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Abstract

The combination of Magnetic Resonance Imaging (MRI) and mega-voltage (MV) ra-
diation therapy treatments is readily achieved through MR-Linacs (MRLs). Such a
system is the 1.5 T Elekta Unity MR-Linac (Elekta, Stockholm, Sweden) which was
clinically introduced to the Townsville Cancer Centre (TCC) in 2019. Research on this
system has seen much development; however, there is still a need to improve clinical
knowledge. Of note was the current limited scope of commissioning work regarding the
linear accelerator component. Additionally, due to the presence of the magnetic field,
charged particle behaviour on MRLs is altered from conventional linacs. This causes
changes to out-of-field dose (OFD) characteristics, and was an area warranting further
investigation. Particularly lacking was a systematic investigation of Spiralling Contam-
inant Electrons (SCE) and the Electron Streaming Effect (ESE), with measurements
compared to simulations using the commercial Monaco Treatment Planning System
(TPS). These two areas, commissioning and an assessment of OFD, were investigated
in this work using the Elekta Unity MRL.

In this thesis, mechanical and safety commissioning work is discussed with emphasis
on the use of MR-compatible equipment, readily available to a clinic, for performing
tests. Using adaptions of vendor supplied equipment, a method was proposed for
gantry angle quality assurance (QA), which indicated accurate angular position within
published tolerances of < 0.3°, using visual inspection of images. When analysing pixel
intensity profiles, the gantry angle accuracy was confirmed within 0.1°. Using an in-
house method, the machine isocentre was measured as 0.38 ± 0.04 mm (dependent
on equipment), comparable to values measured with commercial equipment. This
indicated that other clinics can measure the MV isocentre without the use of expensive,
MRL specific isocentre software. An in-bore radiation survey was performed in 0 T,
and this data was provided so that other centres can compare measurements, if desired.

Commissioning work that focused on the machine dosimetry is also provided. At-
tenuation of the anterior imaging coil was investigated using an in-house, cylindrical
phantom. The attenuation was small with an average value of approximately 0.6 %,
and consistent between simulations and measurements. Due to equipment limitations,
an adapted methodology was proposed to determine the TPR20,10 beam quality metric,
and was determined to be 0.705 ± 0.001, consistent with published values. TPR20,10
was found to be insensitive to beam quality changes which significantly impacted beam
characteristics, such as beam output and shape. Other Unity users report using a dif-
ferent depth for reference dosimetry to that used in this work. This had implications
for equipment set up and correction factors. Hence in this work, a novel methodology
for machine output calibration was discussed and used to result in a machine output of
1.000 ± 0.002 Gy per 100 MU, depth 5.0 cm, from gantry 90.0°. The use of published
magnetic field correction factors with this method was confirmed. The interference
of the MR system on linac operation was also measured, and results were negligible.
Treatment plan commissioning was performed using EBT3 and EBT-XD film (Ash-
land ISP Advanced Materials, NJ, USA) and the PTW Octavius 1500MR array (PTW,
Freiburg, Germany). These dosimeters were able to highlight issues during patient
plan deliveries, when appropriate gamma criteria were set. Additionally, E2E testing
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of plan adaption algorithms was performed using an in-house, 3D printed phantom and
EBT3 film. Both E2E and patient plan commissioning results were within published
tolerances for correct machine settings, with average passes above 95.0 % (2.0 %, 2.0
mm).

OFD due to SCE was investigated with EBT3 film and Monaco TPS simulations.
The Monaco TPS can accurately model this effect when appropriate calculation criteria
are set. Additionally, it was demonstrated that previously published Monte Carlo data
did not agree with measured values. SCE surface doses were measured to be of the
order of 4.0 to 5.0 % of the Dmax dose to water for a 10.0× 10.0 cm2 field.

A phantom study was used to investigate OFD due to ESE. Simulated and meas-
ured ESE doses were consistent for the fields investigated. ESE doses were shown
to be clinically significant, and larger than those for SCE, consistent with previous
works. ESE doses were measured to be up to 22.6 % of the Dmax dose to water for a
5.0 × 5.0 cm2 field. The effect was dependent on field size and the simulated density
of air through which electron streams travel, similar to SCE.

Finally, ESE was investigated during irradiation of the tilted anterior MR-imaging
coil. Similar to the phantom investigation, film and TPS simulations of ESE doses
were compared. Different models of the anterior coil were employed in the TPS, based
either on a CT of the coil or the default Elekta supplied model. The use of the latter
returned simulated results which were in agreement with measured data. ESE dose
from the coil was also determined to be clinically significant, both above and below
the coil, and implications for this during treatments was discussed. Dose as high as
23.0 % of the Dmax dose to water for a 10.0 × 10.0 cm2 was observed, comparable to
phantom investigations and that observed in previous publications.
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1
Introduction

The use of directed, ionizing radiation for the provision of cancer therapy (Radiation
Therapy, RT) can be achieved through Medical Linear Accelerators. Medical Linear
Accelerators (linacs) were first developed in the 1950’s [10–12] and have evolved into
complex machines. Current designs are capable of daily imaging using low energy (kV)
x-rays to enable patient positioning prior to treatment. The use of ionizing radiation for
imaging can be undesirable due to increased radiation doses to patients, increasing the
risk of secondary cancers [13,14]. More recently, the integration of Magnetic Resonance
imaging (MRI) and Linear Accelerator systems, termed MR-Linacs or MRLs, have
been discussed and introduced into clinics around the world [15, 16]. Such systems
make use of non-ionizing MR imaging to produce daily patient images, without the
damage to healthy tissue associated with x-ray based imaging. However, perhaps the
greatest benefit of these systems is the use of MR imaging, providing superior soft-tissue
visualization of internal anatomy compared to conventional kV photon imaging [17],
and allowing for adaptive radiotherapy [18].

The combination of MRI with an MV (linac) system, such as that provided in
the Elekta Unity MR-Linac (Elekta, Stockholm, Sweden) design, presents challenges
for clinics during commissioning and ongoing quality assurance. For example, com-
monly used equipment for conventional (non-MR) systems, may be incompatible with
MRL designs for a number of reasons, most notable being MR safety and bore size
restrictions. Commercial MR safe equipment can be expensive, and specific to indi-
vidual tests that a clinic may want to perform. Furthermore, given that such systems
have only been recently introduced into radiotherapy clinics, there is little guidance on
mechanical and dosimetric characteristics and tolerances [19–22]. Hence, the oppor-
tunity exists to improve knowledge in this area with a focus on unique commissioning
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tests with commonly available MR-safe equipment. Other clinics with these systems
could then repeat measurements and compare results across institutions. Published
data will potentially be of benefit to governing agencies seeking to implement guid-
ance and standards for safe operation. Therefore, a primary goal of this work was to
perform and present on commissioning measurements on the linac component of the
Townsville Cancer Centre’s clinical 1.5 T Elekta Unity MR-Linac. Where available, 0
T data is also presented.

With the presence of the MR field, the trajectories of charged particles will be
altered due to the Lorentz force. This will subsequently change dose deposition in-field
and out-of-field, relative to behaviour in a non-MR system. Of note with MR systems is
the significant increase in out-of-field dose (OFD) [8,9,23]. Two effects of interest have
been highlighted on system designs similar to the Elekta Unity: Spiralling Contaminant
Electrons (SCE) and the Electron Streaming Effect (ESE). Although doses reported
from these effects are significant, there is currently little available literature specific to
the Unity [2,8,9,24–26]. There is a clear need to investigate these effects on this system,
with OFD in 0 T data for comparative measurements also required. Furthermore,
modelling of these effects with the clinically provided simulation toolkit (Monaco®,
Elekta, Stockholm, Sweden), and performing a quantitative comparison with measured
data, would add significantly to the current knowledge of OFD. Characterisation of
OFD for the Unity was an additional goal of this work.

The structure of this thesis is as follows. Chapter 2 introduces linear accelerator
systems, providing a brief history and basics of operation. Also presented in this
chapter is a simple overview of the Elekta Unity design, and the commercial Monaco
Treatment Planning System (TPS), provided by Elekta for radiation transport model-
ling. The basic physics of altered electron trajectories in MR fields, due to the Lorentz
force, is briefly discussed. A literature review is provided, highlighting research gaps
for (1) commissioning tests (mechanical and dosimetric) and (2) out-of-field dose char-
acterisation on the Elekta Unity MRL. Chapter 3 incorporates mechanical and safety
commissioning tests on the system, focusing on novel tests with commonly available
equipment. Measurements of the gantry angle and MV isocentre with a vendor sup-
plied phantom are presented. An in-bore radiation survey in 0 T is also discussed.
Chapter 4 focuses on dosimetric tests for the Unity. In this chapter, measurement
of the angular dependent attenuation of the anterior coil using an in-house phantom
is presented. Beam quality, reference dosimetry and determination of magnetic field
effects on ionization chamber behaviour, and linac operation, are discussed. Lastly for
this chapter, commissioning for Intensity Modulated Radiation Therapy (IMRT) and
End-to-End (E2E) testing are reported. Chapter 5 discusses OFD on the Unity system,
with a focus on SCE. Measurements in 0 T and 1.5 T are presented, and compared
to Monaco simulations and previous investigations. Chapter 6 provides an overview
of a phantom based investigation of ESE. A systematic approach for measuring this
effect with simple geometries was utilised. Chapter 7 provides a thorough investiga-
tion of ESE associated with the anterior imaging coil. Such an investigation had yet
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to be performed for the Elekta Unity. Chapter 8 summarises each investigation, and
provides recommendations for future directions. Two appendices are provided at the
end of the thesis. Appendix A provides further novel commissioning work, which is
not currently under consideration for publication and was removed from the body of
the thesis for brevity. Finally, Appendix B discusses clinical investigations of OFD for
three patient treatments, provided to give context for phantom investigations.
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2
Background and Literature Review

The following chapter starts by introducing the basic concepts of a medical linear ac-
celerator and radiation therapy, with some key terminology discussed. Following this,
the concept of an MR Linear accelerator is provided, along with the specific machine
design of the Elekta Unity. The effect of the magnetic field on charged particles is
then briefly shown, and the subsequent changes to dose characteristics is introduced.
Following this is a literature review focused on mechanical and dosimetric commis-
sioning of an Elekta Unity MR-Linac. Finally, a literature review of out-of-field dose
effects on the Unity is given, with focus on Spiralling Contaminant Electrons and the
Electron Streaming Effect.

2.1 Background

2.1.1 Conventional Linear Accelerator Systems

Linear Accelerators had long been used for scientific research before their develop-
ment into medical devices [10]. Two groups were concurrently working on accelerating
electrons to MeV energies using microwave generating or magnifying devices: the W.
W. Hansen group at Stanford University (California, United States of America) and
D. D. Fry’s group at Telecommunications Research Establishment in Great Malvern
(England). By as early as 1947, both groups had achieved acceleration of electrons
to energies above 3.0 MeV [10]. These groups benefited greatly from microwave radar
technology developed in World War II and paved the way for the first clinical linear ac-
celerator. In the early 1950’s the first clinical linear accelerator (now referred as simply
a linac) was built [10,11], with the first patient treatment in August 1953 [10,12]. This
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linac produced an ionizing, 8.0 MV, x-ray beam (note the omission of the “e” when
referring to photon energies) with a 2.0 MW magnetron.

Conventional linacs are more complicated than their early designs, and operate at a
broader ionizing energy range of approximately 4.0 to 25.0 MeV [10]. Generally, there
are five key components to a linac [10]: an injection system, a Radio-Frequency (RF)
system, the auxiliary system/s, a beam transport system and lastly the beam collim-
ation and monitoring system. The injection system is the source of electrons, referred
to as the electron gun, where free electrons are generated through thermionic emission
from a wire filament. RF system designs vary between linac manufacturers; however,
are comprised of an RF source (magnetron or klystron with RF driver), a modulator
for RF and electron gun pulsing (the Thyratron in the Elekta design), a control unit,
an evacuated accelerating waveguide, and a circulator to restrict RF reflection from
the accelerating waveguide back to the source [10]. Whilst in the waveguide, electrons
experience acceleration, due to the RF, from velocities of approximately 0.4c up to
about 0.998c. Additionally, in this section of the linac, the electron beam is focused
and steered using high-powered magnet coils. Two common waveguide designs are in
widespread production: the standing wave design, where constructive interference of
back reflected RF occurs with that entering, and; the longer, travelling wave design,
where waste RF is either terminated with a load (sink) system, or recycled to enable
higher accelerating potential.

As one would expect, the auxiliary system comprises crucial subsystems for con-
tinual use of the machine such as cooling, vacuum pumping, air pressure monitoring
and radiation shielding, to name a few. After exiting the accelerating waveguide, the
electrons enter the evacuated beam transport system. Here they can be further focused
and steered toward either a target for photon irradiation, or a window for electron irra-
diation. Electrons striking the target will generate bremsstrahlung and characteristic
x-rays, hence this component is referred to as the radiation source. Photons emanating
from the target form an energy dependent, tear-drop shape (see Figure 2.1), where for
higher energy electrons striking the target, a more focused (forward directed) tear-
drop is generated. This broad photon beam will then pass through the collimation
and monitoring system, to be shaped into the clinically useful radiation beam [10]. A
simple block diagram of a conventional linear accelerator with the components listed
above, is shown in Figure 2.2.

The collimating system can also vary significantly between linac vendors. For this
work it is enough to say that this system, in the Elekta design, is comprised of: a
primary collimator, a conical flattening filter, ionization (ion) chamber for monitoring,
jaws and multileaf collimators (MLCs) and associated optical system for MLC posi-
tioning. This section of the linac, often referred to as the Beam Limiting Device (BLD),
can weigh up to 500.0 kg, due in part to necessary shielding against Head Leakage and
Scatter (HLS) from stray photons/electrons interacting with other BLD components.
The broad, tear drop shape emanating from the target is clinically undesirable and
the collimating system aids to shape this into a useful beam. The primary collimator

Chapter 2. Background and Literature Review 5



Powers, M. Commissioning and OFD on an MRL

Figure 2.1: An image taken from Mayles et al. [4] showing (a) the peaked beam profile
emanating from photons directly from the target and (b) the resulting profile with the
presence of the flattening filter

Figure 2.2: Block diagram of a conventional linear accelerator design, not to scale,
for the travelling wave design. The dashed line indicates the beam line through the
system
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usually restricts the cross-sectional area of the beam to an approximately 50.0 cm dia-
meter circle, at 100.0 cm from the source in a plane perpendicular to the direction of
the electrons striking the target. Outside this region, international standards recom-
mend doses be less than 0.1 % of that in the primary beam [27], where the primary
beam is defined as that emanating from the BLD, from the most distal collimating
system to the source. In conventional treatments, a forward peaked radiation beam
can be difficult to use and as such a flattening filter is introduced to make the beam
uniform in cross section, as in Figure 2.1.

This flattening filter acts an attenuating device, greatly reducing the dose-rate, and
is a significant source of head scatter. Most linac designs have ability to rotate this
filter out of the path of the beam, thereby generating a so-called Flattening Filter Free
(FFF) beam. Without the presence of the attenuating filter dose-rates for FFF beams
are significantly greater than conventionally flattened beams (cFF) [10, 28]. Whether
flattened or not, the shape, dose and dose-rate of the beam is monitored by the ion
chamber, which relates radiation counts to Monitor Units (MU). The calibration of
this nondescript unit to a clinical relevant dose is performed by physicists, and is
maintained for a specific set of reference conditions of irradiation. As an example, it
is typical for 100.0 MU to correspond to a dose of 1.0 Gy for a 10.0 × 10.0 cm2 field,
to the depth of maximum dose within a water phantom, whose surface is at 100.0 cm
from the radiation source [29]. This Source-to-Surface Distance is referred to as SSD.

With concepts such as isotoxic and inverse planning, the avoidance of Organs-at-
Risk (OARs) and escalation of dose to Planning Target Volumes (PTV) needs to be
achieved through the use of highly modulated (small) fields. The shaping of these,
often-called beamlets, is achieved through the use of MLCs in combination with the
jaws. MLC motion direction is in an axis perpendicular to the beam direction, with
jaw direction orthogonal to both. Depending on the vendor and machine design, there
can be up to 160.0 of these leaves (80.0 on opposing sides) with thicknesses that
typically project to approximately 0.25 cm to 1.0 cm at an SSD of 100.0 cm. On an
Elekta system, the MLCs are 0.5 cm at 100.0 cm SSD (for recent machine models),
are capable of inter-digitization and can shape fields as small as 0.5× 0.5 cm2.

The systems above are mounted on a rotatable drum called the gantry. With such
a system, radiation can be directed from multiple angles through a patient, thereby
reducing the dose to healthy tissue whilst maximizing the cumulative dose to the tu-
mour. The point about which the drum rotates is called the gantry isocentre. When
treating patients, a representation of the internal anatomy is crucial, with both the geo-
metry and electron density of importance. Given the energy range of linac operation,
electron density information is required for accurate representation of Compton inter-
actions and radiation transport through the patient material. For this reason, patient
simulation occurs with Computed Tomography (CT) systems. Such systems make use
of ionizing radiation, in the energy range of approximately 100.0 - 200.0 keV, for the
purpose of discerning the pertinent information of patient anatomy. After simulation,
the CT representation of the patient (CT dataset) is transferred to a Treatment Plan-
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ning System (TPS). Given the complex physical and mathematical requirements of
radiation transport, dose calculation is handled by this computerised TPS. TPS dose
calculation algorithms can vary based on vendor and linear accelerator design; how-
ever, for this work the Elekta provided Monaco® TPS (Elekta, Stockholm, Sweden)
is considered, which makes use of Monte Carlo based engines for dose calculation. In-
ternal anatomical features of interest are demarcated using contours, and radiation
dose limits are applied to such structures for the generation of a treatment plan. The
treatment plan dictates the radiation delivery in terms of MU, dose-rate, machine geo-
metry and MLC/jaw shaping (to name a few), based on the user input above, specific
to the patient and treatment prescription. After appropriate Quality Assurance (QA)
is performed on this plan, it is transferred to a Sequencer, with the Elekta supplied
solution named MOSAIQ. Broadly, a sequencer acts as a communication and verifica-
tion system between the TPS and the linac, for the delivery of the radiation treatment
plan.

For treatment, the patient is situated on a hard, ideally radio-transparent, flat-top
couch, capable of translational and rotational movements. The patient is aligned, using
the couch motion, such that the intended target is in a similar position to that in the
treatment plan. Given the damaging nature of the radiation, accurate and reproducible
positioning of the patient relative to the intended radiation target is paramount. This
alignment is achieved through an on-board kV imaging system. This ionizing radiation
enables production of a new daily image of the patient, against which the reference
planning image can be registered to determine required shifts for patient alignment.
These shifts are affected using couch motion, and after correct alignment, the radiation
plan is delivered. This common approach of patient alignment to the plan isocentre is
referred to as Image Guided Radiation Therapy (IGRT).

The delivery of the entire radiation prescription, to eliminate the cancerous cells,
in a single instance would likely also cause irrevocable damage to healthy tissue. To
make use of the differing cell survival rates, between healthy and cancerous cells,
radiation treatments are typically delivered across several days. Division of radiation
doses into sessions is referred to as fractionation, and the reader is referred to other
texts for more information on this process [30]. With the increasingly precise nature
of linear accelerators and patient set up, greater doses per fraction are able to be
delivered with reduced toxicity to healthy tissue. For lowly fractionated, high dose
plans to small targets (“stereotactic” [31]), the importance of accurate machine delivery
is increased [32]. Regardless of this, all aspects of the machine and TPS behaviour
need to be properly characterised prior to their clinical introduction into a department.
This process is referred to as commissioning, where physicists and other staff will
determine mechanical, safety and dosimetric behaviour of the linac or TPS, against
which routine measurements can be compared for continuous QA. Further information
on the aspects of linear accelerators, QA and on the treatment process, can be found
in previous publications [4, 10, 32–35]. Information regarding dose calibration and
dosimetry protocols can also be found elsewhere [29,33,36].
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2.1.2 The Elekta Unity MRL and Monaco TPS

As mentioned above, ionizing radiation is utilised in conventional IGRT treatments
for patient imaging and the use of such radiation causes additional damage to pa-
tient healthy tissue. The use of Magnetic Resonance Imaging (MRI) alleviates this
issue, whilst vastly improving soft tissue contrast, which is not possible with kV x-ray
based systems [17]. Further to this is the combination of such imaging with the Linac
treatment machine, resulting in MR-Linear Accelerators (MRLs) [17, 37–41]. In such
systems, an MR is integrated with a linear accelerator to achieve irradiation in the
presence of a strong magnetic field. This has implications for charged particle motion,
which in turn affects dose deposition within and external to the region of the primary
beam [8, 9, 20, 42–44]. In contrast to the conventional treatments, in MRL systems
the patient has daily MR imaging on the treatment couch (“online”) and such images
are used to generate a daily radiation plan, adapted to the changing shape and loca-
tion of the tumour [18]. In MR guided Radiotherapy (MRgRT), the plan is typically
shifted to match the daily patient position (instead of the converse in IGRT systems),
and therefore must be recalculated daily [18]. Note that some MRL systems still al-
low for minimal couch motion to align patients, and hence recalculation would not be
required [41].

One such system is the Elekta Unity MR-Linac (Elekta, Stockholm, Sweden), whose
genesis dates to as early as 2004 [44, 45]. Early work focussing on technical feasibility
listed three issues: (1) magnetic interference of the MRI system and the accelerator,
(2) beam transmission through the MRI and (3) the change in dose deposition due
to the magnetic field [45]. To address these issues, some techniques of note were
employed. First the modification of typical active magnetic shielding, from stand-
ard shield designs, enabled the formation of a toroidal volume of lower field strength
through the magnet transversal mid-plane [45]. The field strength was sufficiently low
enough to allow the linear accelerator to be placed and operate without significant
MR-interference. To reduce the beam transmission through the magnet system, the
super-conducting coil configuration was split, to allow an approximate 20.0 cm region
through which the beam can pass with relatively low attenuation, again through the
magnet transversal mid-plane. The gradient coils were also modified in this way. The
change in dose deposition, due to the magnetic field altering electron trajectories (see
below), is clearly not able to be overcome with machine design changes. Instead, this
effect is modelled [44] and must be accounted for in planning system calculations [6,46]
and dosimetry protocols [5, 47, 48]. A prototype of this design depicted a static linear
accelerator, mounted on a wooden table, outside the MRI system [37]. Linac rotation
about the magnet clearly was not possible with this early design; nevertheless, sim-
ultaneous operation of the MR and linac systems was proven in that work [37]. The
linac has evolved since this first design, with the aid of commercial partners in the
program, and the current design is that which is of focus in this work.

The current design of the Unity system has been discussed by other investigators
[16, 19, 21, 22, 37, 42], and the general concepts of beam generation and shaping are
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similar to the conventional paradigm; however, relevant differences are highlighted.
Here, it is sufficient to say the current Elekta Unity MRL is a combination of a modified
Philips Ingenia 1.5 T MRI, with a split-coil superconducting magnet and a straight-
through linear accelerator. The beam generation system produces a 7 MV FFF x-ray
beam with an approximate depth of maximum dose of 1.3 cm. This system is mounted
on an annular gantry that is free to rotate around a cylindrical cryostat containing
the static-field MR coils. Two key differences from the conventional design, specific
to this work, are: a lack of steering and focusing magnets around the waveguide,
the presence of which would disrupt the imaging MR field, and; electron injection
is no longer controlled with a switching (thyratron) system, and instead a voltage
grid is set between the gun and the accelerating waveguide. When not in operation,
the grid is maintained at a lower voltage (below the cathode/filament) to restrict
electron flow into the waveguide. However, during beam-on the grid is pulsed to a
voltage above the cathode, synchronous with the RF, and electrons accelerate into the
waveguide. Additionally, with the lack of a beam steering system, the beam-line is
directed orthogonal to the tungsten target and mechanical alignment of the electron
gun, accelerating waveguide, tungsten target and collimating system, is paramount.

Gantry rotation axis and the central axis of the coils are coincident, with the static
magnetic field (B0) in the negative Y direction (IEC 61217) as shown in Figure 2.3.
For all gantry angles, the beam passes through the cryostat and is perpendicular to
B0. The angular dependent beam transmission through the cryostat (aluminium an-
nular structure containing liquid helium) is referred to as the cryostat characterisation
and will vary between Unity systems mostly due to differences in construction of the
cryostat annulus; however, a small component will be due to differences in helium
fill [22]. A modified Elekta Agility® BLD shapes fields ranging from 0.8 × 0.5 cm2

to 57.4 × 22.0 cm2 at isocentre. MLCs in this system project to a size of approxim-
ately 7.0 mm at isocentre. At the time this work was conducted, the dose-rate at this
point was 425.0 MU/min; however, recent upgrades have enabled continuously varying
dose-rate. The patient positioning system (PPS) is capable of longitudinal movement
only and the isocentre is 14.0 cm above the PPS, 143.5 cm from the source. A fixed
EPID panel, now called the mega-voltage imager (MVI) [21], diametrically opposite
the x-ray source on the gantry, is capable of MV portal imaging a maximum field size
of 22.0 × 9.5 cm2, for QA purposes only. For patient setup, a single sagittal laser is
provided by default, to aid with patient setup. A schematic of the MR-linac is shown
in Figure 2.3, along with the IEC 61217 coordinate system, courtesy of Elekta. The
patient/body planes coordinate system is shown in Figure 2.4.

The Elekta Unity MRL, in conjunction with its treatment planning system, enables
real-time adaptive radiotherapy planning. Adaptive radiotherapy (ART) is the process
by which treatment plans are changed to optimize delivery to suit changes in patient
anatomy [49,50]. Examples of these anatomical changes are tumour or organ locations,
size, biology and shape [49]. Broadly, there are three time-scales over which ART can
be utilised: (1) offline, between fractions; (2) online, immediately prior to a fraction,
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Figure 2.3: A schematic of the Elekta Unity MR-Linac, courtesy of Elekta, showing (a)
the straight-through waveguide, (b) the gantry ring, (c) the primary radiation beam
passing through (d) the coil system embedded in the magnet cryostat, (e) the patient
positioning system and (f) the MVI for x-ray imaging. The IEC61217 coordinate
system is shown, and for the head-first-supine patient orientation in the figure, B0 is
in the craniocaudal direction (negative Y)

Figure 2.4: The body coordinate system. Anterior and Posterior directions are into
and out of the page, respectively
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and; (3) in real-time during a fraction [49]. Offline adaptions can take place without the
patient present on the couch, and hence are more readily implemented by a department.
Systematic changes in anatomy can be addressed, and PTV margins can be customized
to suit the patient. Conversely, online and real-time adaptions occur with the patient
remaining on the couch [49]. Hence, daily anatomy changes can be addressed and
treatments further optimized than what is typically available for non-ART or offline
ART techniques. Of course, ART does not come without its own problems, as each
change or adaption can create a new plan, which ideally would undergo additional QA
measurements, and a physicist’s work will scale with the number of treated fractions.
Plan QA, including both plan quality assessments [51] and deliverability, can be a
challenge with ART (particularly with online adaptions). Further, in vivo patient
dose assessments, including out-of-field doses (discussed later), can be difficult as the
planned doses change each adaption.

The TPS used with the Elekta Unity MRL is Monaco v5.40. For clarity, there
is a distinction made between Monaco types depending on whether a pre-treatment
reference plan is being calculated (Offline Monaco) or whether a daily adapted plan
is generated with the patient on the couch (Online Monaco). Within both, the GPU
Monte Carlo dose (GPUMCD) algorithm is used for fast calculations in the presence
of a static 1.5 T magnetic field [6, 46]. Dose calculations are performed on voxelized
models of volumes, with relative electron density (RED) assigned per voxel based on a
scanner specific, CT number-to-RED table. For calculations performed on MR data-
sets, RED information is assigned on a per structure basis with user specified values,
since no electron density is obtained from the image. Typically, the mean RED for a
structure is calculated from a reference CT scan. REDs are converted to mass densities,
with the result mapped to chemical composition using Patient, Phantom or Couch ma-
terial look-up tables. Users can specify a dose calculation grid resolution and statistical
uncertainty to control the accuracy and duration of calculations. For plan adaptation
two workflows are available, Adapt-to-Position (ATP) or Adapt-to-Shape (ATS). ATP
involves repositioning of pre-treatment (reference) plan isocentre, based on the rigid
registration of that plan and image dataset with a daily MR image. The pre-treatment
plan can be recalculated or re-optimized on the reference dataset to reproduce or im-
prove target dose coverage [18]. ATS allows for plan adaptation based on anatomical
changes as shown on the daily MR image. Contours can be automatically deformed
to match the daily anatomy, with optional user-based adjustments. The reference
plan is recalculated or re-optimized using reference plan constraints [18]. For more
information on the replanning options the reader is referred to other works [6, 18,46].

2.1.3 Basic Physics of the Lorentz Force

The kinetics of charged particles in external electric and magnetic fields can be de-
scribed using the widely known Lorentz Force:

F̃ = qẼ + q(ṽ × B̃), (2.1)

Chapter 2. Background and Literature Review 12



Powers, M. Commissioning and OFD on an MRL

Figure 2.5: Point spread distribution change with the presence of a 1.5 T magnetic
field. Image has been taken from van Asselen et al. [5]

where, q is the particle charge (polarity dependent), ṽ is the particle velocity,
likened to particle energy and Ẽ and B̃ are external electric and magnetic fields,
respectively. On an MRL system, there is no external electric field of concern, and
Equation 2.1 reduces to the simpler:

F̃ = q(ṽ × B̃). (2.2)

Clearly, any component of particle motion parallel to the magnetic field will not
experience any force and thus will undergo no perturbation. However, for a component
of motion perpendicular to B̃, the Lorentz force acts on the particle in a direction
dictated by the right hand rule. The motion of photons is not perturbed (since they
are uncharged particles); however, the electrons generated in the Compton interactions
will have altered trajectories relative to a non-magnetic field (0 T) environment. For
MRgRT platforms such as the 1.5 T Elekta MRL [17,18,37] and the 0.35 T ViewRay
MRIdian linac and cobalt based systems (ViewRay, Oakwood Village, OH, USA) [38],
the static magnetic field is transverse to the x-ray beam direction. Specific to the
Unity design, the magnetic field is directed out of the bore and the result is that
secondary electrons have deflected paths (primarily in the + X direction for deliveries
from a gantry angle of 0.0°, parallel to gravity). Hence, a skew in the dose deposition
kernels occurs, as shown in Figure 2.5 [5, 52]. This deflection has effects on in-field
beam characteristics such as profile shape, dose deposition with depth and surface
dose [20,42,44].

Using a simple relation of centripetal force to the Lorentz force equation in 2.2, the
following can be derived:

r =
mv2

qvB sin θ
, (2.3)

where r describes the radius of curvature of a particle with mass m, velocity v

Chapter 2. Background and Literature Review 13



Powers, M. Commissioning and OFD on an MRL

Figure 2.6: Profiles generated in 0 T and 1.5 T. Penumbras in 1.5 T are skewed in the
same direction of the Lorentz force. Image was taken from Ahmad et al. [6]

and charge q, moving in a magnetic field of strength B, at an instantaneous angle θ

relative to the magnetic field direction. For the Elekta Unity the maximum radius
of curvature for electrons is approximately 6.0 mm. However, an average value of
2.2 mm [42] is more commonly used for the radius of curvature of secondary electrons.
Figure 2.6, taken from Ahmad et al. [6], is an example of magnetic field effects on beam
characteristics where a skew in beam penumbras is observed [6, 20]. The magnitude
of this change is between 2.0 to 3.0 mm, consistent with the average electron spiral
radius.

The deflection of perpendicular motion has interesting consequences on doses at
beam entry and exit through phantoms, as well as for out-of-field doses (OFD). With
the curved paths of electrons, it is possible after their exit from a higher density
material into a lower (i.e. water to air) to spiral around and return to the exit surface,
Figure 2.7 [7]. This is the so-called electron-return-effect (ERE) and has seen much
investigation for MRgRT systems [7, 42, 43, 52–54]. These electrons will deposit their
doses superficially at this surface, and an increase in exit dose can be observed for a
percentage dose-with-depth (PDD) curve in a magnetic field, which is not observed in
a 0 T environment, as shown in Figure 2.8.

Since the parallel velocity component is unperturbed by the magnetic field, a hel-
ical spiralling effect can occur whereby electrons spiral either parallel or anti-parallel
to the magnetic field. Consequently, electrons generated in the air surrounding the
patient/phantom will not be able to reach the latter volumes (as their motion per-
pendicular to the magnetic field will be perturbed), and instead will travel helically
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Figure 2.7: The effect of the magnetic field on the electron paths, giving rise to ERE.
For the 1.5 T case, the magnetic field is directed into the page. Image taken from
Lagendijk et al. [7]

Figure 2.8: Percentage depth-doses in 0 T and 1.5 T magnetic field environments. A
noticeably steep increase at the phantom exit (end of the curves) can be seen for the
1.5 T case compared to the 0 T
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Figure 2.9: A schematic showing spiralling contaminant electrons. In 0 T, electrons
(gold) generated by photons (blue) are able travel toward the patient plane. With a
transverse magnetic field, the Lorentz force acts produces spiralling motion parallel
and anti-parallel to B0

around the field lines, until they reach an attenuating material. These are referred
to as Spiralling Contaminant Electrons (SCE) [9], shown schematically in Figure 2.9.
Additionally, it is possible that electrons generated in field from phantom and patient
surfaces are able to be ejected from the beam, through either forward scatter (say, at
the phantom exit) or backscatter (at the phantom entrance). In certain geometrical
situations, it is possible for these forward or backward scattered electrons to spiral and
miss the surface from which they were ejected, for example with a sloped surface. In
this case, the electron motion parallel to B̃ is unperturbed, unlike the perpendicular
component, and they spiral about the field lines until reaching an attenuating surface,
Figure 2.10. This is referred to as the Electron Streaming Effect (ESE) [8]. These
important changes in OFD characteristics in MRgRT systems are still relatively new
concepts, warranting further investigation.

Note the maximum angle that an electron can be ejected in a Compton interac-
tion, relative to the photon’s initial trajectory, is 90.0° [34]. For clarity, backscattered
electrons in 0 T are those which have: (a) undergone a multiple scatter event (Fig-
ure 2.11(a)), (b) originate from a laterally scattered, or divergent, photon interaction
(Figure 2.11(b)), (c) escape a sloped surface at the beam entry (Figure 2.11(c)), or
(d) are contaminant electrons within the primary beam (Figure 2.11(d)). With the
presence of a transverse magnetic field, the altered trajectory of electrons results in
variations to the number of electrons that can escape a sloped surface. For electrons
sweeping toward the slope, more will be ejected (Figure 2.11(e)), and the opposite for
electrons sweeping away (Figure 2.11(f)). Additionally, with a transverse magnetic
field, fewer contaminations electrons are present at the phantom/patient entrance due
to the altered trajectory (Figure 2.11(g)).
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Figure 2.10: A schematic showing the electron streaming effect, recreated from Malkov
et al. [8]. Electrons (gold) produced during photon (blue) interactions with a sloped
phantom, 0 T, travel along a path in approximately the same direction as their exit
trajectory. However, with a transverse magnetic field, the perpendicular component of
motion is restricted and electrons are able to spiral, miss the surface from which they
were ejected and continue along the field lines

Figure 2.11: Various mechanisms for backscatter electrons (gold) from photon (blue)
interactions with a surface (black). Non-magnetic field effects are shown for (a) mul-
tiple scatter electrons, (b) electrons from scattered (dashed blue line) and divergent
(solid line) photons, (c) electrons escaping a sloped surface, and (d) contaminant elec-
trons scattering off the surface. The effect of a static magnetic field (B0) on electrons
exiting a sloped surface are shown for (e) electrons sweeping toward the surface, in-
creasing backscatter, and (f) electrons sweeping away from the surface, decreasing
backscatter. Also with a magnetic field, in (g) electron contamination is decreased
as the electrons cannot travel perpendicularly to the field, and this contribution to
backscatter is reduced. The magnetic field is in the same direction for (e) and (f), and
the black dashed lines indicate the initial trajectory of the electrons in 0 T
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2.2 Literature Review

2.2.1 Introduction

The following section provides a literature review for this thesis. An overview of issues
clinics may face when commissioning an Elekta Unity MRL is provided first. This is
then focused to Mechanical and Safety considerations, and Dosimetric considerations.
Commissioning tests specific to these two sections are reviewed, and a discussion of
limitations and problems a clinic may want to address, are summarised. Finally, a
similar discussion for out-of-field doses on the Unity is presented, with focus on SCE
and ESE.

2.2.2 Commissioning Overview

As briefly mentioned above, before being released for clinical use Linear Accelerators
first undergo periods of acceptance and commissioning. Traditional acceptance pro-
cesses consist of verification of machine performance against minimum requirements,
often outlined during tender, in purchase contracts with the vendors, or as specified by
the manufacturer [4,10]. Acceptance tolerances are typically set to match those of inter-
national standards [27,55,56] or published works. Following acceptance is typically the
commissioning process, where all possible machine characteristics are determined [4]
with the intended clinical use a key consideration. Efficacy of treatment provision can
be degraded over the life of the machine due to a variety of reasons, notably elec-
tronic malfunctions, component breakdown or gradual operational decline [10]. Hence
this commissioning data is used as a baseline, against which routine quality assurance
measurements can be compared. Furthermore, components are not entirely consist-
ent between machines, due to a variety of reasons such as manufacturing tolerances
and damage during transport. As such, a set single set of commissioning data for a
given machine type is not adequate to describe is operation. Finally, it is beneficial
to acquire a large suite of commissioning data to assess accuracy of TPS calculations
(or even to establish the TPS), to provide guidance on future clinical needs and to
determine other previously undiscovered issues with machine behaviour [4, 10]. Typ-
ically, commonly available commercial phantoms and equipment are used to gather
this baseline data, such that comparisons between machines, or with data from other
clinics, can be readily achieved.

The Elekta Unity MRL (Elekta, Stockholm, Sweden) design presents quality as-
surance challenges not present for conventional systems. Following the on-site con-
struction of the system, Elekta personnel perform device acceptance tests (DAT) that
replace conventional linac acceptance tests. Commissioning and beam modelling valid-
ation measurements are also performed by Elekta personnel, with Philips staff respons-
ible for MR image quality testing. Following this, a period of internal commissioning
and quality assurance occurs during which in-house physicists perform baseline meas-
urements across both MR and MV modalities. Elekta tests incorporate specialised
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QA devices and analysis software that are not necessarily commercially available. Fur-
thermore, due to the presence of the magnetic field, conventional equipment available
to the clinic may not be compatible with the Unity system. As such, Unity users
may encounter challenges performing independent, routine QA tests without further
guidance.

Acceptance, commissioning and continuous QA tests, tolerance and frequencies for
the Elekta Unity have been described by other authors [19–22]. Recently the work
of Roberts et al. [22] provides tolerances and frequencies for common QA tests and
Woodings et al. [21] for acceptance procedures on the linac component. Their find-
ings have been summarised in Tables 2.1 to 2.3. However, due to the complexity
and novelty of the machine, the scope of such work is limited. The variety of pos-
sible tests also means it is likely that a clinic will not find comparative values for all
commissioning work performed locally. Furthermore, since this technology has only
recently been clinically introduced in Australia, there is currently no region-specific
guidance for implementation and safe use of the MRL, as is the current situation for
conventional treatment systems [35]; however, position paper/s are unlikely to vary
significantly from the recommendations of the above investigators [22]. Additionally
with the novelty of the system, it can be argued that lack of experience or training
would be a challenge during commissioning [57]; which can be alleviated in part with
clear guidance or methodologies in publications. It is the intention that this work will
aid clinics introducing an Elekta Unity and provide some benchmarks for test results
to address the highlighted issues.

The significance of this work is in the novel QA methods that describe alternative
uses for vendor supplied phantoms and the use of simple, in-house developed phantoms
and software. This work aims to provide straightforward methodologies that can be
employed by most clinics for performing these tests, as well as comparative baseline
results for Unity users. Additionally, alternate methods for independently verifying
vendor measurements are provided. Adaptations of an Elekta supplied phantom en-
abled independent QA of the gantry angle and MV isocentre size. Development of
in-house phantoms was required for measurements of beam attenuation, due to the
anterior imaging coil, and End-to-End (E2E) testing. Difficulties were encountered
with commercial equipment when measuring beam quality and output, and when per-
forming intensity modulated radiation therapy (IMRT) commissioning, that required
adaptations to standard methodologies and as such are also presented in this thesis.
During installation there was limited time to facilitate customer selected measure-
ments prior to magnet ramp up; although a spontaneous quench and planned ramp
down events enabled selected commissioning tests to be performed with B = 0 T.
Hence, the following literature review is focused on these aforementioned tests and, for
brevity, more common commissioning measurements are not discussed. These include
aspects of the mechanical behaviour of the system, relative dosimetry measurements, a
thorough investigation of the TPS, commissioning and implementation of independent
dose checking techniques [59–61], commissioning of the MR system [62, 63] and MLC
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Test Tolerance Frequency
Audio-visual/CCTV

monitors Functional Daily

Intercom system Functional Daily
Emergency stop (table) Functional Daily/Monthly
Radiation door interlock Functional Daily
Radiation monitors and

indicators Functional Daily

Emergency off (power) Functional Weekly
Radiation interlocks

(FKP∗) Functional Weekly/Monthly

MLC and jaw positions ± 1.0 mm / ± 2.0 mm† Weekly/Monthly†

Gantry angle accuracy ± 0.3° Monthly
Table position ± 1.0 mm Monthly

Leaf position accuracy
(IMRT) ± 1.0 mm Monthly

MV isocentre diameter ≤ 1.0 mm Monthly
Leaf position
repeatability ± 0.5 mm Annually

Table 2.1: Linac Mechanical and Safety QA tests, tolerances and frequencies listed in
Roberts et al. [22]. These are provided as a summary only and readers are referred to
the original publication for the complete list. ∗Function Key Pad, †variable tolerances
are set according to test frequency

Test Tolerance Frequency
X-ray output ± 3.0 % / ± 2.0 % / ± 1.0 %∗ Daily/Weekly/Annually∗

Backup monitor
chamber

constancy
± 3.0 % / ± 2.0 % Daily/Weekly

Beam profile
constancy ± 2.0 % / ± 1.0 % Monthly/Annually

X-ray beam
quality ± 1.0 % Monthly/Annually

Beam profile
constancy with

gantry angle
± 2.0 % Annually

Output factor
constancy

± 2.0 % (< 4.0× 4.0 cm2) Annually± 1.0 % (≥ 4.0× 4.0 cm2)

MU linearity ± 5.0 % (2 - 4 MU) Annually± 2.0 % (≥ 5 MU)
Dose-rate linearity ± 2.0 % from baseline Annually

Output with
gantry angle ± 2.0 % from baseline Annually

Off-axis factors
with gantry angle ± 2.0 % from baseline Annually

Table 2.2: Linac Dosimetric QA tests, tolerances and frequencies listed in Roberts
et al. [22]. These are provided as a summary only and readers are referred to the
original publication for the complete list. ∗variable tolerances are set according to test
frequency
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Test Tolerance
Mechanical and Safety

Radiation inhibits Functional
Scattered radiation to patient avg. < 0.1 % of in-field dose

MVI panel rigidity < 0.3 mm
MVI panel rotation alignment < 0.2°

Pixel scale and isocentre location Determined
Gantry tilt < 0.2°

Gantry angle accuracy < 0.2°
Beam alignment (with target/focal spot) < 1.0 mm and < 0.2°

MV isocentre diameter < 1.0 mm
MLC stripe test < 0.5 mm

MLC transmission < 0.5 % from baseline/TPS
Jaw stripe test < 1.0 mm

Gantry angle dependency < 0.5 mm
Table orthogonality and movement accuracy < 1.0° and < 2.0 mm

Laser accuracy < 1.0 mm
MR-to-MV alignment < 0.3°

Dosimetric
X-ray output < 1.0 %

Output stability < 2.0 %
Backup monitor constancy < 2.0 %

MU linearity < 2.0 %
Dose-rate linearity < 2.0 %

Output with gantry angle/Cryostat dependency < 1.0 % from baseline
Profile constancy < 1.0 %

Profile constancy with gantry angle < 1.0 %
MR influence on MV operation < 2.0 %

End-to-End (Alderson phantom) > 90.0 % points pass∗

Table 2.3: Acceptance tests and their tolerances from Woodings et al. [21]. Note that
test frequency is omitted as these apply to acceptance procedures, which are performed
as part of the MRL implementation/commissioning. These are provided as a summary
only and readers are referred to the original publication for the complete list.∗using
gamma analysis [58] with 5.0 % dose tolerance, 2.0 mm distance-to-agreement and
dose suppression below 10.0 %
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characterisation [64].

2.2.3 Linear Accelerator Mechanical and Safety Commissioning

Couch and Laser Accuracy

Woodings et al. [21] and Roberts et al. [22] have previously investigated mechanical
couch operation. Simple couch drive accuracy and reproducibility tests were discussed
by both, with extended testing on couch drive orthogonality highlighted in Woodings
et al. [21]. The investigators argued against the need for accurate and reproducible
couch positioning for patient set up, as for each day of treatment the adapted plan
will be shifted according to the new treatment position. Hence couch position was
considered of little relevance. Additionally, for the aforementioned reason, previous
investigators did not discuss test methodologies for sagittal laser accuracy [21,22].

However, a counter argument can be made that consistent set up between patient
simulation and treatment will aid with non-standard scenarios, such as the use of
bolus shielding against electron streams. The provision of additional lasers would
aid treatment staff in positioning of this crucial shielding, as well as reducing setup
variability during in vivo dosimetry measurements. The lack of additional lasers,
or inaccuracies in the sagittal laser, adds increased difficulty for busy clinics when
ensuring patient safety from OFD. Hence, the assurance of laser accuracy, and couch
positioning, can alleviate the highlighted issues. The need for a QA method of the
laser accuracy on the MRL was apparent from the literature, and such a method is
provided in an appendix for this work.

Gantry Angle

Due to the construction of the gantry ring, accurate verification of the gantry angle
using an inclinometer can only be achieved at two angles, 270.0° and 240.0° [21]. At
these angles there is a conveniently located machined flat surface on which an inclino-
meter can be mounted. As part of routine QA for conventional linacs it is common to
determine gantry angle accuracy for multiple positions and to assess the reproducibility
of gantry rotation. Previous publications report on the use of spoke films to assess re-
lative beam angles [21,22]. Additionally, a unique phantom design has been described
for gantry angle QA on the Elekta Unity MRL [65]. In that work, the phantom was
used to confirm gantry angle accuracy for gantry 0.0° (G0) and G90. In theory the
opposing angles could also be imaged and confirmed. Woodings et al. [21] discussed
the use of a water surface to confirm gantry angles with MVI imaging, which is restric-
ted to lateral angles only (G90 and G270). In the absence of specialized phantoms,
a clinic will find difficulties with performing gantry angle confirmation at all desired
projections; hence, a method needed to be devised to perform such measurements.
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Figure 2.12: The tool used by Elekta, prior to clinical release, for cryostat character-
isation and MV isocentre size determination

Cryostat Characterisation

The cryostat characterisation is measured during DAT before clinical release of the
machine. It is a measure of cryostat attenuation as a function of gantry angle, re-
lative to gantry 90.0°. It will vary between machines mostly due to differences in
construction of the cryostat annulus; however, a small component will be due to dif-
ferences in cryostat fill [22]. Elekta performs these measurements using the Cryostat
Characterisation Tool (CCT), see Figure 2.12. An example cryostat characterisation
is provided in Figure 2.13, and readers are referred to previous publications for other
examples [19, 20, 59]. In general anterior beams have lower attenuation (higher char-
acterisation values) due to the beam passing through less liquid helium from these
projections. Furthermore, angles between ~ 8.0° to 18.0° are avoided due to the pres-
ence of the cross-over pipe [22]. The cryostat is modelled in Monaco TPS calculations
as a homogeneous structure, with machine specific characterisations accounted for us-
ing a 2D lookup table (i.e. the measured cryostat characterisation), to adjust particle
weights as they pass through the structure. In 2020 there was a spontaneous quench
on the Unity system Townsville Cancer Centre (TCC), where the helium was rapidly
exhausted and the magnetic field strength was reduced to approximately 0 T. After
the quench, and subsequent magnetic field recovery, the helium fill of the cryostat
could not be returned to its pre-quench level. Thus a slight difference in cryostat
characterisation was expected, particularly around the top of the cryostat annulus,
which could have required further planning system checks. Measurement uncertainty,
due to chamber rotational effects or subtle machine output fluctuations (for example),
could also contribute to potential variations between characterisations. This testing is
included in Appendix A.

MVI Operation

In this work, and by other clinics, the MVI is extensively used in QA procedures for
alignment of equipment and localization of the MV isocentre. Woodings et al. [21]
and Roberts et al. [22] have both highlighted the importance of the MVI panel for QA
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Figure 2.13: An example cryostat characterisation measured on the Elekta Unity at
TCC

procedures. In Woodings et al. [21] extensive testing of the panel was highlighted and
as such there was little scope for improvement in this area. Specifically, panel rigidity
with gantry angle, rotation, pixel/image scale accuracy, coincidence of the centre pixel
with isocentre and image quality was investigated [21]. It is worth noting for a line pair
resolution surrogate test (Modulated Transfer Function, MTF), Woodings et al. [21]
credits a previous publication [66]. Although there was lack of novelty for these test,
given the importance of the panel it was felt that reproduction of some results of
previous work [21] and the Elekta procedure was warranted in this work, using alternate
methods. These are included in an appendix.

MV Isocentre

Measurement of the MV isocentre size on the MR-linac has been reported by sev-
eral authors [19, 22, 67]. The method employed by Elekta during device acceptance
tests (DAT) involves the irradiation of a ballbearing attached to the Elekta supplied
Cryostat Characterisation Tool (CCT), see Figure 2.12. Images of the ballbearing
projected onto the MVI panel are obtained at gantry angles 45.0°, 135.0°, 225.0° and
315.0° using four 5.7 × 5.0 cm2 fields. These images are then forwarded to Elekta
for analysis using the Radiation Isocentre Tool (RIT) software v6.6.64 (Radiological
Imaging Technologies, Colorado Springs, Colorado, USA). During the in-house physics
validation measurements, spoke shot films were obtained with GafchromicTM RTQA2
(Ashland ISP Advanced Materials, NJ, USA) film following the methodology proposed
by previous groups wherein copper rings are introduced [22, 68]. The spoke shot dose
distribution under the rings is less influenced by the interaction of electrons with the
magnetic field, improving the precision of the isocentre determination in the X-Z plane.

The use of the MV alignment phantom (see Figure 2.14(a)) for measuring the MV
isocentre size has been previously outlined by Snyder et al. [19]. In their study, MVI
images of the central ballbearing were obtained using a 3.0 × 3.0 cm2 field at gantry
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Figure 2.14: The Elekta supplied (a) MV alignment phantom and (b) QA platform
used during MRL commissioning

angles of G0, G25, G40, G140, G160, G215, G225, G315 and G330. These images
were analysed using the RIT v6.7.64 3D Stereotactic Analysis application [19]. Snyder
et al. [19] avoided gantry angles of 60.0°-120.0° and 240.0°-300.0° due to issues with
field edge detection in RIT, from distortion created by the mounting stands for the
phantom [19]. Angles between 5.0° and 20.0° were avoided due to the cryostat cross-
over pipe. This method is consistent with that recommended by Elekta during the
physics validation stage of Unity commissioning.

Another option available to users for performing the MV isocentre size measurement
on the Unity is with the Elekta supplied AQUATM software. Licences for this software
are often provided with purchase of the Unity system; although, the use of this software
suffers from the same angle restriction as that of Snyder et al. [19].

Unfortunately, the CCT may not necessarily be available to a clinic when MV
isocentre measurements are required. Even with access to the tool, on-site access to
compatible commercial software to analyse images may not be available. Having to
send images off-site for analysis by Elekta is not ideal and common approaches using
more readily available equipment, like the spoke shot, do not provide information about
the MV isocentre in 3 dimensions. Utilising previously published methods requires a
restriction of gantry angles, and ultimately may not represent the true isocentre size.
Thus, there was a need for an in-house method to determine the MV isocentre size
and location in 3 dimensions using the MV alignment phantom (Figure 2.14(a)) and
QA platform (Figure 2.14(b)).

MR-to-MV Isocentre

The MR-to-MV Isocentre offset is measured during Set-to-Work (STW), and is routinely
performed over the life of the machine [22]. The Elekta supplied MR-to-MV phantom
(Figure 2.15) contains several ballbearings embedded in plastic rods filled with copper
sulphate solution. The phantom can be simultaneously imaged with MR and the MVI
from multiple gantry angles [19, 22]. The offset between ballbearing centres between
the two imaging modalities is determined in the supplied QA Alignment software to
give the MR-to-MV alignment offset. The offset is stored on the MOSAIQ sequencer
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Figure 2.15: The Elekta supplied MR-to-MV phantom

and used during the fusion stage in the clinical workflow [19]; hence, it is important
to check if these stored values will be applied correctly for a treatment. Moreover, the
Elekta supplied phantom is approximately 22.0 cm in diameter. Due to the geometric
distortion associated with MR imaging [37, 62, 69], the localization of ballbearings at
the phantom peripheries could be susceptible to large errors. For this reason, and as an
independent check on Elekta values, a method was needed to confirm the stored MR-
to-MV isocentre offsets using a novel, smaller, in-house phantom, which is included in
an appendix.

In-Bore Radiation Survey

When designing linear accelerators, manufacturers often have to meet specific toler-
ances, described in International Electrotechnical Commission Reports, for machine
performance and basic safety. An example of such is the requirement for linac head
shielding to reduce the beam to an acceptable level outside the primary area of irradi-
ation. Given that MRgRT platforms have only recently been introduced in Australia,
no region-specific standard is available for important characteristics such as radiation
head leakage. However, Australian and New Zealand Standards (AS/NZS) are based
heavily on such IEC reports [55,56], and as such are not expected to vary significantly
from the recommendations of the IEC [27].

Currently, only Woodings et al. [21] and Wang et al. [63] have reported on an in-bore
radiation survey in a manner as discussed in IEC 60601-2-1 [27]. For the former [21], no
data was presented for the survey; however, it was stated that results were within the
IEC tolerances. Additionally, it is assumed that the survey was performed in a 1.5 T
environment as no statement was made to the contrary. The presence of the magnetic
field will change charged particle motion, and potentially detector response [5, 70],
interfering with radiation survey results. It also assumed that only IEC 60601-2-1 test
201.10.101.3.3 [27] was performed by Woodings et al. [21] since results were quoted
relative to these tolerances.
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Wang et al. [63] performed head leakage and scatter measurements on the Unity in
0 T and 1.5 T environments. In their investigation, they used a large volume ionisa-
tion chamber to measure scattered radiation at several locations around the machine.
Solid water was placed at the isocentre to simulate patient scatter. Furthermore, they
investigated head leakage at 1.0 m from the linac head, in the direction of the max-
imum leakage as indicated from a film wrap. The effect of the magnetic field on the
head leakage was less than 5.0 % [63]; however, significant changes to scatter dose were
noted between 0 T and 1.5 T measurements. Wang et al. [63] only measured scatter
and leakage readings at discrete locations, and a comprehensive investigation in the
patient plane was not discussed. Furthermore, only a single dosimeter was used (an
ionisation chamber) with other common survey devices, like film, not investigated.

Hence, it is clear that an in-bore radiation survey on the Elekta Unity warrants
further investigation, following the IEC recommendations for BLD shielding (IEC test
201.10.101.3.2.1) in addition to that performed in Woodings et al. [21] and Wang
et al. [63]. Comprehensive survey data, in 0 T and 1.5 T, is also needed against
which other centres or governing bodies can compare. A published methodology for
performing these tests is also needed.

2.2.4 Linear Accelerator Dosimetric Commissioning

Output with Gantry Angle and Anterior Coil Attenuation

During DAT, the cryostat characterisation is performed to determine the gantry an-
gular dependent attenuation from this component [21, 22]. However, for this test the
couch and bridge components are removed, inconsistent with the patient irradiation
conditions. Therefore, it is advised that clinics perform their own determination of
angular dependent output, consistent with treatment irradiation conditions (i.e. all
attenuating components included in the measurement). With the higher density com-
ponents of the couch, some beam attenuation could be expected when irradiating from
gantry angles between 120.0° to 240.0°. Additionally, for all treatments on the Unity
the anterior imaging coil is present above the patient and should be fully characterised
in terms of it is dosimetric impact on treatment beams [20, 21]. This is not routinely
performed by Elekta during DAT for individual installations, with a factory default
for the RED applied in the TPS to model attenuation. A comparison of calculated
and measured attenuation should be considered by other clinics implementing this
machine. Although guidance has been suggested to perform these tests [21, 22], no
methodology or data have been provided. To date, no known published data exists
regarding the attenuation effect of the anterior coil for a variety of gantry angles; how-
ever, the magnitude of the effect is known by Elekta and other Unity users. Thus,
the use of an in-house phantom to determine coil attenuation for a selection of gantry
angles is described in this work, with results provided. Output with gantry angle was
also determined with this phantom, and results are provided in an appendix.
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Beam Quality

The beam quality specifier for the Elekta Unity MRL is the TPR20,10 [5, 20, 29, 48],
consistent with the recommendations of the TRS-398 protocol, and because of its
insensitivity to the magnetic field and the extended SSD [5, 20, 48]. Due to the diffi-
culties with measuring PDDs, a direct measurement of TPR20,10 is preferred and with
the presence of the cryostat, slight angular dependence of beam quality could be ex-
pected. With the quality dependent factors for reference output, a determination of
this angular dependence should be evaluated with measurements.

Furthermore, profile shape is known to be more sensitive to beam quality changes
than TPR or PDD metrics. Profiles are generally acquired in water, using a 3D
scanning water tank: however, such a device is not available to all Unity clinics and,
even if available is cumbersome for routine use. MR compatible profilers overcome
these issues, and some groups have published on their use with the Unity [21, 71].
As well as can be determined, the use of the PTW Octavius 1500MR array (PTW,
Freiburg, Germany) for Unity profile measurements has yet to be published.

Beam Shape with Gantry Angle

The photon beam shape is measured during DAT with an Elekta supplied and main-
tained IC PROFILER-MRTM (Sun Nuclear Corporation, Melbourne, Florida, USA)
[21]. To accurately measure the beam shape at cardinal gantry angles requires the
couch and bridge to be removed, and the Elekta supplied rotating platform to be
inserted into the bore. The profiler is then inserted into the platform and measure-
ments can be performed with the detector array perpendicular to beam delivery for all
gantry angles, in addition to removing the effect of beam attenuation from the couch
components. Not all clinics will be supplied with the rotating platform and further-
more, the removal of the couch and bridge, as well as handling of the platform, can
be cumbersome. As such, for routine measurements this is undesirable and a need for
another method to determine beam shape with gantry angles was apparent. This was
addressed in this work using the Octavius 1500MR array, and results are provided in
an appendix.

Output Calibration

During DAT, on the recommendation of Elekta, the MRL was calibrated to give 1.000
Gy per 100 MU to isocentre, at 5.0 cm depth in water, for a 10.0 × 10.0 cm2, G90,
field. Measuring from G90 is the preferred methodology due to the constancy of the
helium fill at this angle compared to acute anterior angles, like G0, where the output
may vary depending on the level of helium. The choice of calibration depth was based
on advice provided by Elekta to extend magnetron life; however, other users report a
calibration depth of 10.0 cm to optimize output [19] thereby reducing treatment times.

For the TCC, the PTW 1D water tank (PTW, Freiburg, Germany) was used
for output determination following a modification of the formalism proposed by van
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Asselen et al. [5], discussed below. The use of this equipment, in combination with
the van Asselen et al. [5] dosimetry protocol and calibration conditions (at 5.0 cm) is
unique. Hence, no other researchers have presented on this technique and a clear gap
in the literature was apparent.

Magnetic Field Correction Factors

There are currently two protocols in common use for reference dosimetry on the Elekta
Unity MRL, that of O’Brien et al. [48] and van Asselen et al. [5]. They are similar,
however separately discuss adaptions of the widely used TG-51 protocol [36] and TRS-
398 [29] protocols, respectively, to account for magnetic field effects on dose determin-
ation. In either case, there are two physical factors in magnetic field dosimetry which
vary from conventional (i.e. no magnetic field) protocols: the change in local dose de-
position, due to the Lorentz force on secondary particles, and; the change in dosimeter
reading, through alteration of the electron path length through the chamber and the
change of electron flux entering the chamber cavity [5]. These factors are dependent
on beam quality Q, magnetic field strength, chamber design and orientation with the
magnetic field. The O’Brien et al. [48] formalism uses a single correction factor to
account for these effects (kQ

B̃
), where the magnetic field is shown as a vector to denote

directional dependence with the chamber. Chamber correction factors were determ-
ined using Monte Carlo methods, for different chamber-field orientations (parallel ∥,
clockwise perpendicular and counter-clockwise perpendicular). In the van Asselen et
al. [5] formalism the TRS-398 protocol is adapted with a dose conversion factor cB̃
to account for the difference in local dose deposition, and a detector dependent mag-
netic field correction factor, kB̃,M,Q, accounting for the variation in chamber response.
Note M denotes the chamber corrected charge reading, and the combination of the
two factors reduces to that in O’Brien et al. [48]. For their work, cB̃ was determined

through simulations with the GPUMCD algorithm (cB̃ =
DB̃

w,Q

Dw,Q
) and kB̃,M,Q with

measurements in 0 T and 1.5 T (kB̃,M,Q =
MQ

M B̃
Q

). Both groups investigated several
chambers, including the PTW 30013 Farmer type chamber used in this work.

On the Elekta Unity, beam irradiation occurs perpendicularly to the magnetic flux
and is often convenient to align chambers along this direction. Due to the direction
of the Lorentz force, chamber factors for this orientation are typically smaller [5, 48].
Since the van Asselen formalism [5] is used in this work, the factors of interest were
kB∥,M,Q and cB̃. O’Brien et al. [48] showed that the change in local dose deposition due
to the magnetic field is constant from depths ranging from 5.0 cm to 25.0 cm. Both
groups [5,48] showed that this factor was of the order of 0.5 %, or a correction 0.995 (i.e.
the magnetic field decreased the local dose deposition). These factors were determined
for the more common reference dosimetry conditions (isocentre at 10.0 cm depth or
SSD of 133.5 cm). Although not expected to vary significantly, the determination of
cB̃ for use at a 5.0 cm calibration point (SSD = 138.5 cm) is warranted.

It is common for beam quality to be determined from G0 and reference dosimetry
from G90. Some uncertainty in kB∥,M,Q could be expected if the change in beam quality
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between the gantry angles is not considered. Pojtinger et al. [72] has showed, with
Monte Carlo modelling, that there is little change in such a factor with beam quality;
however, measurements to confirm this may be warranted given inherent variabilities
in such modelling [72, 73]. Again, with the variation in depth between this work and
those of previously published users [5, 48], arguments against the use of the published
kB∥,M,Q value for calibration at 5.0 cm depth can be made. O’Brien et al. [70] has
previously showed that ionisation chamber responses typically only vary with depth
for small fields (below 2.0× 2.0 cm2). It was also shown that in a 10.0× 10.0 cm2 field
the depth dependence of the PTW 30013 chamber, in a magnetic field, did not vary
significantly from a nominal solid-state detector. Nonetheless, it was still determined
prudent in this work to investigate any depth dependence of the kB∥,M,Q factor for the
specific PTW 30013 chambers used at TCC.

MR Interference on Linac of an Elekta Unity

The presence of the MR system introduces potential sources of error in the linear
accelerator behaviour. With the strong magnetic field, and the complicated electrical
subsystems of the linac, interference from the MR system could be expected. Woodings
et al. [21] discussed several tests which could be performed to highlight this interference.
In their work, output and profiles were acquired with and without operation of a variety
of MR sequences. Film was used to determine profiles for a rectangular field (field size
not stated) from G0, with the MVI used to capture profiles for an 18.0 × 7.0 cm2

field at cardinal gantry angles. The maximum reported difference was 1.1 %, for
film, and was quoted to be within film and beam delivery uncertainty. Ion chamber
readings were also acquired (field settings omitted) and were reported to vary 0.13 %
between MR operational states. Although a comprehensive set of tests were performed,
little information was provided for the methodology and equipment used. Information
on film analysis and calibration was not provided. Furthermore, assurance of MLC
segmentation with MR operation was not performed. Thus the need to repeat these
measurements was apparent, with and without the MR operation, with comparison to
the work of Woodings et al. [21].

IMRT Commissioning

Typically, as part of the Elekta beam validation procedure, nine vendor IMRT plans
based on AAPM TG-119 [74] guidance are imported to the Monaco TPS and de-
livered on the Unity system. Elekta recommended gamma criteria [58] of 3.0 %
(global/max dose), 3.0 mm distance-to-agreement (DTA) during beam validation with
the ArcCheck®-MR device (Sun Nuclear, Melbourne, FL, USA). The Elekta Unity is
capable of stereotactic delivery, and this functionality needed to be tested as it was to
be used clinically. None of the nine supplied plans focused on stereotactic deliveries
for QA, a noticeable deficit in process. Additionally, the gamma tolerance suggested
during validation was not considered adequate and varied from departmental toler-
ances (2.0 % local dose, 2.0 mm DTA, 10.0 % dose threshold, pass rate > 95.0 %)
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and international guidance (3.0 % global dose, 2.0 mm DTA) [75]. Furthermore, the
ArcCheck®-MR device was not available during commissioning at TCC, which may be
common when other clinics are implementing this machine, requiring alternate meth-
ods to be developed. For these reasons, the Elekta provided methods, tolerances and
expected pass rates were not applicable during IMRT commissioning at TCC, war-
ranting further investigation.

Gamma results of the TG119 plans delivered to the ArcCheck®-MR device have
been reported by previous investigators for 2.0 % (global dose), 2.0 mm DTA [76]
and 3.0 % (global dose), 2.0 mm DTA [19, 57, 76], for which average gammas were
above 95.0 %, compared to TPS calculations. These criterion are less strict than that
proposed in this work. Alternative devices which have been investigated in magnetic
fields are radiosensitive film [16, 77–80] and the Octavius 1500MR array [81]. Both of
these were available to TCC at the time of commissioning.

Wen et al. [80] used film for IMRT QA procedures on the ViewRay system, with
a clear methodology stated; however, specific for the Unity MRL are the works of
Werensteijn-Honingh et al. [79] and Raaymakers et al. [16]. In the former [79], the
feasibility of pelvic stereotactic treatments on the Unity was of focus, and their discus-
sion of patient specific QA procedures was limited. Gamma results against the TPS,
at 5.0 % (global dose), 2.0 mm DTA and 10.0 % threshold, had average pass rates
of 99.9 % for thirty plan deliveries. Similarly, Raaymakers et al. [16] omitted specific
methodologies for film QA procedures; however, it is assumed from their results that
coronal planes were acquired in a polystyrene block. For their work [16], the mean
gamma pass rate for twenty commissioning plans was 98.8 % at 3.0 % (global dose),
3.0 mm DTA, with a minimum value of 92.2 %.

In Mönnich et al. [81], IMRT QA procedures were performed with beams delivered
to the 1500MR array inside an octagonal prism phantom. In that work, patient beams
were delivered to the array rotated to cardinal angles, with choice of orientation de-
pendent on planned gantry angle. Deliveries were assessed, against TPS calculations,
with 3.0 % (local), 3.0 mm DTA gamma criteria and pass rates were mostly above
90.0 %, with the lowest reported average pass being 88.6 %. It is highlighted that this
criteria is also less strict than that currently employed locally.

As stated, changes to the Elekta beam validation process were required for TCC,
with alternate equipment. In-house developed stereotactic plans were developed for
commissioning of IMRT plans, in addition to Elekta supplied plans. The departmental
criteria of 2.0 %, 2.0 mm was employed instead of the Elekta suggested 3.0 %, 3.0 mm or
other reported values [16,19,75,76,79,81]. Furthermore, in absence of the ArcCheck®-
MR, the Octavius 1500MR array and GafchromicTM EBT3/EBT-XD film (Ashland
ISP Advanced Materials, NJ, USA) were utilized. The literature review suggested
passing rates below 90.0 % at 3.0 % (local), 3.0 mm DTA could be expected for the
former [81] and below 95.0 % (3.0 % global, 3.0 mm DTA) for the latter [16]. However,
the use of these dosimeters, with the methodologies proposed in this work, had yet to
be published on for the Unity MRL.
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End-to-End

Elekta provides phantoms for End-to-End (E2E) testing on the Unity during the Phys-
ics Validation stage; however, a clinic may want to perform their own measurements
for routine QA and, for example, during treatment site commissioning. Purchasing
specific phantoms for individual site development can be expensive and furthermore, a
centre may not have ready access to commercial phantoms for adaptive radiotherapy
E2E testing.

Commercial phantoms for E2E purposes on MRgRT platforms have been presented
by several groups [19,82–85]. Chen et al. [82] discussed daily adaptive E2E procedures
for the Unity using the Elekta supplied MR-to-MV phantom, to confirm connectivity
and performance of the Unity and associated computer systems. The phantom was
simulated (online) and an adapted plan created and delivered; however, dosimetric
accuracy of the delivery was confirmed using the MVI panel (attached to the MRL),
instead of with an independent dosimeter. Although adequate for daily E2E pro-
cedures, and potentially easy to implement given the availability of equipment, this
process was felt insufficient as part of a commissioning procedure.

In Pappas et al. [83], 2D and 3D E2E dosimetry was performed on the Unity
with commercial, 3D-printed, head phantoms [86] and film (2D) and radiosensitive
gel (3D) [87, 88]. Gamma analysis was used for both 2D and 3D methods, and plan
metrics (i.e. homogeneity index, target coverage etc.) were directly measured with the
3D gel and compared to TPS values. Although more informative than 2D methods,
gel dosimetry is not available at TCC. Nonetheless, gamma results for their 2D film
measurements were above 90.0 % at 2.0 %, 2.0 mm DTA, 20.0 % dose threshold for
both original and an ATP created plan. Results for gamma analysis using a 3.0 %, 3.0
mm DTA criteria were approximately 98.0 %, for both plans.

Snyder et al. [19] presented E2E results on a commercial thorax phantom (CIRS,
Norfolk, VA, USA) and a Head and Neck phantom provided by Imaging and Radiation
Oncology Core (IROC, Houston, TX, USA). The former is the phantom provided by
Elekta during validation; however, was not available to TCC for routine measurements.
With the IROC phantom, Snyder et al. [19] performed measurements with film and
thermoluminescent devices (TLDs), and compared to TPS simulations. Interestingly,
pass rates of 98.0 % on two films were reported (for a single ATS created plan) at 7.0
% (global), 4.0 mm DTA. This is clearly a less strict criteria than other publications
using film [83, 89]; however, the authors did highlight it was consistent with IROC
credentialing standards [19]. TLD measurements were within 1.0 % of TPS calculations
for most points, with one outlier at 4.0 %. Although, the uncertainty quoted for such
measurements was 5.0 % [19]; larger than that known for the film dosimetry process
at TCC (approximately 2.0 %).

Alternatives to commercial phantoms have been successfully developed and em-
ployed in-house by several groups [80,84,89,90]. The work of Bernchou et al. [89], was
of interest for this investigation. In that study [89], EBT3 film was set inside a 3D
printed, MR visible, E2E phantom. ATP and ATS plans were created and delivered
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to the phantom in E2E workflows, and the geometric accuracy of the delivery was
assessed against the TPS. This was performed using MATLAB® code (MathWorks,
Natick, MA, USA), with an in-built function to determine the mutual information
similarity metric. Geometric accuracy of ATP and ATS deliveries was better than 1.0
mm [89]. However, Bernchou et al. [89] discussed a limitation of their work being that
the phantom had no adaptive components, like those of other groups [84,85,90].

3D-printing can be a comparatively cheap option for the production of in-house
phantoms, to alleviate the issues discussed above with commercial phantoms, and is
readily available at TCC. 3D printed materials have been extensively used in con-
ventional radiotherapy applications [91–93] and their use in MR-guided radiotherapy
(MRgRT) systems has seen much development [83,89,94,95]. For these reasons a novel,
in-house designed phantom, with 3D printed components was used for E2E measure-
ments for future baseline comparisons. The results of previous investigators [83, 89]
indicated that film dosimetry could be utilized for this endeavour. Although TLDs
were available, they have increased uncertainty compared to film [19] and as such were
not used in this work. Successful implementation of in-house developed E2E phantoms
by other groups [89,90] suggested the process was feasible for the TCC.

2.2.5 Out-of-Field Doses

Spiralling Contaminant Electrons

With the orientation of the static magnetic field to the beam direction of the Elekta
Unity, the effect of the Lorentz interaction on dose deposition in tissue and at planar
tissue-air interfaces has been investigated [42, 44]. For such interfaces the situation
in which electrons generated in tissue enter air orthogonal to the interface has been
reported. In the case of the Elekta Unity 7 MV FFF beam, these electrons have an
average energy of 500.0 keV and follow a circular path, radius approximately 2.2 mm,
and return to the tissue surface [42]. Due to this electron return effect, dose at and
within the exit surface is increased significantly and this has implications for skin dose
in MRgRT [42].

In general, secondary electrons exiting a tissue-air interface or contaminant elec-
trons in the primary photon beam have directions of motion that result in more complex
trajectories relative to B0. The interaction of contaminant electrons associated with
the Elekta Unity beam has been investigated [9]. In that work a 10.0× 10.0 cm2 field,
gantry zero, was used to determine dose 5.0 cm beyond each field edge in the isocentric
plane. EBT3 film aligned to capture profiles in that plane was used to measure dose
parallel to each field edge at depths 0.0 – 6.5 mm in a solid water phantom. The
observed variation of dose with depth exhibited an elevated surface dose relative to
that below approximately 3.0 mm for films orientated perpendicular to B0. Based
on this observation it was suggested that contaminant electrons in the primary beam
had spiralled parallel and antiparallel to B0 producing a surface dose around 5.5 % of
Dmax [9].
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Monte Carlo simulations modelling the same experimental setup on a Unity linac
have been used to investigate out-of-field dose (OFD) due to these spiralling contam-
inant electrons [96]. Such simulations, using the EGSnrc Monte Carlo package [97],
show that surface dose is approximately 1.0 % of Dmax with 0 T and approximately
4.0 % of Dmax, in the direction of SCE, with 1.5 T. The work of Malkov et al. [96] also
addressed the effect of the magnetic field strength on SCE doses. Based on measured
and simulated surface dose it has been suggested that SCE is a source of OFD on the
Unity and other systems involving x-ray beams with transverse magnetic fields should
exhibit SCE dose. SCE dose would contribute to OFD to the chin and neck from chest
treatment fields and should be reviewed as part of treatment plan quality assurance [9].

Notably with previous work [9, 96], there is a lack of measured data available for
0 T measurements. The Monte Carlo simulations of Malkov et al. [96], whilst com-
prehensive and benchmarked against 1.5 T measured data, could be susceptible to
error. The phase space files upon which these calculations are based were initially only
developed with 1.5 T considerations and, given the drastic change in charged particle
motion, may not be suitable for use in a 0 T simulation. This was attempted to be
addressed by this work.

Furthermore, to date no modelling of this effect has been performed using the
Monaco TPS. In-field characteristics of the Monaco GPUMCD have been benchmarked
against Geant4 simulations [6], and directly against linac measurements [46]. However,
treatment planning systems typically have to use approximations for computational
efficiency and this could have significant impacts on out-of-field dose characteristics.
Monaco is the primary tool which clinicians will use to assess patient doses when
using the Unity, hence it is important to confirm accurate dose calculation to all areas.
Comparison of Monaco calculated OFD, in 0 T and 1.5 T, against measured data was
therefore investigated.

Electron Streaming Effect

The Electron Streaming Effect (ESE) has previously been shown to be a larger effect
than SCE [8,23–26,98]; however, there is currently little available ESE work specific to
the Elekta Unity MRL design [8,24,25]. Park et al. [23] reported on out-of-field doses to
the jaw and ipsilateral shoulder approaching 16.0 % of the treatment prescription dose
during accelerated partial breast irradiation (APBI) on an MRIdian system. Such large
doses were attributed to secondary electrons escaping breast tissue when the treated
lesion is in proximity (within 5.0 mm) to the breast surface. Electrons entering air in
APBI experience a transverse magnetic field and spiral superiorly, creating an electron
stream, as well as contributing to skin dose through ERE [23].

Nachbar et al. [24] investigated similarly to Park et al. [23] for a partial breast
irradiation (PBI) treatment on the Elekta Unity. A dose of 6.5 % (of the prescription
dose) to the chin was predicted from Monaco TPS calculations for a 40.05 Gy in 15
fraction treatment, to a lesion within the patient breast (~ 5.0 mm depth). The cause
of this dose was as above with electrons entering air and spiralling along the field lines
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to reach the chin. Nachbar et al. [24] report on efficacy of 1.0 cm bolus to shield this
dose, as discussed previously by others [8, 23,26].

Zhang et al. [25] also measured OFD on an anthropomorphic phantom with an MR
system (Unity) and a conventional system (VitalBeam, Varian Medical Systems, Palo
Alto, CA, USA). Additionally they performed measurements on solid water around
square fields of various sizes. For the latter measurements, dose was measured in the X-
Y plane (isocentre height) nominally along these axes. They used optically stimulated
luminescent devices (OSLDs), and compared against Monaco TPS calculations. For
the treatment regions (head, thorax and pelvis), measured versus TPS doses disagreed
between - 35.0 % (TPS underestimating measurements) to 270.0 %. This was for
doses between 2.0 % to 5.0 % of the prescription dose 20.0 Gy. For their work [25],
OAR doses (internal) and surface doses were considered; however, a clear distinction
was not made between these as to where the TPS either under or overestimated dose.
Measurements highlighted an increase in OFD on surfaces, due to the magnetic field,
of up to 21.0 %; however, the authors did highlight differences in machine designs could
have contributed to some of this discrepancy [25]. For the simple phantom geometry,
doses up to approximately 5.0 % were observed for OFD around a 10.0 × 10.0 cm2

field, consistent with that reported for SCE. This was for both X and Y directions,
in contrast to above researchers [9] where this magnitude was only apparent in the
direction of SCE (± Y). However, given the measurement geometry differences, this
discrepancy is unsurprising.

Malkov et al. [8] performed Monte Carlo simulations of the electron streaming effect
for the Elekta Unity MRL design. In their work, trapeziform water phantoms were
simulated with different magnetic fields (0 T, 0.35 T and 1.5 T) orientated orthogonally
to primary beam direction. Dose from electron streams, from the beam entry and
exit through the sloped surfaces of the phantom, was determined for these magnetic
fields. Further simulations were performed to assess how OFD changes with field size
(10.0 × 10.0 cm2 and 2.0 × 2.0 cm2 fields), distance from beam entry/exit, phantom
thickness and angle of phantom surface to the beam (10.0°, 30.0° and 45.0°). OFD
between 15.0 % and 40.0 % of Dmax were predicted, dependent on the above.

Liu et al. [26] investigated doses to the chin and neck for oesophageal radiation
therapy on the Unity. In their investigation, three plans for an oesophagus treatment
were investigated in Monaco (with magnetic field, similarly with bolus and a plan
without magnetic field). They found increased doses to the chin (up to 5.0 % of the
prescription dose 40.0 Gy) and neck (up to 10.0 %) due to the magnetic field causing
ESE. Additionally, they found the use of 1.0 cm of bolus to shield ESE doses produced
results comparable to that of the non-magnetic field scenario [26]. Unfortunately, this
work is focused on clinical scenarios and no direct measurements of ESE dose on the
Unity were performed.

From the literature review it was clear that there is a lack of a systematic de-
termination of measured ESE doses for simple geometries on the Elekta Unity MRL.
Comparisons between 0 T and 1.5 T data have been made using Monte Carlo methods,
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susceptible to errors in simulation conditions, and whose use in 0 T on the Unity has
yet to be validated with measurements. Assessments of Monaco TPS calculations of
ESE have been attempted by investigators, yet have been focused primarily on clinical
cases with a systematic study using simple fields and beam/phantom geometries (like
those for previous Monte Carlo investigations [8]) lacking. In this work, a systematic
comparison of measured and TPS simulated ESE is presented, to address these issues.
Clinical cases of OFD due to ESE (and SCE) were also investigated in this work;
however, are provided in an appendix.

2.3 Summary
In summary, medical linear accelerators are clearly intricate and complex machines
whose operation must first be verified before clinical use. This is particularly import-
ant for MRgRT systems, where the presence of the MR can interfere with machine
operation and radiation characteristics. Commissioning work is lacking in terms of
variety of test methodologies and equipment, as well as available data against which
other clinics can benchmark their systems. Additionally, investigations of OFD on the
Elekta Unity are lacking, and there is a lack of available 0 T data against which SCE
and ESE doses can be compared. Finally, a systematic evaluation of the accuracy of
Monaco OFD modelling (0 T and 1.5 T) is warranted.
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Mechanical and Safety

Commissioning

This chapter contains material which was published in the following article:
[1] Marcus Powers, John Baines, Robert Crane, Chantelle Fisher, Stephen Gibson,

Linda Marsh, Bronwyn Oar, Ariadne Shoobridge, Emily Simpson, Page Marchant, and
Van Der Walt Glenn. Commissioning measurements on an Elekta Unity MR‑Linac.
Physical and Engineering Sciences in Medicine, Online (2022). doi:10.1007/s13246-
022-01113-7

Additionally, some material in this chapter is intended to be submitted with John
Baines as co-author:

• Marcus Powers and John Baines. In-bore radiation survey performed on the
Elekta Unity MRL. Target journal: Physical and Engineering Sciences in Medi-
cine. (In draft)

Some data presented below was acquired with Jason Arts of Elekta, using Elekta
supplied equipment. Robert Crane developed the MATLAB® analysis code for MV
isocentre analysis. All other work described in this chapter is my own unless otherwise
stated.

3.1 Introduction
In this chapter, the commissioning tests performed on the mechanical and safety com-
ponents of a clinical Elekta Unity MRL are presented. Previous investigators have
published on similar data [19, 21, 22]; however, the methods for such tests can vary
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Figure 3.1: The Elekta supplied (a) MV alignment phantom and (b) QA platform

between clinics. Hence, the novelty of this work is in the methodology and analysis of
test results. Less novel results are provided in Appendix A.

Unique adaptations of vendor supplied phantoms are presented which facilitated
independent verification of common commissioning measurements, for example gantry
angle accuracy and MV isocentre determination. The use of in-house phantoms reduced
costs, and in some cases, mitigated the lack of a commercial alternative. Other clinics
can reference this work for guidance. Radiation survey results have been presented by
other authors [21, 63]; however, comprehensive data was not provided. With a ramp
down event, a radiation survey in 0 T was able to be attempted with equipment that
is not MR-safe/conditional. It is hoped the following work can be used by clinics when
performing mechanical and safety commissioning tests on an Elekta Unity MRL.

3.2 Methods

3.2.1 Gantry Angle

The vendor supplied phantom shown in Figure 3.1(a) facilitates determination of sev-
eral machine mechanical characteristics. This cylindrical, acrylic phantom contains a
centrally located 10.0 mm diameter ballbearing. At each end are two arrays of twelve
4.0 mm ballbearings, radially arranged at 30.0° intervals, offset from the centre by ±
3.5 cm in the Y direction. With this phantom positioned on the Elekta supplied QA
platform (see Figure 3.1(b)) images of the phantom on the mega-voltage imager (MVI)
were obtained at the cardinal gantry angles using 20.0×9.5 cm2 fields, 20 MU. Images
were analysed using vendor supplied software to determine the offset of the phantom
from the radiation isocentre (translations and rotations). These offsets were used to
reposition phantom using the QA platform with X, Y and Z vernier adjustments. Ad-
ditional MVI images were used to re-assess the phantom position until the offsets were
less than 0.2 mm and 0.2° in all directions. The phantom was then shifted ± 3.5 cm
in the Y direction, so that the centre of a given array of ballbearings was nominally at
the isocentre.

MVI images of the phantom were obtained with the gantry angle varying from 0.0°
(G0) to 360.0° in 30.0° increments using a 10.0 × 10.0 cm2 field, 50 MU. Each image
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showed diametrically opposed ballbearings at the centre, as well as projections of off
axis ballbearings at the peripheries. A self-levelling laser was used to verify that ball-
bearings at twelve and six o’clock were aligned vertically within the phantom. Visual
inspection of the images from each angle was performed to confirm that diametrically
opposed ballbearings were eclipsed, producing an image of a single ballbearing. For
all measured angles, the separation between ballbearings at the image peripheries was
also assessed for consistency between rotations. MVI images were obtained with the
gantry rotated 1.0° in both directions from vertical, in increments of 0.1°, to assess
the resolution of the central and peripheral ballbearings. For these projections, gantry
angle change was measured with a digital Clinotronic PLUS inclinometer (Wyler AG,
Winterthur, Switzerland) between each rotation to confirm the relative shift from G0.
The inclinometer was placed at a fixed position on a convenient surface of the gantry
ring.

In addition to visual inspection of the images, pixel value profiles were extracted
using ImageJ v1.53a (NIH, Bethesda, MD, USA) [99]. Profiles through the centre of
all ballbearings, in each MVI image, were obtained for all delivered gantry angles and
compared to that for the G0 image. For the deliberate misalignment of the gantry from
the vertical, it would be expected that pixel profiles shapes would vary from that of the
G0 image. Additionally, as a first-order approach, profiles taken through the images at
30.0° increments could be assessed against those with the deliberate sub-degree offsets
to confirm rotational accuracy within published tolerances [21,22].

3.2.2 MV Isocentre Diameter

For the determination of the MV isocentre size, the MV alignment phantom (Figure
3.1(a)) was mounted on the QA Platform and aligned to the isocentre using the meth-
odology described above. Note that the vendor alignment software for positioning the
phantom at isocentre does not report an isocentre size. With the centre of the phantom
at isocentre, the central ballbearing was projected onto the MVI using 5.0× 5.7 cm2,
50 MU, fields every 10.0° for gantry angles ranging from 0.0° - 360.0°. In contrast
to the methodology used by Snyder et al. [19] and Elekta, gantry angles of 10.0° and
20.0° were avoided (due to the presence of the cryostat cross-over pipe that provides
electrical connection between the split coils), as well as angles of 60.0° and 300.0° (due
to image distortion resulting from beam transmission through couch edges). Images
with the gantry rotating in both directions were obtained in a single sequence, for a
total of sixty-nine projections. The images were exported from the MVI computer and
analysed with in-house MATLAB® code (MathWorks, Natick, MA, USA). Vertical and
horizontal pixel intensity profiles were extracted from each MVI image to determine
the ballbearing position.

When imaging from 130.0° to 50.0° and 310.0° to 230.0°, the phantom, QA platform
and couch edges created distortion in the images. To minimize this effect, horizontal
background pixel profiles just above and below the ballbearing were acquired for a
given projection, averaged, and then subtracted from the horizontal profile through
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Figure 3.2: An image of the cryostat characterisation tool (CCT) with the Farmer
chamber and build-up cap attached

the ballbearing. The full-width, half-max (FWHM) of the ballbearing profile was then
more accurately determined from the resulting profile. The centre pixel of the FWHM
peak was compared against the MVI central pixel, at each projection, to determine the
MV isocentre size. Note that coincidence of the MVI central pixel with the isocentre
was performed by Elekta prior to DAT, the method for which is outside the scope of
this work. Routine use of this technique requires accurate and consistent alignment
of the beam line with the beam limiting device (BLD) and MVI panel (at multiple
angles), and this should be ensured by clinics before adopting this method. However,
this is not expected to vary significantly once established [21, 67]. For context, on
the TCC Unity system the maximum variation of the central pixel (from G0) since
commissioning is less than 0.7 pixels, where 1.0 pixel is approximately 0.22 mm.

To compare with Elekta results acquired during DAT, measurement of the iso-
centre size using the in-house method was also performed with the Elekta supplied
cryostat characterisation tool (CCT), Figure 3.2. Furthermore, the method of Snyder
et al. [19]was replicated with the MV alignment phantom. Isocentre sizes were com-
pared between phantoms, beam sequences and magnetic field environments. During
the in-house physics validation measurements, spoke shot films were obtained with
GafchromicTM RTQA2 (Ashland ISP Advanced Materials, NJ, USA) film following
the methodology proposed by previous researchers, wherein copper rings are intro-
duced [22, 68]. The spoke shot expsoure under the rings is less influenced by the in-
teraction of electrons with the magnetic field, improving the precision of the isocentre
determination in the X-Z plane. These results are also provided for comparison.

3.2.3 In-Bore Radiation Survey

During a ramp down event in 2021, a radiation survey in the isocentric plane was
performed. Measurements were made using EBT3 film (Ashland ISP Advanced Ma-
terials, NJ, USA), Optically Stimulated Luminescent Devices (OSLD, LANDAUER®,
Glenwood, IL, USA) and a PTW 30013 Farmer chamber (PTW, Freiburg, Germany).
EBT3 film and OSLD measurements were acquired concurrently. Dosimeters were
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Figure 3.3: Experimental setup for in-bore radiation survey, with positive X and Y
axes shown. The survey metre displayed in the image was not used for measurements

placed atop several stacks of solid water, 30.0 × 30.0 × 14.0 cm3, placed along the
length of the couch (~ 2.0 m). Multiple film strips of 2.0 × 25.0 cm2 were placed,
end to end, extending to ± 100.0 cm from isocentre along the Y-axis. Due to the
size restrictions of the bore, film could only be positioned up to ± 30.0 cm along the
X-axis. OSLDs were placed at isocentre, and in ± 10.0 cm steps from here to ± 100.0
cm, along the Y-axis. In the X-axis, OSLDs were located only at ± 10.0 cm and ±
30.0 cm, due to a limited supply. 10.0 × 10.0 cm2 fields were delivered from G0 to
the experimental setup. 2000 MU was delivered to the dosimeters within ± 10.0 cm of
isocentre, and 10,000 MU elsewhere to (a) avoid saturation of the central dosimeters
and (b) obtain measurable at large off-axis distances. An image of the setup is shown
in Figure 3.3.

For film calibration, several 2.0 × 5.0 cm2 strips of film were placed atop 14.0 cm
of solid water aligned to isocentre using MVI images. 5.0 cm of solid water was added
as build-up and a 10.0× 10.0 cm2, G0 field was delivered to individual film pieces for
5, 10, 30, 60, 125, 250, 500, 1000 and 2000 MU. Film was processed using an Epson
12000XL Expression flatbed scanner (75.0 dpi), FilmQA™ Pro v5.0 software (Ashland
ISP Advanced Materials, NJ, USA) and triple channel analysis [100]. Corrections were
applied to account for the lateral response of the scanner [101]. A central 1.0×1.0 cm2

region of interest (ROI) on each calibration film was used to determine mean pixel
values for the exposures. Along each film strip, a 0.3 × 25.0 cm2 ROI was used to
determine the dose delivered to the film. These doses were normalised (and weighted
by MU) to the dose derived for a 1.0 × 1.0 cm2 ROI at the isocentre, to determine
out-of-field dose. OSLDs were processed using a microSTAR®ii Dosimetry Reader
(LANDAUER®, Glenwood, IL, USA), with count response multiplied by the individual
sensitivities of the devices. Note that OSLD calibration was performed using a generic,
pre-determined sensitivity value for each device. Similarly to film, OSLD readings out-
of-field were normalised (and weighted by MU) to the central axis reading.

For chamber readings, the device was placed atop a solid water stack such that the
chamber reference point was at isocentre height. The Farmer chamber was initially
positioned with its long axis perpendicular to the Y-axis, to limit volume averaging
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in this direction. Using MVI images from G0 and G90, the chamber reference point
was aligned to isocentre. A 10.0 × 10.0 cm2, 100 MU field was delivered and the
charge reading was recorded. Using the couch drive, the chamber was shifted off-axis
in 10.0 cm increments up to ± 100.0 cm and readings were obtained for the same field
geometry; however, MU was varied between shifts to improve chamber response. For
all readings, the chamber build up cap was on. The chamber was then rotated such
that the long axis was parallel to the magnetic field direction, and realigned to isocentre
using MVI images. Readings were acquired at the same locations as that above for
the OSLDs along the X-axis. To offset the chamber the required X distances, the solid
water upon which the device was mounted was shifted laterally on the couch. All
chamber readings were normalised to that at the central axis, and weighted by MU,
as described previously for film and OSLD measurements.

Since it was possible for metal blocks to be used on the machine in the 0 T envir-
onment, the measurements were repeated with some modifications. Metal alloy blocks
were placed on the couch at isocentre in the X-Y plane to reduce the radiation through
the residual field in a manner similar to that recommended in IEC 60601-2-1 [27]. The
chamber was positioned as previous for the Y-axis measurements, this time atop 14.0
cm thick alloy blocks instead of solid water. Measurements were repeated for + 10.0
cm, + 30.0 cm and + 50.0 cm from isocentre with the same field as previous; however,
due to the difficulties with stabilization of the metal blocks, all readings were acquired
from G180, instead of G0. Readings were also acquired from G180 to the Farmer
chamber at isocentre, suspended over the edge of a solid water stack, and the alloy
blocks removed. Initially, this reading was to be used for normalisation; however, the
couch attenuates the beam when irradiating from G180 and a G0 reading is better
suited. Hence, this G180 reading was corrected for couch attenuation (Appendix A.5)
and cryostat differences (Appendix A.5). This gave an approximate, unattenuated G0
reading to which remaining G180 readings could be normalised.

IEC 60601-2-1 recommends that absorbed dose be used for leakage radiation cal-
culations, with normalisation to the reference absorbed dose [27]. In an attempt to
replicate these conditions, for all devices, an additional normalisation procedure was
employed. Doses recorded by film and OSLDs were normalised to the nominal Dmax

dose to water, for a 10.0× 10.0 cm2 field, delivered from G0 with 2000 MU, at an SSD
of 142.2 cm and in a B = 1.5 T environment. Chamber readings were normalised to
the nominal charge that the chamber would have received for that same field, through
application of a previously determined tissue maximum ratio (TMR).

3.3 Results

3.3.1 Gantry Angle

Representative MVI images of the gantry angle measurements are shown in Figure 3.4.
Images have been auto enhanced within MVI to highlight pixel value gradients. With
a set gantry angle of 270.0° the inclinometer measured an angle of 270.02° and the set
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Figure 3.4: MVI images of the superior outer ring of ballbearings on the MV alignment
phantom, for gantry angle testing. Gantry angles of (a) 270°, (b) 0.0°, (c) 0.2°, (d)
0.3°, (e) 1.0° and (f) 359.0° are presented

Figure 3.5: Comparison of profiles, for gantry angle tests, taken left to right from MVI
images for the ballbearings at (a) G0 and G0.1 and (b) G0 and G0.3

angular shifts from 0.0° were also confirmed to be within ± 0.02°. The attenuation
effect of the acrylic phantom is apparent in the 270.0° image (Figure 3.4(a)). Images
every 30.0° from gantry zero were indiscernible from the G0 image, Figure 3.4(b),
except for G270 and G90 where the thicker acrylic component of the phantom was
being imaged (see Figure 3.1(a)). Diametrically opposite ballbearings were eclipsed
for those images. Additionally, pixel intensity profiles for three angles are given in
Figure 3.5 (G0, G0.1 and G0.3).

3.3.2 MV Isocentre Diameter

Results for the various isocentre measurement techniques are presented in Table 3.1.
All techniques showed that the isocentre was within tolerance (≤ 1.00 [mm] [22]). Note
that uncertainty values for RIT and spoke shot techniques could not be determined
due to limited measurements.

3.3.3 In-Bore Radiation Survey

Results for the radiation survey within the treatment bore are provided in Figure 3.6.
For both X and Y directions there is clearly large variations between the measurement
devices, notably closer toward the isocentre, with film showing the largest doses. For
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Equipment and Method Magnetic Field [T] Isocentre Diameter [mm]
CCT + RIT 1.5 0.45

MV Alignment + RIT 1.5 0.42
CCT + In-house 1.5 0.34 ± 0.04

MV Alignment + In-house 1.5 0.38 ± 0.04
MV Alignment + In-house 0 0.32 ± 0.04

Spoke shot with copper ring 1.5 0.36
Spoke shot with copper ring 0 0.24

Spoke shot without copper ring 0 0.28

Table 3.1: MV isocentre results for the various methodologies, analyses and magnetic
field environments. The isocentre size is determined by Elekta, with the RIT software,
during DAT with the CCT and during physics validation with the MV alignment
phantom. The latter is consistent with that discussed by Snyder et al. [19]

Figure 3.6: Survey results for film, OSLDs and chamber readings taken along the (a)
Y-axis and (b) X-axis. Note the variation in scales, on both axes, between Y and X
plots for visualization

the Y direction, Figure 3.6(a), the dose for all devices tend asymptotically toward 0.0 %
as the distance from isocentre is increased, with the lowest measured value being 0.02 %
of that at the centre (chamber). A noticeable increase in the OSLD readings, around
60.0 cm for both ± Y, is present which is not observed with the other dosimeters.
For the X direction, there is difference observed between opposing sides which is not
observed in the data for the Y direction.

Chamber readings with the residual field shielded are presented in Table 3.2, and
very little change in reading is noted between the two normalisation techniques. In
Figure 3.7, the data has been normalised to the nominal Dmax dose to water for a 10.0×
10.0 cm2 field, SSD of 142.2 cm. Better agreement between all measurements, than
that in Figure 3.6, devices can be observed; although, the results are still significantly
varied between ± X directions.
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Y distance from
isocentre [cm]

% relative to isocentre % relative to Dmax charge

0.0 (Open) 100.0 100.3
0.0 (Shielded) 1.16 1.16

10.0 0.21 0.21
30.0 0.12 0.12
50.0 0.03 0.03

Table 3.2: Results for the chamber readings during the radiation survey, taken with the
residual field shielded with alloy blocks. Values are normalised to an open (unshielded)
G0 reading at isocentre or the Dmax charge produced for a 10.0 × 10.0 cm2 field at
142.2 cm SSD

Figure 3.7: Survey data normalised to the nominal Dmax dose to water, for readings
taken along the (a) Y-axis and (b) X-axis. Note the variation in scales, on both axes,
between Y and X plots for visualization

3.4 Discussion

3.4.1 Gantry Angle

The results for the gantry angle measurement, as well as the MVI images in Figure 3.4,
highlight the accuracy of the gantry angle positioning of the Unity system. Imaging
the MV alignment phantom from G270 introduced image distortions, hence G0 was
chosen as the baseline image for gantry angle reproducibility with this method. The
ballbearing positions on the G0 image appear to coincide with those on the G270 image.
The MVI images show that gantry angle offsets of ≥ 0.3° (Figure 3.4(d)) from the
nominal angle can be easily resolved, particularly when observing the ballbearings at
image peripheries. With offsets ≤ 0.2° (Figure 3.4(c)) images are not readily discernible
from the nominal (no angular offset) image without further analysis of pixel intensity
profiles. Obviously, visual inspection cannot be used to determine the absolute gantry
angle; however, it is useful for determining if set positions are within the tolerance
specified by Roberts et al. [22] (± 0.3°). Note that the more recent publication of
Woodings et al. [21] suggests a specification of < 0.2° for gantry angle, which cannot
be achieved with visual inspection. For all projections at the 30.0° intervals, the actual
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gantry angle appeared to match the set position within 0.3°, further highlighting the
accuracy of the gantry rotation system.

From Figure 3.5, symmetry in the G0 profiles, particularly for the regions between
ballbearings at image peripheries, was apparent. This symmetry was also seen for
profiles taken from the images at the 30.0° gantry angle intervals, excluding G90 and
G270 where image distortion interfered with the analysis. In comparison, the profiles
for G0.1 (Figure 3.5(a)) show asymmetry at the peripheries, which highlights the
deliberate angular offset in image acquisition. This was magnified for the G0.3 image
(Figure 3.5(b)), which is the gantry angle tolerance [22]. Notably, the comparison of
profiles for the different gantry angles does not result in an absolute gantry angle, but
rather a confirmation of reproducible position for routine QA. However, these results
indicate a proof-of-concept for the use of this phantom, supplied to all Unity sites, for
gantry angle QA.

Further work is needed to assess how phantom set up affects results, with attention
given to positional reproducibility and subsequent misalignment effects. Additionally,
the process could be improved by imaging with the 3.5 cm longitudinal offset removed
and confirming alignment of diametrically opposed ballbearings along the Y-axis on
MVI images. An absolute gantry angle offset may also be able to be determined from
the offset of ballbearing centres from the lateral pixel centre on the panel; however,
correct rotational alignment of the MVI would need to be confirmed, such as that
discussed by Woodings et al. [21].

3.4.2 MV Isocentre Diameter

The results presented in Table 3.1 highlight the benefit of the Unity’s gantry slip-ring
over conventional C-arm systems for reducing the isocentre size [19]. The isocentre
diameter as measured using the CCT with the commercially available RIT software
was 0.45 mm. This is larger than other reported values [19] however still within vendor
tolerance (1.00 mm). The isocentre as measured with the MV alignment phantom and
recommended methodology was similar in magnitude. Using the in-house method
with the CCT and the MV alignment phantom, isocentre diameters were 0.34 mm and
0.38 mm, respectively. These are again slightly larger than that reported by Snyder et
al. [19], although are still within tolerance, with differences most likely due to variations
in machine construction. Consistency between isocentre values reported in Table 3.1
indicates that in-house techniques, such as that presented in this work, can be used
by other clinics for this test. This alleviates the issues discussed above, such as with
sending images to Elekta for analysis or access to commercial software.

In the 1.5 T environment, the spoke shot with copper technique, as mentioned
in Roberts et al. [22], suggested an isocentre size in the X-Z plane comparable in
magnitude to the 3D methods. The magnetic field had a limited effect on the isocentre
measurements, the largest difference observed in the spoke shots between 1.5 T and 0
T (approximately 0.1 mm). It is worth noting, the removal of the background noise,
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from profiles where distortion interfered with ballbearing edges, produced FWHM size
comparable to images which did not suffer from distortion.

3.4.3 In-Bore Radiation Survey

From the survey results in Figure 3.6, there are significant differences between dosi-
meters. Along ± Y, the measured film dose (normalised to centre, Figure 3.6(a)) is
greater than the other devices, and falls below the IEC primary collimator leakage tol-
erance of 0.1 % [27] around 60.0 cm from the field centre. For OSLDs, the out-of-field
dose does not fall below 0.1 % of the isocentre at any distance; however, appears to
match the film marginally better than chamber readings, excepting an increase at ~
60.0 cm. A shift of approximately 7.0 cm is required to bring these two datasets into
agreement; however, given this magnitude is unlikely to have occurred. A potential
source of difference between readings may be due to the effective point of measurement
(EPOM) depth of each device. The depth of the active layer of the film is approxim-
ately 0.13 mm, whereas an OSLD is closer to 1.0 mm [102]. Hence, one may expect
the OSLDs to report lower doses (compared to film) closer to the field edge where elec-
tron contamination from the primary field could be significant. At greater distances
from isocentre, divergence and attenuation would cause the electron component of the
measured dose to be decreased. Therefore, at these regions the extra thickness of the
OSLD would act as build up for the scattered and leakage photons and increased doses
could be expected. The difference in effective atomic number between dosimeters, and
the subsequent sensitivity to low energy photons, could also be a factor [25,103]. An-
gular dependence of the OSLDs, particularly for lower energy photons [102], could also
influence the readings which would not be a factor for film.

The increase in OSLD readings at ± 60.0 cm is not seen in the film, which was
measured concurrently with the OSLDs, suggesting that an error during the experiment
did not occur. Additionally, the increase in OSLD dose at this location is observed
for ± Y, suggesting that individual OSLDs were not defective. A positional offset of
greater than 15.0 cm is required for this data to match film, yet is again unlikely to
have occurred. Currently, the reason for this notable dose increase compared to film
is unknown.

Chamber readings in ± Y fall below 0.1 % of the central reading at ~ 60.0 cm,
similar to film. However, closer to the field, readings are approximately 6.0 times
lower than film. At this position, electron contamination from the primary field will
be a larger consideration, and measuring with the chamber cap on would serve to
reduce the device’s sensitivity to these particles. This would not be the case with the
remaining two dosimeters.

For film in the ± X directions, there is a difference of approximately 8.0 % (relative
to the centre reading) between directions, and doses for the Y directions are between
these values (i.e. + X is ~ 4.0 % higher than the Y directions, and inversely for - X).
A similar pattern is observed for the other devices, however the difference is reduced.
Asymmetry in profile shape for the X direction could explain the discrepancy. Note
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that a differences in leakage doses of 8.0 % would not manifest in the in-field shape
to the same magnitude, as the absolute dose is low out of field and sensitive to subtle
symmetry changes. Additionally, the radiation contributing to these distal regions
would pass through high density BLD components, and subtle differences between
opposing sides may be exacerbated. Similarly to the Y direction, an offset of 7.0 cm
between film and OSLD data would result in better agreement and the consistency
between the four directions is noteworthy, further suggesting that it may be due to
physical operation of the devices. It is noteworthy that an 8.0 % error (between ± X)
is of the order with that previously reported for film scanning orientation effects [100],
and may explain the asymmetry between positive and negative X directions. Note that
currently, there is no comparative published data for the tests described above.

Attempting to replicate IEC 60601-2-1 conditions, measurements with the Farmer
chamber were repeated with the residual field opening shielded. These results are
presented in Table 3.2. With the available metal alloy block and couch attenuation, the
reading was reduced to 1.2 % of the open field, slightly above that recommended by the
IEC [27]. Leakage radiation dose fell below 0.1 %, of either normalisation value, at >

30.0 cm from the isocentre, and was 0.21 % at the most proximal measured point to the
field. Both of these are below IEC tolerances [27] for similar conditions1. Interestingly,
the corrected charge reading at isocentre was not significantly different to the nominal
charge from G0 for the Dmax dose to water at 142.2 cm SSD. However, for readings
shown in Figures 3.6 and 3.7, the nominal charge reading was approximately 9.4 %
greater than the raw, G0 reading at isocentre. Differences in amount of backscatter,
temperature and pressure, and machine output between measurements taken for the
shielded measurements and the data in Figures 3.6 and 3.7 would have contributed
to this variation; however, may not be enough to explain it in entirety, therefore
warranting additional measurements.

Dosimeter values normalised to the nominal Dmax dose are shown in Figure 3.7,
where better agreement between devices is observed. Additionally, this data agrees
with similar measurements shown later in Chapter 5. The change in normalisation
affected film and OSLD readings more than the chamber, as seen in Figure 3.7 and
Table 3.2. This can be attributed to the presence of the build up cap for chamber
readings, meaning the effective measurement depth was closer to the depth of maximum
dose than the other dosimeters. Although IEC measurement recommendations [27]
were attempted to be followed, the exact procedure was not followed. Firstly, the
collimating components in the head were not closed for leakage measurements [21,
27, 63]. Secondly, open field measurements were not made at the recommended field
size of 20.0× 20.0 cm2, against which the out-of-field data is meant to be normalised.
Unfortunately, the magnet ramp down/up procedure prohibits easy repeat of the tests.

Due to the variability of dose between film, OSLDs and chamber readings, further
investigation of radiation survey data in a 0 T environment is warranted. However,

1< 1.0 % anywhere in an area at isocentre corresponding to the projection of the primary collimator
and excluding the residual field, for equipment making use of IMRT techniques. Additionally, the
average leakage dose in that area should be < 0.38 % when IMRT techniques are used.
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these were performed on a clinical machine and ramp down/up processes are costly in
terms of time, money and interruptions of patient treatments. Care should be taken
with OSLD readings to query the dose increase around 60.0 cm along the Y-axis, as
well as dosimeter placement for ± X to reduce setup uncertainty. Additionally, it
would be beneficial to repeat Farmer chamber measurements with the build-up cap
removed to observe its effect in attenuating scattered electrons. Film readings for
the shielded set up would also be of benefit. For completeness, and comparison of
the change in doses due to the magnetic field, a repeat of these measurements in 1.5
T is also recommended. The methodologies proposed in IEC, where the collimating
components are fully closed and residual openings are shielded, should be implemented
in both 0 T and 1.5 T. However should IEC techniques be attempted in 1.5 T, the
material required to shield the residual field should be considered carefully with MR-
safety of importance.

3.5 Conclusion
This chapter provides novel mechanical and safety commissioning tests performed on
a clinical Elekta Unity MRL. Adaptions of Elekta supplied phantoms were presented
to measure gantry angle and MV isocentre. Also, a comprehensive radiation survey
performed in 0 T on an Elekta Unity was presented.

The results above indicated that the machine was operating consistent with avail-
able published data and where no data exists, the results in this work can be used
by other clinics for baseline comparison. The MV alignment phantom can be used for
gantry angle confirmation at angles other than 270.0°, and visual confirmation of the set
angle can be achieved within tolerance (0.3°) using MVI images of the phantom. This
phantom, and in-house methods can be used to determine an isocentre size compar-
able to vendor recommended techniques. Radiation survey results were varied between
different dosimeters utilized and directions (X and Y); however, tended to match IEC
recommendations when conditions were matched.

Further work is warranted to develop the gantry angle measurement technique,
with the MV alignment phantom, to potentially determine an absolute gantry angle
at multiple positions. Finally, the radiation survey measurements should be repeated
in 0 T and 1.5 T to address the discrepancies between dosimeters used in this work.
IEC recommended methodologies should be used, where appropriate, with MR safety
of concern. Additional work related to this chapter can be found in Appendix A.
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Dosimetric Commissioning

This chapter contains material which was published in the following article:
[1] Marcus Powers, John Baines, Robert Crane, Chantelle Fisher, Stephen Gibson,

Linda Marsh, Bronwyn Oar, Ariadne Shoobridge, Emily Simpson, Page Marchant, and
Van Der Walt Glenn. Commissioning measurements on an Elekta Unity MR‑Linac.
Physical and Engineering Sciences in Medicine, Online (2022). doi:10.1007/s13246-
022-01113-7

Furthermore, material in this chapter has been presented at the following:

• A dosimetric investigation of Elekta Unity based adaptive planning with Monaco
5.4. How to Develop Research/Validation Programmes when Implementing New
Technology? Edition 1: MRI Linac. Marcus Powers. ESTRO, Madrid 2019.

• Treatment plan quality assurance review for the first cohort of patients treated
using the Elekta Unity MR linac in Australia. John Baines, Marcus Powers,
Ariadne Brodmann. Elekta Users Meeting, Noosa, 2020.

• Plan QA and Independent MU Verification at the Townsville Cancer Centre.
Marcus Powers, John Baines. 15th Elekta MR-Linac Consortium Meeting, Vir-
tual 2020.

• Physics considerations for Unity. Marcus Powers, Ariadne Shoobridge. Elekta
Asia Pacific Unity User Collaborative, Virtual, December 2020.

• Energy measurements on the Elekta Unity following the 2UNI2 upgrade. Marcus
Powers, John Baines. 16th Elekta MR-Linac Consortium Meeting, Virtual 2021.
(Poster Presentation)
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Additionally, some material in this chapter is intended for publication with John
Baines, Stephen Gibson and Glenn de Vine as co-authors:

• Stephen Gibson, Marcus Powers, John Baines and Glenn de Vine. Mutual In-
terference of the MR and MV systems on the Elekta Unity. Target journal:
Journal of Medical Imaging and Radiation Oncology. (Est date of submission:
May 2022). (In draft)

All other work described in this work is my own unless otherwise stated.

4.1 Introduction
The commissioning of dosimetry components of the Elekta Unity MR-Linac is discussed
in this chapter. Beam characteristics of this machine [20] and dosimetric commissioning
work [19] have been published previously. Guidance and tolerances for some tests
have also been discussed [21, 22]. Not every clinic will have access to the equipment
specified in these references and comparative values of locally performed tests may not
be available. The novelty of the work discussed is in the methodology and equipment
used. Test results reported in this chapter, determined with the use of alternate
equipment, are compared to those provided by Elekta and previous groups [19,21,22],
where applicable.

In the work below, in-house developed phantoms enabled an assessment of anterior
coil attenuation and End-to-End (E2E) measurements. Difficulties were encountered
with commercial equipment when determining beam quality and machine output, that
required adaptions of standard methodologies. A ramp down event in 2021 enabled
measurement of chamber correction factors, and repetition of some tests in a 0 T envir-
onment. Unique methods were proposed to assess MR interference on linac operation,
with comparisons made to previous reported work [21]. Furthermore, adaptions to
standard methods for intensity modulated radiation therapy (IMRT) commissioning
are reported. It is hoped this work will aid other clinics when performing commission-
ing work and assigning tolerances. Additional commissioning work relating to linac
dosimetry can be found in Appendix A.

4.2 Methods

4.2.1 Anterior Coil Attenuation

Attenuation of the anterior imaging coil, as function of gantry angle, was determ-
ined with a PTW 30013 Farmer chamber within an in-house, cylindrical, water-filled
phantom of diameter 6.0 cm and length 15.0 cm. The long axis of the chamber was co-
incident with the central axis of the cylinder, see Figure 4.1, with the Farmer threaded
section and tapped cylindrical hole providing a waterproof seal. The cylindrical section
of the phantom is free to rotate on two height-adjustable stands and a scale at one
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Figure 4.1: Cylindrical water phantom, with chamber inserted, used for output with
gantry angle and anterior coil attenuation measurements

end facilitates angular positioning in 15.0° increments. This phantom was also used
for output with gantry angle testing, provided in Appendix A.

The phantom was positioned in the bore with the chamber reference point po-
sitioned at the isocentre. To realise this, A-P and L-R MVI images were used to
determine necessary lateral and height adjustments. Chamber readings were obtained
using a 5.0×5.0 cm2field, 100 MU, at 15.0° gantry angle increments from 75.0° to 285.0°
with and without the coil present. For each gantry angle, the cylindrical phantom was
also rotated to maintain the same orientation of the chamber with respect to the beam.
Readings, with and without the coil, were compared to determine attenuation at each
angle.

The experimental arrangement was simulated in Monaco using a 6.0 cm diameter,
15.0 cm long, cylindrical structure for the phantom, which was assigned a forced relat-
ive electron density (RED) of 1.000. Isocentre position for calculations was centred in
the X-Z plane of this structure, using virtual couch shifts, and longitudinally adjusted
to match the position of the chamber reference point. For measurement and calcula-
tion, the coil height was set such that the bottom of the coil was 26.0 cm above the
couch. A 0.1 cm dose grid, statistical uncertainty of 0.25 % per control point and the
Patient lookup table were used in Monaco to calculate the dose-to-medium.

4.2.2 Beam Quality

For TPR20,10 beam quality measurements the previously mentioned Farmer chamber
was inserted in the PTW 1D water tank (PTW, Freiburg, Germany), Figure 4.2. The
chamber was aligned parallel to the Y-axis, with the reference point at the isocentre
in the X-Y plane using A-P/L-R MVI images. Due to the size of the water tank, the
chamber was lowered 4.0 cm below isocentre (SCD 147.5 cm) to facilitate measurements
at a depth of 20.0 cm in water. Measurements at 10.0 cm (SSD 137.5 cm) and 20.0
cm depths (SSD 127.5 cm) were obtained using a 9.7× 9.7 cm2 (10.0× 10.0 cm2 at the
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Figure 4.2: The PTW 1D water tank with Farmer chamber inserted

depth of the chamber), 100 MU field, G0. TPR20,10 was derived from the ratio of the
average readings (n = 3) for each depth. Measurements were performed in 0 T and
1.5 T.

To investigate the impact of the cryostat on beam quality, TPR20,10 measurements
were also performed from G90 using a 10.0× 10.0 cm2100 MU field, with the chamber
at isocentre. The acrylic tank wall was measured to have a water equivalent thickness
of 1.2 cm, therefore for these measurements the chamber was set 8.8 cm and 18.8 cm
from the inner surface of the wall. This was achieved using a 3D-printed 8.8 cm indexer
(confirmed to be the correct length with a calliper) to position the chamber reference
point at 10.0 cm of water equivalent depth. A-P/L-R images were used to determine
required shifts to position the water tank such that the chamber was at isocentre. For
readings at 20.0 cm, A-P images were used to shift the chamber 10.0 cm laterally (-
X) and reposition the tank, so the chamber remained at isocentre.

For dose map measurements, the QA Platform (Elekta, Stockholm, Sweden) was
placed on the Unity couch with the patient foam mattress removed. Using four in-house
3D-printed holders, 6.5 cm depth of solid water (RW3, PTW, Freiburg, Germany) was
positioned centrally on the QA Platform. Printing material used was poly-lactic acid
(PLA). With the 1500MR array on top of the solid water, see Figure 4.3, the effective
plane of measurement of the array was at isocentric height. The orientation of the
array with respect to isocentre was checked using a 22.0 × 22.0 cm2 G0 MVI image,
with an in-house aluminium “ruler” aligned on the X-axis of the array. The ruler is
2.5 cm wide and 30.0 cm in length, with thirteen machined 3.0 mm holes spaced 2.0
cm apart along its length. Misalignment of the ruler/array with the centre of the
MVI image was determined using the MVI measurement tool, and array rotation was
assessed using the horizontal markers on the ruler against the 1.0 cm MVI digital grid.
Necessary position adjustments were identified and applied using the X and Y verniers
on the QA Platform. Following adjustments, additional MVI images were obtained

Chapter 4. Dosimetric Commissioning 53



Powers, M. Commissioning and OFD on an MRL

Figure 4.3: 1500MR array setup for dose map measurements on the Elekta supplied QA
Platform. The in-house developed 3D printed holders (orange) aid with positioning

to confirm array offsets, and rotations, from isocentre were negligible. With the array
correctly aligned, the ruler was removed and 4.2 cm of solid water was added (0.8 cm
intrinsic build up), so that the detector plane was at the calibration depth of 5.0 cm.
The array was then calibrated with a 10.0 × 10.0 cm2 field, 100 MU, delivered from
G0. Finally, a 22.0 × 22.0 cm2, G0 field with 100 MU was delivered to the array to
determine dose maps at 5.0 cm depth.

During an upgrade to the linac control system, control values for the gun-grid
voltage were erroneously raised (from 34.0 V to 50.0 V). resulting in more electrons
entering the accelerating waveguide. With more electrons per RF-pulse, the average
energy of the beam was reduced and energy metrics were expected to change. As such,
the measurements described above were repeated when the grid voltage was raised
(energy lowered).

The two measurement geometries described above were simulated in the Monaco
v5.40 TPS. For the TPR20,10 simulations, two separate datasets were used where
heights of the external contours produced the SSDs of the measurement geometries
(137.5 cm and 127.5 cm). Remaining dimensions of the contours were set to 20.0 cm
to decrease calculation time whilst maintaining full scatter conditions. For calcula-
tions, a 30.0× 30.0× 19.0 cm3 region was contoured and set as the external structure.
All three external structures were assigned an RED of 1.000. TPS calculations were
performed with a 0.2 cm dose grid, 0.1 % statistical uncertainty per control point,
the phantom look-up table and dose deposition to medium. With these settings, the
statistical uncertainty at the regions of interest was less than 0.15 %. To calculate the
TPS TPR20,10,mean dose to a 0.3 cm radius interest point 4.0 cm below isocentre was
acquired for each geometry, and the ratio taken. For maps, extracted from 5.0 cm
depth in the TPS, gamma analysis between calculated and measured dose maps was
performed with 2.0 % local dose, 2.0 mm distance-to-agreement (DTA), with dose sup-
pression below 10.0 %, as per routine clinical practice. For comparisons of measured
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maps at the two grid voltages, a gamma criteria of 1.0 % local dose, 1.0 mm DTA was
used.

4.2.3 Reference Dosimetry

Other investigators calibrate the Elekta Unity MRL to deliver 1.000 Gy per 100 MU
for a 10.0× 10.0 cm2 field from G90 to an isocentre depth of 10.0 cm in water. Linac
calibration in this work was performed with the isocentre at 5.0 cm depth in water,
based on advice from Elekta to extend the life of the magnetron. When using the PTW
1D tank, Figure 4.2, a direct measurement of the output at isocentre for a chamber
depth of 5.0 cm in water cannot be achieved from G90. This arises since the lateral
shift for the tank, required to accommodate such a chamber position, is incompatible
with the size of the bore. Thus the G90 output at 5.0 cm depth, cannot be determined
by direct measurement in the water tank. However, a measurement at 10.0 cm can
be performed from this angle and corrected to 5.0 cm using a TPR10,5. Calibration in
plastic water phantoms is avoided due to variation in response of the chamber due to
the presence of air gaps generating and the electron return effect (ERE) [48,53].

For reference dosimetry measurements on this system, a PTW 30013 Farmer cham-
ber was placed in the PTW 1D water tank, Figure 4.2, with the chamber refer-
ence point positioned at isocentre using MVI images. Readings were acquired using
10.0× 10.0 cm2, 100 MU, G0 fields, with the chamber reference point at 5.0 cm (SSD
138.5 cm) and 10.0 cm (SSD 133.5 cm) depths, to derive a TPR10,5. Next, to determine
the output from G90 (5.0 cm depth) required the tank to be shifted 6.2 cm laterally
(- X direction) so the chamber was at isocentre, 10.0 cm depth, whilst accounting for
the water equivalent thickness of the tank wall (1.2 cm). Chamber readings with the
same field, now delivered from G90, were acquired and corrected to 5.0 cm, using the
G0 TPR10,5, to give the machine output.

Chamber influence quantities for temperature and pressure, polarity and recombin-
ation, and a published magnetic field correction factor, kB∥,Q of 0.992 [5] were applied
to the readings at 10.0 cm depth, G90. A non-uniformity correction factor [28] for
the FFF beam was not applied given the relative flatness of the profiles at 10.0 cm
depth over the dimensions of the chamber sensitive region [48]. Routinely, measuring
the output from G90 using the methodology described above can be cumbersome. It
is known from the cryostat attenuation that the output at isocentre for G0 is 0.5 %
higher than from G90 for a 10.0× 10.0 cm2 field. Hence for routine quality assurance
(QA), and as an independent check on the methodology adopted above, the output of
the machine from G0 was determined where a direct measurement at isocentre beneath
5.0 cm of water was readily achieved. With the ramp down event, measurements were
repeated in a 0 T environment, to determine an output. Magnetic field correction
factors were not applied to these readings.
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4.2.4 Determination of Magnetic Field Correction Factors

Following a ramp down event, kB∥,M,Q factors for two PTW 30013 chambers (S/N
10765 and 11298) were determined following the formalism of van Asselen et al. [5],
at the two calibration depths. The experimental arrangement described in section
4.2.3 was repeated. Readings were acquired in the 0 T environment with a 10.0 ×
10.0 cm2 field, G0, at depths 5.0 cm and 10.0 cm, to investigate depth dependence of the
magnetic field chamber factors. Since this work was performed to confirm applicability
of using published factors (10.0 cm) at a depth of 5.0 cm, no reference chamber was
used for these measurement [47], increasing the uncertainty in the determined factors.

In the formalisms of van Asselen et al. [5] and O’Brien et al. [48], the dose correction
factor cB̃ is given at an SSD of 133.5 cm. Output calibration in this work is performed
at an SSD of 138.5 cm, for an isocentre depth of 5.0 cm. The dose conversion factor
has been shown to be constant at depths ranging from 5.0 cm to 25.0 cm [48]; however,
explicit SSD dependence has not been discussed, thus cB̃ needed to be calculated at an
SSD of 138.5 cm. Using Monaco v5.40 TPS, doses were calculated in a 30.0× 30.0×
19.0 cm3 phantom for a 10.0× 10.0 cm2,100 MU, G0 field. The SSD was set to 138.5
cm, and calculations run using the clinical 1.5 T beam model and with an additional
0 T model. The 0 T model is a direct copy of the clinical model with the exception
that the magnetic field strength is set to zero. Five calculations were performed for
each beam model and using a 0.2 cm dose grid, 0.25 % statistical uncertainty per
control point and the Phantom look-up table. For each calculation, the mean dose to
an interest point at isocentre (5.0 cm depth) with radius 0.3 cm was taken and then
averaged across the five simulations. The ratio of the mean values for 1.5 T and 0 T
were used to calculate cB̃. Additionally, to compare uncertainty with van Asselen et
al. [5], the standard error of the mean (SEM) was calculated.

4.2.5 MR Interference on Linac Operation

To investigate the effect of MR imaging on beam delivery, several tests were performed.
The effect of MR imaging on simple beam dosimetry, with a square field, was tested
first. The cylindrical phantom and chamber described previous, Section 4.2.1, were
used. Chamber reference point was positioned at the isocentre using MVI images as
previous. With no MR imaging operating, a 10.0× 10.0 cm2 G0 field, with 1000 MU,
was delivered and chamber reading recorded. The Motion Monitoring (MM) sequence
was then initiated from the MR Philips software. This sequence was chosen due its
planned use during treatments. With the sequence running, the same beam described
above was delivered. The charge readings with and without MM were compared. This
process was repeated for the same beam at other cardinal angles.

Additional tests were also performed to check for difference in multileaf collimator
(MLC) shaping, gantry angle and overall plan delivery whilst MR imaging. Using
a simple 5.0 × 5.0 cm2, 100 MU field, the MVI panel was irradiated several times to
capture the MLC shapes with and without MR imaging. Three deliveries were captured
prior to any MR imaging to determine the reproducibility of the MLC shape on the

Chapter 4. Dosimetric Commissioning 56



Powers, M. Commissioning and OFD on an MRL

images. Following this, the MM sequence was run, and the panel irradiated again with
the same field. After MR acquisition, the panel was irradiated twice more; however,
for the final acquisition the MLCs and Jaws were exercised. This was performed to
determine differences in MVI images due to Leaf/Jaw positioning. All images were
exported in DICOM format and analysed using ImageJ [99]. MLC positions on the
panel were compared, for MM and non-MM deliveries, against the initial, reference
5.0 × 5.0 cm2 image (without MR imaging). Pixel value subtraction between images
was performed, and the results were normalised to the reference image, to highlight
differences in MLC positions.

Two Elekta supplied plans were delivered to EBT3 film in a solid water stack –
a Head and Neck plan and a Lung plan. The methodology for the film delivery and
calibration is described later as part of IMRT commissioning, Section 4.2.6. The plans
were delivered twice without MR imaging (to determine machine reproducibility), and
once with MM running (to determine the effect of the MR imaging). Deliveries to film
with and without MR were compared with gamma analysis: criteria of 1.0 % global
dose difference, 1.0 mm DTA and dose suppression below 10.0 %.

Treatment Record Files (TRFs) were also acquired during the time of film irradi-
ation, with two non-MR deliveries and one MR delivery for each plan. These files were
used to determine if errors in MLC shaping and gantry angle accuracy were within
nominal limits. From each file, the positional errors of each leaf, over each delivery,
were extracted and binned in 0.1 mm widths. The percentage of leaf positional errors
for the MR plans (two plans) were compared to the non-MR deliveries with histograms.

4.2.6 IMRT Commissioning

Planning System Calculation

A 30.0 × 30.0 × 19.0 cm2 solid water stack was scanned on a Toshiba Aquilion CT
using 1.0 mm slices. The CT data set was imported into the QA clinic in Monaco and
contoured as an external patient structure. The RED of the structure was forced to
1.000 and the MRL couch structures were added, excluding the 1.0 cm foam mattress.
All plans were calculated on this QA dataset.

Following clinical practice, TPS calculations for Elekta plans used a statistical
uncertainty of 3.0 % per control point and a 0.3 cm dose grid. For stereotactic IMRT
plans, a 0.2 cm dose grid and 3.0 % statistical uncertainty per control point were used.
For both, the overall calculated dose uncertainty was 1.0 % or lower. The phantom
look-up table, with dose deposition to the local medium, was selected. For all plans,
calculation times were less than 2.0 minutes.

Simple Segment Shape Check

To confirm correct MLC shaping, the segments of each stereotactic plan were delivered
to the MVI panel at their respective planned gantry angles. Due to the restricted
imaging area of the panel (22.0 × 9.5 cm2), this was not performed with the Elekta
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plans. The size, shape and position of the individual segments were visually compared
to corresponding Monaco segments.

Perpendicular Delivery

At Townsville Cancer Centre (TCC), film is considered the gold-standard for IMRT
patient specific quality assurance (PSQA) of treatment plans on conventional linacs,
with other detectors like the Octavius 1500MR array being benchmarked against film
during commissioning. To this end, the nine vendor IMRT plans and two in-house
developed stereotactic plans were delivered at G0 to both film (Gafchromic EBT3 or
EBT-XD, Ashland ISP Advanced Materials, NJ, USA) and the array. Figure 4.3 shows
the setup of the Octavius 1500MR array on the QA Platform for IMRT plan verification
measurements. Array setup and calibration was performed with the same methodology
as described above with dose map measurements. Fields for the eleven IMRT plans
were delivered perpendicularly to the array, beam-by-beam, and resulting dose maps
were recorded. Comparisons of beam-by-beam dose maps and a composite dose map
were made to those from the TPS. Gamma analysis was performed with Verisoft v7.2
software (PTW, Freiburg, Germany) and criteria of 2.0 % of local dose, 2.0 mm DTA
and dose suppression below 10.0 %.

Choice of film for measurements depended on dose per fraction; EBT3 film was used
for doses less than approximately 8.0 Gy and EBT-XD was used above 8.0 Gy. The
suitability of these film types at these dose levels has been investigated previously [104].
For film dosimetry the QA Platform was placed on the couch with the foam mattress
removed and 30.0 × 30.0 × 8.0 cm3 of solid water was placed on top with 3D-printed
supports (Figure 4.3) that nominally centre the solid water at isocentre in the X-Y
plane. With this setup, the upper surface of the solid water was at isocentre height.
Crosslines marked through the centre of the solid water were used to position the
aluminium ruler and aid with aligning the phantom and QA Platform to isocentre using
the methodology described previously. After phantom alignment, film calibration was
performed on the Unity using a geometric dose progression with five 4.0×2.0 cm2 strips
of film, to encompass the maximum delivered dose for all plans [100]. The calibration
was performed using 10.0 × 10.0 cm2 G0 fields, film at 5.0 cm depth. For plan QA,
films were centred on the solid water stack at 5.0 cm depth, cross lines on the solid
water, indicating X and Y axes, were used to mark the film orientation. Fields for
all plans were delivered compositely from G0 to individual films. Films were scanned
using an Epson 10000XL scanner at 72.0 dpi and scanner corrections were applied for
the Lateral Response Artefact [101]. Comparisons to the planning system were made
using FilmQATM Pro v5.0 software (Ashland ISP Advanced Materials, NJ, USA) and
triple channel analysis [100]. Comparison of TPS and measured dose distributions was
performed using gamma analysis with 2.0 % of global dose, 2.0 mm DTA and dose
suppression below 10.0 %.
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True Composite Delivery

Delivering plans perpendicularly from G0 obviously does not simulate the treatment
geometry. Consequently, all plans were delivered, with planned gantry angles, to in-
dividual coronal films within a solid water block. Again, depending on dose level,
EBT3 or EBT-XD films were used. Prior to measurement, optimal plan dependent
depth for the film was identified using Monaco. Choice of depth primarily depended on
beam geometry, beam weighting and the resulting dose distribution; however, typic-
ally a coronal slice was chosen through the centre of beam convergence and steep dose
gradients were avoided. Film dosimetry was performed using a solid water phantom
30.0× 30.0× 19.0 cm3, placed on the couch (mattress removed) and aligned to the X
and Y axes using the aluminium bar and MVI images as outlined above. The anterior
coil was excluded during measurements, and the posterior coil was included to replicate
the TPS calculations. Film calibration and analysis were performed as discussed previ-
ously. To investigate the potential effect of the electron return effect (ERE) on the film
dose, due to the presence of air gaps between the film and solid water, measurements
were repeated with the calibration and plan delivery films sprayed with water [9].

4.2.7 End-to-End Test

End-to-End (E2E) testing on the Unity was performed using an in-house designed
phantom, with components 3D-printed by researchers at the Royal Brisbane and Wo-
men’s Hospital, Australia. The phantom comprised of a hollow acrylic cylinder (20.0
cm length, 22.0 cm diameter) containing a 3D-printed frame and a platform on which
3D-printed tumour surrogates (see Figure 4.4(a)) could be mounted (see Figure 4.4(b)
for the assembled phantom). All printing material was PLA and had a nominal RED
of 1.050. Surrogates were hollow, hemi-spherical and half-cylindrical shells with known
internal radii and shell thickness. Two hemispheres or half-cylinders could be secured
together with film in-between to facilitate dosimetric measurements and were printed
with holes for filling the hollow sections with MR-visible material. The platform had
multiple points in which the surrogates could be inserted at known offsets for testing
of either adapt-to-position (ATP) or adapt-to-shape (ATS) workflows. A thorough
characterisation of the phantom and printing materials was performed on the system;
however, is not reported in this work.

The E2E water-filled phantom containing a 2.5 cm radius spherical 3D-printed
surrogate was scanned on a Toshiba Aquilion CT with 2.0 mm slices and the image
dataset was imported into Monaco. Contours of the phantom and its components were
defined and forced REDs were applied to the respective mean values as calculated by
the TPS. Calculated REDs agreed within 0.6 % of the nominal value for the 3D-printed
components. The water filled sections of the hemispheres were contoured together,
designated as the target and set to enable automatic deformable registration. A margin
expansion of 1.5 mm was applied to the target, to generate a contour for the outer
surface of the spherical shell. Dose-to-medium within the phantom was calculated
using a seven beam Step-and-Shoot IMRT (SSIMRT) plan. A 0.3 cm dose grid and
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Figure 4.4: The phantom used for End-to-End testing. In (a) the tumour surrogates
are shown and (b) shows the assembled phantom filled with copper sulphate solution

3.0 % statistical uncertainty per control point was used for calculations. Inclusion of
the anterior coil in the E2E workflow required the use of the Patient lookup table, and
as such phantom components were mapped to tissue materials. With these parameters,
the statistical uncertainty was less than 0.8 % at the film location and the optimization
time was 140.9 s.

For delivery, the phantom was positioned on the Unity couch with 3D-printed
frames attached to an accessory fixation lock-bar to locate the phantom. The spherical
surrogate was inserted in the platform, offset from the centre (0.5 cm X and 1.0 cm Y),
with a piece of Gafchromic EBT3 film set between the hemispheres. A 2.0 min, T2-
weighted MR-image was acquired, registered to the CT dataset and an ATP plan was
calculated using segment shape optimization (SSO) and segment weight optimization
(SWO), with the aim of reproducing goal dose [18]. Objective function parameters
were not altered from their default values and the resulting recalculation time for the
ATP plan was 47.8 seconds. The newly generated plan was then delivered to the
phantom.

Following this the spherical surrogate was replaced with a cylindrical one, at the
same offset as above, of internal radius 2.5 cm, length of 5.0 cm. A film strip was set
between the two half-cylinders. Again, a 2.0 min T2-weighted MR scan was acquired
and registered to the CT dataset; however, now the ATS workflow was used. The
auto-deformed target contour was visually checked for accuracy and manually adjusted
as necessary, following clinical workflow. The ATS plan was generated from fluence
with five iterations, as per the clinical default. With these settings, and the same
calculation settings as for the reference plan, optimization time for the ATS plan was
149.9 seconds. Each film was compared to the planning system using FilmQATM pro
and gamma analysis with 2.0 % global dose, 2.0 mm DTA and dose suppression below
10.0 %.
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Gantry Angle [°] Measured
Attenuation [%]

Calculated
Attenuation [%]

75.0 0.0 0.0
60.0 0.6 0.8
45.0 0.6 0.9
30.0 0.5 1.0
0.0 0.5 0.7

345.0 0.4 0.8
330.0 0.7 0.9
315.0 0.6 0.8
300.0 0.6 0.7
285.0 0.0 0.0

Table 4.1: Measured and calculated anterior coil attenuation as a function of gantry
angle

4.3 Results

4.3.1 Anterior Coil Attenuation

For the range of angles investigated, measured and calculated attenuation values as a
function of gantry angle are shown in Table 4.1. The average measured attenuation
was (0.6 ± 0.1) %, compared to the calculated average (0.8 ± 0.1) %.

4.3.2 Beam Quality

The measured TPR20,10 in the B = 1.5 T environment was 0.705 ± 0.001 (n = 4)
and for the original magnetron with B = 0 T, it was 0.703 (n = 1). Planning system
TPR20,10 was calculated as 0.702 and following a magnetron replacement, the TPR20,10

was measured as 0.703 ± 0.001 (n = 5). With the replacement magnetron the TPR20,10

from G90 was 0.703 (n = 1) and when the grid voltage was erroneously raised, the
metric from G0 was 0.696 ± 0.001 (n = 4).

A dose map comparison of the measured beam with the original TPR20,10 to the
TPS is shown in Figure 4.5(a) (95.3 % gamma pass rate, at 2.0 %, 2.0 mm criteria) and
similarly for the new magnetron/TPR20,10 in Figure 4.5(b) (99.6 % gamma pass rate).
Dose maps with the raised grid voltage are compared to the TPS in Figure 4.6(a),
and to a dose map taken with the correct voltage (same magnetron) in Figure 4.6(b)).
Significant degradation in gamma pass rates, 60.8 % and 35.2 % respectively, can be
observed. From these figures, the dose maps are less peaked with the grid voltage
raised, hence the relative dose off-axis is failing hot compared to reference data.

4.3.3 Reference Dosimetry

From G0, measured output at isocentre was 1.002 ± 0.004 Gy per 100 MU (n = 7) at
depth 5.0 cm in water, and TPR10,5 was 0.858 ± 0.001 (n = 5). From G90, output
was 1.000 ± 0.002 Gy per 100 MU (n = 7) at the isocentre at 5.0 cm, and similarly in
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Figure 4.5: Dose maps for 22.0 × 22.0 cm2 fields measured on the Octavius 1500MR

array and compared to TPS calculations using gamma analysis at 2.0 % (local dose),
2.0 mm criteria for (a) the original commissioning data and (b) a dose map obtained
with the new magnetron. Regions of hot/cold failure are indicated by the red/blue
dots respectively

Figure 4.6: Dose maps for the 22.0×22.0 cm2 field measured with a raised grid voltage
compared to (a) the TPS at 2.0 % (local dose), 2.0 mm, and (b) a measurement with
the correct voltage and same magnetron, at 1.0 % (local dose), 1.0 mm. Regions of
hot/cold failure are indicated by the red/blue dots respectively

the B = 0 T environment, the output at G0 was measured as 1.020 Gy per 100 MU
(n = 2).

4.3.4 Determination of Magnetic Field Correction Factors

At 5.0 cm depth, G0, the detector magnetic field correction factors, kB∥,M,Q, were
0.995 (S/N 10765) and 0.996 (S/N 11298) for n = 1. Similarly, with the chambers at
10.0 cm depth, kB∥,M,Q factors were 0.999 for both. After applying the published dose
conversion factor (0.9949) [5], the values for the combined magnetic field correction
factors kB∥,Q were 0.990 (S/N 10765) and 0.991 (S/N 11298) at 5.0 cm and 0.994
for both chambers at 10.0 cm. As too few measurements were taken in the 0 T
environment (due to clinical requirements of the machine) no uncertainty of the values
could be determined. The independently calculated cB̃ factor was 0.9948 ± 0.0005 (1
SEM, dose decrease of 0.52 % in 1.5 T with a 0.05 % error).
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Gantry Angle [°] Output Difference [%]
0.0 -0.04
90.0 -0.05
180.0 0.03
270.0 -0.03

Table 4.2: 10.0 × 10.0 cm2 output differences, between MR operational states, at the
cardinal gantry angles. Negative values indicate the reading with MR operation is
lower

Delivery Lung pass rate [%] H&N pass rate [%]
Without MR operation 98.0 98.6

With MR operation 97.8 98.6

Table 4.3: Gamma comparisons for two Elekta provided plans between deliveries with
and without MR operation. Measurements were compared to a separate delivery whilst
no MR imaging was occurring

Figure 4.7: Percentage difference maps for MVI images of a 5.0×5.0 cm2 field. (a), (b)
and (c) show differences between deliveries without any MR sequence running, whereas
(d) shows differences with and without MR imaging. (e) highlights differences due to
reshaping the 5.0 × 5.0 cm2 field. All fields are compared to a separate 5.0 × 5.0 cm2

image acquired without MR imaging

4.3.5 MR Interference on Linac Operation

The dosimetric measurements for the MR interference on linac operation are shown in
Table 4.2 and Table 4.3. No adverse effect from the MM scan was noted for either.
The interference on MLC shaping is shown in Figure 4.7. Histograms generated from
the treatment record files for the lung and head and neck (H&N) deliveries with and
without the MM scan running are shown in Figure 4.8.
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Figure 4.8: Histograms of leaf position errors for the Elekta supplied (a) Lung and (b)
Head and Neck plans. For each, columns on the left (white) correspond to leaf errors
while no MR was operating and columns on the right (black) are for errors while a
Motion Monitoring (MM) scan was running

Plan Pre-Fix Post-Fix
2.0 %, 2.0 mm 3.0 %, 3.0 mm 2.0 %, 2.0 mm 3.0 %, 3.0 mm

Abdomen 99.2 100.0 97.9 100.0
Head and Neck 94.2 100.0 95.8 100.0

Lung 96.4 100.0 96.1 100.0
Multi-Target 77.8 96.2 95.6 99.8

Prostate 97.4 100.0 97.8 100.0
Prostate_2 84.8 93.1 99.6 100.0

Prostate_7fld 88.4 94.8 100.0 100.0
Prostate_9fld 90.9 98.2 99.5 100.0
Prostate_11fld 96.5 100.0 100.0 100.0

Stereo 1 94.0 98.5 100.0 100.0
Stereo 2 71.2 82.0 98.6 100.0

Table 4.4: Gamma results for perpendicular deliveries to the 1500MR array of the
Elekta supplied TG119 plans and the two in-house developed stereotactic plans

4.3.6 IMRT Commissioning

A representative segment from one of the in-house stereotactic plans delivered to the
MVI panel is shown in Figure 4.9. Comparison of this MVI image (and similar) to
the TPS segment, Figure 4.9(c), revealed a discrepancy between delivered MLC shapes
and those calculated in the planning system, which ultimately was caused by erroneous
guard leaf behaviour.

Results from IMRT commissioning are shown in Tables 4.4 - 4.6 for both pre- and
post- guard leaf fix. Values in the tables are for dry film; however, when the patient
and calibration films were sprayed with water, no statistically significant variation in
the gamma results were noted. This was confirmed for multiple deliveries (n = 11)
across several film batches.
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Figure 4.9: Images of two segments for one of the in-house developed stereo plans. (a)
shows one delivered segment with the guard leaf error present and (b) shows the same
segment with the error removed, matching that which was planned as indicated by (c)
the beams-eye-view from Monaco TPS. All scales are in centimetres

Plan Pre-Fix Post-Fix
2.0 %, 2.0 mm 3.0 %, 3.0 mm 2.0 %, 2.0 mm 3.0 %, 3.0 mm

Abdomen 96.2 99.8 96.0 99.7
Head and Neck 91.7 95.7 99.7 100.0

Lung 68.8 86.0 99.9 100.0
Multi-Target 77.4 92.9 98.0 99.9

Prostate 97.0 99.9 99.2 100.0
Prostate_2 75.7 90.5 97.6 99.7

Prostate_7fld 92.7 96.1 95.7 99.8
Prostate_9fld 95.2 99.3 97.0 100.0
Prostate_11fld 98.9 100.0 98.2 99.8

Stereo 1 70.2 92.1 97.3 99.3
Stereo 2 NA 95.2 95.2

Table 4.5: Gamma results for perpendicular deliveries to film of the Elekta supplied
TG119 plans and the two in-house developed stereotactic plans
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Plan Pre-Fix Post-Fix
2.0 %, 2.0 mm 3.0 %, 3.0 mm 2.0 %, 2.0 mm 3.0 %, 3.0 mm

Abdomen 74.5 94.7 96.5 99.7
Head and Neck 92.3 99.1 97.4 99.8

Lung 80.4 97.4 98.0 100.0
Multi-Target 79.1 94.8 97.3 99.8

Prostate 97.9 99.9 95.5 99.5
Prostate_2 87.4 97.1 96.9 99.9

Prostate_7fld NA 95.1 99.3
Prostate_9fld 98.0 100.0 98.8 100.0
Prostate_11fld NA 99.5 100.0

Stereo 1 81.2 96.3 97.8 99.6
Stereo 2 NA 96.0 98.7

Table 4.6: Gamma results for composite deliveries to film of the Elekta supplied TG119
plans and the two in-house developed stereotactic plans

4.3.7 End-to-End Test

The ATP created plan, for an adaptation of the reference CT to a daily MR with the
tumour surrogate shifted, passed with an average of 99.3 % across the film RGB colour
channels (2.0 % global dose, 2.0 mm DTA gamma criteria, dose suppression below 10.0
%). The ATS created plan, with an adaptation of the reference CT to a daily MR of
a cylindrical surrogate, passed with an average of 97.5 % across the three RGB colour
channels.

4.4 Discussion

4.4.1 Anterior Coil Attenuation

Anterior coil attenuation for various gantry angles is shown in Table 4.1. Attenuation
was measured as approximately 0.6 % from G0 and ranged between 0.4 % to 0.7
% for listed gantry angles. For the TPS, the G0 attenuation was 0.8 % and ranged
between 0.7 % to 1.0 % across the gantry angles investigated. Measured and calculated
attenuation were consistent to within 0.5 %, with the largest discrepancy occurring
at G30. It appears that the TPS determined coil attenuation is more varied across
the investigated gantry angles, causing increased discrepancies compared to measured
data. The TPS values would be susceptible to calculation uncertainties which may
have contributed to such discrepancies. Note that inaccuracies in the TPS model of
the cryostat characterisation, due to the spontaneous quench recovery/differing helium
fill (see Appendix A), are unlikely to have significantly affected the beam spectrum
to manifest in the coil attenuation. Whilst the attenuation of the beam due to the
anterior coil is small, the effect this has on out-of-field doses is not [2] (Chapter 6 for
more information). During patient treatments on the Unity system, where multiple
gantry angles would be used, the effect of the anterior coil attenuation on the delivered
dose would be negligible; however, the potential ESE should be investigated, and
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appropriate patient shielding should be provided [2]. Note that the water equivalent
thickness of the acrylic phantom was negligible for the TPS simulations.

4.4.2 Beam Quality

X-ray beam quality measurements showed that at commissioning the beam energy, ac-
cording to the TPR20,10, matched the TPS within 0.5 %. The measured TPR20,10 value
(0.705 ± 0.001) was slightly higher than those reported by Snyder et al. (0.704) [19],
Woodings et al. (0.701) [20] and van Asselen et al. (0.701 ± 0.002) [5]; however,
was within 0.6 %. Interestingly, dose map comparison at this beam quality to the
TPS, 4.5(a) highlight the opposite where the measured dose map appeared slightly
less peaked than the calculated. The differences presented here were consistent for
several deliveries, suggesting that measurement uncertainty was not the cause. How-
ever, given the subtlety of the difference, with gamma results above 95.0 %, and the
difficulties associated with attempting to improve results, no changes to the beam were
made. Although, with the introduction of a new magnetron, the TPR20,10 decreased
approximately 0.4 % (0.703 ± 0.001) and better agreement was achieved with the TPS,
Figure 4.5(b), and other reported values [5, 19,20].

Note for consistency with the TRS398 protocol [29], a 10.0 × 10.0 cm2 field at an
SCD of 147.5 cm required set field of 9.7×9.7 cm2 at isocentre; however, when a 10.0×
10.0 cm2 field at isocentre was set, the change in measured TPR20,10 was negligible.
TPR20,10 was insensitive to the change in magnetic field strength, consistent with the
work of previous investigators [5,20,48]. For the same magnetron the TPR20,10 from G0
and G90 were equal within the measured standard deviation of the G0 measurements.
The beam hardening effect of the tank wall was assumed to be negligible compared to
that of the aluminium cryostat for these measurements; however, would still introduce
uncertainty in the measurement.

When the grid voltage parameter was raised to 50.0 V the TPR20,10 from G0 was
0.696 ± 0.001, which is a decrease of ~ 1.0 % from the nominal value (0.703 ± 0.001).
As a side note, for this change of TPR20,10 the chamber beam quality correction factor,
used in reference dosimetry (kQ,Q0 [29]), changed by less than 0.1 %. Although the
reduction in TPR20,10 was minimal, the degradation in beam shape was significant
(Figure 4.6), with higher relative doses measured away from the centre. This was
not unexpected as a lower average energy per pulse, in the accelerating waveguide,
will cause the resulting bremsstrahlung distribution from the target to be less forward
peaked, and have increased intensity off-axis. When doses are normalised to the centre
reading, the relative dose off-axis is therefore greater compared to a dose map with
the correct energy (34.0 V). Additionally, comparison of the direct charge readings
taken at 10.0 cm G0 (as part of TPR20,10), between grid voltages suggested an output
decrease of up to 5.0 %, with the energy lowered.

These results highlight the relative insensitivity of TPR20,10 to beam quality changes
which significantly impact radiation characteristics. Roberts et al. [22] suggested a tol-
erance of ± 1.0 % to be used for routine TPR20,10 measurements. However, such a
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value may not be strict enough, or perhaps should be used in conjunction with an
additional energy measurement technique (i.e. a determination of beam shape, with
comparison to baseline measurements or TPS simulations), which is more sensitive
to aforementioned changes. Further investigation is warranted to observe how grid
voltage changes the beam quality, and subsequent machine behaviour. For example,
an intentional voltage change to create a 0.5 % alteration to TPR20,10 may cause a
significant dose change (greater than ± 3.0 %). A study such as this would also help
guide investigators when assigning tolerances to such tests.

4.4.3 Reference Dosimetry

Reference dosimetry as performed from G90 using the TPR10,5 was reproducible, with
a coefficient of variation (COV) of 0.3 %, and consistent with the nominal value of 1.000
Gy per 100 MU. This method can therefore be argued to be suitable for determination
of machine reference output. The use of the TPR10,5 reading from G0 to determine
a 5.0 cm, G90 dose assumes comparable beam quality between the two angles, which
may not be the case due to variations in cryostat construction. However, it can be
assumed from the consistency of TPR20,10 from G0 and G90 that a change in TPR10,5

would also be negligible. Output measurements from G0 showed larger differences
from the nominal value of 1.005 Gy per 100 MU and were more varied (COV = 0.5
%) compared to the G90 technique; however, were still deemed adequate as a routine
check.

4.4.4 Determination of Magnetic Field Correction Factors

Measured correction factors for the two identical Farmer type chambers, at depths 5.0
cm and 10.0 cm, were consistent with values reported by other investigators for the
same chamber type (0.997 ± 0.002) [5]. After applying the published dose conversion
factor cB̃ of 0.995 [5], the combined correction factors (kB∥,Q) were consistent with the
work of O’Brien et al. (0.994 ± 0.001) [48] and van Asselen et al. (0.992 ± 0.002) [5].
The results for the cB̃ factor showed the validity of applying published value for the
calibration conditions in this work, since it was determined to be independent of SSD.

Although the kB∥,Q correction factors for the two depths differ by 0.5 %, they agree
with published values at 10.0 cm within the measurement uncertainty of van Asselen
et al. [5]. This suggests the magnetic field correction factor kB∥,Q is independent of
depth and supports the use of published values at either calibration depth. This is
not surprising given the previous work of O’Brien et al. [70], where the dose-response
of ionization chambers in a magnetic field environment tended to be depth dependent
only for small fields. The lack of a reference chamber used in the determination of
factors here will increase uncertainty [47], as consistent machine output between 0 T
and 1.5 T measurements cannot be guaranteed. However, this should not interfere
with an assessment of depth dependence of the factors, as readings at the depths were
acquired consecutively and output fluctuations were minimal on a given day.
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Strictly speaking for Unity users calibrating machines in a similar manner to that
in this work, magnetic field correction factors at 10.0 cm depth should be used, due
to the measurement setup requirements. Ideally, reference dosimetry should be per-
formed directly at isocentre from G90 and should this be achievable at 5.0 cm depth
(with future vendor-designed 1D tanks) the corresponding correction factors should
be correctly determined [47] and applied. The consistency of TPR20,10 between G0
and G90 supports measuring these factors from G0, in agreement with previous Monte
Carlo simulations [72].

4.4.5 MR Interference on Linac Operation

The operation of the MR had little effect on the linac behaviour, as is evident from the
results in Tables 4.2 and 4.3. The output at the cardinal gantry angles while the MM
scan was running was at worst 0.05 % from the non-MM state. The plan deliveries
whilst the MM scan was operational were statistically the same as their non-MM
counterparts as measured with EBT3 film, Table 4.3. Slight variation in leaf positions
during multiple deliveries of the 5.0 × 5.0 cm2 field, in Figure 4.7, is attributed to
slight leaf movements between irradiations. The effect of the MM scan on the MVI
panel/MLC behaviour was negligible, Figure 4.7(d), and results were statistically less
than those observed in the difference map when the MLCs/jaws were exercised Figure
4.7(e). This was also apparent from the error histogram from the treatment record files
Figure 4.8, where leaf errors as reported by the system whilst the MR was operational
were within the reproducibility of the non-MR deliveries. These results agree with
previous investigations [21].

4.4.6 IMRT Commissioning

Initial commissioning of the Elekta supplied TG119 IMRT plans failed the depart-
mental criteria of 2.0 %, 2.0 mm (Tables 4.4 - 4.6) with average pass rates of 91.7 ±
7.0 %, 88.2 ± 11.1 % and 87.1 ± 9.4 % for the Octavius perpendicular (composite
comparison), film perpendicular and film composite measurements, respectively. Of
note were the poor results for the Multi-Target plan and the Prostate_2 plan for the
three QA techniques. At 3.0 %, 3.0 mm gamma (as recommended during physics val-
idation) results were initially considered acceptable with average rates above 95.0 %
for the three methods, consistent with previous investigators reporting with the same
devices and criteria [16, 81]. Similar gamma results with criteria of 3.0 %, 2.0 mm, as
per AAPM TG-218 [75], were observed. The in-house stereotactic plans also failed the
departmental tolerance of 2.0 %, 2.0 mm and even highlighted beam delivery issues at
3.0 %, 3.0 mm. During segment-by-segment delivery of the stereotactic plans to the
MVI panel, Figure 4.9, an issue in the MOSAIQ sequencer was discovered, wherein
it was applying an additional guard leaf rule to what was already set by the TPS.
This occurred in part due to variation in leaf thickness at isocentre of the Unity MLCs
(approximately 7.0 mm) from that for conventional systems (5.0 mm). Once rectified,
all plans passed above 95.0 % at 2.0 %, 2.0 mm gamma criteria, with average passes
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of 98.3 ± 1.8 %, 97.6 ± 1.6 % and 97.2 ± 1.3 % for the Octavius perpendicular, film
perpendicular and film composite deliveries, respectively. These values compare well
to other investigators using the 1500MR array [81], ArcCheck®-MR device [19,57] and
film [16]; however, for those works a less strict criteria was reported. For array beam-
by-beam analysis, the beams for all plans had pass rates greater than 94.5 % at 2.0 %
(local dose), 2.0 mm gamma criteria.

These results show that the PSQA techniques above can be used to determine issues
with plan delivery. Small field stereotactic-type plans were clearly more sensitive to the
guard leaf error. These small-field plans would also be expected to be more sensitive
to other beam shaping issues. As such it would be beneficial for new sites to perform
their own measurements of such plans, as well as the Elekta TG119 plans, during
commissioning. Segment-by-segment delivery of these stereotactic plans, to the MVI,
would also be useful to help discern issues with field shapes, as shown above. Note
that an alternate method for detecting such issues would be through analysis of the
auto-generated TRFs [105,106]. Comparison of set leaf positions in the TPS could be
compared against delivered position in TRFs, to highlight the errors discovered in this
work.

For the PSQA procedures, dose is calculated in the planning system to a homo-
geneous water phantom. Previous investigators alluded that this may be inadequate
to highlight modelling issues [107]. Additionally, the audit process by the Australian
Clinical Dosimetry Service (ACDS) requires unforced densities for their phantom when
performing similar measurements. For the PSQA procedures above, the use of unforced
densities in the TPS could potentially add uncertainty, due to day-to-day variations in
setup which would not be present in the reference scan. Furthermore, forcing the RED
of the solid water contour to 1.000 is more convenient for routine practice, is accounted
for during the film calibration and was determined to be acceptable through compar-
ison of a measured water PDD to that of the solid water under the same conditions.
Finally, comparisons between film and TPS dose, with and without water sprayed on
the film, revealed no statistically significant differences in gamma results between the
two when following the QA methodology above.

4.4.7 End-to-End Test

End-to-end results for both ATP and ATS plans had pass rates > 97.0 % at 2.0 % local
dose and 2.0 mm DTA. Snyder et al. [19], using a commercial thorax E2E phantom
with film, reported a pass rate of 98.0 % for an ATS plan at 7.0 % dose difference
and 4.0 mm DTA. At 2.0 %, 2.0 mm, Pappas et al. [83] reported a film pass rate of
93.1 % for a 3D-printed head phantom. Due to the resolution of the 3D printer, the
tumour surrogates housing the film were not able to be constructed water-tight. This
may have been of benefit as it meant that the copper sulphate solution was able to
surround the film, thereby reducing uncertainties due to air gaps generating increased
ERE dose.

Chapter 4. Dosimetric Commissioning 70



Powers, M. Commissioning and OFD on an MRL

The tumour surrogates used in this demonstrate the use of 3D printed phantoms for
independent dosimetric assessment of the ATP and ATS workflows. This is consistent
with the work of previous investigators [83, 86, 89]. Potential improvements can be
made to the phantom to incorporate MR visible avoidance structures, in order to
more closely match a clinical setting. Furthermore, as systems develop, the use of MR
visible 3D printing materials could be investigated for phantom components.

4.5 Conclusion
In this chapter, the dosimetry commissioning work on the Elekta Unity MRL was
discussed. Previous commissioning work was limited in terms of scope of potential
tests a clinic may want to perform. Additionally, for centres that may not have access
to specialised equipment, adaptions of commercial equipment, and development of
phantoms in-house, facilitated measurement and reproduction of results for common
vendor tests.

With the use of an in-house phantom, the attenuation due to the anterior imaging
coil was determined to be negligible and measured values agree with TPS calculations.
Beam quality, with correct grid voltage setting, agreed with published values and
TPS calculations. The commonly used TPR20,10 metric was found to be insensitive
to changes in beam quality that significantly affected dosimetry. However, further
investigation is warranted, with focus on how quantifying the grid voltage parameter
affects this metric.

When vendors are designing commercial 1D water tanks, the requirements of dif-
ferent clinics should be considered, specifically linac calibration depths. However, even
with equipment limitations, output calibration performed at 5.0 cm depth can still be
achieved. Gafchromic film and the Octavius 1500MR array can be used to highlight
issues with plan deliverability, when appropriate gamma criteria are set, and commis-
sioning of small field plans should be considered by clinics to help highlight differences
between measurements and TPS calculations. The use of 3D printing materials and
in-house phantoms can be of benefit when performing E2E tests on the Unity, and fur-
ther development of MR visible 3D printing materials is worth pursuing. Additional
commissioning work on the dosimetry of this system can be found in Appendix A.
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5
Spiralling Contaminant Electrons

This chapter contains material that was published in the following publications and
presentations:

[2] John Baines, Marcus Powers, and Glen Newman. Sources of out-of-field dose
in MRgRT: an inter-comparison of measured and Monaco treatment planning system
doses for the Elekta Unity MR-linac. Physical and Engineering Sciences in Medicine
(2021). doi:10.1007/s13246-021-01039-6

• Out of field dose due to electrons generated in-field on an Elekta Unity MR
linac. John Baines, Marcus Powers. Engineers and Physical Sciences in Medicine
Conference, Brisbane, 2020

• Measured and calculated electron streaming on the Elekta Unity MRL. Marcus
Powers, John Baines. Engineers and Physical Sciences in Medicine Conference,
Brisbane, 2021

Additionally, material in this chapter is intended for publication with John Baines as
co-author:

• Marcus Powers and John Baines. Sources of out-of-field dose in MRgRT: a
systematic investigation of measured and calculated phantom electron streaming
doses on the Elekta Unity MRL. Target journal: Physics in Medicine and Biology.
(Est date of submission: March 2022). (In draft)

For this chapter, I performed the measurements on the Unity and the simulations de-
scribed below. The simulation toolkit is a commercial product developed and provided
by Elekta for patient radiation treatment planning calculations. Comparative meas-
urements and calculations were performed by researchers at the Olivia Newton-John
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Cancer Wellness and Research Centre. All other work described in this chapter is my
own unless otherwise stated.

5.1 Introduction
In this chapter, measured and calculated out-of-field dose (OFD) on the 1.5 T Elekta
Unity MRL at the Townsville Cancer Centre (TCC) is reported. Measured spiralling
contaminant electron (SCE) dose was determined with EBT3 film in a similar set up
to that of Hackett et al. [9]. However, in order to differentiate film dose due to head
leakage and photon scatter from SCE dose, film was exposed in both 0 T and 1.5 T
environments thus extending previous work. As an independent check on the 0 T data,
additional measurements were performed at another Unity facility, namely the Olivia
Newton John Cancer Wellness and Research Centre (ONJ), prior to magnet ramp up.
Monaco v5.40.01 (Elekta, Stockholm, Sweden) treatment planning system calculations
(TPS), with both 0 T and 1.5 T, were performed and enabled an inter-comparison
of measured and computed OFD across both facilities. An assessment of Monaco’s
simulation of SCE had yet to be performed by researchers and the work below also
aimed to address this gap in current knowledge.

5.2 Methods

5.2.1 SCE Measurements

To facilitate positioning of solid water, RW3 (PTW, Freiburg, Germany) and Solid Wa-
ter® HE (Gammex Inc – A Sun Nuclear Company, Middleton, WI, USA), RTQA2 film
(Ashland ISP Advanced Materials, NJ, USA) was located on the patient positioning
system (PPS) so that it could be exposed to a 500 MU, 10.0× 10.0 cm2 field.

The exposed 11.0 × 11.0 cm2 region on the RTQA film was used to position a
solid water block 4.5 cm from each field edge and as such, the front surface of each
block was 10.0 cm from the isocentre. Pairs of blocks were either parallel (Para) or
perpendicular (Perp) to B0. Figure 5.1 shows the block orientation according to the
IEC 61217 coordinate system, with the notation of Hackett et al. [9], namely Para
+ve, Para –ve, Perp +ve and Perp –ve included for comparison. OFD was determined
using EBT3 film (Ashland ISP Advanced Materials, NJ, USA). For each position of
the solid water blocks, a 10.0 × 10.0 cm2 field, 4000 MU, gantry zero, was delivered
orthogonal to the X-Y plane (- Z direction) following the work of Hackett et al. [9].
The corresponding Dmax dose to water, 133.5 cm SSD, was used to normalize film
dose. Film strips (batch number 06201903) 22.0× 2.0 cm2 were located on the surface,
and at nominal depths of 1.0 mm, 3.0 mm and 5.0 mm into each block, centred around
isocentre height. An annotated photograph of the experimental arrangement with the
solid water block at X = + 10.0 cm is shown in Figure 5.2.
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Figure 5.1: Beams-eye-view schematic at the isocentric plane showing the solid water
block orientations relative to the IEC and Hackett et al. [9]coordinate systems and B0

Figure 5.2: Annotated photograph showing the set up for a block at X = 10.0 cm. In
the figure, (a) shows the solid water, (b) shows the placement of the EBT3 film (14.0
cm above the couch) and (c) shows the projection of the 10.0 × 10.0 cm2 field onto
RTQA film which was used for localization
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Figure 5.3: Geometry simulated in Monaco for SCE determination with the IEC 61217
coordinate system shown. In the figure, the beam is orientated along the - Z-axis

Given the thickness of EBT3 (0.27 mm) and central active layer depth (0.13 mm)
the actual measurement depths were 1.1 mm, 3.4 mm and 5.7 mm. Film calibration
was performed as described previously, in Section 4.2.6, for 0, 60, 125, 250 and 500
MU exposures with a 10.0×10.0cm2 field. Film was processed as described previously
(Section 4.2.6) with triple channel analysis and accounting for the Lateral Response
Artefact [100,101]. Using the 22.0× 2.0 cm2 strips, mean doses within a 1.0× 1.0 cm2

region of interest (ROI) centred on the films were determined for each depth and mag-
netic field environment. Profiles at ± X and Y, and both 0 T and 1.5 T environments,
were derived using 20.0 × 0.3 cm2 ROIs. Using the same methodology, out-of-field
doses and profiles were determined at ONJ for 0 T. Also by way of comparison, OFD
for an Elekta Infinity linac (Agility head) was determined for the same block set up
(IEC 61217 – X, collimator = 0.0°).

5.2.2 SCE Simulations

To simulate the measurement geometry, the Monaco treatment planning system was
utilised. The physics and operation of the simulation toolkit has been discussed previ-
ously in this work (Section 2.1.2) and further information can be found in other public-
ations [6,46]. For the SCE computations, a CT scan of air with 1.0 mm slices was im-
ported into the Monaco treatment planning system. A cube of 30.0×30.0×30.0cm3 was
contoured and set as the external structure. Within this volume, 30.0× 30.0× 5.0 cm3

block structures were contoured to simulate the experimental arrangement shown in
Figure 5.1. Contours of 1.0 × 1.0 × 0.1 cm3 were created at 1.0 mm intervals from
0.5 – 5.5 mm depths within each block and centred at isocentre height. The geometry
created for the simulations is shown in Figure 5.3.

Chapter 5. Spiralling Contaminant Electrons 75



Powers, M. Commissioning and OFD on an MRL

Due to increased uncertainty arising from dose grid voxelization near a contour
edge, dose at 0.5 mm will be referred to as surface dose in this work. Block structures
had a forced relative electron density (RED) of 1.000 and were layered above the
external (air) structure. The air structure initially had a forced RED of 0.010 (the
minimum forced RED that can be assigned). Additional computations were performed
without forcing the air RED, such that the individual voxel RED values approached
0.001. Couch structures were added and the anterior coil was excluded for calculations.
A 10.0×10.0cm2, 4000 MU, gantry zero beam was added. Calculations were performed
using a 0.1 cm dose grid and a statistical uncertainty of 0.1 % per control point. With
these settings, the statistical uncertainty within the block structures was less than 1.0
%. Dose calculations were performed with deposition to the local medium, using the
phantom look-up table, and calculation time was approximately 8.0 hours. Monaco
calculations were performed with a clinical 1.5 T model and a 0 T model which contains
the TCC facility’s cryostat characterization. Using the DVH Statistics tab, the mean
dose to each of the 1.0× 1.0× 0.1 cm3 contours embedded in each block structure was
determined. Doses were normalised to the nominal Dmax dose for a water phantom at
133.5 cm SSD, with the same beam geometry as simulated, and field strength of 1.5
T. These simulations were also performed independently at ONJ.

5.3 Results

5.3.1 SCE Measurements

The variations of out-of-field depth-dose for the four block positions, 0 T and 1.5 T, are
shown in Figure 5.4. For 0 T, Figure 5.4(a), measured depth-dose are comparable for
all directions and there is agreement with ONJ data. The variation of depth-dose for a
6 MV FF Elekta Infinity beam (Agility head) is similar to that observed for the Unity
with 0 T. With 1.5 T, Figure 5.4(b), the variation of depth-dose within the solid water
at ± Y are alike, marginally less than with 0 T, and clearly different to that observed
at ± X. In all directions for 0 T, surface dose is approximately 4.4 % of Dmax and at a
depth of 1.1 mm, the dose decreases to approximately 2.5 % of Dmax. In comparison,
with 1.5 T surface dose is approximately 3.8 % of Dmax for the blocks at ± Y and for
each direction the dose decreases to approximately 2.0 % of Dmax at a depth of 1.1
mm. At 5.7 mm depth in solid water, dose for all directions is approximately 1.5 % of
Dmax and 1.3 % of Dmax for 0 T and 1.5 T, respectively.

In the absence of a magnetic field, dose profiles at a given depth in each direction
are comparable and representative examples are shown in Figure 5.5. These profiles
do not exhibit a penumbral region and are symmetric. In contrast, 1.5 T profiles at
Y = ± 10.0 cm from isocentre are distinctly different to those at X = ± 10.0 cm as
shown in Figure 5.6. For the solid water at ± Y, profiles at a given depth are the same
and surface profiles exhibit distinct penumbral regions as reported previously [9]. In
this region of the profile surface dose is less than that for other depths, which appear
equal. In addition, dose in this region is not zero, consistent with other investigators [9].
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Figure 5.4: Comparison of measured out-of-field dose variation with depth within each
block for (a) 0 T, and (b) 1.5 T (0 T average depth-dose shown for comparison)

Figure 5.5: Measured out-of-field dose profiles for 0 T at depth into solid water blocks
at (a) Y = 10.0 cm and (b) X = 10.0 cm from isocentre

Profiles within the solid water at ± X, 1.5 T, are symmetric and there appears to be a
peak in the dose at an off-axis distance (OAD) of 0.0 mm, most evident at increasing
depth and consistent with other experimental data [96].

5.3.2 SCE Simulations

Figure 5.7 shows a comparison of TPS calculated and measured out-of-field depth-dose
for all directions and both magnetic field strengths, with calculations performed using a
forced RED of 0.010. The variation in TPS depth-dose for 0 T is in general agreement
with measured data for all directions. The maximum difference between measured
and TPS dose occurs at the surface (depth = 0.5 mm) and is approximately 1.0 %. In
the solid water blocks at ± Y, 1.5 T, the TPS overestimates dose for RED = 0.010,
most notably near the surface (Figure 5.7(c)); however, the variation in depth-dose is
consistent with measured data. Further, the dose is consistent between ± Y directions
and the maximum calculated value is approximately 9.7 % of the Dmax dose. TPS
depth-doses into the solid water at X = ± 10.0 cm agree with and follow the same
trends as the measured data, see Figure 5.7(d).
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Figure 5.6: Measured out-of-field dose profiles for 1.5 T at the given depths into solid
water at (a) Y = 10.0 cm, (b) Y = – 10.0 cm, (c) X = 10.0 cm and (d) X = – 10.0
cm, from isocentre

Figure 5.8 shows the TPS calculations for air with unforced RED. These are com-
pared to measured data and forced RED calculations, for all directions and both mag-
netic field strengths. In 0 T, there is a difference in depth-dose behaviour between
the forced and unforced calculations, and a maximum difference of approximately 1.0
% near surface is observed. Unforced calculated data does not agree with film meas-
urements, and the largest difference occurs near surface (2.7 %). For 1.5 T, ± Y, the
magnitude and variation of depth-doses without forcing the air RED shows agreement
with experimental data, and doses are significantly lower than forced RED calcula-
tions. The maximum calculated dose occurs near the surface and is approximately 3.5
% of the Dmax dose. At the same field strength, ± X, there is little variation between
forced and unforced calculations.

5.4 Discussion

5.4.1 SCE Measurements

For 0 T, the variation of out-of-field depth-dose is isotropic, Figure 5.4(a). This dose
arises from the background photon fluence associated with leakage and scatter (col-
limator and air) and the electrons set in motion by such photons. The average energy
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Figure 5.7: Calculated (RED = 0.010) and measured out-of-field dose for 0 T within
blocks at (a) Y = ± 10.0 cm, and (b) X = ± 10.0 cm, from isocentre. Similarly, for
1.5 T within blocks at (c) Y = ± 10.0 cm and (d) X = ± 10.0 cm from isocentre. For
0 T, measured data is the average for all four blocks

of these electrons is approximately 500.0 keV, and the continuous slowing down ap-
proximation (CSDA) ranges of such electrons in tissue and air are approximately 2.0
mm and 1.5 m, respectively [42, 108]. The observed decrease in dose within 3.0 mm
of the block surface is consistent with the attenuation of in-air generated electrons.
Furthermore, it is reasonable to assume that the dose around 5.7 mm is predominantly
due to local interactions of the photon fluence within each block.

With 1.5 T, out-of-field depth-dose in the solid water at X = ± 10.0 cm exhibits a
decrease in surface dose relative to 0 T. As there is no SCE dose in these directions,
the influence of the magnetic field on electrons set in motion by background photons
is a determinant factor in the observed depth-dose behaviour. For example, at the –
X solid water block, forward scattered electrons in front of the surface film are swept
away from it by the Lorentz force, whilst electrons set in motion within the solid water
are swept towards that film. On the contrary at the + X solid water block, electrons
in front of the surface film are swept towards it and those behind the film within the
solid water are swept away. This asymmetry in the trajectory of electrons at – X and
+ X blocks has been discussed previously [42,43].

For mechanical safety, the MLCs are not able to fully close so as to avoid collisions
and damage to linac components. As such, the closest the leaves can be is 0.5 cm,
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Figure 5.8: Calculated (forced and unforced RED) and measured out-of-field dose for
0 T within blocks at (a) Y = ± 10.0 cm, and (b) X = ± 10.0 cm, from isocentre.
Similarly, for 1.5 T within blocks at (c) Y = ± 10.0 cm and (d) X = ± 10.0 cm from
isocentre. For 0 T, measured data is the average for all four blocks

when projected to isocentre, and is referred to as the closed leaf gap. Hence, the peak
dose observed at OAD = 0.0 mm in the film profiles from blocks at X = ± 10.0 cm,
for 0 T and 1.5 T, can be attributed to radiation transmission through the jaw from
this closed leaf gap on axis.

The magnitude and variation of measured depth-dose in 0 T within each solid water
block is different to previous reported work [96]. The agreement between independent
measurements performed at two centres in Figure 5.4(a) suggests that the published
Monte Carlo data [96] may require investigation. Currently, it is unknown the exact
source of the discrepancy in the previous Monte Carlo data [96]; however, modelling
parameters, simulation setup or currency of the phase space source files should be
scrutinized.

In the solid water at Y = ± 10.0 cm, 1.5 T, out-of-field depth-dose variation is the
same for both directions, Figure 5.4(b). However, from the surface to around 3.4 mm
depth into the solid water, dose is less than that for 0 T. At 5.7 mm depth, the dose
for both field strengths is (1.4 ± 0.1) % of Dmax. Thus, it is reasonable to suggest
that at this depth, for 0 T or 1.5 T, dose deposition is dominated by local interactions
of background photons. SCE and other in-air generated electrons do not contribute to
the dose at or beyond 5.7 mm. Profiles from the blocks at Y = ± 10.0 cm in 1.5 T,
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have been associated with the spiralling paths of contaminant electrons along the field
direction [9]. The lateral extent of the profiles is correlated with the 10.0 × 10.0 cm2

field size in the isocentric plane. However, at OAD 80.0 mm, the dose for the profile
at 5.7 mm depth in the solid water is greater than that for the surface profile. At
depth, 500.0 keV electrons do not contribute to measured dose. Hence, background
photons, not SCE, appear to account for penumbral dose at 5.7 mm. At present the
relative contributions of SCE and background photons to the dose distributions at and
near the surface have not been determined. In future work, Monte Carlo simulations
of out-of-field dose should be performed to differentiate the contributions of SCE and
background photons to depth-dose in this region.

5.4.2 SCE Simulations

The TPS computed variation of out-of-field depth-dose in 0 T shows the same general
behaviour as experimental data when the air RED is forced to 0.010. Similarly, with
1.5 T TPS out-of-field depth-dose in the solid water at X = ± 10.0 cm is also in
good agreement with experimental data. Although, forced RED calculations of near
surface dose at Y = ± 10.0 cm are slightly underestimated in 0 T, and significantly
overestimated in 1.5 T. The largest difference occurs near the surface (approximately
8.0 %). When the air RED remains unforced, simulations in 0 T disagree with the two
independently measured experimental datasets presented above; however, they agree
with previous Monte Carlo simulations [96]. It can be seen that at around 3.5 mm
depth, the two TPS datasets converge (Figures 5.8(a) or 5.8(b)). At this range, dose
would begin to be dominated by local photon interactions. Hence, it would seem that
the contribution from in-air generated electrons is reduced with the lower (unforced)
voxel REDs. In contrast, with 1.5 T, the results in Figure 5.8(c) and Figure 5.8(d) show
better agreement between calculations with unforced RED and experimental data.

The disagreement between unforced and forced RED calculations at 0 T, and the
differences observed in the three 1.5 T datasets (measured, forced and unforced cal-
culations), can be explained by the simulation conditions. Specifically, it may not be
appropriate to use an RED of 0.010 for air in Monaco calculations, with such a value
being too high. The higher RED simulates a denser material; therefore, more SCE
would be generated and recorded in the ± Y directions. This would also explain why
the large discrepancy is not observed for the solid water at X = ± 10.0 cm, 1.5 T, as
dose behaviour is dominated by local interactions and there are no SCE contributions.
In addition to creating more electrons, the higher RED now means the path these elec-
trons travel would also be more attenuating. The resulting difference, between forced
and unforced/film SCE data, would be dictated by these effects and it appears that
the generation is more heavily affected than attenuation, as more dose is observed for
the higher RED.

This does not explain the discrepancy in measured data compared to Monaco un-
forced RED calculations in 0 T. Furthermore, the agreement of Monaco 0 T simu-
lations with previous Monte Carlo simulations [96] is also noteworthy. The reason
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for disagreement between 0 T measurements and unforced calculations is unknown.
However, the same variables as above (modelling parameters, simulation set up etc.)
should be scrutinised. Specifically, electron components in each simulation generation
file (phase space file for Monte Carlo and the charged particle contamination source in
Monaco) could be the genesis of the discrepancies. If the phase space files were created
in 1.5 T, generated electrons would not be able to reach the phase space scoring plane,
due to the altered trajectory from the Lorentz force [9]. Secondly, a charged particle
contamination source would not be needed in 1.5 T Monaco simulations, as again
these electrons would not be able to reach the patient plane. Thus, its inclusion in the
Monaco modelling would only serve to increase calculation time. Therefore, for both
Monte Carlo and Monaco modelling, the contributions of electrons in 0 T OFD would
be underestimated (which may be a reason why these datasets agree). The presence
of more electrons, would serve to increase out-of-field surface doses and may cause
the calculated 0 T data to agree with measured. Independent Monte Carlo modelling,
to that already published, is an investigation worth pursuing to address discrepancies
between simulations and measurements of OFD in 0 T.

These differences between forced and unforced REDs calculations need to be handled
with care in clinical scenarios. When generating radiation treatment plans on MR-only
datasets, no electron density information is obtained directly from the image. Possibly
the most common method to assign RED information to structures is to force dens-
ity information, based on an average value obtained from a CT or a literature value.
In Monaco, the lowest RED which a voxel can be forced to is 0.010. As such, this
would be a typical value to assign to air structures around, and within, a patient.
For a treatment plan it is uncommon to assign air around the patient a specific RED,
unless visualization of the OFD is required. Thus the clinical implications of the
above forced/unforced OFD discrepancy would be minimal. If accurate out-of-field
dosimetry is required, whilst being able to visualize electron streams, then a simple
solution would be to contour a large region around the patient and assign this as the
external structure, thereby treating the patient as internal to this larger contour. This
would increase calculation overhead with limited benefit for most patients. Neverthe-
less, it is a method worth considering in cases where OFD needs to be visualized for
shielding considerations (common examples being breast or clavicular treatments). In
contrast, difficulties would be encountered for air structures within the patient which
are expected to exist on the daily MR scan (e.g. the oesophagus). These structures
would need to be forced to the minimum RED, and the modelling of the electron
streams (and the dose away from the structure) would be incorrect. SCE contribu-
tions to the dose away from these structures will be largely dependent on the cavity
and the irradiated field sizes, but would be minimal compared to the contributions
from the electron streaming effect (ESE) [8, 23].

Previously it was mentioned that there are uncertainties related to dose voxelization
near contour edges. These uncertainties largely arise due to two reasons: (1) Monaco
forces contours to align with the centre of CT voxels (meaning contours can be shifted
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from where the user defines them), and (2) the dose grid may not overlay exactly with
the CT grid (and therefore the contour edges). Positioning of the dose grid to overlay
with contour edges is possible in Monaco; however, is restrictive and it is not always
possible to directly overlay the two. When a dose grid voxel partially covers multiple
structures, Monaco calculates an average RED based on a super-sampling of that
voxel (i.e. the original voxel is further sampled by 27 sub-voxels). In such cases, voxel
REDs (for those near contour boundaries) in simulations may be less representative
of their actual RED. Specific to this work, voxels near the solid water contour edges
(RED = 1.000) had reduced RED (either 0.333 or 0.667 depending on the offset of
the grid). Higher resolution grids, or more freedom in grid placement, would alleviate
this issue which is possible in non-commercial Monte Carlo packages. However, with
more resolved grids, statistical noise becomes a significant issue, and calculation times
to ensure accurate dose representation can be prohibitively long. Of course, coarsely
resolved dose grids suffer from volume averaging effects, hence a balance needs to be
found in the grid size to optimize simulated results. It is beyond the scope of this work
to suggest such a grid size for SCE simulations; however, this may be possible should
further Monte Carlo simulations be performed.

5.5 Conclusion
In this chapter, the SCE contributions to out-of-field dose was assessed with measure-
ments and Monaco simulations for both 0 T and 1.5 T environments. Previously, no
measured 0 T data of OFD was available and an assessment of Monaco OFD calcula-
tions in 0 T and 1.5 T had not been performed.

With 0 T, it was shown that measured and TPS calculated background scatter
and leakage doses are isotropic and consistent between two independent clinics; how-
ever, the magnitude and variation of measured doses were inconsistent with previous
reported Monte Carlo simulations. Agreement between Monaco calculations with an
unforced RED air contour and published Monte Carlo data was obtained; although,
differences were observed when the structure was forced to an RED of 0.010. For the
latter, agreement with measured data was observed.

In 1.5 T, measured and calculated doses at ± X were consistent with previous
measurements and Monte Carlo simulations. For Monaco calculations at ± Y, large
differences with measured data were observed, and previous work, when the RED of
the air generating the SCE was forced to 0.010. Such differences were not observed
when the RED remained unforced. This limitation may have clinical implications for
internal air-like structures when planning on MR datasets.

Future work is required for independent Monte Carlo modelling of the 0 T OFD to
address the areas of discrepancy between this work and published data. Finally, the
contribution of background photons to surface dose, for 1.5 T, in the ± Y directions
needs to be quantified.
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6
Electron Streaming Effect: Phantom

Investigation

This chapter contains material that was presented in the following:

• Measured and calculated electron streaming on the Elekta Unity MRL. Marcus
Powers, John Baines. Engineers and Physical Sciences in Medicine Conference,
Brisbane, 2021.

Additionally, material in this chapter is intended for publication with John Baines as
co-author:

• Marcus Powers and John Baines. Sources of out-of-field dose in MRgRT: a
systematic investigation of measured and calculated phantom electron streaming
doses on the Elekta Unity MRL. Target journal: Physics in Medicine and Biology.
(Est date of submission: March 2022). (In draft)

For this chapter, I performed the measurements on the machine and the simulations de-
scribed below. The simulation toolkit is a commercial product developed and provided
by Elekta for patient radiation treatment planning calculations. All other work de-
scribed in this chapter is my own unless otherwise stated.

6.1 Introduction
The work of Malkov et al. [8] and Park et al. [23] demonstrated that photon beams en-
tering and exiting oblique surfaces caused the Electron Streaming Effect (ESE). Other
investigators [24–26] have published on clinical, or anthropomorphic phantom, cases
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Figure 6.1: The acrylic phantom used for ESE measurements on the Unity. The
primary beam was directed, from lateral gantry angles, onto the indicated curved
section

with modulated treatment fields. However, to date ESE focused investigations remain
limited. Furthermore, a systematic comparison of measured and simulated ESE on the
Elekta Unity has yet to be reported. The aim of this work was to perform such a com-
parison using a phantom and a series of simple fields. Measurements were performed,
using film, in a 1.5 T environment on a clinical Elekta Unity MRL. Monaco treatment
planning system (TPS) calculations were investigated for the measured phantom geo-
metry. Clinical investigations, like those previously discussed [24–26], are provided in
Appendix B.

6.2 Methods

6.2.1 Phantom ESE Measurements

To determine ESE doses on the Elekta Unity, an acrylic curved phantom was used
(see Figure 6.1). The phantom consists of several 30.0 cm by 20.0 cm ellipsoidal slabs
which are 2.0 cm thick. Hollow channels, inset 2.0 cm from each lateral apex, allow
for acrylic rods to be inserted to secure slabs together and minimize air gaps. The
phantom was positioned on the Elekta Unity, such that the longer axis (30.0 cm) was
aligned parallel to the Y direction, the shorter axis (20.0 cm) was parallel to the X
direction and the flat section was at + X. In this way, lateral beams could be directed
onto the curve section of the phantom and ESE generated from beam exit and entry
through the phantom. Four acrylic slabs were used for a total thickness of 8.0 cm.
This was placed on 10.0 cm of solid water so that the centre of the phantom was at
isocentre height (14.0 cm above the couch). A connecting rod was inserted to remove
the air cavity due to the channel and help align slabs. Gantry 0.0° (G0) images on the
mega-voltage imager (MVI) were used to centre the phantom laterally at the isocentre.
Longitudinally the phantom was positioned such that the beam edge, for the largest
delivered field (5.0 × 5.0 cm2), was 5.0 mm from the phantom apex. An example set
up of the phantom is shown in Figure 6.2. Note that additional phantom material is
shown in this image that was not used during these measurements.
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Figure 6.2: Example phantom set up for ESE measurements. The approximate beam
location is shown in red, for a 5.0 × 5.0 cm2 field, with the beam directed into the
page (- X). Additional phantom material is shown which was not used during these
measurements

To measure the out-of-field dose (OFD), EBT3 film was used. The measurement
film (7.5×25.0 cm2) was set within a 30.0×30.0×5.0 cm3 stack of solid water, beneath
a 1.0 mm solid water piece and a “dummy” 0.27 mm EBT3 film (1.4 mm measurement
depth). The surface of this solid water slab was set 5.0 cm superior from the phantom
apex. Film was aligned parallel to the beam direction and centred at isocentre height.
G90, 1000 MU, beams were delivered to the phantom, and separate film pieces were
exposed to ESE from 5.0 × 5.0 cm2 , 4.0 × 4.0 cm2, 3.0 × 3.0 cm2, 2.0 × 2.0 cm2 and
1.0× 1.0 cm2 fields. A G270 delivery was also performed using a 5.0× 5.0 cm2 field.

To assess the attenuation of water on these streaming electrons, several exposures
were obtained for varying film measurement depth. Measurements were performed
with a 5.0× 5.0 cm2 G90 beam, 1000 MU. Exposures were determined for film on the
surface, as well as with solid water of 1.0 mm, 3.0 mm, 5.0 mm, 7.0 mm and 10.0
mm in front of the dosimeter. For each exposure, the distance of the film plane to the
isocentre remained constant.

ESE measurements were also performed with Optically Stimulated Luminescent
Devices (OSLDs) [102]. OSLDs were placed on the surface of the solid water stack,
and laterally positioned to coincide with the approximate positions of the max ESE
doses, entry and exit, from the phantom. Due to the thickness of the device, doses
recorded correspond to a depth of 1.0 mm [102].

EBT3 film was processed as described previously (Section 4.2.6), and a calibration
using 0, 50, 100, 200 and 400 MU. Profiles through the centre of the dose distribu-
tion on the film, parallel to the beam direction (horizontal), were acquired. Profiles
perpendicular to the beam direction (vertical) through the exit ESE dose were also
determined for the G90 beams. For vertical profiles, “field sizes” were determined
where, after normalisation, the distance between the 50.0 % dose levels on either side
of the profile were determined.

For OSLDs, calibration was performed in a manner similar to film, where known
doses were delivered to a sample of OSLDs, and a device response for this sample
determined. OSLDs were read out as previously discussed in Section 3.2.3. All doses,
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for both measurement devices, were normalised to the nominal Dmax dose to water for
a 5.0 × 5.0 cm2 field, with the same MU, at an SSD of 133.5 cm. The 5.0 × 5.0 cm2

(for normalisation) contrasts with the previously used 10.0 × 10.0 cm2 (Chapter 5),
and more closely matched delivered fields in the current investigation.

For the film attenuation data, raw dose was plotted against depth and values were
fit using a double exponential. Using these plots (entry and exit), an approximate ratio
for the change in dose between 1.0 mm (OSLD) and 1.4 mm (film) depths was determ-
ined. The depth correction was applied to the OSLD readings, and the result compared
to film measurements, for all delivered field sizes. A value for the approximate surface
dose, which could not be accurately measured with the aforementioned dosimeters, was
also determined from the exponential fits. Using this value, attenuation measurements
were normalised for entry and exit streams.

6.2.2 Phantom ESE Simulations

The experimental arrangement was simulated in the Monaco TPS. The phantom was
set up on the CT, with Unity couch overlay, and scanned with 1.0 mm slices. This
dataset was transferred to Monaco, the phantom components were individually con-
toured, as well as the solid water slab superior to the phantom. The phantom was
set as the external contour and its relative electron density (RED) remained unforced,
allowing the TPS to assign appropriate values. For the superior solid water slab, the
RED was forced to 1.000. Additionally, the air around the phantom was contoured
and two RED conditions were assigned. For separate calculations, either: (1) the air
contour remained unforced, such that the RED was 0.001, or (2) the air was forced to
0.010, the minimum value that can be assigned (Section 5.2.2). The isocentre location
was set to match the experimental arrangement, and simulations were performed for
all measured field sizes. A screenshot of the simulation environment is shown in Figure
6.3.

TPS calculations were performed using a 0.1 cm dose grid, 0.2 % per control point
statistical uncertainty and the phantom look up table. It was feasible that slight mis-
alignment between simulation and measurements could have occurred. Hence, for the
5.0×5.0 cm2 field, calculations were repeated with ± 1.0 mm shifts in the Y location of
the plan isocentre. Transverse dose scoring planes 1.5 mm into the solid water were ac-
quired. This was the closest depth that could be obtained from the TPS that matched
film measurement depth (1.4 mm). Note that surface measurements on voxelized geo-
metries are difficult, as in Chapter 5, due to grid resolution. Furthermore, in Monaco
Unity a process is implemented for electron transport (to reduce calculation time) such
that spiralling around the field lines in low density media is ignored, and instead only
energy change is modelled along a line [109]. This results in lower calculated doses in
air, hence why comparisons to measured data must be taken in dense materials [109].
Dose planes were analysed in Verisoft v7.2 (PTW, Freiburg, Germany) and profiles,
horizontal (entry and exit) and vertical (at exit), were extracted for comparison with
corresponding film profiles. Doses were normalised to the same value as film. For each
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Figure 6.3: The simulation geometry used to determine ESE with the curved phantom.
The 5.0 × 5.0 cm2 beam from G90 is shown in red, with areas of entry and exit ESE
(for this beam direction) also highlighted. The film/profile location is shown, inset 1.5
mm into the solid water. Note that this is 0.1 mm offset from where the film location
was for measurements. The positive Z-axis is directed out of the page

field size, film profiles were subtracted from TPS profiles to give difference plots. Field
sizes for vertical TPS profiles were determined and compared to measured values.

6.3 Results

6.3.1 Phantom ESE Measurements

Horizontal profiles of the film OFD, for the G90 fields investigated, are shown in Figure
6.4(a). Figure 6.4(b) shows demarcation of specific regions. Comparative OSLD data is
presented in Table 6.1. For the latter, values have been corrected using the exponential
fit described above. Exit ESE doses for all fields, from forward scattered electrons
exiting the phantom, are larger than the entry ESE doses. For the 5.0× 5.0 cm2 G90
field, the largest ESE dose on the film was nearly 20.0 % of the Dmax dose to water.
Entry dose was approximately 6.8 % of the Dmax dose for the same field. Dose in
peripheral regions, outside the peaks of ESE, was about 1.3 % of the Dmax dose. In
the central region (between ± 20.0 mm), dose was approximately 2.7 % of Dmax. This
is less than adjacent ESE regions; however, was larger than the peripheral regions.

It can be observed, from Figure 6.4 and Table 6.1, that ESE decreases as the field
size is reduced. Nevertheless, for the 1.0 × 1.0 cm2 field, the peak ESE dose was still
5.0 % of Dmax. The magnitude of dose in this central regions, for the 4.0 × 4.0 cm2

field and below, tends to that observed in the peripheral regions. OSLD readings after
correction, Table 6.1, showed similar differences between entry and exit ESE dose as
the film; however, the magnitudes differed between the two dosimeters.

Chapter 6. Electron Streaming Effect: Phantom Investigation 88



Powers, M. Commissioning and OFD on an MRL

Figure 6.4: Profiles horizontally through the OFD measured on film. (a) shows meas-
ured film data for investigated fields, in the (b) approximate demarcated regions. Doses
are normalised to the Dmax dose for a 5.0× 5.0 cm2 field

Field Size [cm2] Film dose [%] OSLD dose [%]
Entry Exit Entry Exit

5.0× 5.0 6.8 17.1 7.4 20.0
4.0× 4.0 5.3 15.7 5.6 19.3
3.0× 3.0 4.0 14.4 4.9 18.8
2.0× 2.0 3.2 10.4 4.2 13.8
1.0× 1.0 1.8 4.7 2.9 7.0
5.0× 5.0∗ 4.9 17.2 6.4 22.6

Table 6.1: Film and OSLD doses for entry and exit ESE doses. Doses are presented
as a percentage of the Dmax dose to water for a 5.0× 5.0 cm2. Film dose reported at
the same lateral location as the OSLD. ∗ delivered from G270
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Figure 6.5: Profiles vertically through the OFD measured on the film. Doses are
normalised to the Dmax dose for a 5.0× 5.0 cm2 field

Vertical profiles are provided in Figure 6.5. Note that film markings, used to
record film orientation, impinged on exposed regions and consequently some profiles
are clipped; however, the necessary information was maintained. Doses have been
normalised to the maximum value from the raw dose profile; with the exception of
the 5.0 × 5.0 cm2 and 4.0 × 4.0 cm2 where noise interfered with this procedure. For
these larger fields, which are comparatively flat, the dose from the marked centre
was used for normalisation. Smaller fields produced narrower ESE regions on the
film. However, there is an apparent offset in each profile, indicating ESE doses were
deposited asymmetrically around isocentre height. This offset was more pronounced
with smaller fields (3.0 × 3.0 cm2 and below), and was biased in the direction of the
Lorentz force (- Z direction).

The depth dependent attenuation of entry and exit ESE is shown in Figure 6.6.
Note that the thickness of the active layer of the film has been taken into account.
Using the double exponential plots, depth corrections were 0.770 and 0.809 for entry
and exit streams, respectively. Attenuation of the electron streams for entry and exit
are slightly different from each other.

6.3.2 Phantom ESE Simulations

Simulation results for the phantom ESE investigation with the various field sizes are
provided in Figures 6.7 and 6.8. In each, the film data is provided for comparison, as
well as associated difference plots. For the 5.0 × 5.0 cm2 field, Figure 6.7, the + Y
isocentre shift of 1.0 mm (“Superior”) showed improvements in results compared to
film; hence, this shift was repeated for the remaining fields. Conversely, simulations of
the 5.0×5.0 cm2 field with the isocentre shifted inferiorly showed increased differences
to measured data. For this same field, differences in max ESE doses and peak slopes,
between G90 and G270 data, can be observed. Simulations with the air unforced
showed better agreement to film data, for all fields, compared to forced RED profiles.
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Figure 6.6: Attenuation data for the entry and exit streams. Values have been norm-
alised to the surface dose determined from the exponential fits to raw dose measured
on film

Field Size [cm2] Entry Differences [%] Exit Differences [%]
Unforced Forced Unforced Forced

5.0× 5.0 0.3 -1.5 -1.7 -5.1
4.0× 4.0 0.4 -1.2 -1.0 -3.9
3.0× 3.0 0.5 -0.9 -0.7 -3.7
2.0× 2.0 0.4 -0.9 -1.0 -3.3
1.0× 1.0 0.1 -0.5 -0.4 -2.0
5.0× 5.0∗ 0.5 -1.2 -0.9 -3.9

Table 6.2: Calculated versus measured (film) dose differences for ESE peaks. Negative
values indicate film measurements were greater than TPS, and percentage expressed
relative to the Dmax dose to water for a 5.0× 5.0 cm2 field. ∗ delivered from G270

In the former, the maximum absolute difference was approximately 1.7 % of the Dmax

dose (after correct alignment of the isocentre), occurring for the largest field. In
general, with the air unforced, the TPS tended to calculate ESE doses lower than
film measurements (see difference plots in Figures 6.7 and 6.8). With the air forced,
doses in ESE regions were lower than film and oppositely in the peripheral regions.
Absolute differences up to 5.0 % were observed when the air was forced. Table 6.2
provides dose differences between the calculations, with forced and unforced RED
(corrected isocentre), compared to film data. Smaller fields can be seen to produce
lower differences between TPS and measured data, Figure 6.8 and Table 6.2.

The calculated vertical profiles are shown in Figures 6.9 and 6.10, and have been
normalised similarly to film. Similar patterns are observed in TPS calculations as
in the film. Differences across the vertical profiles are comparable to those in the
horizontal profiles at the same lateral locations. Although, in the smaller fields some
lateral constriction of the calculated peak, compared to the film, can be observed. This
was most notable for the 1.0×1.0 cm2 field. Field sizes, and vertical offsets of the ESE
distributions, compared to film data are in Table 6.3 for the different exposures.
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Figure 6.7: Horizontal profiles for the 5.0×5.0 cm2 fields. (a) shows the G90 data, and
(b) associated differences, with (c) showing the G270 data and (d) differences to film.
Values are expressed as a percentage of the Dmax dose to water for a 5.0 × 5.0 cm2

field. OSLDs have been corrected

Field Size [cm2] Metric Measured value [mm]
Unforced Forced Film

5.0× 5.0
Field Size 52.35 52.53 52.17

Offset -4.0 -7.0 -3.0

4.0× 4.0
Field Size 42.08 42.26 42.98

Offset -8.0 -9.0 -5.0

3.0× 3.0
Field Size 31.78 31.85 32.40

Offset -6.0 -8.0 -4.0

2.0× 2.0
Field Size 21.75 21.98 22.70

Offset -6.0 -7.0 -6.0

1.0× 1.0
Field Size 13.30 13.56 14.53

Offset -4.0 -4.0 -4.0

Table 6.3: Field sizes and offsets of the ESE dose distributions for G90 calculations
and measurements. For the offsets, negative values are in the - Z direction
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Figure 6.8: Calculated doses for the the phantom ESE compared to film. (a) shows
the 4.0 × 4.0 cm2 field and (b) the associated difference plot, (c) 3.0 × 3.0 cm2 field
and (d) differences, (e) 2.0 × 2.0 cm2 and (f) differences, and lastly (g) 1.0 × 1.0 cm2

and (h) differences. Values are expressed as a percentage relative to the Dmax dose to
water for a 5.0× 5.0 cm2 field, and OSLD readings have been corrected
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Figure 6.9: Calculated vertical profiles for the (a) 5.0×5.0 cm2 field with (b) associated
differences to film, and (c) the 4.0 × 4.0 cm2 field and (d) differences. Profiles in (a)
and (c) have been normalised to the central value, and percentage differences in (c)
and (d) are relative to the Dmax dose to water for a 5.0× 5.0 cm2 field

6.4 Discussion

6.4.1 Phantom ESE Measurements

In Figure 6.4 the horizontal film profiles highlight the entry and exit ESE from the
phantom. For the investigated gantry angles, the exit ESE was larger than entry,
consistent with the work of Malkov et al. [8]. ESE dose at the entry and exit decreased
as the field size was reduced. However for all fields, doses were significant and clearly
greater than those measured for spiralling contaminant electrons (SCE) [2,9]. Previous
publications [2, 9] have discussed strategies to mitigate these doses with the use of
patient specific shielding. At the peripheries of the profile there is no ESE contribution,
hence dose in this regions is due to SCE and background photons, and dose in this
region is consistent with previous investigations [2, 9].

Slopes within ESE dose regions can be attributed to the shape of the phantom,
in combination with the primary beam and generated electron streams. When the
primary beam transits the sloped phantom, there will be differential attenuation across
the beam cross section. Therefore, upon exit, the parts of the beam which have
transited less material (those closer to the phantom apex) will generate more electrons
which will stream to the film, Figure 6.11. Furthermore, due to the curvature, the rate
at which the phantom surface falls away from the electron stream changes along the Y-
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Figure 6.10: Calculated vertical profiles, compared to film, for (a) the 3.0×3.0 cm2 field
with (b) associated differences to film, (c) the 2.0 × 2.0 cm2 field and (d) differences,
and lastly (e) 1.0 × 1.0 cm2 field with (f) differences. Values in (a), (c) and (e) have
been normalised to the maximum value in the profile, and differences for (b), (d) and
(f) are relative to the Dmax dose to water for a 5.0× 5.0 cm2 field
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Figure 6.11: An image from the TPS of the curve phantom, with distances marked.
One can see that as the field size is reduced from the 5.0×5.0 cm2 (red) to 1.0×1.0 cm2

(blue), the distance to the phantom apex is increased. Furthermore, photons which
transit the phantom closer to the apex undergo more attenuation than those distal
to this point. Hence one would expect more electrons be produced from this former
position

axis. In effect, an ejected electron is more likely to be able to spiral and return to a less
steep surface (in the 1.5 T environment). Thus, more electrons are able to escape and
stream from regions which have greater curvature (i.e. regions closer to the phantom
apex), as the distance to the surface is greater than the electron spiral radius Figure
6.11. The variable phantom curvature, between entry and exit, is why the gradients
of these corresponding parts of each plot are different. A smaller effect which also
contributes, is the variable air attenuation for the electrons escaping from different
regions on the phantom. Electrons exiting closer to the phantom apex transit less air,
before reaching the solid water, compared to those away. The spiralling electrons have
a range of about 1.5 m in air [2], meaning they undergo little air attenuation, hence
this effect is a lot smaller than the slope effect.

The above effect also accounts for variation in OFD between G90 and G270 beams.
In Figure 6.12, the measured OFD for the two gantry angles are presented together.
It can be observed that G270 ESE peak dose is less than G90; however, the profile
is broader. A simple numerical integration of each curve, between 0.0 mm to 100.0
mm, suggested that the total exit ESE dose deposited on the G270 film was greater.
The variation in phantom slope will account for this, where the G270 beam exiting the
phantom interacts with a greater area than the G90 exiting. ESE generated from a
less steep slope (relative to the magnetic field) will be concentrated to a smaller area
and hence one would expect higher peak doses but a narrower distribution, shown in
Figure 6.13. One may think of the changing gradient as compressing or expanding the
resultant distribution out of field. Of course, as the gradient is reduced (i.e. the surface
becoming parallel with the field lines), less ESE can be generated and the situation
tends more to that seen for the electron return effect (ERE). Interestingly, the peak
dose for the entry ESE on the G90 is greater than the G270, however the distribution
is still broader.

For reducing field size, two effects are occurring which affect the shape of the res-
ulting ESE curve: (1) fewer primary photons are interacting to generate the electrons,
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Figure 6.12: G90 and G270 film ESE distributions. Note that the G270 data has been
flipped around the Y-axis to aid with visualization

Figure 6.13: Diagram showing how variable slopes can alter ESE distributions. One
can see how the lesser slope A creates a more concentrated distribution that is narrower
than that for slope B

simply due to reduced collimator opening and (2) the divergence of the primary beam
is reduced. For the first point, fewer electrons obviously causes the measured ESE
dose to be lower. On the second point, as the photons at the centre diverge less than
those at the peripheries, one may expect smaller fields to have more forward direc-
ted photons. Electrons generated during these interactions could be expected to be
forward directed, causing the electron stream to effectively become more focused (less
broad). An additional reason for this “focusing” is also due to reduced curvature across
the cross-sectional area of the smaller fields, compared to larger fields.

It can also be observed, for these smaller fields, that the regions of peak ESE doses
expand laterally on the horizontal profiles. This can be attributed to the phantom
shape as above, where the rate at which the surface falls away varies due to the
curvature. With smaller fields, electron streams closer to the phantom apex are not
created (as this part of the phantom is not irradiated). Therefore, these contributions
to the profile are lost and broadening in the entire profile is observed. Additionally,
one can see that the dose in the central region is reduced for smaller fields. With
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larger fields, the beam edge is close enough to the phantom apex that electrons and
low energy photons are able to escape to contribute dose to the film. As the distance
from phantom apex to beam edge is increased, due to reducing field size, the electrons
and scattered photons undergo more attenuation. At some field size, the distance
the electrons have to travel to escape the phantom is too great and they will not
contribute to the measured dose. In this situation, the dose recorded will be due to:
photons escaping the phantom; background photons scattered from the air around
the phantom and linac components, and; any electrons which are generated in the air
between the phantom and the film, at the level of the measuring plane. Such doses,
for these small fields, could be expected to be comparable to SCE or head-leakage and
scatter (HLS) [2], and differences would be minimal (see Chapter 5).

OSLD readings were greater than film, even after correcting to equivalent measure-
ment depths. This was particularly the case for exit streams, where dose differences
to film were up to 5.0 % of the Dmax dose. For entry streams, better agreement was
observed with the largest difference being 1.5 % for the G270 5.0×5.0 cm2 field. Agree-
ment for entry ESE doses between dosimeters, G90 deliveries, was better than 1.1 %.
The use of OSLDs to measure OFD on the Unity has been discussed previously [25].
Therefore, it is supposed here that the disagreement between dosimeters in this work
lies in the method used to correct readings. Although empirically a good fit to the
film data, the use of the double exponential to describe the attenuation of the electron
streams may not be valid. The fundamental quantity which describes electron energy
loss as it penetrates a medium is the linear stopping power [33]. The functional form
of this quantity is complicated [33], and the application of a simple double exponential
to describe this process can be questioned. Electrons in the stream will have a poly-
energetic spectrum. Additionally, there will also be “contaminant” photons present,
with their own energy spectrum. So to determine the attenuation of just the spiralling
electron components cannot be readily determined with measurements, and Monte
Carlo methods will need to be considered. Nonetheless, repeat measurements may be
of benefit. Specifically, the use of a film at the solid water surface, with a dummy film
in front, would produce a measurement depth similar to the depth of the active layer
within the OSLD, allowing for easier comparison. Such measurements are currently
the subject of future investigations. OSLD positional offsets, relative to the point of
comparison on a film profile, may also have increased observed differences between
dosimeters.

The vertical film profiles in Figure 6.5 show a clear reduction in ESE doses with
field size, consistent with the horizontal profiles. Interestingly, a distinct offset in peak
position is apparent, particularly so for the small fields. This skew follows the direction
of the Lorentz force, and the projection of the primary beam; however, is more distinct
than offsets observed in-field for water profiles [20,70]. This is because the range of the
electrons in air, and hence the extent to which the profile is skewed, is larger than in
water. It is also for this reason that the penumbras of these profiles are greater than
those measured in field for water profiles. The offset could be noteworthy clinically, as
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previous investigations have highlighted that OFD directly follows the projection of the
primary field [2,9]. It is apparent here that there is some discrepancy between the two,
which should be noted when considering shielding for clinical cases. In practice, a user
would more than likely search for regions of significant OFD by adjusting isodoses and
the above mismatch, between beam “position” through the patient and the subsequent
OFD location, may not be an issue.

Attenuation plots in Figure 6.6, show the significant reduction in dose with depth
in solid water. The general shapes of the two curves are consistent with previous in-
vestigations [2], and indicate that at around 5.0 mm and below, the electron dose is
significantly reduced. At 5.0 mm, the dose tends to fall below 10.0 % of the unatten-
uated “surface” value determined from the exponential fit. At 10.0 mm and below,
the corresponding value is < 2.0 %, consistent with the attenuation of 500.0 keV elec-
trons as in previous investigations [2,8,23]. The varying shape between entry and exit
curves, particularly at shallower depths above 5.0 mm, suggests that the spectrum
of electron energies are different between streams. At depths, these curves begin to
coincide possibly suggesting that photon components to the individual streams are of
comparable energies. Note that it may be typical to express attenuation curves for
photon beams on a logarithmic scale. The application of this to electron beams is
arguably not valid, as discussed above, and was not adapted in this work.

6.4.2 Phantom ESE Simulations

TPS simulations of the OFD associated with the phantom, Figures 6.7 and 6.8, show
the same trends as recorded on film and OSLDs. Specifically, the entry ESE dose was
calculated to be less than exit, for all field sizes, both RED settings and all isocentre
positions. Noting the 5.0 × 5.0 cm2 field (Figure 6.7(a)), the shape of the original
unforced calculation shows some difference to film, notably around the centre of the
profile. These differences were exacerbated in the calculations performed with the
isocentre shifted 1.0 mm inferiorly, which was observed from the difference plot in
Figure 6.7(b). An inferior offset in isocentre position would tend to lower dose in the
central region, as the distance from the beam edge to the phantom apex is increased,
as reasoned previously. Larger differences for the inferior isocentre shift calculations,
compared to film, were observed at the regions of steep dose gradients approaching
ESE peaks. Dose here originates from electrons from the primary beam edges, and
differences indicated the curvature of the phantom did not match the measurements.
After shifting the isocentre superiorly 1.0 mm from the original calculation, differences
between film and TPS were reduced at these regions. Discrepancies at the centres of
each peak were not affected for either shift, as dose here comes from electrons escaping
from the central region of the primary field. This part of the phantom, and as a
smaller effect the shape of the primary beam here, would not change significantly with
a 1.0 mm offset. Note that a 1.0 mm error in isocentre position between delivery and
calculation is small, easy to erroneously introduce and difficult to detect. Given this,
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when considering shielding requirements for patients, reproducible set up is important
as subtle changes between calculation and delivery can change OFD characteristics.

Similar field size trends were observed in the calculated data as for the film, with
less ESE dose at entry and exit being calculated with reducing field size. Agreement
between TPS calculations and film improved as the field size was reduced, for all
calculation conditions. At fields of 4.0 × 4.0 cm2 and below, TPS calculations with
the corrected isocentre position matched film within less than 1.0 % of the Dmax dose.
Interestingly, for the larger 5.0 × 5.0 cm2 field, the G270 delivery also agreed to film
better than 1.0 %, contrasting with the G90 delivery where differences were of the order
of 1.3 - 1.5 %. This is still under investigation; however, the current suggestion is that
subtle differences in measurement position between the two could have contributed to
discrepancies.

From dose difference plots for all fields, it can be observed that calculations with
forced RED differ from film and unforced calculations. At ESE peaks, less dose is
calculated in forced RED calculations compared to unforced, and measured, and the
opposite is seen in peripheral (SCE) regions. The difference between forced and un-
forced SCE doses has been previously discussed in Chapter 5. Unlike SCE, forcing the
air around the phantom will not interfere with ESE generation, as the point of electron
generation occurs inside the phantom. However, the air will be more attenuating with
the higher forced RED, and electrons transiting this air will deposit less dose at the
scoring plane.

Another brief point to note, regarding calculations, is the use of the Phantom
look-up table to model the material properties (mass density and Z). The use of this
table for modelling the experiment above is valid, given that all the materials used
were phantom-like rather than tissue-like. For patient calculations, the Patient look-
up table will be used and REDs will be mapped to tissue equivalent materials. This
will have limited impact on the high energy Compton events; however, for low energy
interactions associated with electrons and scattered photons, the atomic number of
the medium becomes important. The effect of look-up table on calculated dose should
be investigated, simply by repeating the simulations above with the alternate table,
and results compared to measurements. It is also a factor worth considering when
performing in vivo measurements of OFD on patient datasets.

Calculated vertical profiles are presented in Figures 6.9 and 6.10. Dose differences
between calculated and measured data were less than 2.0 % for the largest field, un-
forced RED calculations, and typically decreased with field size. Note that differences
in the 2.0× 2.0 cm2 vertical profiles increased in magnitude, potentially due to a mis-
match in film and TPS profile location, discussed below. Additionally, differences were
consistent across the vertical profiles as at the same location on the horizontal (i.e. dose
differences for a vertical profile, extracted at a given lateral distance, matched that for
the horizontal at the same lateral distance). Forced calculations showed increased dif-
ferences through the vertical, consistent with the horizontal data. The general shapes
of the calculated profiles match measurements; however, some lateral constriction was

Chapter 6. Electron Streaming Effect: Phantom Investigation 100



Powers, M. Commissioning and OFD on an MRL

Figure 6.14: Comparison of out-of-field vertical profiles compared to those in-field for
the (a) 4.0×4.0 cm2 and (b) 2.0×2.0 cm2 fields. In-field profiles were acquired within
the acrylic phantom at the same lateral distance from the isocentre as those out-of-field

noted for the smaller fields. This corresponds to narrower dose distributions calculated
than what are measured, with differences in the penumbra regions. The grid resolu-
tion, incorrect jaw positioning during measurements and uncertainty when extracting
the vertical profiles from the datasets, may contribute to this. With decreased fields,
sharper ESE dose distributions are created. It may be the case that the calculated grid
resolution is too large to accurately model this, notably for steep gradients, whereas
the film has improved resolution and can measure without significant volume aver-
aging effects. Furthermore, the jaw drive direction is along the vertical axis for this
set up. If jaw positioning during measurements was slightly different to that set in the
TPS, then broader (or narrower) distributions could be expected. Lastly, inconsistent
location of the vertical profile between the calculated and measured data could con-
tribute to discrepancies. The location of the vertical profiles is through a relatively
high-gradient region on the horizontal plots. Differences in lateral location from which
vertical profiles are extracted could cause discrepancies, in both shape and magnitude,
between datasets.

Total “field size” metrics for the calculated data matched those as measured; how-
ever, there is marked differences in the peak offset location between field sizes and
calculation settings. This may be due to a number of things, the most likely being
noise in the data. For instance, the maximum value in the profile was used to determine
the location of the peak position. In Monte Carlo simulations, and film measurements,
intra-voxel noise can interfere with this determination. To overcome this TPS and film
data could be averaged, say to a 3.0 mm voxel region. Such a method was not origin-
ally performed, as it diverges from clinical workflow; however, it is a method worth
considering to potentially reduce this discrepancy. Aside from this, the calculated off-
sets matched the direction of the Lorentz force; although, all are of larger magnitude
than those reported for the primary field from other investigators [20,70], as discussed
above. An example of this is shown in Figure 6.14, where offsets and penumbras of
profiles calculated in field for the 4.0 × 4.0 cm2 and 2.0 × 2.0 cm2 fields are different
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from those out-of-field.

6.5 Conclusion
In this chapter, measured ESE during irradiation of a phantom with simple field geo-
metries was performed on the Elekta Unity. EBT3 film and OSLDs were used to
determine ESE dose 1.4 mm within solid water, from beam entry and exit through a
curved phantom. Five square beams were delivered, 5.0×5.0 cm2 to 1.0×1.0 cm2. The
experimental geometry was simulated in the Monaco TPS. Measured and calculated
OFD were compared for each field, using vertical and horizontal profiles. Additionally,
attenuation of entry and exit streams were determined.

Film data showed that doses of up to 20.0 % of the Dmax dose to water could
be measured out-of-field for the maximum investigated field size of 5.0 × 5.0 cm2.
OSLD readings of the ESE dose did not match film, nor TPS, warranting further
investigation. The magnitude of ESE doses associated with these fields represents
a safety concern for patient shielding, and the necessary bolus shielding should be
provided. The attenuation data showed that 10.0 mm of water equivalent material
provides the necessary protection. General shapes of ESE profiles have been shown
to be influenced by phantom and beam geometry, and it was highlighted that smaller
fields resulted in less ESE dose.

TPS data generally agreed with film when the air around the phantom remained
unforced. It was highlighted that forcing the air to the minimum assignable value
(0.010) will interfere with both SCE and ESE simulated doses. Furthermore, the
need for accurate positioning during experiments or clinical treatments, is needed
as subtle changes in isocentre position and dose scoring location (profile location)
can cause significant differences between measurements and simulations. It was also
highlighted that ESE may not necessarily following the projection of the primary field,
due to differences in density of irradiated media and the subsequent effect on electron
range/radius of curvature.

Finally, further investigation is warranted into the use of OSLD for measuring
OFD. Discrepancies between film readings and OSLDs could potentially be eliminated
if measurement depth could be consistent between the dosimeters. Monte Carlo sim-
ulations of ESE from phantom entry and exit is also an area worth considering. Such
calculations would potentially discern how these electrons are attenuated by water, or
tissue, in the absence of contributions from background photons.

Chapter 6. Electron Streaming Effect: Phantom Investigation 102



7
Electron Streaming Effect: Anterior

Coil Investigation

This chapter contains material that was published in the following articles and present-
ation:

[2] John Baines, Marcus Powers, and Glen Newman. Sources of out-of-field dose
in MRgRT: an inter-comparison of measured and Monaco treatment planning system
doses for the Elekta Unity MR-linac. Physical and Engineering Sciences in Medicine
(2021). doi:10.1007/s13246-021-01039-6

[3] Marcus Powers and John Baines. Electron Streaming Effect Associated With
the Elekta Unity Anterior Imaging. Frontiers in Physics, 10 (2022). doi:10.3389/fphy.2022.880121

• Measured and calculated electron streaming on the Elekta Unity MRL. Marcus
Powers, John Baines. Engineers and Physical Sciences in Medicine Conference,
Brisbane, 2021.

For this chapter, I performed the measurements on the machine and the simulations de-
scribed below. The simulation toolkit is a commercial product developed and provided
by Elekta for patient radiation treatment planning calculations. All other work de-
scribed in this chapter is my own unless otherwise stated.

7.1 Introduction
The investigation of the electron streaming effect (ESE) by Malkov et al. [8] and others
[23,25,26] focused primarily on irradiation of patient or phantom materials. Since ESE
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can be generated from any attenuating material in the beam path, the transit of such
beams through the anterior imaging coil was investigated. The anterior imaging coil
is present for all treatments on the Unity, hence should be fully characterised in terms
of dosimetric impact to patients [2, 20, 21]. Prior to this work, no publications had
focused on this area, hence the first recorded observations of coil induced ESE are
reported in this chapter. Out-of-field dose (OFD) was measured, during irradiation
of a tilted anterior coil, using EBT3 film. Various coil angulations were investigated.
Additionally, Monaco treatment planning system (TPS) calculations for ESE from the
tiled coil were performed, using both a CT of the coil and a default coil model within
the TPS. Measured and calculated data for a variety of field sizes were compared.
Changes in simulated ESE, with varying electron density of the coil, were investigated.
A clinical investigation of OFD resulting from irradiation of the tilted coil is provided
in Appendix B.

7.2 Methods

7.2.1 Coil ESE Measurements

To investigate ESE associated with the anterior imaging coil, the coil was tilted ap-
proximately 7.0° to the horizontal. The superior end was nominally 5.0 cm above the
inferior end, and the underside of the superior end was approximately 31.0 cm above
the couch. EBT3 film, 15.0 × 15.0 cm2, was attached approximately 2.0 cm in from
each end of the coil. This was achieved by taping the film directly to the coil, ensuring
that the distance from the coil edge was approximately consistent along the width of
film. Given that these electrons streams are not significantly attenuated in air [2],
changes to measured OFD from differences in film-to-isocentre distance, i.e. film not
parallel to beam edge, were expected to be negligible.

ESE was measured for 8.0×22.0 cm2, 5.0×22.0 cm2, 5.0×5.0 cm2, 5.0×3.0 cm2 and
3.0×3.0 cm2, 500 MU, G0 fields, incident on the centre of the coil. Larger rectangular
field sizes, 8.0 × 22.0 cm2 and 5.0 × 22.0 cm2, were selected to represent head and
neck treatment fields, and to exacerbate ESE dose. Smaller fields were selected to
represent prostate-type treatments, and to correlate results with the phantom ESE
investigations in Chapter 6. Film set below the coil at the superior end, detected
streaming electrons from forward scatter exiting the coil. At the inferior end, film
placed above the coil detected backscattered streaming electrons. For each delivery, a
piece of “dummy” film was taped to the measurement film, to act as build-up material
such that measurement depth was 0.4 mm (0.27 mm dummy film, plus 0.13 mm to the
active layer of the measurement film). The Y-axis of the primary beam was marked
on each film, to localize results. A schematic of the experimental set up is shown in
Figure 7.1.

To determine the effect of coil angulation on induced ESE doses, two additional
measurements were performed using the 5.0× 22.0 cm2 field and coil tilts of 0.0° and
~ 3.5°. Film calibration was performed using the methodology described previously
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Figure 7.1: Schematic showing the film set up for coil ESE measurements, not to scale.
The IEC 61217 positive Y and Z axes are shown and B0 is in the negative Y direction

(Section 4.2.6) for exposures of 60 MU, 125 MU, 250 MU and 500 MU. Film was
processed using the previously described method, Section 4.2.6. For all deliveries,
vertical (moving away from the coil) and horizontal profiles were extracted from the
ESE distribution on the film, using a 0.3× 10.0 cm2 region of interest (ROI). The ROI
was aligned to the film markings for vertical profiles, and taken through the region of
peak dose for the horizontal profiles. Doses were normalised to Dmax to water for a
10.0× 10.0 cm2 , 500 MU, G0 field and 133.5 cm SSD.

7.2.2 Coil ESE Simulations

The experimental coil orientations and exposures were simulated in the Monaco plan-
ning system. Firstly, a CT dataset of the coil was acquired with 1.0 mm slices, and the
coil tilted as for measurement (7.0°). The coil, air around the coil, and two “scoring
planes” at either end of the coil were contoured, corresponding to film positions. Air
around the coil was left unforced, so that Monaco converted the air CT number to
relative electron density (RED). Scoring planes, 30.0× 30.0× 0.1 cm3 , were assigned
a forced RED of 1.000. Simulations were performed with the 8.0 × 22.0 cm2 G0, 500
MU, field and different density conditions for the coil: forced to water (RED of 1.000),
forced to the mean value as determined by Monaco (RED of 0.075) and remaining
unforced.

Secondly, for all investigated field sizes, the Elekta provided coil model (RED of
0.089) was imported onto a CT dataset of air. The height and tilt of the coil were set
to match the experimental conditions. Scoring planes were again contoured at both
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Figure 7.2: A screenshot of the TPS environment for the coil tilt simulations. B0 is in
the - Y direction and the beam (in red) is in the - Z direction

film locations, and the fields were added. In these simulations, the air around the coil
model was contoured and originally had an unforced RED. However, to investigate
the effect of air RED on ESE doses, simulations were repeated with the air forced
to 0.010. For the forced air RED calculations and the 8.0 × 22.0 cm2 field, dose at
either end of the coil was extracted from the scoring planes. For the remaining fields
(5.0× 22.0 cm2 and smaller), only the dose at the superior end was extracted from the
TPS for conciseness.

For the 5.0× 22.0 cm2 field, the coil tilt using the Elekta model was halved (3.5°)
for one simulation, and removed altogether for another. In both cases, the air around
the coil was re-contoured and had unforced RED. For the half tilt simulations, dose at
each end of the coil was extracted for analysis. However, for the coil flat simulations,
only dose at the superior end was acquired.

In all cases, simulations were performed on a 0.1 cm dose grid, with statistical
uncertainty of 0.2 % per control point. With these settings, the statistical uncertainty
in the scoring volume was better than 1.0 % for all simulations. The calculations were
performed with dose deposition to the local medium. To include the anterior coil in
the calculations required the patient look up tables to be utilised. Dose profiles were
extracted from transverse dose-planes exported from Monaco, centred on the scoring
regions, using VerisoftTM v7.2 (PTW, Freiburg, Germany). An image of the TPS
environment for simulations is shown in Figure 7.2.

7.3 Results

7.3.1 Coil ESE Measurements

Vertical profile results for the coil ESE measurements are provided in Figures 7.3 and
7.4. For the 8.0 × 22.0 cm2 field, ESE from the 7.0° coil tilt was approximately 23.0

Chapter 7. Electron Streaming Effect: Anterior Coil Investigation 106



Powers, M. Commissioning and OFD on an MRL

Field Size [cm2] Peak Dose Superior [%] Peak Dose Inferior [%]
8.0× 22.0 22.9 22.0
5.0× 22.0 20.9 23.1
5.0× 22.0∗ 13.8 16.1
5.0× 5.0 10.5 11.8
5.0× 3.0 6.8 7.8
3.0× 3.0 6.8 7.3

Table 7.1: Measured coil ESE peak doses for the coil tilt irradiations (7.0° and 3.5°).
Doses expressed as a percentage of the Dmax dose to water for a 10.0× 10.0 cm2 field.
∗ coil tilt 3.5°

% of the Dmax dose in a 10.0 × 10.0 cm2 field, at the superior end (below) of the
coil. For the inferior end (above), dose was 22.0 % of Dmax. For all fields, the dose
measured from ESE above and below the coil were comparable; although, a maximum
differences of 4.2 % of the Dmax dose was observed for the 5.0× 22.0 cm2 field, within
the ESE peak. In general, the measured dose above the coil (backscattered electrons)
was greater than dose below (forward scattered electrons). Smaller fields resulted in
less ESE dose on the film, with the minimum measured peak value for the 3.0×3.0 cm2

field being approximately 6.8 % of the Dmax dose to water.
When the coil tilt was halved, dose for the 5.0 × 22.0 cm2 field was 13.8 % of the

Dmax dose superiorly, and 16.1 % inferiorly. Such doses are approximately 7.0 % less
than that for the 7.0° tilt. These results are shown in Figure 7.4, and a reduction
in peak width can be observed. With the coil horizontal, the measured dose profile
was constant at approximately 4.7 % of Dmax and no peak was observed. Table
7.1 summarises measured peak entry and exit doses for all field sizes and coil tilt
orientations. Similarly for dose in the tail regions of the profiles in Table 7.2. For the
latter, the average value between 60.0 to 80.0 mm from the coil is reported.

Horizontal film profiles through the 8.0 × 22.0 cm2 peak doses, above (inferior)
and below (superior) the coil, are presented in Figure 7.5. The film at the superior
end shows a consistent shape (width and penumbra skew [20]) to a projection of the
primary field; however, a noticeable step can be seen for the inferior profile above the
coil. Doses recorded horizontally are consistent with the peak in the vertical profiles,
at about 23.0 % of the Dmax dose to water for a 10.0× 10.0 cm2 field.

7.3.2 Coil ESE Simulations

Figures 7.6 to 7.9 show comparisons of simulated and measured vertical profiles, and
differences (simulated - measured) for each field. Corresponding difference plots are
also provided. 8.0×22.0 cm2 simulations with the CT of the coil (Figure 7.6), with coil
RED either unforced or forced to a mean value, showed larger differences with meas-
urements than those from the default coil model (Figure 7.7). Doses above and below
the coil were comparable for these simulations (Figures 7.7(a) and 7.7(c)), and the
maximum absolute difference (compared to film) was approximately 3.5 % of Dmax.
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Figure 7.3: Vertical measured coil ESE doses for a 7.0° coil tilt, and the (a) 8.0 ×
22.0 cm2, (b) 5.0× 22.0 cm2, (c) 5.0× 5.0 cm2, (d) 5.0× 3.0 cm2, and (e) 3.0× 3.0 cm2

fields. Doses are expressed as a percentage of the Dmax dose to water for a 10.0 ×
10.0 cm2 field
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Figure 7.4: Measured doses for various coil tilts and the 5.0 × 22.0 cm2 field. Plots
have been approximately aligned to peak doses, for ease of viewing

Field Size [cm2] Tail Dose Superior [%] Tail Dose Inferior [%]
8.0× 22.0 3.9 4.6
5.0× 22.0 3.3 4.5
5.0× 22.0∗ 3.3 4.5
5.0× 22.0† 4.7 NA
5.0× 5.0 0.7 1.3
5.0× 3.0 0.5 0.6
3.0× 3.0 0.4 0.5

Table 7.2: Measured out-of-field doses in the profile tail regions for the coil tilt irradi-
ations (7.0°, half tilt and coil flat). Doses are expressed as a percentage of the Dmax

dose to water for a 10.0 × 10.0 cm2 field. The average value between 60.0 - 80.0 mm
from the coil is reported. ∗ coil tilt 3.5° , † coil flat

Figure 7.5: Horizontal measured profile, through the peak ESE dose, for the 8.0 ×
22.0 cm2 field
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Figure 7.6: Calculated ESE for the 8.0×22.0 cm2 field with a CT of the coil. Measured
and calculated values for (a) the superior end of the coil can be compared using (b)
the difference plot. Similarly for (c) the inferior end and (d) associated difference plot.
The RED status of the CT contour is provided in parentheses for each simulation

However, for the coil RED set to 1.000 (water), ESE doses above the coil were sig-
nificantly less than those below, Figure 7.6(c) and were clearly different to film ESE
measurements. The difference plot for the inferior dose is omitted due to its obvi-
ous mismatch with other data. Peak calculated doses for the 8.0 × 22.0 cm2 field are
presented in Table 7.3 for the various simulations.

When the air was unforced for the Elekta coil model simulations, Figures 7.7 to
7.9, doses above and below the coil were of comparable magnitude. The latter was
calculated slightly larger than the former, contrasting with film measurements. Peak
ESE doses for all fields, with air unforced, are in Table 7.4 and noticeably, smaller
fields exhibit smaller ESE doses, consistent with measured data (Table 7.1). When
forcing the air to an RED of 0.010, smaller doses were calculated in ESE peaks and
larger doses in the tail region, compared to measurements.

Figure 7.8 shows calculated and measured OFD for the 5.0×22.0 cm2 field, for coil
tilts of 7.0°, 3.5° and 0.0°. When the tilt was halved, the calculated peak dose was 16.5
%, of the Dmax dose, at the superior end and 15.4 % at the inferior end. These were
5.6 % and 5.2 % less than corresponding doses calculated with a 7.0° tilt, respectively.
For a flat coil, the TPS profile does not exhibit a peak and the dose is approximately
3.8 % of Dmax, equal to the tail region for the coil tilted data, see Table 7.5.

In the calculated horizontal profiles for the 8.0×22.0 cm2 field, Figure 7.10, distinct
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Figure 7.7: Calculated ESE dose for the 8.0×22.0 cm2 field with the Elekta coil model.
Measured and calculated values for (a) + Y (superior) can be compared using (b) the
difference plot. Similarly for (c) - Y (inferior) and (d) associated difference plot. The
RED status (forced or unforced) of the air around the coil is provided in parentheses
for each simulation

Coil Simulation Superior Peak Inferior Peak
Dose [%] Difference [%] Dose [%] Difference [%]

CT (coil unforced) 24.9 2.0 23.9 1.9
CT (coil mean) 24.6 1.7 25.0 3.0
CT (coil water) 25.0 2.1 6.7 -15.3

Model (air unforced) 22.9 0.0 21.3 -0.7
Model (air forced) 18.2 -4.7 14.5 -7.5

Table 7.3: Peak calculated ESE doses for the 8.0× 22.0 cm2 field simulations. Values
are presented as a percentage of the Dmax dose to water for a 10.0 × 10.0 cm2 field,
with differences compared to film
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Figure 7.8: Calculated ESE dose for the 5.0×22.0 cm2 field with the Elekta coil model
and various tilts. Results for (a) the 7.0° tilt are provided with (b) difference plots
compared to film. In (c) the half and no tilt results are provided with (d) associated
difference plots. Dose differences for the coil flat are omitted due to inconsistency
between measurement and simulation conditions. All percentages are relative to the
Dmax dose for a 10.0× 10.0 cm2 field

Field Size [cm2] Superior Peak Inferior Peak
Dose [%] Difference [%] Dose [%] Difference [%]

8.0× 22.0 22.9 0.0 21.3 -0.7
5.0× 22.0 22.1 1.2 20.6 -2.5
5.0× 22.0∗ 16.5 2.7 15.4 -0.7
5.0× 5.0 11.9 1.4 11.2 -0.6
5.0× 3.0 7.8 1.0 7.3 -0.5
3.0× 3.0 7.6 0.8 7.1 -0.2

Table 7.4: Peak calculated ESE doses for all fields using the Elekta coil model with
air unforced. Values are presented as a percentage of the Dmax dose to water for a
10.0× 10.0 cm2 field, and differences are compared to film. ∗ coil tilt 3.5°
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Figure 7.9: Small field coil ESE, calculated and measured, for the (a) 5.0 × 5.0 cm2

field, with (b) associated difference plot. In (c) the 5.0 × 3.0 cm2 results are shown,
with (d) associated plot, and similarly with (e) the 3.0×3.0 cm2 field and (f) difference
plot
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Field Size [cm2] Superior Tail Inferior Tail
Dose [%] Difference [%] Dose [%] Difference [%]

8.0× 22.0 4.6 0.7 5.2 0.6
5.0× 22.0 3.9 0.6 4.4 -0.1
5.0× 22.0∗ 3.9 0.6 4.6 0.1
5.0× 22.0† 3.8 -0.9 NA
5.0× 5.0 0.9 0.2 1.1 0.2
5.0× 3.0 0.6 0.1 0.7 0.1
3.0× 3.0 0.5 0.1 0.6 0.1

Table 7.5: Calculated dose in the tail region for investigated fields. Values are presented
as a percentage of the Dmax dose to water for a 10.0 × 10.0 cm2, and differences are
compared to film. ∗ coil tilt 3.5° , † coil flat

deviations from profile flatness are observed when using the CT dataset of the coil.
This was observed for superior and inferior ends, forced and unforced calculations.
Although, the inferior profiles showed greater deviations. When using the coil model,
horizontal profiles were in better agreement with film data.

7.4 Discussion

7.4.1 Coil ESE Measurements

The magnitude of the ESE emanating from the coil was significant (Figures 7.3 and
7.4), with nearly 23.0 % of the Dmax dose to water observed for the 8.0×22.0 cm2 field.
This value is comparable to phantom ESE (Chapter 6); however, will be influenced
by field size and coil tilt. In general, it appears that the superior film, below the coil,
measured comparable ESE dose to that above the coil, contrasting with results presen-
ted in Chapter 6 and those of other investigators [8]. From coil CT images (Figure
7.11), a high density substructure was identified. This structure could tend to restrict
electron motion through it, hence increasing the number of backscattered electrons.
Subsequently, this may tend to increase ESE dose at the entry. Note that such an
effect may not be observed for uniformly dense materials, and is worth investigating
with Monte Carlo simulations.

The comparable ESE dose above and below the coil, as well as the magnitude
doses, has significant implications for patient safety. Where a coil tilt is required for
a patient treatment, to improve MR signal for example, bolus should be considered
at both ends of the coil to shield patient surfaces in the path of streaming electrons.
The energy of streaming electrons is ~ 500.0 keV, as discussed previously, and 1.0 cm
of jelly bolus would provide the necessary shielding [23,42].

Furthermore, with Figure 7.3, a field size effect can be observed where smaller fields
produce less ESE dose. This is to be expected, given that reducing the primary field
will: (1) reduce the number of secondary electrons produced within the medium, and;
(2) limit the length of the coil which is irradiated in-line with the magnetic field. The
latter appears to be the greater effect, as peak ESE doses for the 5.0 × 3.0 cm2 and
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Figure 7.10: Calculated and measured horizontal profiles through the peak ESE for
the 8.0× 22.0 cm2 field, at (a) superior and (b) inferior ends of the coil

Figure 7.11: A CT of the coil showing the high density substructure housing the RF
receiving wires and providing support for the coil. Distances between wires, and the
coil thickness, are shown in red
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Figure 7.12: Diagram showing how the coil tilt can affect the electron streaming.
Larger tilts (middle and right) create increased distance between the electron spiral
and the coil surface, as well as reducing the lateral distance electrons have to travel to
escape the coil (brown) after initial generation

3.0 × 3.0 cm2 (same Y dimension) are similar, whereas those for the 5.0 × 5.0 cm2

and 5.0 × 3.0 cm2 (same X dimension) are not. Note that the reduction in primary
beam can be argued to be approximately the same for both situations (2.0 cm), and
that the aforementioned pattern was seen both above and below the coil. This was
also observed in the doses for the larger rectangular fields, (Figures 7.3(a) and 7.3(b)),
where the Y dimension of the field was consistent between the two.

In the measurements with the coil tilt halved (Figure 7.4), peak dose above and
below the coil are reduced by approximately 7.0 % compared to the 7.0° coil tilt. This
was not unexpected as the distance from the coil surface to the line about which a
secondary electron will spiral, is reduced with lesser coil tilts relative to the horizontal;
the result being more returning electrons, rather than spiralling, for the smaller in-
clinations (see Figure 7.12). For reducing coil tilts the distance which an electron has
to travel, along B0, for it to be able to rotate around the field lines and not intersect
with the coil surface is increased. Hence, only the electrons which have larger parallel
components of motion are able to stream and not return to the surface (representing
the more laterally scattered electrons, as opposed to forward scattered). Secondly, for
greater inclinations, the distance which an electron has to travel to exit the coil is
reduced for a given generation point. Thus, one could expect more electrons escaping
for larger inclinations, and fewer for smaller inclinations. In general, reducing the coil
tilt will reduce ESE peak dose and the width of the ESE distribution. Both of these
were observed in the coil tilt results in Figure 7.4. Additionally, increasing the coil
tilt increases the surface area of the coil irradiated, enabling more electron streams
to be produced as previously discussed (Section 6.4.1). The change in ESE dose with
phantom angulation has been highlighted by previous investigations [8].

In the tail regions for all measured fields fields, Table 7.2, doses are comparable
to previous results for OFD spiralling contaminant electrons (SCE) and background
photons [2], with equivalent field sizes. Here, the dose measured above the coil is greater
than that below. Since this dose is deposited by SCE and background photons, this
result is unsurprising. With increasing distance from the source, the intensity of the
primary photon beam is reduced through the inverse square law (ISL). Logically, a re-
duction in intensity of primary beam will result in fewer generated electrons spiralling
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to deposit dose on the film. This is observed in the measured vertical profiles which
show tail regions diverging between inferior and superior films, with the latter de-
creasing with distance from the coil. Another point to highlight is that reducing the
coil tilt increases the magnitude of the electron return effect (ERE) [52] in-field, and
OFD becomes dominated by SCE and background photons [2, 9]. Note that with the
coil flat, measured dose is higher than tail regions in tilted results for the same field
size (5.0 × 22.0 cm2). For measurements with the coil flat, it was discovered that the
dummy film in front of the measured had not been used, therefore increasing recorded
dose. Furthermore, this film was not as long others, and only dose up to ~ 50.0 mm
away from the coil was measured.

The measured horizontal profiles in Figure 7.5 appear as expected, with the excep-
tion of a small step observed for the inferior plot. The cause of the step has yet to be
identified; however, the film set up and coil structure are being investigated.

7.4.2 Coil ESE Simulations

In Figure 7.6, the modelling of the coil using a CT dataset showed that dose is typ-
ically overestimated by the planning system compared to measured data. Differences
between these calculations and measurements were mostly less than ± 5.0 %. These
occurred primarily in the peak dose and steep dose gradient regions. This was the
case both superior and inferior and for all simulations, with the exception of inferior
dose calculated with contour RED forced to water. Here, lower doses were observed,
consistent with the phantom scenario in Chapter 6 and other investigations [8]. The
increase in density appears to cause the resulting electron distribution to be more
forward directed, for this scenario.

Larger differences, between calculations with the CT of the coil compared to film,
could be attributed to a number of factors. However, given the consistency of the Elekta
coil model data with the film (Figure 7.7), it seems the contouring accuracy was the
primary cause. The contour was consistent between the calculations for Figure 7.6, and
a mismatch in contour to experimental (say for example, different angulation or contour
thickness) could explain the increase in peak dose. The comparable calculated dose
superiorly regardless of scatterer RED is interesting. Compton interactions depend
on the electron density of the scattering material, and one would assume that a more
electron dense material would create more electron streaming. It is possible that
this effect is being countered by the fact that for more dense scattering materials,
the path an electron takes to exit said material is now more attenuating. As yet the
consistency of peak dose regardless of material RED is unexplained, warranting further
investigation with Monte Carlo simulations and phantom measurements.

The length of the calculated ESE peaks for the 8.0 × 22.0 cm2 vertical profiles
were consistent with measured (superior and inferior), for the CT contour of the coil
forced to its mean RED and leaving it unforced. However, when this contour was
forced to water, constriction of the superior dose peak was observed. It was supposed
from the large disparity between superior and inferior doses in these results, that the
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Figure 7.13: Diagram showing how increasing the RED can change resulting ESE
doses. One can see that for the higher RED material the water equivalent thickness
is increased. Hence laterally scattered electrons (brown) are not energetic enough to
escape. Note that the the effect of the magnetic field on the electron paths, and the
full electron distribution, are not shown

resulting electron distribution was more forward directed. This would also be reflected
as a constriction of the peak. Furthermore, doses around the slopes of the peak are
correlated with electrons escaping the coil at the beam peripheries. It is reasonable
to suggest that these electrons are more laterally scattered than those in the centre,
due to the shape of the primary beam. In Compton interactions, the more laterally
scattered electrons have a lower kinetic energy. With a higher RED material (more
attenuating), these laterally scattered electrons may not be energetic enough to escape,
and constriction of the peak would be observed. This is described schematically in
Figure 7.13.

ESE calculations using the Elekta supplied coil model (Figures 7.8 and 7.9) showed
comparatively good agreement to film, when the air RED remained unforced. Dose
differences, superior and inferior, were less than ± 5.0 % of Dmax and again were
primarily around steep dose gradients. Notably, the TPS seemed to calculate larger
ESE doses emanating below the coil (superior) compared to above, opposite to film
data. This may be due to the substrate layer causing more backscattered ESE doses in
the measurements, which would not be present in the TPS simulations with the uniform
RED of the coil. Furthermore, the agreement of the calculated tail region with film,
and correct trends with increasing distance from the coil (increasing dose for inferior,
decreasing dose for superior), suggested the issue was not with data handling. This
subtle discrepancy between film and TPS simulations is currently being investigated
with Monte Carlo methods. From Figure 7.9, reduction in ESE dose with decreasing
field size was observed, as well as a reduction in dose differences compared to film for
the Elekta coil model data.

When the density of the air was forced to 0.010, similar results as in Chapter
6 were observed where greater differences to film, relative to unforced RED, were
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evident. Higher REDs generate more SCE than lower REDs, and a greater dose would
be observed in the profile tail. Coil ESE is subjected to increased attenuation with
higher air RED, and thus lower dose would be observed for the peak.

For the coil tilt comparison in Figure 7.8, larger differences for calculated dose
compared to film were observed for the half tilt than the 7.0° tilt. Additionally, the
TPS reduction in dose when reducing the tilt was less significant than measurements.
Again, the set up consistency between measurement and TPS will affect contribute
to such differences. Profiles computed with and without coil tilts exhibited regions of
equal SCE dose; however, there is clear discrepancy between the film and TPS with the
coil horizontal. This is due to the difference in measurement depth between the two,
as mentioned previously, warranting repeat measurements. Furthermore, OFD with
the coil flat was only simulated at the superior end. Consistency of tail regions with
the coil tilted and those with the coil flat (Figure 7.8(c)) was obtained, for this end of
the coil. Hence, one could conclude that the same would be true for the opposing side.
However, differences between superior and inferior doses with the coil flat would exist
due to divergence of the primary beam, as discussed above. It may be beneficial to
compare calculated and measured doses at both ends of the horizontal coil in a future
investigation.

Horizontal profiles through superiorly placed scoring planes, for the Elekta coil
model, show good agreement with film. Little lateral constriction was observed. In-
feriorly, for the same calculation, there is a constant discrepancy; however, it is less
than 2.0 % of the Dmax dose. Overall, the use of the Elekta coil model predicted OFD
in agreement to film measurements, for both superior and inferior doses, horizontally
and vertically. For the superior horizontal profiles calculated with the CT of the coil,
any RED, the dose was overestimated by the TPS. There is also some evidence of dis-
continuities for the calculated doses across the central region of the profiles; however,
calculated penumbras agree with measured. Inferiorly, there are obvious steps in the
profile. Although most significant in the unforced RED calculation, the steps can be
observed in the remaining datasets. The horizontal profile at the inferior end of the
coil, with the RED of the coil forced to 1.000, is significantly lower than film, consistent
with that observed in the vertical profile.

The sharp steps in the inferior horizontal profiles may be caused by the internal
structure of the coil. Within the body of the structure there are high density RF
receiving wires. With the unforced RED calculation, the location of the discontinuities
in the scoring plane is correlated with the location of the wires upstream (see Figure
7.14). Clearly, care must be taken when attempting to calculate ESE dose with a
CT of the coil; however, this is outside routine clinical practice and would not be of
concern for users.
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Figure 7.14: Image of the calculated dose distribution (inferior) for the 5.0× 22.0 cm2

field using a CT of the tilted coil. The projection of the wires is marked using red
lines, and the location and direction of profiles shown by the dash lines (yellow). Note
that no quantitative information is provided as this figure is for illustrative purposes
only

7.5 Conclusion
In this chapter out-of-field dose associated with the tilted anterior coil was characterised
with film measurements and Monaco TPS calculations. Several G0 fields were delivered
to a tilted anterior coil, and dose was measured from ESE emanating above (inferior)
and below (superior) the device. The experimental arrangement was replicated in
Monaco using different models for the coil. Using a single field, the effect of varying
the coil tilt on measured and calculated ESE was also investigated. Additionally, the
effect of varying RED on resulting ESE distributions was presented.

ESE doses from the coil were significant, with approximately 23.0 % of the Dmax

dose to water being observed, in measurements and calculations, for an 8.0× 22.0 cm2

field. Streaming dose above the coil was comparable to that below the coil, which
will have clinical implications as bolus shielding will be required to protect the pa-
tient from both sources. A field size effect was observed for peak ESE doses, with
smaller fields producing less dose, consistent with previous investigations. However, it
appeared that changing the dimension of the field in the direction of the magnetic field
had a larger influence on OFD. Angulation of the coil also affected ESE doses, with
smaller tilts corresponding to lower measured and calculated doses, consistent with
other investigators. Overall, it was determined that the use of the Elekta supplied coil
model within the TPS can accurately predict OFD, as long as the air around the coil
remains unforced (within the TPS). The effect of forcing the air contour, on SCE and
ESE doses, was observed to be consistent with previous investigations.

Finally, further investigation is warranted into modelling the Compton scattering
within the anterior coil. Specifically, the effect of non-uniform RED layers within
the coil and the resulting electron distribution, are currently being simulated using
Monte Carlo methods. These simulations are expected to reveal why comparable doses
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superiorly and inferiorly for low RED materials were observed, in contrast to ESE from
higher RED materials. Additionally, this data may also reveal why the superior ESE
peak dose distribution did not change when varying the uniform RED of the tilted
coil.
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Conclusion

8.1 Summary of Work Performed and Results
The complexity of MRgRT systems means that gaps in published commissioning work
can be significant. As part of this work, commissioning of the linac component of the
Elekta Unity MRL was performed for mechanical (Chapter 3) and dosimetric (Chapter
4) behaviour. A vendor supplied phantom was used to confirm gantry rotation and
for determining the MV isocentre size. Results for both tests were consistent with
published data. Using various dosimeters, an in-bore radiation survey in 0 T was
performed for which published comparative data was limited.

Dosimetric measurements were performed on the system and results were presented
in Chapter 4. The attenuation of the primary beam due to the anterior imaging coil
was determined with an in-house, cylindrical phantom. This effect was small, and sim-
ulated results were consistent with measurements. Beam quality was measured with
TPR20,10 and dose maps. TPR20,10 was found to be insensitive to changes in beam
quality which significantly altered beam characteristics. Therefore, caution is advised
when using TPR20,10, and published tolerances, to monitor the beam quality. Dose
maps (and therefore dose profiles) were shown to be more sensitive, consistent with
that known with conventional linacs. Due to the calibration conditions recommen-
ded by the vendor, difficulty was encountered when performing reference dosimetry
measurements. An adapted methodology for this procedure was discussed, and ma-
chine output measurements with this technique were reproducible. Nevertheless this
method is not ideal, and calibration conditions of clinics needs to be considered by
third party vendors when designing equipment. Depth dependence of magnetic field
correction factors was measured to be negligible, consistent with previous Monte Carlo
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simulations. The influence of MR imaging on linac and MVI panel operation was not
significant. Film and the PTW Octavius 1500MR array were both found to highlight is-
sues with machine behaviour, during IMRT commissioning, when appropriate gamma
criteria were set. With these issues resolved, IMRT results were within internationally
recommended tolerances. The use of an in-house, 3D-printed, MR-compatible E2E
phantom was presented. E2E results were acceptable and highlighted the potential
benefit of using such phantoms on MRgRT systems.

The presence of a strong magnetic field alters charged particle kinetics on the
Elekta Unity system. This ultimately leads to larger doses out-of-field than would
be present in a non-MR environment. OFD was characterised on the Unity system
in Chapters 5-7, with measurements and Monaco TPS simulations. Dose associated
with SCE and HLS was determined in 1.5 T (SCE and HLS) and 0 T (HLS only)
environments and results are presented in Chapter 5. These doses were found to be
comparable. Notably, 0 T OFD was found to be inconsistent with previous Monte
Carlo work. TPS calculations were consistent with measurements, in both 0 T and 1.5
T. RED of the simulation environment was found to significantly affect the generation
and attenuation of OFD, and implications in clinical situations were highlighted.

Characterisation of ESE on the system was presented in Chapters 6 and 7. In
the former, ESE during irradiation of a phantom was investigated. ESE dose was
measured using film and OSLDs, and compared to simulations with the Monaco TPS.
This source of OFD was found to be clinically significant, greater than that associated
with SCE, and consistent with previous investigations. ESE doses were shown to be
dependent on phantom and beam geometry, as well as RED settings for air in the
TPS. Attenuation of ESE doses was also determined, and it was found that 10.0 mm
of water equivalent material will significantly reduce this dose, consistent with previous
investigations. Monaco ESE was consistent with film measurements, however, OSLD
readings were inconsistent with both.

In Chapter 7, ESE generated during irradiation of the tilted anterior coil was
investigated. Measurements of coil ESE were made with film and compared to TPS
simulations. Significant OFD was determined, above and below the coil, for the fields
and inclinations investigated. Doses were comparable to the phantom investigation in
Chapter 6. Coil angulation and field size were found to influence ESE doses, consistent
with previous investigations. Different models of the anterior coil were employed in the
planning system, and it was found that the use of the default, Elekta supplied model
provided agreement between simulated and measured data. It was found that changing
the RED of the coil in the TPS did not significantly alter the magnitude of ESE doses
below the coil. The effect of forcing the air RED around the coil in simulations was
also investigated, and dose differences with measured data were consistent with that
observed previously.
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8.2 Recommendations for Future Work
During commissioning several areas warranting further investigation were highlighted.
The use of the MV alignment phantom for determination of an absolute gantry angle
was one such area. In this work, MVI images of the phantom at non zero gantry angles
were visually compared to the G0 image. Use of a computational system to automate
this process, and extract an absolute position from these images, is warranted. This
process could be improved by imaging the phantom centred at isocentre, and confirming
that the projection of diametrically opposite ballbearings, within a given array, are
aligned along the Y-axis. An offset in gantry angle would manifest as lateral separation
between these ballbearings on the MVI images.

The radiation survey results were noticeably varied in the ± X directions, indicating
that there may have been an issue in set up. Repetition of this test is warranted.
Unfortunately, to repeat in 0 T is not pragmatic given the costs involved. Measurement
in 1.5 T may elucidate errors, but would be susceptible to the magnetic field effects on
electron motion. Regardless, the 1.5 T data is warranted as this represents the nature
of the machine during treatment and will be beneficial to compare data to the 0 T
case.

Changes to beam quality with gun grid voltage is also an area worth investigating.
Altering the grid voltage was shown to affect the beam energy; however, the commonly
used TPR20,10 metric was found to be insensitive to changes. The extent to which this
metric can highlight an energy change could be considered. This may be achieved
by adjusting the grid voltage (for example in 5.0 V increments) and determining the
metric. Additional machine characteristics could be determined at each voltage to
highlight significance of the change, for example: beam output, profile shape and MV
isocentre size and location.

The use of a 3D-printed phantom for E2E testing of ATP and ATS functionality
was discussed in Chapter 4. A single, simple design was given; however, little discussion
of MR imaging quality, contouring accuracy or plan generation was provided. Further
work on using MR compatible, 3D printed materials for E2E phantom designs is an
area worth pursuing, to address these aforementioned issues. The phantom design
could also be improved by adding anthropomorphic components.

In 1.5 T, there will be contributions to OFD from low energy photons scattered
from the linac components and the air. To quantify the magnitude of SCE dose, and
differentiate it from HLS, is therefore difficult; however, this may be possible using
Monte Carlo methods. Such calculations are currently under investigation. Monte
Carlo simulations in 0 T are also warranted, to highlight the discrepancy between
measured and calculated data. The electron component of the primary beam in both
the Monaco TPS and the Monte Carlo phase space files should be investigated.

In Chapter 6 the electron streaming effect was investigated with film, TPS simu-
lations and OSLDs. OSLD data varied significantly from other data, potentially due
to differences in effective measurement depths between dosimeters and simulations.
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As such, measurements with film EPOM depth consistent with that for OSLDs, are
required. Monte Carlo modelling of ESE will also be of benefit. Such simulations could
be used to determine the attenuation of these spiralling electrons in water/tissue, which
is not possible with measurements.

Finally, the above simulations would also be of benefit to address further research
needs highlighted in Chapter 7. Compton scattering events associated with varying
densities of the tilted anterior coil are to be simulated, to determine the point spread
distribution in different materials. These simulations may also reveal why comparable
doses above and below the coil were observed. The consistency of ESE dose below the
coil, with variations in scatterer RED, could also be addressed.
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A
Additional Commissioning Tests

This appendix contains information pertaining to additional commissioning tests. These
were omitted from the thesis body as they are not currently under consideration for
publication; however, this may change in future.

For this appendix, I performed measurements on the machine and the simulations
described below, with assistance from physicists at the Townsville Cancer Centre.

A.1 Introduction
Similar to previous sections, in-house equipment and simple techniques were employed
to determine a variety of common mechanical commissioning measurements. Mega-
voltage imager (MVI) panel operation testing and confirmation measurements of mag-
netic resonance to mega-voltage (MR-to-MV) isocentre offsets was performed with
aforementioned bespoke phantoms. Previous investigators [21] have published on com-
mon couch operation checks such as couch absolute position accuracy, drive linearity
and orthogonality of movement to the gantry plane of rotation. A simple method to
measure couch drive orthogonality to the gantry plane is presented. The methodology
makes use of commonly available equipment and has not been previously reported
on, for this machine. Due to a spontaneous quench on the Elekta Unity, a unique
opportunity was afforded to measure a cryostat characterisation differences pre- and
post- quench to observe differences. For additional dosimetric commissioning work
performed, alternate methods to measure beam output and shape with gantry angle
are provided.
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A.2 Methods

A.2.1 Couch Operation and Sagittal Laser Accuracy

Using a solid water stack of 14.0 cm height, an MV visible ballbearing was placed
at isocentre height, aligned to the sagittal laser. This ballbearing was driven to the
approximate isocentre position, and imaged on the MVI using a 10× 10 cm2, 50 MU,
field from gantry 0.0° (G0), G90 and G270. The lateral offset of the ballbearing from
the MVI isocentre was measured on the G0 image, and solid water height was assessed
for coincidence with isocentre on the G90 and G270 images. The table position was
recorded and an additional 14.0 cm solid water stack was placed ~ 160.0 cm inferiorly on
the table, with another ballbearing atop. This ballbearing was aligned to the sagittal
laser as before, however with care taken to ensure this was performed at the same
distance from the bore as the first. In this way, any laser rotation did not interfere
with results. The couch was driven in 160.0 cm, so that the second ballbearing was
nominally at isocentre, and MVI images taken as previous. Lateral and height offset of
this setup to the isocentre were compared to those from the first images to determine
the couch drive orthogonality to the gantry rotation plane.

A sagittal laser is provided with the Elekta Unity MR-Linac (MRL); however, its
use is limited [21, 22]. Direct measurement of the offset, rotation and skew (laser
offset change with height) was made. Four ballbearings were set atop individual solid
water stacks of 14.0 cm height, spaced approximately 60.0 cm apart along the length
of the patient position system (PPS). Each ballbearing was imaged at isocentre using
the MVI (several couch longitudinal positions) using the G0 field above, and lateral
shifts were made to position the ballbearings along the Y-axis. A self-levelling laser
(CXR880, RedBackTM lasers, Geelong, VIC), was then aligned to each ballbearing,
with the couch fully withdrawn from the bore. The laser was placed away from the
bore, where the magnetic field strength was less than 0.5 mT. After aligning to the
ballbearings, and therefore the Y-axis, the self-levelling laser was compared to the
sagittal laser at multiple positions.

A.2.2 Cryostat Characterisation

To measure the cryostat characterisation, the couch and bridge components were re-
moved from the bore. The cryostat characterisation tool (CCT, Figure A.1), with a
PTW 30013 Farmer chamber (PTW, Freiburg, Germany) inserted in the 56.5 mm dia-
meter build-up cap, was mounted within the bore parallel to the static field. Chamber
readings were acquired using a 10.0× 10.0 cm2, 100 MU field delivered to the chamber
at 2.0° intervals between G50 and G310, and at 10.0° intervals elsewhere. Gantry angles
of 8.0° - 18.0° were avoided due to the cryostat pipe. The chamber was rotated 180.0°
about its longitudinal axis and the above measurements were repeated. Correspond-
ing chamber readings were averaged, to minimize chamber directional dependence, and
normalised to the averaged G90 reading. Cryostat characterisation determined after
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Figure A.1: An image of the cryostat characterisation tool (CCT) with the Farmer
chamber and build-up cap attached

the spontaneous quench was compared to that acquired during device acceptance tests
(DAT).

A.2.3 MVI Operation

The MVI panel is not used clinically, hence tests presented here focus primarily on
those required for quality assurance (QA) purposes. Geometric accuracy of the panel
was considered of importance, since most QA equipment uses the panel to set up and
align with the machine isocentre. Image scale accuracy and central pixel location were
performed independently of Elekta DAT. Panel alignment was performed by Elekta
during DAT, and is not presented in this work.

For MVI image scale accuracy, an in-house designed aluminium “ruler” was used.
The ruler is 2.5 cm wide, 30.0 cm in length and 0.3 cm thick, and has thirteen machined
3.0 mm holes spaced 2.0 cm apart along its length. The ruler was placed atop 13.9
cm of solid water on the couch, aligned parallel to the X-axis, such that the centre of
the device was within 0.05 cm of the isocentre. A 22.0× 22.0 cm2, 50 MU, field from
G0 was delivered. From the image, hole separation was measured using the MVI ruler
tool and compared to nominal values, to determine the accuracy of the image scaling
in this direction. The process was repeated with the aluminium ruler rotated parallel
to the Y-axis.

The MVI central pixel is often used as a surrogate for the machine isocentre when
aligning equipment, and as such its position with respect to the true isocentre is im-
portant. To determine the central pixel location, a process similar to that employed
by Elekta is used. As part of this, 1.0 × 22.0 cm2 fields, centred at ± 21.0 cm, were
delivered to the MVI panel with 50 MU from G0. With these fields, the back ends of
each jaw are projected onto the panel at ± 4.0 cm. The jaw is machined such that
the vertex of the V aligns with the centre of the jaw along the Y-axis, Figure A.2. On
each image, the Y (vertical) and X (horizontal) location of the vertex were determined.
The average locations, between the two images (two jaws), was taken as the central
pixel from G0. This was repeated for G90. The true centre pixel was taken as the
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Figure A.2: Image of the jaws in the Elekta Unity beam limiting device (BLD)

average values, for vertical and horizontal pixels, from the two gantry angles. This
contrasts with the Elekta method, where only the vertical pixel is determined in this
manner [21].

A.2.4 MR-to-MV Isocentre Confirmation

To confirm the MR-to-MV alignment offset, an acrylic, water-filled cylindrical phantom
was used (Figure A.3). A 0.6 cm diameter, 11.0 cm acrylic rod, with a 1.5 cm dia-
meter sphere at one end, was attached to the phantom. The phantom was scanned
using computed tomography (CT), with 1.0 mm slices, and contoured in Monaco. An
arbitrary plan was added and the plan isocentre was set to coincide with the centre
of the 1.5 cm sphere using virtual couch shifts. The phantom was then placed at the
same position on the Unity couch as for the CT scan.

The phantom was imaged using six-minute, T1-weighted transverse and coronal
magnetic resonance (MR) scans, to improve the resolution in stack offset adjustments.
Sphere centre to MR isocentre was measured using the Marlin software by adjusting
the stack offset to coincide with the centre of the sphere. This can be found in the
“Off/Ang” tab in the Planning workflow on the MR system. The transverse scan
was transferred to Online Monaco, and registered to the CT image according to the
centre of the 1.5 cm sphere. MR-CT image fusion isocentre offsets were recorded from
Online Monaco. Stack offset values from the MR isocentre were subtracted from the
fusion values and the result was compared to the values for the MR-to-MV isocentre
shift obtained from the Elekta supplied phantom (Figure A.4) and software. The
process of aligning the stack offset to the centre of the sphere and performing the image
registration was performed by several physicists and radiation therapists to investigate
inter-observer variations. Two set ups were performed to determine reproducibility.

A.2.5 Output with Gantry Angle

For output variation with gantry angle, the phantom and setup described previously
in Chapter 4 for anterior coil attenuation, was used (Figure A.5).
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Figure A.3: The (a) acrylic cylindrical phantom for MR-to-MV isocentre confirmation,
and (b) the sphere/rod that can be placed within the phantom

Figure A.4: The Elekta supplied MR-to-MV phantom

A 5.0× 5.0 cm2 100 MU field was delivered to the chamber for 15.0° gantry angle
increments, between 0.0° - 345.0°. For each gantry angle, the cylindrical phantom was
also rotated to maintain the same orientation of the chamber with respect to the beam.
A gantry angle of 15.0° was avoided due to the cryostat pipe as previously described.
Results were normalised to the reading at gantry 90.0°. Measurements were performed
in 0 T and 1.5 T environments.

The measurement geometry was simulated in the planning system, noting the wa-
ter equivalent thickness of the acrylic was negligible. A 0.1 cm dose grid, statistical
uncertainty of 0.25 % per control point and the phantom lookup table were used for
calculations.

A.2.6 Beam Shape at Cardinal Gantry Angles

Beam profiles were measured at the cardinal gantry angles using the PTW Octavius
1500MR array (PTW, Freiburg, Germany) and solid water. For each angle, the array
was imaged with the previously described aluminium ruler (Section A.2.3), to align
with the isocentre. After alignment, 0.5 cm of solid water was added to achieve an
effective point of measurement (EPOM) of 1.3 cm (approximate depth of maximum
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Figure A.5: Cylindrical water phantom and with chamber inserted used for output
with gantry angle and anterior coil attenuation measurements

Ballbearing Index Distance [cm] Offset [mm]
00 0.0 + 1.50
15 60.0 + 1.25
30 120.0 + 1.00
45 180.0 + 0.75

Table A.1: Laser alignment results. Offset values are reported relative to the self-
levelling laser, with positive values indicating a shift towards + X IEC 61217

dose). 10.0 cm of solid water was used as backscatter. For each delivery, the front
surface of the array directly faced the beam. Therefore, for the lateral deliveries, the
central chamber of the array was 15.0 cm above the couch, 1.0 cm above isocentre. For
the G180 delivery, the array and solid water was set above the couch using additional
solid water as stands. Hence, the couch and bridge were present for this measurement.
A 22.0×22.0 cm2 100 MU field was delivered at each angle, and inplane and crossplane
profiles through isocentre were determined. The dose, relative to the centre, at sev-
eral equidistant positions from the central axis were compared to assess beam shape.
Symmetry was determined as per IEC 60976 (maximum dose ratio) [55,56].

A.3 Results

A.3.1 Couch Operation and Sagittal Laser Accuracy

The couch drive orthogonality in the X-Y plane was measured to vary 0.025 cm over
160.0 cm travel, or ~ 0.01°. The top of the solid water was coincident with the MVI
isocentre at both longitudinal table positions, and both lateral gantry angles, indicating
that the couch drive was also orthogonal for the X-Z and Y-Z planes. The sagittal
laser accuracy results in Table A.1 were consistent from the top of the couch to ~ 40.0
cm above this point, indicating there was little skew in the laser.
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Figure A.6: Cryostat characterisation for pre- and post-quench states

Direction Measured [mm] Nominal [mm]
Y 80.32 80.00
X 200.15 200.00

Table A.2: MVI image scale results. Distances are reported between the most distal
holes on the images

Gantry Angle Vertical pixel Horizontal pixel
G0 654.72 511.52
G90 654.85 512.11

Average 654.78 511.82

Table A.3: Central pixel results. The Elekta determined values were (655.18, 511.63)
for vertical and horizontal pixels, respectively

A.3.2 Cryostat Characterisation

The cryostat characterisation for the post quench recovery environment is shown in
Figure A.6. The original cryostat characterisation is also displayed to highlight differ-
ences.

A.3.3 MVI Operation

The MVI image scale results are presented in Table A.2 and the central pixel data is
presented in Table A.3. The Elekta determined central pixel locations were 655.18 and
511.63 for vertical and horizontal, respectively.

A.3.4 MR-to-MV Isocentre Confirmation

MR-to-MV isocentre confirmation results are presented in Tables A.4 and A.5. The
stored isocentre offset values, as determined by Elekta, were (0.23,−1.03, 0.14) for (x,
y, z).
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Observer x [mm] y [mm] z [mm]
1 1.1 0.6 0.0
2 0.5 0.6 0.1
3 0.5 0.6 0.0
4 0.2 0.7 0.1
5 1.2 1.0 2.3
6 0.3 0.8 0.9

Avg. 0.6 0.7 0.6
St.Dev 0.4 0.2 0.9

Table A.4: First set of MR-to-MV isocentre offset results for an initial attempt. Aver-
age (Avg.) and standard deviation (St.Dev) of the results between the 6 observers are
presented

Observer x [mm] y [mm] z [mm]
1 0.1 1.0 0.6
2 -0.5 1.0 0.9
3 -0.3 0.8 1.3
4 -0.4 0.7 0.8
5 0.2 0.4 1.1
6 -0.2 0.7 0.9

Avg. -0.2 0.8 0.9
St.Dev 0.3 0.2 0.2

Table A.5: Additional set of MR-to-MV isocentre offset results for a second attempt.
Average (Avg.) and standard deviation (St.Dev) of the results between the 6 observers
are presented

A.3.5 Output with Gantry Angle

The output with gantry angle is presented in Figure A.7. The couch attenuation was
significant, reducing the output by as much as 22.0 % at G240, as compared to the
G90 output.

A.3.6 Beam Shape at Cardinal Gantry Angles

The beam shapes at cardinal gantry angles are shown in Figure A.8, along with their
corresponding metrics in Table A.6. Only the dose (relative to the central axis) at 80.0
% of the field width (FW), 8.8 cm in all four directions (IEC 61217), is provided for
conciseness.

A.4 Discussion

A.4.1 Couch Operation and Sagittal Laser Accuracy

Couch drive orthogonality deviations less than 0.03 cm over 160.0 cm of movement
were observed. The method proposed in this work for couch drive orthogonality is
currently being implemented at TCC for routine monthly QA.
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Figure A.7: Output with gantry angle. Values are normalised to the output at G90

Figure A.8: Profiles obtained on the 1500MR array at the cardinal gantry angles and
normalised to the central axis dose for (a) IEC Y direction and (b) IEC X direction

Axis Gantry Angle [°] - 0.8 FW
Relative dose [%]

+ 0.8 FW
Relative dose [%]

Symmetry [%]

Y

0.0 82.4 83.1 101.1
90.0 81.5 81.7 100.8
180.0 81.2 81.8 101.0
270.0 82.0 82.1 100.4

X

0.0 82.0 82.4 100.8
90.0 81.4 80.7 101.4
180.0 81.1 81.5 101.0
270.0 81.0 81.9 102.3

Table A.6: Beam profile metrics for a 22.0× 22.0 cm2 delivery at the cardinal gantry
angles. The relative dose at 0.8 times the field width (FW) for both directions can be
compared for beam shape and the IEC method is used for beam symmetry
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Results in Table A.1 show that the laser is rotated ~ 0.75 mm over a longitudinal
distance of 180.0 cm, at isocentre height. To determine a laser offset result would
require a reference position to be set, and such a location specific for this test has not
been suggested previously. In absence of a previously published location, the following
is suggested: a reference position of 14.0 cm above a point centred laterally on the 22.0
index on the couch withdrawn from the bore. The index location of 22.0 is commonly
used for other QA tests and is approximately centred longitudinally on the couch. At
this point, the laser was offset 1.0 mm to + X.

For the Unity system, the daily plan will be adapted for the new patient position
[18]. Hence, reproducibility of daily patient positioning and alignment with reference
simulation is not needed, and the laser accuracy is not overly important [21, 22]. It
is provided primarily to aid with minimizing rotational misalignment. There is an
argument that accurate laser positioning can be of benefit for some QA tests. However,
the laser system itself is attached to the Faraday cage meaning that vibrations and
excursions of the system are common (for example, the laser shakes each time the cage
door is shut).

For the above reason, the method proposed for laser accuracy is not suitable for
routine use since it is time consuming. A second, far quicker, method can be used to
assess the laser at isocentre height. The four ballbearings can be placed on the PPS
as before; however, now aligned to the sagittal laser at their respective distances from
the bore. This contrasts with previous positioning where ballbearings were aligned to
isocentre using MVI images. After alignment to the laser, ballbearings can be imaged
on MVI at their longitudinal isocentre positions as before, and their lateral offsets from
the Y-axis recorded. Comparison of offset values will determine sagittal laser offset
and rotation, at isocentre height only, over the length of most distal ballbearings.
This technique incorporates any deviation of couch drive orthogonality into the result;
however, from the work above, this would be minimal. Additionally, determining the
laser accuracy in this way imitates the clinical setup and would provide insight on
potential systematic patient misalignments.

A.4.2 Cryostat Characterisation

Figure A.6 shows the original DAT cryostat characterisation as well as that post mag-
net ramp up, following the quench. Obviously, during a quench most of the liquid
helium is rapidly exhausted. Post quench the cryostat is filled with helium above a
minimum operational level (> 66.0 %); however, this will not necessarily coincide with
the pre quench level. Regardless, the trend of the two characterisations are consistent.
Variations less than 0.5 % were present throughout due to inherent uncertainties in
the measurements. As differences between the characterisations were small, the TPS
cryostat model was not updated.
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A.4.3 MVI Operation

MVI image scale was verified to match nominal values within 0.32 mm over 80.0 mm
measured for the Y direction, and within 0.15 mm for the 200.0 mm in the X. Average
central pixel values in Table A.3 agree with those determined by Elekta within 0.4
pixels. A single pixel on the panel corresponds to ~ 0.22 mm, hence the independently
measured centre was offset < 0.1 mm from the Elekta determined value. The effect of
gravity is apparent in the G90 X pixel values, which increased ~ 0.6 pixels compared
to that for G0. In this method, it is inherently assumed that the jaw positioning is
accurate since the average position of the vertex, at the rear of the jaw, in the X
direction is used for the horizontal centre pixel. Jaw offset and gain errors would lead
to increased uncertainty for both gantry angles, as well as the effect of gravity on the
panel.

A.4.4 MR-to-MV Isocentre Confirmation

Confirmation of the MR-to-MV isocentre offset using the technique described was
inconclusive (Tables A.4 and A.5). Results varied between observers, with standard
deviations of comparable magnitudes to the offsets being measured. The most likely
source of uncertainty in this would be human error in positioning the stack offset within
the Marlin system, and the manual registration within online Monaco. For example,
in the first attempt there was a significant variation (0.8 mm) between observers when
determining the registration in the Z-axis. Analysis of the MR images using in-house
code would alleviate this issue and specifically allow for a more accurate determination
of the sphere offset relative to the MR isocentre. Additionally, fixation devices could be
3D printed that would ensure the exact phantom position is maintained between CT
simulation and MR scan, which would aid with registration accuracy between these
two datasets.

The method above was intended to confirm the stored isocentre offsets in MO-
SAIQ, instead of determining values independently to Elekta techniques. This was the
preferred option given that the Elekta values are applied during registration of daily
MR images to planning scans for each patient. If one wanted to directly measure the
MR-to-MV isocentre offset separately from Elekta, then irradiation of the phantom
described above onto the MVI panel would be required. Software analysis of both
MR and MV image sets could be performed, to independently determine an isocentre
offset. For this, contrast between the acrylic sphere and water would be important and
other materials may need to be considered. Additionally, analysis of a single sphere
will not provide information on rotations between the datasets, which can be obtained
with the Elekta tool. However, with the in-house phantom above, distortion in the
MR image would be less of a concern since the region of interest in the centre of the
static field [62].
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A.4.5 Output with Gantry Angle

The output with gantry angle is shown in Figure A.7. The effect of the couch atten-
uation can be seen clearly through gantry angles of 120.0° to 240.0°, and particularly
at the couch edges. The TPS appears to overestimate this attenuation, by as much
as 3.0 %. This discrepancy is well known by users (Elekta private communication);
however, data has yet to be published. Measured angular output in 0 T is consistent
with the 1.5 T environment, except for one point at G240. Here there is a discrep-
ancy between the two measurements of approximately 2.4 %, which was reproducible
across several measurements in 0 T and 1.5 T. The reason for this difference, which
is not observed at other angles, is not known. Incorrect set up in either environment
does not appear to be the cause, given the reproducibility of the difference. Further,
the repeat measurements in 0 T were performed during a ramp down (cryostat filled)
and a quench (cryostat empty); hence, the variable helium fill cannot be the cause.
This is still under investigation; however this difference is not significant clinically, as
treatments are delivered in the 1.5 T environment.

A.4.6 Beam Shape at Cardinal Gantry Angles

The results in Figure A.8 and Table A.6. show some changes in beam shape as the
gantry rotates. Specifically, it appears that the beam becomes slightly more forward
peaked indicating minor beam hardening. This could potentially be due to variation
in attenuation of the cryostat annulus at G90 and G270, compared to G0, and because
of the couch components that the beam passes through from G180. The maximum
variation between relative doses at the cardinal angles for both directions was 1.7 %,
comparable to that measured by Elekta (1.6 %), with commercial profiler and rotating
platform. Beam symmetry at all angles were within the IEC tolerance of 103.0 % [56]
and values at non-zero angles were within 0.7 % from G0, except for the X direction
from G270 which was 1.4 % from G0. The exact reason for this is not known. It is
suspected that setup uncertainties and detector resolution may have contributed, as
this larger asymmetry occurred at a more distal region from the centre (at X = ± 9.5
cm). Aside from this outlier, the symmetry metrics measured in this work agreed to
those measured by Elekta during DAT to within 0.4 %. These results indicate that
other clinics can use the 1500MR array to reproduce DAT beam shape metrics at gantry
angle on a routine basis, in the absence of specialized Elekta equipment.

A.5 Conclusion
In this section, additional commissioning work was presented, which was omitted from
the thesis body. Novel measurement techniques were provided for laser accuracy and
couch and MVI panel operation. and cryostat characterisation following the first ever
spontaneous quench on a Unity was also presented. An in-house developed phantom
was used to attempt to confirm stored MR-to-MV isocentre results, and an additional
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phantom was designed to determine output with gantry angle. Independent techniques,
to those of the vendor, were discussed to determine beam shape with gantry angles.

Couch orthogonality and laser accuracy were both within acceptable tolerances, as
determined using common equipment available to a clinic. Little change was noted in
cryostat characterisation following a quench with differences attributed to experimental
uncertainty; however, the constancy of helium fill post quench will have contributed.
Geometric accuracy of the MVI panel was nominal for image scaling and central pixel
location. The developed in-house method for MR-to-MV isocentre was not successful
and warrants further investigation, with software analysis under investigation.

Couch attenuation was significant, particularly through couch edges, in both 1.5
T and 0 T environments. Finally, beam shape at cardinal angles using a commercial
array matched that with Elekta supplied equipment.
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B
Clinical Cases of Out-of-Field Doses

This appendix contains material that was published in the following articles and
presentation:

[2] John Baines, Marcus Powers, and Glen Newman. Sources of out-of-field dose
in MRgRT: an inter-comparison of measured and Monaco treatment planning system
doses for the Elekta Unity MR-linac. Physical and Engineering Sciences in Medicine
(2021). doi:10.1007/s13246-021-01039-6

[3] Marcus Powers and John Baines. Electron Streaming Effect Associated With
the Elekta Unity Anterior Imaging. Frontiers in Physics, 10 (2022). doi:10.3389/fphy.2022.880121

• Out of field dose due to electrons generated in-field on an Elekta Unity MR
linac. John Baines, Marcus Powers. Engineers and Physical Sciences in Medicine
Conference, Brisbane, 2020.

For this appendix, I performed the measurements on the machine and the simulations
described below, with the exception of the radiation treatment plans which were de-
veloped by Glen Newman. The simulation toolkit is a commercial product developed
and provided by Elekta for patient radiation treatment planning calculations. All other
work described in this chapter is my own unless otherwise stated. Patient consent was
acquired for the use of data in this chapter.

B.1 Introduction
The following appendix presents work on out-of-field doses for clinical cases treated at
Townsville Cancer Centre (TCC). The work is provided to give a real-world context for
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previous, non-clinical chapters. For the treatments, the presence of the magnetic field,
as well as the particular geometry of the irradiated areas, resulted in clinically signific-
ant doses out-of-field. Three cases are investigated: a right-sided supra-clavicular fossa
(SCF) nodal disease (case 1), a right ankle (case 2) and a left acromion lesion (case 3).
For cases 1 and 2, in vivo film dosimetry was performed for treatments. Case 1 focused
on how the treatment planning system (TPS) simulates the electron streaming effect
(ESE) from a patient. The efficacy of bolus shielding was highlighted. In addition to
that listed for case 1, case 2 addresses how ESE from the anterior coil can be clinically
significant. Finally, case 3 shows how changing the relative electron density (RED) of
air around the patient can change out-of-field dose (OFD) in a clinical treatment plan.

B.2 Methods

B.2.1 Case 1 - SCF

In case 1, a right-side SCF lesion, the patient CT dataset was imported into Monaco
and a 7 field step-and-shoot, intensity modulated radiation therapy (SSIMRT) pre-
treatment reference plan was generated. The prescription was 36.0 Gy in 4 fractions
(Fx). On each day of treatment, a magnetic resonance (MR) image of the patient was
registered with the reference CT image in the first stage of an adaptive planning work-
flow. For the patient investigated, the Adapt to Position (ATP) replanning option was
utilized for all fractions. All fractions were re-optimized to reproduce the prescription
target dose and this changed the MU and segment shape for each beam [18,110].

It was anticipated that streaming electrons could potentially deposit dose superior
to the right shoulder [8, 23]. Consequently, for each adapted treatment, a nominal
2.0 cm slab of tissue equivalent jelly bolus was used to shield the right ear. Bolus was
positioned adjacent to the ear defender, abutting the patient’s neck and approximately
6.0 cm from the shoulder. A 3.0×1.0 cm2 strip of EBT3 film was positioned on superior
and inferior sides of the bolus at the level of the ear lobe for each adapted plan. The
mean dose per fraction on each film was determined using a nominal 1.0 × 1.0 cm2

region of interest (ROI).
For TPS calculations, the bolus was included for each adapted plan. The mean

entry and exit bolus dose over the course of the treatment, for each beam, was com-
puted for a 1.0× 1.0 cm2 ROI. Estimates for ear dose due to each beam in the absence
of bolus were compared to measured values for bolus entrance dose. To visualize po-
tential electron streams from the shoulder region to the ear, a volume of interest (RED
= 0.010) surrounding the patient contour was created. This work was performed after
the discrepancy between measurements and forced RED simulations was discovered
(Sections 5.4.2 and 6.4.1), and could not be repeated due to clinical limitations of
the machine. TPS computations were performed in 0 T and 1.5 T, on a 0.2 cm dose
grid, with a statistical uncertainty of 3.0 % per control point and the Patient look-up
table. These calculation settings, excluding the 0 T field, were consistent with clinical
workflow.
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B.2.2 Case 2 - Right Ankle

For this case, a lesion in the right ankle, a 5 field SSIMRT plan was generated on the
reference CT dataset. The prescription was 30.0 Gy in 3 fractions. The ATP workflow
was utilized for each daily treatment, with the intent of reproducing target dose. A
vacuum bag immobilization device was used to aid with positioning, and reduce inter-
fractional patient motion. Note for this treatment the patient was Feet First Supine
(FFS), meaning inferior corresponds to the + Y direction. For this treatment, the
orientation of the patient’s feet required the anterior imaging coil to be tilted, with
the superior end (- Y) lower than the inferior.

Relative positions of the contralateral foot and the anterior coil meant that slight
misalignment could result in unintended irradiation of the foot, due to ESE from the
tilted coil. Electrons ejected from the right ankle were also expected to spiral superi-
orly and inferiorly and deposit dose along the patient right leg and foot, respectively.
Furthermore, with the coil tilt, electron streams above the coil were expected to be
directed toward the patient head. As such, 2.0 cm of jelly bolus was used during treat-
ment to shield patient regions. Bolus was placed at the superior end of the coil (- Y,
to protect the patient head), and on the right foot and leg, 2.0 cm beyond the edges of
the treatment field. Shielding was not used for the left foot, which was instead rotated
laterally to avoid ESE. EBT3 film was used to assess the efficacy of the bolus, and to
report the mean dose (per fraction) to each investigated location. Film and bolus were
also attached to the inferior end of the anterior coil (+ Y) for the final fraction.

Using the TPS the OFD was assessed for each foot, the right leg and each end of the
tilted coil. Air around the patient was contoured, assigned as the external contour and
had an unforced RED. The anterior coil was avoided by this air structure. Planning
system settings for the calculation matched the clinical workflow (Section B.2.1). A
0.25 cm radius interest point (IP), in the TPS, was placed at the at the approximate
location of the film during treatment and in direct path of the electron streams. Mean
IP dose was determined for each fraction, then averaged across the fractions to compare
with film data.

Due to restrictions of the CT scan length, IPs at the longitudinal ends of the coil
did not match the film locations during treatment. Instead they were placed at the
most distal longitudinal positions possible on the CT dataset, such that the inferior
IP was ~ 13.0 cm from the coil end and the superior IP was ~ 4.0 cm. The effect of air
attenuation on the electron streams was expected to influence results [2,9] and needed
to be taken into account. To get an approximate correction factor, IPs interrogating
streams from the coil were shifted (+ Y was shifted - 3.0 cm, and - Y was shifted + 3.0
cm). Dose change per centimetre was assessed over this distance. Using this gradient
the average IP values, across the three fractions, were linearly extrapolated to get an
approximate mean dose matching the film locations.

Appendix B. Clinical Cases of Out-of-Field Doses 154



Powers, M. Commissioning and OFD on an MRL

B.2.3 Case 3 - Left Acromion

In this case, a lesion in the left acromion (shoulder), a 5 field SSIMRT pre-treatment
reference plan was on the patient CT dataset. The prescription was 30.0 Gy in 3
fractions. For each treatment the ATS workflow was utilised; hence, a new plan was
generated, on the daily MR scan, using reference plan constraints. The treatment area
was very lateral; hence OFD, due to spiralling contaminant electrons (SCE) and ESE,
was not expected to impact the patient. As such, no bolus shielding was required and
in vivo measurements were not performed.

For a TPS assessment of the OFD, the air around the patient was again contoured
and assigned an RED of 0.010. The patient plan, originally generated without the air
contour, was calculated with clinical settings (Section B.2.1). Additional calculations
were performed with an unforced RED for the air contour. For both REDs, only the
1.5 T clinical model was used. Using Monaco, differences between plans were assessed
through dose subtraction, where the unforced RED simulation was the subtrahend.
Furthermore, a 0.25 cm IP was placed 5.0 cm superiorly to the patient shoulder, in-
line with the centre of the lesion.

B.3 Results

B.3.1 Case 1 - SCF

Table B.1 shows the mean bolus entrance dose computed for each beam over the course
of the treatment. The RPO-247, RPO-210, RAO-300 and LPO-160 beams were the
dominant contributors to bolus dose. The mean TPS bolus entrance dose for the entire
treatment was 11.6 ± 0.9 Gy and the mean dose per fraction was 2.9 ± 0.2 Gy. In the
pre-treatment reference plan, corresponding values were 9.7 ± 0.4 Gy and 2.4 ± 0.1
Gy, respectively. TPS unshielded mean ear dose of 9.9 ± 0.7 Gy and bolus entrance
dose from the reference plan were comparable. The average measured film dose per
fraction (in front of bolus) was 3.5 ± 0.7 Gy, within 1 standard deviation (SD) of the
average TPS dose. TPS estimates of ear doses using bolus shielding of either 2.0 cm
or 1.0 cm thickness were 0.18 Gy and 0.24 Gy, respectively. Mean exit dose measured
with film (behind bolus) was 0.1 Gy for the 2.0 cm shielding used during treatment.

Visualization of the effect of streaming electrons in the air between the shoulder
and the bolus, for beam RPO-247, is provided in Figure B.1(a). Using the Monaco
TPS with 0 T, air dose is evident for this beam and there is no dose incident on
the bolus (Figure B.1(b)). The 3D render in Figure B.2 demonstrates an absence of
streaming electrons anteriorly and evidence of such electrons posteriorly.

B.3.2 Case 2 - Ankle

In Table B.2 the measured and calculated doses per fraction are given for each invest-
igated location. Film measurements at the inferior end of the coil were only taken on
the final fraction. For film measurements, doses are the maximum recorded value, to
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Beam Site Dose [Gy]
Bolus entrance (TPS) Max ear dose (TPS)

LPO-160 0.87 ± 0.23 1.21 ± 0.21
LAO-50 0.33 ± 0.02 0.38 ± 0.05

A-0 0.14 ± 0.02 0.13 ± 0.02
RAO-330 0.31 ± 0.01 0.32 ± 0.05
RAO-300 1.19 ± 0.19 1.24 ± 0.18
RPO-247 3.29 ± 0.25 3.51 ± 0.39
RPO-210 3.61 ± 0.19 3.87 ± 0.43

Table B.1: Mean ± 1SD TPS bolus entry dose and estimated maximum mean ± 1SD
ear dose per beam for the treatment course, as simulated in the reference plan

Figure B.1: Coronal view showing Right Post Oblique-247 beam and position of bolus
(white rectangle) for (a) 1.5 T and (b) 0 T. In (a) the electron stream from radiation
exiting the patient shoulder/neck is observed whilst in (b) some dose is evident outside
the patient, but no electron stream can be observed

Figure B.2: Anterior-0 beam exiting the patient produces streaming electrons moving
parallel to the magnetic field
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Site Dataset Fraction dose [Gy] Average Dose
[Gy] SD [Gy]Fx 1 Fx 2 Fx 3

Coil Inferior Film NA NA 0.34 0.34 NA
TPS 0.49 0.52 0.48 0.50 0.03

Coil Superior Film 0.15 0.20 0.21 0.19 0.03
TPS 0.48 0.54 0.59 0.54 0.05

Right Leg Film 1.25 1.10 1.45 1.27 0.20
TPS 0.97 0.96 0.98 0.97 0.01

Right Foot Film 0.10 1.10 0.50 0.57 0.50
TPS 0.73 0.75 0.71 0.73 0.02

Left Foot Film 0.02 0.03 0.03 0.03 0.01
TPS 0.02 0.02 0.02 0.02 0.00

Table B.2: Mean doses per fraction for each location measured in case 2 from film
and TPS calculations, uncorrected. Averages and standard deviation (SD) were taken
across the three fractions

indicate the potential exposure that could have occurred without appropriate shield-
ing. The largest measured OFD occurred in Fx 3, with a dose of nearly 1.5 Gy reaching
the film along the right leg. Large variation can be seen on the films on the right foot
and leg. For films behind bolus, average doses per fraction were 0.00 ± 0.00 Gy, 0.04
± 0.02 Gy and 0.08 ± 0.03 Gy for the superior end of the coil, the right leg and right
foot, respectively.

TPS doses were distinctly less varied between fractions compared to film doses. For
patient ESE locations (left/right foot, right leg) TPS data is within 2SD of measured
data. Visualization of the streams is provided in Figures B.3 and B.4. Note the electron
streams emanating from above and below the coil, Figure B.3(a). Figure B.4(a) shows
streams travelling superior along the patient right leg, and coil ESE is also highlighted
in Figure B.4(b). Additionally, it can be seen that the vacuum bag produces electron
streams, Figure B.4(c). The approximate dose change per centimetre, used to correct
coil IPs, was 0.03 Gy/cm. After accounting for this, calculated mean doses per fraction
were 0.40 ± 0.02 Gy and 0.37 Gy ± 0.05, for the coil inferior and superior ends,
respectively.

B.3.3 Case 3 - Left Acromion

Figure B.5 shows the extent of the streaming effect for case 3, with forced and unforced
RED calculations. It can be seen that doses as high as 16.7 % of the prescription dose
occur external to the patient. Also, from Figure B.6, it can be seen that differences of
up to 3.0 Gy (10.0 % of the prescription dose) occur between the two RED calculations.
Different coronal slices are displayed in Figure B.5 and Figure B.6(c), to highlight the
discrepancy across multiple locations.

In this treatment, the largest contributor to the dose out-of-field was G50-L-SH (see
Table B.3). The OFD contribution to the IP from this beam was 2.20 ± 0.04 Gy for
the forced RED calculations and 2.14 ± 0.17 Gy for the unforced. These correspond to
7.3 % and 7.1 % of the prescription dose, respectively. For all beams, the cumulative
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Figure B.3: TPS images showing a single beam irradiating the coil and (a) electron
streams travelling inferiorly and superiorly from the tilted coil. (b) shows the proximity
of the patient’s left foot to the stream, at the time of patient simulation. The yellow
dot in the orientation icon in the top left of each image indicates patient-left

Beam MU Calculated Dose [Gy]
Forced RED Unforced RED

G210-L-SH 325.9 0.65 ± 0.06 0.54 ± 0.04
G110-L-SH 399.5 0.26 ± 0.05 0.25 ± 0.09
G90-L-SH 247.6 0.44 ± 0.05 0.41 ± 0.06
G50-L-SH 512.8 2.20 ± 0.04 2.14 ± 0.17
G0-L-SH 453.3 0.87 ± 0.03 0.89 ± 0.16

Table B.3: Mean ± 1SD TPS calculated doses for the interest point located 5.0 cm
from the patient surface with the RED of the air around the patient forced or unforced

doses to the IP for forced and unforced RED calculations were 4.41 ± 0.14 Gy and
4.21 ± 0.46 Gy, respectively.

B.4 Discussion

B.4.1 Case 1 - SCF

For case 1, TPS unshielded ear dose of 9.9 ± 0.7 Gy is greater than an upper estimate
of 1.4 Gy (3.8 % of the prescription dose) for the ear dose due to SCE and background
photons. With 2.0 cm bolus, TPS ear dose and measured bolus exit dose are com-
parable. The magnitude of shielded ear dose is acceptable and is consistent with the
attenuation reported for 500.0 keV streaming electrons [23]. Within the volume of
interest superior to the right sided SCF treatment region (Figure B.1), dose deposition
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Figure B.4: TPS images of the electron streams, for all beams, from (a) a sagittal slice
through the patient’s right foot, (b) a coronal slice through the tilted anterior coil, and
(c) a coronal slice through the patient’s right ankle and the vacuum bag immobilization
device. The magnetic field is directed down the page for each image

is evident in the coronal plane at the level of the ear. That dose is dominated by
streaming electrons associated with four of seven beams.

Out-of-field dose due to streaming electrons is significantly greater than SCE dose.
However, due to the parity of electron energies involved in both processes 2.0 cm of
bolus provides effective patient shielding. Other authors have reported on the suitab-
ility of 1.0 cm water equivalent bolus attenuation [23]. With appropriate selection of
isodose display in the TPS (less than approximately 30.0 % of the prescribed dose)
patient regions outside the primary field that require shielding can be identified.

B.4.2 Case 2 - Ankle

In case 2, the TPS dose estimates for the coil ends were consistent inferiorly and
superiorly, with calculated average fractional doses of 0.50 ± 0.03 Gy and 0.54 ± 0.05
Gy, respectively. Note that ESE doses for the IPs only had contributions from a single
beam (G325). At the superior end, doses above the coil were the result of streaming,
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Figure B.5: Coronal view of case 3 showing the electron streams for (a) the forced
RED calculation and (b) for the unforced. Isodoses are displayed as a percentage of
the prescription dose (30.0 Gy)

backscattered electrons. This is consistent with the data from previous investigations
(Chapter 7). TPS average fractional doses were larger than measurements, the latter
being 0.34 Gy inferiorly and 0.19 ± 0.03 Gy superiorly. This was still the case after
applying an approximate correction for the air attenuation; however, closer agreement
was observed. Furthermore, for the investigated locations, 2.0 cm of jelly bolus was
sufficient at reducing the OFD to an acceptable level

From Table B.2, measured coil inferior doses (below) were larger than superior
(above), in contrast with previous work (Chapter 7). Where the beams transited the
anterior coil was biased in the + Y direction, and thus the electron streams travelling
inferiorly experienced less air attenuation. This was not observed in the TPS data, as
IPs could only be selected at roughly the same distance from the beam axis. However,
one can see from the corrected TPS results that the dose superiorly was reduced
more than that inferiorly (see Section B.3.2). This was due to the differing distances
from isocentre, and therefore different air attenuation. Note that differences between
measured superior and inferior doses were consistent with the 0.03 Gy/cm dose fall
off, within 1SD.

For patient ESE sites, TPS doses agreed within 2SD to measured data. Measured
average fractional dose of 1.27 ± 0.20 Gy was observed along the leg surface, superior
to the disease site and in front of the bolus shielding. For a 3 fraction treatment, this
corresponds to a skin dose ~ 3.8 Gy (12.7 % of the prescription dose) in the absence
of shielding. The TPS appeared to underestimate dose in this region; however, set up
variations for measurements would have contributed to discrepancies. Measured and
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Figure B.6: Dose differences between forced and unforced RED for case 3, as calculated
in Monaco, where (a) shows a transverse slice (b) a sagittal and (c) coronal. Positive
values indicate that doses in the forced RED calculation are larger and values are
normalised to the prescription dose (30.0 Gy)

calculated fractional average doses (0.57 ± 0.50 Gy and 0.73 ± 0.02 Gy, respectively)
for the right foot were lower than that for the leg. Again, film set up will contribute
to differences between measurement and simulation, discussed below.

Film measurements were significantly varied, particularly for the film/bolus on
the right foot, which is largely attributed to positional variations between treatment
sessions. Inconsistent film setup, and a mismatch in TPS IP location to film location
during treatment, will contribute to the discrepancies between measured and calculated
doses. Note that fractional variations in TPS IP values are associated with changes
between adapted plans.

In Figure B.4(c), electrons streams from the vacuum bag can be observed. This
is an area not yet investigated and warrants further study. Emphasis should be on
in vivo measurements to characterise this source of OFD for simple beam geometries.
Any attenuating material in the path of the beam will generate ESE, and clearly the
TPS is predicting some OFD due to such streams emanating from the bag. ESE doses
as high as 4.0 Gy (13.33 % of the prescription dose) for the entire treatment were
calculated. The geometry of the patient, vacuum bag and planned beams should be
scrutinized when using this immobilization device and appropriate shielding provided.
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B.4.3 Case 3 - Left Acromion

For case 3, TPS calculations between forced and unforced calculations showed differ-
ences in OFD. Dose to the IP on the reference plan, forced RED, was 4.41 ± 0.14 Gy
for the entire treatment course. Corresponding unforced RED dose was 4.21 ± 0.46
Gy. From these values, those in Table B.3 and the doses in Figure B.5, it can be seen
that TPS calculations with unforced RED were more varied. This was expected, given
the inter-voxel variation in CT number (and consequently RED for the calculation)
which is not a factor with the single, forced RED value.

Beam G50-L-SH was the largest contributor to OFD, due to beam and patient
geometries. Additionally, this beam had the largest MU for the investigated plan.
However, comparison of MU for beams 4 and 5, and the corresponding calculated
doses, indicates that beam/patient geometry tends to affect OFD more than beam
weight.

The difference plot in Figure B.6 highlights regions where the forced RED doses
are significantly different than unforced REDs. Differences > 5.0 % of the prescription
dose tended to occur in regions where SCE was the dominant contributor to OFD.
Variations of approximately 5.0 % were still seen in ESE regions; however, were smaller
than those seen in SCE, which were as large as 10.0 %. This is most likely due to the
method of OFD production for these regions, as discussed previously where forced
RED calculations raise SCE and lower ESE (Sections 5.4.2 and 6.4.1). Interestingly,
around the IP location (5.0 cm superior to patient shoulder) forced RED doses were
greater than unforced. This is surprising as this point would have contributions from
ESE doses from the patient B.5, and higher forced doses contrasts with previous data
(Section 6.4.1). However, given the patient geometry at coronal plane of the IP (Figure
B.6(c)), there may be some significant SCE dose to this point. This is still under
investigation.

On a side note, the change in RED of the air around the patient made very little
difference for doses inside the patient. Dose Volume Histogram (DVH) statistics showed
that target coverage and several organ doses changed by less than 0.5 % between
the forced and unforced settings, which was well within the calculation statistical
uncertainty.

B.5 Conclusion
Clinical cases of out-of-field doses were discussed in this appendix, for three different
patients treated at TCC. For case 1, a treatment of a supra-clavicular fossa nodal
disease, in vivo dosimetry agreed with the TPS within 1SD. TPS calculations showed
that ESE contributed more than SCE to OFD.

Similar results were observed for patient ESE doses in case 2, a treatment of a
lesion in the right ankle. Furthermore, for this second case, coil ESE was investigated
and the TPS tended to overestimate OFD compared to measurements. Dose above and
below the coil were consistent in TPS calculations; however, this was not observed in
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measurements. The importance of reproducible positioning during in vivo dosimetry,
when comparing to the TPS, was also highlighted. Both cases 1 and 2 showed, for the
sources of OFD investigated, 2.0 cm of water equivalent bolus provides the necessary
patient shielding.

Case 3 highlighted that forcing the RED appeared to affect SCE doses more than
ESE, in addition to highlighting how OFD is more varied for unforced calculations.
Furthermore, the effect of forcing the air RED to 0.010 on dose deposition within the
patient was statistically negligible.

Finally, further work is needed to characterise OFD generated from vacuum bags,
and other patient immobilization devices, such as that shown in Case 2. Specifically,
work focusing on in vivo measurements is an area worth investigating.
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