally used for
position verification, including planar MV, planar kV panels or cone-beam CT
and ultrasound [95, 206]. These techniques allow the correction of patient set-up
errors. Unfortunately, these imaging techniques provide limited visibility of the
tumour itself, particularly in regions where soft tissue contrast is essential for
a better tumour definition [33]. The use of magnetic resonance imaging (MRI)
for IGRT has been proposed as a way to overcome these issues [115]. Compared
to X-ray based imaging, MRI offers several benefits. It produces high-quality
soft-tissue contrast images, that can be acquired from different orientation planes,
and does not rely on ionizing radiation [137].

Integrated MRI scanners with radiation delivery machines [66, 105, 117, 147,
166] have recently been developed. They can be used to adapt treatment plans
based on the anatomy of the patient, immediately before and during treatment
[69, 112, 142, 208]. The first integrated system, the ViewRay®) (Cleveland, OH),
started treating patients in 2014 [147]. It consists of a low-field MRI scanner
together with three cobalt sources [147]. Shortly afterwards, an Elekta MR-linac
was developed at the UMC Utrecht, where the first patients were treated in 2017
[117, 165]. Such a system was installed at the Royal Marsden Hospital (RMH) and
the Institute of Cancer Research (ICR) in Sutton in 2016, and the first patient
was treated in 2018.

The Elekta MR-linac consists of a TMV linear accelerator which rotates in
a ring around a 1.5T MRI system. In this design, there is a constant magnetic
field perpendicular to the beam direction [162-164, 167]. The primary photon
beam is not affected by the magnetic field, but the resultant secondary electrons
are deflected by the Lorentz force which acts perpendicularly to their motion. In
homogeneous tissue, the dose distribution from one beam displays a shifted and
asymmetric penumbra and a reduced build-up distance [167] when compared to
the same beam on a conventional linac. At tissue-air interfaces, the effects are

more evident as electrons that exit the tissue will describe a circular path in air
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and re-enter the tissue. This electron return effect (ERE) is responsible for a
substantial dose increase (or decrease) at the interfaces between air and tissues
[163]. The ERE depends on the energy of the secondary electrons, the magnetic
field strength and direction, as well as on the interface shape and material. This
effect can increase the complexity of radiation delivery in treatment sites near air
cavities, such as the rectum, sinus and trachea, or in low-density tissues like the
lungs.

A new Monte Carlo (MC) dose calculation platform has been updated and
included in the treatment planning system (TPS) of the Elekta MR-linac [20,
81]. This dose engine accounts for the magnetic field effect on the path of
the electrons, while still providing fast and accurate dose calculations [20, 81].
However, the correct dose calculation and its delivery by the MR-linac need to be
validated. This process might not be as straightforward as for conventional linacs.
The detectors typically used in RT such as ionization chambers or diodes are
affected by the magnetic field, and therefore can only be used in combination with
correction factors. The typically used detectors in RT such as ionization chambers
or diodes are affected by the magnetic field, and therefore can only be used in
combination with correction factors. These factors depend on the magnetic field
strength and orientation, along with the detector type and geometry [138, 152,
153, 189]. In addition, the detector arrays of ionization chambers and diodes that
are commonly used for patient-specific QA and as end-to-end (E2E) tests, to verify
both treatment planning system (TPS) dose calculation and dose delivery, also
have their drawbacks [188, 203]. In particular, these detectors have finite resolution
providing only discrete dose information. The superior target accuracy provided
by an MR-linac will contribute to the increasing use of small fields and steep
dose gradients. These small fields would not be accurately validated with these
arrays of detectors. Besides, these dosimeters do not resemble human geometry
or allow mimicking or measuring at heterogeneous regions where the influence of
the magnetic field is more substantial due to the ERE. As an alternative, E2E

tests can be performed with anthropomorphic phantoms with thermoluminescence
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dosimeters (TLDs) or radiochromic films [36, 91]. However, these detectors are
also limited to a few measurement planes. They, therefore, would not be able to
measure in 3D the dose distributions at the interfaces of the tissue/phantom and
alr.

Chemical 3D dosimeters were developed to overcome the aforementioned
limitations of the conventionally used detectors, as they provide full 3D dose
information with high spatial resolution [145, 181]. PRESAGE®) 3D dosimeters
(Heuris Pharma, NJ, USA) are radiochromic dosimeters which undergo optical
density changes with accumulated dose. These changes can be measured with
an optical-CT scanner in order to obtain a 3D absorption map of the sample
[57]. The excellent results that have been obtained with PRESAGE®) samples
to validate complex RT treatments prompted their use in the field of MR guided
RT (MRgRT) [155, 177, 197]. In contrast to other chemical 3D dosimeters, the
response to dose of PRESAGE(R) samples is not affected by the presence of oxygen.
They also need not be enclosed within a container, which makes them a good
choice for measurements at the interface between the dosimeter and air [2, 108].

Their use as E2E test objects will be of particular relevance for the MR-linac
since additional dose verification, such as patient-specific quality assurance (QA),
cannot be performed. It is not possible to measure the treatment plan, to be
delivered to a patient, on a phantom, before its delivery to the patient, as a new
plan is always re-calculated or re-optimized while the patient is still on the couch.
Consequently, the treatment plan adaptation workflows should be validated with
high resolution (<1mm) and accurate 3D detectors (within 3%) to ensure they will
perform as expected (distance to agreement and absolute dose difference within
3mm and 3% respectively [96]). In the future, the MR-linac will allow real-time
treatment adaptation by tracking the position of the target. Its correct operation
also needs to be investigated, preferably using 3D dosimeters as well. Furthermore,
MR-linacs are a new technology with no historical record of their performance, so
additional confidence-building measurements are desirable.

The use of 3D dosimeters for MRgRT applications is being investigated by
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different groups [61, 122, 123, 169]. An Initial study using a cylindrical sample of
PRESAGE®) with a hole, under a 1.5T magnetic field, was able to identify the
ERE [35, 123]. Yet, quantitative dose distributions could not be obtained due to

artefacts around the sample cavity.

1.1 Aim and outline of the thesis

This PhD aims to develop methodologies using PRESAGE®) 3D dosimeters
for the verification of dose distributions delivered with the Elekta MR-linac.
Measurements of the ERE effect are of interest to make sure the TPS of the
MR-linac is correctly modelling the magnetic field. This way, the dose distribution
of treatment sites with interfaces between tissues with high-density differences can
be calculated with confidence. E2E tests are conducted to ensure the treatment
adaptation options of the MR-linac are performing as expected. Dose verification
is performed with PRESAGE®) dosimeters together with phantoms to mimic
both simple geometries and clinical treatments.

The outline of this thesis is as follows:

In Chapter 2, I start with a theoretical background on the basics of RT
modalities and techniques. Focus is given to QA methodologies and the use of
detectors in both conventional RT and with an MR-linac, and how they differ
due to the presence of a constant magnetic field. The chapter concludes with
an overview of chemical 3D dosimeters and their use in MRgRT systems, with
particular attention to PRESAGE®) dosimeters, which optical density changes
with dose are read out using optical-CT scanners.

In chapter 3, I describe the methodologies and the systems that I use to
scan PRESAGE®) samples for all the experiments performed in the subsequent
chapters.

In Chapter 4, I describe an initial sample’s characterization that demonstrates
the suitability of using PRESAGE(®) dosimeters in a magnetic field. As I aimed to
use PRESAGE®R) samples to verify dose distributions delivered by the MR-linac,
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it was essential to characterize their response to dose. In this same chapter, I
demonstrate that, for the first time, cylindrical samples of PRESAGE®) could
accurately measure the ERE, by comparing the results with MC simulations.
These experiments were performed at the National Physical Laboratory (NPL) in
the UK using an electromagnet and a cobalt source. These cylindrical samples,
however, showed a non-uniform response radially from their centre to their edges.
Hence, dose information could only be reliably obtained at the centre of the
samples and the ERE measured using their flat surface.

In chapter 5, I investigate the spatial non-uniform dose response of PRESAGE®)
samples, and develop a correction methodology to compensate for these effects.
This correction was then applied to samples irradiated using 3D-CRT and IMRT
plans in both a conventional linac and at the MR-linac, making measurements at
the dosimeter’s axial edges possible. The work developed in this chapter was fun-
damental for the successful dose verification of adapted treatment plans delivered
at the MR-linac and described in the following chapters of this thesis.

In chapter 6, I use PRESAGE®) samples to perform E2E tests to verify the
overall accuracy of the Monaco (Elekta AB, Stockholm, Sweden), TPS of the
MR-linac. In particular, to validate the plan-adaptation workflows, which are
being used clinically to treat patients. Samples were used together with a phantom
to be representative of clinical scenarios as, a treatment of a tumour in the lungs
or in the pelvic region. PRESAGE(®) samples were irradiated surrounded by air
or water, with and without an air cavity.

In chapter 7, I irradiate PRESAGE®) samples under motion to validate tracked
multileaf collimator (MLC) dose delivery at a conventional linac and the MR-linac,
both used in research mode. In the future, real-time MLC-tracked RT will be
implemented clinically at the MR-linac to compensate for tumour motion.

Finally, in chapter 8, the main findings of this thesis and their contribution in
the field of MRgRT and 3D dosimetry are discussed, and future work in the field

is explored.
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Chapter 2

Background

This chapter provides background information for the subsequent chapters of this
thesis. I started by presenting the basics of RT modalities and techniques, also
describing the benefits and challenges of using MRI for IGRT. Special focus was
gwen to QA methodologies and the use of detectors in both conventional RT and at
an MR-linac. The chapter ends with an overview of chemical 3D dosimeters and
how these systems can provide superior spatial dose information when compared

to the conventionally used detectors.
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Background 2.1 Radiotherapy

2.1 Radiotherapy

Cancer consists of a collection of diseases that occur as a consequence of an
abnormal growth of malignant cells, that can be confined within a body region
or can travel through the lymphatic and vascular system reaching distant organs
[182]. Treatment consists of radiotherapy (RT), chemotherapy, immunotherapy,
hyperthermia, surgery or a combination of these, which will be employed depending
on the stage and location of the cancerous cells.

RT aims to deliver a therapeutic dose of ionizing radiation to a tumour,
destroying its cells by damaging their DNA while sparing the surrounding healthy
tissues. It is estimated that two-thirds of all cancer patients worldwide receive
radiation therapy during the course of treatment, mainly with external-beam
RT (EBRT) with photons [50]. This consists of directing high energy X-rays,
generated by a linear accelerator (linac), into the patient’s body [85]. Although
photons are the most common form of EBRT, treatment is also possible with
electrons, protons, or heavy ions. An alternative method of RT is brachytherapy;,
where radioactive sources are placed inside the body close to the tumour.

RT dose is not delivered all at once, instead it is performed over several days,
known as fractionation. Amongst other effects, this gives the healthy tissues time
to recover whilst most of tumour cells are unable to repair [132]. A RT treatment

consists of a combination of steps which are described in the subsequent chapters.

2.1.1 Radiotherapy treatment pathway

After the clinical assessment and therapeutic decision to treat a cancer with RT,
a pre-treatment image of the patient is acquired. Immobilization devices are
frequently used for a reproducible patient set-up as well as to reduce patient’s
external motion. Tattoo marks are drawn on the patient’s skin, or on the immobi-
lization device, which are used to align the patient with lasers. These lasers are
present in both imaging and treatment rooms (for RT with conventional linacs).

This way, the patient can be set-up in the same position in both the treatment

28



Background 2.1 Radiotherapy

room and imaging room (typically within 1-5mm uncertainty depending on the
treatment site and if pre-treatment imaging is used or not) [161]. A CT scan is
the most commonly used imaging modality. It provides 3D visualization of the
tumour and its surrounding tissues as well as the attenuation coefficient for each
material, which can then be converted to electron density [204]. This density
information is required for dose calculation.

The acquired CT image is then transferred to a treatment planning system
(TPS) where the radiation oncologist manually contours the tumour volume. This
volume is usually referred to as gross tumour volume (GTV) and consists of
the visible extent of the tumour mass [118]. The ability to define the target
volume can be enhanced with the use of contrast or by combining a CT scan with
other imaging modalities such as, MRI, positron emission tomography (PET),
single-photon emission computed tomography (SPECT) or ultrasound images
[206].

Non-visible microscopic spread of the tumour is accounted for by adding mar-
gins to the GTV and creating a new volume referred to as the clinical target
volume (CTV). Intra and inter-fractional internal organ motion from e.g. res-
piration, bowel movement and filling of the bladder and rectum can be taken
into consideration by the internal target volume (ITV). The dose is prescribed
to the planning target volume (PTV), to compensate for geometric uncertainties
during the treatment delivery (e.g. patient positioning and organ motion between
fractions) [119]. Uncertainties should be mitigated to avoid unnecessary large
PTV margins that will result in more dose being delivered to surrounding healthy
tissue. Nearby organs to the target, which are sensitive to radiation, are referred
to as organs at risk (OAR), and need to be contoured for consideration during
the TPS dose optimization.

A treatment plan is then created and optimized to calculate a 3D dose distri-
bution to be delivered to the patient (see subsection 2.1.2). It aims to deliver the

prescribed dose to the PTV while minimizing the dose to the OAR.
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2.1.2 Dose delivery techniques and calculation

Historically, RT was performed using rectangular fields, delivered with wedges
or shaped blocks, to collimate and shape the dose delivered to the PTV. The
development of the multi-leaf collimator (MLC), which consists of several high-
density leaves that move independently of each other, allowed faster treatments
in which the beam’s eye view (BEV) of the target could be matched without the
need for shaped blocks [23].

In conformal 3D planning (3D-CRT) a set of parameters such as the number of
beams, their angles, shape, etc., are defined by the planner to obtain a desirable
dose distribution (forward planning). Intensity-modulated RT (IMRT) emerged
as a way to address the limitations of 3D-CRT and treat more complex target
shapes. Typically multiple (>5) beams are used, with each beam being divided
into multiple small beamlets to which a different fluence is assigned [205]. This
technique was improved by the use of inverse treatment planning which allowed
generating fast IMRT plans. For this approach, the planner specifies a set of
dose-volume constraints, targets/objectives to the PTV and OARs. The beam
parameters (MLC shapes, fluence) are then varied iteratively using an algorithm
until a dose distribution is achieved which satisfies the planning criteria. An
alternative to IMRT is volumetric modulated arc therapy (VMAT). Whilst IMRT
uses discrete beams delivered from given angles, with VMAT the radiation is
delivered continuously while the gantry rotates around the patient [156] and the
MLC is moving.

Stereotactic body RT (SBRT) (also referred to as stereotactic ablative RT
(SABR) when very high doses are used), can be delivered through IMRT and
VMAT techniques [16]. In these treatments, high doses are delivered to the target
in reduced number of fractions. For this to be possible without a substantial dose
to the OAR, PTV margins are reduced and steep dose gradients are used in these
regions [16]. SBRT are typically applied to treat smaller size tumours and require

more restrictive tolerances of dose delivery and more rigorous patient positioning
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[23]. Due to the reduced PTV margins, and increased dose delivered to the PTV,
failing to deliver the dose to the target may lead to the delivery of high dose to
the healthy tissues.

2.1.3 Image-guided radiotherapy (IGRT)

In image-guided RT (IGRT) an image of the relevant internal anatomy of the
patient on the treatment couch is taken prior to, or during, each treatment, to
assess the location of the target and OAR. The incorporation of this step in
the RT treatment chain has enabled the correction of positional set-up errors,
by repositioning the patient if necessary, and has given confidence in the use
of reduced PTV margins [132]. Achievable systematic and random setup errors
where found to be less than 2mm for head and neck and 3mm for general pelvis
[89].

Electronic portal imaging devices (EPID) are a standard on modern RT
linacs, and can be used to obtain 2D planar images using the treatment beam
as an imaging source. Another frequently used method of pre-treatment image
verification is kV cone beam CT (CBCT) in which a 3D image is acquire to match
with the treatment planning CT. In this system a conventional X-ray tube is
mounted on the linac gantry, perpendicular to the beam axis and opposite to an
X-ray detector [73, 132].

Non-radiation based systems can also be used for pre-treatment patient position
verification, such as ultrasound imaging or camera-based system that take a
surface imaging of patients [47]. Alternatively, radiofrequency (RF) systems can
be employed to track electromagnetic transponders in real-time (e.g. Calypso,
Varian Medical Systems) implanted within the tumour [26]. For lung motion,
breathing control devices can also be used to restrict and control the patient’s
breathing pattern [136].

The implementation of IGRT has allowed treatment plan adaptation. As
opposed to irradiating the patient using the same plan throughout the RT treat-

ment, a new plan can be created to adapt the dose to the patient anatomy at the
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Pre-treatment CT Cone beam CT

Figure 2.1: Axial view of a patient with a pancreatic tumour imaged with a conven-
tional CT scan used for planning (pre-treatment CT). The poor soft-tissue contrast
in the CT and the CBCT images required the use of implanted fiducials to locate the
tumour position accurately. On the MRI, there is a direct visualization of the tumour,
which avoids the need for fiducials (Figure from [30]).

time of their treatment. Options include calculating a new treatment plan offline
when a patient undergoes substantial anatomy changes that can compromise PTV
coverage or lead to unnecessary dose to the healthy tissues, by acquiring a new CT
scan [77]. Another option of treatment plan adaptation is to use the plan of the
day protocol. In this case, multiple plans are generated using the pre-treatment
CT scan. The one that most closely matches the current anatomy of the patient
is selected for the RT treatment on that day (e.g. different bladder fillings) [79].

These pre-treatment image techniques minimize patient set-up errors and in
some cases, even allow monitoring the tumour motion in real-time. However, they
provide limited visibility of the tumour itself, or they might require the use of
surrogates for the identification of the target position [26, 47], particularly for
tumours in the abdominal region (Figure 2.1). The use of MRI for patient position
verification and RT adaptation was implemented to overcome the mentioned issues.
Hence, the position of the tumour and OAR could be visualized prior and during

a RT treatment. Details on MRgRT are in subsection 2.3.1.

2.2 Quality assurance in radiotherapy

When a new linac is installed, acceptance tests are executed by the supplier and

customers to make sure the equipment is performing as detailed in its specifications.
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Radiotherapy steps
2 py step

Treatment Image Delineation of Treatment Patient Dose delivery
planning imaging registration target and OAR planning immobilization, pre-
(CT, MRI, SPECT,..) treatment image
* Geometric * Registration * Targetand OAR * Dose calculation * Patient set-up, * Machine
* Imaging devices * Image delineation * Dose voxel size  * Registration with pre- performance and
* Image resolution resolution Biological: associated selection treatment image calibration
* CT number « Distortions with CTV definition * Optimization * Patient anatomy * Beam profile,
accuracy (if MRI) * Geometric: related routines changes per fraction energy, MLC,
to CTV and PTV monitor chamber
margins. reproducibility

Figure 2.2: RT steps and examples of associated uncertainties. Adapted from [145].

This process is followed by the linac commissioning, which consists of a set of
geometric, mechanical and dosimetric tests to ensure the linac is working as
expected [125]. The dosimetric measurements required for the implementation of
the TPS beam model, are also performed. Reference values and tolerance levels
are also defined at this stage, which are then periodically verified during routine
quality assurance (QA). A QA program is essential to ensure the processes and
the equipment are working within the defined tolerance levels. The tests to be
performed are commonly provided by national guidelines [111, 125].

In Figure 2.2, a summary of the most frequent sources of uncertainty in each
step of the RT chain are described. With the advances of delivery systems and
better imaging techniques, the accuracy in the dose delivered to the target has
significantly improved. However, these improvements have made the task of QA
more challenging. Making sure the dose reaches the intended target has become
even more critical for hypofractionated treatments (where the dose per fraction
is >2Gy as opposed to 1.8 to 2Gy used conventionally) to avoid unacceptable

normal tissue toxicity.

2.2.1 Dosimetry

A linac uses RF waves to accelerate electrons to high kinetic energies until they
collide with a high-atomic-number metal target, thus generating high energy
X-rays (MV photons) via the Bremsstrahlung effect. When the photons leave
the linac, they interact with the material along their path. They can undergo

different types of interactions, of which the most relevant for the range of energies
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used in RT are the photoelectric effect, Compton scattering and pair production
[161]. When photons interact with matter, they transfer part or all their energy
to secondary electrons, which in turn deposit their energy in the tissues.

The sum of the kinetic energy, released by all charged particles liberated by
uncharged ionizing radiation in a material per unit of mass, is known as Kerma
(kinetic energy released in matter). However, the quantity of interest in RT is the
quantity of energy deposited per unit of mass of tissue due to ionizing radiation.
This quantity is known as absorbed dose and is given in Gy (1Gy = 1J/Kg).
The measurement of that quantity is known as dosimetry [132, 161]. Calculated
dosimetric quantities are used to estimate the dose that is delivered to a patient
in RT, but are also employed in other fields, such as radiology and radiation
protection.

Dosimetry can be classified in terms of reference (absolute) or relative, and
different types of radiation detectors can be used depending on their application
(see subsection 2.2.2) [184].

In reference dosimetry, absolute dose measurements are performed using
a specific, well-defined standard set-up and protocol. Reference dosimetry is
performed using a detector, normally an ionization chamber that can be traceable
to a standard dosimetry laboratory. The dose output of the linac is defined for
specific reference conditions. For example, in the UK 1cGy/MU is usually defined
for 10 x 10cm? field at 100cm source-to-surface distance (SSD) at the point of
dose maximum (dmax) in water [9, 126, 148].

In relative dosimetry one is concerned with the normalized dose distribution
regarding a reference point. Relative dose measurements are performed during the
linac commissioning to establish beam characteristics, including the percentage
depth dose (PDDs) (Figure 2.3a), lateral dose profiles at different depths (Fig-
ure 2.3b) and relative measurements of beam output factors for different field

sizes [44, 125, 161].
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Figure 2.3: (a) PDD curves in water for a 10 x 10cm? field at an SSD of 100cm
for various MV photon beams energies and a Cobalt-60 (°°Co) [161]. (b) Example of
normalized lateral beam profiles for two field sizes (10 x 10cm? and 30 x 30cm?) for
a 10MV photon beam at various depths in water. The central axis dose values are
normalized based on the PDD value of the corresponding fields [161].

2.2.2 Methods of radiation measurements

An ideal detector should provide accurate, precise and reproducible measurements
and should not have directional, energy or dose-rate dependency. Moreover, it
should preferably have a high spatial resolution, have a real-time response that is
linear with dose, be water equivalent, re-usable and be able to measure dose in 3D
[145]. These characteristics are not easily achievable, and, despite manufacturers’
attempts at producing such a detector, there is currently no detector system that
fulfils all these conditions. Different detectors can be used together instead to
achieve most of the mentioned characteristics. The most widely used detectors
for RT applications are ionization chambers and diodes for absolute and relative
dose measurements, respectively. Radiochromic films are commonly used when
dose measurements in 2D are desirable. Here I only describe the detectors used in

this thesis.

2.2.2.1 Ionization chambers

Ionization chambers consist of a gas-filled cavity enclosed by a conductive outer

wall (cathode) and a central collecting electrode (anode). Secondary electrons,
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EBT3 gafchromic films

Matte Surface Clear Polyester Base, 125 um
Active Layer, 28 pm

Matte Surface Clear Polyester Base, 125 um

Figure 2.4: Gafchromic EBT3 films (Ashland Inc., Wayne, NJ, USA) structure and
irradiated samples placed on a flatbed scanner (Epson model 10000XL).

which are generated both inside and outside the chamber, ionize the atoms and
molecules of the gas, creating ion pars. The amount of ionization produced is
proportional to the energy delivered to the medium and can be measured based
on the charge created in the gas. When connected to an electrometer, a potential
difference is generated between the anode and the cathode which leads to a
collection of the ions in the chamber. The motion of the ions travelling between
the electrode generates a measurable electronic signal [161, 185]. There are
different types of ionization chambers which are used for distinct purposes. Free
air ionization chambers are used by national standards laboratories to calibrate
reference standards chambers [126], which are then used to calibrate ionization
chambers used in the clinic. The most widely used chamber of this type is the
Farmer chamber. They provide high-precision, reproducible and accurate absolute
dose measurements within 1%. They are typically used for beam calibration
(absolute dose measurements) but cannot give a good indication of the position of

a dose measurement in high dose gradients as they suffer from volume averaging.

2.2.2.2 Chemical detectors

Radiation creates chemical changes in some materials, such as in radiochromic
films, which are the most commonly used chemical dosimeters in RT (Figure 2.4b).
3D chemical dosimeters have been gaining popularity over the years and are
described in detail in section 2.4

Films provide high spatial 2D dose information, have high sensitivity and are
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nearly tissue-equivalent [55]. Radiochromic films are self-developing films that
undergo a colour change when exposed to ionizing radiation, originated by the
polymerization of dyes embedded in their active layer (Figure 2.4) [161]. The
transmission of light through the film can be imaged with an optical scanner, and
the optical density (OD) measured and related to dose by selecting different colour
channels (red, green and blue (RGB)). The basics of film dosimetry consists of
taking the raw pixel value (PV) from the, usually, red channel (location of the
peak of maximum absorption of films) and converting it into net OD (netOD)

[171]):

P‘/irra iate
net OD = ODirradiated - ODnon-irradiated = - 108;10 (#) (21)
non-irradiated

where the relationship between absorbed dose and netOD can be determined by
irradiating several films with different dose levels. A calibration can be obtained by
relating the dose values against the netOD. Alternatively, more reliable absolute
dose measurements can be obtained by calculating the OD based on all three
R, G and B channels. This method eliminates the non-dose related changes in
the films [144], which covers changes due to film coating and scanner artefacts,
noise, and some effects caused by dust particles in the scanner. The FILMQA
Pro software (Ashland, NJ, USA) that was developed to analyse films for both
absolute and relative dose determination, provides dose calculation based on this
approach. The most commonly used films in RT are the Gafchromic EBT3 films
which are shown in Figure 2.4. The netOD uncertainty of these films is typically
around 1%, and their overall accuracy in dose determination is better than 4%

171].

2.2.3 End-to-end (E2E) tests and pre-treatment QA

E2E tests are generally performed after the commissioning of new equipment, the

implementation of complex delivery techniques, or as part of audits [36]. They
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verify the overall geometric and dosimetric accuracy of each RT step by assessing
if the final dose distribution is delivered as calculated by the treatment plan. A
phantom/dosimeter set-up is CT-scanned, a treatment plan is created, and then
the dose is delivered to the phantom in the same way as it would be delivered to
a patient [36, 91].

Errors due to TPS calculation, transferring the data to the linac and technical
limitation in the delivery of the plan (e.g. incorrect collimation, gantry rotation,
MLCs leaves moving too slow) can be identified by these verification measurements.
If an agreement between the measured and the calculated dose distribution is
poor then, specific tests focused on each step in the RT pathway will be required
to identify the discrepancy.

Before the start of the first patient’s RT fraction a pre-treatment QA measure-
ment can be performed. This is a type of E2E test in which the treatment plan,
that has been optimized on the patient’s planning CT, is re-calculated on the CT
scan of the phantom.

Nowadays, arrays of ionization chambers or diode detectors are normally
used for E2E tests, particularly for pre-treatment QA. Examples of commercially
available arrays of detectors are shown in Figure 2.5. 2D and 3D dose information
can be obtained using these detectors by reconstructing the measured dose obtained
from different gantry angles. These phantoms are provided with software that
allows comparing the reconstructed dose distributions with the TPS calculated
doses using the gamma criteria. This is a metric used in RT to compare measured
and simulated dose distributions (see subsection 2.2.4). These detectors have
high linearity and repeatability but only provide discrete dose information. This
limitation has an impact on the accuracy of the dose measurements, in particular
in steep dose gradient regions. Furthermore, the use of detector arrays has been
shown to fail to detect systematic errors (e.g. MLC leaves positioning, gantry
position) [149].

For a more realistic and accurate dose verification, anthropomorphic phantoms

can be used instead along with radiation detectors such as films or TLDs. These
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Figure 2.5: The IC Profiler (Sun Nuclear Corporation, Melbourne, FL. USA) consists of
251 parallel plate ionization chambers each with sensitive volume of (0.05cm)?, mounted
in four arrays within an area of 32 x 32cm? separated by 5mm [186]. The PTW 1500
IC array (PTW, Freiburg, Germany), consists of 1405 ion chambers with (0.0026 cm)?
positioned in a grid as shown. It can be placed within the OCTAVIUS 4D phantom
to obtain 3D dose maps [25]. The Deltad (ScandiDos AB, Uppsala, Sweden) phantom
is a cylindrical polymethylmethacrylate (PMMA) phantom containing two orthogonal
detector boards with a total of 1069 p-type Si-diodes, each with 0.8 x 0.8mm? active
measuring area [151]. The ArcCHECK (Sun Nuclear, Melbourne, FL) consists of a
cylindrical water-equivalent phantom with 1386 diode array, arranged in a spiral pattern,
with each detector separated by 10mm [195]. These devices rely on interpolation and
extrapolation algorithms to provide a 3D dose distribution that can be directly compared
to the treatment plan. Pictures of devices were taken from the manufacturer’s website.

phantoms are not practical for pre-treatment QA but their use is recommended
for E2E tests during linac commissioning and TPS QA [36, 90].

MV EPIDs mounted on most modern linacs, can also be used as an alternative
to phantom arrays for treatment plan dose verification. They have a linear
response to dose, have high spatial resolution and provide the results in real-time.
Depending on the software used, EPID images can be reconstructed as 2D or 3D
dose distributions, which can then be compared to the calculated dose distribution
by the TPS [64]. EPIDs can also be used to perform QA tests, such as MLC leaf

position verification.
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2.2.4 Gamma analysis

Gamma analysis is a widely used metric that is standard procedure for patient
pre-treatment dose verification. It is used to compare two dose distributions (a
reference and a test) in terms of their percentage dose difference (DD) and their
distance to agreement (DTA) [53, 127]. An acceptance criteria needs to be defined
so that the gamma index can be calculated. Different reports have suggested
distinct gamma criteria for the comparison between measured and simulated
dose distribution in clinical RT. The International Atomic Energy Agency (IAEA)
suggests a global gamma of 3% /2mm and 20% threshold with films when compared
with the TPS [36]. The Institute of Physics and Engineering in Medicine (IPEM)
report 96, considers a 3% absolute DD and 3mm DTA, for at least 95% of the
measured points, as an adequate passing criteria [96]. The TAEA also supports this
statement [93]. Nevertheless, the report advises that appropriate levels must be
locally determined as the tolerance values are not transferable between treatment
sites and clinics. Tighter gamma criteria may be applied to treatments with
steep dose gradients, or to investigate possible deviations during IMRT /VMAT
commissioning, which would otherwise be obscured with more relaxed criteria. In
the gamma evaluation, all points with a measured dose below a given threshold
(typically 10-20% of the prescription dose) are usually discarded to avoid false
positives due to low signal to noise in the low dose area.

The selection of the criteria to apply does not only depend on the field size
and dose gradients but it is also dependent on the resolution of the detector used.
Studies have shown that for the same delivered plan, the use of different detectors
produces distinct passing rates, which might be explained by different detector

resolutions [191, 210].

2.3 MRI-guided RT (MRgRT)

MRI has several advantages over X-ray based imaging. When compared to

a CT image, it provides high resolution and high soft-tissue contrast images

40



Background 2.3 MRI-guided RT (MRgRT)

exceptionally effective to visualize most tumours. It has been shown to improve
inter and intra-observer variability in tumour contouring when compared to CT,
reducing systematic errors found on contours based solely on CT images [174].
In addition, MRI allows for functional imaging and does not rely on ionizing
radiation. Functional MRI can identify regions of the tumour that might require
an additional dose (dose painting) or be used to determine early nonresponders
[13, 78].

Nevertheless, the use of MRI in RT also has its limitations. One is the absence
of electron density information and therefore the attenuation coefficient of the
tissues which is used for dose calculation. There are methods to overcome this
issue, such as by generating synthetic CTs (pseudo-CTs) from MRI [76, 98, 199].

Another issue is that MRI is affected by geometric distortions that originate
from both system hardware and the magnetic properties of the patient, which can
lead to treatment uncertainties. System-related distortions can be corrected for,
but the issue becomes more complex when the patient is the cause, as different
patients have different magnetic properties. Regardless, most vendors provide
geometric distortion correction algorithms that achieve overall geometric accuracy
within 2mm [193, 207]. The use of mapping of the constant magnetic field has
also been investigated to help reduce artefacts created by the linac gantry [198].

2.3.1 MRgRT systems

Integrated MRI and radiation delivery machines take advantage of MRI capabilities,
allowing visualizing the tumours and OAR before and during the RT treatment
[115]. MR Linac systems can also allow a treatment to be adapted both before
and during a RT fraction [142, 208]. MR-guidance is of particular interest for RT
where the tumour position is impacted by motion, as a tumour in the lungs [88].
RT of abdominal organs such as kidney, pancreas and liver can also benefit from
the use of MRI as the treatments are still hindered by poor tumour identification
with the standard X-ray based IGRT that usually require implanted fiducials, as
shown in Figure 2.1 [30].
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Table 2.1: Properties of the current four MRgRT systems. The MRIndian from
Viewray [147], the Aurora-RT [66], the Australian MRI-linac [105], and the Elekta
MR-linac which is available at the RMH/ICR [166]. Note that the Viewray system
had initially 3 cobalt sources instead of a 6MYV linac. Table obtained from Jelen et al.,
2019[97].

Svstem Magnet properties Radiation beam properties
SYS . Orientation Field size /
(vendor) Type  Strength  Opening Energy SID leaf width

MRIdian  split, super- N T 27.4x24.1 cm
(Viewray) conducting 035T 70cmbore  perpendicular 6 MV 09m /4.15 mm
Aurora-RT  biplanar, high o
(MagnetTx) temp.super- 05T 110 (W) x p{imllcl (p?r_pcn- 6 MV 1.22m 30 cm/
K 60 (H) cm dicular possible) Smm
conducting
Australian  open, super- 10T 62 cmbore, parallel (perpen-  4& 6 19-33m 30-50 cm/
MRI-linac  conducting : 50 cm gap dicular possible) MV o 9.5-16.5 mm
Unity closed, super- . T 22x574 cm
(Elekta) conducting IST 70cmbore  perpendicular MV 1435m /7.2 mm

SID - source-to-isocentre

The drawbacks of using integrated MRgRT systems are: the longer time
required to acquire an MRI image (when compared to CBCT) that can lead to
blurred images and longer overall treatment time; the reduced treatment field size
when compared to conventional linacs, which limits the size of tumours that can
be treated. The constant magnetic field present in the MRgRT systems has also
an impact on the dose distribution that cannot be ignored. This effect will be
discussed in detail in subsection 2.3.3.

There are currently five separate designs integrating an MRI scanner and an
RT treatment device [66, 105, 117, 147, 166]. These designs differ in the method
of radiation delivery (linac or cobalt unit), the orientation of the main magnetic
field (B) (parallel or perpendicular to the radiation beam) and the magnetic field
strength (0.35T to 1.5T). The different characteristics of each systems are shown
in Table 2.1.

The first commercially available MRgRT system was developed by ViewRay Inc.
(Cleveland, OH, USA), and started treating patients in 2014 [147]. It consisted of
three cobalt sources mounted on a ring, and a 0.35T MRI. The cobalt sources were
recently replaced by a 6MV linac. The Elekta MR-linac is the first commercial
high field (1.5T) MR-linac system. The first patients were treated in 2017 [165].

A prototype was used as a proof of concept for this integration using a 6MV beam
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[166]. The higher field strength of the MR-linac system creates images with better

signal to noise ratio (SNR) that will likely improve tumour localization [116].

2.3.2 The Elekta MR-linac

In 2016, an Elekta MR-linac was installed at the RMH/ICR in Sutton, and the
first patient was treated in 2018 for prostate cancer. It consists of a flattening
filter-free (FFF) TMV linear accelerator, which rotates in a ring around the outside
bore of the magnet (Figure 2.6). The MRI scanner is a 1.5 T Philips Achieva with
a close bore that has been modified to remove gradient and main B field coils
within its central region in order to allow the radiation beam to pass through.
This region is 15cm long, allowing a maximum field size of 22cm at the isocentre
in the superior-inferior (SI) direction and a maximum of 57cm in the left-right
(LR) directions. The isocente is at a fixed position and the couch cannot be
moved in the LR or in the anterior-posterior (AP) direction inside the bore of
the MR-linac. The beam is collimated by a MLC which travels only in the SI
direction, and consists of with 160 leaves of 7.1mm width at the isocentre. The
magnetic field strength is approximately zero at the location of the electron gun
of the accelerator is achieved through shielding, to avoid interactions between the
MRI and the accelerator [117, 166]. The couch moves only in the SI direction and
a laser is available to align the patient in the LR direction. The typical lasers
used to align the patient in the SI and AP directions on a conventional linac room
are not available or needed for this integrated system as each treatment plan is
adapted based on the patient position on the couch. Detailed explanation on the

Elekta MR-linac treatment adaptation workflows is in chapter 6.

2.3.3 The effect of magnetic field on dose distributions

The combination of an MR with a RT device imposes not only engineering [166] but
also dosimetric challenges. A magnetic field perpendicular to the beam direction

affects the secondary electrons generated as a result of photons interactions [163,
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1.5T MRI bore — 7MV linac

Constant

magnetic
field

Figure 2.6: Schematic representation of the Elekta MR-linac. The different components
of the linac, as well as both the treatment beam and the magnetic field, are shown.

164, 167]. This is due to the Lorentz force , caused by the constant magnetic field

perpendicular to the beam direction, as per the equations:

F=q(E+7xB) (2.2)
muv

where q refers to the charge of a particle, moving with velocity ¢, through an
electric field E , and a magnetic field B. When the velocity of the charged particle
is perpendicular to B , the particle follows a circular trajectory with a radius R
given by Equation 2.3.

The main magnetic field of the Elekta MRL is perpendicular to the beam
direction. Consequently, the cascade of secondary electrons will be deflected by
the Lorentz force, which changes the deposited dose distribution [167]. For a
6MV beam irradiating an homogeneous medium, this effect leads to a reduced
build-up distance by 5mm, a shifted and asymmetric penumbra in the direction
orthogonal to the beam direction of Imm and, a shift of the whole radiation field

by approximately 0.7mm in the same direction (Figure 2.7b) [167].

44



Background 2.3 MRI-guided RT (MRgRT)

o
=3

Lateral dose profile (6MV)

B=0T B>0®
Photon

beam

08 |

0.6

04 |

L] [

Dose normalized to dose max at 5 cm depth

water water 02 N
5 e

distance [cm]

Figure 2.7: (a) Representation of the secondary electron path in water and in air
with and without a magnetic field. (b) Asymmetric penumbra visible for the lateral
dose profile measured at a depth of 5cm (in a water phantom) irradiated by a 6MV
photon beam with a 1 x 1lem? and 5 x 5cm? fields, in presence of a 1.5T magnetic field
perpendicular to the beam direction. The same profiles obtained at a 0T magnetic field
are shown. Figure obtained from [167].

This effect was a matter of concern for treatment sites with high density
differences, such as at the interfaces of tissue and air. The average distance
travelled by an electron in air is much longer than in tissue, and as a result,
electrons that would normally deposit their energy outside the tissue of interest
can complete their curved path and return into the tissue (Figure 2.7a). This
effect is known as electron return effect (ERE) and it is responsible for a dose
increase (hot spots) at the proximal side of air cavities and a dose decrease (cold
spots) at their distal side [163]. The effect on the dose distribution will be different
depending on the beam energy, the magnetic field strength and direction, but
also depending on the interface shape and material [163, 164]. The ERE has been
studied using Monte Carlo (MC) simulations with simple geometries, for a better
understanding of the implications in RT with the Elekta MR-linac [163, 164].
These studies also supplied relevant information for the other integrated MRgRT

systems.
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2.3.4 The effect of air cavities in MRgRT

Raaijmakers et al.,2015 [163] characterized the effects of air gaps on dose distribu-
tions and reported a dose increase of up to 40% due to the ERE (Figure 2.8a) in the
presence of a 1.5T magnetic field perpendicular to the beam direction (irradiation
of two 4cm long blocks of water separated by a 2cm air cavity). This dose increase
could be reduced with the use of opposing beams [163] (Figure 2.8b). The ERE on
dose distribution was also investigated for clinically relevant scenarios. Increased
skin dose was observed for breast IMRT in the presence of a magnetic field [80].
Menten et al., 2016 [141] studied the effect of magnetic field in lung SBRT. They
showed that clinically accepted lung SBRT treatments could be obtained by taking
into account the magnetic field as part of the treatment optimization process.
Clinically acceptable IMRT dose distributions were also achieved for cancer sites
adjacent to air cavities (laryngeal and oropharyngeal tumours), providing that the
magnetic field was also taken into consideration during dose optimization [162].
Other tumour sites, such as the pancreas, head and neck were also investigated,
using patient CT scans with actual air cavities. This study draws attention to
the fact that large dose differences can occur (15% in the pancreas case in the
duodenum) if the magnetic field is not taken into consideration [31]. In all these
studies, the magnetic field produced an increase in the patients’ skin dose.
However, air cavities which are visible in the planning CT might not be present
on the day of treatment, and if accounted for during planning they can lead
to higher doses on the tissue where these cavities were. This situation occurs
on RT treatments at conventional linacs, but the effects are expected to be
more pronounced on the MR-linac due to the ERE. These changes to the dose
distributions are difficult to predict because they depend on the shape and location
of the air cavities. Treatment sites in the pelvic region might create challenges for
RT in the presence of a magnetic field due to the possible existence of gas in the
different segments of the bowel. A study by Bol et al., 2015 [19] suggests that

care must be taken when unplanned intra-fractional (dis)appearing air cavities

46



Background 2.3 MRI-guided RT (MRgRT)

b
One beam irradiation Two opposing beams irradiation
1.2

ar waler water ar water

Relative Dose

Depth (cm) Depth (cm)

Figure 2.8: (a) PDD profiles on the central axis of a phantom with an air gap, with
and without the presence of a 1.5T magnetic field. (b) PDD profile on the central axis
when using two opposing beams on the same phantom, again with and without the
presence of a 1.5T magnetic field showing the reduction of dose at the interfaces of the
phantom. Figures taken from Raaijmakers et al., 2006 [163].

exist, showing absolute difference higher than £2%. The study only simulates
instantaneous transition from tissue to air, but gradual transition as the ones
occurring in the tissues, have been shown to reduce the size and magnitude of the
ERE at air cavities [200]. This study, which investigated the effect of air cavities
in the rectum within a fraction by artificially creating air cavities in selected
patients CT scans for rectal cancer RT, showed that 2cm and 5cm diameter
cavities resulted in an increase in dose of up to 2.8% and 5.3% respectively.

To account for the presence of the magnetic field a GPU-based Monte Carlo
dose (GPUMCD) calculation engine was developed [81, 82]. This algorithm is
available as part of the Monaco TPS (Elekta CMS, Maryland Heights, MO), used
with the Elekta MR-linac. The Viewray system has also developed a fast and
accurate MC based dose calculation engine to simulate the effect of magnetic
fields [52, 147]. The accurate modelling of the magnetic field and the ERE by

these TPS require validation.
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2.3.5 QA for the MR-linac

Before dosimeters such as ionization chamber, diodes, films, (among others) could
be used for QA purposes on an MRgRT system, it was essential to understand if
and how their response could be affected by the magnetic field.

Given that commonly used ionization chambers in RT are air-filled cavities,
the secondary electrons average path length and their trajectories in the chamber
change with the B field strength and orientation, thereby affecting the chamber
response [138, 189]. In addition, air gaps between the ionization chamber and the
phantom material lead to a non-negligible change in the detectors response to
dose so dose measurements should be done in water tanks [152]. Other detectors
as diodes and diamond are also affected by the magnetic field [172, 192].

The detector arrays that are traditionally used for both E2E and pre-treatment
QA were not initially suitable to be placed inside an MR-linac because of their
electronic and ferromagnetic components. Updated versions of these arrays of
detectors, covered in section subsection 2.2.3 and shown in Figure 2.5, have been
developed to be MRI compatible. Their performance has been evaluated to assess
whether their response has changed with the effect of the Lorentz force. Normalized
profiles were found to be comparable to the ones obtained with radiochromic films
using both the IC profiler [188] and the STARCHECK MAXI MR [160](figure not
shown). However, it was recommended that care must be taken when performing
absolute dose measurements. MR compatible versions of both the ArcCHECK
and Deltad did not show significant differences in performance when used at the
MR-linac [86, 203]. For MRgRT, these systems still have their place as part of
the linac commissioning and TPS QA. However, for the Elekta MR-linac, these
systems do not have much utility as pre-treatment QA. As the treatment plan is
adapted at each treatment fraction, the correct delivery of a dose distribution can
only be verified at the end of a RT session and not before the patients’ treatment
[86, 124]. Some studies have investigated the performance of radiochromic films

at different beam energies, in different magnetic field strength and orientation
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in relation to the B field [14, 18, 173, 178]. Magnetic fields have been shown to
affect the polymerization process in radiochromic films. Initial publications on this
matter presented contradicting data. Some discrepancies could be partly explained
by the different beam energies used and types of films (EBT2 and EBT3). To
clarify the inconsistencies in the literature, a study by Billas et al., 2019 [18] was
recently published in which films were irradiated in different orientations and
magnetic field strengths. The authors found a small effect on the sensitivity of
the films which, if not corrected for, can lead to errors on the measurement of
absorbed dose that could vary from -0.6% at 0.5T up to 2.4% at 2T. A 1.5% error
was found for a 1.5T magnetic field, which is within the film uncertainty. The

magnitude of the changes agree with other studies [14, 178].

2.4 3D gel/plastic dosimeters

3D dosimeters can play an important role in RT as they have been useful in
commissioning and QA of treatment machines and TPS, and also as a method
of pre-treatment specific QA [180]. The ability to measure 3D doses is desirable
for dose verification of complex treatment plans. This verification might be even
more relevant for the MRgRT system, as dose perturbations due to the ERE can
occur for targets near air interfaces. Films can provide relevant dose information,
but they are unable to identify dose differences that occur out of the plane of

their measurements.

2.4.1 Fricke gels

Fricke (ferrous sulphate) gels consist of acidic oxygenated aqueous solution of
ferrous ion (Fe2+) that, when irradiated, and after several reactions, are converted
to ferric ions (Fe3+) [71]. The different ions have different spin-lattice parameters
of relaxation time (T1) of the protons in water molecules, which can then be
measured using an MRI. A dose distribution can be obtained by relating the

absorbed dose to the spin-lattice relaxation rate R1 (= 1/T1) [10]. Optical CT
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Figure 2.9: (a) Colour change of a Fricke-xylenol-orange-gelatin dosimeter irradiated
with al2 MeV electron beams [181]. (b) Polyacrylamide polymer gel dosimeter showing
an increased scatter in the high dose areas radiated using a °°Co beam. (¢)PRESAGE®)
dosimeter showing darker colour on the irradiated regions of the sample.

(optical-CT) scanners were proposed, initially to be used together with polymer
gels [72], as a faster and cost-effective alternative to the use of MRI scanners.
Shortly after, Fricke gels were modified so that they could also be readout with
these optical-CT systems [107] (see Figure 2.9a). Fricke gels can provide excellent
results, but their utility has been hindered by diffusion problems that influences
their spatial accuracy stability and gives the dosimeters a limited time of only a

few hours to be readout after being irradiated [72, 179].

2.4.2 Polymer gels

Polymer gels consist of monomers, which are converted to polymers following
a radiation-induced free radical polymerization [157]. Most of the polymer gel
dosimeters require around 24h for this reaction to stabilize. Polymer gels that
can be readout within 12h or less, have been only recently developed [32, 158].
The polymerized regions of the gels display a turbid white colour as a result of
the light-scattering from the polymer microparticles generated by the radiation
(Figure 2.9b). These particles can be imaged with an optical-CT, as the visible
scattered light is attenuated proportionally to the polymer density. An MRI can

also be used as the hydrogen atoms of monomers and polymers have different
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relaxation times [67]. Although polymer gels are a reliable candidate for 3D
dosimetry and are commercially available from both MGS Research Inc. (Guilford-
Madison, CT, USA) and RTSafe (Athens, Greece), they have some drawbacks.
Oxygen acts as a radical initiator, so these gels must be manufactured in a
deoxygenated environment and then poured into a container impermeable to

oxygen (glass or Barex®)) [145].

2.4.3 Radiochromic 3D dosimeters

Radiochromic dosimeters were introduced in 2004 with the creation of PRESAGE®)
by John Adamovics [2-4]. PRESAGE®) is commercialized by Heuris Pharma
(Skillman, NJ, USA), and consists of a polyurethane matrix, a leuco dye (leu-
comalachite green) and a radical initiator. When the samples are irradiated a
halocarbon radiolysis occurs, producing free radicals that oxidize the leucoma-
lachite green into malachite green, which creates a colour change with the light
peak absorption maximum at a wavelength of around 633nm (Figure 2.9¢) [75].
The change in OD can be measured using an optical-CT, but the dosimeter itself
is practically invisible on an MRI [74]. Radiochromic 3D dosimeters were created
as a way to overcome some of the mentioned problems of Fricke and polymer
gels. They can be fabricated in any desired shape without the need of an external
container [2, 12], the measured signal does not suffer from diffusion problems
over time like Fricke gels and they are also less prone to optical artefacts when
readout with an optical-CT. Contrary to polymer gels that are a scattering media,
PRESAGE®) absorptive radiation-induced contrast is linearly relatable to the
absorbed dose. This is an advantage when optical-CT is used as light scattering
is known to affect the contrast and resolution of the images and increase the noise
[74, 155]. In addition to the polyurethane-based dosimeters, radiochromic micelle
gel dosimeters have been developed [99, 201] which have evolved to deformable
versions [48].

The use of PRESAGE®) 3D dosimeters in RT applications has undergone a

swift development, with several publications showing reliable dose measurements
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when compared to simulated data. PRESAGE®) had been used to verify IMRT
[155, 176, 177], VMAT [196], respiratory-gated treatments [24] and was of particu-
lar use in brachytherapy for high resolution measurements of steep dose gradients

[5, 202].

2.4.4 Use of 3D dosimeters in MRgRT

There are no ideal dosimeters to QA MRgRT systems, but 3D dosimeters are the
only ones that in theory allow obtaining 3D dose information with a high spatial
resolution (in the order of a few microns) while enabling measurements at the
interfaces between materials with two different densities. These characteristics
of 3D dosimeters make them ideal to measure dose distributions affected by the
ERE. However, the response of these dosimeters in the presence of a magnetic
field needs to be assessed before they can be used for that aim.

Considering that PRESAGE®) samples get darker as a consequence of the
oxidation of leuco dyes, resulting from the free radicals produced by the radiolysis
of hydrocarbons, their response may be affected by a constant magnetic field.
In 2014, a study reported an underdosage of 9% and 10%-12% in the absolute
dose-response of PRESAGE®) (radiochromic plastic) at a 1.5T magnetic field
[35, 131]. However, a later manuscript showed that a 1.5T magnetic field has a
minimal effect on the absolute dose of PRESAGE®) [121]. The same results were
found for other radiochromic and polymer gels, which were tested in the same
study.

The first study which attempted using a 3D sample of PRESAGE(R) to measure
the ERE in 3D, used a cylindrical sample with an air cavity and irradiated the
dosimeter with one beam at a 1.5T magnetic field. The results were promising
but quantitative measurements of the ERE were prevented by streaking artefacts
around the cavity [35, 92, 123]. Further studies used samples of PRESAGE®)
(~9.5cm diameter) as part of the commissioning process of the ViewRay(®) system,
showing very good agreement with simulated data (>98% points passing a 3%
and 3mm global 3D gamma with a 10% threshold)[169]. The study used only
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homogeneous samples and did not investigate dose distributions near the edges of
the dosimeters.

3D gels readout using MRI, have been investigated for dose measurements in
MRgRT system. Both Fricke-type and polymer gels (MGS Research, CT, USA)
have shown potentialities to be used for real-time dose accumulation using an
MR-linac [90, 122]. Recently, polymer gels from RTSafe (Athens, Greece) have
been used to obtain quantitative and qualitative measurements, immediately after
irradiating a gel with an MR-linac [158]. Fricke-type gels were also developed
with an air cavity to be irradiated and imaged by an MR-linac [123]. E2E
tests performed with these dosimeters showed high passing rates for quite large
gamma criteria of 7%, 4mm [120]. Preliminary results were also obtained with
heterogeneous versions of these gels, with both water and lung equivalent densities
[133]. Furthermore, polymer gels have been used successfully for measurements
required during commissioning of MRgRT system, specifically to verify MRI-based
distortion and to access the alignment between the imaging and the radiation
isocentre [61, 62]. Although these dosimeters have the advantage of using the same
system, an MR-linac, for both irradiation and dose readout, when compared to an
optical-CT these MR readout images have both lower resolution and signal-to-noise

ratio (SNR).

2.4.5 Optical-CT scanner for 3D dosimetry

A variety of optical-CT scanners have been developed to readout the dose dis-
tribution captured by 3D dosimeters. These systems work in a similar way to
X-ray CT scans in that they have a source of radiation, in this case in the form
of visible light, which is directed across the dosimeter, so that the attenuation
through it can be measured.

The first generation of optical-CT scanners was developed by Gore et al., 1996
[72] and allow measuring doses in the range 0 to 10Gy with accuracy better than
5% and a spatial resolution of about 2mm. It consisted of a laser beam which scans

the sample in step and shoot mode in the transverse direction and from different
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Figure 2.10: Diagrams of different types of optical-CT scanners reproduced from [58].
a) first generation of optical-CT scanners [72]. b) Cone beam CCD scanner [209] and c)
parallel beam CCD scanner [114].

angles around the sample (Figure 2.10a), to obtain a 2D attenuation map of a
cross-section of the sample. The sample is then moved up or down to obtain a 3D
attenuation map. Given that this optical-C'T scanner was very slow, over the years,
several groups have developed different scanner designs which aimed to speed up
the image acquisition process while maintaining or improving the image quality.
In 1999 a cone-beam (CB) optical-CT scanner was developed which consists of
a 2D array detector, in this case, a charge-coupled device camera, that allows
a 2D projection image to be obtained at successive angular increments of the
sample rotation [209] (Figure 2.10b). Complementary metal-oxide semiconductor
(CMOS) detectors can also be used for this configuration. A 3D attenuation map
is obtained by reconstructing the images with filtered back-projection, or with
more advanced algorithms [206]. These systems reduce the scanning time from a
few hours to a few minutes. In order to reduce secondary light scatter originated

on the samples imaged with these scanners, parallel beam scanners were developed
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which make use of telecentric lenses (Figure 2.10c) [114].

The way optical-CT scanners work can be understood with the use of the
Beer-Lambert Law, which states that there is an exponential relationship between
the intensity of the light transmitted through a substance and its attenuation

coefficients (i) and position (z) as given by the equation:

I(x) = [06_ flight path M(w)dm (24>

where the transmitted light intensity is given by I and the incident light
intensity by Iy. Multiple, typically tens to hundreds of projections, need to be
acquired around the sample to obtain an OD (= log,,(lo/I)) 3D attenuation map
of the original object. Commonly, the projections’ images are reconstructed using
filtered backprojection. A detailed description of how filtered backprojection is
calculated and used in 3D dosimetry with an optical-C'T can be found in a report
by Doran et al., 2007 [58] and the formal mathematics in texts such as the Physics
of Medical Imaging [206].

2.4.6 3D dosimeters’ edge effect considerations

The difficulty of measuring near the samples’ interfaces is a known issue of 3D
dosimeters. Gel dosimeters are enclosed in a container, which prevents measuring
dose directly at dosimeter interfaces. Nevertheless, some publications explore
the use of low density gels that could offer an alternative to measurements at
the interfaces of the dosimeters [46, 133]. PRESAGE®) samples do not need a
container, but suffer from edge artefacts caused by the optical-CT readout system
used due to a refractive index mismatch (RI) mismatch between the matching
liquid and the sample [56]. Several groups using 10 to 11cm diameter PRESAGE(®)
samples reported edge artefacts [24, 155, 169, 170, 177], a few mentioning that at
least bmm around the samples edge were not considered due to these artefacts [94,
139, 169, 170]. Additional effects were found to be due to a real non-uniformity of
samples of PRESAGE®) to dose [49, 139] and will be discussed in more detail in
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chapter 5.
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Chapter 3

Optical-CT scanners - Methods,
materials and samples acquisition
optimisation

This chapter describes the methodology applied to scan samples of PRESAGE(R).
Two different in-house optical-C'T scanners were used: a previously developed
microscopy optical-C'T and a telecentric optical-C'T, which I assembled. I describe

the components of both systems and their configurations and explain the choice of

the hardware components selected for the newly assembled system.
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Optical-CT methods 3.1 Introduction and Aim

3.1 Introduction and Aim

I used two different optical-CT scanners to image 3D cylindrical samples of
PRESAGE®). A microscopy optical-CT scanner, which had been previously
developed [60], was used for the initial experiments performed in this thesis
(chapter 4). As this system allows imaging only of samples smaller than 2.5cm,
due to its reduced field of view (FOV), a new optical-CT system was required.
A telecentric optical-CT was assembled for this purpose. This system was used
to obtain 3D dose information for the experiments described in chapters 5 to 7
of this thesis. The aim of this chapter is to give an overview of the hardware
differences between the two optical-C'T systems and explain the methodology
required to obtained 3D OD images of cylindrical samples of PRESAGE(®), which
is fundamentally the same for both systems. The new system was optimized using

samples of PRESAGE®) as test objects.

3.2 Microscopy optical-CT scanner hardware

The optical-CT microscopy scanner is an updated version of the system described
by Doran et al., 2013 [60]. McErlean et al., 2016 [135] improved the system by
using a better camera (a complementary metal-oxide semiconductor (CMOS)
instead of a charge-coupled device (CCD)), computer and positioning system, and
characterized it for microbeam RT applications. This system, which is shown
in Figure 3.1, consists of a microscope zoom lens (53-043, Edmund Optics, NJ,
USA) attached to a camera (Zyla sCMOS, Andor Technology PLC, Belfast,
UK) and a flat panel light-emitting diode (LED) illuminator, (PHLOX-LEDR-
BL-100100-S-Q-1R-24 V, PHLOX, Aix-en-Provence, France). This illuminator
emits light at 630nm wavelength and it is connected to a power supply (RS
Pro IPS-603). The sample to be scanned is positioned between the illuminator
and the lens, and attached to a holder connected to a rotation stage (PRS-110
7SS43, PI miCos GmbH, Eschbach, Germany), which is then placed inside a
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Figure 3.1: Microscopy optical-CT scanner. The sample is lowered down into the tank
so that the sample central axis of rotation coincides with the centre of the projection
images. Small sample position adjustments in the left-right direction (projections) are
done with the micrometre.

glass matching tank (Part 704-002-40-10, Hellma GmbH, Mullheim, Germany).
The rotation stage was attached to a long travel stage (LTS-300/M, Thorlabs
Ltd., Ely, UK), which was used to move a sample vertically. That stage was
mounted over another long travel stage (LTS-150/M, Thorlabs LTD., Ely, UK) to
allow changing the position of the sample along the optical axis, between the lens
and the lightsource. Sample acquisition was controlled by an in-house developed
LabView(®) (National Instruments Corporation Ltd., Berkshire, UK) code and
the images were reconstructed using software previously developed in IDL (see
section 3.5 for more details). For the measurements performed in this thesis, the
camera magnification was always set to 1 which allow acquiring images with a
resolution of 6.5um. Images obtained by scanning PRESAGE®) samples with
this system are shown in Chapter 4. The achievable image quality considering
both sample and, set-up generated artefacts, are discussed in the same chapter.
The acquisition parameters had been previously optimized by a student that
assembled this optical-CT [134] to readout PRESAGE®) samples irradiated with

microbeams. The parameter used are described in section 3.6.
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Figure 3.2: Telecentric optical-CT scanner.

3.3 Telecentric optical-CT system hardware

The final version of the telecentric optical-CT system assembled during this PhD is
shown in Figure 3.2. The system consists of a new telecentric lens (TC2MHR096-C,
0.137x magnification, Opto-Engineering, Ttaly), a new rotation stage (CR1/M-Z7K
with a controller, Thorlabs Ltd., Ely, UK), and a horizontal travel stage that was
assembled in house. The same LED flat panel illuminator used in the previous
optical-CT scanner was used in this system, and a new matching tank was built
in-house to accommodate larger samples of PRESAGE®). A similar system
was first described by Sakhalkar et al., 2008 [175] and later used to commission
radiosurgery fields [37] and validate gated RT [24]. A detailed explanation of the
choice of the new components and the reasons for maintaining the others are given

in subsubsection 3.3.1.1.
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3.3.1 Considerations governing choice of hardware

3.3.1.1 Lenses

Telecentric lenses have several advantages compared to conventional lenses when
setting up a new system for 3D dosimetry application. With a non-telecentric
lens, the size of the object to be imaged changes with its distance from the lens.
Moreover, for the same distance, the shape of the object can change when further
from the centre of the FOV of the image. Thus, these lenses require significant
work to characterize the system optics for different sample sizes and distances from
the lens (Figure 3.3). Regardless, the images might be subjected to distortion
when using large samples.

Unlike conventional lenses, telecentric lenses only accept incoming rays that
are parallel to the optical axis (a typical acceptance angle is ~0.1°). This means
images have no perspective, and the object size remains unchanged independently
of its position (Figure 3.3). These characteristics eliminate perspective errors and
facilitate sample positioning as the effective depth of focus and field (distance
between the closest and farthest objects) can be significantly extended. This
means the same setting and the position of the sample in relation to the lens can
be kept the same independently of samples’ dimensions. Compared to conventional
lenses, the use of a telecentric lens as part of an optical-CT scanner provides a
more flexible, easier to set-up system, which acquires projection images with high
spatial accuracy, resolution and with low distortion.

There are a few parameters that were taken into consideration before the
acquisition of a new lens. The choice of the lens had to be made not only based
on the size and thickness of the sample to be imaged (at least 6.5cm diameter
PRESAGE®)) but also based on the sensor size, and the type of mount of the

camera to which it would be attached to (see Equation 3.1).

camera sensor size (mm)

FOV(mm) = (3.1)

lens mag
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Figure 3.3: Simplified representation of the difference between the resulting projection
images obtained with a conventional and a telecentric lens. Conventional lenses give
different magnifications depending on the position of the object, while telecentric lenses
only have one, provided that the object to be imaged is within a specific range (depth of
field (DoF'), which is the maximum range where the object appears to be in acceptable
focus).

The selection of the lens to be bought was based on the available camera at
the ICR and the fact that ideally the samples should be imaged with a larger
enough FOV of around 100 x 100mm?. The telecentric lens, TC2MHR096-C
(Opto-Engineering, Italy), which has a 0.1576x magnification (mag) was acquired.
The combination of this lens with the camera provides a FOV of 121 x 102mm?
following Equation 3.1. This lens model allows larger sample sizes to be imaged
in the future, without compromising the resolution of the images (smallest pixel
size is (47.9um)?). To determine the projection image pixel size, the following
equation was applied:

camera pixel size (mm) X binning

(3.2)

Image pixel size (mm) =
sep () lens mag X object mag X mount

Both the object magnification (mag) and C-mount, which is the type of mount

of our camera, are equal to 1.
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3.3.1.2 Illuminator

The use of a telecentric lens should in theory, be combined with a telecentric
illuminator to improve image quality. When using a flat panel lightsource, the rays
are diffused and can reach an object with an angle, being reflected at the edges
of an object. When using a collimated light (telecentric), the rays are parallel
to the optical axis and consequently less reflected from the object. This leads to
images with higher edge contrast and accuracy. These systems have been used
successfully to image larger samples of PRESAGE®) (>10cm) to obtain reliable
3D dose information for clinical RT dose ranges. An example of a system with
both telecentric lens and illuminator is the DLOS scanner [197].

I tested two different illuminators, a flat panel used in the previous system
and a telecentric lightsource. After imaging a sample of PRESAGE®) with
both illuminators, the flat panel light proved to be the most adequate for our
application of measuring OD changes near the samples’ edges. The combination
of a telecentric lens and a illuminator creates projection images with an excessive
level of detail (thick dark edges and surface marks on the samples as shown in
Figure 3.4). Therefore, changes in OD due to accumulated dose could not be
accurately measured. I also investigated the use of a light diffusor together with
the telecentric lightsource, as performed by other groups [197]. However, it was
still not possible to desensitize the ”telecentricity” of the system, to the point

that one could obtain information at the borders.

3.3.1.3 Additional components

A new rotation stage was ordered for the optical-CT scanner. A new rotation
stage (CR1/M-Z7K, Thorlabs Ltd., Ely, UK) was attached to a micrometre which
itself was attached to the vertical travel stage (LTS-300/M, Thorlabs Ltd., Ely,
UK) for improved sample positioning.

The matching tank assembled in-house consists of black Acetal walls and two

high transmission windows of 7.6 x 7.6 x 0.3cm?® (Edmund Optics, NJ, USA),
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Figure 3.4: Differences in the projection images of a uniformly irradiated PRESAGE®)
sample obtained using a telecentric lightsource (LTCLHP096-R, Opto-Engineering, Italy)
and a flat panel lightsource (PHLOX-LEDR-BL-100100-S-Q-IR-24 V, PHLOX, Aix-en-
Provence, France). The sample was not moved during this experiment. Several sample
features are visible on the projections imaged with the telecentric light which are not
present when a flat LED lightsource is used.

which can be removed easily in case they need to be cleaned or exchanged by new
ones. This tank is filled with matching liquid with the same RI as the samples to
reduce deflection of light at the samples’ interface. The centre of the tank was
positioned at the nominal working distance of 28cm, by moving the horizontal
travel stage manually. The tank was then left in that position for all the samples
with the same diameter. After setting up the optical-CT, it was necessary to
make sure accurate 3D attenuation map could be obtained by imaging samples of

PRESAGE®).

3.4 Sample preparation and matching liquid

PRESAGER) samples are usually imaged before and after being irradiated (pre
and post-scan respectively), to measure differences only due to dose changes. The
pre-scan provides a baseline map of the OD values, removing image imperfections
coming from the sample.

Before scanning a sample, it needs to be attached to a cap so it can be
suspended on the rotation stage as shown in Figure 3.2. Two options were
available: (i) Liquid silicon glue was used to glue the sample to a cap with a flat
end face, with the sample aligned with the cap using a sleeve (Figure 3.5). This

method was used in chapters 5 to 7. Pros: more reproducible alignment between
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Figure 3.5: PRESAGE®) samples used in this thesis and the different holders attached
during scanning and irradiation.

the pre and the post-scans; cons: cap present during irradiation and only one
end of the sample can be scanned; (ii) Caps with an indentation that locates
approximately bmm of the sample within the cap, fixed with a screw, as shown
in Figure 3.5. Pros: allows scanning both ends of the sample and irradiation of
the sample without the cap, which was required for the experiments described in
chapter 4; cons: less reproducible sample position in the scanner and the whole
volume cannot be scanned in a single experiment.

The dosimeters are typically immersed in a transparent tank, containing a
liquid having the same refractive index (RI) as the sample in order to avoid
deflection of the light at the sample interfaces.

The matching liquid was created from two components: 2-ethylhexylsalicylate
(99%, kosher, SigmaAldrich catalogue no W514500-10KG-K) and 4-methoxycinnamic
acid 2-ethylhexylester (Chemos GmbH, Germany) mixing with a ratio of 11:1 as
suggested by Rahman et al., 2011 [1]. This ratio provides a good starting point to
image PRESAGE®) samples, which have RI of ~1.54, but as this value is batch
dependent, the final mixture is optimized for each batch. The final ratio was
obtained by trial and error, by imaging a sample from a specific batch, until the
edge of dosimeter is almost unnoticeable when looking at its projection images.
This step is essential as different batched of PRESAGE®) can have different Rls.
Blue and yellow oil-soluble dyes (Bestoil, FastColours, Huddersfield, UK) are
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mixed with the matching liquid, until matching the colour of an irradiated sample

of PRESAGE®). This way, the dynamic range of the camera is extended.

3.5 Image Acquisition

The optical-CT scans were performed following the guidelines of Doran, 2013 [56],
and the images were acquired using a set of LabView(R) graphical user interfaces
(GUIs). To precisely positioning the sample with a cap, it was connected to the
rotation stage sample holder and placed inside a glass tank with the help of the
electric control of the vertical stage. This step was essential as the samples require
to be placed in the same position during the pre and the post-scan.

To set up the acquisition parameters and to acquire the sample projections
with the optical-CT, a set of in-house LabView ®) applications were used. For all
samples in the thesis, a 1000 projection images were obtained while rotating the
sample 180°. Before every scan a light-field (LF) dataset (30 projection images of
the tank with the matching liquid but no sample) and a dark-field (DF) dataset
(30 projection images taken with the lens covered) were acquired and used to
correct light non-uniformities and thermal noise [114], respectively following the

equation:

projections(x,y) — DF(x,y)

(3.3)

correctedProjections(x,y) = logig

Corrected projections were then reconstructed in IDL with filtered back pro-
jection and the Ram-Lack filter. The final reconstructed images were exported to

Matlab@®) where the images were analyzed.

3.6 Telecentric image acquisition optimization

After assembling the optical-CT shown in Figure 3.2, it was necessary to make

sure the acquisition settings were optimized. To do this, PRESAGE®) samples
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were used as tests objects to refine the acquisition parameter (e.g. camera binning,
exposure time vs light source) to obtain reliable reconstructed images free from
unexpected artefacts. I used both irradiated and non-irradiated samples for this
process. The lightsource was initially tested in terms of stability over time showing
an increase in their intensity over the first 60 minutes and stabilizing after that.
This effect was observed but no data was acquired.

The acquisition setting applied to read-out samples using the microscopy
optical-CT were applied as a starting point to scan irradiated samples of PRESAGE(®)
at the telecentric optical-C'T. All samples imaged with the microscopy optical-CT
were scanned with a camera binning of 2 x 2 and the lightsource voltage adjusted
so that the dynamic range of the image would have a maximum of 30000 pixel
values (this is a relative value for our particular camera). Binning consists of
combining small pixels into larger pixels to get a larger signal, trading the spatial
resolution of the images for an increase in signal-to-noise ratio. To optimize these
settings for the new optical-CT system, the effect of selecting different camera

binnings and changing the lightsource voltage was initially investigated.

3.6.1 Camera binning selection

When connected to the available camera, the pixel size of the projection images
can range from (47.9um)? to (383.0um)?. The pixel sizes depend on the selected
binning (1 x 1, 2 x 2, 4 x 4 and 8 x 8). I tested how the selection of the
binning would affect the image quality of the reconstructed images of an irradiated
sample of PRESAGE®). For our application of verifying clinical radiotherapy
dose distributions, even the largest binning would result in more than necessary
resolution (47.9um for an 8 x 8 binning), as the maximum resolution given by a
TPS is usually not less than a millimetre. The results are shown in Figure 3.6.
The selection of a 2 x 2 binning or lower appears to be associated with artefacts
at the centre of the samples. Reasons for this were not fully understood but it is
suspected to be due to the presence of horizontal stripes on the projection images.

These stripes usually show up when there is a overexposure of the sample in the
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Figure 3.6: The selection of different camera binnings affect the reconstructed images
of PRESAGE®). A sample with 2cm diameter and 3.5cm length irradiated with four
equidistant beams to target a 1.1cm diameter cylinder was used. 2D axial and sagittal
central profiles of the sample show that a 2 x 2 binning result in artefacts at the centre
of the sample, which are not visible for higher binning. More pronounced edges artefacts
are visible for an 8 x 8 binning. The selection of a 4 x 4 binning produced an optimal
image reconstruction. The light voltage was adjusted for each in order to keep the
dynamic range the same. Between scans, the sample was always taken out of the tank
with matching liquid to acquire LF and DF images.

tank and result in ring artefacts on the reconstructed images. Ring artefacts can
be originated by a non-uniform response of the pixels to incident light or the
presence of "dead” pixels. Nevertheless, for each binning combination, the light
source voltage was adjusted to maintain the dynamic range to the same maximum
pixel value (30000 in this study). An alternative explanation is the lower image
resolution for higher binning. By using larger binning the artefact in the middle of
the sample could still be there but it was not visible when averaged. Selecting an
8 x 8 binning originated reconstructed images free from the artefact in the central

region of the sample, but with additional edge artefacts (additional loss of 1mm).
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Figure 3.7: A non-irradiated sample of PRESAGE(®) was scanned with the lightsource
at different voltages (V1, V2, and V3), which creates projection images with different
dynamic ranges (max of 20000, 30000 and 57000 pixel values, respectively). 2D axial
and sagittal profiles obtained at the central slices of the sample are shown. Different
lightsource voltages lead changes on the reconstructed images of PRESAGE®) samples.
Images are displayed in greyscale for better visualization of the ring artefacts. The light
diagonal lines in the sagittal views are due to particles of dust moving in the liquid and
can be removed by cleaning the matching liquid.

When compared to the other binning options, scanning samples with a 4 x
4 binning produced reconstructed images with fewer image artefacts and better-
defined edges when imaging non-uniformly irradiated samples of PRESAGE®).
For this reason, a 4 x 4 binning was the selected setting. Note that ring artefacts
(not visible in Figure 3.6 for the shown pixel value range) are still visible for all
the images in the low dose regions. These artefacts can be visible in more detail

in non-uniformly irradiated samples (Figure 3.7 for voltage V2).

3.6.2 Light-source voltage selection

Changing the voltage of the lightsource, and as a result, the dynamic range of the
projection images, influenced the presence of ring artefacts as shown in Figure 3.7.
After testing several dynamic ranges, for a 4 x 4 binning, a maximum pixel

value of around 20000 was found to produce adequate reconstructed images (V1).
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As previously suggested, when there is imaging overexposure, white horizontal
stripes are visible on the projection images and result in ring artefacts on the
reconstructed images. At higher lightsource voltages, darker horizontal stripes
are visible on the projection images. By reducing the intensity of the light, these
stripes start to fade. For this reason, the dynamic range of 20000 (V1), the lowest
tested intensity level, was the one that produced an optimal image, free from ring

artefacts.

3.6.3 Matching liquid optimization

After optimization of the binning and the dynamic range of the telecentric optical-
CT, reconstructed images of irradiated samples of PRESAGE®) were still display-
ing unexpected results. As shown in Figure 3.8h, by taking a profile along the
middle of sample test3 length, different profile shapes are obtained depending on
the LF used to correct the projections images. Considering that the sample was
irradiated with four equidistant beams, each with a 1.5 x 3cm? field size, a flat
profile is expected along the sample length. This was verified when the sample
was corrected with a LF obtained before the scan was performed (LF initial) or,
with a LF acquired 15 minutes after the sample was removed from the liquid (LF
15min after scan). The profiles difference was ~1% (Figure 3.8h). However, if
the LF which was acquired 1 minute after the scan was used instead, the same
profile becomes asymmetric with differences of up to 4% when compared to the
other two profiles. These non-uniformities were found to be due to changes in
the matching liquid, as can be seen in Figure 3.8a to f, by subtracting the LF
obtained after the scan, and the one obtained before placing the sample in the
tank. However, while discrepancies between the three LF projections were initially
not visible (Figure 3.8a, b and c), there is a change in the pixel value created by
the action of taking the sample out of the matching liquid (Figure 3.8e and f),
which influences the reconstructed images. Scanning the sample after 10min (not
15min) was found to be enough (data not shown), provided that the tank is free

from dust-particles and that the sample scanning position is far from the surface
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Figure 3.8: Effect of the LF in the PRESAGE(R) reconstructed images. (a-c) Three dif-
ferent LF projection images, obtained before and after scanning a sample of PRESAGE®).
(d) representation of the position of the sample in a projection image, and how it relates
to a LF projection. (e-f) The LF images obtained after the sample was scanned, was
subtracted from the LF obtained before scanning (LF initial). (g) A sagittal 2D dose
distribution is shown and (h) profiles taken along the sample length are plotted for the
sample corrected with three different LF correction images. Correcting the reconstructed
images using an LF obtained before or 15 minutes after scanning the sample leads to
equivalent 3D dose distribution (and profiles).

of the matching liquid (at least 3.5cm to reduce the effect in Figure 3.8).

3.6.4 Optical-CT scanning recommendations

Considered the results described in section 3.6.1-3, all samples where scanned

with binning 4x4, lightsource at voltage V1. Additional precautions were taken,
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before and after the image acquisition, in order to reduce both noise and artefacts
on the reconstructed images:

(i) The light source was always turned on at least 90 min before scanning the
sample to give time for the intensity of the light to stabilize. At the same time,
samples should be removed from the fridge to give them time to acclimatize to
the room temperature. Temperature changes between the sample and the liquid
create differences in the RI which are visible when scanning a sample. This last
step minimize these differences.

(ii) Scans were only performed 10 min after placing the sample inside the
matching liquid to give time for the liquid to settle. This methodology minimized
changes in temperature when placing the samples inside the liquid and allowed
dust particles to settle, thus reducing artefacts in the reconstructed images. The
sample to be imaged should be in the middle of the tank, to avoid proximity with
the surface of the liquid and the tank edges, as both subjected to RI changes.
These effects are visible by by visually assessing the projection images.

(iii) Before and after each scan, samples should be wiped with a lint-free cloth
with matching liquid to remove any particles attached to the sample. Particles
in the liquid result in artefacts in the images (floating particles) as shown in

Figure 3.7.

3.7 Conclusion

The two optical-CT scanners used in this PhD were described. A telecentric
optical-CT which differs from the microscopy optical-CT in its lens and rotation
stage was built and optimized to measure 3D dose distribution using PRESAGE®)
samples as test objects. Good practices to obtain better quality images with less

noise and artefacts were also suggested.
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Chapter 4

The effect of magnetic field on
dose distributions - PRESAGE®)
measurements and Monte Carlo

simulations

In this chapter, I performed a study to investigate the effects of magnetic field on
dose distributions using PRESAGE®) dosimeters. An initial investigation of the
characteristics of these samples was done using cuvettes. A methodology was then
developed using 3D samples of PRESAGE®) and an in-house phantom placed in
an electromagnet and irradiated with a Cobalt-60 (°°Co) source. The developed
methodology is of interest to validate the TPS of the MR-linac. Part of the work
described in this chapter has been published [40, 42].
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4.1 Introduction and aim

The effect of the magnetic field on the dose distribution has been studied in
detail with MC simulations to cover different irradiation scenarios [163, 164,
167]. The most relevant changes in the dose distribution in the presence of a
magnetic field occur at the interfaces of materials with high-density differences.
The experimental measurement of the simulated doses is an essential step to
validate the MC calculations.

In this study, I propose the use of PRESAGE®) 3D dosimeter to verify the
agreement between the delivery and the calculated dose distributions at the Elekta
MR-linac. When this thesis started, the MR-linac was still being installed at the
RMH/ICR. Hence, a collaboration was initiated with the UK's National Physical
Laboratory (NPL, Teddington, UK), where an electromagnet was mounted in a
%9Co unit room. This way, PRESAGE(®) samples could be used under the effect of
a constant magnetic field, by mimicking experimental set-ups similar to the ones
reported by Raaijmakers et al., 2005 [163] (see Figure 2.8a). These experiments
provided a starting point to investigate if PRESAGE®) samples could be used to
measure doses, in particular at the interfaces were the ERE occurs.

Since the initial introduction of PRESAGE(®), its formulation has undergone
several changes in order to improve its stability and sensitivity to radiation [145,
146]. This means that PRESAGE®) studies, even from the same group, have
involved sample fabrication using different components, different ratios of the
same components, and different curing conditions. This can lead to a noticeable
difference in dose-response characteristics between different PRESAGE®) samples
[100, 108, 145], which means that every batch of these dosimeters needs to be
characterized before their use. It was also necessary to understand how the samples
would respond to radiation for a specific range of dose values, for the beam energy
in use and if they would be affected by a constant magnetic field. At the time
of this study, it had been reported that the absolute response of PRESAGE®)
samples was reduced by up to 12% in the presence of a 1.5T magnetic field [35,
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131].

4.2 Material and Methods

4.2.1 PRESAGE®) cuvettes characterization

4.2.1.1 PRESAGE®) samples and readout system

Two batches of PRESAGE®) from the same Formulation (batch 1 and batch 2)
were provided by Heuris Pharma (Skkillman, NJ, USA) in the form of both 1
x 1 x 4cm? cuvettes and cylindrical samples (Figure 4.1). A spectrophotometer
(6705 Jenyway, Staffordshire, UK) was used to readout the optical density (OD)
of each PRESAGE®) cuvette by applying a light source at 633nm (where the
PRESAGE®) absorption spectrum peak is located) through the sample. The
samples were always scanned before irradiation, in order to calculate the difference
in OD (AOD) only due to the dose deposition. Each sample was scanned three

times to obtain the average of three consecutive readings.

4.2.1.2 Reference conditions

A total of 24 cuvettes from each batch were used to characterize the dose-response
of two batches in terms of linearity, reproducibility, stability over time and
energy/dose rate dependency. The effect of energy and dose rate was studied by
performing the same irradiations using both an Elekta Synergy Linac (Elekta,
Crawley, UK) with a 6MV beam, and a ®°Co unit (Theratron 780C, Theratronics,
Ontario, Canada). The samples’ linearity was tested by irradiating each cuvette
with 2, 4, 6, 8 and 10Gy and leaving a cuvette unexposed. Irradiations were
repeated twice for 2, 6 and 10Gy to study reproducibility. The OD of each sample
was measured at different time points (1, 2, 4 and 6 days) after irradiation to
verify changes in the AOD over time.

Samples’ irradiations were performed inside a water tank (IBA Blue Phantom,

IBA Dosimetry, Bartlett, TN), with a 10 x 10cm? field and a source to surface

75



Magnetic field effect on dose 4.2 Material and Methods

distance (SSD) of 95cm. Each cuvette was placed at 5cm depth with the help of
a sample holder developed in-house (Figure 4.1 of PRESAGE®) cuvettes). Dose
output was calculated following the guidelines by Lillicrap et al., 1990 [126] using
a NE2611(UK) ionization chamber.

PRESAGE® 3D p—

Figure 4.1: Example of PRESAGE(®) cuvettes and cylinders used for the characteri-
zation experiments and 3D dose measurements, respectively. An example of a sample
of PRESAGE®) cut in half and placed next to a full-length sample is shown. The
PRESAGE®) cuvettes holder was developed in house to be attached to the same holder
used to position the NE2611(UK) ionization chamber within a water tank. The length
was chosen so that the middle of the cuvette coincided with the effective point of
measurement of that chamber.

4.2.1.3 MR-linac

When the MR-linac came into service, the effect of magnetic field on PRESAGE®)
sensitivity was examined by irradiating cuvettes in the MR-linac using the same
set-up described in the previous section (cuvettes placed in a water tank at 5cm
depth and irradiated with a 10 x 10cm? field), but adapted to the new isocenter
position (SSD of 143.5cm). The MR-linac dose output in this conditions was
0.89Gy/MUs. This value had been previously calculated using a Farmer chamber
by physicists from NPL. Two sets of experiments were performed, each using
6 cuvettes from batch 1. In the first case, the magnet was ramped down (0T),
and in the second it was at field (1.5T). Samples were irradiated with doses of
2.67, 6.23 and 9.79Gy (300, 700 and 1100MUs respectively) in the centre of the

cuvettes. Two samples were irradiated at each combination of dose and magnetic
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field. For these experiments, the Cary 50 Bio UV-VIS spectrophotometer (Agilent
Technologies, California, USA), was used by recording a spectrum three times

consecutively and taking the average of the points at 633nm.

4.2.2 PRESAGE®) 3D - NPL experimental set-up

4.2.2.1 PRESAGE®) 3D dosimeters

Cylindrical samples of PRESAGE®) (density 1.07 g.cm™3) with 2cm diameter and
approximate length of 5.8 £0.2cm, depending on the sample, were created with
a plastic mould made in house and shipped to the manufacturer. The resultant
samples, which were made from the same formulations as the cuvettes (batch 1 and
2), consisted of a flat side (a region corresponding to the bottom of the mould) and
a curved side (meniscus region corresponding to the top of the mould) as shown
in Figure 4.1 of PRESAGE®) 3D. The samples are firm and easily machined but
contained small air bubbles on their external surfaces. The Formulation elemental
composition was provided by the manufacturers and consisted of 62.8% of Carbon
(C), 21.8% Oxygen (0O), 9.1% hydrogen (H), 4.9% Nitrogen (N), 0.9% of Sulphur
(S) and 0.5% of Bromine (Br).

4.2.2.2 Experimental set-up

At the NPL an electromagnet (250MM Electromagnet, GMW, USA) was installed
adjacent to a %°Co unit, as displayed in Figure 4.2a. The distance between the
poles of the electromagnet can be modified, but was set to 5cm, which allowed
the magnetic field strength to be changed from 0T to 2T by varying the electric
current of the magnet. A perspex phantom was developed in house to position
2cm diameter PRESAGE®) samples between the poles whilst providing enough
material around the samples to guarantee electronic equilibrium within the sample
(Figure 4.3a and b). The phantom consists of separate 5 x 5 x lem? slabs that
attach to each other and to a 5 x 7em? surface of a black Acetal base via cylindrical

rods as shown in Figure 4.3b.
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4.2.2.3 9%9Co unit MC model validation

A phase space file (ph-sp) of the °Co unit head had been previously implemented
in BEAMnrc (an EGSnrc based MC code [104]) at the NPL for a given reference
condition (SSD=95cm, 10x10cm? field). This ph-sp file was modified for a
SSD=127.45cm and a 8 x S8cm? field size. These parameters were chosen so that
the °Co unit beam could deliver a uniform dose in the middle of the electromagnet
pole pieces. The positions of the ®°Co collimating jaws for the new field size were
measured with a micrometer in both x (left-right) and y directions (up-down), as
shown in Figure 4.2b.

To validate this new ph-sp file the BEAMnrc utility code BEAMDP [128] was
used to calculate the photon energy fluence spectra, as a function of the x and y
positions (Figure 4.2b) at 127.45 cm away from the ®Co source (Figure 4.2c). The
photon fluence profiles were compared with air kerma measurements performed
with a semiflex ionization chamber (31010, PTW, Freiburg, Germany) at the same
distance, and placed inside an empty water tank that had been rotated by 90° so
that there was no perspex in the path of the beam. The chamber effective point of
measurement was placed at 127.45cm from the source, and profiles were acquired
using the omniPro-Accept 7 software (IBA dosimetry Gmbh, Schwarzenbruck,
Germany) between -15¢cm and 15¢m along both axes perpendicular to the beam.
Gamma index analysis with 1.5% as dose difference (DD) and 1.5mm as distance
to agreement (DTA) was applied to assess the agreement between the simulated

photo energy fluence and the measurements with the ionization chamber [127].

4.2.2.4 MC simulations of the experimental set-up

A second EGSnrc user code called Cavity, a C++ based MC system [103], was
used to simulate the experimental set-up described in subsubsection 4.2.2.2. The
schematic of the experimental set-up used for the MC simulations is shown in
Figure 4.2c. The ph-sp file generated with BEAMnrc was used as an input file

for the simulations performed in Cavity, where the geometry of electromagnet
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Electromagnet
n e pleces

C Schematics of experimental Plane of measurement
set-up for EGSnrc phase space
file
Plane of the end bar of
the Co% unit
Effective point of
measurement of
Co%® source the chamber
Oc— — (3mm build up m Centre of the
: 4.5mm to effective ) S} pole pieces
47.47cm (phantom with
79.98cm / \ dosimeter)
127.45cm
Coils
[<> 63.6cm
2cm
BEAMnrc Cavity

Figure 4.2: (a) NPL experimental set-up of a ®°Co unit in non-reference conditions.
The electromagnet poles were set-up 5cm apart. A magnetometer was used to measure
the magnetic flux. (b) View of a micrometer being used to measure the opening of the
most external set of x jaws of the 59Co unit. Arrows in white indicate the direction of
the measurements performed with the micrometer in the x direction, showing the jaws
in y direction completely open. (c) Schematics of the NPL experimental set-up used for
the MC simulations (BEAMnrc + Cavity). The data calculated at the BEAMnrc was
saved as a ph-sp file and used as the input source for the Cavity user code, where the
electromagnet and the phantom geometry with the PRESAGE®) samples inside was
simulated.
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pole pieces, the phantom and the PRESAGE®) samples were simulated. Infor-
mation about the materials was required to allow the calculation of the cross
section data of the media. This information was obtained at the NIST website
(https://physics.nist.gov/PhysRefData/Star/Text/ESTAR.html) for each material
based on the density data and their elemental composition.

Simulations of two PRESAGER) cylinders oriented with their long axes parallel
to the beam in the presence of different magnetic field strengths (0.5T to 2T) and
different size air gaps (0.5 to 2cm) were performed to study the influence of these
parameters on the dose distribution. These simulations allowed to identify the
measurement, conditions that would give visible changes in the dose distribution,
in the ERE region, by only changing one parameter (air gap size or magnetic field
strength). The length of the simulated PRESAGE®) samples (i.e. total for two
halves of the phantom plus air gap) were chosen based on the phantom length
limitation of 7cm. One-dimensional profiles were obtained along the central region
with variable sampling density, corresponding to the dose gradient along the beam
direction (i.e. finer sampling where the dose changed more rapidly with distance).
Voxel sizes of 0.5 x 1 x Imm? and 1 x 1 x lmm? were used in the build-up region
(first 4.5mm of the sample) and 2.5 x 1 x Imm? voxel sizes were used in the more
slowly varying region distal to the depth of dose maximum. Voxels of 1 x 1 x
Imm?, followed by 0.5 x 1 x Imm?, were calculated in the edge region affected by
the ERE (last 3mm). Data was normalized to the centre of each simulated profile.

The transport cut-offs were set to AE=ECUT=0.521 MeV for electrons, which
corresponds to the rest mass plus the kinetic energy. The photons cut-offs were set
to AP=PCUT=0.01MeV. The macro provided by EGSnrc (emf macros.mortran
with EM ESTEPE = 0.02) was included in the code to simulate a magnetic field
[104, 110, 129], which was homogeneous and present throughout the simulation

volume.
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a °0Co unit set-up b ®°Co unit set-up (side view) c¢ MR-Linac set-up

Figure 4.3: (a) perspex phantom attached to the black Acetal base and positioned
between the poles of the electromagnet (5cm gap allow varying the magnetic field strength
from 0 to 2T).(b) The two PRESAGE®) samples (upstream and downstream samples)
configuration within the perspex phantom to be placed between the electromagnet
poles, at a distance of 162cm from the %°Co source. (c¢) The same PRESAGE(®) sample
configuration within the phantom before its placement at the isocentre of the MR-linac.

4.2.2.5 Measuring the ERE

On the basis of the simulation results (subsubsection 4.2.2.4), two sets of two
PRESAGE®) samples from batch 1, separated by a 0.5cm air gap, were irradiated
with 3Gy (at the centre of the electromagnet poles, measured with an ionization
chamber), in a 0.5T and a 1.5T magnetic fields (Figure 4.3a and b). The beam
output value was determined with a NE2611(UK) ionization chamber using a
chamber holder developed at the NPL to position the chamber in the middle of
the poles and at the %°Co unit isocenter.

Axial and sagittal 2D dose distributions were also simulated for comparison
with measurements. The axial 2D distribution obtained with PRESAGE®) was
averaged over the last lmm of the sample. Percentage depth dose (PDD) profiles
were simulated independently with variable sampling from 0.5 x 1 x 1mm? to 2.5
x 1 x Imm?3. The statistical uncertainty of all simulations was within 2% for 2D
data and 1% for 1D profiles. Measured and simulated profiles were normalized
to the centre of each simulated profile and compared using 1D gamma criteria

analysis of 3% DD and 1.5mm DTA (3%, 1.5mm).
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4.2.2.6 Optical-CT system readout

Contrary to the spectrophotometer, that gives only one OD value for each
PRESAGE®) cuvette, the optical-CT provides voxel-by-voxel 3D OD values
of the entire sample. The microscopy optical-CT scan, described in section 3.2
was used to readout the dose distribution of irradiated cylindrical samples of
PRESAGE®).

A custom-designed cap with a screw was used to position PRESAGE®) cylin-
ders within the sample holder (shown in Figure 3.5). A small mark was made with
a scalpel on both the sample edges and the cap, for reproducible positioning in pre
and post-irradiation scans. As the cap clamps onto the top 5mm of the sample, it
was not possible to image both distal and proximal ends of the sample simultane-
ously. Thus, a pre-scan was performed for two separate regions of length 2.5cm at
opposite ends of the sample (i.e., the sample was inverted and then repositioned),
allowing both end surfaces to be imaged (see Figure 4.4 for clarification). For
batch 1, the meniscus end of the samples was removed (<lcm), while for batch 2
(used in subsection 4.2.3), both ends of the samples were removed (<5mm each
end).

The final reconstructed images (voxel size of 0.052mm?) were exported to
Matalb®) and assembled together. The high intensity values caused by artefacts
within the sample were identified and replaced by the median of the surrounding

pixel values. A 5 x 5 median filter was also applied to smooth the images.
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Scanning methodology

Scalpel & ' ) :

marks 5 |

Figure 4.4: The scanning methodology, which involves taking two scans of one sample,
is demonstrated. Two marks were made on the sample with a scalpel to distinguish
both ends of the sample and to align with a similar mark on the cap, making sure the
pre and the post scan are placed in the same position. Reconstructed 3D images are
then assembled accordingly in Matlab®).

4.2.3 PRESAGE®) - Elekta MR-linac

4.2.3.1 Measuring the ERE

PRESAGE®) irradiations were also performed in the MR-linac when the system
became available. The perspex phantom was used again to accommodate two
PRESAGE®) samples of 2.5cm length, separated by a 0.5cm air gap. The phantom
was placed so that the MR-linac isocentre was lcm downstream from the proximal
face of the phantom, as shown in Figure 4.3c. Two irradiations were performed,
using samples from batch 2, one at 0T and the other at 1.5T, with the TMV beam
of the MR-linac, with the gantry at 0°, a 20 x 20 cm? field and 500MUs. The
samples were then scanned as described in subsubsection 4.2.2.6.

The experimental set-up was recreated in silico with CARPE DICOM (Elekta
AB, Stockholm, Sweden) and simulated with 1mm resolution and 1% uncertainty
using the GPU-based MC dose calculation algorithm (GPUMCD) in the research
version of Monaco TPS. Measured and simulated profiles were normalized to the
centre of each simulated profile and compared using 1D gamma criteria of 3%,
1.5mm.

Gafchromic EBT3 films were irradiated for comparison with PRESAGE®)
dose distributions as they are considered the gold standard for dose verification

of clinical dose distribution. Two films with the same length and width as the
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PRESAGE®) samples (2.5cm x 2cm) were sandwiched between two half cylinders
with the same dimensions as PRESAGE®) samples and irradiated in the same
conditions. Films were scanned in transmission mode, with 48bit RGB and 150
dots per inch (dpi).

The films from the batch used in this study had been previously calibrated on
the MR-linac and also by a conventional linac. To do this rectangular pieces of film
were placed in between slabs of a solid water phantom (type RW3 PTW-Freiburg,
Germany), at 10cm depth and at the system isocentre. For each calibration
curve, 6 films were used and irradiated with doses from 0 to 16Gy. FilmQA Pro
software (Ashland, NJ, USA) was used to obtain a calibration curve based on the
multichannel film dosimeter approach [144]. Film analysis was carried out using

the same software in order to convert the pixel values to dose.

4.3 Results

4.3.1 PRESAGE®) cuvettes characterization

Results of PRESAGE®) cuvettes characterization regarding linearity, repeatability,
dose rate/energy dependence and stability over time, for each batch, are shown
in Figure 4.5. Samples from batch 1 and 2 show linearity with dose, but their
sensitivity shows differences higher than 7%, highlighting how important it is to
characterize each batch. Both energy and dose rate did not influence the response
of the samples to dose (difference <1% when irradiated with the linac or the ®**Co
unit). Stability over time was good in the first 2 days, showing a decrease of 1-2%
in sensitivity, which becomes more accentuated 4 and 6 days after irradiation with

differences of 3% to 4% respectively (Figure 4.5d).
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Figure 4.5: Optical density variation (AOD) with dose to study PRESAGE linear-
ity (a and c), repeatability (a and c), energy/dose rate dependence (b), inter batch
reproducibility (a and c) and stability over time (d). Values in green show the standard
deviation of the 3 cuvettes irradiated with the same dose levels (2, 6 and 10Gy), for
batch 1, to test the reproducibility of the dose response within a batch. The squared
correlation coefficient for the linear fits shown in (a) and (b) for both batches 1 and 2
were >0.998.

For the experiment which tested the effect of magnetic field on the PRESAGE®),
the measured sensitivities without and with the magnetic field were (0.0425 +
0.0017)em™.Gy! and (0.0434 £ 0.0001)cm™ .Gy, respectively, a difference of

2.1% which is within the standard deviation of the measurements (Figure 4.6).
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Figure 4.6: Relationship between PRESAGE®) cuvettes OD and absolute dose at 0T
and 1.5T

4.3.2 PRESAGE®) 3D - NPL experimental set-up

4.3.2.1 MC simulations

The ph-sp file validation of the source model is shown in Figure 4.7. Profiles were
normalized to the mean value of the central region, and showed good agreement,
with 100% points passing the gamma criteria of 1.5%, 1.5mm.

Initial MC simulations of the experimental set-up showed that keeping an
air gap of 0.5cm and changing the magnetic field from 0.5T to 1.5T makes a
substantial difference on the magnitude of the ERE (~ 20% dose increase at the
exit region of both samples shown in Figure 4.8d). This occurs as a 0.5¢cm air gap
is large enough for the electrons to curl back to the sample when a perpendicular
1.5T magnetic field is present (electron radius in vacuum=3.7mm ), but less so
when a 0.5T (electron radius in vacuum =11.2mm) is present instead, reaching the
downstream sample. The same does not happen for an air gap larger than lcm, as
almost all electrons will curve back at both magnetic field strengths between 0.5T
and 2T. In addition, at a 1.5T, changing the air gap from 0.5¢cm to 2cm or more,
did not produce significant differences in the magnitude of the ERE (2-3% on
the first PRESAGE®) sample and 5-7% on the second) as shown in Figure 4.8c.
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Figure 4.7: Comparison between air kerma measurements (Measurements) and simu-
lated energy fluence profile (BEAMnrc simulations) at 127.45c¢m from the source, in the
x direction (horizontal) and the y direction (vertical). Gamma values for 1.5%, 1.5mm
criteria are also shown.

In Figure 4.8a and b an axial view of the simulated experimental set-up is also
shown with and without applying a magnetic field, showing the electron path for

each situation.

4.3.2.2 Measuring the ERE

Figure 4.9a and c shows a central slice from a sagittal view of the optical-CT data
for two PRESAGE®) samples separated by an air gap of 0.5c¢m, irradiated at 0.5T
and 1.5T magnetic field strengths. The quality of the PRESAGE®) reconstructed
images was affected by artefacts caused by particles of dust in the liquid [57].
The misalignment that might have occurred between the pre and post-irradiation
scan leads to an increased edge artefact and also additional noise in the data. As
the OD is fairly homogeneous throughout the sample prior to irradiation, when
the pre scan is subtracted from the post scan, a small misalignment (less than 1°
rotation about an axis perpendicular to the plane of the images in Figure 4.9a and
b and 4.11c) is not expected to influence the measured dose distribution. These
artefacts can be reduced by having better quality samples and by keeping the

matching liquid clean during scanning.
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Presage

C 140 140

130 130
120 120
110 110
100 100

90

PDD (%)

) =
80+ 80

701 70

60 0.5cm gap (0T)
——#—0.5cmgap (0.5T)
50 0.5cm gap (1.5T)
e (). 5cm gap (2T)

60 =+ 0.5cmgap (1.5T)
1cmgap (1.5T)

50T | —=2cmgap (1.5T)

40 ’ 40
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

Depth (cm) Depth (cm)

Figure 4.8: Axial cut of the simulated geometry in Cavity, showing the electron path
(a) without and (b) with a 1.5T magnetic field. 1D profiles obtained by taking a central
profile along the length of the two PRESAGE®) samples with (c) different air gap
sizes (at 1.5T) and (d) magnetic field strengths (with a 0.5cm air gap). The simulated
uncertainty is given by the error bars and was always below 1% for each simulated data.

The normalized measured profiles in Figure 4.9b and d were obtained from
the region of interest (ROI) shown in Figure 4.9a and c respectively. Comparison
with simulated profiles showed good agreement with a gamma passing rate (3%,
1.5mm) of 99.9% for 0.5T and 99.8% for 1.5T. A sagittal 2D comparison of
PRESAGE®) and simulations was not possible due to the increase in the response
of the PRESAGE®) sample to dose at the edges.

In Figure 4.9a and c one can see that the dose increase due to the ERE is not
uniform laterally within the last 2mm of the beam exit area of each PRESAGE®)

sample. The red region is not central but displaced upwards. This asymmetry is
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Figure 4.9: Normalized dose maps of the central sagittal slice along the two
PRESAGE®) samples at (a) 0.5T and (c¢) 1.5T, and respective (b) and (d) dose profile
at the central ROI compared with simulated profiles. Error bars are representative of
1 standard deviation of the measured values within the ROI and account for readout
artefacts and sample inhomogeneities. Gamma values for 3%, 1.5mm gamma criteria
are also shown, in which the Monaco data was used as a reference.

also evident in Figure 4.10a and b, where the simulated and measured last 1mm
axial slice of the first PRESAGE®) sample irradiated at 1.5T are shown. This
vertical shift is perpendicular to both beam and magnetic field, as the electron
paths curve and deposit their energy at the top of the sample. This leads to a
corresponding dose deficit at the bottom of the sample, and this is shown in the
vertical profile in Figure 4.10c for both simulated and experimental data. By

contrast the horizontal profile in Figure 4.10d presents no variation.
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Figure 4.10: Normalized (a) simulated and (b) measured axial slice dose distribution
of the last 1mm of the first PRESAGE®) cylinder shown in Figure 4.9c. (c) Vertical
and (d) horizontal measured and simulated profiles excluding the last 1mm edge. Error
bars are representative of 1 standard deviation of the measured values within the ROI.

4.3.3 PRESAGE®) - Elekta MR-linac
4.3.3.1 Measuring the ERE

Comparison between PRESAGE®) and films measured profiles and Monaco TPS
simulation at the MR-linac are shown in Figure 4.11b and d, based on profiles
along the length of both samples. A good agreement was obtained between the
profiles, given the gamma values displayed in Figure 4.11b and d. A representative
normalized dose distribution and central slices from a sagittal view are shown for
simulations (Figure 4.11a) and measurements (Figure 4.11c). An increase in the

response of the PRESAGE(®) sample to dose is observed at the edges (Figure 4.11a

and c).

90



Magnetic field effect on dose 4.3 Results

a Monaco b B=1.5T
180
150
160
140
100
x
120 <
Q
g g
§ 100
2 50
8 50 =& Monaco B=1.5T
= = = FilmB=15T
60 Presage B=1.5T
0
40 2
@
£
20 ! 1 g
A R o
0
0 2 4 6 8 10 12 14 0 1 2 3 4 5
Width(cm) Depth (cm)
C Presage d B=0T
180
100 I J
08 160
! 80
140
1.5 =
120 £ 60
2 =}
B g
E2s 100 o
s
3
8 : 80 = Monaco B=0T
20 = = = FilmB=0T
8% 60 Presage B=0T
¢ 0
40 2
]
45 E
20 15
- 0
0.5 1 1.5 2 25 0 1 2 3 4 5
Width(cm) Depth (cm)

Figure 4.11: (a) Normalized dose distribution in the central sagittal plane simulated
with Monaco TPS at 1.5T. The whole set-up including the sample, phantom and couch
are shown. (c) Dose distribution obtained with PRESAGE®) samples irradiated in
the same conditions. A non-uniform response is observed at the edges of the sample.
PRESAGE®), EBT3 films and Monaco normalized dose profile obtained at the central
ROT at (b) 1.5T and (d) 0T magnetic field strength. Note that film profiles are overlaid
by the PRESAGER) results, which highlights the good agreement between both the film
and PRESAGE(®) measurements and the simulations. Error bars are representative of 1
standard deviation of the PRESAGE®) measured values within the ROI 1D gamma
values for 3%, 1.5mm gamma criteria are also shown, in which the Monaco data was
used as a reference.
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Figure 4.12: Picture of the agarose gels made to understand if the darkening at the
edges of the PRESAGE®) samples were due to an optical effect. Axial reconstructed
image of an agarose gel and respective axial profiles. Unlike PRESAGE(®) samples that
show higher pixel values at the edges, agarose gels displayed flat profiles.

In order to understand this dose increase I made agarose gels with different
concentrations of dye in order to mimic different levels of irradiation (Figure 4.12)
[134]. The gels were scanned immersed in water using the optical-CT. Recon-

structed images show uniform pixel values for the same concentrations of dyes.

4.4 Discussion

4.4.1 PRESAGE®) cuvettes characterization

Cuvettes irradiations provide a simple and quick way to study the characteristics
of two batches of PRESAGE®). Both batches showed high linearity with dose
and reproducibility (within 1% standard deviation) and were not affected by the
dose rate or the beam energy (<1% difference in sensitivity). These results are
in agreement with previously published data by Guo et al., 2006 [75] who have
shown good PRESAGE(®) reproducibility (<2% variation), high linearity between
OD and absorbed dose, and small dose rate/energy dependence (2%).

I showed that PRESAGE®) samples are adequate for measuring relative
dose distribution at the MR-linac, due to their high linearity and reproducibility
with dose. They are not dose rate and energy-dependent, which means the
developed methodology at the NPL, using 3D samples of PRESAGE®), could
be performed easily at the MR-linac (Figure 4.11). More importantly, was to
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understand the sensitivity of PRESAGE®) to the presence of a magnetic field. In
this thesis, a difference of 2.1% in the sensitivity of the samples at 0T and 1.5T
was obtained. This is of the same order as the mean coefficient of variance in the
reproducibility study, suggesting that the magnetic field does not influence the
sensitivity of PRESAGE®) samples. At the time of this study, two publications
had tested PRESAGE®) cuvettes absolute dose-response [35, 131] with and
without a magnetic field. They reported an underdose of 9% and 10%-12% at
a 1.57T field with no affect on the samples linearity. Nevertheless, a more recent
study reported that samples irradiated with doses up to 5Gy are not affected by a
1.5T magnetic field, which is in agreement with the obtained results in this thesis
[121].

The two batches were found to have a distinct response to doses, showing a
difference in sensitivity in the order of 7%. This was expected, considering that
PRESAGE®) samples can be manufactured with different percentages of the same
(or different) components. Samples from batch 1 decreased in sensitivity 4 and
6 days after being irradiated. The same was not studied for batch 2 due to the
lack of available samples. Therefore individual characterisation of each batch is

required before absolute measurements can be made with these dosimeters.

4.4.2 PRESAGE®) 3D dosimeters

Cylindrical samples used in this study (Figure 4.9a and b and Figure 4.11c)
displayed an increase in the response to dose from the centre to the edges of the
sample (”cupping effect”). These results cannot be explained based only on the
experiments performed in this chapter, but two potential reasons for this effect
are hypothesised: (1) the well-known artefact caused by a RI mismatch between
the matching liquid and the sample being imaged [56] and (2) a genuine change
in the PRESAGE®) sensitivity to dose at the samples’ edge.

(1) The RI mismatch artefact creates a region of high intensity around the
sample axial edge and, in practice, it is difficult to eliminate it completely. The

artefact might have been increased by the presence of nubs/bubbles on the
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PRESAGE®) axial surface, making it harder to match the RI of the liquid with
the sample. According to the manufacturer, the bubbles are generated during
manufacturing as a consequence of the low levels of moisture interacting at the
interface between the mould surface and the curing polyurethane. Better quality
samples are required in the future to eliminate this problem.

(2) The increase in the dose response from the centre to the edges of the samples
are likely due to a real non-uniform response of the samples. If it was due to an
optical effect instead, an increase in the pixel value from the centre to the edge
should have also been visible when scanning agarose gels (Figure 4.12). However,
only an RI mismatch artefact was present. Different radiation sensitivities within
a PRESAGE(®) sample have been reported before for large PRESAGE®) cylinders
of ~10cm diameter, showing a 5% to 20% difference between the centre and the
periphery [49]. The manufacturer suggested that the chemical manufacturing
process can lead to sample inhomogeneities near surfaces. For example, due to the
effect of temperature during curing of the samples, creating loss of solvent from
the dosimeter edges. This results in a higher concentration of various reactants
making PRESAGE®) samples more reactive at the edges. The effect might be
expected to be particularly pronounced in small-diameter samples, where the
surface-to-volume ratio is large and might have been responsible for the slight
disagreement in the initial build-up region shown in Figure 4.9b and d. The
inhomogeneities are also visible in Figure 4.11. However, the build-up shows
better agreement. This could be explained by the use of a different batch (batch
2), or the fact that both sample edges were physically removed from the samples
in Figure 4.11) whereas for batch 1 (Figure 4.9) only the beam exit side of the
samples was removed. These non-uniformities limited the use of the full 3D volume
of the samples to measure the ERE. Only the flat regions of the samples were
used to measure the dose changes due to the ERE. These regions did not seem to
be effected by an increase in the samples sensitivity at the edges. Nevertheless,
additional tests are required for a better understanding of what was observed and

the implication on measured 3D dose distributions.
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4.5 Conclusion

PRESAGE) in the form of cuvettes have been shown to respond linearly with
dose, to be reproducible and not affected by dose rate, energy or the presence of a
constant 1.5T magnetic field. The results obtained with 3D cylindrical samples
of PRESAGE®) demonstrated that samples can be used to study the effects of
magnetic fields on dose distribution. The non-uniform response of the sample
to dose and the presence of artefacts at the axial edges were not a problem
for this particular study, as the ERE could still be measured accurately using
the flat surface of the samples by taking relative dose profiles along the sample
length. However, this study emphasizes that more work is required to improve
the quality and robustness of the optical-CT measurements and to understand

and characterize the non-uniform response of the samples to dose.
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Chapter 5

Dosimetric characterisation and

correction of the non-uniform
dose response of PRESAGE®)

samples

In the previous chapter, I have shown that the ERFE effect could be measured using
the flat side of a cylindrical sample of PRESAGE®) by taking a profile along
the centre of the sample. However, PRESAGE®) samples dose-response showed
a radial non-uniformity. In this chapter, I investigated the spatial sensitivity
of PRESAGE®) samples to dose to determine a correction, accounting for the
spatial differences, to measure dose distribution using the full 3D volume of these
dosimeters. Some of the results described in this chapter can be found in the

conference proceeding by Costa et al., 2019a [39].
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5.1 Introduction

As discussed in subsection 2.4.6, radiochromic plastic dosimeters such as PRESAGE®)
do not need a container as other 3D gels, but, on the other hand, are prone to
optical artefacts on their extremities. In the previous chapter (subsection 4.4.2) I
explained how these effects could be caused by a refractive index mismatch between
the sample and the matching liquid, or by an intrinsic non-uniform sensitivity of
the sample to radiation. Until recently, it had been suggested that these effects
were caused primarily by the former artefact [56] (see subsection 2.4.6). However,
in the last few years, several groups using cylindrical PRESAGE(®) samples with
large diameters ranging from 7 to 11cm have reported edge effects that appeared
to be caused by a non-uniform response of the samples themselves. Jackson et al.,
2015 [94] reported over-response, by a factor of 2, in the 5mm peripheral region
and excluded it from the analysis. Dekker et al., 2016 [49] noted a radial increase
of sensitivity to radiation, from the centre outwards, leading to an over-response
at the edges of between 5% to 20% depending on the sample. Mein et al., 2017
[139] also observed a radial variation of up to 8% from the centre to the exterior
surface, but only when samples were scanned 48 hours after irradiation. A radial
correction based on these changes over time was proposed.

The solution of discarding about 5-7mm from the edge of a sample or only
irradiating at the samples’ central region, which is common practice when using
PRESAGE®) [24, 155, 169, 170, 177], might not be problematic when using
large diameter dosimeters, but can represent a considerable loss of information
for smaller samples. In addition, these options do not resolve the radial changes
in sensitivity of the samples’ edges mentioned by Jackson et al., 2015 [94] and
by Dekker et al., 2016 [49], which means that measurements with PRESAGE®)
samples are restrained by their size and specific irradiation condition. Furthermore,
measuring at the dosimeter’s edges is still not possible, but it is of great interest
not only in the field of MRgRT [163] but also for any experiment requiring

measurements at the edges (e.g. lung SBRT treatment plan verification).
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5.1.1 Aim

In this study, I aimed to gain a better understanding of the non-uniform sensitivity
of PRESAGE®) samples to radiation for the purpose of deriving a correction to
permit dose measurements using their full volume. To fulfil this goal, samples
were uniformly irradiated to consecutively increasing doses, in order to obtain
a spatial dose-response for each sample. A calibration image was then obtained
from each of these samples in order to be used as a correction for the spatial
non-uniform sensitivity to radiation. These correction images were then applied
to other samples of PRESAGE®), manufactured at the same time.

Samples were irradiated with 3D-CRT and IMRT plans in which measurements
near the edges would be required to test the quality of the correction. The measured
doses were then compared with the corresponding simulated dose distributions by
applying different correction images. An alternative way to eliminate the edge

effect by physically removing the samples’ surface material was also investigated.

5.2 Material and Methods

5.2.1 PRESAGE®) samples

A large number of samples (36 samples) from a single Formulation of PRESAGE®)
(Formulation a, see Table A.2) were ordered from the manufacturer and used to
study intra-batch consistency, potential magnetic field effects during irradiation
and both spatial and temporal variations in dose-response. Additional samples
from the same order were used to test the correction methodology. Table 5.1
summarises the different samples from Formulation a which were used in this study.
Information regarding the dose delivered in Gy, the time between manufacture
and irradiation in months, and the purpose of their use is also shown.

Unlike the PRESAGE(®) samples used in the previous chapter, these samples
were manufactured using silicone moulds to create cylinders of 3.5cm diameter

ranging in length from 5.3cm to 5.9cm, depending on the degree to which the
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Table 5.1: Summary of the irradiated samples, from Formulation a, used in this study,
containing information regarding time between manufacture and irradiation, doses and
the purposes for which samples were used in this work.

Interval between

Sample manufacture and Dose / Gy Purpose
irradiation / months
al, a2 1.7 0,2,4,6,8,10 Uniform irradiation in conventional linac (B=0)
to obtain calibration (subsubsection 5.2.3.1).
a3, 84,85 43 0.2,6,10 Samples al and a2 were also physically modified
a6 8.8 0,2,6,10 (subsection 5.2.6).
arplan 24 Exemplar studies demonstrating correction
max 9.7 . . .
asplan 71 process using a standard linac (subsection 5.2.5).
a9 43 Uniform irradiation with physical modification of
0, 6,12 sample and measurement at the edges (subsection
alo 4.3 5.2.6).
Uniform irradiation in MR linac (B=1.5T) to
alIMRL 96 0,5,10 obtain calibration (subsubsection 5.2.3.2).
al2planMRL max 13.2 (ERE) Exemplar studies as above, but with irradiation in
96 MR li bsection 5.2.5
a13planMRL max 8.0 inac (subsection 5.2.5).

moulds were filled. The moulds were created using perspex positives, which gives
a non-clear smooth finishing to the samples. Each sample had a flat base and a
curved meniscus. The flat side of each sample was glued to a 3D printed plastic
cap that was used to position the samples in a reproducible way during imaging

and irradiation Figure 5.2a and b.

5.2.2 Optical-CT scanner readout

The telecentric optical-CT scan was used. Scanning procedures were as described
in section 3.5 and following the recommendations in subsection 3.6.4. PRESAGE®)
reconstructed images of voxel size 0.24 x 0.24 x 0.19mm?, were re-sampled to a
more clinically relevant resolution of 0.5 x 0.5 x 0.5mm?, for comparison with the

dose distributions obtained with the TPS.
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5.2.3 Investigation of the samples’ spatial non-uniform

dose-response

5.2.3.1 Reproducibility and time-dependence for a single

formulation

As shown in Table 5.1, samples from Formulation a were irradiated at three
different time points after their manufacture: 1.7 months (al, a2), 4.3 months (a3,
a4 and ab) and 8.8 months (a6). Samples al and a2 were irradiated uniformly in
steps of 2Gy, receiving accumulated doses of 2, 4, 6, 8 and 10Gy. After verification
of the samples’ linearity with dose using samples al and a2, the remainder of
samples a3 to a6 received only three accumulated dose levels: 2, 6 and 10Gy.

The samples were irradiated at the RMH/ICR research linac (Synergy, Elekta
AB, Stockholm, Sweden), and placed inside an MP1 water tank (PTW, Germany)
at 90cm SSD and 10cm depth. In order to deliver a uniform dose, each sample
was irradiated with four equally spaced 6MV beams and field size of 10 x 10cm?.
The gantry was always kept at 0° and each sample was rotated by 90° between
beam deliveries. This set-up was first simulated in Raystation (RaySearch Medical
Laboratories AB, Stockholm, Sweden) TPS by setting a cylindrical sample of
PRESAGE®) to a density of 1.07 g.cm™. Dose uniformity within a sample of
PRESAGE®) is expected to be within 0.1% as given by the TPS dose calculation.
A sample holder allow the sample to be placed completely parallel to the beam
axis so no changes in dose transverse to the sample are expected.

Each sample was imaged 1 to 3 hours before the first irradiation (pre-scan)
and subsequently 1 hour after each irradiation (post-scan) to control for changes

in the dose-response that might be related to post-irradiation time [139].

5.2.3.2 Magnetic field dependence

Another sample from the same Formulation (sample alIMRL) was irradiated with
the Elekta MR-linac with accumulated uniform doses of 5 and 10Gy. The same

MP1 water tank was used and the conditions applied in subsubsection 5.2.3.1

100



PRESAGE®) non-uniform dose response 5.2 Material and Methods

were adapted here. Because the MR-linac has a bore size of 70cm in diameter
and a fixed table height, the samples were positioned at an SSD of 133.5cm, 10cm
away from the lateral side of the tank and with the gantry at 90°.

5.2.4 Correction of the spatial non-uniformity of dose

response

By taking advantage of the cylindrical symmetry of the PRESAGE®) samples
their linearity with dose, a spatially non-uniform dose response, is expected to be

as follow:

AI(D,r) =m(r)D + c(r) (5.1)

where AI(D,r) = Iyost — Ipre, with 72 = 2% 4 ¢, corresponds to the change in
the optical-CT value between the pre- and post-scans for a voxel with in-plane
coordinates (z,y) after irradiation to an accumulated dose D. m(r) is the gradient
of the dose-response for points at a distance r from the axis of rotation of the
sample, and ¢(r) is the intercept of the fit line.

To improve the signal-to-noise ratio of the 3D calibration images, which were
uniformly irradiated, the images were averaged longitudinally (along the sample
length). As it will be shown later, there is an edge effect of about 6 to 7mm that
extends inwards each sample (both axially and top and bottom). As samples have
different lengths, in order to avoid their top and bottom extremities, the source
data was averaged from the axial slices occupying the central 2.9cm of each sample.
This way, a 2D image was obtained for each accumulated dose. The distance r
was then discretized, and the image pixels (z,y) was assigned to radial positions.
The pixels corresponding to the same radial position were averaged in order to
get a pixel value for each radial position r. This was done for each accumulated
dose level. A straight line could then be fitted for each radial position, to obtain
m(r), by plotting the pixel value as a function of the accumulated dose (i.e., a 6

point fit for samples al, a2; a 4 point fit for samples a3 to a6; and a 3 point fit for
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Figure 5.1: Diagram displaying the steps required to obtain a calibration image to
correct for the non-uniform dose response of PRESAGE®) samples.

Deorr(x,70) = Aliest (xi, y2) /m (1)

sample alIMRL). The intercept value ¢(r) for the fits was approximately zero,
and for this reason, the value was disregarded. In practice, this consists of simply
computing a 2D ”correction image” by populating a matrix of type (x,y) with
the m values taken from the relevant radial positions.

The resulting calibration is then applied to the measurement of a test dose
distribution as it will be explained in the next section. A diagram of the steps
described here, performed to obtain a calibration image to correct for PRESAGE®)
samples non-uniform response, is in Figure 5.1.

The resulting calibration is then applied to the measurement of a test dose
distribution on a different sample from the same batch using the Equation 5.1, in

which AT is the intensity measured with the test sample.

5.2.5 Validation of sample correction

To verify if the calibration in Equation 5.1 could be successfully applied to correct
the observed samples’ spatial non-uniform response to dose, samples a7plan,

a8plan, al2planMRL and al3planMRL were used. To do this, each sample was
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placed inside the QUASART™ MRI4D phantom (Modus Medical Devices Inc,
London, Ontario) and irradiated with different dose distributions.

The QUASAR phantom, which was filled with deionized water, has two
cylindrical holes, one central and one offset. A holder was created in-house to
place a sample of 3.5cm diameter and 5cm length in one of the cylinders. The
offset cylinder was filled with deionized water while the PRESAGE®) was placed
in the central insert (Figure 5.2) to facilitate phantom positioning. Motion could
be applied in the SI direction with and without rotation by attaching one of the
cylindrical inserts to the piezoelectric motor box. For a consistent position of the
holder within the phantom, the motor box was connected to the central cylinder.

As shown in Figure 5.2a and b, a sample of PRESAGE®) was mounted in the
central cylinder of a QUASAR and a CT scan of the set-up acquired (Figure 5.2d
and e). The sample in these Figures (Figure 5.2a, b, d and e) was used only as a
dummy for the CT-scan. Both the top and the bottom edges of the sample were
trimmed to keep a consistent length of 5em. This way, the same CT scan could
be used to calculate different treatment plans.

Sample a7plan was irradiated with four equally spaced 6MV beams of field
sizes of 3 x 1.5cm? (Figure 5.2d). Two other samples were irradiated with more
clinically representative dose distributions, in which 5 beams were used, and the
fluence was optimized with an IMRT plan. Sample a8plan was irradiated in the
research linac (Figure 5.2e), while sample al3planMRL was irradiated in the
MR-linac. Sample al2planMRL was also irradiated in the MR-linac, but using
a single beam (gantry at 0°), and a field size of 3 x 5cm?, in order to observe a
dose increase at the dosimeter’s edge caused by the ERE. The maximum dose
delivered to these samples is in Table 5.1.

All simulations were performed in Monaco TPS, with an isotropic (1mm)? voxel
size and a 1% uncertainty of dose to medium. Both PRESAGE®) reconstructed
images and Monaco calculated dose distributions were normalized to the region
of the maximum dose and rescaled to an isotropic voxel size of (0.5mm)? before

being registered to each other. Sample al2planMRI was normalized to a central
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Figure 5.2: (a) Small sample of PRESAGE(®) attached to the in-house holder created
to place it inside the (b) QUASAR phantom in a reproducible position. (¢) Sample a9
after being reduced in diameter. CT scan of the phantom with a dummy PRESAGE®)
sample showing the dose distribution calculated with (d) 3D-CRT and (e) IMRT
planning, and delivered to sample a7plan and sample a8plan, respectively.

volume value of the sample.

The correction images obtained from each uniformly irradiated samples (sample
al-a6, alIMRL), which were calculated following the methodology described in
subsection 5.2.4 were applied here to correct the non-uniformly irradiated samples.
To do this, each axial slice of the reconstructed 3D images of samples a7plan
and a8plan, were divided by the correction image m(r) of each sample (al-a6) as
per Equation 5.1, in which AT is the intensity variation measured with the non-
uniformly irradiated sample. The same was performed for samples al2planMRL
and al3planMRL which were corrected with samples al, a6 and al1MRL.

Note that I did not attempt to model or correct the data at the top and
bottom edges of the cylindrical samples, due to the distinctly curved meniscus
and inconsistent length of samples supplied by the manufacturer.

After applying the correction images obtained from uniformly irradiated sam-
ples, the agreement between the experimental measurements and TPS calculations

was investigated by applying a local 3D gamma criteria of either 3%/ 2mm or
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2%/ 2mm, with a 10% threshold.

To facilitate the image registration between the optically obtained image and
the CT scanned image, three cylindrical fiducials with a diameter and length of
1.5mm were drilled in three different surfaces of the PRESAGE®) dummy sample.
This way, the position of the sample could be known in both images acquired with
an optical-CT and a CT scan. Both images were imported to the open-source
software 3Dslicer to perform the registration between the two images to identify
any required rotations and translations to be applied on the irradiated samples.
This information was then used in Matlab®). Fiducials based registration is
commonly used in 3D dosimetry to avoid misregistration due to artefacts inside
and at the edges of the sample [§].

Gafchromic EBT3 films with the same length and width as PRESAGE®)
samples were sandwiched between a perspex cylinder split in half, with the same
dimensions as the PRESAGE®) samples and irradiated in the same conditions.
The films were irradiated on a few planes for comparison with PRESAGE®)
(samples a7plan, a8plan and al3planMRL) and TPS simulations. Films were
scanned in transmission mode, with 48bit RGB and 150dpi. FilmQA PRO was
used to obtain absolute dose values, but each dose distribution was normalized to

their maximal value to compare with PRESAGE®) and Monaco simulations.

5.2.6 Physical removal of sample surface layer

Considering that most non-uniformities in the samples occur close to their surfaces,
as [ will show below, an alternative to applying a correction could be the physical
removal of an outer layer from the samples. One week after the experiment
described in subsubsection 5.2.3.1 sample al was reduced in diameter from 3.5cm
to 2.5cm using a metal lathe and sample a2 was reduced in length by removing
0.6cm from the top and bottom end of the sample. Both samples were scanned
1h after being physically modified, and then uniformly irradiated with additional
6Gy and scanned again after 1h. Sample al was then re-scanned after 1 month, a

time during which it was kept in the fridge.
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To test the reproducibility of removing the outer axial edges of the sample,
and to eliminate the time factor of one week between the first irradiation and the
sample cutting process, an additional sample a9 was also reduced in diameter by
lem. Moreover, to understand if measurements could be performed immediately
adjacent to internal cavities, a cylindrical hole of 1cm diameter was drilled in the
middle of sample al0. Both samples were irradiated uniformly in their original
shape with 6Gy and scanned after 1h. They were then physically modified and
immediately re-scanned. These modified samples were then once again uniformly
irradiated with an additional 6Gy, before a final scan was performed after 1h.

In order to scan sample alO, the sample cavity needed first to be filled with
matching liquid and then covered with tape, as otherwise, the liquid would not
go inside the sample hole. This is a consequence of the samples being scanned
vertically with a cap at the top, as shown in subsection 2.4.5, given the high

viscosity of the matching liquid and the narrow diameter of the cylinder.

5.2.7 Alternative PRESAGE®) samples’ Formulations

The same methodology described in subsection 5.2.3 and subsection 5.2.4 was
applied to investigate three additional batches of PRESAGE®), each with different
percentages of solvent content (Formulation b, ¢ and d). The content of each
Formulation can be found in Table A.2. These Formulations were provided by
the manufacturer after the observation of the results obtained with Formulation a.
They have higher solvent content than Formulation a, as a tentative to eliminate
the non-homogeneous response to dose of PRESAGE(®) samples. The high solvent
content improves samples’ stability, which, in theory, should result in less solvent
loss from the sample surfaces and hence a more homogeneous spatial sensitivity
to dose. The number of samples used in this study and the purpose for which

they were irradiated are summarized in Table 5.2.
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Table 5.2: Summary of samples irradiated in this study (Formulations b, ¢ and d).
These samples’ higher solvent content is expected to have an effect not only on the
spatial uniformity of their dose-response but, also on their dose sensitivity and stability
over time when compared to Formulation a.

Interval between
Sample manufacture and Dose (Gy) Purpose
irradiation (months)

b1, cl,dl 0.7 0,2,6,10

Formulation
(solvent %)

Uniform irradiation in conventional linac
(B=0) to obtain calibration.
Exemplar studies demonstrating

b (10%) b2plan, c2plan,

¢ (15%) d2plan 0.7 max 9.7 correction process using a standard linac.
b3MRL, c3MRL, 14 0.5 10
d (20%) d3MRL ' T Uniform irradiation in MR linac (B=1.5T)
b4MRL, c4MRL, 29 02610 to obtain calibration
d4MRL ' s

5.3 Results

5.3.1 Investigation of the samples’ spatial non-uniform

dose-response

5.3.1.1 Reproducibility and time-dependence for a single

formulation

In Figure 5.3, an increased optical-CT pixel value is observed over the outer 6
to 7Tmm of sample a2, both at the top and bottom edges and radially around
the sample. This shows a spatially non-uniform response of the PRESAGE®)
to radiation. For samples al to a5, the difference between the pixel values at
the centre, compared to the edges, ranged from around 20% to 28% for an
accumulated dose of 10Gy. The absolute differences in pixel value were smaller for
lower accumulated doses, suggesting that this was not an optical artefact resulting
from the optical-CT scanning process. Nevertheless, the known optical edge
artefact, caused by a refractive index mismatch (see discussion in subsection 4.4.2),
was still visible (see Figure 5.3c for sample a2), with its extent from the surface
into the sample ranging from 0.5mm to 1.4mm depending on the sample (al to a5).
In Figure 5.3d, the changes in optical-CT pixel values with the radial distance are

shown for each accumulated dose, averaged over the central 2.9cm of sample a2.
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Figure 5.3: (a) 2D transverse and longitudinal slices of the reconstructed optical-CT
image for sample a2 with an accumulated dose of 2, 6 and 10Gy, showing a visible
edge effect. (b) Transverse profiles were obtained by averaging over the 4 x 4mm?
cross-sectional area of a cuboidal column along the length of the sample as indicated on
the 6Gy images. The error bars represent one standard error of the mean. The profiles
show the results for the pre-scan and five accumulated dose levels (c¢) Transverse profiles
were taken at different positions along the sample length, which are drawn on the 10Gy
images. For each dose level, the plots are overlaid to show the small variation along
the sample length. (d) Sample a2 radial average for each accumulated dose obtained
by averaging the axial slices in the central region of the sample (constituting 2.9cm of
the sample). Error bars represent one standard deviation of the mean of each radial
distance.

Figure 5.4a shows that, at any given radial coordinate, the relation between
absorbed dose and radiochromic response was linear. However, near the dosimeter
edges, the slope of the fit lines increased, indicating an enhance in the dose
sensitivity. Figure 5.4b demonstrates that even among PRESAGE®) samples
from the same Formulation and ordered at the same time, changes in absolute dose
sensitivity, in the central region of the sample, of up to 38% are possible. These
results were discussed with the manufacturer who explained that the ordered
batch from Formulation a was manufactured in two different days. This, in theory,
would result in two different sets of samples. Based on the central pixel values

of the dosimeters (Figure 5.4b) two different groups are suspected to belong to
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Figure 5.4: (a) Relationship between optical-CT pixel value and dose for the sample
a2 as a function of radial distance. (b) Dose-response gradient (m) relationship with
radial position for samples al to a6 and allMRL, demonstrating both a variation in
sensitivity of each sample in the radial direction and a variation in the absolute value of
the sensitivity between samples. (c) Radial plots of m values, normalized to the centre
of the samples, show a broadly similar pattern of relative sensitivity as a function of
radial position for samples al to a5. (d) Radial plots of normalized m values for samples
a6 and allMRL, which were irradiated significantly later show a much more extensive
edge effect.
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different manufacturing dates: samples al, a4 and a3 were likely from the same
batch; sample a2 and ab were possibly from another batch. The pixel variation
between the dosimeters prevented any attempt of applying a correction that would
account for absolute dose differences. For this reason, the samples’ response to
dose was normalized. Figure 5.4c demonstrates that, regardless of the absolute
dose-response, all samples from Formulation a had a similar spatial variation
in relative sensitivity effect. The peak value of gradient m for samples al to ab
could reach a difference of around 24% to 36%, depending on the sample, when
compared to the centre.

All samples displayed a uniform dose response in the central volume with an
increase in sensitivity at the outer edges, the extent of which depends on their
age by the time they were irradiated. A quantitative measure for their similarity
was found by taking the root mean square (rms) difference between the profiles of
Figure 5.4c over the region of the edge effect (radial position 11 to 17mm). The
rms difference between the profiles al and a2 is 2.9%, while the mean rms between
the profiles a3, a4 and a5 is 3.9%. The mean rms considering all samples al-ab is
4%.

Comparison of Figure 5.4¢ and d shows an apparent increase in the extent of
the edge effect over time that could extend from ~6 to ~13mm in 7 months, and
was associated with a slight increase of the magnitude of the effect (difference in
the gradient m peak value of ~ 40%, when compared to the centre). By comparing
samples’ al-ab profiles with sample a6 profile, the rms differences are larger than
10%. These results highlight that care must be taken when using correction images

obtained at very different time points (more than 5 months).

5.3.1.2 Magnetic field dependency

The normalized radial dose-response of two samples irradiated within a month,
one at the research linac (sample a6) and the other at the MR-linac (sample
allMRL), show comparable results (Figure 5.4d). The rms difference between

the two profiles of Figure 5.4d) over the region of radial position 9 to 17 mm is
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3.1%, which is within what was observed for the other samples (al-ab). These
results support previous data which showed that PRESAGE®) samples were not

affected by a constant magnetic field.

5.3.2 Performance of the correction procedure

If no correction is applied, PRESAGE®R) measurements of non-uniform irradiations
disagree with planning system calculations in the outer 6 to 7 mm of the sample
(Figure 5.5 and Figure 5.6). For samples a7plan, a8plan, al2planMRL and
al3planMRL, the maximal relative dose differences in the profiles shown are
approximately 23%, 13%, 37% and 35%. For the correction image with higher
gamma passing rate (see Table 5.3) relative dose differences could be reduced to
a maximal error that varied between 2 and 8%. The corresponding 3D gamma
passing rates (2%/2mm with a 10% threshold) improved from 90.4%, 69.3%, 63.7%
and 43.6% for uncorrected images to 97.3%, 99.9%, 96.7% and 98.9% respectively
when the best performing correction 2D image was applied (see Table 5.3). The
best performing correction image applied was different for each non-uniformly
irradiated sample.

These results show that applying any correction from sample al to a6 always
improve the results, but performed best when there was a good match between the
sensitivity profiles of the calibration and measurement samples. This meant that
the time evolution of the samples, as illustrated in Figure 5.4c and d, was relevant.
The data of Table 5.3 show that, for all four dosimeters, the worst performance of
the correction algorithm occurs when the calibration data are derived from the

sample with the largest mismatch in irradiation time from that of the test sample.

5.3.3 Physical removal of sample surface layer

Both sample al and a2 in Figure 5.7 and sample a9 in Figure 5.8 show that the edge
effect disappeared in the regions that were physically removed, again suggesting

that the edge effect is not an artefact caused by the optical scanning. The non-
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Figure 5.5: Comparison of normalized 2D axial and sagittal dose distributions, without
correction and after applying a correction image based on data from six different
calibration samples, for the two dosimeters irradiated in the research linac. For each
profile, the measured data and the Monaco TPS output are plotted together in the upper
panel. The difference between measurement and TPS for each set of calibration data is
plotted in the lower panel. EBT3 films normalized profiles and respective differences
when compared with Monaco calculated data were also obtained for some of the profiles
for comparison. Note that the suitability of the correction image used depends on the
time it was obtained. The profiles in which the correction image has a higher gamma

passing rate are highlighted with a thicker line (Table 5.3).
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Figure 5.6: Comparison of normalized 2D axial and sagittal dose distributions, without
correction and after applying correction images based on data from three different
calibration samples, for the two dosimeters irradiated on the MR-linac. The sagittal 2D
sample position was rotate by 90° to be representative of its position during irradiation.
Plotted profiles show additional applied correction images and the respective difference
between Monaco TPS and PRESAGE®) (or film) normalized profiles. The artefact
visible on the sagittal 2D image of sample 12planMRL corresponds to the end of the
sample and was removed in the profile. Note that the quality of the correction image used
depends on the time it was obtained. Sample al was obtained 7.9 months before sample
al2planMRL and al3planMRL were irradiated, under-correcting it (Table 5.3). The
profiles which correction image produced the higher gamma passing rate are highlighted
by plotting a thicker line.

reappearance of the effect after the sample was irradiated with an additional
6Gy shows that newly exposed surfaces did not immediately acquire an enhanced
sensitivity. Nevertheless, additional results obtained with sample a2 in Figure 5.8
suggest that the effect can reappear if a sample is irradiated after a month. Sample
al0 shows that it is possible to drill a hole in the sample and still obtain valid
data near the internal edges.

As long as irradiation and imaging take place shortly after the sample is

modified, there is no need to apply a correction for the edges that were removed or
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Table 5.3: 3D Gamma passing rates (%) applied using different criteria for sample
aTplan, a8plan, al2planMRL and al3planMRL, without correction and with correction
using data from different calibration samples from Formulation a.

Irradiation time

Irradiation Correction mismatch 3%,2mm 2%,2mm
(months)

no corr - 97.3 90.4

al 0.7 99.6 96.4

a2 ) 99.4 95.4

a7plan a3 99.2 96.4

a4 1.9 99.6 97.3

a5 99.5 97.1

ab 6.4 98.4 92.2

no corr - 85.2 69.3

al 54 100.0 97.2

a2 ) 100.0 97.0

a8plan a3 99.6 98.8

a4 -2.8 100.0 98.9

a5 100.0 99.7

ab 1.7 100.0 99.9

no corr - 66.7 63.7

allIMRL 0 97.8 96.7

alZplanMRL a6 0.8 97.7 96.4

al -7.9 81.3 78.4

no corr - 453 43.6

allIMRL 0 99.0 98.6

al3planMRL 26 0.8 99.3 98.9

al -7.9 70.6 68.2

drilled, as the central region of the sample has a uniform response to dose. Note
that, as expected, the regions of the samples that were not physically removed

still displayed a visible edge effect.

5.3.4 Alternative PRESAGE®) Formulations

Formulations b, ¢ and d presented different absolute and spatial sensitivities when
compared with Formulation a, and also between each other (see Figure 5.9a in
comparison with Figure 5.4c and d). When compared to the centre of the sample,
normalized gradient m values for samples b1, ¢l and d1, were 23%, 29% and 34%
higher on the edges. Furthermore, contrary to the samples from Formulation a,
samples did not show a uniform central region with a well-defined edge, but rather
a gradual variation in intensity from the centre to the edge as can be seen in

Figure 5.9b. This is still true for samples from the same Formulations irradiated
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Figure 5.7: Central sagittal view of the reconstructed images of samples al and a2
before (al(10Gy), a2(10Gy)) and after being physically changed (al(10Gy) + cut,
a2(10Gy) +cut) and uniformly irradiated with additional 6Gy (al(10Gy) + cut + 6Gy,
a2(10Gy) +cut +6Gy). Dose distributions are shown in absolute values to distinguish
between different accumulated dose levels. Axial and sagittal profiles averaged over
the middle of the samples are shown after normalization to the flat region of each
reconstructed image. The profiles obtained for sample al scanned 1 month after the last
irradiation is shown to investigate changes over time (reconstructed image not shown
here). Regions corresponding to the cap and air bubble, inside the matching liquid, in
the top and bottom regions of the longitudinal profiles, were not plotted for clarity.

at a later time point.

I did not irradiate samples from the same Formulation at equivalent time points.
However, samples which were irradiated 0.7 and 2.2 months after the first samples
showed an increase in their averaged absolute gradient values m (Figure 5.9d).
Note that the samples ” Formulation name + 3MRL” were irradiated at the same
time as sample alIMRL (sample from Formulation a uniformly irradiated at the
MRL (see Figure 5.5d and Table 5.1). The increased pixel value was understood
as a darkening of the sample over time, and not as a consequence of the magnetic
field.

The dose-response for these three Formulations displayed non-linearity, which
became more evident for samples irradiated at a later time point (Figure 5.9¢
shown for samples from Formulation d), something which is uncharacteristic

for PRESAGE®). This slight non-linearity could explain why the use of only
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Figure 5.8: Central sagittal view of sample a9 and al0 reconstructed images before
(a9 post, al0 post) and after being physically changed (a9 post + cut, al0 post +cut)
and uniformly irradiated with additional 6Gy (a9 post + cut + 6Gy, al0 post +cut
+6Gy). Dose distributions are shown in absolute values to distinguish between different
accumulated dose levels. Axial profiles averaged over the middle of the samples are
shown after normalization to the flat region of each reconstructed image

a single dose irradiation and the pre-scan cannot be used to obtain a reliable
correction image (Figure 5.10b). Based on the assumption that PRESAGE®)
has a linear response to radiation, it should be possible to obtain a correction
image with only two dose levels. This process would facilitate the methodology
developed (subsubsection 5.2.3.1) but would only work when a linear response
exists. Figure 5.10a confirms that for Formulation a, only one dose point plus
the pre-scan is required to calibrate the correction. The radial average m(r) is
almost identical when calculated using only the pre-scan and 6 or 10Gy image,
compared with the result of a linear fit to data from multiple images. The use
of 2Gy results in noisy data and is not recommended. Also, as expected, for the
other three Formulations (Figure 5.10b), the gradient value is greatly affected
by the choice of the dose level used for the calibration. Regardless, improved 3D

gamma passing rate are obtained when compared with no correction (Table 5.4).
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Figure 5.9: (a) Absolute and (b) normalized gradient (m) relationship with radial
position obtained with samples from Formulations b, ¢ and d in a conventional linac
(samples bl, ¢l and d1). The over-responses at the edges are 34%, 29% and 23%
respectively. (c) Dose-response relationship for sample d4MRL, the sample which
displayed higher discrepancies of non-linearity with pixel value. Visible changes do not
affect the R? which is ~0.99 for all the fits. (d) The relationship between absolute
gradient (m) values (averaged over the samples central region) and the time of irradiation
post-manufacturing for all the uniformly irradiated calibration samples. Time represents
the number of days between the sample’s manufacturing and their irradiation. Error
bars represent one standard deviation of the gradient values found in a cylindrical
subvolume of radius 1.75 ¢m of each sample.
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Figure 5.10: Relationship between gradient and radial position for (a) sample al,
a2 and (b) sample bl, cl1 and d1 calculated based on data obtained from different
accumulated doses (applying all the available dose levels or only two dose levels).

Table 5.4: 3D gamma passing rates (%) comparing simulations with measurements of
sample b2plan, c2plan and d2plan irradiated with four beams forward plan and applying
different criteria with a 10% threshold. Results are shown for samples without any
correction and with corrections obtained from different accumulated dose levels.

Irradiation Corrrection 3%,2mm 2%,2mm

b2plan no corr 96.9 95.7
b1[0, 2, 6, 10Gy] 99.8 994

b1[0 10Gy] 99.8 994

b1[0 6Gy] 99.7 99.3

b1[0 2Gy] 99.0 98.4

c2plan no corr 95.0 93.6
c1[0, 2, 6, 10Gy] 99.7 99.2

c1[0 10Gy] 99.7 99.2

c1[0 6Gy] 99.7 99.2

c1[0 2Gy] 99.2 98.7

d2plan no corr 97.4 96.3
d1[o, 2, 6, 10Gy] 99.7 99.4

d1[0 10Gy] 99.7 99.4

d1[0 6Gy] 99.8 99.4

d1[0 2Gy] 99.5 99.2

5.4 Discussion

In this study, I developed a correction methodology based on images obtained
by uniformly irradiating calibration samples that can be applied to correct the
over-response of samples to dose at the samples’ edges. This correction allowed

to measure dose distributions at the periphery of the samples of PRESAGE®)
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that otherwise would not have been possible to measure. I did not attempt to
apply a correction image that would account for absolute changes in sensitivity
but instead, correct relative sensitivity changes as a function of the radius of
cylindrical samples. The methodology was developed based on one Formulation
of PRESAGE®), and its application was investigated for other PRESAGE®)

Formulations.

5.4.1 Samples’ spatial non-uniform dose-response

investigation and correction

The results shown in Figure 5.3 and Figure 5.4 illustrate that samples from
Formulation a have a central region where there is an approximately uniform
response to dose and an outer region of about 6 to 7mm, where the sensitivity to
dose can increase substantially. After normalization (Figure 5.4c) the difference
between the center and the edges of the samples could be up to 24 to 36%
depending on the sample. The extent of this region and its magnitude change
over time (Figure 5.4c and d). Retrospectively, the cupping effect observed in
chapter 4, when using 2cm diameter samples, was in fact, an edge effect of about
6-7mm, as identified in this chapter.

The small difference between sample a6 and allMRL after normalization
provides evidence that irradiation in a conventional linac or at the MR-linac does
not influence the spatial distribution of the PRESAGE(®) dose-response.

Samples of the same Formulation a displayed marked differences in absolute
sensitivities (see Figure 5.4b). These changes are expected to occur when using
3D chemically-based dosimeters. Performing absolute dose measurements with
these dosimeters is always challenging [130, 154]. The manufacture of the samples
in two different days likely aggravated these differences. However, it was not the
aim of the project to study this effect in more detail.

Nevertheless, applying any of the correction images to non-uniformly irradiated

samples from Formulation a (Figure 5.5 and Figure 5.6) always improved the

119



PRESAGE®) non-uniform dose response 5.4 Discussion

agreement between the measured data and the calculated data from the TPS.
As expected, and as a consequence of a presumed chemical change leading to
an extension of the edge effect over time, all non-uniformly irradiated samples
show better agreement with TPS simulations when corrected by a calibration
image from samples uniformly irradiated at a closer time point. This is clear by
looking at both profiles and 3D gamma passing rates (Table 5.3). For sample
alIMRL, these results show how the correction completely transformed the ability
to measure near the edges, and in this case, allowing making 3D measurements of
the ERE (Figure 5.6).

Uncertainties introduced by applying this method are in the order of 4% in the
edge region of 6 to Tmm as given by the rms difference between the m profiles for
different radial distances obtained with samples al to a5. For samples older than 9
months, the edge effect extends overtime to 13mm and to differences of more than
10% when compared to the other samples’ profiles. These results highlight the
need to correct a sample with a correction image which is obtained at a close time
point. The PRESAGE®) samples’ changes in spatial response to dose over time is
one source of uncertainty of this method. Care must be taken when samples (to
correct and be corrected) are irradiated more than 5 months apart, as differences
can become superior to 4% and extend to more than 7mm of the outer region of
the samples.

Other sources of uncertainty can come from the fact that although samples
were manufactured with the same formulation they are from different batches.
Samples from different batches have been shown to have distinct absolute dose
responses. Other factors as sample position (rotation or tilt) during scanning can
contribute to uncertainties in the correct determination of the edge effect. For
example, a 0.1° could originate changes of 0.5% in the peak of the edge effect.
The temperature of the samples during irradiation and scanning could also have
created changes in the response of the samples. In the future, a systematic study,
using samples from the same batch should be performed to assess how temperature

affects the edge effect correction.
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5.4.2 Physical removal of sample surface layer

The calibration and correction methodology demonstrated, reduced the dose
measurement error at the sample edges to a clinically acceptable level. Nevertheless,
it was also essential to understand if it would be possible to eliminate the errors
at source. The results in Figure 5.7 and Figure 5.8 demonstrate that the physical
removal of the outer edges of the samples before irradiation mitigated the edge
effect on the samples from Formulation a. This option is a good alternative to
applying a correction, provided that a sample is ordered with dimensions larger
than those needed for the eventual measurement and assuming that workshop

facilities are available for cutting the sample with high accuracy.

5.4.3 Sources of edge effects

In subsection 4.4.2, T have discussed two possible sources of an edge effect that
would explain the dose distributions measured with PRESAGE®) samples. [
mentioned that it could be due to (1) the well-known artefact caused by a mismatch
between the matching liquid and the samples, due to the optical scanning, and
(2) a genuine change in the sensitivity of PRESAGE®) to radiation. The samples
from Formulation a are subjected to the effect mentioned in (2). The artefact
mentioned in (1) is also visible in our samples but, typically, affects a millimetre
or less around the edges. This artefact is challenging to eliminate, because, in
practice, it is not possible to obtain a perfect refractive index agreement between
the sample and the matching liquid, especially if there are temperature variations
in scanning conditions.

It is important to understand that edge effects in optical-C'T can also arise
from (3) effects attributed to scattering, as reported by Bosi et al., 2009 [22] and
(4) an artefact previously observed for highly light-absorbing samples [7] which
leads to reconstructed images with lower intensity in the centre than at the edges.
The artefact mentioned in (3) is not expected to affect PRESAGE(®) samples as

the origin of its optical contrast is absorption, not scattering. Based on the results
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of the non-linearity obtained with Formulations b, ¢ and d, it seems likely that
the mentioned artefact in (4) was influencing the data. Reasons supporting this

statement are discussed in the following section.

5.4.4 Effect of different PRESAGE®) samples’

Formulations

It was beyond the scope of my PhD project to study the dose-response of different
Formulations of PRESAGE®). However, it was of interest to know if the manu-
facturer could provide samples that would not have such spatial non-uniformity
observed with Formulation a. At the same time, it was relevant to know if the
methodology developed could be applied to these new PRESAGE®) Formulations.
Although changing the percentage of solvent in the PRESAGE®) Formulation
led to observable changes in the spatial variation of sensitivity these samples still
displayed an increase in the dose-response (Figure 5.9a and b). Furthermore,
they presented non-linearity with dose in particular at the centre of the sample
(Figure 5.9¢) that became more evident with samples’ ageing (data not shown).
This non-linearity means that correcting data on the basis of a single calibration
image is not possible (Figure 5.10b). The gradual increase in the sensitivity of
the samples to dose, from the centre to the edges, implies that they are being
affected by the optical-CT effect mentioned in (4). This is a consequence of the
high sensitivity of the samples (solvent content) which led to a quicker darkening
of the samples with dose. These results do not state that the methodology cannot
be applied to these Formulations. They reveal, however, that the dynamic range
of the telecentric optical-CT was not adequate to measure the optical changes
of these highly reactive samples. The process might not be straightforward, and
although the investigation was not required for this study, further research should

be performed in the future.

122



PRESAGE®) non-uniform dose response 5.5 Practical guidelines

5.5 Practical guidelines

Based on the studies with Formulation a, I created a list of recommendations to
be followed when performing measurements using PRESAGE®), mainly when
measuring dose at the sample edges is of interest:

(1) Order or manufacture a batch with enough samples to use one (or more)
as uniformly-irradiated calibration samples to obtain a correction image, with the
remaining test samples used for the experiments of interest. All specimens should
have the same diameter and should be similar in length.

(2) When possible, irradiate any calibration sample at the same time as the
test samples and. If this is not possible, irradiate the samples preferably within a
time-window of a month.

(3) If this is the first time irradiating a batch or specific Formulation, make
sure artefacts caused by extremely high absorption are not present for higher
doses, by testing linearity with dose using more than two dose levels.

(4) Assuming linearity, obtain the calibration data by pre-scanning the selected
sample and then irradiating it uniformly, scanning the sample one hour after
irradiation. I suggest using a higher dose than the maximum dose to be delivered to
the test samples, to cover the full range of measurements with high signal-to-noise
ratio.

(5) For each scanned and reconstructed image, exclude the top and bottom
edge of the sample, and average the central slices along the sample length where
there is a small variation between slices.

(6) Apply the correction image slice by slice to the irradiated test sample using
Equation 5.1. The 6 to 7Tmm top and bottom edges of the test sample should be
removed or not considered, as the correction would be accurate for those regions.

(7) If one expects to irradiate samples for a period longer than 3 months, I
recommend saving a sample to uniformly irradiate at a later time point, to identify
possible changes over time and possibly interpolate the correction images.

(8) For cylindrical samples with a meniscus, and inconsistent length between
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samples from the same batch/Formulation, it is likely to be easier to trim the two

ends of the sample to mitigate the edge effect, rather than attempt to model it.

5.6 Conclusion

In this study, I showed that it was possible to use the full volume of small
samples of PRESAGE®) to measure dose by applying a correction image obtained
from uniformly irradiated samples from the same Formulation. This correction
is essential for measurements in which changes are expected to occur at the
PRESAGE®) dosimeters interfaces. This is the case of measurements which are
influenced by the ERE in MRgRT systems. The correction can also be employed
to validate treatments such as SBRT in the lungs, where measuring near the

dosimeter-lung density might be required.
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Chapter 6

MR-linac adaption workflow

validation using PRESAGE®R)

Different plan adaptation methods are available with the Elekta MR-linac for
treatment delivery, which can be separated into two main workflows, the adapt-
to-position (ATP) and the adapt-to-shape (ATS). This chapter proposes the use
of PRESAGE®) dosimeters to perform E2E tests to verify the accuracy of the
MR-linac plan adaptation workflows. The phantom/PRESAGE®) set-up, which
was described in chapter 5, was used here to test the ATP workflow, mimicking
patient displacement scenarios. The ATP and ATS workflows were then tested by
simulating a prostate treatment, using larger samples of PRESAGE®) with and

without the presence of an air cavity.
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6.1 Introduction

In subsection 5.2.5, the good agreement between PRESAGE®) measurements
and Monaco simulations, in both homogeneous regions and at the dosimeter-air
interfaces, proved the capability of the PRESAGE®) samples to measure dose
distributions accurately near the edges as long as an appropriate correction was
applied. The success of that study provided the confidence needed to trust the
validation presented her, of the treatment plan adaptation workflows available
at the Elekta MR-linac (see subsection 6.2.1). Treatment adaptation techniques
increase the complexity of an RT treatment, and both spatial and dosimetric
accuracy of the planned dose should be verified before starting to treat patients
at the MR-linac.

Two conference abstracts studies have tested the accuracy of available adapta-
tion workflows using MRgRT systems, by performing E2E dosimetric verifications.
Ahunbay et al.,2018 [6] tested and validated with success the MR-linac ATS work-
flow, using an MR-MV phantom consisting of a 3D diode array. This phantom
provides discrete 3D dose information and does not account for patient inhomo-
geneities. Hoffmans et al., 2018 [84] used films together with an anthropomorphic
pelvic phantom as an E2E test to verify the MRIdian system workflow. This
verification takes into account both body shape and tissue densities but does not
provide complete 3D dose information. More recently, two other studies used 3D

gels for dose verification of adapted RT treatments in MRgRT system [65, 158].

6.1.1 Aim

In this chapter, I performed E2E tests to verify the MR-linac workflow by mimick-
ing treatment sites where air-tissue interfaces exist. Three studies were performed.
Firstly, as a proof of concept, the ATP workflow was tested by delivering a simple
IMRT plan to small 3.5cm diameter PRESAGE®) samples inside the QUASAR
phantom. The phantom was placed in three different positions on the table, and

an adapted plan was created to account for the phantom displacement, and a
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new plan delivered. The measured dose distribution was compared to Monaco
simulations. Secondly, the same phantom and larger samples of PRESAGE®) were
used to mimic a prostate RT treatment with and without the presence of an air
cavity in the rectum, to understand how accurately Monaco TPS was simulating
the dose at tissue-air interfaces. Finally, the same phantom PRESAGE(®R) set up

was used without the presence of an air cavity to verify the ATS workflow.

6.2 Background

6.2.1 Elekta MR-linac adaptation workflows

At the Elekta MR-linac, the treatment can be adapted using different workflows.
The main adaption workflows can be divided in the adapt-to-position (ATP) and
the adapt-to-shape (ATS) methods [208], and a schematic of their differences is
shown in Figure 6.1. For both workflows, a pre-treatment image (CT scan or
MRI) is required together with the PTV and OAR contours and the calculated
plan (original dataset). Then, before the treatment starts, an MR image of the
patient on the couch is taken and registered with the pre-treatment image.

In the ATP workflow, a rigid registration is performed between the pre-
treatment image and the MRI. The isocentre position is updated in the original
dataset to reflect the actual position of the patient on the couch. The MLC leaves
will move automatically to match the new target location. After that, the plan is
re-calculated or re-optimized on the pre-treatment-CT with the original contours
based on the new isocentre position.

In the ATS workflow, the plan is adapted based on the anatomy of the patient
on the day of the treatment, by deformably propagating the ROIs of the delineated
contours from the pre-treatment CT to the MRI of the day. The dose is then
re-optimized on the acquired MRI. This workflow accounts for changes in both
the target position and the anatomy of the day. Bulk electron densities (ED) are

manually assigned to the contoured structures in order to create a treatment plan

127



MR-linac workflow validation 6.2 Background

Pre-treatment CT '=| Pre-treatment CT
E (updated isocenter)
c
2
] -
B * Plan re-optimized
8_ on pre-treatment CT
2
-
o
(T
°
<
L
Rigid automatic
Registration checks
Deformable Secondary dose
MRI of the day calculation
2
< .
° * Plan re-optimized on
2 the MRI of the day
5 * Contours based on
8 bulk densities
p
o
(T
°
<

Figure 6.1: Schematic of the MR-linac adapt to position (ATP) and adapt to shape
(ATS) workflows, modified from Winkel et al., 2019 [208].

using an MR image. When air cavities are present on the pre-treatment CT scan,
they are overridden with tissue density.

Before a plan is delivered, automatic checks are performed and the new plan
re-calculated in Raystation (secondary dose calculation). During the treatment,
sagittal 2D cine images are acquired, giving information about the patient motion

during the treatment.

6.2.2 MR-linac dose verification

Before the MR-linac could be used clinically, a thorough set of measurements
and tests were performed during the system’s commissioning. Additional patient-
specific QA measurements were done before irradiating the first patient, and
subsequently, every time a new treatment site was implemented. This step is
essential because, as the treatment plan is different at each fraction of RT, its
correct delivery cannot be verified before irradiating a patient (pre-treatment
verification). At the RMH/ICR the OCTAVIUS®) 4D, together with the PTW
1500 detector array (PTW, Freiburg, Germany), is the phantom used to perform

these QA measurements. The process consists of verifying the dose distribution
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before implementing a new treatment site at the MR-linac. Therefore, volunteers’
CT scans are used to create a treatment plan for each dataset and, the dose
re-calculated and delivered to the OCTAVIUS®) phantom. These systems give a
good indication of how accurately the plan was delivered, but they only verify the
final dose and do not evaluate the entire online treatment adaptation workflow.
Furthermore, they cannot deal with patient heterogeneities, like air and bone, or
account for realistic body shapes.

To verify each step within the treatment workflow (ATP and ATS), E2E tests
are done using a phantom (triple modality 3D abdominal phantom, CIRS, Inc.,
Norfolk, USA), which is visible in both CT and MRI. The test allows mimicking

a patient on the couch but does not provide dose information.

6.3 Material and Methods

6.3.1 ATP workflow validation

To mimic a simplistic human torso with a tumour in the lung, the QUASAR phan-
tom was used again together with a sample of PRESAGE®) (sample a_dummy).
The same phantom/PRESAGE(®) arrangement and treatment plan described in
subsection 5.2.5 were also used here. A multimodality CT-MR fiducial (PinPoint,
Beekley Medical, Bristol, CT) was placed on the flat end of a cylindrical sample of
PRESAGE®). A schematic of this study is shown in Figure 6.2. A central axial
slice view of the CT scan (pre-treatment CT) is shown with the five beams used
to irradiate the target with a maximum dose of 9.4Gy. For the purpose of this
experiment, three PRESAGE®) samples were used. Initially, sample a_dummy
(which was used for the CT scan) geometric centre was placed in the same position
in relation to the MR-linac isocentre as simulated by the TPS. Because at the
MR-linac the couch is at a fixed height and there are no lasers to position the
phantom /patient in the SI direction, the phantom was placed with the help of
electronic portal imaging device (EPID) images taken at gantry 0° and 90°. The
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central pixel value of these images corresponds to the MR-linac isocentre. Sample
a_dummy was then removed and sample a_ ATP1 was positioned in its place.
Therefore, the couch had to be retracted from the scanner and moved back to
the same position. The sample was then irradiated with the reference plan. This
mimics an irradiation at a conventional linac as the target is at the isocentre and
the original reference plan is delivered (Figure 6.2).

Both samples a_ATP2 and a_ATP3 were irradiated with the phantom placed
away from the isocentre using the ATP workflow of the MR-linac. Sample a_ATP2
was irradiated with the phantom placed 3cm away from the isocentre in the SI
direction, while for sample a_ATP3 the phantom was moved an additional 3cm
in the LR direction (Figure 6.2). A T2 weighted MR image of the phantom
on the couch was taken and rigidly registered with the pre-treatment CT using
the Monaco TPS. The agreement between the two was based on the phantom
structures since PRESAGE®) samples are not visible in MR images. The positions
of the samples were inferred by identifying the fiducial shape and location in both
images. This workflow updates the isocentre in the original dataset to reflect the
current phantom position. The Adapt Segments option was selected. It consists
of shifting the apertures of the MLC based on the CT-MR registration to account
for the new position of the target. A new plan was then re-calculated on the

pre-treatment CT image.

6.3.2 Prostate treatment - ATP dose delivery with and

without an air cavity and ATS workflow validation

6.3.2.1 Phantom and PRESAGE®) sample set-up

In this study I used larger PRESAGE®) (Formulation e) samples, supplied by the
manufacturer as cylinders of 6.05 £ 0.05cm diameter and 7.6 £ 0.2cm (Table A.2).
The QUASAR phantom was again used for this study, but as opposed to the
experiments described in subsection 6.3.1, where the central cylinder contained

air, both cylinders were filled with deionized water.
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Figure 6.2: Schematics of the study performed to validate the ATP workflow. The
arrows over the pictures showing the phantom on the MR-linac couch, display the
direction of the motion applied.

6.3.2.2 PRESAGE®) samples preparation

Before using a sample from Formulation e, the spatial sensitivity of these dosime-
ters to radiation was characterized in the MR-linac, following the methodology
described in chapter 5 in order to obtain a correction image. The calibration,
which was obtained by irradiating the sample with accumulated dose levels of 2,
6 and 10Gy, confirmed a linear response with dose and revealed an increase in
sensitivity up to 33% edge over the outermost 6 to 7mm radially. The results are
shown in Figure 6.3.

Two PRESAGE®) cylinders were cut and machined to form four independent
samples with the same dimensions (length 3cm and diameter reduced in a lathe

to 5.45cm in order to fit inside the phantom).
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Figure 6.3: (a) 2D transverse and longitudinal slices of the reconstructed optical-
CT image for sample el uniformly irradiated with accumulated doses of 10Gy. (b)
Relationship between optical-CT pixel value and dose along the sample radial distance.
(c¢) Gradient (m) versus radial position for sample el, obtained with different dose
levels. Correction image used to correct the non-uniformly irradiated samples is the one
obtained with all dose levels.

6.3.2.3 OAR generation and treatment plan

One sample was used as a dummy (sample e_dummy) to obtain a pre-treatment
CT scan. Again, the dummy sample was used so only one CT scan was required to
calculate a dose distribution to be delivered to different samples of PRESAGE®).
The set-up, which is shown in the top panel of Figure 6.4, aims to mimic the
pelvis of a patient, with the PRESAGE®) sample acting as both partially the
rectum and the prostate OAR. The CT scan was exported to Raystation, where
the OAR were created based on a model based segmentation (MBS) [51]. The
”Pelvis Male” model which includes the prostate, the rectum, the bladder and
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the right and left femur bones, was used. The OARs were positioned so that the
PRESAGE®) cylindrical hole would coincide with the centre of the rectum OAR
volume. The prostate shape was drawn to be around the rectum (see Figure 6.4),
to create a more challenging plan optimization. Clinically this also mimics cases
where the seminal vesicles (which are included within the PTV margins used
for prostate RT at the RMH) are around the rectum. In addition, when air is
present in the rectum, this shape is also expected to produce more substantial
dosimetric changes. The rectum, prostate, bladder and the two femur bones
volumes were defined as CTV volumes. The final pre-treatment CT with the
associated structures were exported to Monaco TPS, where the dose distribution
was optimized and calculated (upper panel of Figure 6.4).

The PRISM study (prostate radiotherapy integrated with simultaneous MRI)
protocol, implemented clinically to treat patients at the MR-linac, was followed for
the phantom/PRESAGE(R) experiments (same number of beams, constraints and
cost functions used for dose optimization). The treatments consist in delivering
60Gy in 20 fractions using IMRT with seven beams to target the PTV (CTV:
0.3cm posterior expansion and 0.5cm elsewhere). More information about this
study can be found at https://clinicaltrials.gov/ct2/show/NCT03658525. The
dose delivered was scaled for the phantom/PRESAGE®) experiments (see the

following subsections).

6.3.2.4 TPS exercise - the effect of an air cavity

If air cavities are not accounted for, hot and cold dose regions are expected at the
interfaces of these cavities. This effect can change in magnitude and extension
depending on the treatment plan, size and location of the cavity. As differences
are only expected at the edges of a dosimeter, before selecting the size of the hole
to drill on a sample of PRESAGE®), three different cavity sizes were simulated
to make sure the changes in the dose distribution, caused as a consequence of the
ERE, were large enough to be measured. To study this, an initial plan (reference

plan_uniform) was optimized and calculated in Monaco, using the pre-treatment
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CT scan of the dummy sample of PRESAGE®), simulating a situation with no
cavity present, as shown in Figure 6.4. This reference plan was then used to
re-calculate the dose distribution on a modified version of the CT scan, where the
PRESAGE®) sample density was overridden to ED=0.01, to simulate different
cylindrical air cavities of 1.2cm, 2.4cm (the original size of the PRESAGE®) hole
on the CT scan), and for 3.5cm. The larger cavity created a more extensive, and
higher, difference in dose, and for this reason, was selected for the experiments with
PRESAGE®). The plans were scaled to deliver 8Gy to cover at least 50% of the
PTV as this produces an adequate dose gradient for PRESAGE®) measurements.

6.3.2.5 Dose delivery - ATP workflow with and without an air cavity

Two samples of PRESAGE®) were then physically modified to have the same
length and diameter of sample e_.dummy. For one sample (sample e_cavity) a hole
of 3.5cm diameter was drilled while the other sample was not further modified
(sample e_uniform). A schematic of this study is displayed in Figure 6.5, and it is
separated in 3 steps.

In the first step, the treatment plan was optimized based on a homogeneous
PRESAGE®) (reference plan_uniform). The second step consisted of irradiating
sample e_uniform and sample e_cavity. The phantom was placed at the MR-linac
couch in as close position as possible as defined in the reference plan. Each sample
was irradiated as per the ATP workflow by following the same methodology as
described in subsection 6.3.1. The ATP workflow was used here to account to
compensate for mispositioning the phantom as it is challenging to place the sample
as per the reference plan. Since the PRESAGE®) sample was surrounded by
water in this experiment, it become visible by the lack of MR signal. Because
the ATP workflow was used, two new plans were calculated, one for each sample.
These re-calculated plans should be identical, as the phantom was not moved
between irradiations, and should also be very similar to the original plan (reference
plan_uniform). The third step consisted of re-calculating the dose on the CT scan

without cavity and with a 3.5cm diameter cavity in order to compare the results
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Figure 6.4: Optimized dose distribution calculated on the pre-treatment CT scan
(no cavity) is shown on the top panel. On the bottom panel, the pre-treatment CT
scan is again shown displaying a situation of a homogeneous PRESAGE®) sample (no
cavity) and with three different cavity sizes. The PTV and the rectum contours are
shown for reference. The density on the CT scan was overridden based on the defined
contours shown in green. The contour of the PRESAGE®) sample is also shown (yellow).
Local dose differences between the dose distribution obtained by delivering the reference
plan_uniform to a homogeneous PRESAGE(®), and to three different cavity sizes are
displayed. A more extensive and higher difference in dose is visible for a 3.5cm diameter
cavity.

with the measured data obtained with sample e_uniform and sample e_cavity,
respectively. Again, all plans were scaled to deliver 8Gy to cover at least 50% of

the PTV.

6.3.2.6 Dose delivery - ATS workflow validation

Sample e_uniformATS was irradiated at the MR-linac following the ATS workflow.
This means that after registering the pre-treatment CT and the MRI of the
phantom and, deformable propagating the ROIs from the CT to the MRI, the
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Figure 6.5: Schematics of the study performed to measure the effect of air cavities
on dose distribution, not taken into consideration during plan optimization, using
PRESAGE®) samples and the QUASAR phantom to mimic a prostate treatment. ATP
workflow was applied here to correct for errors in positioning the phantom at the
MR-linac isocentre. Comparison between measurements and simulations was performed
on Matlab®) after normalizing the samples to a pre-defined region within the sample.

plan was re-optimized on the MR image. A schematic of this study can be found
in Figure 6.6. Bulk densities were previously assigned in Monaco for the external
contours ROIs to correspond to water density. I modified the shape and position of
the PTV in order to simulate prostate volumetric changes since the pre-treatment
CT scan. This alteration did not attempt to represent an exact clinical situation
but rather to create a substantial difference on the dose distribution. The plan

was also scaled to deliver 8Gy to cover at least 50% of the PTV.
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Figure 6.6: ATS workflow performed to irradiate the sample e_uniformATS. The MRI
was acquired before irradiating the sample e_uniformATS, and then used to re-calculate
the dose distribution based on the phantom position on the couch. The PTV shape and
position was changed before re-optimizing the treatment to mimic daily patient organ
motion. The PTV contour was enlarged and shifted in relation to the original dataset.

6.3.2.7 Comparison between PRESAGE®) and Monaco TPS

Sample readout was performed for all samples as described in section 3.5 and
in subsection 3.6.4. They were imaged before and 1h after irradiation using the
telecentric optical-CT scanner to obtain reconstructed images with a voxel size
0.24mm x 0.24mm x 0.19mm? for samples of 3.5cm and 0.30 x 0.30 x 0.20mm? for
the larger samples.

Simulations were performed in Monaco with Imm? resolution and 1% statis-
tical uncertainty. Both Monaco calculated dose distribution and PRESAGE®)
reconstructed images were again rescaled to a 0.5 x 0.5 x 05cm? voxel size and
registered based on the CT scan image information. Relative dose agreement
between the two was investigated based on dose profiles and by applying the 3D
gamma criteria.

For the experiments performed with samples a_ ATP1, a_ ATP2 and a_ATP3,
Monaco data was normalized to the maximum dose value and PRESAGE®)
samples rescaled to match the Monaco sagittal central values of the central slice
(10mm flat region of the profile). For sample e_uniform, e_cavity and e_uniformATS,
the Monaco calculated dose was normalized to the high dose region along the
samples’ length, and again PRESAGE®) was rescaled to the same value. All
samples were previously corrected with their correspondent Formulation correction

image (sample alIMRL with samples from Formulation a, and sample el with
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Table 6.1: 3D Gamma passing rates (%) applied for a 2%,2mm criteria and 10% dose
threshold. All samples were corrected using a sample from Formulation a

Irradiation | 2%,2mm
a_ATP1 98.5
a_ATP2 99.7
a_ATP3 98.4

samples from Formulation e).

Because the sample hangs vertically in the optical CT scanner, before scanning
the sample e_cavity, the cylindrical hole had to be filled with matching liquid
and sealed with tape (Gorilla Crystal Clear Duct Tape, US). However, it was not
possible to fill the cavity completely. This means that an air-bubble was always
present in the FOV of the projection images. In order to compare measurements
and simulations, the volume correspondent to the cavity in PRESAGE®R) was
overridden in Matlab@®), to zero in both datasets.

6.4 Results

6.4.1 ATP workflow validation

In Figure 6.7 normalized PRESAGE®) reconstructed and Monaco simulated
central axial and sagittal 2D images are shown for sample a_ ATP1, a_ ATP2
and a_ATP3. Profiles taken in the axial and sagittal directions are also shown

for comparison. The 3D gamma passing rates for the comparison are shown in

Table 6.1.

6.4.2 Prostate treatment - ATP dose delivery with and

without an air cavity and ATS workflow validation

6.4.2.1 Dose delivery - ATP workflow with and without an air cavity

PRESAGE®) measurements and Monaco calculated averaged central 2D sagittal

and axial dose distributions are shown in Figure 6.8. Axial 3D gamma maps
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Figure 6.7: Axial and sagittal slices showing normalized 2D colour-coded measured
(PRESAGE®)) and calculated (Monaco) dose distributions and profiles taken from the
regions represented by the black dashed lines. PRESAGE®) samples higher sensitivity
to radiation at the axial edges was corrected here using a sample from Formulation a.
Profiles were averaged over +0.75mm and error bars represent one standard deviation
of the variation within that area. Monaco dose calculations are within 1% uncertainty.

averaged in the same sagittal regions are shown for comparison. Given the obtained
dose distributions and the passing rate of the gamma evaluation (Table 6.2), there
is a good agreement between simulations and measurements. In Figure 6.8,
profiles taken in regions where the dose changes due to the air cavity are evident
(diagonal 1 and 2) are shown for both Monaco and PRESAGE®) normalized dose
distributions. Small disagreements are visible on the diagonal 1 profile, but very
good agreement is displayed on the diagonal 2 profile. Differences occur mainly at
the samples’ edges. For sample e_cavity an air bubble is present inside the cavity,
which creates artefacts axially to the sample. In Figure 6.9, 2D dose difference
between the accumulated dose with and without the presence of a cavity is shown
for both PRESAGE(®) (sample e_cavity and e_uniform) and Monaco. The increase
in dose due to the ERE effect is clearly visible in the figure.

6.4.2.2 Dose delivery - ATS workflow validation

For the ATS verification, 2D axial dose distributions obtained over lem along
the sample’s length, and diagonal profiles are shown comparing both simulations

and measurements (Figure 6.10). Excellent agreement was found between the
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Figure 6.8: Samples e_uniform and e_cavity normalized axial 2D dose distributions
averaged over lcm, as shown on the sagittal view. Respective calculated dose distribu-
tions in Monaco are shown. Averaged 3D profiles obtained over the same lcm are also
shown. Diagonal profiles taken along both measurements and simulations for irradiation
with and without an air cavity are superimposed for comparison.
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Figure 6.9: 2D normalized relative dose difference between PRESAGE®) sample
e_cavity and e_uniform. The equivalent Monaco simulated data is shown for comparison.
Dose distributions were averaged over the same lcm region within the sample displayed
in Figure 6.8.
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Figure 6.10: Sample e_uniformATS normalized axial 2D dose distributions averaged
over lcm along the sample’s length. The region is as represented on the sagittal view of
the PRESAGE®) dose distribution. The equivalent axial 2D calculated dose distributions
are shown. Diagonal profiles taken along both measurements and simulations are shown
on the right panel.

Table 6.2: 3D Gamma passing rates (%) applied using different criteria and a 10%
dose threshold. All samples were corrected using sample el as edges effect extended to
more than 6mm. For sample e_cavity the gamma criteria was calculated by excluding
the slices where an air bubble in the matching liquid was present within the sample

cavity.
Irradiation | 3%,2mm 2%,2mm
e_uniform 99.6 99.4
e_cavity 99.2 98.6
e_uniformATS | 100 100

normalized dose distributions. The 3D gamma map is not shown considering the

excellent agreement between simulated and measured data (Table 6.2).

6.5 Discussion

In this chapter, the MR-linac online adaption workflows were tested using
PRESAGE®) dosimeters together with a phantom. The set-up was used as
a simplified version of a lung phantom and a pelvic phantom. The PRESAGE®)
samples’ invisibility in the MR images was not an issue for the workflow validation
at the MR-linac. For instance, the samples were visible when surrounded by water.
When in air, their position within the phantom could still be identified with the
use of fiducials. A good agreement between PRESAGE®) measurements and

Monaco simulations was obtained for all E2E adaptive treatment workflows tested
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at the MR-linac, always with a gamma passing rate higher than 98% for a 2%,
2mm 3D gamma criteria.

In the first study, I showed that phantom displacements are accurately com-
pensated by the MLCs when using the ATP workflow. The 3D-gamma passing
rates for all three experiments were very high and, differences between the three
experiments were likely due to the samples’ uncertainty.

In the second study, the effect of different size cavities was investigated to
determine the cavity size that would result in a significant and measurable ERE.
The simulated cavity sizes of 1.2cm and 2.4cm were outside the PTV volume
while the larger 3.5cm was within that volume. These results are in agreement
with previous studies that have shown that both the size and the position of
a cavity affect the magnitude of the ERE [19, 200]. The authors showed an
increase/reduction in dose (compared to a homogeneous region) when an air cavity
was within the target area. Furthermore, changes in dose due to the ERE has
been shown to be more significant in larger cavity sizes [200].

The sample with a cavity (sample e_cavity) has a lower agreement with
simulation, when compared to the uniform sample (sample e_uniform) (Figure 6.8
and Table 6.2). Regions where the gamma fails are at the samples’ borders.
Samples with cavities have edges not only externally but also internally, and they
also have overall less material. This will affects the ratio between the edges and
the uniform region of a sample, and consequently, the percentage of points within
the gamma criteria.

The artefacts created by an air bubble inside the cavity of the sample e_cavity
were not problematic since the information provided by the sample was sufficient
to validate the adaptive tools of the MR-linac. However, for future measurements,
this can be compensated by drilling an additional hole (maximum 5mm) from
the middle of the sample through the cap so that the air bubble could be within
the cap region and consequently out of the FOV. I tested this alternative, and it
worked. However, the additional hole must be filled with water during irradiation,

to not affect dose distribution. Another option can be to include the extra hole
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in the simulations by acquiring a CT scan of the modified sample inside the
QUASAR phantom.

Subtracting the dose distribution measured with PRESAGE®) without cavity
from the sample with a cavity reveals the expected hot and cold region at the
cavity internal edges (Figure 6.9). These subtracted dose distributions compare
well visually with simulations. However, when subtracting the images of sample
e_uniform from the sample e_cavity, additional edge artefacts were generated.
Samples surface imperfections or the existence of dust in the liquid can contribute
to different values at the edges that, when subtracted, became more evident. Also,
if both samples were not scanned in the exact same position, as a result of for
example, sample tilt during scanning, the edges of the samples would not be
completely overlaid creating an additional loss of information at the borders of
the samples. Nevertheless, this does not compromise the validly of the results
measured with PRESAGE®) samples, as the ERE was clearly measured at the

cavity interfaces.

6.6 Conclusion

PRESAGE®) measured data confirmed the dosimetric accuracy of Monaco TPS
and the precise treatment delivery of MR-linac. Both ATP and ATS MR-linac
online workflows were validated using PRESAGE®) samples and a phantom
simulating a lung and a prostate IMRT treatment. The expected increase in the
dose distribution due to an air cavity, not accounted for during plan optimization
was accurately measured using a PRESAGE®) sample with an air cavity. The
results shown in this chapter give the confidence to create plans in the presence of

alr cavities.
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Chapter 7

Verification of dynamic

MLC-tracked RT

Dynamic MLC-tracked RT aims to compensate for intra-fractional tumour motion
by preserving the target dose and consequently reducing the dose received by the
nearby healthy tissues. In this chapter, I used samples of PRESAGE®) and a
motion phantom to verify the dose delivered by MLC-tracked RT using both a
conventional (research) linac and the MR-linac at the ICR/RMH. Two possible
treatment sites were studies by creating plans representative of dose distributions
for RT in the lung and prostate. Some of the results described in this chapter can

be found in the conference proceeding by Costa et al., 2019a [41].
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7.1 Introduction

MRgRT systems are powerful tools for treatment adaptation based on daily patient
anatomy. A method of compensating intra-fraction tumour motion consists of
moving the MLC leaves dynamically so that the beam aperture follows the target
position. This method reduces unnecessary irradiation received by healthy tissues
as it allows for a reduction of the PTV margins [27]. Tumour tracking has been
employed clinically for the treatment of prostate [106], lungs [21, 54] and liver
[54] cancer using SBRT. Tracking can also be applied using a robotic linac control
[109] and/or couch motion [63, 140].

Dynamic MLC leaves have been employed for tracking purposes using kV and
MV imaging [17, 29], using a combination of kV and optical systems [34], or
through the identification of electromagnetic transponders [105, 113, 190]. These
methods require surrogates to detect the actual position of the target (body
surface imaging, spirometers, breathing belts), or by implanting fiducials within
the tumour.

With MRgRT systems, the MLC leaves will likely be able to not only follow the
motion of the target but also change their shapes based on non-rigid anatomical
changes of both the target and OAR using MR images. Sagittal 2D cine-MRI
images have been previously used to identify and follow a defined target in the
lungs of healthy volunteers [150]. The physical possibility of tracking using
feedback from an online MRI was first demonstrated by Crijns et al., 2012 [43]. A
recent paper has shown that MLC-tracking at the Elekta MR-linac is technically

possible [70], but the authors did not provide a dosimetric verification.

7.1.1 Aim

In this chapter, I first want to demonstrate that PRESAGE®) samples can
correctly reproduce the dose distribution simulated by in-house MLC-tracking
software (DynaTrack). The software moves the MLC leaves dynamically based

on a given target position [15, 68, 101], and it was previously validated with a
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research Elekta linac at ICR/RMH, using an array of detectors (Deltad) mounted
onto a 4D motion platform [38].

The initial study was performed in a conventional linac before the tracking
software was available at the MR-linac. This allow identifying and eliminating any
issue without requiring the use of an MR-linac. After verifying this methodology
using PRESAGE®) I adopted it to validate real-time tracked MLC RT treatments
at the Elekta MR-linac by the time it become available. The software had to be

updated to be run at the MR-linac and requires validation.

7.2 Material and Methods

7.2.1 In-house dynamic MLC-tracking software

The in-house dynamic MLC-tracking software DynaTrack was initially developed
for a Siemens 160MLC on an Artiste linac [113, 140, 194] and later implemented
on an Elekta Synergy research linac at the ICR/RMH [68]. The system requires
as input a treatment plan (MUs, gantry angles, MLC shapes) generated for a
static case and a continuous stream of target positions. Target information can
be provided using imaging from different modalities, such as kV and MV planar
imaging [68], the Varian Calypso system [113, 140] and more recently, from MR
images. An alternative source for the target position identification is through data

streaming of target positions reported directly from the movement device.

7.2.2 System latency

Before using DynaTrack to take control of a linac, it is essential to measure the
system latency. The system latency in this situation is defined as the difference
between the time of the new target position and the time the MLC leaves take
to reach that position [68]. There are three different contributing terms for that
latency: (i) the motion device latency (the QUASAR phantom in this study),

which is the time that it takes for the device to reach an induced position; (ii) the

146



MLC-tracked RT 7.2 Material and Methods

age of the target position when used by the MLC controller to request an MLC
shape. On average, this consists of half of the update rate of a phantom device,
or image, used to report the target position; (iii) the average MLC displacement
latency, which is the time the MLC leaves take to meet a requested MLC shape.

After the determination of the system latency, a motion predictor can be used
to compensate for that delay [194]. The MLC latency was determined based on a
set of experiments which followed the methodology described by Fast et al., 2014
[68]. We used a 2cm diameter copper sphere attached to the same holder used
for PRESAGE®) (Figure 7.3c). A treatment plan with one beam at gantry angle
of 0°, and an 8cm diameter circular field was used to irradiate the sphere. EPID
images were obtained while a sinusoidal motion was applied to the phantom in
the SI direction. Sinusoidal curves with different amplitudes of 5, 10 and 20mmm
and breathing periods of 4s and 5s were used. The motion of both the sphere
and the MLC leaves was determined based on EPID images of 0.8mm x 0.8mm
pixel resolution and with 30Hz update rate, acquired during 5 to 7 periods. The
position of both the sphere and the MLC shapes, for all the acquired images
,were identified by a threshold segmentation algorithm. A sinusoidal curve was
then fitted for each set of data-points obtained. The time shift between the two
sinusoidal curves (obtained from the sphere and MLC shapes) was calculated for
the experimentally obtained combination of sinusoidal amplitudes and periods.
The average of the determined time shifts gives the system latency. The (iii)
average MLC leaves displacement latency, which was found to be 35ms, was then
determined by subtracting (ii) the age of the target position when used by the
MLC (33ms/2), and the (i) motion device latency (1ms in our experiments with

the QUASAR phantom) from the calculated system latency.

7.2.3 Offline dose reconstruction (ODR) tool

To calculate the delivered dose distribution of an MLC-tracked RT, I used an
offline dose reconstruction (ODR) tool [143] in the Monaco TPS. The tool allows

the dose distribution to be calculated under the same conditions as an actual RT
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Figure 7.1: (a) Experimental arrangement showing an irradiated sample of
PRESAGE®) placed, with the in-house holder, inside the central cylindrical insert
of the QUASAR motion phantom. A motion was applied in the central cylinder of the
phantom in the SI direction. The experimental set-up here is at the Elekta research
linac. The same set-up was used for the experiments at the MR-linac. (b) For clarity,
the same phantom is shown with the central cylinder attached to the motor.

delivery. It requires as input the logfiles generated by DynaTrack during the dose
delivery, which contains the target positions recorded every 40ms, the shapes of
the MLC leaves and jaws, as well as the delivered MUs and gantry angles. In
order to calculate the dose distribution, the tool associates an MLC shape to each
recorded target position. Target positions within Imm are grouped (only one
target position is used). The same is performed for an MLC leaf that shifts within
0.5mm. In addition to the obtained logfiles, the ODR requires the original CT
scan, the original treatment plan and the original dose map to reconstruct the

dose distribution under similar conditions to those during the RT delivery.

7.2.4 MLC-tracked RT at the Elekta research linac

Before MLC-tracking was available at the Elekta MR-linac, a proof of concept ex-
periment was performed at the RMH/ICR research linac, using small PRESAGE(®)
samples (samples of 3.5cm diameter x 5cm length from Formulation a) and the
QUASAR motion phantom (Figure 7.1). A diagram describing the experiments
workflow is shown in Figure 7.2.

The phantom was positioned on the couch of the linac with the help of lasers.
This way, the centre of the sample, which was placed inside the central cylinder

of the QUASAR phantom, was placed at the linac isocentre. As can be seen in
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Figure 7.2: Diagram describing the study workflow. (a) The different steps from
the PRESAGE®) /QUASAR phantom positioning on the couch to the delivery of the
RT using DynaTrack software. At the research linac, the phantom position recorded
from the phantom control system were used as input for DynaTrack, while at the
MR-linac target positions were identified using 2D-cine images. (b) Logfiles with the
MLC shapes and the target positions were used to re-calculate the dose using the ODR
in the Monaco TPS for the three delivery conditions. PRESAGE®) samples measured
dose distributions were compared with the TPS dose distributions after normalization.

Figure 7.1, the phantom central cylinder is attached to the motor which was used
to move the sample in the SI direction. Rotation can also be employed, but it
was not used in this study. A plan with four equally spaced 6MV beams of field
sizes of 3 x 1.5cm? was used to irradiate the samples to a maximum dose of 9.7Gy.
This is the same plan that I had previously used in chapter 5 (see Figure 5.2d).
During dose delivery, the linac was controlled by DynaTrack to move the ML.C
leaves based on the positions of the moving target, which were reported by the
motion phantom (Figure 7.2a). The subsequent steps of the experiments are as
shown in Figure 7.2b.

Different samples of PRESAGE®) were irradiated to test three different irra-

diation scenarios: (1) static: static sample, without tracking (2) motion: moving
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Figure 7.3: The versatility of the PRESAGE®) sample holder to be placed in the
QUASAR cylindrical insert. The sample holder was modified to have a cylindrical
container of 2cm diameter and 2cm length. For these experiments, the container was
filled with a liquid that provides good contrast for MR images (marker). The holder
can be used to attach perspex cylinders or PRESAGE®) samples with different shapes
and sizes. (a) 3.5cm diameter; (b) 5.45c¢cm diameter; (¢) 2cm diameter copper sphere.
This sphere was used for the determination of the MRI-linac latency.

sample, without tracking and (3) tracking: moving sample, with tracking. A
sinusoidal curve of 4s period and 7.5mm amplitude was used to move the sample
in the SI direction for the scenarios (2) motion and (3) tracking. For each irradia-
tion scenario, logfiles containing the recorded MUs, gantry positions and MLC
shapes were stored every 40ms. The phantom positions were obtained at a rate of
25Hz. The logfiles, together with the original CT scan, plan, and dose distribu-
tion allowed dose calculation using the ODR tool, for a direct comparison with
the PRESAGE®) measured dose distributions, after both had been normalized.

Normalization was performed as in the previous chapter (subsubsection 6.3.2.7).

7.2.5 MLC-tracked RT at the Elekta MR-linac

The software Dynatrack was modified in-house to support the Elekta MR-linac
special research control software and firmware.

7.2.5.1 Phantom/PRESAGE®R) positioning at the MR-linac

In order to position the phantom at the MR-linac, I used a perspex cylinder with

the same dimensions as the PRESAGE®) samples to be irradiated in this study
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(Figure 7.3a and b). As explained in the previous chapter, to place the samples of
perspex in the same position in relation to the MR-linac isocentre as planed in
the TPS, EPID images are acquired with the gantry at 0° and at 90°. The central

pixel value of these images corresponds to the MR-linac isocentre.

7.2.5.2 Target position identification using MR image

The PRESAGE®) /QUASAR phantom set-up described previously in subsec-
tion 7.2.4 was applied here. Considering that the purpose of using an MR-linac
is to be able to identify the target position directly from a real-time MRI, an
MRI-visible object/marker was essential.

The sample holder, which was made of perspex, was modified at the ICR
workshop to contain a cavity that could be filled with liquid (see Figure 7.3).
The container was filled with a liquid which provides good contrast for typical
MR images sequence (1000ml. demi + 770mg. CuSO4.5H50 + 1ml. arquad (1%
solution) + 0.15ml. H50504-0.1N solution). This cylindrical container with MRI-
liquid was used as a marker/surrogate for the identification of the PRESAGE®)
samples’ position. This step is fundamental since PRESAGE(®) samples and the
perspex material of the holder, are not visible on an MR image.

The position of the marker, in relation to the isocentre, was identified with
EPID images and by knowing its distance to the perspex sample. After positioning
the phantom, a previously developed in-house MRI tool was used to visualize the
marker. The in-house MRI tool allows the user to define the location of a 2D-cine
plane and select the desired scan protocol [69] (Figure 7.4a). Coronal 2D-cine
images were acquired with a coherent fast field echo (FFE) sequence (latency
of 200ms and a 3Hz update rate) to identify the position of the marker using a
template matching algorithm [183]. This information was utilized by DynaTrack
to move the MLC leaves based on the marker reported locations. The template
matching algorithm was validated by comparing the reported positions by the
MR-tool and the QUASAR phantom.

For the experiments at the MR-linac, I simulated two different plans in Monaco
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using the previously acquired CT scans that were used in the studies described in

chapter 6.

7.2.5.3 Lung treatment plan delivery

The IMRT plan dose delivered to PRESAGE®) samples for the validation of
the ATP workflow described in subsection 6.3.1 was used for these experiments
(plan_lung consisted of 5 beams to target the centre of a 3.5cm diameter x 5cm
length sample). The plan_lung dose was delivered to three samples of PRESAGE®).
A new batch of PRESAGE®) samples manufacturer with Formulation a was
ordered for these experiments. As performed in the previous section, each sample
was irradiated in three different conditions ((1) static, (2) motion and (3) tracking)
as per the workflow described in Figure 7.2. For the scenarios where motion was
applied, a sinusoidal curve with a period of 5s and 10mm amplitude was used to
move the sample in the SI direction. The target positions during beam delivery
were obtained from the 2D-cine images at an update rate of 3Hz and a 200ms
latency. Considering the low MR images update rate and their long latency, the
total system latency was 401.5ms ((i) 200ms + (ii) 0.5x333ms + (iii) 35ms). In
order to improve the accuracy of the tracking, a linear regression predictor with a

variable prediction time length was applied during beam delivery.

7.2.5.4 Prostate treatment plan delivery

In order to mimic a prostate plan, the CT scan and treatment plan used for the
validation of the ATP workflow in the presence of air cavities was adapted here
(plan_prostate) (see section subsubsection 6.3.2.4 for more information). A sagittal
view of the calculated plan is shown in Figure 7.4b. The PTV was shifted so that
its gradient region would coincide with the edge of the sample, aiming to increase
the possibility of obtaining measurable changes when applying motion. The same
workflow described in Figure 7.2 was applied here. The coronal 2D-cine images
used for the identification of the target position are shown in Figure 7.4a. The

tracer used for the (2) motion and (3) tracking scenarios is in Figure 7.4c. This

152



MLC-tracked RT 7.2 Material and Methods
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Figure 7.4: (a) Coronal 2D-cine MR image acquired to determine the target position
to be used by DynaTrack. The software applies a template matching algorithm to
determine the position of the marker. (b) Central sagittal slice view of the CT scan and
dose distribution calculated with the prostate_plan. (c) Motion tracer used to move the
sample inside the QUASAR phantom during the 8 minutes delivery of the plan_prostate
dose distribution.

motion pattern was taken from real patient data [38]. For these experiments, no
prediction was required or possible as the applied motion consisted of essentially

small gradual, erratic shifts.

7.2.6 Comparison between PRESAGE®) and Monaco

The 3D dose distributions obtained from both PRESAGE®) samples and Monaco
calculations were normalized (subsubsection 6.3.2.7) and compared using a local
3D gamma criteria of 3%, 2mm and a 10% threshold.

All samples’ results were corrected using a sample image correction obtained at
the closest time point to their irradiation. Samples irradiated at the research linac
were optically scanned 1h after irradiation (see section 3.5 and subsection 3.6.4).

The same was not possible for the dosimeters irradiated at the MR-linac, which
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Figure 7.5: Normalized central sagittal slice showing PRESAGE®) colour-coded dose
distributions and the respective profiles along the SI direction for all three studied
scenarios. Central sagittal slice of the 3D gamma map is shown, comparing measurements
with simulations. Regions where the gamma criteria fail (gamma > 1) are shown in red.
These experiments were performed at the Elekta research linac.

were scanned 3h (plan_lung) and 2h (plan_prostate) after dose delivery. These
were the only possible scanning times given that the experiments at the MR-linac

were performed on the same day.

7.3 Results

7.3.1 MLC-tracked RT at the Elekta research linac

The agreement between measured and simulated reconstructed dose distributions
is visible by taking a profile at the central sagittal slice (Figure 7.5b, e and h) and
by applying the 3D gamma criteria (Figure 7.5¢, f and i). The regions where the
gamma criteria fail, in the central slice of the sample, are shown in red and occur
mainly at the axial edges of the sample. Gamma passing rates for the comparison

between measuremensts and simulations are shown in Table 7.1.
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Figure 7.6: (a) Normalized central axial slice colour-coded dose distributions and
isodose lines showing PRESAGE®) under (1) static conditions. Simulated and measured
profiles taken at the central axial slice at (b) AP and (c) diagonal directions are shown
for (1) static, (2) motion and (3) tracking scenarios. Irradiations were performed at the
Elekta research linac.

An axial normalized 2D dose distribution taken at the centre of the target and
respective profiles obtained in two different directions are shown in Figure 7.6.
The profiles are equivalent for the three samples as no motion was applied in the
transverse direction of the samples.

PRESAGE®) samples irradiated in static conditions were compared with
samples irradiated in (2) motion and (3) tracking deliveries using the 3D gamma
criteria. A central 2D sagittal slice of the gamma sample is shown in Figure 7.7
and the respective 3D gamma passing rates are in Table 7.2. This comparison
allow assessing both the methodology and samples reproducibility and to be able
to evaluate the advantages of tracking without requiring comparing the measured

data with the calculated results with the TPS.

7.3.2 MLC-tracked RT at the Elekta MR-linac

The normalized dose distributions obtained with PRESAGE®) samples by deliv-
ering the dose calculated for the lung and prostate plans are shown in Figure 7.8
and Figure 7.10 respectively. Profiles were taken along the samples’ length to
compare measurements and MC calculations. A sagittal section of the gamma 3D

maps obtained from this comparison is also displayed, and the passing rates are

in Table 7.1.
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Figure 7.7: Central sagittal slice of the 3D gamma analysis is shown comparing the
PRESAGE®) sample in (1) static scenario with (3) tracking and (2) motion. Areas
where the gamma criteria fail are in red. Irradiations were performed at the Elekta
research linac.

Table 7.1: 3D Gamma passing rates in % (3%, 2mm and a 10% threshold) comparing
simulation and measurements for all the experiments performed in this study. The last
5mm of the samples (prostate MR-linac) were disregarded for the calculations as they
were affected by substantial edge artefacts, which is unrelated to the performance of the
MLC-tracked dose delivey (see Figure 7.10c). If these regions were included, the passing
rates would not allow a fair comparison with simulations for the sample irradiated in
static conditions (static: 93.9%; motion: 97.1%; tracking: 97.4%).

Irradiation | lung research linac lung MR-linac prostate MR-linac
static 99.2 99.4 98.1
motion 99.7 98.9 97.1
tracking 99.3 98.1 98.1

A comparison between PRESAGE®) samples irradiated in static conditions
with the samples irradiated in motion and tracking are shown in Figure 7.9 and
Figure 7.11 for the delivery of plan_lung and plan_prostate respectively. The 3D

gamma passing rates for the comparisons can be found in Table 7.2.

7.4 Discussion

Previous studies which used 3D gel dosimeters to verify the dose distribution of
MLC-tracked RT have demonstrated the benefits of acquiring 3D dose information
[28, 187]. In this study, samples of PRESAGE®) were irradiated for the first time
for 3D dose verification of MLC-tracked RT at an Elekta linac and the MR-linac.
In this study, I have shown that PRESAGE®) 3D dosimeters can be used to
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Figure 7.8: Normalized central sagittal slice (averaged over 1mm) showing
PRESAGE®) colour-coded dose distributions and the respective profile for the three
irradiation scenarios of the plan_lung at the MR-linac. Central sagittal slice of 3D
gamma analysis is shown comparing measurements with simulations. Areas where
the gamma criteria fails (gamma > 1) are shown in red. A correction image from
Formulation a, but from a different batch, was used to correct the dose distributions
obtained with PRESAGE®) .
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Figure 7.9: Central sagittal slice of the 3D gamma analysis is shown comparing the
PRESAGE®) sample in (1) static scenario with (3) tracking and (2) motion. Areas
where the gamma criteria fails are in red. Irradiations were performed at the Elekta
MR-linac linac with the plan_lung.
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Figure 7.10: Normalized central (averaged over lcm) sagittal slice showing
PRESAGE®) colour-coded dose distributions and a respective profile for the three
irradiation scenarios of the plan_prostate at the MR-linac. Central sagittal slice of 3D
gamma analysis is shown comparing measurements with simulations. Regions where
the gamma criteria fail (gamma > 1) are shown in red. Artefacts caused by an edge
effect of approximately 5mm are visible for the sample irradiated in static conditions.
These last 5bmm of the sample were excluded for the calculation of the gamma criteria
in Table 7.1 for a direct comparison with simulations. Samples used for this experiment
were 11 months old, which explains the samples’ extremities edge effect.
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Figure 7.11: Central sagittal slice of the 3D gamma analysis is shown comparing the
PRESAGE®) sample in (1) static scenario with (3) tracking and (2) motion. Regions
where the gamma criteria fail are in red. Irradiations were performed at the Elekta
MR-linac linac with the plan_prostate. Regions of artefacts are likely due to an edge
effect at the samples’ boundaries. These samples were 11 months old by the time they
were irradiated and, although their top and bottom edges were physically eliminated
before these experiences, the results suggest the amount removed was not sufficient.

Table 7.2: 3D Gamma passing rate in % (3%, 2mm and a 10% threshold) comparing
measured sample irradiated under (1) static conditions comparing with (2) motion and
(3) tracking scenarios. *Considering the mild motion applied to the sample (prostate MR-
linac), differences in the passing criteria between motion and tracking, when compared
to a static scenario, can only be clearly distinguished if a tighter gamma criteria is used.
For example for a 3%, 1mm criteria, there is a 74.0% and 91.9% passing rate for motion
and tracking respectively, when compared to static.

Irradiation lung research linac lung MR-linac prostate MR-linac
motion (static) 77.6 77.8 93.6*
tracking (static) 99.5 99.0 98.6*

verify the dose delivered in different irradiation scenarios of static irradiation and
motion with and without applying tracking.

For the samples employed to mimic a lung RT treatment, a slightly narrower
penumbra was visible for the simulated (3) tracking scenario profile (and (2)
motion) in comparison with the respective measured profiles (Figure 7.5 and
Figure 7.8). To reconstruct the dose delivered, the recorded MLC leaves positions
were rounded to their nearest integer millimetre value. This explains the difference
between the measurement and the simulated profiles, as particularly small fields

were used in these experiments. This could explain the slightly lower passing
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rate for the tracking experiments for both experiments mimicking a lung RT
treatment. When the target undergoes a sinusoidal motion, the advantages of
applying tracking are evident (Figure 7.5 and Figure 7.8). As expected, in the
presence of movement without tracking, the 3D dose distributions are blurred
compared to when MLC-tracking is applied. The same conclusions can be drawn
from Figure 7.7 and Figure 7.9, where the gamma criteria was used to compare
the sample irradiated in the (1) static scenario with the two other situations where
PRESAGE®) samples were irradiated while moving.

For the experiments which mimicked a prostate RT treatment, simulations
and measurements agreed for most of the samples’ volume except for an increase
in the measured dose at the sagittal edge (~5mm) of the sample (Figure 7.10).
The gamma passing rates for the comparison in Table 7.1 are between 97% and
98%. These are good result considering phantom positioning uncertainties (within
Imm SI and AP) as the ATP workflow could not be used.

The benefit of MLC-tracked RT during a prostate RT is not as clearly identified
as for a tumour in the lungs. Nevertheless, small differences between measured
samples in (2) motion and (3) tracking scenarios can be seen in the gamma maps
(Figure 7.11). A less steep dose gradient is visible for the sample irradiated under
(2) motion when compared with the other two (Figure 7.10) scenarios. This
study portrayed a relatively simplistic situation where motion occurred only in SI
direction. While prostate shifts might be more pronounced in the AP directions,
the results presented here are relevant for TPS dose verification and as part of a

linac commissioning test.

7.5 Conclusion

Dose delivered using dynamic MLC leaves to track the position of a moving target
was validated for the first time on the Elekta MR-linac, using PRESAGE®) 3D
dosimeters. This statement is supported by the agreement between simulations

and measurements, and by the data obtained with samples irradiated in static
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and tracking scenarios.
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Chapter 8

Discussion, future work and final

conclusion

This chapter summarizes the main findings of this thesis. The contributions to the
field of 3D dosimetry and MRgRT are discussed and compared with the available
literature in the field.
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8.1 Discussion and outlook

In this PhD project, I have assessed the value of using PRESAGE®) 3D dosimeters
to provide confidence in the safe delivery of MRgRT using the treatment adaptation
workflows of the Elekta MR-linac.

In a first step, I showed that PRESAGE®) samples are suitable for dose
measurements, as they have a linear dose-response that is not affected by the
presence of a magnetic field (chapter 4). Initial dose profiles measured with
cylindrically shaped PRESAGE®) samples were compared with MC simulations.
The results showed how accurately dose changes resulting from the ERE could be
identified with these dosimeters, given the excellent agreement with MC calculation.
However, the strength of using PRESAGE(®) dosimeters is their ability to measure
volumetric dose distributions. Initially, this could not be accurately obtained
since these dosimeters displayed an increased dose-response from their central
region to their edges. By the time these experiments were performed, a study
mentioning similar results using large samples of PRESAGE(®) was published [49].
The authors explained the results as being caused by a real spatial non-uniform
response of the samples to dose. The experiments performed in this PhD confirmed
these findings.

At the time of these experiments, there were no studies aiming to compensate
for this non-uniform spatial response of PRESAGE®) samples to dose. Studies
which successfully used PRESAGE®) dosimeters always avoided using the sam-
ples’ extremities [155, 169, 170]. Nevertheless, measuring at the PRESAGE®)
3D dosimeters’ interfaces was necessary to meet the goals of identifying dose
changes due to the ERE. To explore whether this could be achieved, I performed
a comprehensive investigation of multiple PRESAGE®) samples to study their
spatial response to dose. In chapter 5, the issue of measuring dose at the interfaces
was solved to a clinically acceptable degree by correcting each irradiated sample
of PRESAGE®) with information obtained from uniformly irradiated calibration

samples manufactured with the same Formulation. This study proved to be
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of crucial importance for the experiments performed at the MR-linac, enabling
measuring 3D dose data using the full volume of the dosimeters. The good agree-
ment between the measured and the simulated dose distributions at the interfaces
affected by the ERE, suggested that the TPS of the MR-linac was correctly mod-
elling the magnetic field effect on the dose distribution. An alternative method
was also investigated whereby the edges of the samples were physically removed.
This is acceptable, assuming that larger samples are acquired and that they are
used shortly after their modification.

A combination of both methods (correction image and physical edge removal)
was applied to the samples used as part of the E2E tests performed to validate
the online treatment adaptation workflows of the Elekta MR-linac (chapter 6).
The measured dose distributions had an excellent agreement with calculations,
which gives confidence that each step of the workflow is within specifications.

The accuracy of the process was confirmed from information acquired in all
three dimensions, data that could not be retrieved using 1D or even 2D detectors.
In particular, the experiments in which an air cavity was present within a sample
of PRESAGE®), could not have been done with films. Arrays of detectors, which
reconstruct dose in 3D, would also not be able to reproduce such geometry. Other
groups have measured the dose changes due to the ERE, but they were not
able to accurately determine it in 3D or at a clinically used RT dose level [35,
83, 123, 133]. The same E2E phantom/PRESAGE®) set-up, CT scan and the
readout methodology applied in chapter 6, was used to validate MLC-tracked
RT (chapter 7). The benefits of tracking a moving target were demonstrated
experimentally for the first time at the Elekta MR-linac.

For all the experiments performed in this thesis, 3D gamma passing rates
(3%/3mm) were always within 98% and 100% for the measurements with small
samples surrounded by air. For the experiments representative of prostate RT
gamma passing rates were within 97% and 100% for the same criteria. Although
PRESAGE®) samples only investigated a portion of the treatment volume, the

calculated gamma passing rates were higher than the clinically accepted limits
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(>95% passing for 3%/3mm) [93, 96]. Our results are comparable, and even
slightly better, to what has been achieved by other groups using PRESAGE®)
3D dosimeters [24, 139] and other 3D gels [65, 158] , which showed passing rates
of 96% to 99% by avoiding the dosimeters’ edges.

The need for accurate 3D dose verification of MRgRT systems has prompted
the investigation of new 3D dosimeters and techniques suitable for the purpose.
Two recent studies used MR-readable 3D dosimeters as E2E tests to validate
the adaptation workflows of the Elekta MR-linac [158] and the ViewRay system
[65]. In the first study, the authors used a commercially available 3D gel from
RTSafe, which was able to report measurable dose distributions in less than 30
min after irradiation, without being removed from the MR-linac. Though, they
compromised the resolution of the MR-obtained 3D image of the gel to values
lower than what is currently achievable with TPS calculations (1.5 x1.5 x 2mm?
voxel size). In this thesis, I showed that dose readout could be as fast as reported
for the RTsafe 3D gel and that the obtained dose distributions can be acquired
with higher resolution (<(1mm)?). Not using an MRI scanner can have additional
advantages as a workflow can be performed whereby several 3D dosimeters can be
irradiated sequentially and readout at a later stage using more readily available
equipment.

In the second study, the authors created a phantom with different insert
materials of air and bone and the dose was readout 24h after irradiation [65]. As
in this thesis, they used 3D gels successfully to evaluate the accuracy of the online
adaptive workflows of an MRgRT system, but changed the position of one of the
inserts before re-optimizing the plan. Their gamma passing rates where within
93% and 96% for a 3%/3mm criteria which is slightly lower than what is usually
achievable with PRESAGE®) dosimeters.

Both studies, which required the gels to be within containers, also did not
attempt to perform the challenging measurements at the interfaces of different
density materials where the ERE occurs. This effect was investigated by another

study in which MR-readable 3D gels with equivalent lung densities were developed
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[133]. The author identified changes in dose due to the ERE by comparing
measured data at a conventional linac and at an MR-linac. However, they did
not benchmark their finding against simulations. These results are promising, but
so far, PRESAGE(®) samples were the only 3D dosimeters to measure the ERE

successfully by comparing it with calculations.

8.2 Future work

This study laid the foundation of performing E2E tests with PRESAGE(®) samples,
which can subsequently be applied for commissioning tests of new linacs to be
installed or updated at the RMH in Sutton. The methodology developed in this
thesis proved to be quite versatile, as it permitted the validation of different types
of treatments (e.g. adapted RT workflows, MLC-tracked RT), with essentially
the same set-up and sample readout. Additional work can still be done to make
the image analysis readily accessible to other users in the future by, for example,
having a graphical user interface. Another option is performing the analysis in the
open-source software 3Dslicer. A toolbox for 3D dosimetry is currently available
to download, but it would need to be tailored to the methodology presented here
before it could be used [8].

The project was focused mainly on measuring dose distributions using the full
volume of the samples. For the prostate plan study, the OAR and the PTV were
only partially represented by the sample. Consequently, dose-volume histograms
(DVHs) could not be obtained for a direct comparison with the OAR and the
PTV. The use of DVHs metrics for the validation of the correct plan delivery can
provide useful complementary information to the clinically used gamma criteria
[212]. This metric has been obtained before using 3D dosimeters [130, 154, 158,
159]. Although obtaining DVHs from PRESAGE(®) measured data was not aimed
as part of this project, this could be explored in the future using larger samples, in
which the full PTV and OAR volumes are within the dosimeter. The optical-CT

scanner can image samples of up to approximately 11cm diameter and the current
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tank can be extended to fit samples larger than 6.5cm diameter.

The benefit of using 3D dosimeter as E2E test is undoubted as they are the only
detectors able to measure real-3D dose by mimicking any shape and by comprising
materials with clinically relevant densities as air, lung and bone. Nevertheless,
the use of 3D dosimeters clinically is still hindered by the work required for
their implementation. For example, some 3D dosimeters are not commercially
available and require a demanding manufacturing process. With PRESAGE®)
dosimeters we do not have this issue as we can buy the samples. Nevertheless,
one inconvenience of using PRESAGE®) when measurements at the interfaces
are required, is the need to obtain a correction image to account for the edge
effect. This might be time-consuming considering the samples’ spatial response
changes with their age. To solve this issue (both the non-uniformity and stability
over time), the manufacturers are currently working on new Formations which
are less affected by light and have higher stability over time. In addition, the
dosimeters have to be readout with an optical-CT, and a matching liquid needs
to be prepared in-house to match a particular Formulation. The most challenging
step is having to work with this viscous liquid. Alternative options to scan samples
optically using only air, water or a solid tank have been investigated to solve this
issue [11, 59, 168], which would facilitate the implementation of PRESAGE®)
dosimeters as a clinical tool. However, additional studies are still needed in this
field in order to find a viable alternative.

In the future, it will be beneficial to explore 3D dosimeters that can be deformed
[45, 87, 211], to validate the clinically available deformable image registration
algorithms implemented in the MRgRT systems.

8.3 Conclusion

I covered several aspects of 3D dosimetry from sample readout and characterization
to its use to verify clinical adaptive RT and MLC-tracked dose delivery at the
Elekta MR-linac. I showed that PRESAGE®) dosimeters provide reliable and
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reproducible dose measurements which give confidence in their application for any
linac and TPS QA, and to verify online adaptation workflows available in MRgRT
systems. The implementation of this dosimeter as a clinical tool, requires finding
alternatives to facilitate the optical-CT scanning process, by eliminating the need
for a matching liquid, and develop samples with higher stability over time and
with a spatial uniform dose-response.

The methodologies developed can be used in the future to validate other
MRgRT systems’ workflows. The correction applied to measure dose distributions
at the PRESAGE(®) samples’ interfaces will also be of relevance in other RT fields
as lung SBRT.
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Appendix A

PRESAGE®) Formulations

Table A.1: Composition of batches/Formulations used in chapter 4

Batch 1 Batch 2
Solvent name (s) and wt/wt % Cyclohexanone/Dibutylphthalate/DMSO Acetone/Dibutylphthalate/DMSO
(5/10/2) (5/10/2)
Leucodye 2% 2,4 DiMeLMG-DEA 2% 2,4 DiMeLMG-DEA
Initiator 0.85% 0.85%
Polyurethane BJB 782 BJB 782
Diameter dosimeters 2cm 2cm

Table A.2: Composition of Formulation a, b, ¢, d (chapter 5) and e (chapter 6).

Formulation a Formulation b, ¢ and d Formulation e

Solvent name (s) and 10%, 15%, 20%

2% DCM / 1% Toluene 3% Dimethylphthalate

wt/wt % Dimethylphthalate
. 1% 2,4 dimethyl
0/ 9 . 0 - >
Leucodye 1% 2-methyl LMG-DEA 1% 2,4 dimethyl LMG-DMA LMG-DMA
Initiator 0.4% CBr4 0.4% CBr4 0.4% CBr4
Polyurethane BJB - 782 BJB - 782 BJB - 782
Diameter dosimeters 3.5cm 3.5cm 6 cm
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B.1 Journal paper and conference proceedings

F Costa, S.J. Doran, I.M. Hanson, S. Nill, I. Billas, D. Shipley, S. Duane, J.Adamovics,
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