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Abstract

Background The Elekta Unity MR-Linac (MRL), operational at Sir Anthony Mamo
Oncology Centre (SAMOC) since July 2024, enables daily adaptive radiotherapy
(ART) by adjusting treatment plans to account for tumour and anatomical changes.
The Comprehensive Motion Management (CMM) system allows real-time motion
tracking and gated beam delivery using different strategies, prompting the need for
extended commissioning and validation to characterise performance under varied
clinical conditions.

Objectives To design and deliver extended commissioning and validation tests on
the Elekta CMM system, to quantify its positional and dosimetric accuracy across
three selected gating strategies (respiratory, exhale navigated, and non-respiratory),
and identify any potential limitations.

Research Methodology The MRI*P MODUS QUASAR™ phantom was commis-
sioned to verify its positional accuracy, forming the basis for subsequent tests. A
number of motion traces were used to challenge the system for the three gating
strategies. Selected traces were used to quantify the Anatomic Position Monitor-
ing (APM) positional accuracy, measure beam gating latency for both beam-on/off
transitions, and assess the dosimetric impact of these parameters during different
strategies. The dosimetric impact of different gating thresholds, volumetric over-
lapping criterion (VOICE) percentages, and complex waveforms was characterised
using EBT4 film dosimetry.

Results APM analysis confirmed reliable target localisation within typically <=£1
mm across all strategies. In the respiratory strategy, regular waveforms met the
manufacturer’s latency specification, while irregular waveforms showed degraded
performance. Film measurements for respiratory strategy indicated that regular
breathing traces maintained target coverage (—0.40£0.22mm change in prescription
isodose), while irregular breathing may compromise dose conformity and reduce
clinical target volume (CTV) coverage (—1.224+0.23mm change). A trade-off was
evident between gating window and efficiency: tighter gating thresholds (2mm)
and VOICE 100% improved coverage (0.25£0.20 and 0.08+£0.21mm) compared with
5mm and VOICE 95% (-1.13+0.29 and —1.53+0.21mm), but at the cost of delivery
efficiency (3.3-5.5x longer). All gating scenarios retained gamma pass rates >97%
(3%/2 mm), but a slight reduction was observed for challenging deliveries.

Conclusions and Recommendations The CMM system demonstrated robust per-
formance under regular conditions but limitations where characterised under irreg-
ular motion including CTV coverage reduction and may need to be accounted for
clinically but further investigation is required. Future work should validate CMM
in lung-equivalent 4D phantoms and further assess the exhale-navigated strategy.

Keywords: MR-Linac, motion management, gating, respiratory motion phan-
toms, commissioning, and dosimetry.
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Introduction

1.1 | Introduction

This chapter presents the problem statement, background and context, objectives, scope,

summary of research methodology, ethical considerations and relevance of the study.

1.2 | Problem Statement

An Elekta Unity magnetic resonance linac (MRL) started clinical operations at Sir An-
thony Mamo Oncology Centre (SAMOC) in Mater Dei Hospital on 29" July 2024. Tt is
designed for daily adaptive radiotherapy (ART) where the treatment plan is adjusted
during each session to account for changes in the shape of the tumour and other daily

anatomical changes.

Comprehensive Motion Management (CMM) is a recent technological advancement
on the Elekta Unity MRL that enables real-time tracking of tumour motion and allows
for gated delivery of the radiation treatment. Acceptance testing of CMM was carried
out prior to clinical use based on manufacturer recommendations, to ensure that the
system was within manufacturer-stated tolerances. At the same time, there is a motiva-

tion to perform extended commissioning and validation tests to characterize the system
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in greater detail and hence develop a deeper understanding of the performance of the

system under a wide range of clinical conditions.

1.3 | Background and Context

An MRL provides superior soft-tissue visualization during treatment (Rammohan et al.,
2022). The Elekta Unity 1.5T MRL was one of the first clinically implemented systems
and has undergone continuous development since its introduction. A major advance-
ment was the release of the CMM system, which received CE marking in October 2022
and U.S. FDA 510(k) clearance in February 2023 (Elekta, 2022, 2023a). CMM enables
continuous real-time imaging and automatic gating which synchronises radiation de-
livery with tumour motion, and interrupt treatment when the tumour moves outside
specified tolerances (Winkel et al., 2019). CMM employs four gating strategies (respira-
tory, exhale navigated, deep inspiration breath hold (DIBH), and non-respiratory) and
incorporates a predictive algorithm to mitigate system latency and increase gating ac-

curacy for respiratory motion (Brown, 2024).

Validation of motion management systems typically use motion phantoms that re-
produce patient breathing patterns, enabling the evaluation of complex motion wave-
forms and system response (Viel et al., 2015). Dosimetric verification is typically per-
formed using ion chambers or radiochromic film embedded within phantoms, allow-
ing comparison of static reference versus dynamic deliveries with and without gating

(Oliver et al., 2008; Wang et al., 2012).

Gating reduces the dosimetric consequences of intrafraction motion caused by respi-
ratory movements or physiological changes. Respiratory movement leads to blurring of
dose distributions, reduced target coverage, and increased dose to surrounding healthy
tissues (Bortfeld et al., 2002). Physiological changes such as in stable sites (e.g., prostate)
benefit from gating by pausing delivery when the target moves out of specified toler-

ances (Brown, 2024). The precision of such treatments is influenced by multiple factors:

2
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the beam-on/off latency (Cui et al., 2014), the responsiveness of the system to irregular
or abrupt patient motion (Han et al., 2019; Schnarr et al., 2018),the size of the gating win-
dow, the system latency, and the design of tracking and prediction algorithms (Johno

etal., 2018).

Several studies have investigated dosimetric accuracy involving these factors. Across
regular and irregular waveforms, gated deliveries maintained a good performance, with
only slight degradation for irregular traces (Han et al., 2019; Nioutsikou et al., 2008).
Studies also showed the effectiveness of prediction algorithms which mitigate gating
delays and reduce target error caused by motion, improving delivered dose accuracy
(Johno et al., 2018). A consistent finding between studies is the trade-off between the
gating window size and treatment times. The narrower the gating window the better
the recovery of the static reference but the longer the treatment times, while wider win-
dows increase efficiency at the expense of residual blurring and reduced recovery of the

reference (Pepin et al., 2011; Shiinoki et al., 2016).

The majority of this evidence, however, derives from conventional linacs or alterna-
tive MR guided RT (MRgRT) systems. Published validation studies of the Elekta Unity
in clinical practice remain limited, underscoring the need for extended commissioning

and performance validation for a more detailed characterisation of this system.

1.4 | Objectives of the Study

The objectives of the study were to:

1. Design and deliver extended commissioning and validation tests on the Elekta
CMM system, informed by a review of existing methodologies in both MRL and

non-MRL contexts.

2. Quantify the positional and dosimetric accuracy of the system within a wide range

of clinical situations for three selected strategies: respiratory, exhale navigated,
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and non-respiratory.

3. Identify any potential limitations of the system, if any.

1.5 | Scope of the Study

This study was limited to the evaluation of respiratory, exhale-navigated, and non-
respiratory strategies, as the DIBH strategy was not evaluated because it is not in clinical
use at SAMOC and there are no plans for its near-term implementation. All extended
commissioning and validation tests were therefore conducted under these three strate-

gies.

1.6 | Research Methodology

m The accuracy of the Modus QUASAR™ Phantom (Modus Medical Devices, Lon-
don, Ontario, Canada) was tested to verify compliance with manufacturer specifi-
cations and confirm its use as a simulation tool for the subsequent testing phases

in this study.

m Waveforms provided directly by the Modus phantom manufacturer (or modified
as required), as well as additional waveforms derived from literature (Smith et al.,
2025) were used, selecting those that best tested and challenged the three gating

strategies.

m In the first phase of this study, the Anatomic Position Monitoring (APM) system
was evaluated to assess compliance with Elekta’s specification that 95% of sam-
pled points remain within £2 mm of the Modus QUASAR™ Phantom recorded
(ground-truth) position across all three cardinal axes. Importantly, testing was
designed to extend beyond standard quality control (QC) procedures, using the
Modus QUASAR™ phantom, applying a range of programmed waveforms across

the three selected strategies to evaluate APM performance.
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m In the second phase, system latency performance was measured to evaluate beam
delivery transitions for the selected waveforms and strategies. Testing was per-
formed using the same set-ups as for APM but using =5mm gating threshold for
superior-inferior (SI). A single-beam 3D conformal radiotherapy (3DCRT) plan
was delivered to all the selected waveforms and strategies. Beam on/off signals

were recorded, ensuring multiple gating events for reliable analysis.

m In last phase, film dosimetry was performed to evaluate the dosimetric impact
of free-breathing respiratory gating strategies. Gafchromic EBT4 films were used
with the Modus QUASAR™ phantom using the film cylindrical insert. An intensity-
modulated radiotherapy (IMRT) 7 Gy stereotactic body radiotherapy (SBRT) plan
with a @3 cm target was generated using the Monaco® treatment planning sys-
tem (TPS). A static film measurement was taken as a reference. For subsequent
measurements, a sinusoidal 10 mm, 14 bpm waveform was selected as the stan-
dard waveform which was delivered and tested using: ungated motion, different
displacement gating thresholds (2, 3, 5 mm), different volumetric overlapping cri-
terion (VOICE) gating (100, 97, 95%). In addition, typical and irregular motion
patterns were used to capture more complex breathing patterns. Films were then
digitised using a 10000XL Epson scanner, with scaling applied to account for dose-
response variations, enabling accurate comparison of different gated and ungated
deliveries against the static reference. Plan delivery efficiencies were evaluated
using the CMM audit log files. Analysis of profile widths, midpoints, prescrip-
tion isodose line overlays, and gamma analysis were conducted using a cloud-

computing application (radiochromic.com).

1.7 | Ethical Considerations

This study was performed using a respiratory motion phantom, at no point were there
any patients involved or any actual patient data. Ethical approval was granted by the

University Research Ethics Committee of the University of Malta (Appendix C).
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1.8 | Relevance of the Study

By extending testing beyond manufacturer recommendations for acceptance testing, the
study assesses real-time tumour tracking and gated delivery capabilities of the CMM,
thus validating its performance across diverse clinical situations. This study will ben-
efit the patient as it improves confidence in the clinical performance of the system in
greater detail for various patient cases. Moreover, it will also help the Medical Physics
and Radiation Protection profession to be more confident in the performance of the sys-
tem when applying it to an extended range of treatment sites. In addition, it will help

develop a deeper understanding of the performance of the system.

1.9 | Conclusion

This chapter introduced the study. A literature review follows in Chapter Two. Chapter
Three details the methodology, whilst Chapter Four presents and analyses the results.
Chapters Five and Six provide key findings, recommendations, and future research di-

rections.



Literature Review

2.1 | Introduction

A literature review was initiated using the following electronic search engines/databases
until 25" August 2025: HyDi Software, Google Scholar, and PubMed search engine. The
following keywords were used to search for articles in line with the PICO framework:
MRL, motion management, gating, respiratory motion phantoms, commissioning, and

dosimetry.

Only papers published in the last 10 years were considered (2015-2025) for the re-
view of recent developments in MRL motion management. Older papers were only
included if of crucial importance to the project and if they represent foundational con-
tributions to the field. Selected articles had to satisfy the following inclusion criteria: (1)
tull-text papers written in the English language; and (2) studies linking MR-Linac, MRI,
conventional linac, or any image-guided radiation therapy (IGRT) with motion manage-

ment. Exclusion criteria included: (1) insufficient data; and (2) inadequate methodology.

2.2 | MRgRT in Modern Radiotherapy

Radiation oncology (RO) has advanced significantly through innovations in engineer-

ing, imaging, physics, and technology, as well as enhanced knowledge of radiobiology
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(Corradini et al., 2019). The integration of computed tomography (CT) in treatment
planning led to the move from two-dimensional (2D) to three-dimensional conformal
radiotherapy (3DCRT), and later to intensity-modulated RT (IMRT), which improved
dose conformity but increased treatment time due to the higher number of monitor
units (MUs) (Ng et al., 2023; Placidi et al., 2021; Taylor and Powell, 2004). This was ad-
dressed by volumetric-modulated arc therapy (VMAT), which reduced treatment times

by dynamically modulating beam parameters across multiple angles (Rana, 2013).

The introduction of cone-beam CT (CBCT) enabled image-guided RT (IGRT) and
adaptive RT (ART), adjusting treatment plans based on inter-fraction anatomical changes
(Ng et al., 2023; Ocanto et al., 2024). However, CBCT provides poor soft tissue contrast,
especially in the thorax and abdomen, limiting its role in ART (Ocanto et al., 2024).

The integration of MRI with linacs enabled the development of hybrid MRL, such as
ViewRay MRIdian and Elekta Unity. These systems enabled the clinical implementation
of MRgRT, providing superior soft tissue contrast for clearer differentiation between
healthy and tumour tissues and enabling detection of physiological changes during
treatment (Rammohan et al., 2022). Currently, MRLs can only employ IMRT delivery
but research and technical development are ongoing to enable VMAT delivery on these

systems (Placidi et al., 2021; Tsekas et al., 2022).

Beyond anatomical visualisation, MRgRT provides functional imaging, real-time tu-
mour monitoring without fiducials, adaptive planning, and dose escalation potential
through integration of functional imaging into adaptive treatment planning (Corradini
et al., 2019; Datta et al., 2018). These capabilities make MRgRT particularly suited for
tumours with significant motion, those tumours better defined on MRI or requiring re-
duced margins. When combined with stereotactic body radiation therapy (SBRT), it
enables high-dose treatments over hypofractionated courses (typically five sessions or
fewer), with improved sparing of healthy tissue and potentially better outcomes com-

pared to conventional RT (Chiloiro et al., 2023; Ma, 2019).
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2.2.1 | Volume definitions

Standardised volume definitions are essential for effective treatment planning, accurate
dose calculations, and comparability of outcomes across studies. ICRU Report 50 (1992)
and ICRU Report 62 (1999) outline key target and critical structure volumes that guide
treatment planning and facilitate outcome comparisons. The primary volumes (Fig-

ure 2.1) used in 3D planning are the following;:

Gross tumour Volume (GTV): The GTV encompasses the visible extent and location
of the tumour. It is determined through a combination of imaging modalities (CT, MRI,
positron emission tomography (PET), etc.), pathology, and clinical assessment (ICRU
Report 50, 1992).

Clinical Target Volume (CTV): The CTV includes the GTV and surrounding tissue
that can contain microscopic disease (ICRU Report 50, 1992).

Internal Target Volume (ITV): The ITV includes an additional margin around the
CTV to account for variations in the size and position of the CTV, primarily due to res-

piratory motion and organ content (like bladder, rectum) (ICRU Report 62, 1999).

Planning Target Volume (PTV): The PTV includes a margin to the CTV (or ITV) to
account for uncertainties from patient setup, machine tolerances, and internal motion,

ensuring the prescribed dose consistently covers the CTV (ICRU Report 50, 1992).

Organ at Risk (OAR): The OAR is any tissue or organ that, if exposed to radiation
beyond established dose contraints, may experience detrimental effects. In such cases,
treatment plans are modified to ensure compliance with OAR dose constraints while

maintaining target coverage (ICRU, 2010).
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Figure 2.1: Target volumes in radiotherapy treatment planning.

2.2.2 | Clinical Applications of MRgRT

MRgRT can be applied for various diseases and multiple anatomical sites. In this sec-

tion, some of the most common clinical applications are mentioned.

Prostate: MRI is routinely employed for prostate cancer diagnosis, staging, and
treatment planning, effectively identifying malignant tissue and differentiating it from
nearby organs like the bowel, rectum, bladder, and urethra (Benitez et al., 2023; Ng
et al., 2023). MRgRT can track prostate motion caused by factors such as bowel gas,
stool, bladder filling, and pelvic floor muscle activity. Moreover, MRgRT allows for en-
hanced intra-fractional monitoring of prostate motion during SBRT treatments (Cuccia
et al., 2020; Ng et al., 2023). Another advantage is the ability to reduce the PTV margins
while maintaining target coverage due to the improved tumor visualization (Ocanto

et al., 2024).

Liver: Delineating GTV has been challenging despite using various imaging modal-
ities (like contrast-enhanced CT) (Ng et al., 2023). However, MRgRT enables superior

target characterization. Moreover, liver tumours are subject to substantial movement
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in all three planes of motion which are well managed by the MRgRT’s tumour-tracking

system (Ocanto et al., 2024).

Lung: MRgRT is also used in central lung tumours. As demonstrated by Tekatli
et al. (2023), their study showed excellent local control and low toxicity using MRgRT
SBRT with reduced PTV margins and respiratory gating on patients with lung tumours.
Additionally, Finazzi et al. (2020) reported reduced planning margins using breath-hold

strategies compared to conventional ITVs for patients with peripheral tumours.

2.3 | General Techniques of Respiratory Motion Man-

agement

Intra-fraction motion or inter-fraction motion can result in discrepancies between the
planned and delivered dose distributions (Keall et al., 2006). This is particularly impor-
tant for respiratory motion, which affects most thoracic and abdominal tumours and, if
unmanaged, degrades image quality, impairs target delination, and compromises dose
calculations (Bortfeld et al., 2002; Keall et al., 2006). In techniques such as IMRT, which
rely on steep dose gradients at field edges, this results in broadening of the penumbra

and reduced conformity to the target (Bortfeld et al., 2002).

Increasing PTV margins to compensate is a suboptimal strategy as this results in an
increased irradiation of healthy tissue. Conversely, insufficient margins may compro-
mise target coverage, leading to suboptimal tumour control (Bortfeld et al., 2002). Thus,

effective motion management is essential.

Strategies to mitigate respiratory motion in RT are described in detailed in the Amer-
ican Association of Physicists in Medicine (AAPM) TG-76. These approaches include
motion-encompassing, respiratory gating, breath-hold, and real-time tumour-tracking

techniques (Keall et al., 2006).
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Motion-encompassing methods: (1) Inhalation and exhalation breath-hold CT where it
acquires CT scans during both inhalation and exhalation phases. (2) 4D CT/respiration-
correlated CT where inhalation and exhalation images can be reconstructed and anal-
ysed to identify the tumour’s position, range of motion, as well as the tumour’s relation

to other organs (Szkitsak et al., 2021).

Respiratory gating methods: Respiratory gating is a technique employed to synchro-
nise radiation delivery with specific phases of the respiratory cycle. This is accom-
plished through respiratory motion monitoring, utilizing either external respiration sig-

nals or internal fiducial markers.

Breath-hold methods: DIBH involves coaching the patient to achieve consistent deep
inhalation and breath hold, expanding the lungs for better radiation delivery while spar-
ing healthy tissue. Breath hold in combination with IMRT requires an accurate gating

signal for radiation delivery.

Real-time tumour-tracking methods: This involves dynamically adjusting the radia-
tion multileaf collimator (MLC) to follow tumour movement. In optimal conditions, this
technique can eliminate the need for tumour motion margins while ensuring continu-
ous dose delivery. This technique must be able to do four things, namely determining
the tumour position, compensating for time delays in the beam-positioning response,

repositioning the beam, and correcting the dosimetry for breathing effects.

While effective, these methods either increase treatment time or rely on surrogates
(e.g. implanted fiducial seeds) that may not reliably represent tumour motion. MRLs
overcome these limitations by providing real-time tumour visualisation and gating based

on direct MRI tracking.

12
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2.4 | Elekta Unity MRL System Overview

Unity by Elekta is composed of a 1.5-T MRI magnet with the static magnetic field (By)
pointing out of the gantry (Figure 2.2). The magnet is surrounded by a large rotating
gantry consisting of a magnetron, a tripole electron gun, and an S-band standing wave
accelerating tube (Powers et al., 2022). The design ensures magnetic and radiofrequency
(RF) shielding between the MRI and linac components. Magnetic shielding maintains a
near-zero field around the electron gun, so electrons can be efficiently injected into the
accelerating waveguide (Powers et al., 2022), while the RF shielding prevents waveg-

uide leakage from interfering with MR image acquisition.

Elekta Unity system produces a single 7 MV FFF x-ray beam at a maximum dose rate
of 425 MU /min (Powers et al., 2022). Compared to Elekta’s Versa HD, which delivers
up to 1400 MU /min, Unity’s maximum dose rate is significantly lower. This limitation
arises primarily from the increased source-to-axis distance (143.5 cm vs 100 cm) and

attenuation from the MR components (Powers et al., 2022).

2.5 | Elekta Unity MRL Workflow and CMM Implemen-
tation

The MRgRT workflow consists of offline and online components, as illustrated in Figure

2.3, and will be discussed in the following subsections.

2.5.1 | Offline treatment planning

Patients typically undergo both a CT and MR scan for treatment planning. CT-MR im-
age registration is performed where the anatomical structures are contoured on the CT
scan and transferred to the MR scan. An MR reference plan is generated on the Elekta
Monaco for Unity TPS (Uno et al., 2023). CT scans are still required because MRI does

not provide electron density (ED) information, which is necessary for accurate dose cal-
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Figure 2.2: A schematic of the Elekta Unity MRL, 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. Adapted from Powers et al. (2022)

culation. Bulk ED values are assigned to each contoured structure at the planning stage
(Winkel et al., 2019). Although MR-only workflows are an active area of development,
particularly with synthetic CT methods, they are not yet widely adopted in clinical prac-
tice (Autret et al., 2023).

2.5.2 | Online treatment planning

A pre-treatment daily MR scan is taken and fused with the reference MR plan, thus, any
differences between the two are evaluated and contours of the anatomical structures are
modified (Uno et al., 2023). The reference plan is adapted to the daily MR while the
patient is on the treatment couch (Winkel et al., 2019). Plan adaptation on the Unity sys-
tem is achieved through two workflows in the online Monaco® TPS (Winkel et al., 2019).

Adapt to Position (ATP): The pre-treatment MR scan is matched with the online
planning MR using rigid registration (Winkel et al., 2019). The difference that arises

14
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Workflow of the MRgART
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Figure 2.3: Workflow of MRgRT which involves two key steps. 1. Offline planning: A
reference plan is created using the MRL system before treatment begins. 2. Online plan-
ning: Pre-treatment MR imaging is conducted with the MRL, followed by replanning to
address anatomical changes. Adapted from: Winkel et al. (2019)

due to this registration is used so that the isocenter position in the reference data is up-
dated. In ATP, the MLC apertures are adapted correspondingly to align with the new
tumour position. This workflow limits the re-optimisation which typically includes MU
optimisation and, in some cases, shape optimisation. However, as no contour editing
can be done only the original contours on the reference MR can be used. Consequently,
the recalculated or re-optimised plan remains constrained by the accuracy of the initial

planning scan and its contours (Winkel et al., 2019).

Adapt to Shape (ATS): Similarly to ATP, the pre-treatment MR scan is registered
with the online planning MRI. The pre-treatment contours are then automatically trans-
ferred to the online planning MRI using deformable registration, rather than rigid as is
used in ATP. Contours are edited based on the daily anatomy and full optimisation is

possible compared to ATP.
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Comparative studies of ATP and ATS workflows have found that ATP performs ad-
equately for minor positional shifts like the prostate, but underperforms when anatomi-
cal changes extend beyond rigid motion. In such cases, ATS provides superior CTV and
margin coverage (Dassen et al., 2023; Zhou et al., 2024). ATP offers efficiency but risks

suboptimal target coverage in more dynamic anatomical contexts.

2.5.3 | Real-Time Motion Management in Elekta Unity MRL

CMM utilises live 2D MR cine balanced turbo field echo (bTFE) imaging sequence which
consists of a 1.13 mm x 1.13 mm pixel resolution, a slice thickness of 5 mm, and a tem-
poral resolution of 200 ms (Smith et al., 2025). These Cine MRI images are dynamic and
use two orthogonal planes (coronal and sagittal) to initially detect and track a registra-
tion structure, typically coinciding with the target or a correlated surrogate (Uno et al.,
2023). The centroid of this structure defines the intersection point of the cine planes,

forming the template for subsequent positional monitoring (Uno et al., 2023).

2.5.3.1 | Anatomic Position Monitoring (APM)

The APM system employs an algorithm that calculates the displacement of the registra-
tion structure in live images by comparing incoming cine MR images to template images
(Rusu et al., 2024). These templates are generated from a short training set of approx-
imately 30 cine MR images acquired at the start of each fraction, extracted as coronal
and sagittal slices and aligned to minimise displacement relative to the daily MR vol-
umes (Brown, 2024). Absolute registration is performed once per treatment, using this
training set. The resulting template must then be reviewed and approved by the user
before proceeding (Corbett, J., 2022). During beam delivery, relative registration is then
performed, where each incoming live cine slice is compared to the approved template
(Corbett, J., 2022). From this comparison, a displacement vector is derived in all three

cardinal axes that describes the movement of the target (Figure 2.4).

A recent Unity study has tested APM performance under both regular and irregular
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Figure 2.4: Example of APM with ATC displacement threshold on a patient treated with
Elekta Unity CMM. The blue box displays the current displacements in the three cardi-
nal axes using the tracked registration structure (yellow contour). The purple box indi-
cates the user defined ATC displacement threshold. The left bottom panel shows the cor-
responding motion traces with gating decisions and low-accuracy intervals. Adapted
from: Brown (2024)

traces using an MR-Safe motion phantom (Modus MRI*P QUASAR phantom) (Smith
et al., 2025). They reported <42 mm tracking accuracy for 95% of frames and latencies

within tolerances for all waveforms, confirming Unity’s robustness to irregular motion.

2.5.3.2 | APM Quality Factors

APM can provide low confidence estimates due to unforeseen circumstances or al-
gorithm limitations. To address this, five quality factors are implemented: (1) large
anatomy deformations, (2) through-plane motion, (3) jitter, (4) no-motion detection and
(5) drop in registration score detection (Rusu et al., 2024). These factors evaluate various
aspects of target movement and image quality to ensure confidence in APM’s predic-
tions under various scenarios, as seen in Table 2.1. Beam delivery is prevented if the
accuracy is low. Moreover, not all quality factors are enabled at the same time, these

depend on the motion management strategies utilised (Corbett, J., 2022).
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Table 2.1: Examples of clinical scenarios where quality factors can be triggered.

Quality Factor Ml;i::re::n ¢ Coughs br(e::t;;ﬁifgs;:ce Big inhalations
Large Deformation v v v
Through-Plane Motion v v v

Jitter v

No-motion v v

Drop in Registration Score v v v

2.5.3.3 | Anatomic tolerance check (ATC)

ATC uses target tracking to determine if the target exceeds predefined tolerances. This
can be performed using a gating envelope defined as either the target itself or an auto-
expansion of it (Brown, 2024). Two methods of gating are available: displacement

threshold and Volumetric overlap criteria (VOICE) (Brown, 2024).

Displacement threshold: This method employs a box-shaped tolerance in the imag-
ing plane with 0.1mm resolution (Corbett, J., 2022). If the target’s displacement exceeds
this threshold in any direction within this 2D plane, the beam is turned off.

VOICE: This uses a percentage of target voxels overlapping with the gating enve-

lope (Brown, 2024). If the overlap falls below a specified threshold, the beam is gated off.

Thus, APM is used with ATC to track the target continuously during treatment de-
livery in all 3 cardinal axes and see if the GTV (target or surrogate) exceeds the PTV

(Threshold or envelope used) as seen in Figure 2.5.

2.5.3.4 | Latency

As acknowledged by Elekta (2023b), the primary challenge in this system is latency,
which is the time delay between target movement and linac response i.e. how fast the
beam can be switched off or on once the target structure moves out or into the gating

envelope, respectively. The manufacturer specified latency of Unity is divided between
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APM Target Structure

(B.g. GTWCTV)

Displacement Thresholds

e Gating Envelope

(eg. FTV)

Figure 2.5: Monitoring the Position of the 3D target using either gating threshold or
VOICE. Adapted from: Corbett, J. (2022)

two latency types:

Control system latency: The time difference between the instant the target moves into
or out of the gating window and the moment the linac’s gun modulator is instructed to
switch on or off. This is the responsiveness of the gating control system itself. Accept-
able latency ranges from -300 ms to +180 ms for beam-on and —220 ms to +180 ms for

beam-off (Elekta, 2023b).

End-to-end system latency: The overall delay experienced clinically, which includes the
(1) control system latency and (2) the beam ramp-up or ramp-down period. Ramp-up is
defined as the time taken from when the gun is requested to start pulsing until 90% of

the dose rate is reached, while ramp-down is the time until it falls to 10% (Elekta, 2023b).
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Acceptable end-to-end system latency ranges from —200 ms to +280 ms for beam-on

transitions and —200 ms to +200 ms for beam-off transitions.

Studies have demonstrated reduction in latency with the use of a prediction algo-
rithm in respiratory-gated RT. Johno et al. (2018) showed using a conventional linac
that without prediction, gate on/off delays led to deviations in gating windows, causing
irradiation with errors exceeding 2 mm when normalized. By contrast, their prediction-
based model reduced root mean square (RMS!) error to < 1.5 mm for most breathing
traces, thereby improving dose delivery accuracy. This supports the integration of pre-

dictive models to maintain dose accuracy during respiratory motion.

2.5.3.5 | Prediction Algorithm

The Elekta Unity predictive algorithm predicts the target’s position before it reaches
its actual location. The predictive algorithm works by using continuous measurements
from the APM values. These measurements form a mathematical motion model, which
describes the target’s displacement as a function of time (Brown, 2024). As new position
measurements are acquired, the model parameters are updated, enabling the system to
predict the target’s location a few hundred ms ahead in time. This value varies based
on the dynamic horizon, which calculates the necessary prediction lead time. This algo-
rithm is used for targets that are expected to have rapid movements for example those

located in the thorax.

Its accuracy however, is highly motion dependant, meaning that if the motion of
the target is highly irregular, the accuracy of the prediction will be lowered and reliable

prediction may not be possible (Brown, 2024).

2.5.4 | Unity’s Motion Management Strategies

Motion management is crucial in various scenarios. Elekta Unity offers four strategies:

three for respiratory motion and one for non-respiratory motion, which will be dis-
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cussed in this subsection and can be visually represented in Figure 2.6.
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Figure 2.6: Unity’s four Motion Management Strategies. Source: Brown (2024)

2.5.4.1 | Respiratory Motion

For free-breathing strategies (average position and exhale), the prediction algorithm
(8§2.5.3.5) is employed. It cannot be deactivated and requires approximately 25s for train-

ing, during which the APM status will show as low-accuracy (Corbett, J., 2022).

Free-breathing average: The patient is continuously imaged and treated while breath-
ing freely. Instead of using a traditional ITV margin derived from 4D planning CT, mo-
tion is accounted for using real-time tracking of the target’s average position during free
breathing. Beam delivery is centered around this time-weighted average position, and
automatically paused if the target moves beyond the expected range due to unexpected
factors (Brown, 2024). This strategy is used for targets exhibiting small to moderate

motion amplitude. In addition, it is widely incorporated clinically due to the simple
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implementation and one which does not excessively extend treatment times.

Free-breathing exhale: This technique involves imaging and treatment while the
patient breathes freely, similar to the free-breathing average (Brown, 2024). The major
difference between the two is that the daily MR imaging and radiation delivery are car-

ried out only during the exhale phase (Brown, 2024).

This approach is able to reduce the planning ITV margin compared to the free-
breathing average technique, as the beam activates only when the target is within the
desired exhale position. However, this increases overall treatment time due to delivery
inefficiencies. Despite this, the approach may be particularly beneficial for patients with
tumours that exhibit greater positional stability during exhalation such as certain liver
or lung lesions as it allows for smaller margins and improved sparing of nearby organs

at risk (Brown, 2024).

Breath hold: Involves imaging and treatment during a voluntary breath-hold. The
patient holds their breath for 18-30 seconds and the system captures the daily 3D MR
scan. Treatment is then delivered during subsequent breath-holds, guided by auto-
mated tracking and gating systems. This strategy minimises motion but requires pa-
tients to consistently liaise with the clinicians (Das et al., 2024). An extra margin is
needed to account for variability between breath-holds. This method is particularly
useful when increased lung volume helps reduce radiation exposure to nearby organs,
such as moving the heart away from the target. However, it is poorly implemented on
Unity as of yet and treatment time may be extended due to patient coaching and recov-

ery periods between breath-holds (Das et al., 2024).

For this strategy, the prediction algorithm is not utilised. This is due to the fact that
the target is not expected to move as the patient is holding their breath and the latency
associated with the beam gating is minimal in comparison (Brown, 2024). Despite this

increase in latency, the treatment accuracy is not expected to be effected significantly.
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Therefore, for this strategy, latency compensation becomes disabled.

2.5.4.2 | Non-respiratory Motion

Exception: For targets like prostate tumours that are influenced more by random mo-
tion, the exception gating strategy is used (Nicosia et al., 2025). This allows real-time
tracking, pausing radiation delivery if the target moves out of tolerance, ensuring pre-
cise treatment. Using this strategy will not significantly impact treatment time. More-
over, similarly to the breath-hold, this strategy does not make use of the prediction

algorithm as the target is not expected to move significantly during treatment.

2.6 | Respiratory Motion Phantoms

To measure and manage the effects of respiratory motion, a realistic deformable phan-
tom is essential as a gold standard for evaluating the accuracy of treatment delivery
(Kim et al., 2016). Typical phantoms can mimic patient breathing patterns in various
directions and perform user-defined complex motions (Viel et al., 2015). A key limita-
tion in an MRL environment is that only MR-compatible motion phantoms can be used.
Many commercially available respiratory motion phantoms designed for conventional
linacs are unsuitable, requiring dedicated MR-safe phantoms that restrict experimental

flexibility and increase cost.

Several commercially available MR-compatible phantoms are used in studies aim-
ing to evaluate respiratory motion effects to test certain systems and characteristics of
motion management. Various manufacturers on the market can provide such features
such as Modus QUASAR™ and CIRS ZEUS which multiple studies have employed
(Dunn et al., 2012a; Kron et al., 2011; Lewis et al., 2022).

The Modus QUASAR™ MRI*P Motion Phantom (ModusQA, Ontario, Canada) is
designed for quality assurance (QA) in MRL systems (Figure 2.7b) (Modus QA, 2022).

It provides programmable SI translational motion over a range of £20 mm. When oper-
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ating using translational motion only, this configuration is referred to as no twist. How-
ever, the phantom’s moving platform can introduce a +30°rotation about the longitudi-
nal axis alongside the programmed SI translation when operated using the twist setting
(Modus QA, 2022). In the standard configuration, the target insert has a 15 mm lateral
offset from the rotation axis. Consequently, when operated in twist mode, the rotation
introduces small superimposed AP/LR displacements in addition to the programmed
SI motion. Alternative inserts are available including a centered target (Modus QA,

2022).

In contrast, anthropomorphic phantoms such as the CIRS Zeus include inhomo-
geneities that mimic lung, bone, and other tissue types are used for realistic patient-like
heterogeneity (Figure 2.7a). However, in CIRS Zeus dynamic motion within the phan-
tom is still limited to the dedicated moving cylindrical tumour target insert located in
soft tissue, allowing motion in three directions (CIRS, 2019). All other inhomogeneities
remain static, thus respiratory-related deformation of these structures cannot be simu-

lated.

(a) Anthropomorphic CIRS Zeus (Model 008Z) (b) Modus QUASAR™ MRI*P (Modus QA,
CIRS (2019) 2022).

Figure 2.7: Common MR-safe respiratory motion phantoms used in MRgRT

Both phantoms are well-established in the literature and are widely used for com-
missioning and QA studies, particularly for APM testing and beam latency measure-

ments of the system (Dunn et al., 2012b; Kron et al., 2011; Lewis et al., 2022; Smith

24



Chapter 2. Literature Review 2.7. Film Dosimetry

et al., 2025; Snyder et al., 2019). For film-based dosimetric measurements, the Modus
QUASAR™ MRI*P is ideal, as it provides dedicated film insert capability, which is
not available in the CIRS ZEUS. Other studies have developed research-built, non-
commercial, MR safe, tissue-equivalent moving lung phantoms for simulating 3D lung

deformations, a feature absent in Modus QUASAR™ MRI*P (Kim et al., 2016).

2.7 | Film Dosimetry

2.7.1 | Principles of Radiochromic Film

Radiochromic film dosimetry is widely regarded as the gold standard for high-resolution,
2D dose measurement in RT QA (Butson et al., 2009; Keshmiri et al., 2025). The most
commonly used films are the commercially available Gafchromic™ EBT films. The lat-
est EBT versions have seen a lot of enhancements with EBT3 offering an optimal dy-
namic range of 0.2- 10 Gy, with improved uniformity and eliminated side orientation
effects; EBT4 matches this 0.2 - 10 Gy range, improving signal-to-noise ratio (SNR) and
signal stability. The latest EBT-XD offers the widest dynamic range of 0.4 - 40 Gy for
high-dose applications such as SBRT (Guan et al., 2023b; Miura et al., 2016).

Radiochromic films provide several advantages including, energy independence
in megavoltage photon beams, self-developing response without chemical processing,
high spatial resolution for small fields and steep dose gradients, near water-equivalence,
wide dynamic range, and stable, re-readable signals with minimal fading (Butson et al.,

2009; Devic, 2011).

Radiochromic films consist of a thin polyester base coated with an ultrathin radiation-
sensitive layer. This active layer contains colourless microcrystals of a radiation-sensitive
monomer dispersed in gelatin (Guan et al., 2023a). The schematic construction of a ra-
diochromic film and an example of an irradiated film are shown in Figure 2.8. When ex-

posed to ionising radiation, the monomers undergo progressive polymerisation, form-
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ing polymer chains within the active layer.

The length and density of these polymer chains increase with radiation dose. Thus,
they modify the film’s optical absorption characteristics, reducing the transmission of
light through the active layer proportional to the absorbed dose (Guan et al., 2023a).
This effect is quantified as optical density (OD), defined as the logarithm of the ratio of
transmitted light intensities before and after irradiation (Eq. 2.1), which is the standard

metric recommended in AAPM TG-235.

Pun X
OD = log<;0> = log< P < p) (2.1)
T exp

where, I is the incident light intensity, I7 is the transmitted light intensity through

the irradiated film, and Punexp and Pexp are the pixel values before and after irradiation

(Ashland Advanced Materials, 2019; Niroomand-Rad et al., 1998).
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tion of EBT4. Adapted from: (Soloviev (b) Example of a resulting film following irradiation.
etal., 2017) Source: (Soloviev et al., 2017)

Figure 2.8: Schematic construction of Gafchromic™ EBT4 construction and an example
of resulting films following irradiation

2.7.2 | Calibration Procedures and Scaling Considerations

Each batch of films requires calibration to account for any manufacturing variability

in the active layer, which can alter the dose-response relationship (Devic, 2011). Cal-
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Figure 2.9: A sensitometric (calibration) curve for radiochromic film, showing the char-
acteristic sigmoid relationship between net optical density and absorbed dose and the 3
main regions. Adapted from: (Oncology Medical Physics, 2023)

ibration is performed by irradiating film strips to a set of known reference doses and
scanning them under identical conditions to those used for measurement films (Devic,
2011). This ensures that the resulting calibration or sensitometric curve accurately re-
flects the specific batch characteristics. For radiochromic films, as shown in Figure 2.9
this relationship typically follows a sigmoid-like trend where it has 3 main regions (De-
vic, 2011). (1) At low doses i.e. Toe region, the change in OD is small and the slope of
the curve is shallow. (2) In the mid-dose range i.e. linear region, the slope increases, rep-
resenting the high-sensitivity region where small changes in dose produce measurable
changes in OD. (3) At high doses, the curve reaches a plateau i.e. the saturation limit

where additional dose produces little or no further increase in OD (Devic, 2011).
Scaling may be applied during analysis to match measured film doses to a known

reference. Lewis et al. (2012) and Reinhardt et al. (2012) reported that applying a global

scaling factor between measured and reference doses can improve the agreement of ra-
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diochromic film dosimetry results. This approach effectively compensates for small de-
viations between the calibration curve and film measurement conditions. These include
beam output fluctuations or minor setup variations without requiring a complete recal-
ibration, thereby enhancing accuracy, particularly in regions with steep dose gradients
(Lewis et al., 2012; Uijtewaal et al., 2024). A common implementation is the two-point
scaling method, in which the response of an unexposed film and a film irradiated to a
high reference dose are used as the scaling limits. A linear scaling factor is then derived
so that these two reference points align with their expected values, and all intermediate

doses are rescaled accordingly (Lewis et al., 2012; Reinhardt et al., 2012).

2.7.3 | Film Digitisation and Image Analysis Techniques

The shape of the sensitometric curve highly depends on the scanner characteristics.
Digitization is typically performed using high-resolution flatbed scanners operated in
transmission mode. Commercial flatbed scanners such as Epson Expression 10000XL
are routinely used. However, they exhibit lateral response artifacts i.e. non-uniform re-
sponse across the scan bed that is caused by variations in optical path length and light
polarization within the scanner optics (Lewis and Chan, 2015). This leads to systematic
dose errors, particularly at the edges of the scan field. Several studies have reported that
the magnitude of lateral response artifacts is minimised when films are scanned at the
scanner midline, making central placement a simple and effective strategy (Lewis and

Chan, 2015).

2.7.4 | Verification of film measurements

Verification of radiochromic film measurements usually involve using the gamma in-
dex, a metric that simultaneously evaluates dose difference and distance-to-agreement
criteria between measured and calculated dose distributions (Agnew and McGarry,
2016). A point passes if its gamma value, () is <1, with a 2%/2 mm and 3%/3mm
being a common clinical criterion. As stated in, Hussein et al. (2017), the gamma value

for each point is expressed as:
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(2.2)

2 2
y = \/Ar (;:;,rg) n AD (5(11;;,1‘5)
where Ar(rg, rg) is the spatial difference between the reference and evaluated points,
AD(rg, rg) is the dose difference, and dr and 6D are the respective distance and dose
difference criteria. The overall passing rate, expressed as the percentage of points with
v < 1, provides a quantitative measure of agreement between planned and delivered
dose distributions. While gamma analysis is widely used, its dependence on chosen

criteria (e.g. 2%/2mm vs 3%/3mm) can mask systematic errors, so care is needed when

interpreting film results.

This analysis can be done either through the use of in-house scripts (e.g., MATLAB
or Python) or by using a commercially available software, with FilmQA Pro and radi
ochromic. com software most widely employed. These tools typically include functions
for multi-channel dosimetry, calibration curve fitting, inter-scan variability correction,
film profile analysis, lateral response correction, and gamma evaluation (Méndez et al.,

2021).

2.8 | Validation techniques of motion management

QA is essential in gated radiation therapy (Brady et al., 2010; Jiang et al., 2008; Niroomand-
Rad et al., 1998). Procedures for acceptance, commissioning, and routine QA, including
tolerances and frequencies, are well documented (Roberts et al., 2021; Snyder et al., 2019;
Woodings et al., 2018, 2021). While published validation studies specific to the Unity
system remain limited, the following section reviews the general methods used to eval-

uate gating systems across different platforms.

In the case of respiratory breathing, the validation of motion management and gated
treatments typically involves acquiring patient-derived waveforms, created through
respiratory motion phantom software, or third party waveforms provided by the man-

ufacturer (Berson et al., 2004; Cui et al., 2014; Dunn et al., 2012b; Freislederer et al., 2015;
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Han et al., 2019; Lachaine and Falco, 2013; Lamb et al., 2017; Lee et al., 2013; Wen et al.,
2018).

2.8.1 | Dosimetric Measurements

A widely reported approach in IMRT QA to assess dosimetric accuracy under motion in-
volves the use of radiochromic film or ion chambers placed in motion phantoms (Oliver
etal., 2008; Wang et al., 2012). Three standard treatment scenarios are planned and deliv-
ered, which are divided as follows: (1) static delivery to a stationary target (to be used as
reference), (2) delivery during motion without gating (to characterise blurring/penum-
bra broadening), and (3) delivery during motion with gating or tracking enabled (to
quantify recovery of the planned dose distribution) (Lee et al., 2013; Oliver et al., 2008;
Viel et al., 2015; Wang et al., 2012). Films are then compared to the planned distribution
or static reference using the gamma index metric to report pass rates and identify any

patterns at field edges and high-gradient regions.

Ungated motion degrades this film agreement as it smears dose in the direction of
motion. This reduces central axis (CAX) dose and enlarges the penumbra. On the other
hand, gating helps recover this agreement close to the static reference. For regular pe-
riodic waveforms (e.g., sinusoidal or cosine based), gated deliveries achieve gamma
pass rates >99% at 3%/3 mm, and remain >99% under more stringent criteria such as
3%/1.2 mm (Brady et al., 2010). In contrast, same plans delivered without gating yield
substantially lower pass rates (84.7%) due to motion-induced blurring. Similarly, Lamb
et al. (2017) tested sinusoidal trajectories of varying frequency on the MRIdian MRL
and demonstrated that gating improved pass rates from 22-59% in the ungated state to

97.8% with gating enabled.
When the breathing pattern changes from a regular periodic trace to an irregular

trace, film agreement worsens unless the motion management system has an algorithm

robust to variability. Unplanned respiratory events, such as coughs or short breath-
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holds, further challenge motion management. Han et al. (2019) showed that frequent
short interruptions, including simulated coughing, did not significantly degrade gated
film agreement, with gamma pass rates maintained above 95% at 3% /3 mm. Other stud-
ies that introduced phase shifts and irregular respiratory traces observed a gamma pass
rate of 95% gamma pass rate at 3%/3 mm in the gated condition compared to >99%
in the regular waveforms (Nioutsikou et al., 2008). Cui et al. (2014) found that frequent
beam interruptions on an Elekta Synergy linac did not degrade gated dosimetry, with

all films achieving >99% pass rates at 3%/3 mm.

In particular, Nioutsikou et al. (2008) demonstrated that a temporal offset of 0.5-1.0
s between an external respiratory surrogate, in this case an infrared reflective marker
block, and the internal tumour position produced systematic localisation errors of up to
4 mm. Such mismatches highlight the potential for gating uncertainties in conventional
linac systems, where reliance on external surrogates may compromise dosimetric accu-
racy. This surrogate-tumour mismatch limitation does not exist in Elekta Unity, where
real-time continuous imaging of the target is available. Moreover, Unity’s IMRT de-
livery naturally includes brief beam interruptions during segment changes and gantry
motion, which could stand-in for the beam interruptions reported by Han et al. (2019).
Unity-specific studies for instance Smith et al. (2025) reported >97% gamma pass rates
(3%/2 mm) under both regular and irregular traces using the MRI*? QUASAR phan-

tom, confirming Unity’s robustness to irregular motion.

The gating window used also affects the resulting dosimetric measurements and,
consequently, the gamma pass rates. A narrower gating window sharply improves dosi-
metric accuracy by minimizing residual blurring and has significantly higher gamma
pass rates. However, this tighter control inherently reduces plan delivery efficiency
and prolongs treatment time (Pepin et al., 2011; Short, 2018). Conventional linac stud-
ies have quantified this trade-off. Shiinoki et al. (2016) tested gating windows of 2-10
mm with a regular waveform on a film-equipped phantom. Windows < 4 mm had >

90% gamma pass rates (2%/2 mm) and closely matched static delivery, while > 6 mm
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produced visible blurring and pass rates < 90%. Similarly, Pepin et al. (2011) and Short
(2018) showed that narrow windows (< 50% duty cycle) achieved > 95% pass rates even
at stringent 1%/1 mm criteria. However, this improvement in accuracy was accompa-
nied by substantially prolonged treatment times ranging fom 5 to 7 times longer than

ungated delivery.

This trade-off is particularly relevant for MRL, where continuous cine-MR allows
tighter gating windows than conventional systems. However, excessive narrowing of
the window may result treatments clinically impractical due to reduced delivery effi-
ciency. In practice, MRL studies have mainly employed fixed thresholds (such as gat-
ing thresholds and VOICE limits on Unity) rather than exploring how varying these
parameters affects dosimetric accuracy and treatment efficiency. For instance, Lamb
et al. (2017) reported robust gamma performance using a 3 mm displacement window
with +10% tolerance, demonstrating that tight gating is feasible on MRIdian MRL. On
Elekta Unity, Smith et al. (2025) used a 5 mm PTV expansion, effectively tying the gat-
ing window to the PTV boundary, and achieved >97% gamma pass rates for regular
waveforms. While gating performance has been demonstrated at fixed thresholds (e.g.
VOICE of 95% or a 3 mm displacement window), no published study has systematically
explored the impact of varying these parameters on film-based accuracy and treatment

time on Elekta Unity.

2.8.2 | Latency

For the Elekta Unity, gating latency can be measured using a direct approach. This is
done by recording the beam-control signal provided by the linac, offering high tempo-
ral accuracy without the need for external detectors (Smith et al., 2025; Snyder et al.,
2019). The MRI*P QUASAR motion phantom (§2.6) features an interface that collects
beam-control signals from the radiation delivery system and gating signals from the
motion phantom without additional instrumentation. This approach was followed by

Smith et al. (2025) on an Elekta Unity MRL which showed latency values to be within
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specification. Similarly, for the ViewRay MRIdian system a direct approach is taken to

record the gating latency (Kim et al., 2021).

On other IGRT platforms or conventional linacs, this signal is not readily available,
so alternative direct or indirect methods have been used. Direct approaches include con-
necting an oscilloscope to both a motion phantom trigger and the linac’s pulse signal,
with the delay between traces defining the latency (Green et al., 2018; Saito et al., 2018).
Indirect approaches use dosimetric detectors such as film, ion chambers, or diodes to
detect the actual radiation transition, comparing this with the phantom trigger to esti-
mate latency (Bertholet et al., 2019; Wiersma et al., 2016). Direct approaches however are
preferred as they depend on the timing the actual beam start/stop via the gun/beam-
control signal. This results in millisecond precision rather than making use of dosimetric

detectors which reduce this precision.

2.9 | Conclusion

A critical and systematic review of the literature associated with motion management
in MRgRT, with a focus on the Elekta Unity MRL, has been presented in this chapter.
While gated delivery has been shown to be feasible and robust at fixed thresholds, the
effects of varying gating parameters on dosimetric accuracy and treatment efficiency
remain largely unexplored. Furthermore, most studies focus on regular motion pat-
terns, leaving uncertainties for irregular respiratory traces. These gaps underscore the
need for systematic investigations, which will be addressed in this study. The research

methodology is presented in the next chapter.
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3.1 | Introduction

This chapter presents the methodologies utilised for data collection and the analysis
conducted on the gathered data. In carrying out this project, it is assumed that the Elekta
Unity MRL operated at optimal mechanical and dosimetric performance, as determined

by the routine quality control (QC) programme carried out clinically.

3.2 | Research Approach

A Quantitative and post-positivism (experimental) approach was taken for this research.

Quantitative methods offer a high level of control over variables, enabling the iso-
lation of specific variables, and making it possible to determine if a potential outcome
is viable. Therefore, any conclusions drawn are specific. Hence, the collection of nu-
merical data for APM accuracy, beam gating latency measurements, and film dosimetry
relied on measurable outputs, that contribute to a quantitative research approach. Un-
like qualitative methods, it allows other investigators to replicate and verify the results

obtained.
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3.3 | Research Strategy

The research strategy employed in this study involved experimental testing. The pri-
mary aim of this study was to commission and validate the CMM system by conduct-
ing a comprehensive series of tests designed to simulate clinical conditions that extend
beyond standard but limited testing conditions. This would enable a detailed character-
ization of the system’s performance and thus, potentially identify any limitations. This
process was supported by the commissioning of the Modus QUASAR™ motion phan-
tom to ensure its accuracy and reliability as a simulation tool. In addition, the software
outputs were indirectly confirmed through independent calculations in Excel, thereby
extending the statistics and providing confidence in both the phantom and its analysis

platform.

This study adopts a prospective approach. This allowed for pre-planned acquisi-
tions and controlled motion parameters, enabling an evaluation and subsequent analy-
sis on the influence of waveform characteristics and gating strategy on system perfor-

mance.

3.4 | Data Collection Technique

Data was collected from audit log files stored within the Elekta Unity CMM system as
well as through the analysis software (Modus pResp software V5.0.2) available from
the Modus QUASAR™ motion phantom. Waveforms for the different Unity strategies
were obtained from three sources: (1) the manufacturer-provided waveform library, (2)
derived from supplementary material provided with published studies (Smith et al.,
2025) and downloaded from the journal’s website, and (3) custom waveforms created
by modifying data from the first two sources using the Modus software. Waveforms

taken from breathing traces during patient treatments were not used in this study.

From these sources, systematic and reproducible waveforms were selected to ensure
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controlled testing conditions. This approach allowed consistent replication of motion
patterns across repeated trials, facilitating an accurate evaluation of the MRL system’s
performance in scenarios involving repeated beam gating in response to a moving tar-
get. Experimental conditions were changed systematically with increasing complexity

in breathing frequency and amplitude building up to complex patient-like waveforms.

3.5 | Data Collection Procedure

Within this section, the data collection process will be explained in detail. The overall
workflow followed throughout this study is outlined in the flowchart shown in Fig-

ure 3.1.
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Figure 3.1: Flowchart of the methodology.
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3.5.1 | Selection of Motion Management Strategies

The initial project scope included a comprehensive evaluation of APM, latency, and
film dosimetry across all four Unity gating strategies. As the project progressed, it be-
came clear that the experimental workload encompassing planning scans, treatment
plan preparation, and individual measurements was too time intensive to complete
within the available timeframe. This required a re-evaluation and reprioritisation of

the work.

m The respiratory strategy was considered a priority as it is being continuously im-
plemented in clinical practice and extended to a variety of treatment sites. There-

fore, this study aimed to rigorously evaluate its performance.

m The exhale-navigated strategy was considered the next desired priority due to its
potential clinical benefit. However, as detailed in the limitations of this study
(83.9), it could only be tested up to the APM stage. Despite repeated attempts
and consultation with an Elekta clinical innovation specialist (L. Fogaca, personal
communication, 13" March 2025), unresolved technical issues prevented further

testing.

m The non-respiratory exception gating strategy was considered important as it is
also being implemented in clinical practice. However, another parallel research
study tested this strategy in a more clinically oriented evaluation (Micallef, 2025).
Thus, testing was limited to a small set of systematic QC testing conditions that

were considered to be within the scope of this project.

m Finally, the DIBH strategy was considered the lowest clinical priority and was
excluded early in the project. This is because it is not currently used clinically in
SAMOC, with no plans for implementation in the near-term future, making it a

significantly lower clinical priority.

It is to be noted that all four Unity gating strategies are built on the same under-

lying algorithms, so their fundamental performance characteristics are expected to be
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consistent. In particular, APM accuracy is algorithm-driven and should therefore be
independent of the selected gating strategy. Likewise, latency performance is expected
to be stable across strategies. For this reason, differences in gating strategy are not an-
ticipated to affect the baseline commissioning results. Nonetheless, it would have been

valuable to confirm these expectations as part of the validation process.

3.5.2 | Preparatory: Commissioning of the Modus QUASAR™ Phan-
tom

The APM QC procedure is based on comparing the target position reported by the
CMM system (as recorded in the audit log exported from the Unity Data Processing
PC (DPPC)) against the programmed ground truth position determined by the Modus
pResp Quasar software. This assumed ground truth is derived from the phantom’s
programmed motion profile, using the mathematical relationships given by the manu-
facturer (Table 3.1). These formulas apply for both available modus settings: no-twist

(purely translational) and twist (translation and rotation) (Figure 3.2).

No-Twist Operation Twist Operation

x(w)=—f x(w) = —f x1/0.75 + (4%0)2
y(w) =0 y(w) = § x \/1- (%)°

z(w) =w z(w) =w

f(w) =0 0(w) = sin~! <O.5 X 4/1— (2"6)2>

Table 3.1: Mathematical formulas describing programmed phantom motion for No-
Twist and Twist operations. where f is the target lateral offset (0 mm or 15 mm), w is
the programmed 1D waveform position along the SI axis (-20 mm to +20 mm), x(w),
y(w), and z(w) are the target positions along the left-right (LR), anterior-posterior (AP),
and SI axis respectively (mm), and 6(w) is the rotation about the longitudinal (z) axis
(degrees) (Modus QA, 2022).

Because all subsequent tests in this study are fundamentally based on this Modus-
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reported ground truth, the MRI*P Modus QUASAR™ physical positional accuracy was
tirst verified. This was performed using the phantom’s cylindrical insert containing a

(J3 cm target positioned with a 15 mm lateral offset (Figure 3.3).

Figure 3.2: @3 cm target with 15 mm position offset measured at +20 mm and 0 mm,
with the 0 mm position corresponds to the 30°rotation (Twist). The green contour out-
lines the cylindrical insert, the red contour outlines the target, and the blue cross mark-
ers indicate the centres of both the cylinder and the target structures.

The phantom was scanned on the Aquilion™ LB CT scanner at SAMOC (Figure 3.3)
using a 1 mm slice thickness. Scans were acquired with the target positioned at the cen-
tral 0 mm reference position, followed by additional scans at £5 mm increments until
the maximum displacement of £20 mm. This was repeated twice, once in the twist set-

ting, and once with the no twist setting (Figure 3.3b and c).

The CT scans were imported into Monaco® TPS (Elekta AB, Stockholm, Sweden).
Each scan was automatically registered to the 0 mm reference scan using translation-
only fusion. From this registration, the translational displacements in the X (LR), Y
(AP), and Z (SI) directions were compared with the expected ground-truth positions

(Table 3.1), and the positional errors in each direction were quantified.

In addition, the physical accuracy of the target’s lateral offset from the centre was

39



Chapter 3. Research Methodology 3.5. Data Collection Procedure

\

(@) (©

Figure 3.3: (a) Modus QUASAR™ phantom positioned at 0° (posterior-anterior) on
the Aquilion™ LB CT scanner, aligned using room lasers prior to scout acquisition for
positional accuracy evaluation.(b) Twist: Thumbscrew inserted in the rotation arm for
combined translation and rotation. (c) No Twist: Thumbscrew inserted in the Rotation
Block to allow translation only.

verified to be 15.0 mm by manually contouring both the spherical target and the cylin-

der structure, and calculating the offset between the respective centres (Figure 3.2).
Following verification of the Modus-reported ground truth, testing was conducted

in accordance with departmental QC procedures, closely following the Elekta accep-

tance testing.
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3.5.3 | Selection of Waveforms for APM and Latency Testing

In preparation for designing the APM and latency tests, it was necessary to select a series
of waveforms to test, challenge and evaluate the selected gating strategies. These wave-
forms were selected from; the manufacturer-provided library, literature (Smith et al,,
2025), and custom-made. The selection criteria included (1) variability in amplitude, (2)
range of breathing rates , and (3) irregular (non-periodic) waveforms to reflect a range
of clinically relevant motion patterns. The specification for each waveform used under
each category can be summarised in Table 3.2 and visualised in Figure 3.4. Different

waveforms were applied across the three clinically relevant gating strategies as follows:

Respiratory Strategy: A number of waveforms denoted as Respiratory in Table 3.2 were

tested.

Exhale Navigated Strategy: Only clinically relevant waveforms were taken into con-
sideration (Table 3.2). For a single test case, two distinct waveforms were used to in-
vestigate a clinically relevant scenario in which the patient’s breathing pattern changes
between template acquisition and treatment delivery. The waveform labelled as Typical
1 for the reference and daily MR scan, and Fast Typical 7 for the template acquisition.
This approach simulated significant variation in respiratory motion while maintaining

physiologically realistic patterns.

Non-Respiratory Strategy: For exception gating, where no predictive algorithm is avail-
able, the system depends solely on real-time APM tracking. High frequency waveforms
(> 11 bpm and 10 mm amplitude) resulted in persistent low accuracy states, making
treatment delivery infeasible. To ensure valid gating behaviour, a fixed 10 mm ampli-
tude was maintained while the breathing rate was limited to 10 bpm and 5 bpm i.e. the
highest frequencies at which the system could maintain acceptable tracking accuracy

for uninterrupted beam delivery (Table 3.2).
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Source Waveform Name Specification Strategy Used
Maximum Bpm
Amplitude (mm)
Manufacturer Typical 1 15 11-20 Respiratory & Exhale
Typical 8 15 9-12 Respiratory
Manufacturer Fast Typical 1* 15 22-40 Respiratory
Fast Typical 7 15 22-32 Respiratory & Exhale
Manufacturer Irregular 8 15 30-56 Respiratory & Exhale
Smith et al. (2025)  Irregular 12 bpm 14 10-14 Respiratory
Smith et al. (2025) Cos® 10 bpm 15 10 Respiratory
Cos® 14 bpm 15 14 Respiratory
Cos® 18 bpm 15 18 Respiratory
Custom Cos® 30 bpm 15 30 Respiratory & Exhale
Cos® 50 bpm 15 50 Respiratory
Custom Sin 5 bpm 10 5 Non-Respiratory
Sin 10 bpm 10 10 Non-Respiratory
& Exhale

Table 3.2: Waveform specifications for each category. Bpm = breaths per minute. *This
waveform was created using Typical 1 with a scaling factor of 0.5.

3.5.4 | Phase 1: Anatomic Position Monitoring Accuracy

The APM system was tested to verify if, in line with the manufacturer’s specification,
95% of sampled points remain within +2 mm of the Modus QUASAR™ Phantom
recorded (ground-truth) position across all three cardinal axes, for various clinical sce-
narios and conditions that differ from the routine QC tests! (Elekta, 2023b). To track
the target in the three cardinal axis twist setting was enabled on the Modus QUASAR™

phantom.

Standard Monthly APM QC procedures were conducted prior to each measurement

n the current QC, APM accuracy is assessed using a single regular waveform trace (a sinusoidal trace
at 10 bpm with a £19 mm amplitude)
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Figure 3.4: One-minute time series of the waveforms utilized for this work. (a) These
are the waveforms selected from the manufacturer-provided library (b) These are wave-
forms derived using supplementary material from literature (Smith et al., 2025). bpm =
breaths per minute.

session to provide a consistent benchmark and ensure confidence in the validity of the
results. All other APM tests were performed in accordance with the standard clinical
workflow, as would be performed for an actual patient. The reference plan used for
system setup was a single beam 3DCRT plan which was not delivered during APM
accuracy testing since it only required tracking of the target. The planning MR and

template acquisition workflow was as follows:

m For the respiratory strategy, the planning and daily MR were acquired with the
target stationary, while the template was acquired with a slight movement of 0.2

mm at 15 bpm. A total of 11 waveforms were tested (Table 3.2).

m For the exhale-navigated strategy The planning MR was acquired with the target

held stationary at 1 cm inferior displacement, while the template was acquired
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using the dynamic waveform that was going to be tested (Table 3.2). A total of 7

waveforms were tested.

m For the non-respiratory strategy both the planning MR and the template were ac-

quired with the target stationary. A total of 2 waveforms were tested.

Moreover, for all the selected waveforms and strategies ATS workflow was per-
formed on the daily MR for exact fusion with the planning scan, as used clinically and

as described in literature (Winkel et al., 2019).

Each APM measurement was allowed to run for a minimum duration of 5 min-
utes before ending the session. The resulting audit log files from the Unity DPPC were
then extracted and analysed in Modus pResp Quasar software against the programmed
ground truth motion trace(Figure 3.5). This allowed evaluation of APM accuracy in the

three cardinal directions.

Log File Import |:lﬂ

Blekta Unity...
...AuditLog_lmegular8.csv

Modus Export...
...2025-04-04_13-20-46 csv

B Using Offset Tanget
Using Rotating Tanget
[C) Using 90 deg Insert Offset

Coord System Comection ~ |0.18

Analyze... |

Figure 3.5: Modus QA software interface for log file import, showing the selection of the
CMM audit log (Elekta Unity) and the Modus export file containing the programmed
ground truth. The selected options indicate analysis using the offset target and rotating
target configuration.
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3.5.5 | Phase 2: Latency Measurements

Latency performance was evaluated to ensure that beam delivery transitions occur within
acceptable time thresholds under varying conditions and strategies. All latency mea-
surements were performed using a simple single beam 3DCRT plan, rather than an
IMRT plan, to avoid inter-segment pauses and gantry motion pauses inherent to IMRT
delivery. This ensured that only gating-related beam on/off transitions were captured

and analysed by the Modus system.

In the Elekta acceptance testing and departmental QC procedures, latency and APM
accuracy are tested separately, where unlike APM testing, the no twist setting on the
Modus QUASAR™ phantom is used for latency testing but a separate planning MR
and reference plan is required for no twist mode. In this study, latency testing was ini-
tially also intended to be carried out separately, once the APM accuracy testing had
been completed. However, at that stage, in view of the substantial time required to
obtain new planning MR scans and repeat all planning preparations for the no-twist set-
ting, an alternative combined method was developed in which latency could also be
assessed using the same APM twist setup and reference MR scans and plans. This was
achieved by adjusting the displacement gating thresholds such that in the SI direction
the displacement gating threshold was retained at £5 mm, whilst for the LR and AP di-
rections, the displacement gating thresholds were increased to 10 mm. This effectively
suppresses gating beam holds for phantom motion in the LR and AP directions. Thus,
latency testing procedure could be carried out in parallel with the same ATS and tem-
plate acquisition workflow employed during APM testing. The same set of simulated

waveforms used in the APM analysis were applied (Table 3.2).

The linac beam on/off signal was obtained through the latency module’s analog
input of the Modus QUASAR™ control system, which sampled at 2 kHz without dig-
ital filtering (Figure 3.6) (Modus QA, 2022). The plan MUs were manually set to the

maximum allowed by the Monaco TPS (8000 MU) to ensure sufficient beam-on time to
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encompass both a minimum of 5 min delivery time for APM testing, as well as to cap-
ture a minimum 100 beam-gating events per waveform to ensure statistical reliability

for the latency tests (as per method described in Smith et al. (2025)).

L=

Figure 3.6: Modus control Unit connected to the breakout box on the wall i.e. Linac
signal to detect the trigger pulse. Source: Modus QA (2022)

3.5.6 | Phase 3: Film Measurements

Prior to exposing the calibration films, an output constancy check of the linac was per-
formed using the standard departmental dosimetry procedures to confirm that the out-
put was within 1% of the expected dose rate of 1cGy/MU under reference isocentric
conditions (10 x 10 cm? field size, 5 cm depth, gantry angle 0°) using a solid water

phantom (Figure 3.8).

3.5.6.1 | Calibration, Scaling, and Film Irradiation

A set of 8 Gafchromic EBT4 film calibration strips (Ashland, Bridgewater NJ, USA; LOT#
10042401) with dimensions of 50mm X 175mm were irradiated to a range of doses (0.63,
1.25,2.5,5, 7, 10, 14 Gy) using the solid water phantom (set up in Figure 3.7b and ¢) un-
der reference isocentric conditions (10 x 10 cm? field size, 5 cm depth, gantry angle
0°) with the film at isocentre height (Figure 3.7a). To ensure reproducibility, alignment
crosshairs and a drawn calibration strip outline on the solid water phantom plate were
used to position the film consistently across irradiations. In addition, scaling films (7
Gy and 10 Gy) were irradiated at the beginning and end of each measurement session

to bracket the dosimetric measurements. Calibration was generally performed at the
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(b)

(@)

Figure 3.7: (a) Solid water phantom with the red dotted line indicating the isocentric
height. For output constancy check it was modified to introduce a 2 cm Solid Water slab
with a Farmer chamber cavity in place of the two 1 cm slabs that sandwich the film strip.
Water spray bottle for reducing air gaps. (b) Solid water plate with drawn calibration
strip outline (50mm x 175mm) and alignment crosshairs, ensuring reproducible film
positioning. (c) Gafchromic EBT4 film placed within the plate, irradiated with a known
dose (0.63 Gy).

middle of the measurement session to account for potential variations in film OD over

the measurement session duration.

For film irradiation, the Modus QUASAR™ phantom was used with the MRI4P
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Figure 3.8: Solid water phantom setup used for calibration and scaling of Gafchromic
EBT4 films, and Modus QUASAR™ phantom setup for film measurements on Unity .

Film Cassette Insert available at SAMOC. This was filled together with the spherical
target with aqueous contrast solution (70 ppm Mn?") following the procedure recom-
mended by the manufacturer (Appendix E). Moreover, another set of Gafchromic EBT4
film with dimensions of 70mm x 175mm were prepared for insertion in the film cassette
and secured using a set of predefined pinprick fiducials (Figure 3.9). When placed into
the phantom, the film cassette exactly intersects the J3 cm target, allowing the film to
record the dose distribution across its periphery (Modus QA, 2022). No twist setting was

used so that the film does not rotate during plan delivery.

To prevent air pockets, which can contribute to electron contamination and effect
dose measurement accuracy, a thin layer of water was sprayed onto both the upper and
lower surfaces of the film. This procedure was used for all film measurements, includ-

ing the calibration and scaling films following the approach in Uijtewaal et al. (2024).
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Figure 3.9: The film casette cylindrical insert is shown on the left (Modus QA, 2022).
While on the right it is inside of the MRI*P film cassette, showing the positions of the
radiochromic films and the pinprick fiducials.

A 9-beam IMRT 7 Gy SBRT plan with a @3 cm target (GTV) and a 3 mm GTV to
PTV margin was generated using the Monaco® TPS (Figure 3.10). The gantry angles
used were 0°, 40°, 80°, 120°, 160°, 200°, 240°, 280°, and 320°. The plan comprised of 36
segments in total and delivered 1,400.99 MU. The 7 Gy prescription isodose was taken

as a surrogate for the PTV edge in the film analysis.

Film irradiations were carried out following the same clinical workflow as for a pa-
tient treatment. The ATS workflow was performed once on the reference plan to create a
version adapted to the first-day phantom geometry. For all subsequent measurements,
every effort was made to position the phantom within < £0.25 mm of the original ATS
setup. This consistent phantom positioning allowed the ATP workflow to be applied on
subsequent film irradiations without requiring any re-optimisation, thus consistently
re-delivering the original ATS plan for all film exposures. This was confirmed by the
isocentre shift recorded in the Monaco®. This approach was chosen to ensure the treat-

ment plan parameters remained the same for all irradiations, thus eliminating plan re-
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L

Figure 3.10: The 9-beam IMRT 7-Gy SBRT plan with a 33 cm target (Green contour)
and a 3 mm GTV to PTV margin (red contour) using Modus QUASAR™ phantom with
the film insert. The green structure represents the RF coil, while the blue structure rep-
resents the patient couch on the MRL.

adaptation as a source of variation. The same plan was then delivered using different

waveforms according to the different strategies shown in Table 3.3.

Waveform | Amplitude | Frequency | Gating Method Strategy
(mm) (bpm)
Sin 10 14 VOICE 100% | Respiratory
97%
95%

Displacement | 2mm
Threshold 3mm

5mm
No Gating N/A
Typical 1 15 11-20 Displacement | 5mm | Respiratory

Irregular 8 20-56 Threshold

Table 3.3: Waveform specifications for each strategy with the gating method used for
film measurements. Bpm = breaths per minute.

3.5.6.2 | Respiratory Strategy

For each measurement day, a static reference film was acquired with the target at the 0

mm reference position and no programmed motion. For subsequent tests, a sinusoidal
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trace with an amplitude of 10 mm and a frequency of 14 bpm was applied, a periodic
waveform representative of a regular respiratory pattern suitable for QC purposes. This
trace was first delivered without gating by disabling the ATC. For the gated deliveries,
the same trace was used with different displacement thresholds and VOICE based gat-
ing enabled (Table 3.3).

Displacement threshold gating: Thresholds of 2 mm, 3 mm, and 5 mm on the target
structure were applied (Table 3.3). These thresholds reflect current and evolving clinical
practices in PTV margin selection: 5 mm remains common for abdominal sites such as
the liver, while 3 mm and the 2 mm gating threshold were included to explore the po-

tential feasibility of further margin reduction and the effects on plan delivery efficiency.

VOICE-based gating: VOICE thresholds of 100%, 97%, and 95% were assessed (Table
3.3). A VOICE setting of 100% implies the most stringent condition, requiring com-
plete overlap with the PTV margin (corresponding to the 3 mm PTV margin expansion
around the target). Lower VOICE thresholds progressively relax this constraint, sim-
ulating more flexible gating conditions that may be considered in clinical practice to

improve treatment efficiency.

In addition to the baseline waveform, two additional motion traces, labelled as Typi-
cal 1 and Irregular 8 (Table 3.3) were selected to represent more challenging respiratory
patterns. These waveforms were selected based on prior experience obtained during
APM testing, so as to have < 50% of the delivery time in a low accuracy state, thus avoid-
ing frequent beam interruptions and impractically long delivery times. In addition,
the waveform labelled as Typical 1 was intended to capture performance under regular
patient-like breathing patterns, while the waveform labelled as Irregular 8 was selected
based on prior latency testing that highlighted challenging conditions. A 5 mm dis-
placement threshold was applied to maintain the experimental conditions used during

latency measurements.
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3.5.6.3 | Non-respiratory Strategy

Due to the more extensive investigation of the exception gating strategy for prostate
treatments in a parallel project Micallef (2025), no films measurements were taken to

avoid unnecessary duplication of work.

3.5.6.4 | Digitisation and Processing

Scanning and digitising of the films was done after 24-36 hours of irradiation. All films
were digitised using an Epson Expression 10000XL flatbed scanner (Seiko Epson Corp.,
Nagano, Japan) in transmission mode and at 127 dpi (Figure 3.11). To ensure uniform
contact with the scanner bed and prevent curling, a 4 mm thick glass plate was placed
on top of the irradiated films together with their corresponding scaling strips (7Gy and

10Gy) that were closest in time. Analysis was carried out using the cloud computing

application radiochromic. com.

Figure 3.11: Setup of Gafchromic EBT4 films arranged on the Epson Expression 10000XL
flatbed scanner (Seiko Epson Corp., Nagano, Japan) with a 4 mm thick glass plate for
digitization. (a) Setup of the irradiated calibration strips (b) Setup up of irradiated films
with its corresponding scaling strips (7Gy and 10Gy) that were closest in time.

For film profile measurements, a full calibration curve needed to be generated for
each respective day of data collection. Each calibration curve was created by placing

a 1 x 1em? region of interest (ROI) at the maximum peak of the dose profile, since the
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central axis (CAX) crosshair could not be marked directly on the film in the absence of a
light field on Unity. This ROI was applied consistently across all corresponding calibra-

tion strips to ensure accurate dose response mapping (Figure 3.12).

Figure 3.12: Selection of ROI's for the creation of calibration curve.

For the additional scaling strips, the 1 x 1cm? ROI was similarly placed at the max-
imum dose region. The reported mean dose of each ROI dose for both 7Gy and 10Gy
scaling strips was recorded for three separate conditions, (a) the calibration curve ap-
plied directly without scaling, (b) the calibration curve applied with scaling on the 7Gy
dose point, and (c) the calibration curve applied applied with scaling on the 10Gy dose
point. The corresponding dose error to the expected dose was quantified for each case.
For each film, the scaling strip closest in time to its irradiation was used to account for
time-dependent changes in OD. Films acquired mid-day used the full calibration curve
directly, while those from earlier or later sessions were scaled using the morning or

evening 7Gy scaling strips, respectively.
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For all measured film exposures, manual alignment was performed using the pin-
prick fiducial marks on all films to ensure accurate alignment between each film and
the reference. Every effort was made to achieve optimal alignment by using these fidu-
cial marks and zooming in to the smallest available pixel resolution (corresponding to

0.2mm per pixel).

3.6 | Data Collection Tool

A 1.5T-MRgRT system (Elekta Unity) was used for the APM, latency, and film mea-
surements. The MRI*P Modus QUASAR™ phantom together with the Modus pResp

Quasar software (Version 5.0.2) was also used for data collection to analyse data.

The body of the phantom had two cavities for acrylic inserts filled with distilled wa-
ter and an added aqueous solution of manganese dichloride (MnCl, x 4H,0O at 7 ppm).
Each of the inserts features a 3 cm fillable spherical target filled with MnCl, contrast
media with an acrylic stem and two baseplates. In addition, a film casette insert was
used which allows placements for radiochromic film with dimensions of 70 mm x 175

mm.

The Modus pResp software allows for the analysis of the CMM audit log file ex-
tracted from the DPPC against the programmed ground truth reported by MRI*P Modus
QUASAR™ (exported in .csv format). Moreover, it allows for latency measurements
as the Modus pResp software compares the motion data from the encoder, simultane-
ously synchronized with the beam-control signal using a common time stamp with the

CMM system derived on the Unity DPPC.
The CT Scanner (Aquilion™ LB) was used for the assessment of the phantom’s

physical accuracy using the Monaco® treatment planning system (Elekta AB, Stock-

holm, Sweden) to derive translational offsets.
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The Epson expression 10000XL flatbed scanner (Seiko Epson Corp, Nagano, Japan)
was used for the digitizing of the EBT4 Gafchromic Films. For dosimetric analysis,
they were uploaded into a cloud-computing application (radiochromic.com), which
allows for the processing of images of exposed films, the calculation of isodose lines
and gamma analysis (§2.7.3). Python (Version 3.10) and Excel were used to analyse

profile widths and CAX dose of the film measurements.

3.7 | Data Analysis Technique

3.7.1 | Preparatory: Commissioning of the Modus QUASAR™ Phan-
tom

Positional values were calculated in Monaco® based on the applied target shifts, and

the expected positions were calculated separately from the Modus QUASAR™

pro-
grammed motion equations. The differences between these two sets of values were

used to determine the maximum positional error and establish the baseline precision.

3.7.2 | Phase 1: Anatomic Position Monitoring Accuracy

The Unity acceptance testing procedure provided by Elekta makes use of the Modus
QUASAR™ software to import the audit log files derived from Unity and compared
against the recorded target positions from the programmed phantom motion profile (as
recorded by the same software). From the software’s output, the following statistics
were considered for analysis: Absolute average, standard deviation (SD), and 95" per-

centile (P95%).

m The absolute average error was defined as:

1 N
Habs = N i:Z1|Xi| 3.1)
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where, x; are each individual error value, and N is the total number of data points.

m The SD (o) of the positional errors to quantify the spread of error around the mean

was defined as:

(3.2)

where, y is the mean of all error values.

m As stated by International Organization for Standardization (2006), P95 refers to
the 95th percentile, i.e., the value below which 95% of all sampled positional er-
rors fall. In this study, the P95 value represents the positional error that 95% of all

sampled points remain within (Elekta, 2023b).

Additionally, Excel was used to confirm the calculations made by the Modus pResp
software and to derive additional statistical calculations including the root mean square
error (RMSE) as defined in Eqn.(3.3), and the average error (without taking the absolute
value). This, allows for a thorough validation and verification of the software’s accuracy

and its computational results.

m The RMSE was selected as it provides a representative measure of the overall size
of the errors, independent of their sign or directions, making it especially useful to

assess components of differing signs. This is mathematically expressed as follows:

RMSE = (3.3)

'MZ
=
=N

I
—_
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3.7.3 | Phase 2: Latency Measurements

To quantify the latency of the system the Modus pResp software was used together with
a separate in-house Excel sheet that was created to replicate the analysis methodology
(and accompanying Excel analysis worksheet) provided by Elekta as part of the Unity
acceptance testing procedure, which evaluates and classifies the two latency types de-

scribed in §2.5.3.3 i.e. Control system latency and end-to-end system latency.

For the control system, acceptable latency ranged from -300 ms to +180 ms for beam-
on and -220 ms to +180 ms for beam-off. For the end-to-end system, acceptable latency
ranged from -200 ms to +280 ms for beam-on transitions and -200 ms to +200 ms for
beam-off transitions. Because ramp-up and ramp-down are not directly measured in
this test, the Elekta methodology incorporated the maximum allowable ramp values
into the Modus-reported latencies to assess compliance. The analysis also reports %
beam-on and % beam-off data points, which indicate the percentage of transition data
points that were within the manufacturer-specified latency limits. For each waveform
used, a result > 95% was considered to meet the performance requirements established

by Elekta.

3.7.4 | Phase 3: Film Measurements

Profiles were defined along the SI direction of motion, passing through the isocentre
position, corresponding to the longitudinal axis midway through the fiducial markers.
These profiles were then extracted from the radiochromic.com software as a .csv file
and plotted using Python (Version 3.10). All measured profiles were analysed relative

to the static reference film, which served as the baseline for comparison across strategies.

The 7 Gy dose crossing points were first identified on the penumbra of each mea-
sured film profile. To improve accuracy, a linear regression fit was applied to the profile
data within +3 mm around the 7 Gy level, and the position of the 7 Gy dose was inter-
polated from the fitted slope. From the two crossing points thus obtained, the profile
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width of the 7 Gy region and its midpoint were calculated.

To calculate the uncertainty of the profile widths at the 7 Gy prescription dose, two

sources of error were considered:

m In the first instance, the uncertainty of the linear regression used to determine the

7Gy inflexion point on the profile penumbra was found using:

O—I’ES

34

AX7 =

where, Axy is the uncertainty in the x-position corresponding to a dose of 7 Gy,m
is the slope of regression line and ;s is the SD of the residuals from the linear fit

calculated using:

1 N
Ores = \/n_pz’?—l((yl - yi)z (3.5)

where, y; are the actual data points, §J; are the predicted values from the regression
line, n is the number of data points (5), p is the number of fitted parameters (in

this case 2).

m In the second instance, an additional source of uncertainty from the % dose error
on the 7 Gy value that was used to derive the inflexion point, that in turn trans-
lates to a positional difference along the penumbral slope. This is reflected from
the dose error determined from the 7Gy scaling strip for each profile, which was
converted into mm distance by taking into consideration the respective slope of

each profile at the 7Gy dose point:

Ayr = m (3.6)

Finally, the total uncertainty of the width, left and right 7 Gy distances on the profile
after subtracting them from the reference (static) uncertainty is the quadrature sum of

the regression term and the dose-scaling term:
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Az = 1/ (Ax)? 4+ (Ay)? (3.7)

where, z is the uncertainties of the difference of widths, midpoints, left and right
distance, Ax is the uncertainty of the regression term, and Ay is the uncertainty of the

dose-scaling term.

Moreover, an additional independent (random) term in the uncertainty of the 7 Gy
profile width is attributed to the insertion of the film casette into the cylinder. Although
radiochromic film was positioned precisely within the cassette using predefined fidu-
cials, inserting the cassette into the cylinder introduces a small uncertainty in how con-
sistently the position it was pushed at. Whilst extreme care was taken during film setup,
a residual of < 0.25 mm between insertions can be estimated. This adds a minor posi-

tioning component to the measured 7 Gy profile width values.

The average dose around +2.5 mm of the profile centre was then calculated to repre-
sent the central-axis (CAX) dose. This metric was compared as a percentage difference
against the reference (Static) film, providing a measurement of the dose difference at the

profile peak.

The 7Gy isodose lines from the 2D film dose distributions were qualitatively eval-
uated using the film software (radiochromic.com) and visually compared to the refer-
ence film (static) to identify any changes or shifts in the dose distribution. Furthermore,
gamma analysis pass rates were used to quantify the dosimetric impact of the system la-
tency for each waveform trace. Gamma criteria of 3%/1 mm, 3%/2 mm, and 5%/2 mm,
5% /2 mm and 10% low-dose threshold, were used. This quantified the film agreement

between the measured gated dose profile against the static reference dose profile.

3.7.4.1 | Planning delivery efficiency

To calculate planning delivery efficiency, the following equation was used:
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T,
Plan Delivery Efficiency = —2¢2ured . 1009, (3.8)

Tstatic

where, Ttatic is the measured beam-on time (or MU delivery time) when delivered
without interruptions (i.e., no gating) and, Tiyeasured i the actual delivery time observed,

including interruptions.

3.8 | Ethical Considerations

The University Research Ethics Committee of the University of Malta has approved this

study (Appendix C).

3.9 | Limitations of the Research Methodology

One limitation is due to the phantom used is that although the phantom’s positional
accuracy was assessed at discrete static positions across the full £20 mm range, this
does not guarantee that the positional accuracy is maintained during rapid positional
changes in dynamic motion. The complexity of making such a measurement was be-
yond the scope of our project. Instead we relied on the specification quoted by the
manufacturer, which stated that the phantom achieves a dynamic translational motion

precision of £0.25mm (Modus QA, 2022).

Another limitation of our results is that the features of the phantom are idealized, and
the contrast of the moving target being monitored by the CMM system is higher than
likely to be encountered for patient tumours, where in the latter case the accuracy of the

tracking algorithm may potentially be impacted in cases of very low contrast.
Moreover, waveforms derived from actual patient recorded data are not utilised in this

project. Only manufacturer-provided motion waveforms, custom user-created wave-

forms, or waveforms downloaded directly from literature was used.
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A further limitation of this study lies in film measurements. They are subject to several
sources of uncertainty, including film to film sensitivity differences, and temporal vari-
ations in OD growth. To mitigate these effects, scaling films irradiated to 7 Gy and 10
Gy were included at the beginning and end of each measurement session. These scaling
films allowed a QC assessment to monitor and assess potential inter-session and intra-

session variability.

Moreover, the Gafchromic EBT4 film has a dynamic range of 0.2 to 10 Gy, therefore, the
IMRT SBRT plan was constrained to this range, rather than to the full range of clini-
cally representative doses. At SAMOC, prostate SBRT is typically prescribed at 7.25 Gy
per fraction, whereas other SBRT treatments may use higher prescriptions reaching 20-
30 Gy per fraction. For such prescribed doses, EBT-XD films can be used due to their
wider dynamic range. However, these were not accessible at our institution. Practically,
such high-dose deliveries will also extend delivery times for each film to 45 minutes
or more, making a detailed study such as undertaken in this project very impractical.
Nevertheless, since the linac performance evaluation performed can be considered to be
independent of the absolute prescription dose, the results are expected to remain valid

and directly comparable to all clinical scenarios.

Another limitation lies in the rotational alignment of the film cassette folder within the
phantom. While the film cassette was securely mounted and locked into the insert chan-
nel of the Modus QUASAR™ phantom, precise rotational alignment with the Drive
Rod’s reference line was required to avoid tilting. This alignment was carefully verified
during setup; however, due to observer limitations in alighment precision, a small neg-
ligible angular error (~1.2°) may still have been introduced. Such deviation could have

lead to a slight tilt of the film, potentially affecting the measured dose distribution.

Finally, time constraints limited the work that could be carried out due to the high clin-
ical demand on the system, its use in a parallel research project (Micallef, 2025), and the

need for a Medical Physicist to be present during data collection (generally scheduled
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during evening and weekend sessions). For the Respiratory strategy, APM and latency
phases each took approximately 8 hours per session, while film dosimetry spanned two
13-hour sessions. The Non-Respiratory strategy required 4 hours for APM and 4 hours
for latency. For the Exhale strategy, despite system issues preventing full data collec-
tion, multiple attempts totalling 36 clinical hours were dedicated attempting to resolve
technical issues, assisted by an Elekta clinical innovation specialist (L. Fogaca, personal
communication, 13" March 2025), unresolved technical issues prevented further test-
ing. These figures exclude further time generally required for treatment planning and
contouring, preparations for the Record and Verify system and film scanning and anal-
ysis. Thus the number of waveforms tests were limited as a result and extensive testing

for a wider range of different clinical scenarios could not be carried out.

Dosimetric analysis was limited to 4D water-equivalent phantoms. MR safe 4D an-
thropomorphic phantoms containing lung and bone tissue heterogeneities were not
available at SAMOC. Consequently, this study did not assess the dosimetric impact
of motion in lung tissue, where inhomogeneities and differences in motion characteris-
tics compared to soft tissue can introduce additional complexities. Thus, our findings
cannot be generalised to all the clinical scenarios especially those including lung inho-

mogeneities.

3.10 | Conclusion

This chapter presented the research methodology used in the study. The next chapter

will include the presentation, analysis and discussion of the results.
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4.1 | Introduction

This chapter presents the data, data analysis, and results obtained from this study.

4.2 | Data

4.2.1 | Preparatory: Commissioning of the Modus QUASAR™ Phan-
tom

The relative positional values obtained from both the Monaco and Modus control soft-
ware were tabulated alongside the respective positional error for the X (LR), Y (AP),
and Z (SI) directions for both the translational and rotational settings in Table 4.1. The

full data representation can be found in Appendices A and B.

Metric Translational Only Translational and Rotational
X Y V4 X Y V4

Abs Average (mm) 0.02 0.00 0.08 0.15 0.19 0.21

SD (mm) 0.01 0.00 0.08 0.18 0.16 0.21

Abs Maximum (mm) | 0.03 0.00 0.09 0.16 0.32 0.32

Table 4.1: Summary of Modus positional errors in the No Twist and Twist settings. Met-
rics shown are the absolute average, SD, and absolute maximum for each spatial com-
ponent.
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4.2.2 | Phase 1: Anatomic Position Monitoring Accuracy

The results of the APM accuracy values for the respiratory, exhale, and non-respiratory

strategies are presented in Tables 4.2, 4.3, and 4.4, respectively.

A histogram of the differences between the APM target displacements and the ground-
truth translations provided by the Modus pResp Quasar software were also plotted in

Figure 4.1,4.2,4.3.

Name QC Procedure* Typical 1 Typical 8 Fast Typical 1

X Y z X Y V4 X Y V4 X Y VA
Average (mm) -0.10 0.07 —-0.01 | —0.11 014 —-0.04 | -0.14 015 —0.05 | —0.06 0.07 0.01
SD (mm) 010 0.12 0.09 0.11 0.16 0.14 0.14 0.17 0.15 0.10 0.12 0.15
RMSE (mm) 013 017 0.15 0.11 0.21 0.15 0.19 0.24 0.16 0.12 0.14 0.15
Average Abs (mm) 0.10 0.13 0.10 0.12 0.16 0.12 0.16 0.19 0.13 0.09 0.11 0.12
P 95% (mm) 021 029 0.21 0.32 0.44 0.29 0.35 0.43 0.32 0.25 0.28 0.29
Name Fast Typical 7 Irregular 8 cos® 30 bpm cos® 50 bpm

X Y Z X Y Z X Y V4 X Y Z
Average (mm) 0.04 005 -0.09 | -0.03 -0.05 005 | —0.05 —0.03 0.01 | -0.07 -0.08 —0.15
SD (mm) 0.09 0.12 0.19 0.09 0.11 0.22 0.15 0.14 0.22 0.22 0.17 0.96
RMSE (mm) 011 0.14 0.21 0.10 0.12 0.22 0.16 0.15 0.22 0.23 0.18 1.01
Average Abs (mm) 0.09 0.10 0.16 0.07 0.09 0.16 0.14 0.11 0.18 0.20 0.15 0.64
P 95% (mm) 0.18 028 0.41 0.22 0.23 0.41 0.25 0.31 0.44 0.43 0.37 1.76
Name Cos® 10 bpm** Cos® 14 bpm** Cos® 18 bpm** Irregular 12 bpm**

X Y z X Y V4 X Y VA X Y zZ
Average (mm) -0.11 0.07 0.02 | —-0.01 0.07 —-0.01 | —0.08 009 -0.02 | —-0.02 —0.01 0.03
SD (mm) 0.16 0.18 0.17 0.16 0.17 0.19 0.15 0.16 0.19 0.19 0.11 0.13
RMSE (mm) 019 0.19 0.17 0.16 0.18 0.19 0.16 0.19 0.19 0.20 0.11 0.14
Average Abs (mm) 0.17 0.16 0.15 0.14 0.15 0.16 0.15 0.16 0.17 0.17 0.09 0.11
P 95% (mm) 0.30 0.36 0.19 0.27 0.33 0.34 0.27 0.35 0.34 0.35 0.20 0.26

Table 4.2: Measurement APM Data for the respiratory strategy using the selected wave-
forms. *QC procedure refers to a sinusoidal waveform with 19 mm amplitude and 10
bpm. **These are breathing traces imported from supplementary material from litera-
ture (Smith et al., 2025).
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Figure 4.1: Histograms of APM error for the respiratory strategy using the 11 wave-
forms.*This refers to sinusoidal waveform with 19 mm amplitude and 10 bpm. **These
are breathing traces imported using supplementary material from literature (Smith
et al., 2025).
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Name QC Procedure* Typical 1 Fast Typical 7** Fast Typical 7

X Y Z X Y Z X Y z X Y Z
Average (mm) -0.02 -0.01 0.02 | -0.01 -0.09 —0.06 | 0.01 006 —0.11 021 —0.05 —0.08
SD (mm) 0.19 011 0.13 0.12 0.22 0.16 | 013 0.22 0.29 0.14 0.16 0.36
RMSE (mm) 0.20 011 0.14 0.12 0.24 018 | 013 0.23 0.31 0.25 0.16 0.31
Average Abs (mm) 0.19 0.08 0.12 0.09 0.20 0.14 | 011 0.18 0.26 0.22 0.14 0.33
P 95% (mm) 0.31 020 0.24 0.21 0.39 034 | 023 047 0.55 0.42 0.30 0.61
Name Irregular 8 cos® 10 bpm cos® 30 bpm Sin 10 bpm

X Y z X Y z X Y Zz X Y Zz
Average (mm) —0.04 0.07 0.01 0.04 0.00 -0.12 | 004 0.00 -0.12 | —0.08 0.07 —0.06
SD (mm) 0.09 011 027 0.09 0.15 048 | 0.09 0.15 0.48 0.11 0.13 0.09
RMSE (mm) 0.10 013 0.27 0.10 0.15 021 | 0.10 0.15 0.29 0.13 0.15 0.11
Average Abs (mm) 0.07 0.09 023 0.08 0.14 046 | 0.08 0.14 0.46 0.10 0.12 0.09
P 95% (mm) 0.23 028 046 0.19 0.25 074 | 019 0.25 0.74 0.28 0.31 0.21

Table 4.3: Measurement APM Data for the exhale strategy using the 7 selected wave-
forms. *QC procedure means Sinusoidal waveform with 19 mm amplitude and 10 bpm
**This was performed using Typical 1 for the reference and daily MR acquisition, and
Fast Typical 7 for the template acquisition.

Name Sin 5bpm Sin 10bpm

X Y z X Y z
Average (mm) -0.06 014 —-0.04 | —0.03 0.08 —0.07
SD (mm) 013 013  0.09 012 013  0.09
RMSE (mm) 014 019  0.09 012 016 011
Average Abs (mm) | 0.11  0.15 0.08 0.09 0.12 0.09
P 95% (mm) 028 036 0.20 025 032 023

Table 4.4: Measurement APM data for the non-respiratory strategy using the selected
2 waveforms.

4.2.3 | Phase 2: Latency Measurements

The results for end-to-end latency for the respiratory and non-respiratory strategy are
tabulated in Table 4.5 and Table 4.6. These tables include the maximum, minimum, aver-
age, SD, 95% percentile, and the percentages of beam-on and beam-off instances within
tolerance. The corresponding histogram distributions are shown in Figure 4.4 for the
respiratory strategy and Figure 4.5 for the non-respiratory strategy. For the respiratory
strategy the cos® 15 mm 30 bpm and 50 bpm could not be analysed for latency as for all

instances they were always in a low accuracy state, preventing beam delivery.
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Figure 4.2: Histograms of APM error for the exhale strategy using the 7 simulated
waveforms. *QC procedure means Sinusoidal waveform with 19 mm amplitude and 10

bpm.

Sin 10mm 5bpm Sin 10mm 10bpm
1400 4 [ Z Error 1400 1 [ ZError
=3 X Error =3 X Error
M [ Y Error 1 Y Error
1200 - 1200
1000 - 1000
o o
S 8004 g 800
> >
o o
L L
* 600 * 600
400 4 400 -
200 4 200 A
0 T T T T 0 T T T T
=2 -1 0 1 2 =2 -1 0 1 2
APM predictive error (mm) APM predictive error (mm)
(a) (b)

Figure 4.3: Histograms of APM error for the non-respiratory strategy using the 2 sim-
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Name QC Procedure* Typical 1 Typical 8 Fast Typical 1
On Off On Off On Off On Off
Minimum (msec) | —116.5 —2775 —254.5 —195.5 —292.5 —301.0 —5480  —9185
Maximum (msec) 309.0 102.0 242.0 140.5 234.5 203.0 1335.0 954.5
Average (msec) —6.8 —17.3 69.1 —-30.1 39.6 7.7 —22.9 —30.5
SD (msec) 79.2 59.5 123.9 90.4 114.3 86.0 230.7 186.9
P 95% (msec) 120.0 106.0 254.5 195.5 2225 179.0 428.5 313.0
% On 96.4% - 80.0% - 89.6% - 77.3% -
% Off - 99.1% - 100.0% - 97.2% - 89.1%
Name Fast Typical 7 Irregular 8 cos® 30bpm cos® 50bpm
On Off On Off On Off On Off
Minimum (msec) | —397.0 —630.0 —349.0 —949.0 N/A N/A N/A N/A
Maximum (msec) 750.5 1413.0 1862.5 978.5 N/A N/A N/A N/A
Average (msec) 71.7 10.1 113.9 -72 N/A N/A N/A N/A
SD (msec) 176.1 200.6 287.7 258.1 N/A N/A N/A N/A
P 95% (msec) 397.0 359.0 490.5 675.5 N/A N/A N/A N/A
% On 74.8% - 68.0% - N/A - N/A -
% Off - 85.2% - 84.0% - N/A - N/A
Name Cos® 15mm 10bpm™* | Cos® 15mm 14bpm** | Cos® 15mm 18bpm** | Irregular 12bpm**
On Off On Off On Off On Off
Minimum (msec) | —143.5 —148.0 —177.0 —238.0 —103.0 —105.0 —333.0 —220.5
Maximum (msec) 196.5 112.0 137.5 102.5 158.5 117.5 280.0 163.5
Average (msec) —17.4 —144 2.6 —13.7 —9.2 24.1 —-3.0 —13.6
SD (msec) 58.9 56.2 57.9 55.9 67.8 57.8 92.5 66.8
P 95% (msec) 103.5 103.5 110.0 99.0 146.0 98.0 202.0 114.0
% On 99.1% - 99.3% - 100.0% - 95.4% -
% Off - 100.0% - 100.0% - 100.0% - 99.2%

Table 4.5: Measurement Data for the latency using the respiratory strategy using the
selected waveforms. N/A indicates cases where beam delivery was not possible due to
persistent low-accuracy state. *This refers to sinusoidal waveform with 19 mm ampli-
tude and 10 bpm. **These are breathing traces imported using supplementary material
from literature (Smith et al., 2025).

Name Sin 1 (10mm 5bpm) | Sin 2 (10mm 10bpm)
On Off On Off

Minimum (msec) | 227.0 232 222.0 228.5

Maximum (msec) | 621.0 489.5 496.0 504.5

Average (msec) 365.5 371.2 349.0 362.3

SD (msec) 68.2 65.0 64.0 63.0

P 95% (msec) 468.0 467.5 453.5 460.0

% On 0% - 0% -

% Off - 0% - 0%

Table 4.6: Latency measurements for non-respiratory strategy
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Figure 4.4: Histograms of latency measurements for the respiratory strategy for the 11
waveforms tested. *QC Procedure refers to a sinusoidal waveform with 19 mm ampli-
tude and 10 bpm. **These are breathing traces imported using supplementary material
from literature (Smith et al., 2025).

4.2.4 | Phase 3: Film Measurements

Quantification of scaling errors (both for the 7Gy and 10Gy) can be seen in Table 4.7.
The characteristics of three static reference profiles acquired during separate irradia-
tion sessions are presented in Table 4.8 as an indication of the reproducibility of the film

measurements.

To aid in the selection of waveform trace used for film measurements, low-accuracy

instances from the CMM audit log files were quantified and presented in Table 4.9.
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Figure 4.5: Histograms of latency measurements for the non-respiratory strategy for
the 2 selected waveforms tested

Scaling on 7 Gy Scaling on 10 Gy

Profile Erroron7 Gy Erroron10Gy Erroron7 Gy Error on 10 Gy

(%) (%) (%) (%)
Static 0.2 0.7 -0.8 0.2
Not Gated 0.1 2.4 -2.3 0.0
Gating TH 2 mm 0.1 1.9 24 -0.3
Gating TH 3 mm 0.1 04 -0.4 0.1
Gating TH 5 mm 0.0 1.7 -1.9 0.1
VOICE 100% 0.1 -1.0 0.0 -1.0
VOICE 97% 0.0 -0.7 0.9 0.0
VOICE 95% 0.0 -0.5 0.6 0.0
Typical 1 -0.1 -1.2 1.9 0.7
Irregular 8 -0.3 -1.2 2.0 0.9

Table 4.7: Scaling errors on the 7 Gy and 10 Gy for different profiles.

The film profiles generated from the film irradiations were categorized into four
groups; (1) Ungated motion (gating disabled), (2) Different gating threshold (2,3,5 mm),
(3) Different VOICE (95,97,100%), and (4) Complex waveforms (Typical 1 and Irregular
8). All Groups were plotted against the static reference to evaluate dose profile changes

(Figure 4.6). Plan delivery efficiency was also calculated for each profile from the CMM
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Profile = Width (mm) Dose (Gy)
Static 1 36.76 8.72
Static 2 36.81 8.76
Static 3 37.29 8.73
Average 36.95 8.74
SD 0.20 0.04

Table 4.8: Comparison of statistics for three repeated static profiles: width, and dose at
the centre (£2.5 mm) together with the SDs.

Waveform Name

Low Accuracy (%)

Typical 1
Typical 8
Fast Typical 1
Fast Typical 7

Irregular 8

32.1%
35.2%
91.8%
90.1%
42.3%

Table 4.9: Percentage of time each waveform considered for film analysis had an APM

state that was classified as low accuracy.

audit log files and can be seen in Table 4.10.

The extracted dose profiles were analysed to quantify the 7 Gy prescription dose

width, midpoint position, change in left and right edge from CAX at 7 Gy, and the dose

at the CAX. The corresponding results, together with the uncertainties calculated using

Equations 3.4-3.7, are presented in Table 4.11. Moreover, the the 7 Gy isodose line was

visualised using the cloud-computing application (radiochromic.com), as shown in

Figure 4.7. Global gamma analysis using 3%/2mm, 3%/1mm, 5% /2mm, and 5%/2mm

gamma critera and 10% threshold was performed for each profile, compared with the

reference (Static), as tabulated in Table 4.12.

4.3 | Data Analysis and Results
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Plan Delivery

Profile Efficiency
(%)

Static 100.0%
Not Gated 100.0%
Gating TH 2 mm 546.9%
Gating TH 3 mm 330.8%
Gating TH 5 mm 203.1%
VOICE 100 % 323.6%
VOICE 97% 229.6%
VOICE 95% 175.4%
Typical 1 341.5%
Irregular 8 182.8%

Table 4.10: Plan delivery efficiency across different motion profiles, expressed in %. TH
= Threshold.

4.3.1 | Preparatory: Commissioning of the Modus QUASAR™ Phan-
tom

Analysis of the average results across the three cardinal directions showed that all errors
were < 0.25 mm, in agreement with manufacturer’s specification (Modus QA, 2022). In
the no-twist configuration, negligible errors were observed in the X (LR) direction, even
though no motion was programmed along this axis. Overall, these results underline the
accuracy of the manufacturer-provided Modus equations target positions, supporting
their use as the ground truth reference in subsequent analysis. Moreover, the physical
accuracy of the target’s lateral offset from the centre was verified to be 15.0 mm, con-

firming the lateral offset stated by the manufacturer (Modus QA, 2022).
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Static vs Typical 1
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Figure 4.6: Dose profiles that were grouped according to (1) Ungated motion , (2) Differ-
ent gating threshold (2,3,5 mm), (3) Different VOICE (95,97,100%), and (4) Complexity
of waveform trace (Typical 1 and Irregular 8). TH = threshold. All groups were plotted
against the static which was set as the reference.
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(a) Not Gated (b) Typical 1 (c) Irregular 8
(d) Gating Threshold 2mm (e) Gating Threshold 3mm (f) Gating Threshold 5mm
(i) VOICE 100% (j) VOICE 97% (k) VOICE 95%

Figure 4.7: 7 Gy prescription isodose lines of film measurements using respiratory strat-
egy. The dotted line is the reference (Static) and the solid black line is the profile in ques-
tion.
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Profile Width+£SD AWidth+SD  ALeft+£SD  ARight+SD AMidpoint+SD (mfa(:j;D) ADose
(mm) (mm) (mm) (mm) (mm)
(Gy)

Static (reference) 36.95+0.20 - - - 0.00 8.73+0.04 -
Not Gated 28.57+0.18 —8.38+0.28 —4.744+0.20 —3.64+0.20 0.55+0.14 8.76+0.01 0.3%
Gating TH 2mm  37.20£0.16 ~ 0.2540.26 0.15+0.19 0.10£0.18 0.03£0.13 8.96+0.01 2.6%
Gating TH 3mm  35.77+£0.15 —1.1840.25 —0.64£0.18 —0.55+0.18 0.05+0.13 8.77+0.01 0.5%
Gating TH5mm  35.82+0.21 —1.13+0.29 —0.25£0.20 —0.98+0.20 —0.37+0.14 8.96+0.01 2.6%
VOICE 100% 37.03£0.06  0.08+0.21 0.05+0.15 0.03£0.15 0.01£0.11 8.81+0.01 0.9%
VOICE 97% 36.33+0.07 —0.63+0.21 —0.294+0.15 —0.34+0.16 —0.03+0.11 8.73£0.01 —0.0%
VOICE 95% 35.424+0.06 —1.53+0.21 —0.54+0.16 —0.99+0.15 —0.23+0.11 8.67£0.01 —0.7%
Typical 1 36.57+0.10 —0.40+0.22 —0.23+0.17 —0.17+£0.16 0.03£0.12 8.75+0.01 0.2%
Irregular 8 35.73£0.12 —1.224+0.23 —-2.16+0.17 0.92+0.17 1.544+0.15 8.60+£0.01 —1.5%

Table 4.11: Comparison of Width, Midpoint, and Average Dose Values for each Profile compared to the reference. TH =

threshold. *This represents the average dose at the CAX.
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Profile 3%/1mm (10%) 3%/2mm (10%) 5%/Imm (10%) 5%/2mm (10%)
Not Gated 64.8% 80.3% 84.0% 90.5%
Gating TH 2mm 95.4% 98.5% 100.0% 100.0%
Gating TH 3mm 97.7% 98.7% 97.8% 98.8%
Gating TH 5Smm 93.7% 98.0% 95.1% 98.6%
VOICE 100% 97.0% 98.5% 97.1% 98.6%
VOICE 97% 96.0% 98.0% 96.9% 98.1%
VOICE 95% 93.3% 96.9% 95.1% 97%
Typical 1 96.6% 98.0% 97.0% 98.2%
Irregular 8 72.5% 96.9% 85.9% 98.2%

Table 4.12: Gamma global pass rates (%) at 3%/2mm, 3%/1mm, 5%/2mm, and
5% /1mm criteria (10% threshold) for each profile compared with the static (reference).
TH = Threshold

4.3.2 | Phase 1: Anatomic Position Monitoring Accuracy

Based on the results reported by the Modus pResp Quasar software, APM accuracy was
within specification (95% of points less than +2 mm of the ground truth) for all regular
and irregular waveforms representative of patient breathing patterns. All APM data

points recorded were included in the analysis.

The results for the respiratory strategy represented in Table 4.2 had mean absolute
errors in the X direction (LR) remaining within 0.07-0.29mm. The Y direction (AP)
showed slightly lower dispersion, with absolute errors ranging from 0.09-0.19mm. The
Z direction (SI) showed the highest mean absolute errors, ranging from 0.09-0.64 mm.
Across all directions and waveforms, RMSE stayed < 0.30 mm, with the exception of
Cos® 15mm 50bpm which resulted in a 1.0lmm RMSE. Moreover, looking at the av-
erage values they are all <0.11mm in all three direction with the exception of the Cos®

15mm 50bpm (0.64mm in the Z direction).
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For the exhale-navigated strategy from Table 4.3, mean absolute errors in the X direc-
tion remained within 0.07-0.26 mm. The Y direction showed slightly lower dispersion,
with absolute errors ranging from 0.09-0.22 mm. The Z direction showed the highest
mean absolute errors, ranging from 0.09-0.46 mm. RMSE remained < 0.30 mm for all
directions. For the respiratory strategy from Table 4.4, mean absolute errors in the X,
Y, and Z direction were within 0.08-0.15 mm. RMSE values remained < 0.30 mm in all

directions.

Moreover, the histograms show narrow, well-centred error distributions with the
exception of the Cos® 15 mm 50 bpm waveform for the respiratory strategy and the

Cos® 15 mm 30 bpm waveform for the exhale strategy.

4.3.3 | Phase 2: Latency Measurements

Latency performance varied according to whether the gating strategy tested employed
the predictive algorithm or not. For the respiratory strategies that used the prediction
algorithm, latency distributions were centered around 0 ms, confirming the algorithm’s
ability to minimise systematic bias despite the presence of occasional large outliers.
However, distributions were significantly wide for the waveforms labelled as Fast Typi-
cal 1 and 7 and Irregular 8, where beam-off delays occasionally exceeded 900 ms. For the
cos® 15 mm 30 bpm and 50 bpm waveforms, data could not be collected, as persistent
low-accuracy states prevented beam delivery. Among the respiratory cases, the propor-
tion of beam-on and beam-off events within tolerance ranged from 68% to >99%. Regu-
lar periodic waveforms showed they all met latency specifications with >95% beam-on
and off % in specification. However, waveforms reflecting more realistic real-world con-
ditions encountered clinically (Fast Typical 1 and 7 and Irregular 8) showed a reduction
in performance relative to the >95% threshold defined in the specification!. A general

trend across all waveforms was observed with beam-on % consistently being lower than

LEnd-to-end system, acceptable latency ranged from -200 ms to +280 ms for beam-on transitions and
-200 ms to +200 ms for beam-off transitions.
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that of beam-off events.

In particular respiratory waveforms (Fast Typical 1 and 7 and Irregular 8), isolated
instances of beam activation occurred without a corresponding gating trigger. These
events were not quantified, as the Modus pResp Quasar software does not label or
timestamp them, but examples are shown in Figure 4.8. Consequently, it is unclear
whether the system classified such events as delayed beam-on or beam-off transitions,
or whether they were classified as ‘missed’. This introduces an unquantifiable uncer-

tainty in the reported latency values.

fom View | Stage Postion View
Reference Wavefom == _Flayback Wavefom mm
Reference Wavefom == _Playback Wavefom mm
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(a) Irregular 8 (b) Fast Typical 7

Figure 4.8: Example of unintended beam-on events occurring without a corresponding
gating trigger during the respiratory strategy. The yellow regions correspond to beam-
on events (as derived from the linac beam on signal), whereas the blue regions indicate
intervals where the beam should have been delivered (as determined by Modus accord-
ing to the configured gating level of 4= 5 mm in this example).

By contrast, in the non-respiratory case, mean beam-on latencies exceeded 349 ms,
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with no instances meeting specification! and 0% pass rates for both beam-on and beam-

off.

4.3.4 | Phase 3: Film Measurements

When scaling on the 7 Gy strip, the film dose error was minimsed at 7 Gy but increased
on the 10 Gy up to 2.7% (Table 4.7). Conversely, scaling on the 10 Gy strip minimised
the error at 10 Gy but transferred the relative error to 7 Gy up to 1.9%. Since the plan
prescription dose was 7 Gy and the film dose profile analysis focused specifically on
this 7 Gy region, the 7 Gy scaling strip was selected for further analysis. Thus, at dose
levels exceeding 7 Gy (e.g., the maximum dose at the CAX), these effects contributed to

increased uncertainty in dose estimation.

From Table 4.11, the reference (Static) exhibited a prescription dose width (7 Gy) of
36.95 mm. The ungated profile exhibited the largest deterioration, with a narrowing of
the field width (-8.38 mm) and a significant shift in both the left (ALeft = +4.74 mm)
and right (ARight = —3.64 mm) intersections, as expected. Furthermore, the stricter
the gating criteria (whether 2 mm threshold or 100% VOICE) the closer the 7 Gy pre-
scription isodose line was to the reference (static). The corresponding width differences
were 0.25mm and 0.08mm, respectively. Contrastingly, the 5 mm gating threshold and
VOICE 95% showed the least recovery with a loss of -1.23mm and -1.53mm in total pro-
tile width. The waveform labelled as Typical 1 was shown to have a better recovery
with a loss 0.40 mm compared to the waveform labelled as Irregular 8 which showed a

change of -1.22mm width.

Variability was observed when comparing dose values at the CAX with the refer-
ence (Static). The average dose at the CAX varied from -0.0% to +2.6% relative to the
static film, with the highest corresponding to gating threshold 2 mm and 5 mm. These
differences are consistent with the scaling trade-offs described previously. However, as

no independent chamber verification was performed, the possibility of a true dosimetric
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effect cannot be excluded. Consequently, these CAX dose values are reported descrip-

tively.

The global gamma analysis (Table 4.12) showed as expected that that the lowest film
agreement was the ungated profile with gamma pass rates of <90% even with less strin-
gent criteria. Within the gating threshold group, a trend was noticed with improved
performance the tighter the gating threshold. The 2 mm gating threshold consistently
produced the highest gamma agreement, reaching >95% under all criteria and >98% at
less stringent criteria. The 3 mm and 5 mm gating thresholds showed a slightly reduced
performance even under less stringent criteria. The VOICE gating group demonstrated
a similar trend. With VOICE 100%, 97%, and 95% achieving a 100%,97.8%,95.1% gamma

pass rate using 5% /1mm criteria.

The complex waveforms labelled as Typical 1 and Irregular 8 profile showed a slight
discrepancy between one another. With the Typical 1 achieving >95% pass rates under
all criteria, while Irregular 8 only exceeded >95% using the less stringent criteria ( 3%/2

mm and 5%/2 mm) and fell to <86% for more stringent criteria.

4.3.4.1 | Plan Delivery Efficiency

Table 4.10 shows the delivery efficiency, expressed as the percentage ratio of the mea-
sured delivery time to the static delivery time, calculated using Eq. (3.8). For differ-
ent gated thresholds, efficiency was lowest with the strictest threshold of 2 mm, where
delivery took 5.5x longer than static, and improved to 2.0x longer as the threshold
widened to 5 mm. A similar trend was observed with the VOICE approach, where the
strictest gating envelope VOICE 100% was found to have 3.2 x longer than the static, and
improved when using VOICE 95% reaching only 1.8x longer. Among the waveform-
specific profiles, the irregular trace showed higher efficiency (1.8 longer than static)

than the typical breathing trace (3.5 longer than the static).
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4.4 | Conclusion

This chapter presented the results and analysis derived from the data collection used in

the study. The next chapter will include a discussion of the results in further detail.
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5.1 | Introduction

This chapter discusses and analyses the results obtained in further detail.

5.2 | Discussion

5.2.1 | Preparatory: Commissioning of the Modus QUASAR™ Phan-
tom

From the preparatory part of this study, the Modus QUASAR™ Phantom was com-
missioned to confirm clinically relevant positional accuracy, as all subsequent measure-

ments relied on it.

The analysis performed showed that the positional accuracy of the Modus Quasar
demonstrated minimal deviations, with maximum absolute errors reaching only 0.03
mm for the no twist setting and up to 0.32 mm with the twist setting. Although a maxi-
mum positional error of 0.32 mm was observed during the twist setting, this was a one
instance occurrence rather than representative of the overall performance. This outlier
could likely be attributed to minor setup inaccuracies or inherent uncertainties intro-

duced by rotational movements. Moreover, errors present in LR for the no-twist setting

87



Chapter 5. Discussion 5.2. Discussion

even though no motion was programmed along this axis might also be indicative of
minor setup uncertainties of the phantom on the CT scanner. Given that average errors
were consistently lower, all within the manufacturer’s specification (£0.25 mm), this
singular outlier does not significantly impact the overall reliability of the phantom for

clinical applications, increasing the confidence in the performance of the phantom.

The slightly increased error observed under all combined rotational scenarios high-
lights the potential sensitivity of positional accuracy to rotational dynamic movements
in comparison to translation only movement. However, the statistical analysis generally
emphasises the phantom’s reliability, showing consistently low positional errors across
all three cardinal axes and motion types, with minimal SD (< 0.25 mm). This suggests
negligible variability. It is important to note that the results of this study apply for static
positional accuracy. Although we relied on the manufacturer specification that dynamic

positional accuracy is within 3-0.25 mm as discussed in §3.9.

5.2.2 | Phase 1: Anatomic Positional Monitoring

APM measurements were performed to evaluate the positional accuracy of the system
against the manufacturer’s acceptance criterion (P95% < +2 mm of the ground truth).
Across all strategies, P95% values were < £1.0 mm and RMSE maintained all values
of all strategies < 0.30 mm demonstrating good system performance and indicating
high accuracy and reliability in the APM tracking system. All histograms showed well-
centred error distributions with average signed errors < 0.15 mm in all the cardinal axes,
indicating negligible bias. Only in the case of the Cos® 50 bpm in the respiratory strat-
egy, it was found that the P95% of the Z (SI) direction resulted in 1.76 mm and an RMSE
of 1.01 mm which showed a significantly pronounced tail in its histogram. However,
this waveform was included solely as an extreme test condition to test system limits.
Moreover, this outlier result most likely have resulted from: reduced accuracy of the
phantom during fast dynamic changes and potentially the APM’s inability to manage

such abrupt motion.
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Previous studies (Smith et al., 2025), APM data points obtaining a low APM accu-
racy status were omitted, as these would not contribute to clinical beam delivery. In
contrast, this work retained these instances. In Unity, this low accuracy status is a confi-
dence metric based on 5 quality factors (§2.5.3.2) that inhibits beam delivery when one
of its quality is disturbed and allows it once the confidence is regained. They only indi-
cate insufficient confidence for safe irradiation, not a systematic bias in the displacement
target-tracking estimate. Thus, their inclusion in this work was deemed appropriate, as

they do not effect the accuracy of subsequent calculation.

Moreover, since the waveforms used in the work of Smith et al. (2025) were repli-
cated in this study, direct comparison is possible. However, in this study the latest
version of the Modus pResp software (V5.0.2) was used for positional evaluation, while
Smith et al. (2025) used a previous version (V4.2.12). In the previous version, positional
evaluation in all cardinal axes was based on combined data values from both imaging
planes (coronal and sagittal). The updated version uses coronal plane data exclusively
for the X direction, and sagittal plane data exclusively for the Y direction. This resulted
the P95% values to reduced substantially by 18-55% and 64-86% in the X and Y direc-
tions respectively (Table 5.1). By contrast, the calculations for the Z direction stayed
the same (taking into account both imaging planes) and therefore showed the smallest
reduction in results (5-43%). This consistent reduction does not indicate improved sys-
tem accuracy but rather it demonstrates that the software update improved the reported

statistics of the three cardinal axes for each imaging plane used in this study.

5.2.3 | Phase 2: Latency

While APM analysis confirmed that the system can localise the target within +2 mm ac-
curacy and has the ability to mitigate the total system latency, treatment precision also

depends on how effectively the beam gating responds to target motion (Brown, 2024).
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Waveform Direction P95% (mm)
(Smith et al., 2025) This study AP95 (%)
X 0.6 0.30 50%
Cos® 10 bpm Y 1.0 0.36 64%
z 0.2 0.19 5%
X 0.6 0.27 55%
Cos® 14 bpm Y 1.0 0.33 67%
V4 0.6 0.34 43%
X 0.6 0.27 55%
Cos® 18 bpm Y 1.5 0.35 77%
V4 0.5 0.34 32%
X 0.4 0.35 13%
Irregular 12 bpm Y 14 0.20 86%
V4 0.5 0.26 48%

Table 5.1: Comparison of this study’s P95% (mm) values with (Smith et al., 2025).

In the respiratory strategy where the prediction algorithm is applied, low-frequency,
regular periodic motion traces replicated from Smith et al. (2025) showed the most con-
sistent latency performance, with 95th percentile beam-on latencies between 103-202
ms and beam-off latencies 103-115 ms, with most representing near-symmetric switch-
ing behaviour. This is in line with Smith et al. (2025) findings (< 188ms for beam on
and <130ms for beam off). Moreover, they all met the manufacturer’s latency specifi-
cations! with beam on % > 95% and beam off % > 99%. However, these waveforms
are very periodic (i.e. cosine) and controlled which aids the predictive algorithm. Even
the waveform labelled as Irregular 12 bpm in this set derived from Smith et al. (2025),
despite its label, is composed of a combination of cos?, cos*, and cos? functions, making
it repetitive enough for the algorithm to predict accurately. Moreover, the Cos® 30 bpm
and 50 bpm waveforms were in a constant 100% low-accuracy state, preventing latency

measurements from being obtained.

In contrast, both waveforms labelled as Typical 1 and Typical 8, although not peri-

1End-to-end system, acceptable latency ranged from -200 ms to +280 ms for beam-on transitions and
-200 ms to +200 ms for beam-off transitions.
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odic exhibited narrow latency distributions in the histograms (Figure 4.4b and c). How-
ever, their beam-on percentages did not meet the specification (as they were < 95%),
whereas beam-off percentages remained within tolerance (> 95%). This indicates that
the beam experienced more delays when turning on, with P95% values of 254.5 ms and
222.5 ms for waveforms Typical 1 and Typical 8, respectively. The reduced beam-on
performance can be seen as a general trend in all the waveforms and can be attributed
to: (1) the prediction algorithm limitation to handle short-term erratic disruptions in
the waveform and (2) due to the ramp up of the beam on which is 100ms, far longer
than the 20ms ramp down (Elekta, 2023b). For example, an instance in the waveform
labelled as Typical 1 (Figure 5.1), a disruption in the segment located between 20-24
seconds shows the breathing amplitude continuing to rise rather than returning down-
ward as expected. A limitation of the Unity prediction model arises from the dynamic
horizon component, which sets the prediction lead time based on the assumption that
the target will either continue along its current trajectory or change direction (§2.5.3.5).
In this case, the algorithm anticipated a downward return, however the trajectory kept
rising leading to larger beam-on latency. This mismatch between expected and actual

motion delayed the model’s confidence, resulting in an increased beam-on latency.

Typical 1 (zoom 15-30 s)

157

5 mm

Amplitude (mm)

-5 mm

T
16 18 20 22 24 26 28 30
Time (s)

Figure 5.1: A zoomed view of the waveform labelled as Typical 1 between 15 s and 30
s showing discontinuities. Horizontal dashed reference lines at 5 mm represent the
displacement gating thresholds.
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Following the same argument, waveforms labelled as Fast Typical (1 and 7) and Ir-
regular 8 both exhibited a wide latency distribution, with maximum values > 750 ms in
both the beam-off and beam-on cases. This spread in latency is caused by the irregular
and rapid motion within the limited lead time of the dynamic horizon, as explained.
Thus, as stated in Brown (2024), although the prediction algorithm is to mitigate av-
erage latencies the occasional high outliers (Figure 4.4d and e) suggest that prediction

errors under rapid phase changes can still cause delayed beam-hold initiation.

Noticeable late and early gating latency were quite visible during certain wave-
forms, in particular waveforms labelled as Fast Typical 1 and 7 and Irregular 8 where
there was beam delivery without having a corresponding gating event (Figure 4.8). This
behaviour may indicate a timing mismatch between the motion prediction algorithm
and beam-control execution, potentially resulting in irradiation outside the intended
target position, which aimed to be quantified in film measurements. Once again, this
further highlights the limitation of the prediction algorithm. The dynamic horizon was
constrained when sudden phase shifts occur such as in the waveforms labelled as Fast
Typical 7 and Irregular 8 waveforms possess (Figure 3.4). Because the algorithm must
commit to a lead time based on the expected trajectory, abrupt changes in direction lead
to residual latency that cannot be compensated once the prediction is executed. Clin-
ically, such occurrences could compromise dose conformity and increased exposure to

surrounding healthy tissue.

These events could not be directly quantified, as the . csv export file from the Modus
pResp software does not label or timestamp them. However, it can be assumed that
this may have led to incorrect identification of gating instances, explaining why these
waveforms recorded beam-on and beam-off percentages less than the 95% threshold
specification?. Moreover, as shown in the histograms in Figure 4.4, the average latency

of the waveform labelled as Irregular 8 displayed a slight bias toward positive latencies.

2End-to-end system, acceptable latency ranged from -200 ms to +280 ms for beam-on transitions and
-200 ms to +200 ms for beam-off transitions.
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This indicates a greater number of instances where the beam was activated later than

intended, in line with the much lower beam on % in specification of 68%.

In general, the tests in the respiratory strategy demonstrated that the predictive
algorithm perform well under systematic testing conditions. However, under real-
world clinical conditions, limitations in system performance were characterized in sit-
uations that challenge its design parameters that are more patient-like meeting one of

this study’s objectives.

In non-respiratory strategy, the predictive algorithm is not applied as the target is
assumed to remain largely static and the beam is only interrupted if it moves outside
the treatment region (Brown, 2024). The effect of this are highly visible from the his-
togram plots (Figure 4.5), where there is a visible systematic lag, due to the absence
of the predictive algorithm and the use of a rapidly changing waveform (sinusoidal 10
mm and 5/10 bpm). So, while the latencies remained repeatable with low standard de-
viations (~65-68 ms), the measured average of 362 ms did not meet the specifications®
resulting in 0% pass for both beam on and off %. Clinically, non-respiratory motion
(e.g., prostate) is dominated by slow drifts or occasional one-off shifts. Therefore, de-
spite the longer absolute latency, the velocity is slow and the distance traversed during

the latency interval is small, implying a limited dosimetric effect.

5.2.4 | Phase 3: Film

5.2.4.1 | Dose-Profiles

For the reference static condition, the three independent static measurements were com-
pared to assess reproducibility in subsequent analysis of film profiles. Although SD
were small (0.20 mm for width and 0.04 Gy for dose), the one outlier in the static repeats

(Static 3) sets an upper limit on setup reproducibility. Subsequently, an averaged profile

3End-to-end system, acceptable latency ranged from -200 ms to +280 ms for beam-on transitions and
-200 ms to +200 ms for beam-off transitions.
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of the three static exposures served as the reference for subsequent comparisons with

different waveforms.

For the ungated profile, the significant reduction in beam width and corresponding
changes in the left and right edges is expected from motion blurring effects. This occurs
as the beam remains continuously on while the target moves, the delivered dose is ef-
fectively averaged over the entire motion trace. This results in overlapping penumbra
regions and an apparent narrowing of the measured profile, where a large —8.38+0.28
mm decrease in width was observed. Clinically, this narrowing and inward shift of the
7 Gy prescription isodose translates to reduced CTV coverage, as this motion blurring
causes parts of the target volume, particularly at the periphery to receive less than the
prescribed dose, increasing risk of underdosage. This collapse of the dose distribution
is clearly observed, with the 7 Gy prescription isodose line showing a marked inward
shift relative to the static reference (Figure 4.7a). The same effect is consistently reflected
in the corresponding dose profile and gamma result (between 64.8-90.5% for each crite-
ria). However, this is directly applicable for soft tissue only as the Modus QUASAR™
phantom is water-equivalent and does not replicate lung tissue heterogeneity. Conse-
quently, the findings presented here are directly applicable to soft-tissue tumour sites
but cannot be generalised to lung tumours. For lung targets, this effect is typically more
pronounced, one expects blurring with a broader penumbra, dose reduction along CAX,
further collapse of the prescription isodose, and further underdosage at tumour periph-
ery as demonstrated by Tsiakalos et al. (2004) and noted by White et al. (1996). This is
due to the low density in lung which increases secondary electron ranges, causing par-

tial loss of lateral electronic equilibrium at tumour lung interface.

In contrast to the ungated profile, the gating threshold profiles show recovery of
the 7Gy prescription isodose. With a tight 2 mm gating threshold, this broad penum-
bra realigns back with the static almost completely with a minimal change in width of
0.25mm. Clinically, this minimal deviations indicate that tight gating can restore CTV

coverage to a level comparable with static (ideal) delivery. The 3 mm gating threshold
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showed a greater deviation, with a —1.184-0.20 mm change in width and broadening
of the penumbra on both edges (—0.644+0.18 mm vs —0.5540.18 mm). Clinically, this
means one is compromising the CTV coverage. By contrast, the 5 mm gating threshold
exhibited a slightly smaller reduction (—1.134-0.29 mm) than that for the 3 mm thresh-
old but the shifts in the left and right edges (—0.254+0.20 mm vs —0.984+0.20 mm) were
larger. This asymmetry was clearly visible in the dose profiles (Figure 4.6). Considering
these asymmetries, results show that it was only for this profile and the corresponding
lenient gating of VOICE 95% (—0.54+0.16mm vs —0.9940.15 mm) from these 2 sets.
However, these asymmetries might have been attributed to setup/measurement un-
certainties. Thus, further work should replicate this work to determine if this implies

peripheral underdosage on one side of the CTV.

Similarly, the trends observed with the gating thresholds were also evident in the
VOICE gating results. The 100% VOICE setting (equivalent to a 3 mm gating thresh-
old) showed minimal deviations from the static reference with 0.08£0.21mm change in
width. This is also highlighted in the dose profiles and isodose lines where the penum-
bra is seen to closely match the static reference compared to the ungated profile much
better than the 3mm gating threshold. This deviation from the gating threshold 3mm
likely reflects motion-related positional uncertainties, where even small deviations at
the field edges are amplified by the penumbra gradient and manifest as changes in
profile width. As the VOICE percentage was reduced (VOICE 97%), a clear trend of
increasing width deviation appeared with a —0.63+£0.21mm change, consistent with the
greater gating tolerance and broader penumbra. The poorest performance was observed
using the lowest VOICE setting of 95%, with a —1.534+0.21mm width change. A similar
concept to the 5 mm gating threshold, this clinically means that the 7 Gy prescription
isodose line would no longer fully cover the CTV, leading to underdosage at the tumour

periphery.

Moreover, as previously reported for conventional linacs, tighter gating windows

are associated with lower plan efficiency (Pepin et al., 2011; Short, 2018). A similar trend
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was observed in this study on Elekta Unity, where delivery time reduced from 5.5x to
2.0x longer when the gating threshold was changed from 2 mm to 5 mm and from 3.3 x
to 1.8 x longer when VOICE was changed from 95% to 100%. Thus, the argument of
Pepin et al. (2011) and Short (2018) holds true in the MRL setting where, although a
stricter gating threshold or VOICE ensures superior target coverage, it does so at the ex-
pense of treatment efficiency, which may be clinically impractical for routine use unless

adequately addressed with increased PTV margins.

Complex waveforms such as the waveform labelled as Irregular 8 showed a signifi-
cant dosimetric impact (Figure 4.6). The corresponding profile shows a width reduction
of —1.22 mm, characterised by a change of —2.16 mm on the left, 0.92 mm on the right,
and a positive midpoint shift of 1.54 mm. In fact, this change in the midpoint positions
is the highest out of all profiles. This is reflected in the isodose lines in Figure 4.7b where
the profile can clearly be seen to be shifted compared to the reference (Static). Such shifts
are consistent with the observed beam on firing (Figure 4.8), where the beam was trig-
gered outside the intended gating window due to prediction-execution mismatch. As
well as the shifted latency histograms for beam-on instances and lower beam-on %. In
practice, this behaviour could compromise target coverage, as systematic offsets may

accumulate to clinically relevant underdosage to the CTV.

To mitigate this, an additional margin may be warranted for patients with similar
erratic breathing patterns. For example, expanding the PTV by an additional 1 mm or
incorporating an internal margin into the CTV could help compensate for these uncer-
tainties, ensuring that the target remains adequately covered despite prediction errors.
However, while such margins improve coverage robustness, they would also increase
the irradiated volume of surrounding tissue, underlining the need for further investi-
gation into margin optimisation specifically for irregular breathing patterns. However,
these findings were acquired with a 5 mm gating threshold. Future work should de-
termine whether the width reduction is threshold or waveform-driven. If threshold-

driven, CTV to PTV margins may not need enlargement.
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Comparing this with the waveform labelled as Typical 1 waveform which was also
compared with the static reference it has < 0.4 mm in width profile and < 0.25 mm in
changes in left, right and midpoint. Thus, the findings of the latency which showed that
it did not pass the 95% criteria, did not result in a dose accumulation outside the tar-
get at the 7 Gy prescription dose. Meaning, that the CTV is still covered and not being
underdosed. Moreover, Typical 1 exhibited almost twice the delivery time (Table 4.10)
compared to the waveform labelled as Irregular 8 which may be due to the missing iso-

lated beam on events in Typical 1.

These measured offsets seen on films may in part be attributable to a limitation of
this study which is the presence of inherent film-related and setup-related uncertain-
ties in addition to uncertainties reported in Table 4.11. Although every effort was made
to minimise these, such as ensuring that the fusion of the daily MR with the planning
MR (using ATP) produced a transformation matrix error of < 0.25 mm in all directions
and the < 0.25 mm limitation of the film cassette positioning. This process was done to
provide a quantitative estimate of positioning uncertainty, allowing its contribution to
the film measurement results to be characterised and separated from motion or gating
related effects. Furthermore, when aligning the film profiles with their respective ref-
erences, fiducial marks were used and zooming to the finest available pixel resolution
was applied. At worst, this manual alignment introduces an additional uncertainty of
~1-2 pixels (0.2-0.4 mm). However, it may very well be true delivery effect. Having
said that, it is still difficult to generalize these findings to the entire population. But this

width reduction in the waveform labelled as Irregular 8 is still an actionable result.

5.2.4.2 | Gamma Pass Rates

As a general remark, changes in the CAX doses, quite visible in Figure 4.6 may be at-
tributed to the 7 Gy scaling method used. Moreover, every effort was made including

generating a new calibration curve for each measurement day using the 7 Gy scaling
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method, discrepancies were visible when comparing dose values at the CAX with the
reference (Static). These deviations arised from several factors including: (1) Inherent
variability in film response (2) the effect of exposure-to-scan time and (3) amplification
of small errors during the scaling process. Moreover, without an independent ion cham-
ber measurement we cannot separate delivery effects from film/scaling effects. Thus,

these CAX dose values can only be reported descriptively.

However, due to this potential percentage error arising from the scaling method, the
gamma analysis was evaluated using a range of criteria (3%/1 mm, 3%/2 mm, 5%/1
mm, and 5% /2 mm). The 3% dose-difference sets reflect standard practice in film-based
dosimetry as reported by various literature (Smith et al., 2025; Uijtewaal et al., 2024), but
also because CAX dose deviations of ~3% were observed, higher 5% criteria were in-
cluded to prevent lower gamma pass rates dominated by CAX error bias. Having said
so, the absolute dose percentage component of gamma was less impactful, reflecting
both the intrinsic scaling uncertainties of film dosimetry. However, as no ion chamber
measurements were performed in parallel, absolute dose could not be independently
verified, and the interpretation of this absolute component is therefore limited. The
1mm and 2mm distance-to-agreement thresholds were chosen to emphasise sensitivity

to spatial accuracy, which was the goal of interest in this study.

For the 3%/2 mm criterion which is one of the most standard criterion in gamma
analysis, all profiles achieved pass rates above 95%, with most exceeding 98%, except
for the expected failure of the ungated case, as follows from dose-profile discussion.
Moreover, further support of the previous argument that a stricter gating threshold re-
sults in almost full recovery can be seen in these measurements with the gating thresh-
old of 2 mm and VOICE 100% having gamma pass rates of >95% even under the most
stringent criteria. Having gating thresholds be more lenient (VOICE 97% and threshold
3mm) still achieved >95% but mostly showed further reduction compared to the 2mm
gating threshold and VOICE 100%. This is consistent with the findings that small resid-

ual motion broadens the penumbra and introduce a further width reduction.
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Furthermore, in most criteria, the lowest gamma rates were observed for the 5mm
gating threshold and VOICE 95%. Although under lenient criteria(3%/5%/2mm) they
achieved >95%, under stricter criteria (3%/1mm) they fell below this percentage, again
driven by the reduction observed in widths with edge deviations of —0.98mm and —0.99
mm, respectively. Adjusting the spatial tolerance (1-2mm) restores the gamma pass rates
>95%. This highlights that the failure was attributable to millimetric positioning offsets

rather than systematic dose error.

For complex waveforms (Typical 1 and Irregular 8) they achieved >95% under more
lenient criteria (5%/2mm and 3%/2mm). However, under more stringent criteria, irreg-
ular 8 showed a reduction of 72.5% and 85.9% for 3%/1mm and 5%/1mm, respectively.
These failures correspond to profile edge deviations of +2.16 mm in Irregular 8 an ad-
justment in spatial tolerance once again increases the gamma rates. This demonstrates
further that such millimetric deviations should be anticipated and incorporated into

PTV margin design to ensure adequate CTV coverage at the tumour periphery.

5.3 | Conclusion

This chapter has provided a comprehensive analysis and interpretation of the findings
of this study. The following chapter will focus on presenting the conclusions drawn
from this research and providing recommendations for professional practice and future

research.
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6.1 | Introduction

This chapter covers the main findings from the research and provides practical recom-

mendations for professional practice and future research.

6.2 | Summary of conclusions from the study

® The commissioning of the Modus QUASAR™ Motion Phantom confirmed its
suitability for simulating tumour motion in MRgRT, with positional accuracy on
average remaining within the £0.25 mm specification given by the manufacturer

(Modus QA, 2022).

m Across all motion scenarios and strategies (respiratory, exhale-navigated, and non-
respiratory), APM met the =2 mm accuracy specification and also demonstrated

that it is generally better than +1 mm in all axes.

m Latency analysis confirms that the predictive algorithm in respiratory strategies
effectively reduced average gating delays and maintained latencies within clinical
specifications for regular periodic waveforms. However, highly irregular or fast
waveforms produced larger latency outliers, which are not fully compensated for

by the prediction algorithm.
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m Film dosimetry showed that regular patterns maintained adequate target cover-
age with minimal reduction in profile width (dependent on gating critera) despite
having a slightly worse lower beam-on latency results. Irregular respiratory pat-
terns can cause clinically relevant underdosage to the target and may result in

systematic profile shifts as observed for the waveforms studies.

m Tighter gating (2 mm or VOICE 100%) improved dosimetric target coverage (0.2
to 0.7% of the reference) but increased delivery efficiency by ~3.3 to 5.5x more.
Conversely, wider gating (5 mm or VOICE 95%) is 1.8 to 2.0x more efficient but

reduced dosimetric target coverage by —3.3 to —4.1% of the reference.

6.3 | Recommendations for Professional Practice

The following are recommendations for professional medical physics/radiation protec-

tion practice:

m In general, for respiratory gated strategy an additional Imm may be considered
in the PTV margin, or equivalently adding a small margin to the CTV margin to
allow for a potential reduction in prescription isodose widths, to safeguard against

systematic undercoverage arising from gating latency as observed in this study.

m Clinicians can consider balancing target dose conformity with delivery practical-
ity. In current practice, 5mm or 3mm are commonly applied for abdominal sites
such as the liver. One can improve efficiency by going to wider gating criteria, but
one needs to increase the PTV margin to compensate for the slight lack of CTV cov-
erage. The trade-off will be the higher treatment volume as a result. Conversely, if
tight margins (2mm or 3mm) are clinically relevant, and increasing PTV margins
is clinically undesirable, this will come at the cost of the reduction in treatment

efficiency.
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6.4 | Recommendations for Future Research

Suggestions for further research are:

m A future study could replicate this work following the planned upgrade of the
Philips Marlin system to the new cine imaging, to enable direct pre-and post-
upgrade comparison. Repeating key experiments under identical settings will
quantify any changes in APM, latency, and gating efficiency providing an evi-

dence base for any clinical parameter updates.

m Replication of this work under the same conditions to re-assess waveforms that
showed asymmetry width reduction in the profiles that could translate to under-

dosage on one side of the CTV.

m A separate future study can assess the accuracy of the CMM system using low
contrast targets. This can be done on the Modus QUASAR™ phantom by diluting
the solution in the spherical target from 100% to 15% with 0% being the same as
the background water in the phantom body. However, viability is still limited
considered the high-contrast dark annulus around the target on cine imaging due
to the perspex wall giving no signal. Possibility of designing a phantom to mimic

such low contrast tumour relative to background could also be considered.

m The findings of the dosimetry study are not directly transferable to lung inhomo-
geneities. Additional validation for the film measurements is required using MR
safe 4D lung-equivalent phantoms or patient-derived imaging and motion data to
ensure the reliability of gating performance and dosimetric accuracy in thoracic

treatments.

m Although the exhale navigated strategy could not be fully explored in this study,
the assessment of latency and dosimetric affect under exhale navigation is still
desirable. As this approach could reduce the ITV and improve target conformity
by restricting beam delivery to the exhale phase, thereby minimising irradiation of

healthy tissue compared with the respiratory strategy. However, in our implemen-
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tation, it was inconsistent across testing days, manifesting as a double-image of
the target. This inconsistency is presently being attributed to difficulties in trans-
lating scanning parameters tuned for patient anatomy into the phantom context.
However, a future study could address and confirm this inconsistency. Further
research should therefore, include volumetric assessment of the target during the
exhale phase to determine if its apparent size changes and compare to literature,

such as Snyder et al. (2019).

6.5 | Conclusion

This study successfully met all its objectives except the full assessment of the exhale-
navigated strategy, which was limited by unresolved technical issues. It is believed that
this study is the first to evaluate three strategies on the Elekta Unity MRL using irregu-
lar, non-periodic waveforms that more closely reflect patient motion. The APM system
consistently achieved millimetre-level accuracy across all strategies tested, confirming
its reliability across all tested scenarios. Latency evaluation highlighted the benefits
of predictive algorithm for the respiratory strategy. Subsequently, regular respiratory
waveforms met latency specifications, whereas irregular traces produced degraded la-
tency performance and occasional gating mismatches. Non-respiratory strategies did
not meet the latency specifications, which is expected since they are not designed with
predictive algorithm and are intended for static targets. Film measurements demon-
strated that typical breathing traces maintained target coverage despite minor latency
deviations, whereas irregular breathing may compromise dose conformity and reduced
CTV coverage and may require small additional PTV margins to ensure adequate dos-
ing. While tighter gating thresholds (2 mm and VOICE 100%) setting provided better
target coverage, wider thresholds improved delivery efficiency at the expense of con-

formity.

Overall, the findings confirm the robustness of the Elekta Unity CMM system. In

view of the knowledge gained in this project, consideration can be given to to assess
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PTV margins to ensure adequate CTV coverage in respiratory motion patients. Future
work should consider replication of this study using a 4D lung-equivalent phantom to

explore system’s performance for thoracic treatments.
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Assessment of Fusion Masking
Options

The £20mm scans were used to assess different image fusion masks options available
on Monaco software. For each repeated reading different volume of interest (VOI) were

taken into consideration to account for slight variation in the actual data collection:

m First repeated reading the VOI was close to the border of the insert.
m Second repeated reading the border of the insert was completely eliminated.

m Third repeated reading the VOI was extremely tight around the target.

Moreover, it is important to note that, for standardization across all positions in
the data collection, the y-value in the transformation matrix (which corresponds to the

superior-inferior direction) was set to 17 mm. The results are tabulated as follows:
From the results one can deduce that using the RE Segmentation Mask provided the

lesser spread and standard deviation making it the most reliable image fusion masking

option for the data collection.
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Appendix A. Assessment of Fusion Masking Options

Table A.1: Position data and statistical measures for £20mm using Shape Intensity
Model Mask. SD = Standard Deviation.

Shape Intensity Model
+20mm —20mm
X y z X y z

1 -2.525 | 20336 | -7.709 | -2.221 | -20.411 | -6.594

2 -2.670 | 19.599 | -7.333 | -2.137 | -20.499 | -7.181

3 -2.547 | 20382 | -7.181 | -2.100 | -20.101 | -7.181
Spread | -0.0562 | 0.0389 | -0.0712 | -0.0562 | -0.0196 | -0.0840
SD 0.0063 | 0.0359 | 0.0222 | 0.0051 | 0.0171 | 0.0277

Table A.2: Position data and statistical measures for +20mm using RE Segmentation
Mask. SD = Standard Deviation.

RE Segmentation
+20mm —20mm

X y z X y z
1 -2.525 | 20.336 | -7.709 | -1.944 | -19.681 -7.181
2 -2.525 | 20.336 | -7.709 | -1.944 | -19.681 -7.181
3 2513 | 19.846 | -7.643 | 2.077 | -19.680 -7.181

Spread | -0.0048 | 0.0243 | -0.0086 | -0.0669 | -5.1x10~° 0

SD 0.0007 | 0.0231 | 0.0031 | 0.0063 | 4.7x107° | 1.1x10~!®

Table A.3: Position data and statistical measures for £20mm using no Mask. SD =
Standard Deviation.

No Mask
+20mm —20mm

X y z X y z

1 -2.370 | 20462 | -6.951 | -2.154 | -19.681 | -7.181
2 2438 | 20.334 | -7.709 | -2.089 | -19.681 | -7.181
3 -2.565 | 19.820 | -7.709 | -2.443 | 20.237 | -7.181

Spread | -0.0793 | 0.0318 | -0.1017 | -0.1588 | -6.2616 0
SD 0.0081 | 0.0277 | 0.0357 | 0.0154 | 1.8818 | 1.1x10'®

Manual fusion was also done for the 220mm scans with the reference axis of Omm.
The results can be seen in TableA.4. These were then compared with the values obtained

in the x.y and z direction for the £20mm as tabulated in section 4.2.1. Thus, the error
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Appendix A. Assessment of Fusion Masking Options

Table A.4: Manual Error Calculation for Sphere Target at £220mm

Manual Fusion Calculation
Ty [ x|y |

+20mm -20mm
1 -2.500 | 20.000 | -7.620 | -2.010 | -19.840 | -7.200
2 -2.510 | 20.230 | -7.580 | -2.020 | -19.770 | -7.180
3 -2.470 | 20.150 | -7.600 | -1.980 | -19.810 | -7.200
Average | -2.493 | 20.127 | -7.600 | -2.003 | -19.807 | -7.193

from these values for the x.y and z were also outputted and were found to be 0.03, -0.05,

0.09 respectively. Yielding the values obtained from the automatic fusion reliable.
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Detailed Tabulation of Translational
and Rotational Positioning Errors

Table B.1: Data representation of Monaco left-right relative positions and their errors
for translational only setting. * Refers to the value obtained by Modus Equations them-
selves. ** Refers to the theoretical value expected from Monaco, derived from equations
relative to the Omm position. *** Refers to the actual values measured from Monaco. SD

= Standard Deviation

left-right* x(w) | Monaco left-right relative | Monaco left-right relative | X Error
to 0 position (Theoreti- | to 0 position (Measured)*** | (Ax)
cal)**
-15 0.00 -0.02 -0.02
-15 0.00 -0.02 -0.02
-15 0.00 -0.03 -0.03
-15 0.00 -0.02 -0.02
-15 0.00 0.00 0.00
-15 0.00 -0.02 -0.02
-15 0.00 -0.01 -0.01
-15 0.00 -0.03 -0.03
-15 0.00 -0.03 -0.03
Abs Maximum  0.03
Abs Minimum  0.00
Abs Average  0.02
SD 0.01
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Appendix B. Detailed Tabulation of Translational and Rotational Positioning Errors

Table B.2: Data representation of Monaco ant-post relative positions and their errors for
translational only setting. * Refers to the value obtained by Modus Equations them-
selves. ** Refers to the theoretical value expected from Monaco, derived from equations
relative to the 0Omm position. *** Refers to the actual values measured from Monaco. SD

= Standard Deviation

anterior- Monaco anterior-posterior | Monaco ant-post relative to | Y Error
posterior*® relative to 0 position (The- | 0 position (Measured)*** Ay
y(w) oretical)**
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
Abs Maximum  0.00
Abs Minimum  0.00
Abs Average 0.00
SD 0

Table B.3: Data representation of Monaco superior -inferior relative positions and their
errors for translational only setting. * Refers to the value obtained by Modus Equa-
tions themselves. ** Refers to the theoretical value expected from Monaco, derived from
equations relative to the 0Omm position. *** Refers to the actual values measured from
Monaco. SD = Standard Deviation

superior- Monaco sup-inf relative to | Monaco sup-inf relative to | Z Error
inferior* z(w) 0 position (Theoretical)** 0 position (Measured)*** (Az)
20 20 20.09 0.09
15 15 15.09 0.09
10 10 10.09 0.09
5 5 5.09 0.09
0 0 0 0.00
-5 -5 -5.06 -0.06
-10 -10 -10.09 -0.09
-15 -15 -15.09 -0.09
-20 -20 -20.09 -0.09
Abs Maximum  0.09
Abs Minimum  0.00
Abs Average 0.08
SD 0.08
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Appendix B. Detailed Tabulation of Translational and Rotational Positioning Errors

Table B.4: Data representation of Monaco left-right relative positions and their errors
for translational and rotational setting. * Refers to the value obtained by Modus Equa-
tions themselves. ** Refers to the theoretical value expected from Monaco, derived from
equations relative to the Omm position. *** Refers to the actual values measured from
Monaco. SD = Standard Deviation

left-right* x(w)

Monaco left-right relative
to 0 position (Theoreti-
cal)**

Monaco left-right relative
to 0 position (Measured)***

X Error
(Ax)

-15.00
-14.16
-13.52
-13.13
-12.99
-13.13
-13.52
-14.16
-15.00

-2.01
-1.17
-0.53
-0.13
0

-0.13
-0.53
-1.17
-2.01

-2.52
-1.32
-0.72
-0.17
0

-0.20
-0.73
-1.01
-1.99

-0.51
-0.16
-0.19
-0.03
0.00
-0.07
-0.20
0.16
0.02

Abs Maximum
Abs Minimum
Abs Average
SD

0.16
0.00
0.15
0.178

Table B.5: Data representation of Monaco ant-post relative positions and their errors
for translational and rotational setting. * Refers to the value obtained by Modus Equa-
tions themselves. ** Refers to the theoretical value expected from Monaco, derived from
equations relative to the Omm position. *** Refers to the actual values measured from
Monaco. SD = Standard Deviation

ant-post* y(w)

Monaco ant-post relative to
0 position (Theoretical)**

Monaco ant-post relative to
0 position (Measured)***

Y Error
(Ay)

0.00
4.96
6.50
7.26
7.50
7.26
6.50
4.96
0.00

-7.50
-2.50
-1.00
-0.24
0.00

-0.24
-1.00
-2.54
-7.50

-7.69
-2.48
-0.69
0.00
0.00
0.00
-0.71
-2.45
-7.18

-0.19
0.01
0.21
0.24
0.00
0.24
0.20
0.09
0.32

Abs Maximum
Abs Minimum
Abs Average
SD

0.32
0.00
0.19
0.164
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Appendix B. Detailed Tabulation of Translational and Rotational Positioning Errors

Table B.6: Data representation of Monaco superior-inferior relative positions and their
errors for translational and rotational setting. * Refers to the value obtained by Modus
Equations themselves. ** Refers to the theoretical value expected from Monaco, derived
from equations relative to the Omm position. *** Refers to the actual values measured
from Monaco. SD = Standard Deviation

superior- Monaco sup-inf relative to | Monaco sup-inf relative to | Z Error

inferior* z(w) 0 position (Theoretical)** 0 position (Measured)*** (Az)
20 20 20.17 0.25
15 15 14.68 -0.22
10 10 10.30 0.20
5 5 5.09 0.09
0 0 0.00 0.00
-5 -5 -5.09 -0.09
-10 -10 -9.68 0.22
-15 -15 -14.68 0.22
-20 -20 -19.68 0.32
Abs Maximum  0.32

Abs Minimum  0.00
Abs Average 0.21

SD 0.213
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Filling the Film Insert with Aqueous
Contrast Solution

As indicated in Modus QA (2022), to prepare the aqueous contrast solution for phantom
filling, a manganese-based stock solution (1000 ppm Mn?") needed to be created. This
was done by dissolving 360 mg of manganese(Il) chloride tetrahydrate (MnCl,-4H,0) in
100 mL of deionized water (d.i. H,O) using a 100 mL mixing jar (Figure D.1). Based on
the target concentrations required for each phantom compartment, specific volumes of

the stock solution were diluted with d.i. H,O to achieve the desired final concentrations.

Figure D.1: Equipment used for filling of the film insert and making of the stock solution
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Appendix D. Filling the Film Insert with Aqueous Contrast Solution

To achieve a 70 ppm Mn2t concentration in the 30-mm fillable hollow sphere, 1.0
mL of stock solution was combined with 13.5 mL of d.i. H,O as stated in the user guide
(Modus QA, 2022). To ensure homogeneity, compartments were partially filled with
water before adding the stock solution, and thoroughly mixed before being filled to

capacity.
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