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Definition of Concepts

Bone registration: A geometric comparison of the reference image with the image
acquired during treatment, using the bone algorithm to superimpose the images.

Clip box: A box that surrounds the region of interest to be superimposed during image
registration.

Inter-fraction error: An error observed on different treatment fractions. It has a
systematic and random component.

Intra-fraction error: An error observed during treatment delivery, and mostly results
from organ motion or patient movement. It also has a systematic and random
component.

Mask registration: A geometric comparison of the reference image with the image
acquired during treatment, using the mask algorithm for superimposition of the images.

Observer variation in image matching error: An error caused by a variation in the
techniques and performance of the user performing image registration.

Offline imaging: Assessment of the patient set-up with respect to the treatment plan,
after the delivery of the treatment.

Online imaging: Assessment of the patient set-up with respect to the treatment plan,
immediately prior to the delivery of the treatment.

PTV: A margin around the clinical target volume to account for variations caused by
patient position and set-up, physiological changes, human factors and variations in the
treatment modality.

Random error: Deviations in uncertainties between different fractions

Residual error: The displacement from the initial planned position remaining after
treatment corrections.

Set-up error: Geometric displacement resulting from patients’ treatment position with
respect to the desired reference treatment plan.

Systematic error: Deviations in uncertainties between the treatment plan and the
average patient position over the entire course of the treatment.

Target volume delineation error: A systematic error introduced during the treatment
preparation phase. It denotes the difference between the defined and 'ideal' CTV.

Thermoplastic mask: An immobilisation device made from plastic material commonly
used in radiotherapy
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Total inter-fraction errors: Inter-fraction errors measured as a combination of set-up
errors and organ motion errors

Treatment planning system: The software and hardware used to simulate the
irradiation geometry to be used for patient treatment and to calculate the dose
distribution within the patient.
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Abstract

Background: The introduction of Volumetric Arc Therapy (VMAT) in the local oncology
hospital necessitated a more precise understanding of the true uncertainty and
corrections for the Planning Target Volume (PTV) margin. The study's aim was to
ensure that the PTV margins for patients treated to the larynx with VMAT were

optimised for use in the local oncology hospital.

Methods: The PTV margin was calculated based on data from 20 patients who
received VMAT to the laryngeal region in the local oncology department. Van Herk’s
formula was used for the calculation of the PTV by considering the population
systematic and population random errors of the following errors: target volume
delineation errors, inter-fraction errors, intra-fraction errors, inter-observer variation in
image matching. All data were collected and analysed using both descriptive and
inferential statistics using Microsoft Excel and Statistical Package for the Social
Sciences (SPSS®).

Results: The margin size was most affected by target volume delineation errors and
intra-fraction errors. Target volume delineation errors had the most significant
influence with population systematic errors measurements of 3.47 mm in the left-right
(X) and anterior-posterior (Z) directions, and 6.92 mm in the superior-inferior ()
directions. If the target volume delineation errors were ignored, the calculated PTV
margin would be 4.9, 9.4, and 7.6 mm in the X, Y, and Z directions, respectively. The
PTV margin including all the measured errors in the X, Y, and Z directions was

calculated to be 10.5 mm, 20.5 mm, and 12 mm, respectively.

Conclusion: The PTV margin size obtained in this study was larger when compared to
similar studies, however it was the first study to consider target volume delineation
errors and inter-observer variation in image matching. Addressing these sources of

errors can reduce errors and achieve a smaller margin size.
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Chapter 1

Introduction



1.1 Introduction to the study

In Malta, the incidence of head and neck cancer is 2.44 per 100,000 population with a
5-year survival rate of 20% (Borg Xuereb, Dimech and Muscat, 2015). This type of
cancer may originate in the oropharynx, nasopharynx, oral cavity, larynx and
hypopharynx (Lo Nigro et al., 2017). Laryngeal cancer represents one third of all head
and neck cancers (Koroulakis and Agarwal, 2022) and is classified as supraglottic,
glottic, or subglottic, with squamous cell carcinoma (SCC) being the most common

histology type (Baron et al., 2015).

Treatment options for laryngeal cancer depend on the tumour staging and clinical
characteristics (Denaro et al.,, 2014). When treating an oncology patient with
radiotherapy to the head and neck region, accuracy is imperative (Malicki, 2012).
Radiotherapy may be applied more conformably to the target due to advancements in
techniques such as intensity-modulated radiotherapy (IMRT), volumetric-modulated
arc therapy (VMAT), and stereotactic ablative radiotherapy techniques (SBRT),

resulting in a better prognosis to the patient (Nyarambi et al., 2015).

To ensure precision in dose delivery, a margin is used in radiotherapy to account for
the presence of geometric errors that might occur from treatment errors such as set-
up, target delineation and organ motion errors (Suzuki et al., 2012). After adding
margin to the Clinical Target Volume (CTV), the Planning Target Volume (PTV) is

obtained.

The concept of PTV was first introduced in the International Commission on Radiation
Units and Measurements (ICRU) Report 50 (1994). It is a recommended margin that
should limit dose to adjacent critical structures because unnecessary radiation can
cause severe radiotherapy side effects in patients. However, as a margin, it should be
large enough to ensure clinically acceptable delivery of the prescribed dose to all parts
of the CTV (Lo Nigro et al., 2017; Navran et al., 2019). The aim of the study was to

assess the PTV margin of patients treated to the larynx with VMAT.



1.2. Background to the study

Malta has only one oncology hospital which is equipped with three linear accelerators,
Superficial X-ray unit and Computed Tomography (CT) simulator which opened its
doors in 2015. In September 2018, the first patient was treated using VMAT to the
head and neck. This happened as for the first time, Malta now had the facility to have
linear accelerators that enabled advanced radiotherapy technique to be applied into
practice. Prior to the introduction of VMAT in the local centre, patients used to be

treated by means of 3D conformal radiotherapy while using planar MV imaging.

The department’s clinical protocol for head and neck patients treated with VMAT
required that, “PTV should be created by growing each Clinical Target by an isotropic
margin of 5 mm” (Sir Anthony Mamo Oncology Centre, 2020, p.4). This margin was
derived from other departmental protocols which were used as a guide for the
implementation of VMAT to the head and neck region in the local oncology centre
(Velindre Cancer Centre, 2014; South Tees Hospital, 2015). The 5 mm margin size,
however, was never tested as to whether it was applicable to the local settings. As
VMAT was used more frequently, a more precise understanding of the true uncertainty

and corrections for the PTV margin was required.

Studies recommend that PTV margins should be calculated to be specific for every
institution (Lowther, Marsh and Louwe, 2020). Treatment modalities, patient set-up
accuracy, patient collaboration, immobilisation devices, and the Image Guided
Radiotherapy (IGRT) technique are some of the factors that influence margin size and
are unique to different departments (Merlotti et al., 2014; Marnouche et al., 2019;
Minniti et al., 2016; Winey and Bussiére, 2014). There is more than one way to
calculate the PTV margin and this will be discussed later in the study. Also, the margin
size might vary depending on the method and calculation used (Nyarambi et al., 2015;
Kim et al., 2019; Marnouche et al., 2019). However, most of the authors failed to justify
the selection of the method used in their study over other methods for calculation of
the PTV margin (Yin et al., 2013; Norfadilah et al., 2017; Bruijnen et al., 2019). All
these factors led to the formulation of the aims and objectives which will be presented

in the next session.



1.3 Aim and objectives of the study

Aim:
The aim of the study was to calculate the CTV-PTV margins for patients treated to

the larynx with VMAT at the local oncology hospital.

Objectives:

To achieve the aim of the study a number of objectives were outlined:
1. A systematic literature review was conducted to identify:

I.  The various methods used in research studies to calculate the PTV

margin for patients receiving VMAT in the head and neck region.

II.  Whether the studies in the review considered all the relevant factors

required to calculate the margin size with their chosen formula.

2. A narrative review of the literature was conducted to identify the various

methods used to measure the relevant errors for PTV margin calculation.

3. Develop data record sheets to record the data of errors that are necessary for

the measurement of the PTV margin.
4. Assess reliability of
I.  The contouring range distance measurements,
[I.  Set-up errors recorded on a data collection sheet,
[ll.  Inter-fraction errors using soft-tissue registration.

5. Calculate the systematic and random errors of inter-fraction, intra-fraction,
organ motion, target delineation and observer variation in image matching for

patients who have received VMAT to the larynx.

6. Calculate the PTV margins based on the findings of the study.



1.3.1 Research Question

The Population, Intervention, Comparison and Outcome (PICO) framework was used
as a guide to formulate the research question (Eldawlatly et al., 2018), as shown in
table 1.

Table 1. Research Question using PICO Framework

P - Population  Patients treated to the larynx with VMAT

| - Intervention  Calculate the PTV margin

C - Comparison N/A

O - Outcome Optimisation of the PTV margin

Research question: What are the different methods of calculating the PTV margin, and
how can this margin be measured at the local general hospital for patients treated to
the larynx with VMAT?



1.4 Study relevance

The PTV margin should account for the measurement of errors that are specific to the
area being measured (The Royal College of Radiologists, 2021). Based on an analysis
of errors caused by inter-fraction and intra-fraction motion, target delineation variation,
and observer variation in image matching, PTV margin can be calculated to the
radiotherapy department of Sir Anthony Mamo Oncology Centre. This procedure will
benefit patients being treated with VMAT because the measured PTV margin will
ensure that dose to adjacent critical structures is limited, and no unnecessary radiation
is given. The calculated PTV margin will also ensure that the prescribed dose is
delivered to all parts of the CTV in a clinically acceptable manner. Recommendations
based on the finding of this study will be proposed to the department’s administration
to consider any necessary amendments to the head and neck clinical protocol in
relation to the PTV margin.

1.5 Methodology

This study had a quantitative, prospective and an insider research design. The target
population for this study included patients treated with VMAT to the laryngeal region

in the Maltese oncology hospital from June 2021 to May 2022.

An exhaustive sampling technique was used to select patients treated to the larynx
with VMAT, where twenty patients were invited to participate. This was based on the

recommendations of The Royal College of Radiologists (2021).

Variation in target volume delineation was analysed by asking doctors to delineate
CTV of the population sample from the CT planning images. The systematic error was

calculated from the resultant variation.

Daily Cone Beam Computed Tomography (CBCT) image registration results were
recorded by the participating radiographers and used to calculate systematic and

random inter-fraction errors.



Patients were also imaged once a week after treatment to assess intra-fraction errors.
Image registration results were recorded by an intermediary radiographer, and values

were used to measure systematic and random errors.

Inter-observer variation in image matching was assessed on the participating

radiographers. Values were used to measure systematic and random errors.

The values of systematic and random errors obtained from target volume delineation
errors, inter- and intra-fraction errors, and inter-observer variation in image matching
were used to calculate the PTV margin for patients treated to the larynx with VMAT.
The formula and procedures used to calculate the margin were based on a systematic

literature review performed prior to the data collection.

All data were collected and analysed using both descriptive and inferential statistics

using Microsoft Excel and Statistical Package for the Social Sciences (SPSS®).

1.6 Ethical considerations

Permission to conduct this study was obtained from the following entities:

1. Permission was sought and obtained from the Chief Executive Officer (CEO),
the data protection officer, the quality assurance manager, participating
patients treated with VMAT to the larynx, the clinical oncologists responsible for
treating head and neck areas, the professional lead of radiography in the
radiotherapy department, the radiographers acting as intermediaries and the
radiographers who performed image matching at the local oncology hospital
where the study was conducted.

2. The study was also approved by the Faculty Research Ethics Committee
(FREC) and the University of Malta Research Ethics Committee (UREC).



1.7 Dissertation outline

This dissertation is composed of 5 chapters. This first chapter contains an introduction
to the study. A systematic literature review related to the study and a narrative review
is presented in Chapter 2. Chapter 3 outlines the methodology that was used to collect
the data. The data were then presented, analysed and discussed in Chapter 4. The
final chapter concludes this study while presenting a summary of the findings and
proposing recommendations for the clinical department to consider as well as

recommendations for further studies.



Chapter 2

Literature Review



2.1 Introduction to the chapter
This chapter is divided into two sections:

Section A is a narrative review of the literature that discusses the different methods
used by various authors to analyse target delineation errors, inter- and intra-fraction
errors, inter-observer variation in image matching, and other errors that influence the

PTV margin size.

Section B is a systematic literature review and presents findings related to the methods
for calculation of PTV margins in the head and neck region with VMAT. This systematic
review was published in the Journal of Radiotherapy in Practice in May 2021 (Caruana
K, Refalo N, Spiteri D, Couto JG, Zarb F, and Bezzina P. (2021) PTV margin
calculation for head and neck patients treated with VMAT: a systematic literature
review. Journal of Radiotherapy in Practice pagel of 8. doi:
10.1017/S1460396921000546) (Appendix A).

10



2.2 Section A — Narrative Literature Review

2A.1 Introduction

The aim of this part of the chapter was to conduct a literature review on how to
measure the PTV margin. The purpose was to identify the best methods for calculating
target volume delineation errors, inter-fraction errors, intra-fraction errors, and
observer variation in image matching in patients receiving VMAT treatment to the

laryngeal region for the local oncology department.

2A.1.1 Definition of Planning Target Volume (PTV) margin

Most radiotherapy departments define the target volume in accordance with the ICRU
recommendations (Lowter, Marsh and Louwe, 2020) which is an international
reference that publishes reports on photon-based radiotherapy treatment prescription,

recording, and reporting (Stroom et al., 2014).

The PTV is defined as the volume that contains both clinical and subclinical illness, as
well as a margin to account for set-up errors and internal movements. The PTV margin
should be large enough to prevent geographical miss, however ensuring that it is
limiting the dose to adjacent critical structures (ICRU, 2010).

The margin size is affected by a number of factors, such as anatomical area variation,
imaging frequency, immobilisation equipment type, treatment modality, patient
collaboration, and set-up procedures (Kapanen et al., 2013; Anjanappa et al., 2017).
In addition, set-up errors, target volume delineation, and organ motion should ideally
be considered when calculating the margin size (Suzuki et al., 2012; Stroom et al.,
2014). There are numerous PTV margin formulas, such as those proposed by Van
Herk, Stroom, ICRU 62, Antolak, Bel, McKenzie, and Parker, and the method of
measurement used influences the margin size (Gill et al., 2015; Oh et al., 2016;
Namysl-Kaletka, Tukiendorf, and Wydmaski, 2015).

11



2A.1.2 Overview of the formulas used in calculating the PTV

All PTV margin equations make assumptions and have limitations, and the equation

chosen must take these assumptions and limitations into account.

Stroom et al., 1999 formula

The margin formula proposed by Stroom et al. (1999) was:
2y +0.70,

where ) stands for population systematic errors and o stands for random population
errors and ensures that at least 95% dose is administered to 99% of the CTV. The
authors used data from patients receiving treatment to the prostate, cervix, and lung
cancer, and demonstrated that this method was fast and accurate for these cases
(Stroom et al., 1999). This margin formula implied that the effect of systematic errors

was almost three times more significant than the effect of random errors.

When using 2D PTV instead of 3D PTV, the errors will increase with a conformal 95%
isodose volume enclosing the PTVs. With conformal shaped fields, multiple 2D
procedures might result in under dosage (Stroom, 2000). One of the limitations for this
formula is that for volumes with a small diameter, the probability for the volume to be
partly outside of the margin will be larger. Another limitation is that narrow CTV regions
will be blurred by geometric uncertainties (Yan Li et al., 2014).

Stroom (2000) developed a formula for calculating rotational errors in the orthogonal
coordinate system, but he describes it as time-consuming.

ICRU 62 formula

The ICRU 62 (1999) report proposed to separate margins into two components: an
internal margin and a set-up margin. The ICRU 62 formula suggested that systematic
and random errors should be added in quadrature since the two types of margins are
independent from each another. This will obtain a Standard Deviation (SD) value
which would then need to be used to calculate the margin. The formula to obtain a

value of the SD was described as:
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SDrot = \/_(22 +O'2),

where % is the SD of systematic error and o is the SD of random error (Thasanthan et
al., 2014). To include the 95% of the isodose in the margin, the value obtained to
measure SDiwt needs to be multiplied by a value of 1.96 (ICRU, 1999).

This method assumes that systematic and random errors have equal effects on the
dose distribution unlike Stroom et al. (1999) formula and Van Herk et al. (2000)
formula, whereby the systematic errors had more weighting in margin calculation. This
may lead to false pretence (Thasanthan et al., 2014). ICRU 62 (1999) also deals with
conventional external beam radiotherapy therefore this margin formula was not

formulated for complex treatments such as VMAT and IMRT.

Bel et al.,1996 and Antolak et al., 1999 Formulas

Bel et al. (1996) and Antolak et al. (1999) focused on random errors effects. The
margin recipe for Bel et al. (1996) was:

PTV =0.7 o,
and Antolak et al. (1999) margin recipe was that of:
PTV = 1.65 o,

where o, for both equations, refers to the SD of random errors. Bel et al. (1996) based
the margin recipe on the dose distribution of a prostate radiotherapy plan with three
and four rectangular fields and a minimum dose of prescription to the CTV of 95
percent. The 0.7 value refers to a specific beam arrangement and is not applicable to
other beam arrangements (Kalyankuppam Selvaraj, 2013). Antolok et al. (1999)
recommended a margin of 1.65 multiplied by random errors to ensure a CTV dose
greater than 95 percent of the minimum prescribed dose without assuming any specific

penumbra profile or beam arrangements.

Both authors assumed that systematic errors are insignificant because they are
corrected by offline imaging strategies and quality assurance processes. Because of
this assumption, the margin size may be underestimated, causing the dose distribution
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to shift and potentially resulting in a geographical miss of the CTV (Vos, Naiker and
MacGregor, 2020; Li, 2014; Kalyankuppam Selvaraj, 2013).

McKenzie et al. (2000) formula

McKenzie et al. (2000) proposed that the margin around the CTV account for
geometric errors to ensure that no part of the CTV receives less than 95% of the
prescribed dose. They applied similar procedures to Van Herk et al. (2000) formula by
accounting for random errors, and they determined that a margin should be drawn to
account for random set-up and organ motion uncertainties during radiotherapy. The

formula is written as:
2.5% +p (0-0p),

where % is the SD of systematic errors, o is the SD of random errors, op is a Gaussian
parameter that defines the width of the penumbra, and 3 coefficient depends on the
isodose chosen to surround the PTV. The B parameter is insensitive to target shape

and corresponds to the level of blurred dose (Thomas et al., 2019).

McKenzie et al. (2000) originated the margin formula to account for dose distribution
as caused by 1-6 coplanar beams. This enabled the spreading out of the exit dose
around the target, minimising the dose blurring effect at the edge of the beam through
the use of multiple coplanar beams, which results in a smaller random coefficient than

that of the van Herk margin formula (Gordon and Siebers, 2008; Ecclestone, 2012).

Van Herk et al. (2000) formula

One of the formulas that is frequently used in studies to calculate the PTV margins is
the Van Herk Margin Formula (VHMF) (Namyst-Kaletka, Tukiendorf and Wydmanski,

2015). This formula is expressed as:
M=2.5% + 0.70.

The symbol “2” represents the SD for the population systematic errors, and the symbol

o” represents the SD for the random population errors.
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The random errors have a blurring effect on the cumulative dose distribution while
systematic errors shift the cumulative dose distribution (Sonke and Van Herk, 2016).
This equation ensures that 290% of patients receive 295% of the prescription dose
(Van Herk et al., 2000). The PTV margin derived from the VHMF excludes rotational
errors and deviation in the shape of the tumour, therefore Van Herk et al. (2000)
suggested that this method of margin calculation should be considered as a lower limit
to ensure the delivery of safe radiotherapy. The formula assumes that the shape of
the CTV is spherical (Witte et al., 2017). Other assumptions for the VHMF are that
tissue is homogeneous and that the number of fractions is limitless, this causes
inaccuracies in case of hypo-fractionated or adaptive therapy. VHMF also assumes
that the beam penumbra is conformal (Yoda, 2017; Li, 2014; Kalyankuppam Selvaraj,
2013).

Parker et al., 2002 formula

Parker et al. (2002) determined PTV margin in Stereotactic Radiosurgery (SRS) for
lesions located intracranially. The margin needed to account for uncertainties in
miniature multileaf collimator position, CT scanner and CT-Magnetic Resonance
Imaging (MRI) spatial localisation, and head frame repositioning. The CTV dosimetry
criteria were selected for the PTV to contain 95% of the CTV dose, and at least 95%
of the CTV to receive 100% of the PTV dose.

The following assumptions were made by the authors; the PTV received 100% of the
prescribed dose, linear fall-off dose to zero outside the PTV, calculations were
performed on a spherical CTV with a 4 mm diameter. Another assumption was on the
measured uncertainties since they were assumed to have Gaussian distributions.
Systematic and random errors were added linearly and in quadrature respectively with
an assumption that the errors were not correlated (Parker et al., 2002).

The suggested margin formula by Parker et al. (2002) was:
+/ (0% + 32,

where % refers to the SD of systematic errors and o refers to the SD of random errors.
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2A.2 Target volume delineation of the larynx

Delineation of larynx

The Radiation Therapy Oncology Group (RTOG) head and neck protocol (2014, p. 32)
defined the larynx as “triangular prism shaped volume that begins just inferior to the
hyoid bone and extends to the cricoid cartilage inferiorly and extends from the anterior
commissure to include the arytenoids. It includes the infrahyoid, but not the suprahyoid

epiglottis.”

The accurate definition of tumour and normal tissues is essential for radiotherapy
planning. Uncertainties in target delineation may result in under- or over-dosage,
lowering the probability of tumour control or increasing normal tissue complications
(Kristensen et al., 2017). The Danish Head and Neck Cancer Group (DAHANCA)
developed a set of radiotherapy guidelines for laryngeal target delineation (Jensen et
al., 2020). According to these guidelines, Positron Emission Therapy (PET) scan and
MRI should be used for target delineation of cancers in the larynx when available, they
are however not recommended for tumours that are not visible on diagnostic scans
(e.g., TANO larynx cancer). The visibility of tumour borders affects tumour delineation
and the finite imaging resolution, or lack of supplementary images causes unavoidable
inter-observer and intra-observer contouring variance (Van Herk, Osorio, Troost,
2019). Guidelines and protocols should also be followed to reduce target delineation
error (Kim et al., 2021).

Methods of analysis for target volume delineation

Several studies investigated differences in the delineation of tumour and normal
tissues. (Jameson et al., 2010; Dewas et al., 2011; Franco et al., 2018; Chang et al.,
2021), however the direct comparison of published data is difficult due to the use of a

variety of methods to quantify the target delineation error (Segedin et al., 2016).

According to The Royal College of Radiologists (2021), there are two approaches to

assessing this error: one is to assess variation among doctors in delineating the target
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volume (inter-observer variation), and the other is to assess the mean of the margin

outline drawn repeatedly by the same doctor (intra-observer variation).

Even though various methods for quantifying observer variability in target delineation
have been proposed, according to Langmack et al. (2014) and Das et al. (2021), there
is no single metric type that can be used to fully assess the agreement between sets
of outlines. A study by Fotina et al. (2012) had the aim of looking for possible
translational tools for evaluating inter-observer variability and to look for common
relationships between the different parameters reported. The authors selected,
calculated, and compared different metrics that are used to determine inter-observer
variation on patient cases. The parameters were classified based on different

formalisms into three main groups:

1. Descriptive statistics — contains factors describing the volume distribution, such as
mean, SD, range, ratio of the largest drawn volume to the smallest drawn volume,
and coefficient of variation (COV).

2. Overlap measure — contains measures that describe the area of overlap between
contoured volumes, such as encompassing volume ratio, Dice similarity coefficient
(DSC) or Jaccard index (J1).

3. Statistical measures of agreement — contains reliability analysis tools, such as k

statistics or Intraclass Correlation Coefficients (ICC).

This literature review will be discussing the most common metrics used for

assessment of target volume delineation agreement.

The Dice Similarity Coefficient

The DSC is both a spatial overlap index and a metric for validating reproducibility. It is
considered one of the most popular metrics used in literature relating to inter-observer
variation in target volume delineation (Trignani et al., 2019; Van Der Veen, Gulyban

and Nuyts, 2019; Chang et al., 2021; Mul et al., 2021), and is expressed as follows:

2|XNY|

DIX.Y)= .
\ | |x - |]r_
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Where |X| and |Y| are the two sets' cardinalities (i.e., the number of elements in each
set). The DSC is equal to twice the number of elements shared by both sets divided
by the total number of elements in both sets (Andrews and Hamarneh, 2015). A value
close to one indicates minimal variation in contouring (Caravatta et al., 2014), with 0.7
considered to be a threshold for good interobserver agreement (Langmack et al.,
2014).

This metric does not provide a complete picture of the variability between two sets of
volumes. Trignani et al. (2019) stated that a pair of identical volumes with different
positions in space exhibit the same DSC. Fotina et al. (2012) also mentioned that DSC
provides false impressions of high agreement. Also, this metric does not provide
measurement of delineation errors in the three dimensions; therefore, it cannot be

used for PTV margin calculation.

Jaccard Index (JI)

A similar metric to the DSC is the JI (Trignani et al., 2019), and it is associated with
the DSC in the following equation:

This metric measures the similarity of finite sample sets and is defined as the size of
the intersection divided by the size of the sample sets' union. The JI is also situated
between zero and one, where a value close to zero indicated disagreement in
contouring and one indicates perfect agreement. When compared to the DSC, the
penalty for a false positive delineation area increases faster (Trignani et al., 2019).
Large datasets can have a significant impact on the index because they can
significantly increase the union while keeping the intersection constant. Similar to
DSC, the JI can only be used as a conformity index when comparing two delineated

volumes and therefore cannot be used for margin calculation (Jager et al., 2015).
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Conformity Index general

Conformity Index general (Clgen) enables quantification of agreement between all
observers (Jager et al., 2015). The Clgen index is useful for comparing any number of
delineations at the same time. Clgen = 1 denotes total overlap, whereas Clgen = 0
denotes completely separated volumes. One of the limitations of the Clgen index is
that as a value that can be difficult to interpret (Kristensen et al., 2017). As a metric it
is useful in determining inter-observer variability, but the obtained values cannot be

used to determine the systematic target delineation errors.

Mean Distance to Agreement (MDA)

The MDA is a quantitative measure of the mean distance of voxels at the outlying
points of the contour that must be moved to achieve perfect conformity with the
reference contour. Jena et al. (2010) developed the MDA index to compare
radiotherapy target volume delineation by different observers. Two perfectly

concordant volumes have an MDA of 0 mm (Trignani et al., 2019).

MDA, according to Jena et al. (2010), provides a single scoring statistic that represents
the overall conformity of the two volumes being assessed. It also provides additional
statistics information on whether the non-conformity is caused by over-or under-
outlining, this metric however cannot be used to determine the systematic errors of
target volume delineation as the obtained values are not given in LR, Sl and AP

directions.

Hausdorff Distance

The Hausdorff distance is a shape comparison method that is able to demonstrate the
maximum distance between each voxel in the reference set and the nearest point in
the comparison set. Similar to MDA, lower values (in mm) correspond to a higher
agreement between the compared volumes ((Trignani et al., 2019). Also, this metric
cannot be used for margin calculation as the obtained values are not given in the LR,
Sl and AP directions.
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Target delineation errors and PTV margin

According to the findings of this literature review, most studies used a combination of
metrics to assess inter-observer variability (Fotina et al., 2012; Langmack et al., 2014;
Liu et al., 2021). A combination of parameters is useful when reporting inter-observer
variability in delineation since they make the data more reliable (Fotina et al., 2012).
Mercieca, Belderbos and Van Herk (2021) affirmed the use of more than one metric
to quantify inter-observer variation since the lack of an absolute gold standard makes

accurately validating the precision of a delineated contour difficult.

Fotina et al. (2012) stated the preferred metrics for assessment of inter-observer
agreement in target volume delineation are the JI, Conformation Number (CN), or
Clgen since they obtained similar results of agreement. They found that DSC, when
compared with the aforementioned metrics, generally produces higher calculated
values of inter-observer agreement. MDA results, on the other hand, were significantly
lower than the other indices. Similarity in results were observed in Trignani et al. (2019)
study, were DSC, JI, MDA and Hausdorff distance were evaluated for target volume
delineation agreement in the head and neck region. The difference in value between
DSC and Jl was 0.16, with the former having the highest value, whilst the distance
obtained by MDC was 8.89 mm and mean Hausdorff distance was 36.58 mm.
However, the aforementioned metrics cannot be used to calculate the PTV margin.
The studies that used these metrics were interested in measuring the inter-observer
variation of target delineation rather than measuring the PTV margin (Fotina et al.,
2012; Jager et al., 2015; Kristensen et al.,, 2017; Tsang et al., 2019; Trignani et
al.,2019; Hammers et al., 2020). Metrics such as DSC and Cl compare relative
volumes rather than absolute distances, and thus the results obtained cannot be
directly translated to calculate the PTV margin. Peulen et al. (2015) proposed

evaluating the distances between the delineated volumes.

According to Bernstein et al. (2021) the only metric for delineation uncertainty that can
be used in a traditional PTV margin recipe is to quantify the delineation errors (D).
The ZD occurs when the tumour is not properly contoured, and it persists throughout
the treatment. Because these errors occur during the planning phase, they are carried
over to the treatment phase and are therefore considered as systematic errors
(Ecclestone, 2012). Bernstein et al. (2021) study's goals were to first quantify the
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delineation uncertainty for recurrent gynaecological cancer Gross Target Volumes
(GTVs) and then to calculate the associated PTV margins. The ZD is the SD of the
distances between each outline and a reference outline and is calculated using the

following equation:

N
Zp (d) - JNOI 1 Zl: (@ - d)’

Where diis the distance between the reference outline and the ith observer's
outlines, No is the number of observers and d is the mean distance. This study used
an approach by Deurloo et al. (2005) to measure ZD for each point in a patient
whereby the 2D contour sets were first converted to 3D surfaces. From all the doctors’
GTV surfaces, a reference surface for each patient was created. At a 95 percent
confidence level, the simultaneous truth and performance level estimation (STAPLE)
algorithm was used to create a common consensus volume. Based on the provided
outlines, this resulted in a surface that contains voxels that have a 95 percent or higher
probability of belonging to the GTV.

Six vectors were created determine which sector each vertex on the consensus
surface belonged to. These vectors originated in the volume’s centre and pointed
parallel to the patient anterior, posterior, left, right, superior and inferior axes. Another
vector which originated at the centre of the consensus surface and terminated at
vertex was created. The angles between vector originating at the centre and each of
the vectors in the axes were then measured. The geometric mean of 2D, calculated

over all vertices in that patient resulted in the overall ZD for a single patient.

A similar method to that of Bernstein et al. (2021) was used by Peulen et al. (2015)
where the researchers were interested in quantifying the variability in target delineation
in peripheral early-stage lung cancer treated with SBRT and calculate the PTV margin.
The delineated contours were at first triangulated. For each patient in the data set, a
3D median surface of all observers' triangulated GTVs was computed where each
point inside the median surface was designated as part of the GTV by 50% of the
radiation oncologists. Following that, the perpendicular distance to each individual
triangulated GTV was measured for each point describing the median surface. SD was

used to express the variation in distance to a single point. The variation in distance to
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all points describing the median surface (root-mean-square) was expressed as an
overall SD, which is a measure of target delineation variability. The triangulation
technique was also used in Remeijer et al. (1999) study. This study presented a
generic method for evaluating target volume delineation in three dimensions across

multiple imaging modalities.

The methods proposed by Bernstein et al. (2021), Peulen et al. (2015) and Remeijer
et al. (1999) are intricate. Tudor et al. (2020) proposed a simpler approach
by superimposing all delineated contours to see them all at once and identifying a
plane with no steep gradients in the out of plane direction. The spatial difference
between multiple observers' delineations can be used to estimate delineation errors
(Figure 2B.1).

Tudor et al. (2020) proposed two methods for calculating delineation errors, both of
which are dependent on sample size. If the sample size is greater than 15, it was
suggested to use the same sample SD equation as mentioned in the Bernstein et al.
(2021) study. If, on the other hand, the sample size is less than 15, the standard

deviation can be calculated from the range using the following equation:

R
"~ dy(N)

3

R represents the data range and is calculated by measuring the distance between the
inner and outermost contours in each image plane along each axis of interest at a
representative point with ‘average' observer variation and no outliers. dz(N) is

dependent on the number of samples in the range.

The greater the number of cases studied, the lower the uncertainty in the measured
SD of delineation errors. To avoid bias, care should be taken to ensure that
participating observers behave as they would normally as part of the clinical process,
such as using standard software and being blinded to the contours of other observers.
Any disagreements should be resolved before measuring the delineation
uncertainties, as they will result in an incorrect estimate of the measured delineation
errors (Tudor et al., 2020).
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Figure 2A.1: lllustration of Determining the Magnitude of Delineation Errors. (Adapted from: Tudor, G.,
Bernstein, D., Riley, S., Rimmer, Y., Thomas, S., Herk, M., & Webster, A. (2020). Geometric
Uncertainties in Daily Online IGRT: Refining the CTV-PTV Margin for Contemporary
Radiotherapy.DO - 10.1259/geo-unc-igrt
https://www.researchgate.net/publication/346717324_Geometric_Uncertainties_in_Dail

y_Online_IGRT_Refining_the CTV-PTV_Margin_for_Contemporary_Radiotherapy)

Intra-observer variability

In addition to inter-observer variability, inaccuracies can occur within repeated
contours produced by the same observer, a phenomenon known as intra-observer
variation (Van Herk, 2004). According to Das et al. (2021), understanding intra-
observer variability is critical in calculating the margin each doctor adds to their original
outlines. Each doctor should be aware of his or her SD, which should be added to the
original target volume during treatment planning. However, it is not a required
assessment when estimating delineation error using a study of multiple delineators,

since only one contour from each observer is required (Tudor et al., 2020).
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2A.3 Methods of analysis for inter-fraction set-up errors

Inter-fraction variation occurs from one treatment fraction to the next during the
treatment course, possibly due to daily variability in patient positioning, daily variations
such as organ filling and weight changes, or volumetric changes in the tumour
(Guerreiro et al., 2018).

The imaging modalities used to assess inter-fractional movement are the megavoltage
portal imaging (MVPI), kilovoltage portal imaging (kVPI), the megavoltage cone-beam
computed tomography (MVCBCT), and the kilovoltage cone-beam computed
tomography (KVCBCT) (Zhou et at, 2018).

CBCT was initially developed for dental imaging in the early 2000s (Quereshy et al,
2008). It utilises megavoltage (MV) or kilovoltage (kV) energy emitted from an
additional x-ray tube and opposing amorphous silicon flat panel imager, mounted 90°
from the gantry head. It delivers radiation exposures at different projection angles,
whilst the gantry head rotates. The software then performs a 3D reconstruction of the
images for better visualisation of the patients’ anatomy and target area (Srinivasan et
al, 2014).

Osman et al. (2011) were among the few researchers who used CBCT imaging to
estimate laryngeal inter-fraction errors and verify the quality of image registration for
the vocal cords. The residual systematic and random set-up errors obtained from daily
imaging were gquantified in ten patients who received conventional treatment for
laryngeal cancer. A clip-box containing the volume of interest was defined around the
thyroid cartilage on the reference image. The CBCT was then automatically registered
to the reference image (planning CT) before each treatment fraction using the XVI
software's grey value match function, and manually matched by an observer. The
coordinates of three representative points (front node of the thyroid cartilage, as well
as the centres of the left and right arytenoids), surrounding the soft tissue region of
interest were checked in each CBCT against the reference image after registration to
verify the quality of the registration for the vocal cords. For each anatomical reference

point, the residual inter-fractional errors were calculated. The resulting residual errors

24



of the anatomical structures were sub-mm in all three orthogonal directions, indicating
that the automatic image matching provided suitable corrections for the vocal cords.
The measured residual errors may have been introduced by observer variability. The
researcher however stated that it is still vital to examine the quality of all automatic
registration results as there were instances where the grey value automated match

was not satisfactory for one of the patients in the study.

The effect of various CBCT-based matching methods on set-up errors for head and
neck patients treated with VMAT was investigated by Mohandass et al. (2020). In this
study, manual, bone, and soft tissue image registration were investigated. When the
results of the three matching methods were compared, there were no statistically
significant differences in systematic errors, random errors and mean set-up errors.
The researcher stated that all three methods can be used without compromising the
VMAT treatment. Bahig et al. (2021), however emphasised on the importance of daily
imaging with a soft tissue match on patients treated to the larynx, since anatomical
changes or set-up reproducibility tend to create a laryngeal shift in relation to the

vertebra.

A study by Palombarini et al. (2012) investigated inter-fractional errors as a
combination of set-up and organ motion errors for the prostate gland relative to the
bony anatomy. To quantify organ motion, the set-up errors of the CBCT scan were
first measured using a pelvic bone match with the planning CT scan. Using grey-value
soft tissue matching, a manual match was later performed to superimpose the prostate
on the planning CT and CBCT. The prostate motion relative to the bony anatomy was
defined as the difference between the soft tissue match and the bony match in the
Left-Right (LR), Superior-Inferior (Sl) and Anterior-Posterior (AP) directions. The
average deviation and standard deviation for bone match, soft tissue match, and organ
motion were calculated for each patient in each direction. The systematic and random
errors of the entire patient population, as well as the patient's standard
deviation means were computed. This procedure proved to be an effective way to

investigate set-up and organ motion errors.

The Royal College of Radiologists (2008) wrote an extensive report on how to
calculate the inter-fraction set-up errors. One of their suggestions was that set-up
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errors should be resolved into orthogonal directions for ease of analysis. Vectors
guantities should be calculated to keep the correct information on direction (if shifts in
the anterior direction are given a negative sign, then shifts in the posterior direction
are always positive). Another suggestion made in this report was that small patient
studies, such as that of Osman et al. (2011), can lead to a high level of uncertainty in
the population systematic set-up error. Even for small patient numbers, the random
set-up error is likely to be more accurate as long as sufficient images are acquired per
patient and inter-patient variability is not excessive. As a result, it was recommended

for at least 20 patients to be included in a study with at least five images per patient.

The equations for calculating systematic and random errors for inter -fraction set-up
errors are given below and are all taken from The Royal College of Radiologists' report
(2008).

Individual systematic error

Systematic error is a deviation that occurs in the same direction and has a similar
magnitude for each fraction (The Royal College of Radiologists, 2008). The individual
systematic error (Mindividual) IS calculated by summing the set-up errors for every
imaged fraction (A1+ A2+ A3...), then dividing this value by the number of imaged

fractions (n). This error is expressed in the following equation:

Equation 1

A+ A+ A+ .+ A

mmdj'.adua.' -

(The Royal College of Radiologists, 2008)
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Population systematic error

After obtaining the individual systematic error, the mean systematic error of the
population (Mpop) is calculated. This is the mean of the individual systematic errors
for the analysed patient group. A resultant value of zero indicates that there isn’t a
common underlying error pertaining to the sample. To calculate this error, the mean
of each individual patient (m.+m.+m.+ ...) is summed up and the resultant value is

divided by the number of patients (P) in the group.

Equation 2

(The Royal College of Radiologists, 2008)

The population systematic error is then calculated by adding up the squares of the
differences between individual systematic error mean derived from equation 1 with the
mean of the individual systematic error of the population derived from equation 2. The
resultant sum is then divided by the number of patients minus 1 and the square root
is then calculated on the obtained result. This error is expressed in the following

equation:

Equation 3

52 . (m,= M,.)* + (m,— M, Y+ (m,— M, )Y +...+ (m,— M)’
Sel-up {P— ,?}

(The Royal College of Radiologists, 2008)

Individual random error

A random error is a deviation that can vary in both direction and magnitude (The Royal

College of Radiologists, 2008). To calculate the random error, first the individual
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random error (oindividual) needed to be calculated. This is a SD of the corresponding
mean individual set-up errors (m). This error is measured by summing the squares of
the differences between the mean and set-up error from each image. This sum is then
divided by the number of scans minus one. The square root of the resultant sum

revealed the individual random error.

Equation 4

g2 (B=m) + (A= m)+ (A—m)+..+ (A,—m)’
indiividual (n _ ‘-U

(The Royal College of Radiologists, 2008)

Population random error

The Population Random error is then calculated by measuring the mean of individual

random errors.

Equation 5

g 0t0,*0,+. . 40,
setup P )

(The Royal College of Radiologists, 2008)

This methodological process is also relevant when calculating intra-fraction set-up

errors (The Royal College of Radiologists, 2008).
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2A .4 Intra-fraction errors

Intra-fraction errors may be either due to patient movement resulting from variations
in patient positioning during treatment delivery, or it could result from motion
uncertainties resulting from displacements of the tumour bed and organs at risk

caused by either respiration or movement (Guerreiro et al., 2018).

Real-time imaging techniques such as MRI-guided radiotherapy, fluoroscopy, and
ultrasound are commonly used to assess intra-fraction errors (Bradley et al., 2011,
Nonaka et al., 2019). CBCT images can also be used to determine this type of error
in the absence of such modalities. To some extent, post-treatment imaging can
guantify both intra-fraction motion and residual errors, but it has limitations regarding
how much information is gathered throughout the treatment (The Royal College of
Radiologists, 2021).

The larynx as a structure is predisposed to movement due to swallowing and
respiration. Swallowing is associated with a 2 cm elevation of the larynx, and
respiration can cause motion reaching 6 mm in the longitudinal direction (Bahig et al.,
2021). Some authors performed swallowing control during the CBCT procedure to try
and limit thyroid movement (Kwa et al. 2015; Perillo et al, 2021). Other researchers
only performed swallowing control during the acquisition of the planning scan since
the incidence and total duration of swallowing was small compared to the treatment
time, and this reduces systematic errors (Van Herk, 2004; Osman, 2011; Bahig et al.
2021).

Durmus, Tas and Uzel (2020), where interested in determining the intra-fraction target
movement through CBCT scans and in investigating the effects of laryngeal movement
on the target volume. Patients were positioned with a maximum neck extension to
minimise swallowing during the CT scan procedure and treatment. Two CBCT scans
were performed for each fraction on sixteen patients with the thyroid cartilage used as
a matching structure during image registration, and both images were matched with
the reference CT. The first CBCT was obtained after setting up the patient on the

treatment couch and matched with the reference CT planning images. The second
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scan was also matched with the reference CT image and was obtained after treatment

delivery to determine the thyroid cartilage movement during treatment.

Kwa et al. (2015) and Perillo et al. (2021) also used thyroid cartilage to match images
because as a structure it adheres to the involved vocal cord. This, however, does not
address the issue of residual motion caused by breathing. The purpose of the studies
by Perillo et al. (2021) and Kwa et al. (2015) was to evaluate inter- and intra-fraction
errors and quantify CTV to PTV margins. Perillo et al. (2021) investigated stereotactic
treatment of early stage glottic cancer, whereas Kwa et al. (2015) investigated single
vocal cord irradiation (SVCI) of T1a larynx tumours. In both studies, intra-fraction set-
up uncertainty was assessed by acquiring post-treatment CBCT scans that were

registered to the planning CT.

Perillo et al. (2021) corrected for set-up errors greater than 1 mm and up to 2 mm in
any direction, and patients were treated after the couch correction was applied. After
couch correction, a new CBCT image was acquired if the errors exceeded 2 mm.
When the set-up errors were less than 2 mm, the CBCT before treatment delivery was
considered to be the set-up CBCT. At the end of treatment, a final CBCT image was
taken and this CBCT image was matched with the pre-treatment CBCT. Swallowing
was always kept under control. For each patient, the displacement values indicated by
CBCT imaging immediately before treatment and immediately after delivery were
recorded. After that, displacement data in three directions (LR, Sl, and AP) were
extracted. The systematic and random errors in each direction of the three treatment
sessions were calculated. The set-up variations were summarised for the entire
population by taking an average of all systematic errors, obtaining the standard
deviation of all systematic errors, and the root mean square of all random errors. CTV

to PTV margins were calculated in each direction using the van Herk formula.

Kwa et al. (2015) used daily CBCT imaging to online correct the thyroid cartilage set-
up after patient positioning with in-room lasers (inter-fraction motion correction). CBCT
scans were also obtained shortly after patient repositioning and dose delivery to
monitor intra-fraction motion. The margins obtained from Kwa et al. (2015) study, 1.6,
4.3, and 2.2 mm, where interestingly very similar to those estimated by Perillo et al.
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(2021), 2.4, 5.1, and 2.2 mm in the X, Y, and Z directions, respectively. Both studies

used the same strategy of withholding swallowing.

2A.5 Observer variation in image matching

IGRT observer variability is the variation that occurs when different observers analyse
the same IGRT data set, and it should be quantified locally (The Royal College of
Radiologists, 2021). This error should be considered when determining the PTV
margin size, especially when using CBCT images for soft tissue-based patient
positioning (Deegan et al., 2015; Hirose et al.,, 2020; The Royal College of
Radiologists, 2021).

Data on the effects of inter-observer variation on the PTV margin size are limited
because this error is frequently overlooked in studies that assess the effect of errors
on the PTV margin size. A study by Hirose et al. (2020) investigated the impact of
inter- and intra-observer variation of six radiographers in image matching on the CTV
to PTV margin size. A total of twenty-six scans of patients who had undergone
treatment to the prostate were analysed. The residual errors, which represented the
difference in soft tissue and reference positioning errors for each fraction, were used
to assess observers’ uncertainties. Prostate Cancer Location Errors (PCLEs) of
contour-based patient positioning between the reference images and pre-CBCT
images were used to calculate reference positioning errors. The PCLEs indicated the
centroid distance of prostate contours on reference images and pre-CBCT
images. Each participating radiographer first matched the bone anatomy by
performing automatic registration, followed by manual refinement of prostate position
in the AP, SI, and LR directions without rotation correction. The recorded inter-
observer systematic errors were measured to be 0.9, 0.9, and 0.5 mm, respectively in
the AP, Sl and LR direction, and 1.8, 2.2, and 1.1 mm, respectively, for random errors.
Intra-observer variations were measured to be less then inter-observer variation and
were found to have an insignificant effect on the PTV margin size. When incorporating
both inter- and intra-observer variation, the resulting PTV margin size was measured

to be 3.5, 3.8, and 2.1 mm, respectively in the AP, Sl and LR direction. The resulting
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values of inter-observer systematic and random errors are indicative of the importance

of measuring these errors in the PTV margin calculation.

The use of a reference CT improves registration accuracy (Deegan et al., 2015). With
the use of a reference CT, the radiographers are able to identify features which may
aid in the refinement of soft tissue matching. Deegan et al. (2015) assessed image
registration of six patients who undergone radiotherapy to the prostate. The
researchers compared image matching with fiducial markers and soft tissue image
registration, and the inter-observer variation was assessed using Bland-Altman
analysis. The three radiographers who participated in the study were unable to use
the planning CT scan as a reference during image matching, this might have led to

higher inter-observer variability in soft tissue image matching.

Training and competency, as well as adherence to local and national protocols, will
help to reduce inter-observer variation in image matching. These errors will generally
average out over many fractions, but they can be a significant source of systematic
errors in hypo-fractionated regimes (The Royal College of Radiologists, 2021). The
development of site-specific image guidance protocols can help to reduce the image
matching uncertainty, and aid in the reduction of the margin size through stringent
IGRT methods (Deegan et al., 2015).
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2A.6 Other errors

Radiotherapy errors are not limited to the ones previously listed in this review. Other
uncertainties can impact on margin size, but some of these errors are difficult to

quantify.
Type of uncertainties in radiotherapy include:

e Organ motion errors can occur in the delay between imaging and treatment
(Van Herk, 2004);

e Phantom transfer errors: a result of the minor differences between the CT
planning scan and the linear accelerator due to inaccuracies resulting from
manufacturing. These errors can be measured using a rigid phantom (Liang et
al., 2014);

e Errors caused by the approximation of shifts (Palombarini et al., 2012).

¢ Anatomic changes: patients’ internal changes which might be due to tumour
response, growth or oedema (Deegan et al., 2015);

e Image-guidance errors: Can result from the limited resolution of IGRT system
(Deegan et al., 2015);

e Dose calculation uncertainties (Deegan et al., 2015);

e Multi-leaf collimator (MLC) motion uncertainty (Deegan et al., 2015).

Van Herk (2004) believes that it is impossible to eliminate all geometrical errors, and

as a result, the PTV margin can never be reduced to zero.
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2A.7 Conclusion

PTV margin assessment needs to take into consideration various errors that are

present in the delivery of radiotherapy treatment.

Various metrics are available to assess inter-observer variation. A combination of
parameters is useful when reporting inter-observer variability in delineation, this makes
the data more reliable. However, in the assessment of the PTV margin recipe, the only
metric for delineation uncertainty that can be used is to quantify the delineation errors

to calculate the CTV-PTV margin required at each point (Bernstein et al., 2021).

The Royal College of Radiologists (2008) recommended that at least 20 patients
should be included in a study assessing inter-fraction errors, with at least five images
per patient. Soft tissue match to the larynx is preferred in inter-fraction errors

assessment, especially when tight margins are applied (Bahig et al., 2021).

Intra-fraction errors are a result of patient movement and organ motion. The few
studies that identified intra-fraction errors in the laryngeal region with CBCT scans
suggested swallowing suppression during the CT scanning procedure to avoid
introducing systematic errors (Van Herk, 2004; Osman, 2011; Bahig et al. 2021). Intra-
fraction set-up errors using CBCT imaging were assessed by acquiring post-treatment
CBCT scans that were registered to the planning CT. Studies recommended

superimposing the position of the thyroid cartilage during image registration.
Observer variation in image matching is another source of error which needs to be
accounted for in PTV margin calculation (The Royal College of Radiologists, 2021).

Training and adherence to guidelines enable a reduction in this error.

In the next chapter, the methodological process used to determine the PTV margin

size in patients treated with VMAT for laryngeal cancer are discussed in detail.
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2.3 Section B — Systematic Literature Review

2B.1 Introduction

The systematic literature review chapter explains the search strategy procedure, the
selection of literature that was employed, and the evaluation of the quality of the
literature. In this chapter the Preferred Reporting Items for Systematic Review and
Meta-Analysis (PRISMA) checklist was used, where the theoretical framework,
conceptual framework and critical appraisal of the literature were explained to support
this study.

Evidence-based practice is critical in clinical settings (MacLure et al., 2016), but
evidence must come from a reliable source (Harvey and Kitson, 2016), so a systematic
literature review approach was chosen to minimise bias during research analysis and

to ensure reliable findings (Saleh et al., 2014).

This systematic review was written with the goal of identifying the various methods of
calculating the PTV margin in patients treated to the head and neck region with VMAT
and adapting the most appropriate method for the local department with the available

resources.

Advancement in imaging technology and treatment modality has enabled a reduction
in the CTV-PTV margin, however there are other factors that influence the size of the
margin (Liang et al., 2014). According to the ICRU 83 (2010) report, PTV margins
should be determined individually for each radiotherapy centre, however this report

does not specify which method should be used.
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2B.2 Rationale for the systematic literature review

The previous section showed that there are several published methods of calculating
the PTV margin and the selected method can have an impact on the margin size (Gill
et al., 2015; Namyst-Kaletka, Tukiendorf and Wydmanski, 2015).

Certain factors also influence the size of the margin such as different anatomical
regions, frequency of imaging, immobilisation devices, treatment modality, patient
collaboration and set-up procedures (Kapanen et al., 2013; Anjanappa et al., 2017,

Djordjevic et al., 2014).

Since the PTV margin calculation influences the PTV margin result, the need to

perform a systematic literature review were:

e To determine the various methods used in research studies to calculate the
PTV margin for patients receiving VMAT in the head and neck region.
e To identify whether the studies in the review considered all the relevant factors

required to calculate the margin size with the chosen formula.

The systematic literature review findings addressed the research question presented
in chapter 1 to identify methods of calculating the PTV margin for head and neck
patients treated with VMAT and adapt the most appropriate method locally based on

local resources.
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2B.3 Methods

2B.3.1 Protocol and registration

Before commencing the systematic literature review, an online search was conducted
using The International Prospective Register of Systematic Reviews (PROSPERO) to
ensure that no similar literature review had been or was being conducted. The protocol
was then approved (registration number: CRD42020183573).

A detailed protocol, according to Moher et al. (2015), would facilitate the appraisal and
understanding of the method chosen for the review and would be able to detect any
method modifications that are required. The PRISMA checklist (Moher et al., 2019)
was used as a guideline in this study to write up the protocol for the systematic
literature review. PRISMA assists authors by requiring complete and transparent
reporting of systematic reviews and meta-analyses (Liberati et al., 2009). The
Population, Intervention, Comparison, Outcome, and Study Design (PICOS)

framework (Table 2B.1) guided this review protocol (Eldawlatly et al., 2018).

Table 2B.1. PICOS Elements for Eligibility Criteria

Population The patients receiving VMAT radiotherapy to the head and neck region
Intervention The different methods used to calculate the PTV margin

Comparison No comparison made

Outcomes Determine the various methods for calculating PTV margin and their effect

on the PTV margin result.

Study Design Quantitative studies
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2B.3.2 Eligibility criteria

The eligibility criteria for analysing the literature specifies which studies were included
and excluded from the systematic literature review (McKenzie et al., 2019). Eligibility
criteria were defined by considering the research question, the most relevant study
design, and the weakest acceptable study design (Bettany-Saltikov, 2012). The
eligibility criteria influence the applicability and validity of the review and ensure that
the chosen articles are selected in a systematic and unbiased manner (Liberati et al.,
20009).

Table 2B.2. demonstrates the inclusion and exclusion criteria used to identify studies.

Table 2B.2. Inclusion/Exclusion Criteria

Inclusion Criteria Exclusion Criteria

Studies of patients treated with VMAT

Image guidance prior delivery of

Radiotherapy

Patients treated to the head and neck

region only

PTV margin calculation Studies that do not calculate PTV margins
No age restriction

Availability of full articles

Quantitative study

Prospective or Retrospective

English language studies

The review included studies post 2007 (The rationale for excluding studies that were
published pre 2007 is that VMAT was first introduced as a treatment modality in 2007
(Teoh et al., 2011).
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2B.3.3 Information sources

Papers were sought through CINAHL, MEDLINE, PubMed, ProQuest (Nursing and
Allied Health), Scopus and tipsRO. These databases are known to contain several
articles related to health care and radiotherapy (Hummel et al., 2010; Barry and Kell,
2011; Tsang et al., 2019). Other searches were performed on Hydi which is an
institutional library search engine, and on the ScienceDirect platform. White and Grey
literature were both sought with the intent of reducing publication bias (Saleh et al.,
2014).

The literature search was done between April and December 2020. Authors that did
not have their published studies fully available for review were contacted and asked if

they could provide a full text or summary of their study.

2B.3.4 Keywords for literature search

Prior to searching for relevant literature, the validity of keywords was tested by asking
two experts in head and neck radiotherapy to rate the eligibility criteria and key-word
search strategy. One of the experts was a clinical oncologist with over ten years of
clinical experience who specialised in head and neck cancer treatment, and the other
was a senior radiographer with over five years of clinical experience who was involved

in the implementation stage of VMAT to the head and neck region.

Content validity was used to assess validity of the literature search strategy. Four
criteria were used, originally developed by Waltz and Baussel (1981), to determine the
relevance of the key words for the literature search strategy. The criteria were the
following: “Not relevant, Somewhat relevant, Quite relevant and Highly relevant”, and
each criterion was assigned a score from 1 to 4, with 4 being assigned to “Highly

relevant”. When the experts agreed on each item, content validity was established.

Each category was aimed to reach over 80% mean agreement amongst the experts
for each keyword to be included in the search strategy (Sangoseni, Hellman and Hill,
2013). There was good content validity as all the keywords were deemed highly
relevant by the experts with a 100% mean agreement. The experts suggested
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additional keywords to ensure that all relevant articles will be accessed. The
suggestions were to include the following in the search list: Supraglottis, Subglottis,

Glottis, Tongue, Sinuses, Thyroid and Lymphoma (Appendix D).

Other related terms that can be used as keywords were identified from the Medical
Subject Headings (MeSH) thesaurus (Baumann, 2016). Boolean operators were used,
such as ‘AND’ and ‘OR’ between the keywords and this allowed the combination of
words and phrases to retrieve relevant literature from databases. Inverted commas
were used on phrases to include all terms. The asterisks (*) was used next to some of
the keywords since certain terms can be written in two ways. An example of this would
be the keyword Nasophary* since the asterisk was used to look for nasopharynx and

nasopharyngeal search results.

An exhaustive search for related research and studies was done through the following

combination of keywords:

e PTV/Planning Target Volume

e Oropharyn*

e Hypopharyn*

e Nasopharyn*/Nasal cavity

e Laryn*/Supraglottis/Subglottis/Glottis

e Sinus*

e Thyroid

e Oral cavity/Mouth/Tongue

e Head and Neck

e Lymphoma

e Set-up/setup/set up

e VMAT/Volumetric-Modulated Arc Therapy/Volumetric Modulated Arc
Therapy/RapidArc Therapy

e FError/errors

An example of a search strategy that was used when searching PubMed with a full
text filter is presented in Figure 2B.1:
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Query Results

Search: (PTV OR Planning Target Volume) AND (VMAT OR 1
Volumetric-Modulated Arc Therapy OR Volumetric Modulated Arc

Therapy OR Rapid Arc Therapy) AND (set up OR setup OR set-up)

AND (error or errors) AND (Hypopharyn*) Filters: Full text, Humans,

English, from 2007 - 2020

Search: (PTV OR Planning Target Volume) AND (VMAT OR 12
Volumetric-Modulated Arc Therapy OR Volumetric Modulated Arc

Therapy OR Rapid Arc Therapy) AND (Oral cavity OR mouth OR

tongue) AND (Setup OR set-up OR set up) AND (error or errors)

Filters: Full text, Humans, English, from 2007 - 2020

Search: (PTV OR Planning Target Volume) AND VMAT OR. Volumetric- 15
Modulated Arc Therapy OR Volumetric Modulated Arc Therapy OR

Rapid Arc Therapy) AND (oropharyn®) AND (set up OR setup OR set-

up) AND (error OR errors) Filters: Full text, Humans, English, from

2007 - 2020

Search: (PTV OR Planning Target Volume) AND VMAT OR Volumetric- 28
Modulated Arc Therapy OR Volumetric Modulated Arc Therapy OR

Rapid Arc Therapy) AND (Nasopharyn® OR Nasal cavity) AND (set up

OR setup OR set-up) AND (error OR errors) Filters: Full text, Humans,

English, from 2007 - 2020

o=

Search: (PTV OR Planning Target Volume) AND (VMAT OR 12
Volumetric-Modulated Arc Therapy OR Volumetric Modulated Arc

Therapy OR Rapid Arc Therapy) AND (Laryn* OR supraglottis OR

subglottis OR glottis) AND (Setup OR set-up OR set up) AND (error

OR errors) Filters: Full text, Humans, English, from 2007 - 2020

Search: (PTV OR Planning Target Volume) AND (VMAT OR 35
Volumetric-Modulated Arc Therapy OR Volumetric Modulated Arc

Therapy OR RapidArc Therapy) AND (Head and Neck) AND (Setup

OR set-up OR set up) AND (error) Filters: Full text, Humans, English,

from 2007 - 2020

Search; (PTV OR Planning Target Volume) AND (VMAT OR 7
Volumetric-Modulated Arc Therapy OR Volumetric Modulated Arc

Therapy OR Rapid Arc Therapy) AND (Thyroid OR Sinus* OR

lymphoma) AMD (Setup OR set-up OR set up) AND (error OR errors)

Filters: Full text, Humans, English, from 2007 - 2020

Figure 2B.1. Example of the Search Strategy

2B.3.5 Selection process

As suggested by Stoll et al. (2019), a dual independent review of search results was
conducted between April and December 2020. The first part of the review was to
screen for the inclusion and exclusion of studies based on the title and abstract. The
second part of the review was performed by reading the full text of the eligible studies
selected in the first part. This process was also performed independently by the two
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reviewers. Any disagreements with regards to data suitability was identified and
resolved through discussions between the two until a consensus agreement was

reached. The studies that fulfilled the criteria were included for the systematic review.

The full texts were then reviewed, and the search for additional relevant studies was
aided by looking through the reference lists of the eligible articles, as citation text has
the potential to retrieve studies that would not have been retrieved by the keyword

search strategy (Papaioannou et al., 2010).

2B.3.6 Data collection process

Data extraction sheet

A comprehensive research database worksheet was created on Microsoft Excel to
record the relevant extracted data from the articles selected.

The following quality measurements guided by the PRISMA checklist are the key

constructs for structure and organisation purposes for the reviewed papers:

e Title and year of publication

e Geographical location where the study was performed

e Details of methods (study design, sampling procedure, length of sample follow
up, risk of bias)

e Sample number (randomly assigned, withdrawal from study or exclusion with
reason)

e Age range of the sample

e Anatomical region of the head and neck

e Prescribed dose

e Institution PTV margin

e Immobilisation

e Type of RT linear accelerator and other equipment used

e Imaging protocol (frequency, matching procedure, and type of imaging)

e Calculated PTV method (statistical analysis)

e Reason for choice of calculation method
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e PTV margin result

Pilot study

Prior to data collection, a pilot test was performed. As suggested by Long (2014), this
approach was taken to ensure that the most useful and relevant information was

extracted from the studies, avoiding the need to revisit papers at a later stage.

For the pilot study, two articles were randomly selected from the pool of studies that
fulfilled the eligibility criteria. The categories of the data extraction sheet were refined
to extract data which was related to the review question. From the pilot test, it was
noted that it would be important to add the following parameters to the data extraction

sheet:

e Specific region of head and neck under investigation
e Imaging protocol
e Type of immobilisation device/s used

e Radiotherapy prescription

These modifications did not have an impact on the study design.
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2B.3.7 Summary measures

The equation and the methods employed to calculate the PTV margin for head and

neck patients treated with VMAT were used as outcome measures.

To explain the findings of the studies, a narrative synthesis approach was used. This
approach relied primarily on the use of text to summarise and explain findings (Ryan,
2013). Relevant data from the studies were extracted and key characteristics of the

studies were recorded and presented in a tabular form.

2B.3.8 Synthesis method

While the author recognised that meta-analysis enables the combination of results of
individual studies and may answer questions that were not posed by separate studies
(Tang, Caudy and Taxman, 2013), a narrative synthesis approach was opted since
the clinical, methodological and statistical sources were too diverse to be able to

perform a meta-analysis (Snilstveit, Oliver and Vojtkova, 2012).
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2B .4 Results and discussion

2B.4.1 Study selection

PRISMA 2009 Flow Diagram
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Figure 2B.2: Prisma 2009 Flow Chart (Adapted from: Moher D, Liberati A, Tetzlaff J, Altman DG,
The PRISMA Group (2009). Preferred Reporting Items for Systematic Reviews and Meta-
Analyses).
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Using predefined sets of keywords, the search strategy aimed to maximise the amount
of literature recorded by databases and other literature sources. The use of publication

period (after 2007), full-text, and human species filters were applied.

Figure 2B.2. shows the PRISMA flow chart, where a total of 4341 articles were found
from the search strategy. These articles were exported to a reference management
software to check for duplicates. De-duplication of studies was necessary to ensure a
reliable and valid pool of studies in the systematic review (Kwon et al., 2015). De-
duplication was also beneficial for the first phase of the review, by reducing the
workload of article selection based on the title and abstract (Bramer et al., 2016). The

reference management software was able to detect and merge 2436 duplicates.

After removing duplicated articles, articles were screened for eligibility and at the end,

a total of seven relevant studies were found.
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2B.4.2 Study characteristics

A summary of the study characteristics is presented in table 2B.3

Table 2B.3. Summary of Characteristics of Studies

Author, Study Design  Head and Imaging Immobilisati PTV formula PTV margin
Year and neck region  protocol on device (errors result
Country considered)
Yin et al. Prospective Nasopharynx Daily CBCT 5-point TP VHMF Without
2013 Observational mask (inter- and CBCT
Southern Analytical and HR not intra-fraction ~ COrrection
China Cross-sectional specified errors) LR=4.1 mm
SI=3.4mm
AP =3.5 mm
With CBCT
correction
LR=1.7 mm
Sl =2.2mm
AP =2.2 mm
Oh et al. Retrospective Not Specified Daily CBCT 5-point TP VHMF LR =3.3 mm
2014 Observational mask (inter-fraction Sl =2.8 mm
South Analytical and Individual HR  errors) AP =3.7mm
Korea Cross-sectional
Anjanappa  Retrospective Nasopharynx Daily 2D KV 4-point TP VHMF Clivus level
etal., 2017 Observational imaging (KV ~ mask (inter-fraction
India Analytical and images taken HR not errors) ;II?:3420 mm
. o =3.2 mm
Cross-sectional on alternate specified AP=4.4 mm
days were
reviewed) C3 level
LR=5.0 mm
Sl =4.4mm
AP =55 mm
C6 level
LR =6.9 mm
Sl =4.4mm
AP =6.4 mm
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Norfadilah Prospective Oral cancer Daily CBCT 5-point TP VHMF HFW mouth
etal., 2017 Observational mask (inter-fraction  bite
Malaysia Analytical and Mouth Bite errors) _
Cross-sectional HR not LR =3.1 mm
ified SI=2.2mm
speciie AP = 0.8 mm
SYR
LR=3.8 mm
Sl =6.2 mm
AP=5.1 mm
Bruijnen et  Prospective Nasopharynx eNAL 5-point TP VHMF Nasopharyn
al., 2019 Observational Oropharynx mask (inter and X
Netherland  Analytical and Larynx Individual HR intra-fraction B
S Cross-sectional errors) S=2.8mm
[=2.8mm
A=28mm
P=2.8mm
Oropharynx
S=3.0mm
[=3.1mm
A=3.0mm
P =3.0mm
Larynx
S=4.0mm
| =3.6 mm
A=3.1mm
P=31mm
Combined
S=3.3mm
[=3.2mm
A=3.0mm
P =3.0mm
Deb et al. Retrospective not specified  Daily imaging TP mask with VHMF LR=5.6 mm
2019 Observational (eNAL for shoulder (inter-fraction  SI=6.1 mm
India Analytical and CBCT & retraction errors) AP =4.7mm
Cross-sectional remaining Standard HR
days with 2D
PI)
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Kukolowicz  Retrospective Nasopharynx Daily EPID 5-point TP VHMF (inter-  Prior NAL
et al., 2020 and Larynx mask fractional protocol
Observational errors)
Poland Standard HR AP =4.0 mm,
Case-control SI=6.0 mm
LR =4.0 mm

NAL
protocol

AP = 3.0 mm
Sl =2.2mm
LR =3.0 mm

N = sample number; S = Superior; | = Inferior; A = Anterior; P = Posterior; LR = Left-Right; SI = Superior-
inferior; AP = Anterior-Posterior.

C3 = Cervical Spine level 3; C6 = Cervical Spine level 6.

TP = Thermoplastic; HR = Head Rest; HFW = HeadFIX® mouthpiece; SYR = 10 ml/cc syringe barrel.

EPID = Electronic Portal Imaging Device; CBCT = Cone Beam Computed Tomography; Pl = Portal
Imaging.eNAL= Extended Non-action level protocol (imaging on first three fractions, followed with once

weekly imaging); NAL= No action level protocol (imaging on first three fractions).

VHMF = Van Herk’s Margin Formula

Table 2B.3. shows that in terms of key characteristics, there is a lot of variation
between the studies. The aims and methodologies of the studies in the review are also

heterogeneous. These inconsistencies made it difficult to compare studies.

2B.4.3 Risk of bias across studies

Study outcomes may be influenced by different research methods, and this might

introduce biases in the results (Charrois, 2015).

Risk of bias in a systematic review is minimised in a good quality study design of the
primary studies (Boutron, Ravaoud and Mohen, 2012). According to PRISMA
guidelines the eligibility of potential studies should at least be checked independently
by two reviewers in accordance with the eligibility criteria, to ensure a good inter-rater
agreement of the selected articles (Jain and Sandhya, 2016), and this procedure was
performed in this study. However, to resolve discrepancies on data searching, the

study ideally should have had a third party to resolve discrepancies through discussion
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(Eden et al., 2011). The researcher also performed a backward snowball technique,
where references of selected articles were reviewed in search for other relevant

literature to minimise selection bias of the literature (Wohlin, 2014).

Since the reviewed studies had an exclusive reliance on English-language research,
this limitation may not be a representation of all the evidential research. Therefore, the
exclusion of 46 articles based on language could have introduced a language bias
(Konno et al., 2020).

Publication bias refers to the tendency that certain studies are more likely to be
published than others since they show positive effects and would be easier to find
(Bigby, 2014; Borges de Almeida and Garcia de Goulart, 2017). Sponsorship of
studies will increase the risk for this type of bias (Wareham et al., 2017). An explicit
thorough search on databases and other literature was performed to ensure that most
data relevant to the review question was identified, however not all studies were peer-
reviewed since grey literature was also sought in this review to expand the search and

this could have an impact on this type of bias.

Several tools and methods are available to evaluate internal validity of the selected
studies (Sullivan, 2011). For this study, the Joanna Briggs Institute (JBI) critical
appraisal tools were thought to be suitable to assess individual bias in observational
studies since these tools can appraise both analytical cross-sectional studies and case
control studies (Moola et al., 2017). The JBI tools are particularly used in evaluation
of research related to health care (Ma et al., 2020) and unlike most critical appraisal
and bias tool, the JBI tool is not restricted to randomised control studies, this was
essential as none of the studies specified whether random selection of participants
was performed. These tools addressed the study design, quality, and provided an

individual assessment for bias within each study (Moola et al., 2017).

The JBI tools have been developed by the JBI and collaborators and were designed
for use in systematic reviews. Following extensive peer review, these tools were also
approved by the JBI Scientific Committee (Moola et al., 2017). They are thought to be
more sensitive to the validity of the evaluation tool when compared to others such as
the Critical Appraisal Skill Programme (CASP) tool (Hannes, Lockwood, and Pearson,
2010).
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The JBI Critical Appraisal tools for use in JBI Systematic Reviews Checklist for
Analytical Cross-Sectional Studies was concerned with the following factors in the
selected studies: clearly defined inclusion and exclusion criteria in a study, clear
description of the population of interest, confounding factors, selection bias, reliability
and validity of exposed measures and outcome measures, and statistical analysis
(Moola et al., 2017). These sources of bias can threaten the validity of the results of
the studies (Viswanathan et al., 2013). Six studies in this review were eligible for this
tool.

The Joanna Briggs Institute critical appraisal tools for use in JBI Systematic Reviews
Checklist for Case Control Studies assessed different criteria than that of the analytical
cross-sectional studies. This tool was concerned with the following: comparison of
groups, appropriate matching of cases and control, similar criteria for identifying cases
and control, reliability and validity of exposed measures and outcomes, similarity in
measurement of exposures for cases and control, confounding factors, exposure
period and statistical analysis (Moola et al., 2017). Only one study in this review was

found to be eligible for this tool.
The following were identified using the JBI Critical appraisal tools (Appendix E):

e All selected studies, except for Deb et al. study (2019), specified the inclusion
and exclusion criteria in detail.

e All studies except for Deb et al. (2019) study provided sufficient detail on
patients’ characteristics.

¢ Not all studies measured the exposure in a valid and reliable way since in some
studies inter-observer variability in image matching was not assessed, manual
image registration was not performed, and some studies failed to identify how
set-up errors were recorded.

e Selection of participants was related to both the intervention and outcomes.
Participant selection bias was present in some of the studies since there were
variation in the patient’s characteristics and, at times, lack of information on
these characteristics that have a negative effect on the validity of the results.

e Outcome measures were not always measured in a valid and reliable way.

Some of the studies measured PTV margin based on inter-fractional
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translational errors only and did not consider intra-fractional errors, rotation

factors, organ motion, and variation in target volume delineation.

e Some of the reviewed studies had a small sample size which rendered the

results to be unreliable.

Table 2B.4. Describes the outcome of the evaluated studies when using the JBI critical
appraisal tool.

Table 2B.4. Outcome of the evaluation of the studies

Study Outcome of the evaluation
Oh et al. (2014) Very strong

Bruijnen et al. (2019) Strong

Yin et al. (2013) Moderate

Norfadilah et al. (2017) Weak

Deb et al. (2019) Weak

Anjanappa et al. (2017) Moderate

Kukolowicz et al. (2020) Strong

The overall evaluation of Norfadilah et al. (2017) and Deb et al. (2019) studies was
determined to be weak using the JBI critical appraisal tool. The quality of information
obtained from the articles was insufficient to determine the validity and reliability of the
studies. Despite these studies' limitations, it was decided to keep them for further

discussion in this review.

2B.4.4 Results of synthesis

Synthesis of results is a key element in a systematic review. It is the process that pools
together the findings of the included studies in the review to draw conclusions based
on the evidence (Verbeek, Ruotsalainen and Hoving, 2012). According to the
Cochrane Consumers and Communication Review (Ryan, 2013), synthesis of data
should avoid bias by being transparent and rigorous, and the methods employed
should be justified and followed systematically. The authors also mentioned that
narrative synthesis should ideally explore patterns in the data and include an
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investigation of the differences and similarities between the findings of the studies in
the review in a systematic way, with a possible logical explanation for the results of
the included studies (Ryan, 2013).

The overall sample size of the seven reviewed studies was 217 patients, of which 60
were treated to the oral cavity, 47 to the nasopharynx, 43 to the oropharynx, 29 to the
larynx, and 30 to either the larynx or nasopharynx, with the author not specifying the

exact number of patients treated in each region.

Confounding variables

Confounding variables, which may cause confounding bias results, are one of the
factors that influence a study's internal validity (Haneuse, 2016). This type of bias can
cause an effect to be overestimated or underestimated (Skelly, Dettori and Brodt,

2012). The JBI tool was capable of detecting such bias.

Table 2B.5 shows the confounding variables and the stated strategy for dealing with
them, as stated by the authors in the selected studies related to the head and neck

region.

Table 2B.5. Confounding variables and strategies

Study

Confounding Variables

Strategy

Yin et al. (2013

Weight loss

Tumour shrinkage

Uncertainty in image
registration

Not able to adjust rotational
errors

Examined relationship
between weight loss and
set-up errors and analysed
the time trend of weight
loss.

Not specified

Not specified

Not specified

Oh et al. (2014)

Intra-fractional movement
Curved external anatomy

Loosening of fixation mask
due to weight loss or
tightening of mask due to
swelling

Not specified
Not specified

Thermoplastic mask was
remade if considerable
discrepancies occurred.
Rescanning and replanning
were performed when
necessary to reduce set-up
errors
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Anjanappa et al. (2017) Rotation Not specified
Weight loss Not specified

3. Quality of kV portal imaging 3. Not specified

and DRR imaging

4. Difficulty in imaging due to 4. Not specified

superimposition of
structures
Norfadilah et al. (2017) Nothing mentioned Not applicable
Bruijnen et al. (2019) 1. Accuracy of deformable 1. Not specified
image registration

2. Left-right motion affecting 2. Image acquisition of 10 mm

image registration was used. Study referred to
other literature that reported
that when this form of
acquisition is used, the
motion is minimal.

3. Treatment modality 3. VMAT PTV margin was
calculated by halving the
tumour shift between the
two cine MR scans

4. Persistent tumqur mo'qon 4. Not specified

over a long period of time
Deb et al. (2019) 1. Rotation 1. Not specified
2. Weight loss 2. Not specified
3. Tumour shrinkage 3. Not specified
Kukolowicz et al. (2020) 1. Rotation 1. The study mentions that it
was very seldom to
observe rotations larger
than 1 degree, therefore
the rotational factor was
negligible
2. Variation in treatment 2. Not specified
modality (VMAT and IMRT)
3. Anatomical changes not 3. Not specified

visible on portal imaging

All the selected studies listed confounding variables in their studies. Nevertheless,
there could be other confounding variables that have not been identified by the
authors, such as imaging parameters, weight loss, tumour shrinkage, variation in
treatment region, and inter-observer variation in image registrations. Strategies to deal
with confounding factors were not always mentioned in the studies and these

confounding factors could have influenced the result of the study.
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PICOS elements of studies in review

To synthesise the data, studies were compared in terms of their PICOS elements. As
the underlying questions for the studies differed, the studies were compared based on
having homogeneous PICOS elements (McKenzie et al., 2019), as shown in table
2B.6. Studies were also compared through similarity of key characteristics that have
an impact on the PTV margin calculation and result. These characteristics refer to the
type of imaging protocols, head and neck region and immobilisation devices (Merlotti
et al., 2014; Minniti et al., 2016; Winey and Bussiére, 2014; Marnouche et al., 2019).

Table 2B.6. PICOS elements of the studies

Study Population Intervention Comparative Outcome Study
Intervention Design
Yin et al. Patients treated Evaluated inter- N/A Determine the Cross-sectional,
(2013) with VMAT to the fraction and intra- set-up errors and prospective, and
Nasopharynx fraction errors appropriate PTV quantitative
margin

Patients treated Assessed set-up Compared set-up Reduce set-up Cross-sectional,

Oh et al. with VMAT to the errors and errors and calculated errors and retrospective,
(2014) Head and Neck, calculated the PTV PTV margin for optimise PTV and quantitative
Brain, Prostate, margin various tumour sites margin
Thorax and
Abdomen
Anjanappa et Patients treated Evaluated inter- Compared the Determine the Cross-sectional,
al. (2017) with VMAT or fraction set-up errors systematic error and PTV margin of the retrospective,
IMRT to the and derived the PTV random error of C3, Nasopharynx at and quantitative
Nasopharynx margin C6 and Clivus three different
levels
Norfadilah et Oral cancer Evaluated inter- Compared Determine which Cross-sectional,
al. (2017) patients receiving fraction set-up errors HeadFIX® immobilisation prospective, and
treatment with for two different mouthpiece device produces quantitative
VMAT immobilisation moulded with wax  the least set-up
devices with syringe barrel  errors
Bruijnen et  Patients treated  Quantified intra- N/A Determine Cross-sectional,
al. (2019) with IMRT and fraction motion and population based prospective, and
VMAT to the assessed set-up PTV margin quantitative
Nasopharynx errors
Oropharynx
Larynx
Deb et al. Head and neck  Assessed set-up N/A Determine the Cross-sectional,
(2019) patients treated  errors and derived optimal PTV retrospective,
with VMAT the PTV margin margin and quantitative
Kukolowicz Head and neck  Evaluated the Compared the daily Reduce treatment Case-control,
et al. (2020) patients treated  impact of NAL imaging protocol time with an both prospective
with VMAT or imaging protocol on with NAL protocol  effective set-up  and
IMRT treatment time and control retrospective,
set-up errors and guantitative
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The reviewed studies agreed in terms of certain PICOS elements. The population in
the review were all patients treated to the head and neck with VMAT. Some studies,
however, analysed both VMAT and IMRT patients, therefore for these studies there
was a variation in the treatment modality (Anjanappa et al. 2017; Bruijnen et al. 2019;
Kukolowicz et al. 2020). The treatment modality main effect was the duration of the
treatment which have an impact on intra-fraction motion. The intervention of the study
involved the calculation of PTV margin. The studies also used a quantitative and cross-
sectional design, with the exception of Kukolowicz et al. (2020) which was a case-

control study.

Variations of the reviewed studies laid on the intervention, comparison, and outcomes
of the studies. Oh et al. (2014), Anjanappa et al. (2017) and Deb et al. (2019) evaluated
set-up errors and calculated the PTV margin whilst Norfadilah et al. (2017) focused on
assessing set-up errors obtained from two sets of mouthpieces. These four studies
had similar interventions since they only considered the inter-fraction motion in the

PTV calculation, however, they varied in research outcomes.

Bruijnen et al. (2019) and Yin et al. (2013) also had similar interventions since these
authors were interested in evaluation and quantification of inter-fraction and intra-
fraction errors. These studies also had similar outcomes of determining the

appropriate PTV margin size, however, they varied in terms of imaging procedures.

Kukolowicz et al. (2020) looked at the effect of the non-action level (NAL) imaging
protocol on the PTV margin and treatment times. Due of the differences in study
design, intervention, comparative intervention, and outcomes, the results of this study

could not be compared to those of other studies.

Since they had common intervention, comparative intervention, result, and study
design, Bruijnen et al. (2019) and Yin et al. (2013) were considered to have the most
comparable PICOS elements.

PTV margin methods

One of the outcomes for data synthesis was to determine the different methods
adopted in research studies to calculate the PTV margin. Table 2B.7. demonstrates
the methods opted by the studies included in the review to calculate this margin.
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Table 2B.7. PTV margin methods

Target Intra- Set- PTV formula
Study Delineati fraction up
on errors errors
X Y. Y, PTV = 2.5V(Yinter-
Yin et al. fraction2+Zi?tra-
fraction?) + 0.7(ginter-
2013 fraction?+aintra-fraction?)
Oh et al. X X v PTV=2.53+0.70
(2014)
Anjanappa et X X Y PTV=2.52+0.70
al. (2017
Norfadilah et X X Y PTV=2.52+0.70
al. (2017)
Bruijnen et al. X v Y PTV = 2.5V(¥ motion2+Y setup?)
i 2 2
2019 +0.7"(omotionZ+asetup?)
Deb et al. X X vV PTV=2.52+0.70
(2019)
Kukolowicz et X X / PTV=2.52+0.70

al. (2020

All the studies in the review applied the van Herk formula to calculate the PTV margin.

Bruijnen et al. (2019) and Yin et al. (2013) considered intra-fractional motion as well

as set-up errors to calculate the margin. The other studies (Oh et al., 2014; Anjanappa
etal., 2017; Norfadilah et al., 2017; Deb et al., 2019; Kukolowicz et al., 2020) evaluated

just the set-up errors to derive the margins. None of the studies considered target

delineation as part of the margin recipe.

Not all studies took rotational errors into account when calculating set-up errors. The

rotational factor was not considered in Anjanappa et al. (2017) study since the review
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made use of 2D KV planar imaging. Bruijnen et al. (2019) and Deb et al. (2019) made
use of 3D imaging with the use of CBCT, however they also failed to account for

rotational errors.

PTV marqin results

Figure 2B.3 shows the variation in the PTV margin results from the studies in the
review. The bar graph shows that the maximum margin result was obtained in
Anjanappa et al. (2017) study whilst the minimum PTV margin result obtained was that
of Yin et al. (2013) study.

PTV margin result
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Figure 2B.3: PTV Margin Result

The mean result of the PTV margin size in the LR, SI and AP dimensions from the
seven studies was 3.87 mm, 3.58 mm, and 3.91 mm, respectively, and the SD for the
PTV margin in the three axes was: LR=1.48 mm, Sl = 1.61 mm, AP = 1.59 mm. The
SD in the LR direction was the smallest, but it is worth noting that Bruijnen et al. (2019)
did not measure the margin in the LR direction. The mean margin size and SD in the

LR, SI, and AP directions of the studies reviewed are comparable.
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PTV margin was calculated by Anjanappa et al. (2017) at the clivus, C3, and C6 levels.
The C6 level had the highest PTV margin result, with a value of 6.9 mm in the LR

dimension, 4.4 mm in the Sl dimension, and 6.4 mm in the AP dimension.

Yin et al's. (2013) calculated the PTV margin for patients treated to the nasopharynx
with CBCT correction to be: LR = 1.7 mm, Sl = 2.2 mm, and AP = 2.2 mm. The margin
size is significantly smaller when compared to the other studies in the review, but this
margin was calculated using data obtained after CBCT correction. This margin was
only appropriate if the daily imaging protocol was followed. Prior to CBCT correction,
the PTV margin with inter- and intra-fraction errors was 4.1 mm, 3.4 mm, and 5.5 mm

in the LR, SI, and AP directions, respectively.

Inter-fraction errors

Figure 2B.4. presents the population systematic set-up errors obtained by the studies

in the review.

Population Systematic Set-up Errors (mm)
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Figure 2B.4: Population Systematic Errors

The calculated SD of the population systematic errors of the reviewed studies were
0.4 mm, 0.5 mm, and 0.5 mm in the LR, SI, and AP direction, respectively. These
values indicate that the reviewed studies obtained similar results for population
systematic errors. The highest value of population systematic error was obtained in
Anjanappa et al. (2017) study with a value of 2.3 mm in the LR direction.
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Figure 2B.5. presents the population random set-up errors in all the reviewed studies.

Population Random Set-up Errors (mm)
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Figure 2B.5: Population Random Errors

The SD for the population random errors in the reviewed studies was slightly higher
than that of the population systematic errors, with values of 0.6 mm in the LR, Sl and
AP direction.

Intra-fraction errors

According to Bruijnen et al. (2019), the population systematic intra-fraction errors were
0.9 mm and 0.7 mm in the superior and inferior directions, respectively, and 0.6 mm
in both the anterior and posterior directions. The population random errors for motion
were 0.8 mm and 0.7 mm, respectively, in the superior and inferior directions, and 0.5

mm in both the anterior and posterior directions. When the authors incorporated the
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tumour motion to the margin recipe, the CTV to PTV margin expanded with, “0.2 mm
for nasopharyngeal tumours, with 0.6 mm for oropharyngeal tumours and with 1.7 mm

for laryngeal tumours”, (Bruijnen et al., 2019, p.87).

In the study by Yin et al. (2013), the population random errors varied from 0.5 mm to
0.6 mm and the intra-fraction population systematic errors ranged from 0.2 mmto 0.4

mm.

Rotational errors

Oh et al. (2014) study compared rotational errors in different anatomical regions and
the rotational distribution was comparable for all the anatomical sites with the prostate
area having the least rotational errors. The rotational errors for head and neck region
were small since all the patients had rotational errors below 3°. Since the department
had a 4° freedom couch, the yaw rotational set-up errors could have been corrected.
Pitch and roll rotational set-up errors could not be corrected due to the couch limitation.
In Norfadilah et al. (2017) study, rotational errors were compared and calculated for
the two tongue immobilisation devices. Average rotational errors results were that of
0.00°+0.65° and 0.34°+0.59°, respectively for HFW and SYR. In Yin et al. (2013) study,
the number of fractions that exceeded 2° for pitch, roll and yaw, respectively where 1
(1.1%), 0 (0.0%) and 0 (0.0%), and intra-fraction random errors were significantly
smaller than inter-fraction rotation errors. Kukolowicz et al. (2020) also reported a low
find in rotational errors with rotations larger than one degree seldom observed,
therefore these errors were not analysed. In this study 2D imaging was performed,
therefore this limits rotational results from multiple perspective since one cannot view
the third dimension (Hayer et al., 2011).
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2B.5 Discussion

2B.5.1 Summary of evidence

The data were analysed for trends and patterns in the method and results obtained

from the studies in the review.

Based on the data collected, only seven studies were found to report patients receiving
treatment to the head and neck region using VMAT. This low find in studies is in
accordance with a report issued by the European Society Radiation Oncology
(ESTRO), where IMRT was the most reported treatment modality for patients being
treated to the head and neck region (48.5%), followed by 3D conformal radiotherapy
(27.9%). VMAT procedures were reported to be less common (21.2%), whilst the least

common modality was the 2D technique (Leech et al., 2017).

All the patients in the reviewed studies were treated to the head and neck region using
VMAT and had their PTV margin calculated.

PTV marqgin equations

In radiotherapy, the procedure used to calculate the PTV margin is a point of
contention. The van Herk formula is a commonly used technique for calculating PTV
margins, and it was used in all seven studies, however there was no explanation for

why the formula was chosen.

Namyst-Kaletka, Tukiendorf and Wydmanski (2015) used three formulas to determine
PTV margin outcomes for gastric cancer patients based on set-up errors: Van Herk,
Stroom, and ICRU. The margin results were: 9 mm, 7 mm and 6 mm in the LR
direction, 16 mm, 14 mm, and 11 mm in the Sl direction as well as 8 mm, 7 mm, and
5 mm in AP direction, respectively for Van Herk, Stroom and ICRU 62 formula. This
means that PTV margin results vary depending on the PTV margin formula used. The
report did not specify the best method to calculate the margin however the study
ultimately chose the van Herk formula since the percentage of shifts beyond the
specified margin was the lowest when using this formula (Namyst-Kaletka, Tukiendorf
and Wydmanski, 2015).
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Since the Van Herk Margin Formula (VHMF) eliminates tumour shape variance and
rotational errors, it can be used as a lower limit for safely delivering radiotherapy (Van
Herk et al., 2000). The CTV is spherical in shape, the tissue is homogeneous, the
conformal beam penumbra is infinite, and the number of fractions is infinite, according
to this formula (Witte et al, 2017; Yoda, 2017). The formula also ensures that 90% of
patients receive at least 95% of the recommended dose in the CTV (Van Herk et al.,
2000). As a result, the van Herk Formula appears to be adequate for calculating PTV

margin in patients with head and neck cancer.

PTV marqin size

The PTV margin results of all the studies in the review vary, confirming the need for

departments to calculate their own specific PTV margin.

There was a large discrepancy in margin size for Anjanappa et al. (2017) and Yin et
al. (2013). Both these studies evaluated patients who were treated to the
nasopharyngeal region, however they varied in the use of imaging modality, outcomes,
and interventions. Yin et al. (2013) assessed intra-fraction errors as well as set-up
errors, whilst Anjanappa et al. (2017) evaluated just the inter-fraction errors to
determine the PTV margin result. Intra-fractional errors tend to generate a greater PTV
margin (Cacicedo et al., 2015), but the analysis that did not test intra-fraction errors
had the smallest PTV margin of the two. The imaging modalities may be to blame for
the difference in the margin result. The chosen modality has an impact on the observed
set-up errors. CBCT allows for better observation of the region of interest, therefore it
should be chosen modality. The CTV-PTV margins can be reduced if CBCT is used
(Martins, Couto and Barbosa, 2016).

The effect of regular imaging on margin size was demonstrated in the study by Yin et
al. (2013). Since the margin size was calculated based on the set-up errors obtained
after CBCT correction, the resulting margin size for nasopharyngeal patients with
CBCT correction was small in comparison to other studies in the review. Gupta et al.
(2018) conducted a study to determine the effect of imaging frequency on PTV margin
size in prostate cancer patients. This study discovered that as the frequency of image

guidance decreased, the mean systematic error and SD of systematic error increased,
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implying that the PTV margin would need to be increased as well to ensure adequate
coverage of the CTV. Results revealed that for every 15% reduction in image

guidance, a 5% increase of geographical miss could occur (Gupta et al., 2018).

Kukolowicz et al. (2020) evaluated the non-action level (NAL) procedure for patients
receiving care in the head and neck area to see how effective it was at minimising set-
up errors. In this study, daily online correction was found to be slightly superior to the
NAL protocol. However, because rotational errors and anatomical changes were not
visible on portal images, the study was unable to analyse and quantify them. According
to Marnouche et al. (2019), daily online image matching was the advised image
registration protocol for patients treated with tight PTV margins such as IMRT and
VMAT as all set-up corrections will be adjusted daily prior treatment. Daily online
CBCT usage was also justified in Oh et al. (2014) study by stating that the procedure
were used to verify set-up positioning, location of the target, and assessing tumour
shrinkage. Therefore, it is evident that daily imaging should be employed for tighter

PTV margins.

According to Anjanappa et al. (2017), the lower neck region necessitates a larger
margin in the AP and LR directions. Another study, conducted by Cheo et al. (2015),
confirmed this statement by evaluating set-up errors at different levels of the neck. The
largest displacement was noted in the LR direction at the C7 level of the neck, as the
PTV margin prior to CBCT correction was found to be 6.52 mm. The PTV margin value
in the AP and Sl directions was discovered to be 2.72 mm and 4.70 mm, respectively.
According to this analysis, the largest error in the Sl direction was more common in
upper regions of the neck. Cheo et al. (2015) study also found that the mean 3D
displacement prior correction was mostly prominent in the C7 level when compared
with the clivus and C4 levels. In the reviewed studies there were insufficient data to
confirm these statements as the LR margin was not measured in the larynx and
oropharynx. With missing data and variation in the quality evaluation of the studies,
analysis of PTV margins in the three axes for different head and neck regions were

not possible.

The most similar PTV margin results obtained were those by Oh et al. (2014) and
Kukolowicz et al. (2020) (post NAL protocol) since these studies obtained a margin

which varied with each other by a few millimetres. These studies, however varied in
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imaging procedures, immobilisation devices and outcomes. Therefore, the reason for

the correlation in findings is unknown.

Inter-fraction errors

According to Goyal and Kataria (2014), treatment to head and neck experience the
least set-up errors when compared to other anatomical sites. The use of effective
immobilisation devices such as the 5-point thermoplastic (TP) mask aid in minimising
set-up uncertainties (Mandair et al., 2018).

In the reviewed studies that assessed both intra- and inter-fraction errors (Yin et al.,
2013; Bruijnen et al., 2019), inter-fraction errors results were more than intra-fraction
errors, and this indicates that the immobilisation devices were more effective in

maintain the set-up position of the patient rather than reproducing it.

According to ICRU 62 (1999) report, numerous authors base their margin calculations
on systematic and random errors. This is still evident in the reviewed studies as all
studies measured the systematic and random errors to derive the PTV margin. The
variation in the margin calculation laid solely on whether intra-fraction errors were
being analysed. All the studies in the review assessed inter-fraction errors from the

set-up errors obtained from the imaging software.

With daily imaging, the population systematic and random errors are corrected prior
treatment, however in studies where daily imaging was not performed, random errors

could not be compensated on the radiotherapy fractions without image guidance.

Deb et al. (2019) obtained the highest population random errors, and because ten
CBCT images were performed for each patient in this study, there were days when
the random errors could not be compensated for. When compared to the other studies

in the review, the PTV margin was larger due to the population random errors.

Image guided radiation therapy, according to Van Kranen et al. (2013), allows
adjustments of patient set-up errors by correcting such errors with an opposite shift of
the treatment couch. The majority of the seven studies included in the review used on-
line imaging verification, in which image acquisition, verification, and correction were

performed prior to treatment delivery, with the goal of reducing random and systematic

65



errors. Off-line imaging was only performed in Kukolowicz et al. (2020) study. With off-
line imaging, random errors cannot be corrected since the images would be verified
after treatment delivery, and the aim would be to adjust for systematic errors (Goyal
and Kataria, 2014).

Intra-fraction errors

In comparison to other areas, such as the gastrointestinal region and genitourinary
sites, the head and neck region is thought to have the least amount of internal organ
motion (Lu et al., 2012). Even though it is a region with low organ motion, swallowing

during treatment may have an impact on treatment delivery (Merlotti et al., 2014).

Yin et al. (2013) and Bruijnen et al. (2019) managed to assess intra-fraction errors.
Intra-fraction errors are random and are related to patient movement and internal
organ motion during treatment (Michalski et al., 2012). As stated by Yin et al. (2013),
longer treatment times are at a higher risk of intra-fraction motion. Few studies have
assessed intra-fraction results for VMAT treatment and therefore the need to calculate
this type of error was raised in Yin et al. (2013) study, since the treatment duration of
VMAT is shorter when compared to other treatment modalities such as IMRT. This
study obtained values for intra-fraction errors from CBCT imaging performed after
treatment, while Bruijnen et al. (2019) assess organ motion and intra-fraction errors
from 2D cine MRI and deformable image registration.

Bruijnen et al. (2019) was interested in investigating the contribution of respiratory
tumour motion, tumour motion due to swallowing, tongue motion, and treatment set-
up errors on the population based PTV margin. According to Bruijnen et al. (2019),
intra-fraction movements should be quantified to determine margins based on a
specific population, or personalised margins to account for internal motion. The results
showed that in the head and neck region the maximum tumour motion is mostly
pronounced in the larynx (Bruijnen et al., 2019). These results are comparable to a
study performed by Gurney-Champion et al. (2018) where the authors assessed intra-
fractional tumour motion from magnetic resonance imaging data of patients treated to
the head and neck region and found that tumour motion was significantly larger for

tumours in the larynx and hypopharynx than for tumours in the oropharynx (Gurney-
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Champion et al., 2018). Bruijnen et al. (2019) however assessed tumour motion prior
the radiotherapy treatment delivery, therefore dysphagia, which is a common side-
effect in patients receiving treatment to larynx and oropharynx, was not taken into
consideration. This limitation was recognised by the authors by mentioning that tumour
motion over a period is unclear since incidence of tumour motion could vary over the
course of treatment. In fact, it was found that laryngeal elevation is reduced in patients
receiving radiotherapy to the head and neck region, and this is attributed to deficits in
the posterior muscular sling (Pearson et al., 2016). Other limitations in Bruijnen et al.
(2019) study was that the LR motion was not assessed, and tumour motion was

processed as a linear trend.

In Yin et al. (2013) study, intra-fraction motion was assessed by acquiring a CBCT
prior to treatment to calculate the initial inter-fraction errors. Post-correction CBCT was
then taken to calculate the residual errors. A final CBCT was taken after treatment and
the difference between the post-treatment (final) CBCT and post-correction CBCT was
used to calculate the intra-fraction errors. The sample in Yin et al. (2013) study
consisted of patients receiving treatment to the nasopharynx. Organ motion in Yin et
al. (2013) study was not assessed, instead intra-fraction errors were based on patient

motion during treatment.

Intra-fraction systematic errors, according to Duan et al. (2020), increases with time.
In contrast, the findings of Yin et al. (2013) revealed that there was no significant
relationship between intra-fraction errors and treatment delivery time. Yin et al. (2013)
justified the obtained result by stating that there was limited data available for analysis
and that they were unable to obtain statistically significant results due to the narrow
range of treatment time (5.6 — 9.4 min).

Target volume delineation

According to Jameson et al. (2010), the most significant contributor to uncertainty in

radiation treatment planning is inter-observer variability in anatomical contouring.

Delineation of the target volume is known for its geometric uncertainty since the

procedure relies on the clinical ability of individual doctors, and this task can lead to
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inter-observer variability, especially when the differentiation of the tumour from
unaffected regions cannot be easily distinguished. Also, accuracy in target delineation

is dependent on the quality of the imaging data (Apolle et al., 2019).

According to Stroom et al. (2014) and Suzuki et al. (2012) calculation of the PTV
margin should ideally include an assessment of variation in target volume delineation,
however none of the studies in the review evaluated this observer variation. In fact,
Vinod et al. (2016) published a systematic review on inter-observer variation in volume
delineation and this study discovered that the inter-observer factor in volume
delineation is commonly ignored in studies that investigated PTV margin calculation.
They identified 119 papers on target volume delineation uncertainties and all these
studies showed the presence of variability between observers when it came to target
volume delineation. According to Segedin and Petric (2016), one of the largest inter-
observer variabilities in target delineation is that of oropharyngeal cancer. If one
assumes that target delineation, organ motion and set-up errors are independent of
each with a Gaussian distribution, the systematic and random errors of the mentioned
factors can be combined in a quadratic sum to derive a PTV margin (Kalyankuppam
Selvaraj, 2013).

Rotational errors

Even though rotational errors were not considered in van Herk’s formula, four studies
in the review assessed this error. According to Chang (2017), rotational errors should
not be ignored in high precision treatments such as Stereotactic Radiotherapy,
especially when there is a large distance between the isocentre and the target. These
types of errors might cause dosimetric inaccuracies during clinical treatment and in
most clinical departments are not corrected due to couch limitations (Zhang et al.,
2013).

In the four studies that assessed rotational errors, the results all came out that
rotational errors in the head and neck region were minimal. The magnitude of impact
for rotational errors, however depends on the location of structures from the plan

isocentre, and failure to correct patient’s rotational error may lead to underdosing of

68



the target volume and unnecessary dosage to the surrounding critical structures

(Arumugam et al., 2013).

2B.5.2 Limitations of the systematic literature review

One of the limitations of the study was the limited number of studies found (seven
studies) after applying the inclusion and exclusion criteria. The small sample size limits

the generalisability of this literature review.

There was lack of data regarding PTV margin calculation in head and neck. Also, some
studies had a weak quality evaluation when evaluated with the Joanna Briggs Institute
tool, therefore some of the studies were not considered to be reliable in terms of

outcomes measures and statistical analysis.

The systematic review depended on pre-existing data and therefore the results from
the data analysis relied on the methodology of the studies in the review. Relying on
pre-existing data could introduce a self-reported data bias (Althubaiti, 2016). The
studies were also subjected to confounding variables which could have had an impact

on the outcome of the results.

The systematic literature review was susceptible to reporting bias since the study was
limited to English language studies and this limitation resulted in language bias as
other studies which were published in other languages were excluded. Another
reporting bias was that of location bias since access to data was limited as the
researcher was not able to go through all the resources related to health sciences due
to a limitation in time and resources, however performing a dual-independent research

design aided in expanding the search (Kirkham et al., 2010).

There was heterogeneity regarding the key characteristics and methodology design of

the reviewed studies, therefore this limited comparison of study results.

69



2B.5.3. Strengths of the systematic literature review

This review represents a complete assessment of studies that calculated PTV margin
on patients treated with VMAT to the head and neck region. It was able to identify gaps
in existing literature that are related to determining the different methods that are used
to calculate the PTV margin in the head and neck region and to identify factors that
need to be considered when calculating the margin. It was opted to minimise bias

during research analysis, and to ensure reliable findings.

An exhaustive search of the literature was done by two reviewers who analysed the
literature independently using an appropriate number of sources that are reliable. A
critical appraisal of the literature was done to evaluate the quality of the studies in the

review.

The clinical implications of the study were to include the evaluation of inter-fraction
motion, intra-fraction motion and target volume delineation in the margin calculation
using the van Herk Formula. Based also on the systematic literature review, clinical
departments should ideally opt for daily imaging as this appears to have a huge impact

on the margin size.

70



2B.5.4. Conclusion of the systematic literature review

All the studies used the van Herk formula to measure the PTV margin and none of the
reviewed studies made use of any other formulas. In view of this finding, it was
concluded that formula appears to be acceptable for calculating the PTV margin for

VMAT treatment for the head and neck region.

All the reviewed studies assessed inter-fraction errors from set-up errors recorded
from the imaging software by considering the translational errors. The SD for the
population random errors was found to be slightly higher than that of the population
systematic errors. The systematic and random errors of set-up rotational errors were

considered in some studies but were not utilised for the calculation of the PTV margin.

PTV margins obtained by the reviewed studies may be underestimated because
systematic errors from target volume delineation were not considered, and not all
studies assessed intra-fraction errors. It is recommended that further research is
conducted with the scope of determining the effect of target volume variance on PTV
margins for head and neck patients treated with VMAT. It is also recommended that a

comparison of PTV margin results from different formulas is undertaken.

This systematic literature review served as a guide to develop the methodology for this
study. Since different anatomical sites, imaging protocols, immobilisation devices, and
treatment modalities may affect the PTV margin size (Kapanen et al., 2013; Djordjevic
et al., 2014; Anjanappa et al., 2017), the methodology of this study was tailored to a
single anatomical site of the head and neck region (the larynx), with patients
undergoing treatment using the same immobilisation devices and all receiving VMAT.
From the results obtained in the reviewed studies there is an indication that tumours
located in the laryngeal region were found to be more susceptible to motion when
compared to those found in the oropharyngeal and nasopharyngeal regions,

demonstrating the significance of quantifying organ motion in the methodology section.
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Chapter 3

Methodology



3.1 Introduction

This chapter discusses the data collection and analysis procedures that were used for
this study. It presents a detailed description and justification of the study's design and
provides a well-documented outline and discussion of the methods used, allowing any
other researcher to replicate the study and test its viability. Study's limitations and

ethical issues were also discussed.

To measure the PTV margin, the van Herk formula was used, and the following errors
were considered in this study:

- target volume delineation variation

- intra-fraction motion errors

- total inter-fraction errors (set-up errors and organ motion)

- inter-observer variation in image matching

3.2 Research design

The study used a prospective and quantitative research approach. The research
design was non-experimental and cross-sectional since there was no researcher
intervention with the data, and the association of the outcomes, in this case exposures
of the population, were measured and analysed in the natural setting of the population
(Setia, 2016). Furthermore, this study may also be termed as insider research since
the study was conducted in the researcher’s organisation, therefore, the researcher
was considered an insider. The researcher’s role had to be balanced with the normal
functional role held in the organisation and that of a researcher (Brydon-Miller and
Coghlan, 2014). These two roles were kept separate through the use of intermediary

persons during data collection.

Insider research provides a unique perspective on system's history and culture
because it is conducted from the inside, and this allows for a depth of understanding
and interpretation of data (Holian and Coghlan, 2012). Fleming (2018) identified other

benefits of conducting insider research, such as access to inside knowledge, having
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a pre-existing understanding that aid in data analysis and interpretation, and a
generated knowledge that was intended to be relevant to the researcher's own
practice. The challenge of this research design was to be able to choose when to
consider oneself as a researcher and as a staff member working in the local oncology
hospital. Another challenge with this type of research was the risk of disregarding
certain issues in the study that an outsider would be able to perceive as important
(Saidin and Khaliza, 2017).

In prospective studies, the outcome has not occurred, and the data are created after
the start of the study (Ranganathan and Aggarwal, 2018). Prospective studies, as
opposed to retrospective studies, allow for the tailoring of data collection to the data
required to achieve the goals and are thought to be less susceptible to information
bias (Taylor and Francis, 2013). This study required a once-weekly post-treatment
CBCT to measure intra-fraction errors, and these data were not available

retrospectively, therefore data was collected prospectively.

Data were analysed quantitatively using both descriptive and inferential statistics, with
the results of the study being generalised to the population (Muijs, 2011).

The following sources of errors were included in the calculation of the PTV margin:

variance in target volume delineation

total inter-fraction errors (set-up and organ motion)

intra-fraction errors

variation in image matching

The van Herk formula was used to calculate the PTV margin size since this is an
adequate formula to achieve this study’s goals based on the literature review
presented in Chapter 2. This is also supported by the systematic literature review
evaluating the different methods to calculate PTV margins in head and neck cancer

patients undergoing VMAT published by this research team?.

LCaruana, K., Refalo, N., Spiteri, D., Couto, J. G., Zarb, F., & Bezzina, P. (2021). PTV margin calculation
for head and neck patients treated with VMAT: A systematic literature review. Journal of Radiotherapy
in Practice, 1-8. d0i:10.1017/S1460396921000546
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3.3 Population, sampling and recruitment procedure

There were three different populations included in this study:
1. Patients receiving VMAT to the laryngeal region. Their images were used to
measure errors and variations.
2. Radiographers performing image verification for measurement of inter, intra-
fraction errors, and inter-observer variation in image matching.
3. Oncologists and HSTs who were responsible for contouring CTVs for the

measurement of target volume delineation errors.

3.3.1. Patients receiving VMAT to the laryngeal region

Patient target population

The whole extent of subjects to whom generalisation of results could be acted upon

constitutes the “target population” (Banerjee and Chaudhury, 2010).

The patients’ target population referred to all patients who needed to be treated with

VMAT for cancer of the larynx at a local hospital.
The inclusion and exclusion criteria for the patients’ population are detailed in table

3.1. There were no restrictions regarding gender or other therapies and all patients

irrespective of their age were included in the population.
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Table 3.1. Inclusion and Exclusion Criteria for Participating Patients

Inclusion Criteria Exclusion Criteria

Treatment planned with VMAT.
Treatment planned to the laryngeal region that
was taken to include supraglottis, glottis,

subglottis (Suarez-Quintanill, Fernandez

Cabrera and Sharma, 2020).

Radical (curative) treatment.

Daily online CBCT imaging through the Elekta®

XVI software.
Patients under eighteen years of age since the
disease is very rarely seen in this excluded age
group.

Patients treated supine and immobilised using an

Orfit 5-point thermoplastic mask.

Ability to provide written informed consent to

participate in the study.
Patients who did not complete their prescribed

course of treatment.

Description of the accessible patients

The accessible population refers to all available patients treated with VMAT for cancer
of the larynx at the local oncology hospital during the data collection period between
June 2021 and May 2022 and who met the inclusion criteria. The target was a
minimum of twenty patients, as recommended by The Royal College of Radiologists
(2021) when determining the PTV margin size.
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Patients’ treatments were planned on either one of the two Elekta Versa HD™
available in the department with the dose outputs calibrated in the same way through

guality assurance tests.

Patients’ recruitment

A radiographer working in the local oncology hospital, acting as an intermediary
person, accessed the Mosaiq Elekta® Care Management software to identify patients
who fulfilled the inclusion criteria. The intermediary radiographer was responsible for
providing information letters, approaching potential participants and inviting them to
take part in the study as well as obtaining informed consent. This procedure was
followed to protect participants’ anonymity; it helped to prevent participants from
feeling compelled to participate in the study if approached by the researcher (Fleming,
2018). The intermediary radiographer needed to recruit a minimum of twenty patients
who received treatment during the data collection period and met the study’s inclusion
criteria, because smaller sample sizes could lead to large inaccuracies in the

population systematic error results (The Royal College of Radiologists, 2021).

Patient sampling

Appropriate sampling is critical to ensure the external validity of the study findings
(McEwan, 2020). Exhaustive sampling was used whereby all the accessible
population was invited to participate in the study. Exhaustive sampling is time
consuming because the searches frequently return very large data sets that are
impractical to screen (Benoot, Hannes, and Bilsen, 2016), however, for this study, this
was not the case as treatment to the larynx was not frequent in the local settings;

therefore, the data were manageable.

To ensure that the sample size was adequate, the sample power was estimated (Table
3.2.). The type-I error was set to be 0.05, indicating a 5% chance that a significant
difference is due to chance and not a true difference. This is the most common a level
used by quantitative studies (Serdar et al., 2021). The power value, that is the ability
to detect a difference between groups, was set to be 0.9. With these pre-determined
parameters, the type-Il error was measured to be 0.1, indicating a beta cut-off of 10%
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that demonstrates the chance that a significant difference is missed. These values are
consistent with Serdar et al. (2021) recommendation for a sufficient sample size that

achieves a Type | error as low as 0.05 or 0.01 and a power as high as 0.8 or 0.9.

Table 3.2. Sample Calculation

Study Parameters

Mean, population (number of patients 60
performed from the year 2018 when head and
neck VMAT in the Radio Therapy department
was introduced until 2021)

Mean, study group 20
Alpha 0.05

Beta 0.1

Power 0.9

Calculated from: S.P. Kane, 2019.
Sample Size Calculator. ClinCalc.com https://clincalc.com/stats/samplesize.aspx

3.3.2 Radiographers performing image verification

Radiographers’ target population

Another category of participants included in this study were radiographers. The
radiographers’ target population consisted of six individuals working on the Elekta
Versa HD™ linear accelerator which was specific to head and neck patients’
treatment. Inclusion and exclusion criteria for participating radiographers are

presented in table 3.3.
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Table 3.3. Inclusion and Exclusion Criteria for Participating Radiographers

Inclusion Criteria Exclusion Criteria

Trained in image matching on XVI — able to use

clip-box and mask registration

Two to seven years of clinical experience in the

local oncology hospital

Work on the head and neck treatment unit

Available during the data collection period and

willing to participate in the study

Radiographers who did not treat the participating
patients

Radiographers’ accessible population

The whole target population was accessible to the researcher, consisting of six

radiographers who fit the inclusion criteria.

Radiographers’ recruitment and sampling

An exhaustive sample of six radiographers was selected by the intermediary
radiographer based on availability and different levels of experience in image

matching.
The participants were asked to participate in procedures that enable assessment of

inter- and intra-fraction errors, inter-observer variability in image matching errors and

reliability assessments.
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3.3.3 Clinical oncologists and HSTs contouring CTV margins

Clinical oncologists and HSTs target population

The third set of participants consisted of six doctors - three clinical oncologists and
three higher specialists’ trainees (HSTs). The participating doctors all worked in the
radiotherapy department and were responsible for the CTV delineation of the target

volume for patients receiving treatment to the larynx with VMAT.

The inclusion criteria required doctors to be trained in target delineation of head and
neck tumours. Participants who could not adhere and/or complete the analysis were

excluded from the study

Clinical Oncologists and HSTs accessible population

The accessible population was the same as that of the target population since it

consisted of six doctors who worked in the local oncology hospital.

Sample and recruitment of participating HSTs and clinical oncologists

An exhaustive sample technique was used to recruit the HSTs and clinical oncologists
for participation in this study. The sample size included all who met the inclusion

criteria.

The participants were asked to delineate the target volumes from their clinical

experience to assess inter-observer variation in target volume delineation.
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3.4 Local oncology department procedures

Radiotherapy treatment prescription

The recommended prescribed dose according to the local clinical protocol for
hypofractionated radical radiotherapy treatment for small volume glottis carcinomas
(T1 and T2) was 5500 cGy in 20 daily fractions over 4 weeks. A prescribed dose of
7200 cGy in 60 fractions, 2 daily fractions over 6 weeks was also sometimes used
based on the oncologists’ clinical evaluation (Sir Anthony Mamo Oncology Centre,
2020).

Target volume delineation

There was no local departmental protocol for head and neck target delineation before
and during the data collection period. The procedure applied at the hospital was based
on published contouring guidelines such as eContour (Panjwani et al., 2019) and
RTOG contouring atlas (Le et al., 2022), and training of doctors in the delineation of
the target volume by senior doctors. The procedure was done once and was not
counter-checked by another specialist unless the delineation was done by a clinical
oncologist trainee, in which case it was done under the supervision of a specialist as
required by the local protocol (Sir Anthony Mamo Oncology Centre, 2020). As a
standard procedure, the whole larynx was usually contoured if the patient was
receiving VMAT treatment to the larynx. Contouring was done using the Monaco® HD
Treatment Planning system (TPS) (version 5.51). For patients treated with VMAT for
laryngeal cancer, the standard PTV margin was 5 mm, with daily online CBCT image
verification (Sir Anthony Mamo Oncology Centre, 2020).

Diagnostic CT with contrast enhancement was utilised in the local department to aid

doctors in target delineation. In several cases, MRI and/or PET CT were occasionally

used to enhance the CT plan for contouring.
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Set-up procedure

Patients receiving treatment for larynx cancer were positioned supine, with a 5-point
thermoplastic mask that immobilises the head, neck and shoulders. Three marks were
placed on the thermoplastic mask during the CT scan planning procedure to identify
the scan reference point. Alignment marks were also drawn on the masks to ensure
that the patient was aligned straight on the treatment couch. As part of the CT planning
procedure, to reduce organ motion, patients were asked to try and limit swallowing
during the CT scan to avoid introducing a systematic error during this stage (Bahig et
al., 2021).

Image-guided procedure

Image guidance was obtained from kV CBCT scans using the Elekta Medical Systems
linear accelerator (Elekta Versa HD). The image acquisition parameters were
according to the head and neck XVI protocol as follows: bow-tie filter, f1; collimator
size, S20; gantry speed, 180°/minute; gantry rotation, -255° — 100° (Sir Anthony
Mamo Oncology Centre, 2020). Figure 3.1 shows an example of a CBCT image of a

patient treated to the head and neck region.
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Figure 3.1: An Example of a CBCT Image of a Patient Treated to the Head and Neck Region
(Ingrosso et al.,2012)
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The matching protocol for CBCT imaging enabled the correction of inter-fractional
errors. The clip-box was defined around the thyroid cartilage, vertebral bodies, and a
portion of the cranium to encompass the volume of interest. Daily CBCTs were taken
before the treatment and were matched using the Elekta® XVI software. The
acquisition procedure took around two minutes. The radiographers working on the
treatment unit performed online image verification using the XVI software’s automatic
match registration with the bone value T&R (Translation & Rotation) registration.
Manual corrections of CBCTs were performed by the radiographers when necessary.

The CBCT was matched with the CT planning scan in three different planes: sagittal,
coronal and transverse. As part of the routine procedure of the department, if inter-
fraction set-up errors exceeded 2mm in any directional axis of the translation vector,
radiographers on the treatment unit performed online corrections by shifting the
treatment couch to the correct position. Patients were repositioned when translational
set-up errors exceeded 1 cm and errors were not a systematic trend. When rotational
errors exceeded 3°, radiographers were recommended to reposition the patient. The
local department protocol required that in such cases, another CBCT scan would need
to be acquired to verify the correction prior to the delivery of treatment (Sir Anthony

Mamo Oncology Centre, 2020).
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3.5 Data gathering tools

The following tools were used to collect the data necessary to measure the errors and

variations to calculate the CTV-PTV margins.

The four tools were used to collect data to measure the following:

target volume delineation variation

intra-fraction motion errors

total inter-fraction errors (set-up errors and organ motion)

inter-observer variation in image matching

and these are discussed below.

Appendix C - Part i and Part ii contain the data collection tools used for this study.
Part i contains the data collection tools used by the participating doctors and
radiographers to record measures, whereas Part ii contains the data collection tools

used for data analysis.

3.5.1 Data gathering tool for target volume delineation variation

The researcher, with the aid of the intermediary radiographer (who was responsible
for anonymising the data by assigning a patient study number), prepared a data
information sheet for doctors with information pertaining to the patients’ diagnosis,
clinical history, and tumour staging. This patient information data were provided to aid
the participating doctors during the delineation of the CTV. An example of the patient
information data given to the participants (participant 1) may be found in Appendix C-
Part i.

The intermediary radiographer was also responsible for anonymising supplementary
scans, such as MRI and PET scans, given to doctors as an aid for the delineation
procedure as part of the department’s standard procedures. Care was taken to ensure

that participating doctors operated as they would ordinarily do as part of the clinical
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process by using standard software and being blinded to the contours of other

observers.

All target volumes were outlined slice-by-slice on the axial CT planning scans using
Monaco® HD TPS (version 5.51). For each case, the CTV structures delineated by
the doctors were superimposed on each other by being copied to the CT planning
case. Since the doctors’ and patients’ information was anonymised, the researcher
was able to measure the contouring range and calculate the target volume delineation

errors. Data were recorded and analysed using Microsoft Excel (Appendix C — Part

i).

3.5.2 Data gathering tools for intra-fraction motion errors

Intra-fraction errors were recorded from the Elekta® XVI software using a validated
self-designed data record sheet (Appendix C — Part i) that contained the following
parameters: patient demographics and clinical history — patient study number, age,
sex, diagnosis, staging; PreCBCT soft-tissue registration and PostCBCT soft-tissue
registration for translation and rotation parameters in the left-right (X), superior-inferior
(Y), anterior-posterior (Z), Roll (Rx), Pitch (Ry), and Yaw (Rz) direction; number of
repeated XVI's and reason for repetition and additional comments.

Another data record sheet, based on the Kwa et al. (2015) study, was used to collect
the population systematic and random errors of translational and rotational intra-
fraction errors. The data record sheet was formed using Microsoft Excel. This data
record sheet facilitated data analysis (Appendix C — Part ii). Intra-fraction errors
values were determined by subtracting PostCBCT soft-tissue image registration
results with PreCBCT soft-tissue image registration results in each direction. The data
record sheet contained the corresponding values of the mean, standard deviation,

population systematic, and random errors of intra-fraction errors.
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3.5.3 Data gathering tools for total inter-fraction errors (set-up errors and

organ motion)

To assess the total inter-fraction errors, the Elekta® XVI| software’s image registration
findings were obtained using a validated data record sheet based on Palombarini et
al. (2012) study (Appendix C — Part i). It contained the following parameters: patient
study number, fraction number, clip-box (bone-match) and mask registration (soft-
tissue match) in the X, Y, Z, RX, RY and RZ direction; number of repeated XVI's and

reason for repetition; additional comments.

Other data record sheets were created by the researcher using Microsoft Excel for
ease of inter-fraction data analysis (Appendix C — Part ii). One data record sheet was
dedicated to translational errors, while the other was dedicated to rotational errors.
Individual average deviation, individual standard deviation, population systematic
errors and population random errors for inter-fraction errors were analysed and

recorded in these tables.

3.5.4 Data gathering tool for inter-observer variation in image matching

A validated self-designed data gathering tool was used to obtain values for assessing
inter-observer variation in image matching (Appendix C — Part i). The participating
radiographers used this data gathering tool to record the translational (X, Y, Z) and

rotational (RX, RY, RZ) errors obtained from image matching using bone registration.

To aid in the analysis of the data, the researcher transferred image matching data to
another data record sheet using Microsoft Excel (Appendix C - Part ii). This data
record sheet were based on that used by Hirose et al. (2020) and contained the

corresponding population systematic and random inter- observer variation errors.
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3.6 Validity and reliability of the data gathering tools

Validity and reliability are important indicators to assess the quality of the data
gathered, which influences the accuracy of the findings (Surict and Maslakci, 2020).
A study should incorporate both factors to support the validity of the findings.

All the following data gathering tools (Appendix C — Part i) and methodological design
were tested for validity in this study:
- Target volume delineation data gathering tool

Total inter-fraction errors data gathering tool
- Intra-fraction motion data gathering tool
- Inter-observer variation in image matching data gathering tool

- Methodological procedures for inter- and intra-fractional errors assessment

3.6.1 Validity

Heale and Twycross (2015) defined validity as the extent to which a tool can measure
what it was primarily set to measure. Validity is crucial for the evaluation and

development of tests (Worrell and Roberson, 2016).

Content validity is mostly used in quantitative studies (Shi, Mo and Sun 2012). This
validation is based on experts’ opinion on the quality of the data to be gathered and
who assess if the tool measures the characteristics it was set to measure (Heale and
Twycross, 2015). This process was adopted for this study. Experts in the area were
appointed for the purpose of this study. These included clinical oncologists, medical
physicists, and radiographers. These experts were asked to assign a score from 1 to
4 based on relevance and clarity to each category of the different tools used in this
study. They were also invited to provide feedback on the data-gathering tools. When
conformity of scores was established, content validity was confirmed. To be
considered valid, an item or scale had to have a content validity ratio of at least 0.78
(Frey, 2018). Validity testing of each data gathering tool is discussed in the following

sections. To have as large as possible a sample size, the experts who performed
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validity testing where not excluded from participating in the main study. Furthermore,
it was considered important to have their opinion on how to improve the data gathering

tools. This opinion would not have influenced their performance in the study.

Validity of the target volume delineation data gathering tool

Two HSTs were asked to validate the data information sheet of target volume
delineation errors. These experts had relevant experience and training in target
volume delineation for cancer in the larynx. Additionally, they were asked to confirm

that all the relevant patient information material was available for contouring.

With an individual content validity ratio of 0.9 and 0.8, respectively, and a mean ratio
of 0.9, the target volume delineation data information sheet was confirmed to be valid
(Appendix D). In the opinion of the HSTs, PET scan images were not required for
CTV delineation in larynx cancer. It was also suggested that patients’ clinical
examination, histology, and endoscopy results should be included when available.
After making the necessary changes to the data collection sheet by taking into
consideration all of the recommendations, the data collection sheet was re-validated

by the same participants, yielding a content validity ratio of 1.

Validity of inter-fraction errors (set-up errors and organ motion) data gathering tool

For the validity of this tool, the experts were two radiographers with more than five
years of clinical experience. These radiographers achieved their competencies in
image registration and had relevant experience in image matching. The data collection
tool was found to be valid, receiving a score of 1 on the validity test (Appendix D).
The experts advised combining the data collection tables of translation and rotational
errors. Another suggestion was to combine the offline image evaluation in the same
table and increase the number of rows to reflect longer treatment prescriptions. All

these suggestions were included into the data collection tool.

Validity of intra-fraction motion data gathering tool

The same radiographers who acted as experts to validate the data gathering tool for

inter-fraction errors were also asked to validate the intra-fraction motion data gathering
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tool. This tool yielded a validity score of 1 since the experts were of the opinion that all

the content was relevant to achieve the study’s objectives (Appendix D).

Validity of inter-observer variation in image matching data gathering tool

The data gathering tool for inter-observer variation in image matching was validated
by another two radiographers with more than fifteen years of clinical experience.
These radiographers had extensive clinical experience, and both underwent training
in CBCT image matching. The tool for inter-observer variation, achieved a mean ratio
of 0.9 of content validity.

Both experts agreed that rotational values are ‘somehow relevant’ for this assessment
because the formula that will be used by the study to measure the PTV margin does
not consider rotational errors. They did, however, mention that comparing the variation
of rotational results in image matching would still be applicable for one of the objectives
of this study, which was that of measuring errors present during the delivery of VMAT
to the larynx, so the researcher decided to keep this variable in the data gathering

tools.

External validation of the methodoloqical design for inter- and intra-fractional errors

assessment

Two foreign experts working in two different radiotherapy departments and specialised
in PTV margin calculation, a medical physicist and a radiographer, were asked to
independently validate the methodology design developed for this study to calculate
inter- and intra-fractional errors. Both experts agreed that the methodology is

appropriate to achieve the aims of this study.

The experts agreed that the clip-box (bone) displacements should be subtracted from
the mask registration to measure the thyroid cartilage motion relative to the bony
anatomy. One of the experts suggested calculating the displacement vector, which
gives the magnitude and spatial direction of the resulting deviations. The other expert

stated that when matching with the thyroid cartilage, an assumption is being made that
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the thyroid cartilage motion is equal to the organ motion of the target volume. These

recommendations were applied to the assessment of inter- and intra-fraction errors.

3.6.2 Reliability

Reliability is the degree to which a research method produces stable and consistent

results (Surucu and Maslakci, 2020).

The following variables were tested for reliability in this study:
- Contouring range distance measurements
- Set-up errors recorded on a data collection sheet

- Inter-fraction errors using soft-tissue registration

Reliability of the contouring range distance measurements

To determine the target volume delineation errors, the measurement of the distances
of the contouring range by the researcher needed to be reliable. Therefore, inter-
observer reliability was assessed. Reliability of the researcher was assessed by
evaluating the consistency of the contouring range distance measurements by the
researcher with those of the intermediary and medical physicists. Contouring range
measurements were recorded independently on each alternating CT slice in the left,
right, superior, inferior, anterior, and posterior directions for one of the five clinical

cases used to assess target volume delineation errors.
SPSS software was used to measure the Intra-class Correlation Coefficient (ICC).
Consistency between observers was achieved if the score was >0.7 (Koo and Li,

2016).

Reliability of set-up errors recorded on a data collection sheet

The six participating radiographers independently recorded bone-registration and
mask-registration results on the data record sheet. These image registration results

were collected from five CBCT scans that were saved on the XVI software. This
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procedure was done to assess inter-observer reliability of data recording on a data

collection sheet.

SPSS software was used to measure the ICC. Consistency between observers was

achieved if the score was >0.7 (Koo and Li, 2016).

Reliability of inter-fraction errors using soft-tissue registration

The values for translational and rotational errors acquired by the participating
radiographers from soft-tissue image registration were tested for inter-observer
reliability. This procedure was also necessary to ensure that the radiographers were

sufficiently trained to perform mask registration for the purposes of this study.

All the radiographers (six) who worked in the head and neck treatment unit were asked
to perform a mask registration procedure with a manual shift when necessary to match
the thyroid cartilage position with the reference CT scan. The matching of thyroid
cartilage was used as a surrogate for matching the target volume due to the lack of

soft-tissue contrast of the target volumes on CBCT.

The radiographers were required to match twenty-five randomly selected CBCT scans
of patients who received treatment to the larynx with VMAT using the Elekta® XVI
software. To ensure an adequate sample size, patients were retrieved retrospectively
by the intermediary radiographer using the Mosaiq Elekta® Care Management
Software and the treatment code ‘Larynx VMAT'. Participating radiographers were
then asked to record the registered set-up errors on the data collection sheet
(Appendix C — Part i).

To assess intra-observer reliability, the participating radiographers who performed
image registration for the assessment of inter-observer reliability were given five of the
CBCT scans previously used, after a two-week interval, chosen at random from the
twenty-five CBCT scans. They were asked to repeat the image matching and record
set-up errors on the data collection sheet (Appendix C — Part i). The intermediary

radiographer was responsible for selecting the scans and anonymisation of the
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participating radiographers. This procedure was carried out to determine the
radiographers’ consistency when performing image matching on the same scans

repeatedly.

SPSS software was used to measure Cronbach’s Alpha and the ICC for both inter-
and intra-observer reliability. A Cronbach’s Alpha and an ICC >0.7 criteria indicated

satisfactory results (Glasser, 2014).

92



3.7 Pilot study

Two pilot studies were conducted to test the feasibility and identify necessary
modifications to the methodology before data collection. Amendments following the
pilot studies improved the data gathering tools (Malmqvist et al., 2019).

For this study, the following two separate pilot studies were conducted for:
- Target volume delineation
- Inter-fraction, intra-fraction, and inter-observer variation in image matching

errors

Pilot study for target volume delineation errors assessment

Since the clinical oncologists' sample size was small and participants in the pilot study
could not participate in the main study, a medical physicist and a radiographer were
chosen to participate in the pilot study. These two participants were asked to delineate
two CT planning scans of patients treated for laryngeal cancer to ensure that they
could delineate the target contours on anonymous CT scans in a timely manner.
Participants' opinions were used to improve procedure and tool. A logbook was used
to record the participants’ opinions and assistance, and these are presented in
Appendix E. This pilot study was beneficial in identifying and resolving issues of
anonymising patients’ data on Monaco TPS and CUV2 PACS software that was used
to anonymise the supplementary MRI scans. It was also beneficial in identifying and
resolving issues with obscuring participants' results from the other participants to avoid

bias in target delineation error results.

Pilot study for inter-fraction, intra-fraction, and inter-observer variation in image

matching errors assessment

Another pilot study was performed to ensure that the image registration results were
recorded correctly on the self-designed data gathering sheet. Two of the six
participating radiographers separately recorded the translation and rotational errors

obtained from bone-registration and soft-tissue registration for each treated fraction of
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a participating patient. All participants were chosen at random by the intermediary
radiographer. Inter-observer variability of data was estimated to aid the researcher in
identifying the necessary modifications that were required in the data collection tool.
The data were later recorded on an excel sheet (Appendix C - Part ii).

The pilot study was useful in estimating the time required for data to be recorded on
the data collection sheet by participating radiographers. The pilot study revealed that
data collection would be time-consuming if it had to be done solely by the intermediary
radiographer. Some data collection errors were caused by interruptions because the
pilot study data were collected in between scheduled treatment sessions, but
according to Dekker (2014), data collection errors could also be cause by human error
through the repetitive nature of the task. As a result, the researcher decided that the
radiographers working in the treatment unit record set-up errors obtained from clip-
box registration on the data collection sheet and perform and record the offline CBCT
image match using mask registration as soon as the treatment fraction was completed.
This procedure helped eliminating errors through repetitive procedures, and in
reducing the time required for data collection. The role of the intermediary
radiographer was to ensure that the data were safely stored in a secured cupboard to

ensure that the data collection procedure followed the guidelines for ethical approval.

Another significant point from the pilot study was that mask-registration results, for the
assessment of total inter-fraction errors, should not be saved on the XVI software
because doing so would change the original set-up error results obtained during
patients' treatment. Intra-fraction errors obtained from post-treatment CBCT, on the
other hand, could be saved.
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3.8 Data collection

Data collection had to be collected after the participating patients finished their
treatment. As the study was prospective and required a minimum of 20 patients, it was
done over an 11-month period which was the time taken to reach this target.

The intermediary radiographer obtained demographics, diagnosis, staging, and
histology information of the participating patients from patients’ files in the records
department and from the Mosaiq Elekta® Care Management. This information was
useful in the analysis and discussion of the data. It was also important to determine

whether or not the patients met the inclusion criteria.

Observers’ variation in target delineation

Target delineation errors in CTV-PTV contouring were measured by assessing the

inter-observer variation in contouring the CTV-PTV margin.

The six clinical oncologists/HSTs who took part in the study were required to contour
the five patient cases that were randomly selected from the population sample and
anonymised by the intermediary radiographer. These contours were done on the
Monaco® HD TPS (version 5.51) as per departmental protocol. By assigning a
different identification number to the same anonymised patient case, the doctors were
blinded to the delineation of other participants (for example, case 1 was labelled as
patient 11 for one doctor and patient 12 for another). The clinical procedure was
carried out as usual by the participating doctors, who used the standard software to
ensure the reliability of the data.

Descriptive statistics and measurement of overlap were calculated to analyse inter-

observer variability.
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Total inter-fraction set-up errors

Total inter-fraction set-up errors were measured using the procedure as suggested by
Palombarini et al. (2012).

The total inter-fraction systematic and random errors were measured as a combination
of set-up errors and organ motion errors, and it was calculated using the set-up errors
observed from the daily pre-treatment CBCT. The clip-box was designed to include a
portion of the cranium, cervical spine, and PTV. For the bone translation and rotation,
T&R algorithm was the preferred choice for image matching since this type of
algorithm provided a better bony match. As part of the standard procedure, automatic
matching was initially used. When necessary, a manual match was performed
afterwards by the radiographers to ensure a good superimposition of the vertebral
bodies. In addition to the standard procedures, the six radiographers who worked in
the head and neck treatment unit performed an offline mask registration with the mask
placed over the PTV contour, later used to match the thyroid cartilage. This procedure
assessed the difference between the isocentric position of the CT planning scan and
the CBCT scans and was performed after the patients’ treatment had been completed.
Figures 3.2 and 3.3 show an example of a typical clipbox and mask registration

position when using the Elekta XVI® software.

The radiographers in the treatment unit recorded the set-up errors for both the
translational and rotational inter-fraction errors registered by bone-registration and
those registered by mask-registration on the data record sheet (Appendix C — Part i).
The errors were recorded by the radiographers from the XVI workstation in left-right,
superior-inferior, anterior-posterior, roll, pitch, and yaw aspects, referred to as XoB,
YoB, ZoB, RXoB, RYoB, RZoB for the bony match and XoS, YoS, ZoS, RXo0S, RYo0S,
RZoS for the soft tissue mask match, respectively. The data collection sheet was kept
safely in the treatment unit to ensure that patient data were safeguarded, and the
intermediary radiographer was responsible for anonymising the data record sheet and

handing it over to the researcher after treatment.

The researcher transferred the data recorded on the data collection sheet to Microsoft

Excel. This procedure was carried out to subtract bone-registration values from mask-
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registration values, allowing the analysis of population systematic and random errors

for total inter-fraction errors.

Patients who required a rescan were still included in the study and the intermediary

radiographer was required to identify and record on the data record sheet the day

when the new plan was initiated and the reason for a re-scan. The participating

radiographers were requested to record only the image registration results in which

the patient was treated, and to ignore any XVI scan results if the patient required

repositioning due to set-up issues.

Slice 128 of 256
Reference

Protocol

19 ﬂl Registration: Cliphox
I __ Scan v _Stuctures
Carrection from ibbox
¥ Clipbox 5| R Clipbox

Registration (Clipbox) E———

Register Cliphox

Reference image review Disrriss

Figure 3.2: An Example of a clipbox position for radiotherapy treatment to the larynx (Elekta XVI®

software)
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Figure 3.3. An example of mask registration for radiotherapy treatment to the larynx (Elekta XVI®
software)

Intra-fraction errors

The intra-fraction errors resulting from patient positioning variation and organ motion
were calculated using image verification results from weekly post-treatment CBCTs
that were added to the study’s accessible patient sample. Studies on intra-fraction
errors, discussed in chapter 2, were used to develop this approach (Yin et al., 2013;
Velec et al., 2010).

The scans were matched offline by the radiographers responsible for treatment
delivery using a soft-tissue match through a mask registration around the PTV contour,
ensuring that the thyroid cartilage is superimposed on the CT reference image. Image
verification results of mask registration were saved onto the XVI software and collected
with the aid of the intermediary radiographer using the data collection tool (Appendix
C —Part i). These data were later recorded by the researcher on Microsoft Excel using
the data collection tool (Appendix C - Part ii).
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Inter-observer variation in image matching

Inter-observer variation errors of image matching were assessed only for the bone
registration since the department’s protocol required image matching to be based on
bone registration (Sir Anthony Mamo Oncology Centre, 2020). Five patients were
randomly selected from a pool of retrospective patients who received treatment to the
laryngeal region with VMAT. Data were collected from retrospective patients for this
procedure to ensure an adequate sample size and because these data were

accessible to the intermediary radiographer.

Six radiographers who agreed to participate in the study were asked to re-analyse a
total of twenty-five scans (randomly selected from the five patients) by performing
automatic image registration and manual movement when required on the selected

scans. The obtained shifts were recorded on a data record sheet (Appendix C - Part
i).

Each participating radiographer was trained in image registration utilising automated
and manual bone-registration and had clinical experience in image matching ranging
from 3 to 7 years. The radiographers had access to views in the transverse, sagittal,
and coronal planes and were able to change the window width or level whenever they

wanted.

PTV margin

The population systematic and random errors of target volume delineation errors, total
inter-fraction errors, intra-fraction errors and inter-observer variation in image
matching were recorded on a data record sheet (Appendix C — Part ii) in Microsoft
Excel. These translational errors were used to calculate the PTV margin using van

Herk’s formula.
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3.9 Analysis of data

Data were analysed with the intent of presenting relevant and conclusive information
to the study. Descriptive and inferential statistics were used to analyse the data.
Descriptive statistics enable data summarisation using tabular, graphical, and
numerical techniques (Lee, 2020) whilst inferential statistics allow one to draw a
conclusion about the entire population based on an estimate from the sample
(Trafimow and MacDonald, 2017).

Target Volume Delineation Errors

The method of assessing target volume delineation errors was adapted from the
procedure as suggested by Tudor et al. (2020). However, the procedure was slightly
modified by considering outliers in the calculation of target volume delineation errors
since this was a true representation of the delineation obtained by doctors in the local
department.

To analyse inter-observer variation in target volume delineation, five patients were
randomly selected from the population sample by the intermediary radiographer. The
patients’ CT planning data were then made available to an exhaustive sample of

clinical oncologists and HSTs who were available to perform target volume delineation.

All contours for each patient case were superimposed as a single structure set using
the Monaco® HD TPS (version 5.51). Six perpendicular measurements were taken at
specific points chosen to be visually representative of the variation around the contour
on every alternating CT slice when all of the doctors' six delineated contours were
visible.

The contouring range was measured as the distance taken from the outer to the
innermost superimposed contours in the X, Y, and Z axes, without excluding outliers.
These measurements were taken on each alternating CT slice by using the 'Measure
Tool' from Monaco TPS (figure 3.4).
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Figure 3.4: Measure Tool — Monaco TPS

Figures 3.5 and 3.6 show examples of measurements that were taken for patient study
2 in the coronal and axial planes, respectively. The coronal plane was used to measure

the superior and inferior distances, whilst the axial plane was used to measure the

anterior, posterior, left and right distances.

-

Figure 3.5: A Demonstration of the Superior and Inferior Measurements of Distances taken in the
Coronal Plane.

Figure 3.6: A Demonstration of the Anterior and Posterior Measurements of Distances taken in the
Axial Plane.
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The mean value of the measurements that were taken in each alternating CT slice
was calculated in each direction, and this represented the data range of contour

variation.

Since the number of observers for each case was less than 15, the standard deviation
(S) was calculated using the following equation that was proposed by Tudor et al.
(2020):

R
"~ da(N)

5

Where R represents the data range and is calculated by measuring the distance
between the inner and outermost contours in each image plane along each axis of
interest at a representative point with ‘average' observer variation. N represents the
sample size, and d2 is a value that depends on the number of samples in the range.

For a sample of 6 observers, the corresponding d2 value is 2.63 (Tudor et al., 2020).

The SD values from each case were combined by taking the mean value in each

direction, representing the systematic error of target volume delineation.

Inter-fraction errors

The inter-fraction errors were a measure of set-up and organ motion errors
(Palombarini et al., 2012). The results of the bony match were subtracted from the
results of the soft tissue match to determine the total positioning errors, which were
identified by the differences XoS — XoB, YoS — YoB, ZoS — ZoB, RX0S — RXoB, RY0S —
RYoB, RZoS — RZoB. The result obtained indicated the motion of the larynx relative to
the bony anatomy. Positive values for the translational errors (X, Y and Z) shifts
indicated a left, superior and anterior displacements of the isocentre. This is

demonstrated in table 3.4.

Table 3.4. Legend for Errors Directions

X-axis Y-axis Z-axis
+ Left Superior Anterior
- Right Inferior Posterior
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Inter-fraction errors were recorded and calculated using Microsoft Excel using the

following procedure described by The Royal College of Radiologists (2008).

The individual systematic errors (mindividual) Were calculated by adding the set-up errors
for each imaged fraction (A1+ A2+ A3...) and dividing this value by the number of
imaged fractions (n).

CA+FAAHA LA,
minn:'ﬁn'n'ua.' - n

(1)

Following the determination of the individual systematic errors, the mean systematic
errors of the population (Mpop) Were calculated by adding the means of each individual
patient (m1+m2+m3+...) and dividing the resultant value by the number of patients (P)
in the group.

(2)

The population systematic errors were then calculated by squaring the differences
between the individual systematic errors mean derived from equation 1 and the
population mean of individual systematic error derived from equation 2. The resulting
sum was then divided by the number of patients minus one, and the square root of the

result was calculated.

52 _(m- M,o)” + (M= Myo,)* + (M= My, +...+ (m,— M)
Sel-up [rP _ ?J} (3)

Individual random errors (G2individual) Were measured by summing the squares of the
differences between the mean and set-up errors from each image. This sum was then
divided by the number of scans minus one. The square root of the resultant sum

revealed the individual random error.

o2 (A= m)’ + (A,— m)*+ (A,— m)*+...+ (A,— m)’
individual (n — ?)

(4)
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The Population Random errors (Osetup) Were then calculated by measuring the mean

of individual random errors.

g 0t0,*0,+. . 40,
setup P )
(5)

Intra-fraction errors

Intra-fraction errors were analysed by recording the displacement values indicated by
the CBCT performed immediately after treatment (postCBCT) using the mask
registration. The thyroid cartilage was used as a matching structure (Durmus, Tas and
Uzel. 2020). These shifts were recorded in the X, Y Z, Rx, Ry and Rz directions.

The recorded values of postCBCT soft-tissue registration were deducted from the
values obtained in the preCBCT softtissue registration. This procedure measured

patient movement and motion caused by tumour movement.

Microsoft Excel was used to analyse the data. The procedure used to analyse inter-
fraction errors was also used to measure systematic and random errors, as described
by The Royal College of Radiologists (2008).

Inter-observer variation in image matching

The residual errors, which denoted the differences between bone matching and the
CT reference position, were used to evaluate observer uncertainties. The difference
between the six participating radiographers in analysing the data retrospectively were

used to measure inter-observer variation errors.

The procedure described by Hirose et al. (2020) was used to calculate interobserver
variations. The root mean square of the residual errors along the three translational
directions (X, Y, Z) and the rotational axes (Rx, Ry, Rz) by N observers was used to
calculate the population systematic error (€inter) and population random error (Ginter),

respectively, as:

104



N

1
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Einter =
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N denotes the number of observers. €interj and Ointer,j represent systematic and random
residual errors for an observer |, respectively. The systematic error (€interj) and random

error (Ointer,j) for an observer j were measured respectively by:

III mn L 2 (8)
Einter,j — V'll E Z (mintﬁ': ij ?ninfer,j)
i=1
And
[ n (9)
/1 9

Umtf"-.j = ‘V‘I n J;'nte-r, 1,j?
=1

Where n denotes the number of patients. Minter,ijand Minterj represent, respectively,
the mean residual error of a patient i by an observer j and the mean residual error of
all patients by observer j. The SD of the residual error of a patient i by an observer jis

represented by Cinter,ij. Minterij and Minterj are given by:

1 —
Mynter, 1,5 — ? E d:'nter_, i,7, ks Minter 3 = — Z Minter, 1, (10)
k=1
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Where F is the number of fractions and dinter,ijx represents the residual error at a

fraction k of a patient i by an observer j.

PTV marqin calculation

The van Herk formula was used to calculate the PTV margin. This formula is
expressed as 2.5 + 0.70, where ) refers to the quadratic sum of the population
systematic errors and o denotes the quadratic sum of the population random errors
(Van Herk et al., 2000).

Systematic errors were calculated for inter-observer variation in target delineation,
inter-fraction errors (set-up and organ motion), intra-fractional errors, and inter-

observer uncertainties in image matching.

Random errors were calculated for inter-fraction errors (set-up and organ motion),
intra-fractional errors and inter-observer uncertainties in image matching. PTV margin

was then calculated according to the following equation:

PTV margin = 2.5(3>? delineation + >? intra-fraction motion + >? inter-fraction
[set-up and organ motion] + Y2 IM observer variation) **+ 0.7(o? intra-fraction
motion + o?inter-fraction + o?IM observer variation) *.

This equation was based on a study by Van Herk (2004) on errors and margins in
radiotherapy, where Van Herk stated that target delineation uncertainty was purely a
systematic error since it had an identical influence on all treatment fractions. Set-up
errors, intra-fraction motion, organ motion and inter-observer variation in image

matching errors are all subjected to random and systematic errors (Van Herk, 2004).

Justification for the use of the van Herk formula

Based on the review of the literature presented in chapter 2, the van Herk Formula
was used in all published studies retrieved related to PTV margin measurement for
head and neck patients treated with VMAT.
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Another reason for selecting this equation for this study was that the van Herk formula
ensures that 290% of patients receive 295% of the prescription dose to the CTV
volume (Van Herk et al., 2000). These parameters are according to ICRU 50
recommendations which specify that the maximum and minimum doses within the PTV
should be 107% and 95% respectively (ICRU, 1999) and therefore the van Herk

formula ensures adequate dose coverage to the target area.

Published margin calculations formulae that distinguish between random and
systematic errors, such as the ICRU 62 formula (ICRU, 1999) and Parker et al. (2002),
are frequently written as a linear combination of the random and systematic errors
standard deviations (SDs). Other margins such as Bel et al. (1996) and Antolak et al.
(1999) which do not distinguish between random and systematic errors, are generally

smaller since they tend to underestimate the impact of systematic errors.
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3.10 Ethical considerations

“Ethical issues could arise in all types of studies that involve human subjects,
regardless of the nature of methodological rigour” (Ignacio and Taylor, 2013, p. 60).
To conduct this research, confidential medical information regarding patients’
characteristics, histology and tumour staging, needed to be revealed to the
intermediaries, but not to the researcher. There was the risk of having the patient’s
privacy compromised, for this reason, a range of ethical considerations were

addressed.

Permissions (Appendix B) to perform the research study to ensure that it is not of
harm or detriment to participants and the target population were obtained from the
following entities: Professional management in radiotherapy department, Medical
Physicists Area Coordinator, Quality Assurance Manager, referring Oncologists
responsible for patients with head and neck cancer, the Data Protection Officers
(DPO), Human Resources and Administration manager, Clinical Chairperson of
Oncology, and the Chief Executive Officer (CEO) of the local general hospital where
the study took place. Additionally, an application to perform the study was submitted
to the University of Malta Research Ethics Committee for consideration and approval.
Study commenced once ethical approval was obtained (UREC FORM V_15062020
8219).

The procedures in this study safeguarded participants' privacy during and after data
collection by hiding any information that could identify participants from the researcher.
Anonymity and confidentiality of the patients’ sample were safeguarded by asking the
intermediary radiographer to identify the eligible target population from the Mosaiq
Elekta® Care Management software and record the set-up errors that were achieved
from the image verification process. Patients’ personal details, such as name and
identity number were not recorded on the data record sheet, instead each patient was
identified by a code number for the purpose of data analysis. Participants’ records

were secured using a password-protected computer.

All data were anonymised on the TPS with the aid of a medical physicist for the target

volume delineation procedure. A new unique identifier and a new study set were
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created. The original contouring delineation with which the patients were treated was
obscured to the participants. The participants were also unaware of the results

obtained by other participants to avoid biased results.

According to their role in the study, the patients, the radiographer who agreed to act
as the intermediary person, the radiographers who were asked to perform image
matching, and the clinical doctors who were asked to delineate CTV received an
informational letter depending on their participation, and were required to sign an
informed consent form (Appendix B). This procedure was done to ensure a thorough

understanding of the research process.

The role of the intermediary radiographer was to identify eligible participants and invite
them to participate in the study by providing information about the study and obtain
their signed consent, if they accepted. Another role was to collect inter- and intra-
fraction set-up errors from the XVI software and to provide the researcher with the
required anonymised information for evaluation as part of the study. The intermediary
radiographer was also required to liaise with the medical physicist who provided
assistance during data collection of target volume delineation errors by anonymisation

of patients’ CT scan.

Patient consent forms and information letters were available in both Maltese and
English languages. Information on the risks of ionising radiation and the benefits of the
additional scan in enabling detection of movement during treatment participation in the
study was clearly explained in the information sheet and consent form. The patients
were told that the benefit of a once-weekly post-treatment CBCT scan, which was
performed in addition to the daily pre-treatment CBCT, was to determine if there was
any variation in their position from the start to the end of their treatment session on the
day of imaging. If movements were detected during treatment, the radiographers could
take the necessary action to try to reduce the movement for the next treatment day.
Patients were also informed that this procedure was necessary to calculate the
treatment margin size, which would benefit future patients. The risks were explained
to the patients by informing them that the CBCT scan involved X-rays exposure but
that the radiation dose would be controlled to limit the risk associated with ionising
radiation. They were also informed that during the days of the weekly additional CBCT

109



images, the treatment procedure would also be extended by about two minutes as a

result of the image acquisition.

Clinical oncologists and radiographers who were eligible for participation in this study

were given consent forms and information letters which were prepared in English.

All participants were informed that their participation in the study was entirely voluntary
and that they could withdraw at any time by notifying the intermediary radiographer
without affecting treatment delivery. Contact details were also made available to the
participants in case of any queries related to the study. The signed consent forms were
stored securely in a locked cupboard by the intermediary person to ensure anonymity

and will be effectively destroyed at the end of the study.

3.11 Conclusion

This chapter described the methodology and research design utilised for this research.
The van Herk formula was used to calculate the CTV-PTV margin for larynx in a local
oncology hospital. As opposed to most literature, which focus on inter-fraction errors,
various errors were included in the calculation of this margin: target volume delineation
errors, total inter-fraction errors, intra-fraction errors, inter-observer variation in image
matching errors. The next chapter presents the results, data analysis, and discussion

of the results.
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Chapter 4

Results and Discussion



4.1 Introduction

This chapter reports, critically analyses and discusses the study's findings. The

findings, discussions, strengths and limitations are presented in sections for each error

that was analysed.

4.2 Participants

Patient demographics

During the data collection period (June 2021 till May 2022), 20 patients received

treatment with VMAT in the local oncology hospital for cancer of the larynx, and none

were excluded from participation because they all met the inclusion criteria. Patients’

demographics are presented in table 4.1: gender, age, diagnosis, tumour location,

staging and radiotherapy prescription.

Table 4.1. Patients’ demographic

Patients’ Sex Age Diagnosis Tumour Location Staging Prescription
number and/or
Grading
1 F 83 SCC Left vocal cord with T2 NO MO 5500cGy
subglottic @275cGy in 20#
involvement
2 M 61 SCC Left vocal cord Tl1la NO MO 5500cGy
@275cGy in 20#
3 M 68 DLBCL Thyroid Stage 1E 3000cGy
involvement @200cGy in 15#
4 M 40 DLBCL Thyroid Stage 1E 3000cGy
involvement @200cGy in 15#
5 M 83 SCC Both vocal cords T1b NO MO 5500cGy
@275cGy in 20#
6 F 45 SCC Right vocal cord Tl1la NO MO 5500cGy

@275cGy in 20#
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10

11

12

13

14

15

16

17

18

19

20

65

81

82

62

62

46

45

72

68

69

57

76

73

62

SCC

SCC

SCC

SCC

SCC

SCC

SCC

SCC

SCC

SCC

SCC

SCC

Spindle
cell
carcinoma
SCC

Right vocal cords
and anterior
commissure
Glottis and
Subglottic
involvement

Right vocal cord
Right vocal cord
Left vocal cord
Supraglottic
Tumour infiltration
to the thyroid
cartilage
Supraglottic
Right vocal cord
Left vocal cord
and anterior
commissure
Left vocal cord

Right glottis

Left glottis

Left glottis

T3 NO MO

T2 NO MO

T3

Tla NO MO

Grade 2

T3 NO MO

Grade 4

T3 N1 MO

Tla NO MO

Tla NO MO

T2 NO MO

Grade 2

T3/T4

Tla NO MO

Tl1la NO MO

6600cGy
@275cGy in 30#

5500cGy
@275cGy in 20#

5500cGy
@275cGy in 20#
5500cGy
@275cGy in 20#
5500cGy
@275cGy in 20#
6600cGy @ 220
cGy in 30#
6600cGy @ 220
cGy in 30#

6600cGy @ 220
cGy in 30#
5500cGy
@275cGy in 20#
5500cGy
@275cGy in 20#

6050cGy 275cGy
22#

5500cGy
@275cGy in 20#
5500cGy
@275cGy in 20#

5500cGy
@275cGy in 20#

SCC = Squamous Cell Carcinoma

DLBCL = Diffuse Large B-Cell Lymphoma
F = Female
M = Male

The sample population's median age was 65 years, with 80% males and 20% females.
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SCCs accounted for 85 percent of all diagnoses, Diffused Large B-Cell Lymphoma
(DLBCL) for 10%, and Spindle Cell Carcinoma for 5%. The most common tumour
staging was Tla NO MO, accounting for 35% of the total population, and the most

common prescription was 5500cGy @275cGy in 20#.

Three of the patients in the sample had a rescan at some point during their treatment.
These were participants number 6, 12, and 13. To avoid interfering with the population
systematic and random errors analysis, registered errors prior to re-scan were ignored
for total inter-fraction errors and intra-fraction analysis. Table 4.2. lists the reasons for

re-scans.

Table 4.2. Reasons for Re-scans

Patients’ study number Reasons for re-scan

6 Set-up issues (rotation)

12 Loss of weight, significant contour change
13 Loss of weight, significant contour change

Number of assessed CBCT scans

A total of 465 CBCT scans were examined, including 357 pre-correction scans to
assess the total inter-fraction errors, 82 post-treatment scans for assessment of intra-
fraction errors, and 25 CBCT scans for assessment of observers’ variation in image

matching.

Thirty-eight CBCTs were not analysed for the assessment of total inter-fraction and
intra-fraction errors, because they had to be repeated for various reasons such as,
patient rotation, chin and shoulder displacement. A patient had a total of eight repeated
scans due to set-up issues caused by variation in the chin position. This was the
highest number of repeated CBCTSs. In contrast, there were nine patients in the sample

who had no repeated scans.
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4.3 Reliability results

4.3.1 Reliability of the contouring range distance measurements

The Intra-Class Correlation Coefficient (ICC) test was used to analyse the inter-
observer reliability in measuring the contouring range distance of the CTVs contoured
by the oncologists. Results of inter-observer variability indicated good reliability
between the participating radiographer, the researcher and the medical physicists, as
a good correlation of 0.88 was recorded. The ICC description of values is listed in table
4.3.

Table 4.3. Description of ICC Coefficients

ICC Reliability
09-10 Excellent
0.75-0.9 Good
0.5-0.75 Moderate
0.5-0.0 Poor

Koo and Li (2016)

4.3.2 Reliability of set-up errors recorded on a data collection sheet

Inter-observer reliability of set-up errors recorded on the data collection sheet was
assessed for the six participating radiographers. For this procedure, five images were
randomly selected by the intermediary radiographer from the XVI software. Each

radiographer recorded the image registration results on the data collection sheet.

The ICC statistical measure was used to analyse reliability. The description of ICC

values is listed in Table 4.3.

An ICC value of 1 was measured, indicating an excellent reliability between the

participating radiographers in recording set-up errors on the data collection sheet.
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4.3.3 Reliability of inter-fraction errors using soft-tissue registration

The inter-observer reliability of set-up errors obtained by mask registration was
measured to assess the reliability of the participating radiographers in performing
image registration using the mask technique. Twenty-five retrospective CBCT scans
of patients treated for cancer to the larynx were presented to the six participating
radiographers for analysis. The radiographers were told to re-analyse the scans with

a mask registration

Reliability in image matching for the mask registration was measured using
Cronbach’s Alpha and Intra Class Correlation Coefficient (ICC).

The Cronbach’s Alpha measures internal consistency between the observers and
ranges from 0 to 1; a Cronbach’s Alpha closer to 1 indicates higher consistency.
Cronbach’s Alpha larger than the 0.7 indicated satisfactory internal consistency
(Fayers and Machin, 2011). The Cronbach’s Alpha description of values is listed in
table 4.4.

Table 4.4. Description of the Cronbach’s Alpha

Cronbach’s Alpha Reliability
09-1.0 Excellent
0.8-0.9 Good
0.7-0.8 Acceptable
0.6-0.7 Questionable
0.5-0.6 Unacceptable

Fayers and Machin (2011)

The ICC measured the absolute agreement between the observers, ranging from 0 to
1. The descriptions of ICC values are listed in table 4.3 and were used as a criterion
to determine the degree of reliability for the analysis of inter-observer reliability in mask

registration. The confidence interval was set to 95%.
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Results for inter-observer variability indicated good inter-observer reliability with
Cronbach’s Alpha values close to 0.9 for the Y direction (Tables 4.5 and 4.6), and
excellent observer reliability of > 0.9 for all the other directions (Table 4.7 — 4.10).
Radiographers may have found some difficulty to match with the vertebral bodies while
making sure the thyroid cartilage is inside the PTV, which may explain why the Y

direction had the lowest inter-observer variability.

Table 4.5. Cronbach’s Alpha for the Superior-Inferior (Y) Direction

Cronbach's Alpha N of Items
.892 6

Table 4.6. ICC for the Superior-Inferior (Y) Direction

95% Conf. Interval F Test with True Value O
Intraclass Lower Upper
Correlation  Bound Bound Value dfl df2 P-value
Single Measures .568 404 737 9.249 24 120 p<0.001
Average Measures .887 .803 .944 9.249 24 120 p<0.001

Table 4.7. Cronbach’s Alpha for the Left-Right (X) Direction

Cronbach's Alpha N of Items
931 6

Table 4.8. ICC for the Left-Right (X) Direction

95% Conf. Interval F Test with True Value 0
Intraclass Lower Upper
Correlation  Bound Bound Value dfl df2 P-value
Single Measures .678 .530 .814 14.399 24 120 p<0.001
Average Measures .927 .871 .963 14.399 24 120 p<0.001

Table 4.9. Cronbach’s Alpha for the Anterior-Posterior (Z) Direction

Cronbach's Alpha N of Items
.955 6
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Table 4.10. ICC for the Anterior-Posterior (Z) Direction

95% Conf. Interval F Test with True Value O
Intraclass Lower Upper
Correlation ~ Bound Bound Value dfl df2 P-value
Single Measures 779 .659 .879 22.463 24 120 p<0.001
Average Measures .955 921 977 22.463 24 120 p<0.001

Results for intra-observer variability indicated an excellent intra-observer reliability
amongst the participating radiographers > 0.9, except for the Z direction which had a
low Cronbach’s alpha result with a value of 0.662 and an ICC average measure which
showed moderate agreement with regards to reliability. Tables 4.11 — 4.16.

demonstrate the intra-observer reliability results for the translational direction.

Table 4.11. Cronbach’s Alpha for the Left-Right (X) Direction

Cronbach's Alpha N of ltems
.924 2

Table 4.12. ICC for the Left-Right (X) Direction

Intraclass  95% Confidence Interval F Test with True Value 0
Correlation Lower Upper
b Bound Bound Value dfi df2 Sig
Single Measures .865 .666 949 13.139 16 16 <.001
Average .928 .800 974 13.139 16 16 <.001

Measures
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Table 4.13. Cronbach’s Alpha for the Superior-Inferior (Y) Direction

Cronbach's Alpha N of ltems
.948 2

Table 4.14. ICC for the Superior-Inferior (YY) Direction

95% Confidence Interval F Test with True Value 0
Intraclass Lower

Correlation® Bound  Upper Bound Value dfl df2 Sig
Single Measures .906 .759 965 19.128 16 16 <.001
Average 951 .863 982 19.128 16 16 <.001

Measures

Table 4.15. Cronbach’s Alpha for the Anterior-Posterior (Z) Direction

Cronbach's Alpha N of Items
.662 2

Table 4.16. ICC for the Anterior-Posterior (Z) Direction

95% Conf. Interval F Test with True Value 0O
Intraclass Lower Upper
Correlation  Bound Bound Value dfl df2 P-value
Single Measures 779 .659 .879 22.463 24 120 p<0.001
Average Measures .955 921 977 22.463 24 120 p<0.001

Results and analysis of data can be found in Appendix F.
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4.4 Target volume delineation errors

To the researcher’s knowledge, this is the first study to investigate target delineation
errors for PTV margin calculation in patients receiving VMAT to the larynx. Several
studies, including Fotina et al. (2012), Kristensen et al. (2017), Tsang et al. (2019) and
Trignani et al. (2019), were conducted with the purpose of analysing observer variation
in target volume delineation, with one study even analysing observer variation for
target volume delineation for supraglottic laryngeal carcinoma (Jager et al., 2015).
However, the statistical tests that were used in these studies, such as coefficient of
variation and conformity index general, were insufficient to estimate the delineation

errors to determine the PTV margin size.

4.4.1 Results and discussions

To allow data comparison, each contour of a specific observer was assigned a specific
colour. Table 4.17. demonstrates the colour coding that was used for each observer

for ease of data analysis.

Table 4.17. Colour Coding System

Observer 1 Red
Observer 2 Orange
Observer 3 Yellow
Observer 4 Green
Observer 5 Pink
Observer 6 Purple

The frequency histograms of contouring range measurements are shown in figure 4.1.
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Figure 4.1. Frequency histograms showing the distribution of contouring range measurements (cm) that
were taken on each alternating CT slice for all patients. a) Left-Right (X) Target Delineation Errors. b)

Superior-Inferior (Y) Target Delineation Errors. c) Anterior-Posterior (Z) Target Delineation Errors.

For the X, Y, and Z axes, the frequency histograms of the contouring range
measurements all indicated a bi-modal distribution. The left direction's mode value
was 1.15 cm, whereas the right direction was -1.6 cm. The superior direction's mode
value was 2.3 cm and the inferior direction's mode value was -1.2 cm. The anterior

direction's mode value was 1 cm, whereas the posterior value was -1.1 cm.

When compared to the other directions, the target delineation errors in the superior-
inferior direction were more dispersed and less homogenous, indicating that the
contouring range were the largest in these directions. The CT measurements of
distances between the delineation for the superior-inferior direction ranged from -3.2
cm and 3 cm (figure 4.1, b). This was also observed by Jager et al. (2015), where the
greatest delineation volume discrepancies for the epiglottic region were observed in
the superior-inferior direction. Eight patients, from a total of 16, had at least one of the
observers recording explicit difficulties in the delineation of target volume in the
superior-inferior direction when using CT images, since the tumour borders in this

direction were not clear (Jager et al., 2015)
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Table 4.18. shows the mean value of the contouring range measurements for each
patient from the outer to the innermost superimposed contours, obtained at each

translational axis.

Table 4.18. Systematic Individual Mean Values of the Contouring Range
Measurements in each Translational Axis

Left Right Superior Inferior Anterior  Posterior

(mm) (mm) (mm) (mm) (mm) (mm)
Patient 1 119 8.3 28.2 9.6 4.5 12.4
Patient 2 8.2 10.0 19.8 16.3 8.1 5.9
Patient 3 7.6 9.9 22.3 11.6 9.4 10.6
Patient 4 4.6 6.0 21.8 4.4 3.5 54
Patient 5 13.9 14.6 17.0 24.0 9.5 11.4
Population means 9.2 9.8 21.8 13.2 7.0 9.1

The superior direction had the highest overall mean discrepancy error of 21.8 mm,
with patient 1 having the highest recorded average error of 28.2 mm. The anterior
direction had the smallest discrepancy overall, with a mean discrepancy error of 7.0

mm, and with patient 4 having the smallest contouring range of 3.5 mm.

Table 4.19. compares the CTV for each of the six participating doctors and figure 4.2.
demonstrates the resulting CTVs plotted in a scatter graph.

Table 4.19. Comparison of CTV for each Observer (cm?3)

Case Participants
1 2 3 4 5 6
1 38.642 64.650 34.652 88.865 47.107 14.102
2 72.410 88.724 45.958 107.477 49.786 112.461
3 38.590 85.898 23.500 52.105 30.905 66.128
4 20.196 41.988 22.196 40.188 33.388 11.433
5 85.933 128.309 50.457 89.170 85.624 196.515
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Figure 4.2. A scatter graph showing the variation of the contoured clinical target volumes (cm?®) obtained

from the observers

Overall, the greatest inter-observer variation in contouring was observed in patient 5.
This patient was the only one in the data set who had a tracheostomy, and by the time
the patient attended the CT planning the lesion had grown significantly to almost twice
the size from the initial diagnosis. The least overall inter-observer variation was
observed in patient 4. This patient had a cancer in situ with a low tumour staging of
Tla NO MO.

From figure 4.2 it is evident that, when compared to the other doctors, observer 6 was
identified as an outlier in the sample, who was overly generous in the delineation of
three clinical cases and produced the narrowest margins in one clinical case. This
observer differed from the other delineators in all directions, with discrepancy values
ranging from 1 mm to 10 mm, 3 mm to 7 mm, 3 mm to 10 mm, 3 mm to 9 mm, 10 mm
to 30 mm, and 3 mm to 11 mm, respectively in the anterior, posterior, left, right,

superior and inferior directions.

Figures 4.2 and 4.3 demonstrate the contour discrepancy obtained by the outlier in

two different planes on two different patients.
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Figure 4.3: A Demonstration of the Outlier (observer 6) for Patient Number 2.

In figure 4.3, observer 6 was the outlier since it was the most generous contour in the
sample for patient number 2. The contouring range distances from the outermost (the

outlier) to the innermost contour are also demonstrated in this figure.
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Figure 4.4: A Demonstration of the Outlier for Patient Number 1

In figure 4.4 the outlier is seen to have produced the smallest contour in patient number
1. The contouring range distances from the outermost to the innermost (observer 6)

contours in the superior and inferior direction are demonstrated in this figure.

Patient 3 was the only case without any outliers. This patient had previous debulking

surgery for a large T3 glottic tumour arising from the right vocal cord.

The mean distance between the outlines of six observers was 11.7 mm. However,
there was a clear systematic variation in the superior-inferior direction when compared
to the other directions. The population mean of the combined value of the superior and
inferior directions was nearly twice as high as that obtained in the other directions, so
the average range value was not considered as an isotropic delineation uncertainty
(Tudor et al., 2020).

Instead, the superior-inferior direction's delineation errors were given twice the
prominence of the other directions. As a result, excluding the superior-inferior
direction, the average range value of six observers was 8.8 mm. The population
standard deviation target volume delineation errors were estimated using the statistical
method described by Tudor et al. (2020), in which the measurement of standard
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deviation in small sample sized studies were dependent on the number of samples in
the range calculation. In the case of this study, because six participants delineated five
cases each, the sample number for each case was taken to be six, and this size of
participants result in a common denominator value of 2.53. As a result, the standard
deviation for the left-right and anterior-posterior directions was calculated as 8.8/2.53
= 3.47 mm. For the estimation of target delineation in the superior-inferior direction,
an average value of the contouring range of both the superior and inferior directions
resulted in a value of 17.5 mm. This value was divided by 2.53 and resulted in a target

delineation error of 6.92 mm.

According to Jager (2017), observer variation in target volume delineation is higher in
the head and neck region than in other tumour sites. Results obtained by 10 observer
outlines in Tudor et al. (2020) for prostate delineation was an isotropic margin of
1.9mm and for fifteen observers delineation tumours located in the lungs was an
isotropic margin of 2.1mm. In contrast, the delineation error results for this study were

significantly higher than the other tumour regions.

Imaging quality

The accuracy of delineation is hindered if imaging modalities have a low resolution
(The Royal College of Radiologists, 2021) and according to Mercieca, Belderbos and
Van Herk (2021), observation variation is reduced when superimposing CT planning
scan with PET scan or MRI. Simple measures, such as intravenous and/or
intracavitary contrast, fiducial markers, and reproducible imaging protocols could
significantly improve imaging quality. When contouring, the use of zoom levels,
simultaneous viewing in multiple planes (sagittal and coronal planes), and adequate
level and window settings on the planning CT reduce inter-observer variability
(Segedin and Petric, 2016). In the current study, all the patients had a contrast scan
fused with a non-contrast scan during CT planning. MRI diagnostic scans were also
available to aid doctors in target delineation, however, the MR images were not
acquired in the radiotherapy treatment position, therefore the images were not
geometrically accurate and could not be superimposed on the planning scan. This
limited most benefits of delineating with MRI (Schmidt and Payne, 2015).
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Standardised protocols/quidelines

International guidelines, such as those of the RTOG and DAHANCA can be used by
doctors for CTV delineation. Using site-specific anatomical atlases, consensus
delineation guidelines, and standardised contouring protocols reduce variability
between observers in various tumour sites (Kim et al., 2021). In the local oncology
hospital where the study took place, there was no specific guideline which doctors
follow. Selection of guidelines depended on the doctors’ preference. When different or
ambiguous guidelines are used for target volume delineation, this will have a
significant impact on the consistency of delineated structures (Mercieca, Belderbos
and Van Herk, 2021). According to Tudor et al. (2020), outliers should not be
considered when measuring the range measurement of contouring because these
contours would be inconsistent with clinical protocols, and one should not attempt to
correct for major differences in opinion of the target volume. For this study, outliers
were still considered as the department did not follow a specific clinical protocol

regarding target delineation of the CTV volume for laryngeal cancer.

Since outliers were considered, the margin size may have been larger than necessary
for the majority of patients, because most of the doctors’ delineations were closer to
each other. This could have also been the reason for the large delineation errors

obtained in this study.

Specialised training

Having a diverse group of doctors with varying roles and experiences was an accurate
representation of the local department. The HSTs in the local department rotate
between different roles and this could cause inconsistencies in target delineation
(Tudor et al., 2020).

Some publications have addressed the issue of training in target delineation. For
example, Schimek-Jasch et al. (2015) reported that after a teaching session at a study
group meeting, there was an improvement in overall inter-observer agreement, as
evidenced by a reduction in target volumes. Khoo et al. (2012) had obtained similar

results because a well-structured education programme reduced both inter- and intra-
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observer prostate contouring variations. In contrast, Dewas et al. (2011), had reported
no improvement among doctors following a teaching course. Reason for this could
have been the high standard of the initial delineations. Furthermore, the researcher
mentioned that several doctors discussed together to reach an agreement about the
volumes that needed to be treated within their groups. This could have explained the

homogeneity and high quality of the contours in Dewas et al. (2011) study.
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4.5 Total inter-fraction errors

In this study, inter-fraction errors were a measure of set-up errors and organ motion
and are being referred to as total inter-fraction errors. To our knowledge, this is the
first study that assessed total inter-fraction errors for patients receiving treatment to
the larynx with VMAT.

4 5.1 Results and discussions

Set-up errors using bone reqistration

Inter-fraction errors reported by other researchers were often focused on bone-match
using CBCT or portal imaging (Yin et al., 2013). This type of match identified any errors
that may occur when positioning the patient for treatment. This procedure was also
followed by the radiographers as part of the standard practice in the local department
(Sir Anthony Mamo Oncology Centre, 2020). In this study, the radiographers applied
only the translational correction to the CBCT scans using the bone registration since
the couch degree of movement was only in the translational direction, and therefore

could not correct for rotational displacement.

The local departmental protocols (Sir Anthony Mamo Oncology Centre, 2020)
stipulated that rotational errors should not exceed 3° and translation should not exceed
1 cm. The set-up errors recorded from the bone match ranged between -0.39 cm and
1.2 cm, -0.65 cm and 0.88 cm, and -1.02 cm and 0.67 cm in the X-, Y-, and Z-
directions, respectively. Rotational set-up errors recorded from an automatic bone
match ranged between -4.8° and 4.6°, -3.7° and 6.3°, -3.6° and 4.8° in the RX, RY,
and RZ directions, respectively. The left-right errors exceeded the tolerance in 2
(0.5%) of the matches, but the superior-inferior, and the anterior-posterior errors did
not. The rotational tolerance was exceeded in all rotational directions, with RX
exceeding in 11 (2.7%) matches, RY exceeding in 33 (8.2%) matches, and RZ

exceeding in 3 matches (0.7%).
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The findings of this study indicated that, while radiographers generally adhered to
clinical protocols, they were lenient in certain circumstances, particularly when it came
to rotational errors, since the findings showed that rotational tolerance was exceeded

in all rotational directions.

Lack of mask fixation due to contour loss from weight loss or tumour shrinkage, as
well as mask tightening due to swelling, are also common factors that contribute to
set-up errors in the head and neck region, and they may also be determined using a
bone-match (Oh et al., 2014).

The efficacy of bone match can be affected by significant deformation, shrinkage, and
rotation. Because changes in the shape of the tumour or patients' posture can cause
misregistration and misalignment, not all structures within a clip-box can be
simultaneously aligned using bone registration (Yin et al., 2013). When Gangsaas et
al. (2013) investigated the relationship between primary tumour displacement and
vertebral motion in patients with laryngeal cancer, the PTV margin was estimated to
be 6.9 mm despite daily online vertebral repositioning due to the poor correlation
between vertebrae and primary CTV displacements, which mostly occurred in the
superior-inferior direction. Bahig et al. (2021) emphasised the importance of daily
imaging with a soft tissue match on patients treated to the larynx, because anatomical
changes or set-up reproducibility can result in a laryngeal shift in relation to the
vertebra. Therefore, this study opted to match with the thyroid cartilage because the

targeted area adheres to this structure.

Total inter-fraction errors

The distribution of total inter-fraction errors in each of the three translational directions
and rotational axis were calculated using the 402 pre-correction CBCTs images. Set-
up errors were recorded by performing an automatic and manual bone match on the
Elekta XVI® software, followed by soft-tissue matching of the thyroid cartilage using a
mask-registration of 0.5 cm around the PTV, and manually matching when necessary.
This procedure allowed for the calculation of total inter-fraction errors, which included
set-up errors and organ motion. The total inter-fraction errors were calculated by
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subtracting the values obtained by mask-registration from those obtained by bone-

registration.

Total inter-fraction errors in the translational direction

The individual mean (systematic) of inter-fraction errors in the X-, Y-, and Z-directions
ranged between -2.1 mm (right) and 2.3 mm (left), -6.7 mm (inferior) and 4.4 mm
(superior), and -0.9 mm (posterior) and 1.8 mm (anterior), respectively.

Individual mean (systematic) of total inter-fraction errors in the translational direction

is presented in the following scatter graph (figure 4.5)
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Figure 4.5: Scatter Graphs of Individual Mean Errors (mm)

The largest uncertainties of the individual mean errors were found in the superior-
inferior direction and was observed in patient 10 (figure 4.4). There was a lot of
variation in the thyroid cartilage position for this patient, with the soft tissue mask
registration results varying from -0.13 cm to -1.14 cm in the Y direction. There were
much less discrepancies in the bone registration since the superior-inferior
translational errors ranged between 0.1 cm and -0.14 cm. Because the mask
registration uncertainty was always in the inferior direction for patient 10, it is possible

that the patient swallowed during the CT scan procedure, introducing systematic errors
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at the radiotherapy treatment planning stage since swallowing is associated with a

laryngeal elevation (Perillo et al., 2021).

The highest recorded individual mean errors for the remaining patients in the sample
were also recorded in the Y direction, and these were present in both the superior and
inferior directions. These types of errors could be caused by thyroid cartilage motion

caused by breathing and swallowing during treatment (Perillo et al., 2021).

According to Laursen et al. (2012), patients with a significant amount of rotation tend
to have the target shifted in the same direction. Over/under-dosage will always occur
at the same position in such cases and is more harmful than random shifts. Re-
scanning and re-planning the patient could correct such systematic variations. For this
reason, patient 6 had a re-scan during the first two weeks of treatment due to set-up

issues that resulted in rotation.

Individual random errors of total inter-fraction errors

The individual random errors of total inter-fraction errors in the X-, Y-, and Z-directions
ranged between 0.1 mm and 1 mm, 0.2 mm and 1.5 mm, and 0.1 mm and 0.9 mm,

respectively.
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Figure 4.6. Scatter Graphs of Individual Random Errors (mm)

133



The individual random errors were overall higher compared to the individual mean
errors (systematic), and the largest random errors were in the superior-inferior
direction (figure 4.6). Patient 6 had the highest mean individual random error in the Y
direction, measuring up to 1.6 mm. This patient had a rescan after 2 weeks of
commencing treatment due to set-up issues related to rotation. After the re-scan, the
radiographers used the “Grey-value T + R registration” because it provided a better

image match than the bone-registration.

Individual mean errors (systematic) of total inter-fractional errors in the rotational

direction

The individual mean errors (systematic) of total inter-fraction errors in the RX-, RY-,
and RZ-directions ranged between -3.9 (counter-clockwise) and 2.8° (clockwise), -4.0
(counter -clockwise) and 2.1° (clockwise), and 1.4 (clockwise) and -3.5° (counter-

clockwise), respectively.

The individual random errors of total inter-fraction errors in the RX-, RY-, and RZ-

directions ranged between 0.2 and 1.3°, 0.5and 1.4°, and 0.2 and 0.9°, respectively

Individual total inter-fraction errors in the rotational direction are presented in figure
4.7. a, and b.
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Figure 4.7. Scatter graphs of the individual mean of total inter-fractional errors in the rotational direction

(©). (a) Individual mean errors (Systematic). (b) Individual random errors.

Population systematic and population random errors of total inter-fraction errors

The population mean of total inter-fraction errors was calculated by averaging all
individual mean errors. The population systematic errors showed the spread of
individual means, whereas the population random errors were the average of all
individual random errors. The population total inter-fraction errors results are

summarised in table 4.20.
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Table 4.20. Summary of Population Translational Total Inter-fraction Errors

X Y 4

(cm) (cm) (cm)

M -0.02 -0.09 0.02

SD 0.13 0.32 0.14
Minimum -1.0 -0.95 -0.7
Maximum 0.65 0.8 0.65
b2 0.1 0.26 0.1

(o} 0.02 0.07 0.03

M, mean of all patients’ mean; SD, Standard Deviation %, population systematic set-up and organ
motion errors; o, population random set-up and organ motion errors; X, left-right; Y, superior—inferior;

Z, anterior—posterior

Frequency histograms of total inter-fraction errors were plotted to assess the
magnitude and direction of inter-fraction errors for each translational direction and are

shown in figure 4.8.a, b and c.
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Figure 4.8: Frequency Histograms Showing the Distribution of Total Inter-fraction Errors (cm) for all
fractions. a) Left-Right (X) inter-fraction errors. b) Superior-Inferior (Y) inter-fraction errors. c) Anterior-

Posterior (Z) inter-fraction errors.

Systematic errors cause a shift in the cumulative dose and can result in a geometric
miss, both of which have negative effects on tumour control and increased side effects
due to higher doses to organs at risk (Hargrave & Holt, 2017). A mean that differs from

0 indicates systematic errors in the group.
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The frequency histograms (figure 4.8) of the translational direction in the X direction
showed a normal distribution curve with the 0 cm mark in the centre, indicating that
the systematic errors did not favour any direction and were almost negligible; in fact,
the population systematic errors recorded for the X directions were 0.1 cm. The
population systematic error in the Z direction was also 0.1 cm, but the frequency
histogram was slightly positively skewed, indicating that most errors were slightly more
in the anterior direction than the posterior direction. The population systematic error in
the Y direction was 0.26 cm and this error was represented on the frequency histogram
as a slight positive skewness, with the median data point set around 0.05 cm. The
frequency histogram of the superior-inferior direction was also wider, indicating a
larger SD and, as a result, more dispersed errors in the super-inferior direction. This
was also demonstrated when calculating the SD of total inter-fraction errors in the
translational direction, since the results of SD were 0.13 cm, 0.32 cm, and 0.14 cm in

the left-right, superior-inferior, and anterior-posterior directions, respectively.

The population random errors were 0.02, 0.07, and 0.03 cm in the left-right, superior-
inferior, and anterior-posterior directions, respectively. Random errors distort the
cumulative dose and are thought to have less of an impact on the planned dose than
systematic errors (Hargrave & Holt, 2017). However, these must be minimised and,
where possible, corrected. The most effective way to reduce random errors is to

perform daily online corrections.

The population mean errors, population systematic errors and population random

errors of rotational errors are demonstrated in table 4.21.
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Table 4.21. Summary of Population Rotational Total Inter-fraction Errors

RX RY Rz

©) ©) ©)
M -0.3 -0.5 -0.08
SD 2.3 1.8 1.5
Minimum -10.7 -7.5 -9.5
Maximum 6.6 9.5 4.0
> 1.6 1.26 1.18

(o} 0.57 0.81 0.3

M, mean of all patients’ mean; SD, Standard Deviation; 2, systematic set-up and organ motion errors;

o, random set-up and organ motion errors; RX, Roll; RY, Pitch; RZ, Yaw.

Frequency histograms of rotational total inter-fraction errors are shown in figure 4.9 a,

b and c.
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Figure 4.9: Frequency Histograms Showing the Distribution of Total Inter-fraction Errors in the
Rotational Direction (°) for all fractions. a) Roll (Rx) inter-fraction errors. b) Pitch (RY) inter-fraction
errors. ¢) Yaw (RZ) inter-fraction errors.

The frequency histogram of the total inter-fractional rotational errors in the RZ direction
had the median data point centred around 0°, whilst the other directions had the

median data points centred around -0.5°. All rotational histograms have a slight
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positive skewness. They were more widely distributed when compared to the
frequency histograms in the translational direction; this was also represented by SD
results of 2.3°, 1.8° and 1.5° (table 4.20), indicating that most rotational errors were in

the clockwise direction.

Because previous studies did not assess inter-fraction errors based on set-up
uncertainties and organ motion, the population systematic and random errors of this
study cannot be truly compared. However, similar results were obtained in studies that
chose to match with thyroid cartilage rather than bone. The population systematic and
random inter-fraction errors in Perillo et al.’s (2021) study were 0.9, 1.3, and 0.6 mm,
and 1.1, 1.3, and 0.7 mm in the X-, Y-, and Z-directions, respectively. The largest error
was observed in the superior-inferior direction, as in this study. Kwa et al. (2015) study
also had the highest recorded error in the superior-inferior direction, as the population
systematic and random errors in the X-, Y-, and Z-directions were 0.9, 2.0, and 1.1
mm and 1.0, 1.6, and 1.0 mm, respectively. According to Osman et al. (2011), the
largest error in the superior-inferior direction could be due to motion caused by
breathing that is averaged in the CBCT scan to a multi-slice spiral CT scan that does
not precisely reflect the breathing averaged position. Another possible explanation is
that the slice thickness of the reference CT used to register the daily CBCT was 2.5
mm. This could lead to registration errors in that direction when dealing with small
structures with dimensions comparable to the CT slice thickness. In this study, patients
were advised to suppress swallowing during the CT planning procedure to reduce the

systematic errors in the superior-inferior direction.
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4.6 Intra-fraction errors

The larynx is a highly mobile organ since it moves during swallowing, breathing, and
phonation. To assess intra-fraction errors, a total of 82 post-treatment CBCT scans
were performed on the 20 participating patients. The post-treatment CBCT was taken
immediately after treatment on the first treatment fraction and then once weekly. An
offline match to the thyroid cartilage was performed by the participating radiographers
on the treatment unit. The offline match took place on the day of the post-treatment
CBCT acquisition. This strategy ensured that in subsequent fractions, when possible,
the necessary advice to limit motion could be given to patients. A mask image
registration was performed, with a margin of 0.5 cm surrounding the PTV considered
as the region of interest, and when necessary, a manual registration was performed
to match to the thyroid cartilage. The obtained registration results were deducted from
the pre-treatment CBCT scan mask registration, and the resulting values were used

to measure intra-fraction errors in the translational and rotational axis.

4.6.1 Results and discussion

Individual mean and individual random errors of intra-fraction errors

The scatter graphs presented in figure 4.10. a and b, and figure 4.11. a and b,
demonstrate the individual mean (systematic) and individual random errors of intra-

fractional errors in the translational and rotational direction.
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Figure 4.10: Scatter Graphs of the Individual Mean Errors of Intra-fraction Errors. (a) Translational

direction (cm). (b) Rotational direction (°).
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Figure 4.11: Scatter Graphs of the Individual Random Errors of Intra-fraction Errors. (a) Translational

direction (cm). (b) Rotational direction (°).

The individual mean of intra-fraction errors in the X-, Y-, and Z-directions ranged
between -2.8 mm (right) and 0.9 mm (left), -5 mm (inferior) and 3.5 mm (superior), and
-3.8 mm (posterior) and 3.9 mm (anterior), respectively (figure 4.10, a). The largest
uncertainty of the individual mean error in the translational direction was found in the
inferior direction and was observed in patient 7. According to the radiotherapy clinical

notes, this patient was very anxious throughout his treatment, and despite taking anti-
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anxiety medications prior to treatment, the radiographers noticed that he swallowed
frequently during CBCT exposure. To increase comfort and try to reduce anxiety, a
thermoplastic mask with a large cut-out hole for the nose, which also extended to
uncover the eyes, was used, and this could have reduced the strength and rigidity of
the thermoplastic mask, resulting in some patient movement during treatment. This
was also noted in Mulla et al. (2020) study, which assessed the setup reproducibility
in the radiation treatment of patients receiving radiotherapy treatment to the head and
neck using open face head and shoulder masks with customised versus standard
closed head and shoulder masks. It was found that close-faced masks resulted in less

set-up errors than open-faced masks.

The largest rotational error of individual mean errors was 5.5 °in patient 6 (figure 4.10,
b). This patient was re-scanned due to rotation, and the data obtained after the re-
scan suggested that the patient was possibly moving during treatment or holding the

neck muscles stiff during CT planning and/or treatment.

Individual random errors of intra-fraction errors

The individual random errors of intra-fraction errors in the X-, Y-, and Z-directions
ranged between 0.3 mm and 0.8 mm, 0.1 mm and 1.3 mm, and 0.2 mm and 1.4 mm,
respectively. There was an overall smaller discrepancy in the mean individual random
errors (figure 4.10) when compared to the individual mean errors (systematic), with

the left-right direction analysed as having the least random errors.
Frequency histograms of intra-fraction errors were plotted to assess the magnitude

and direction of intra-fraction errors for each translational direction and are shown in

figure 4.12.a, b and c.
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Figure 4.12: Frequency Histograms Showing the Distribution of Translational Intra-fraction Errors (cm).
a) Left-Right (X) inter-fraction errors. b) Superior-Inferior (Y) inter-fraction errors. c) Anterior-Posterior

(2) inter-fraction errors.

The frequency histogram for the translational intra-fractional errors in the left-right and
superior-inferior direction were negatively skewed, with the median value set around
0.05 cm. This indicated systematic errors trend in the right and inferior directions.
Whereas the anterior-posterior frequency was positively skewed, with the mean value
set around 0.05 cm, indicating that errors were mostly directed in the anterior direction.
The left-right frequency histogram had a narrow spread when compared with the

others, which indicated that it had the least random errors.

The frequency histograms of rotational total inter-fraction errors are shown in figure
4.13. a,band c.
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Figure 4.13: Frequency Histograms Showing the Distribution of Rotational Intra-fraction Errors (°) for all
fractions. a) Roll (Rx) intra-fraction errors. b) Pitch (RY) intra-fraction errors. ¢) Yaw (RZ) intra-fraction

errors.

The frequency histogram for the rotational intra-fractional errors in the roll and pitch
direction showed a normal distribution, while the yaw was slightly positively skewed.
This indicated that the rotational direction was more commonly seen in the clockwise

direction.

Population systematic and random errors

The population mean (M), standard deviation (SD), population systematic errors and
population random errors of intra-fraction errors were calculated for each patient and

are represented in table 4.22.
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Table 4.22. Summary of Intra-fraction Errors

X Y z RX RY RZ
(cm) (cm) (cm) ©) ©) ©)
M -0.08 -0.09 0.06 -0.13 0.26 0.07
SD 0.19 0.31 0.32 1.43 1.99 1.31
Minimum -0.59 -1.7 -1.26 -5.3 -8.31 -4.7
Maximum 0.34 0.54 0.66 6.5 8.3 3.5
> 0.12 0.18 0.23 0.82 1.43 0.7
o 0.05 0.04 0.06 0.2 0.34 0.36

M, mean of all patients’ mean; SD, Standard Deviation; %, population systematic intra-fraction errors;
o, population random intra-fraction errors; X, left—right; Y, superior—inferior; Z, anterior—posterior; RX,
Roll; RY, Pitch; RZ, Yaw.

Comparison of results with other studies

A study by Perillo et al. (2021) analysed intra-fraction errors for 23 patients treated for
early glottic cancer with VMAT with the scope of setting treatment margins for
Stereotactic Ablative Radiotherapy (SABR). Pre-treatment and post-treatment CBCTs
were taken using the thyroid cartilage as a matching structure. The resulting
population systematic and random errors for intra-fraction errors were 0.7, 1.6 and 0.7
mm and 1.0, 1.5 and 0.6 mm in the X, Y and Z directions, respectively. Kwa et al.
(2015) also opted to measure intra-fraction errors using the thyroid cartilage as a
matching structure and also obtained low values of population systematic errors of
0.4, 1.3 and 0.7 mm, respectively, in the X, Y and Z directions, and population random
errors of 0.8, 1.4, and 0.8 mm, respectively in the X, Y and Z direction. These results
were comparable to those of Perillo et al.’s (2021). Contrary to the results obtained in
our study, both Perillo et al (2021) and Kwa et al (2015) studies found that the most
significant errors were those in the superior-inferior direction. According to Perillo et
al. (2021), glottic intra-fraction motion in the superior-inferior direction was linked to

laryngeal intrinsic mobility, which the thermoplastic mask cannot prevent.

The lower registered errors in this study and those of Kwa et al. (2015) and Perillo et

al. (2021) could be attributed to the fact that all studies suppressed swallowing during
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the CT planning phase. Perillo et al. (2021) and Kwa et al. (2015) studies also went a
step further by suppressing swallowing during CBCT acquisition and treatment. As a
result, the intra-fraction errors were caused primarily by resting displacement, which
is less than deglutition-induced displacement (Bradley et al., 2011), because the
amplitude of swallowing can be measured to be 23 mm and 6 mm in the superior and
anterior directions, respectively, whereas the mean breathing movement was found to
be 4 mm and 2 mm in the superior-inferior and antero-posterior directions, respectively
(Bahig et al., 2017). Our study did not suppress swallowing during CBCT acquisition
and treatment delivery, which may have resulted in slightly higher population
systematic errors than Perillo et al. (2021) and Kwa et al. (2015). However, in our
study, all patients were treated with a maximum neck extension, which aids in limiting
swallowing during treatment (Perillo et al., 2021). Also, swallowing during treatment is
generally rare and fast; therefore, its impact on the dose distribution is minimal
(Durmus, Tas, and Uzel. 2020).
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4.7 Observer variation in image matching errors

To our knowledge, this is the first study to investigate observer variation in image
matching using bone-registration for cancer to the larynx. Very few studies addressed
uncertainties in observer variation in using image guided radiotherapy, therefore

comparison of results was limited.

4.7.1 Results and discussions

Inter-observer variation

The six radiographers who agreed to participate in the study performed image
matching retrospectively on twenty-five CBCT scans. Figures 4.14 - 4.19 show the
results of the recorded inter-observer residual errors when comparing the CBCT scans
to the corresponding CT planning scans in each translational and rotational direction.
The lack of inter-observer variation would have been demonstrated on the scatter
graphs as a complete superimposition of the shapes representing the matching of the

six participating radiographers.
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Figure 4.14. Residual errors in the left-right direction.
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Figure 4.19: Residual Errors in the Yaw Direction

Variations of the residual error in the translational and rotational direction were overall
largest in Y and RX directions, respectively, however, the largest discrepancy of
residual errors were found in the Z direction, and this ranged from -0.44 to 0.37 mm.
Variations in the translational and rotational directions were the smallest in the X and

RZ directions, respectively.

The mean individual systematic errors of inter-observer variations in the X, Y, and Z
directions ranged from 0.02 — 0.06 mm, 0.04 — 0.3 mm, 0.05 — 0.2 mm, respectively,
and 0.5 — 4.6° 3.6 — 6.2°, and 0.2 — 0.4°, respectively in RX, RY, RZ directions. The
population systematic errors were analysed to be 0.02, 0.13 and, 0.2 mm, respectively
in the X, Y, Z directions, and 4.6°, 5.1° and 0.3°, respectively in the RX, RY, and RZ

directions.

The random errors of the inter-observer variations for each observer in X, Y, and Z
directions ranged from 1.0 — 1.6 mm, 1.5 — 2.3 mm, 1.5 — 2.0 mm, respectively, and
0.8-1.2° 1.0 —-1.6° and 0.4 — 0.6°, respectively in the RX, RY, and RZ directions.

The population systematic errors and population random errors of inter-observer

variation errors in image matching were calculated for each patient and are

represented in table 4.23.
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Table 4.23. Population Systematic and Random Errors of Inter-observer Variation
Errors

X Y z RX RY RZ

(mm) (mm) (mm) ©) ©) ©)

> 0.02 0.13 0.2 4.6 5.1 0.3
o 1.2 1.9 1.7 1 1.3 0.5

2, population systematic inter-observer errors; g, population random inter-observer errors; X, left-right;

Y, superior—inferior; Z, anterior—posterior; RX, Roll; RY, Pitch; RZ, Yaw.

For this study, the population systematic errors of inter-observer variation were 0.02,
0.13 and 0.2 mm in the X, Y, and Z directions, and 4.6, 5.1, and 0.3 °in the RX, RY
and RZ directions (Table 4.23). These values were overall lower than those obtained
by Hirose et al. (2020), where values of population systematic errors of inter-observer
variations in X, Y and Z directions were 0.9, 0.9, and 0.5 mm. The population random
errors for this study (0.4, 0.3 and 0.2 mm, in the X, Y and Z direction, respectively)
were also less than those obtained in Hirose et al. (2020) study with values of 1.8, 2.2,

and 1.1 mm, respectively in the X, Y, and Z direction.

The participating radiographers performed a bone match for image registration,
whereas Hirose et al. (2020) assessed the inter-observer variation in the matching of
the prostate target. This may explain why the current study shows less variation. Soft
tissue image matching to the prostate could result in a larger image matching
discrepancies because the prostate gland is subject to anatomical changes such as
bladder filling and rectal changes that cannot be completely corrected, therefore,

image matching subjectivity could be higher (Bell et al., 2019).

Another reason for obtaining lower values could have been attributed to the region
that was investigated. A study by Mohamoud, Ryan and Moseley (2015), with the aim
of understanding inter-observer variability in image matching among radiographers for
various sites, found that the pelvic and head and neck regions displayed the least
inter-observer variability while thorax and abdominal cases had the most when
matching with CBCT. This demonstrated that observer variability was also dependable

on the specific site that was investigated.
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Unlike Hirose et al.’s (2020) study, this study also evaluated the population systematic
and random errors of rotational direction. The findings revealed that rotational errors
in observer variation in image matching were predominantly systematic. The residual
rotational errors were purely from automatic matching since the radiographers in the
local oncology hospital did not perform manual registration to account for rotation;
therefore, the variation in rotation from one radiographer to the next could be attributed
to differences in clip-box size and position since the bone matching chamfer algorithm
is sensitive to the size and position of the region of interest (Sousa et al., 2021).

When using registration of bony anatomies with the planning CT, the registration
accuracy could be affected by image resolution and region of interest (clip-box)
employed for registration (Yin et al., 2013). It was noted that the clip-box position
varied from one radiographer to the next, and that the clip-box position was not always
placed as per local clinical protocols. Some radiographers placed the clip-box to cover
part of the mandible, which is not considered to be a stable anatomy and therefore
should not be included in the region of interest (The Royal College of Radiologists,
2021). According to Osman (2011), the effects of inter-observer variation in selecting
a clip-box around the volume of interest were found to be negligible when clear

guidelines for which structures to include in the clip-box were followed.
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4.8 PTV margin calculation

This study accurately evaluated the PTV margin size for such patients using
measurements applicable to the local oncology department. PTV margin was
calculated using the van Herk Formula: Margin = 2.5) +0.70, where the } denoted
the quadratic sum of the total assessed population systematic errors (target
delineation observer variation, inter-fraction errors, intra-fraction errors and inter-
observer variation in image matching), and the quadratic sum of total population
random errors were denoted by o (inter-fraction errors, intra-fraction errors and inter-

observer variation in image matching).

To our knowledge, this study was unique for measuring all the aforementioned errors

to calculate the PTV margin for patients treated to the larynx with VMAT.

4.8.1 Results and discussions

The population systematic errors that were obtained in the translational direction and
the analysed errors for the calculation of the PTV margin are shown in table 4.24.

These data are presented as a bar graph for comparison of results in figure 4.20.

Table 4.24. Translational Population Systematic Errors

Population Systematic Errors

(mm)
Errors X Y Z
Target Delineation 3.47 6.92 3.47
Inter-fraction 0.99 2.6 0.96
Intra-fraction 1.22 1.8 2.3
Inter-observer IM 0.02 0.13 0.2

X, left—right; Y, superior—inferior; Z, anterior—posterior; IM, Image matching.
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Figure 4.19: A Bar Graph Representing the Population Systematic Errors of all the Analysed Errors

Figure 4.19. demonstrates that the target volume delineation errors had the highest

obtained values of population systematic errors, and the smallest error was always

observed in the left-right (X) direction.

Table 4.25. displays all the analysed population random errors values, obtained in the

translational direction and figure 4.20 presents these results in the form of a bar graph

for comparison of values.

Table 4.25. Translational Population Random Errors

Population Random Errors

(mm)

Errors X
Target Delineation 0
Inter-fraction 0.22
Intra-fraction 0.53
Inter-observer IM 1.2

0.68

0.44

1.9

0.27

0.64

1.7

X, left—right; Y, superior—inferior; Z, anterior—posterior; IM, Image matching.

159



Total Population Random Errors

o
[

)

m
o
N

0.6
0.5

0.4
0.2
B

inter-fraction intra-fraction inter-observer IM

Population Random error (m
o
o w

Analysed Errors

EX mY m7Z

Figure 4.20: A Bar Graph Representing the Population Random Errors of all the Analysed Errors

Figure 4.20. clearly shows that inter-observer variation in image matching errors had

the highest obtained values of population random errors.

Values of total population systematic and random errors where then used to calculate
the PTV margin for patients treated to the larynx with VMAT in the local oncology
radiotherapy department.

PTV margqin result

Table 4.26. shows the total population systematic and random errors values, and the

obtained PTV margin result from all the analysed errors.
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Table 4.26. PTV Margin Result

PTV margin
(mm)
X Y y4
Population Systematic Errors 9.5 19.0 10.7
Population Random Errors 0.93 1.45 1.29
PTV margin 10.5 20.5 12.0

X, left—right; Y, superior—inferior; Z, anterior—posterior; PTV, Planning Target Volume

The margin obtained in this study was that of 10.5, 20.5 and 12 mm in the X, Y and Z

directions, respectively. This margin was large when compared to previous studies

that evaluated the PTV margin size for laryngeal cancer.

Table 4.27 shows the PTV margin result without considering the Target Volume

Delineation Errors.

Table 4.27. PTV Margin Result without Target Volume Delineation Errors

PTV margin
(mm)
X Y 4
Population Systematic Errors 3.9 7.9 6.3
Population Random Errors 0.9 15 1.3
PTV margin 4.9 9.4 7.5

X, left—right; Y, superior—inferior; Z, anterior—posterior; PTV, Planning Target Volume

Table 4.28. compared previous studies with the current studies to determine the

reason for obtaining a larger margin size.
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Table 4.28. Comparison of Studies

Study Sample size | Treatment | Immobilisation | Frequency Assessed errors | PTV margin
type of imaging
Current 20 VMAT 5-point TP mask | Daily CBCT - Target With Target
study (Orfit) and Delineation Delineation
standard but - Inter-fraction | X=10.5mm
individually - Intra-fraction Y =20.5mm
selected head - Inter-observer | Z =12 mm
rest variation in IM | Without
Target
Delineation
X=4.9 mm
Y =9.4mm
Z=7.5mm
Kwaetal., | 42 IMRT 5-point TP mask | Daily CBCT - Inter-fraction X=1.6 mm
2015 - Intra-fraction Y =43 mm
Z=22mm
Perillo et | 23 SBRT 5-point TP mask | Daily CBCT - Inter-fraction X=2.4mm
al., 2021 and a bite block - Intra-fraction | Y =5.1mm
Z=2.2mm
Kukolwicz | 30 (larynx IMRT or 5-point TP mask | Daily CBCT - Inter-fraction X=4mm
et al.,, | and VMAT (Orfit) and Y =6 mm
2021 nasopharynx standard but Z=4mm

individually
selected head

rest

IMRT- Intensity Modulated Radiation Therapy, VMAT — Volumetric Modulated Arc Therapy, SBRT —
Stereotactic Body Radiation Therapy, CBCT — Cone beam CT, TP — Thermoplastic, IM — Image
Matching, X — Left-Right, Y — Superior-Inferior, Z — Anterior-Posterior
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All studies assessed patients treated with a 5-point TP mask, and patients who had
daily CBCT imaging. The studies varied with regards to the sample size, type of

treatment used, and errors analysed.

There could have been several reasons for the higher margin in this study when
compared to other similar ones. As discussed in Chapter 2, the margin size is
influenced by anatomical area variation, imaging frequency, immobilisation equipment
type, treatment modality, patient collaboration, and set-up procedures (Kapanen et al.,
2013; Anjanappa et al., 2017). However, these were similarities between the current

study and the studies in table 4.28.

Similarities in the immobilisation devices was observed in all studies since all patients
were treated with a 5-point thermoplastic mask, however in Perillo et al’s. (2021) study
the patients were also treated with a bite block. Bite blocks are considered as an
aggressive type of immobilisation, and they are particularly effective in eliminating
most head rotations (The Royal College of Radiologists, 2021). The combination of
two immobilisation devices, such as a thermoplastic mask and a bite block, was found
to be more effective for reproducibility in head and neck treatment positions (Ingrosso
et al., 2012). One of the reasons for the smaller PTV margin obtained in Perillo et al's
(2021) study could have been attributed to this type of set-up since the population
systematic errors of inter-fraction errors were found to be 0.9, 1.3 and 0.6 mm in the
X, Y and Z directions, whilst this study had a slightly larger population systematic errors
of 1, 2.6 and 1 mm in the X, Y and Z directions.

The sample size was sufficient for all patients in the examined studies since every
study had a sample size of at least 20 patients with more than 5 images per patient. A
smaller sample size could have resulted in uncertainties in the population systematic

errors (The Royal College of Radiologists, 2021).

Kukolwicz et al. (2021) did not however identify the proportion of patients who
underwent treatment to the nasopharynx and larynx; instead, errors were calculated
jointly for both regions, and this anatomical variation could have had a negative

influence on the margin calculation (Kapanen et al., 2013).
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Another possible reason for obtaining a larger PTV margin in this study was that most
studies that examined PTV margin tended to focus on just the inter-fraction errors and
neglected assessment of other errors (Chapter 2 — Section B). Other sources of errors
such as target delineation errors and observe variation in image matching should be
guantified to establish an appropriate PTV margin (The Royal College of Radiologists,
2021).

Although the traditional method of accounting for uncertainties was to generate the
PTV by extending the CTV with a suitable safety margin, it was possible that in other
studies, clinical oncologists delineated the CTV to account for laryngeal movement,
even though organ movement should be part of the PTV and not of the CTV, as per
ICRU definition. In fact, in a study by Williamson et al., (2016), the CTV was drawn to
account for organ motion and deformation. In the local department, CTV was
considered as just the delineation of tumour and other tissue with presumed subclinical

spread (Sir Anthony Mamo Oncology Hospital, 2020).

In a study by Osman (2011), a small isotropic margin of 2 mm was found to be
adequate for SVCI treated with IMRT. This tight margin was beneficial for voice-
sparing and re-irradiating patients in the event of a local recurrence. This margin size
was permitted due to recent technological advances in image acquisition with 4D-CT
to account for organ motion in CT planning, image-guided verification with CBCT, and
a TPS with Monte Carlo dose calculations. In the local oncology department, 4D-CT
was not performed, and clinical oncologists did not perform SVCI procedures.
Performing a 4D-CT would have been beneficial to observe the extent of the target
movement, which could also have been compared to the CBCT acquisition and
treatment delivery. Osman (2011), however, based the PTV margin on set-up errors,
respiratory movements and inter-fraction anatomical variations and neglected to
identify the effects of target volume delineation uncertainties and observer variation in

image matching.

Summary of the analysed errors

The largest systematic errors that were obtained in this study were that of the observer

variation in target volume delineation. Target volume delineation errors increasingly
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make up the majority of total errors because they are often not rectified, unlike online
daily imaging, which reduces the systematic and random errors of set-up errors (The
Royal College of Radiologists, 2021). The local oncology hospital lacked clinical
protocols of target delineation for head and neck patients. When there are no clinical
protocols to be followed, the consistency of contouring suffers (Kim et al., 2021). If one
had to ignore the target volume delineation errors from the PTV margin calculation,
the resulting margin would be 4.9, 9.4 and 7.5 mm in the X, Y and Z directions,
approximately half the actual margin size. Therefore, the target volume delineation

errors contributed substantially to the margin size.

The second most significant errors were the intra-fraction errors. Although having the
second overall largest population systematic errors and random errors, the
significance of these errors on the PTV margin were much less than that of the target
volume delineation errors. If these errors had to be subtracted from the margin
calculation, the margin size would be 9.9, 19.9, and 10.3 mm in the X, Y, and Z

directions, respectively, which is about 1 mm difference in the actual margin size.

The largest random errors were that of inter-observer variation in image matching. The
significance of these errors had less of an impact on the margin size as observer
variation in target volume delineation since random errors have a blurring effect on the
dose distribution whilst systematic errors shift the cumulative dose distribution (Sonke
and Van Herk, 2016).

Rotational errors

Systematic rotational errors might result in a dose distribution that does not coincide
with the PTV as intended, whereas random rotational errors also blur the dose
distribution in the PTV (Novak et al., 2021). Although the van Herk formula and other
margin equations do not take the impact of rotational errors into account (Caruana et
al., 2021), population systematic and random errors of rotation were still analysed for
inter- and intra-fraction errors and observer variation in image matching to understand

the effect and significance of such errors. Values of population systematic errors and
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population random errors obtained from the analysed errors are shown in table 4.29.

and 4.30., respectively.

Table 4.29. Total Population Systematic Errors for Rotation

Errors RX RY RZ
(0) (0) (0)
Total inter-fraction 1.6 1.26 1.18
Intra-fraction 0.82 1.43 0.7
Inter-observer variation IM 4.6 5.1 0.3

Table 4.30. Total Population Random Errors for Rotation

Errors RX RY Rz
©) ©) ©)
Total inter-fraction 0.57 0.81 0.3
Intra-fraction 0.2 0.34 0.36
Inter-observer variation IM 1 1.3 0.5

The Pitch (RY) direction, which is the rotation of the patient's transversal axis, always
had the largest errors in both the population systematic and random errors
assessments. Since the cervical spine is flexible, the degree of pitch rotation increases
with distance from the iso-centre, requiring a six-degree-of-freedom couch adjustment.
Rotational errors in the pitch direction have little impact on the dose distribution of
small spherical treatment volumes, but they may have an impact when treating long

non-spherical volumes (Stieb et al., 2018).
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4.9 Limitations of the study

Limitations of the target volume delineation errors assessment

To determine the standard deviation of a population with any reasonable precision,
Tudor et al., (2020) recommended a sample size of at least 30 patients since standard
deviation estimations from a small sample could be unreliable. In this study, six doctors
analysed five CT scans, which resulted in a total of 30 CT scans being analysed. A
bigger sample would have been preferred to obtain more reliable results, however due
to time constraints and doctors’ workload, the number of cases delineated by each of

the six doctors had to be restricted to five.

Since the researcher was not present with the doctors during delineation, there was
no way of knowing if the doctors discussed clinical cases used for analysis amongst
themselves. According to Dewas et al. (2011), if doctors discuss clinical cases this

could influence their interpretation of the CTV.

A possible limitation of this study could be that the doctors were not asked regarding
difficulty levels in contouring targets on certain scans. This had been reported to be
useful by Das et al., (2021) since it was proven that the most difficult scan to delineate
was the one with the highest observer variability. This would also have been beneficial

to determine whether experience and training influenced the target delineation errors.

Limitations of the total inter-fraction errors assessment

The thyroid cartilage was used as a surrogate for matching to the target volume due
to the lack of CBCT contrast of the target volume when compared to the thyroid
cartilage. As a result, the limitation of this method is that it does not fully determine the
random and systematic errors caused by patient positioning and soft tissue motion,
which varies for each patient depending on the tumour position relative to the thyroid
cartilage.

The radiographers performed the mask registration procedure after each treatment
fraction and recorded inter-fraction errors on the data collection sheet. Due to the high
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workload in the treatment unit, these procedures may have been rushed, which could
result in errors. However, the researcher has no evidence that this happened.

The inter-fraction errors were considered as a product of set-up errors and organ
motion errors and were not measured using the same methods as in other peer-
reviewed studies. Instead, the methodology, with the aid of two external validators,
was modified to apply it to the local department. Following a different procedure from
other studies that assessed inter-fraction errors made the comparison of results more

challenging.

Since the use of mask-registration was not standard procedure in the department, the
results could have been influenced by the participating radiographers’ lack of
experience in performing the mask-registration technique. As a result, the researcher
felt the need to test the participants' reliability in using this tool, which they proved to

be reliable.

Limitations of the intra-fraction errors assessment

Even though an exhaustive sampling was used, one of the limitations of the study was
the size of the available data. Since data obtained before patients’ re-scans were not
used, seven off-line XVIs were not included for the study. Furthermore, post-treatment
CBCTs were not performed daily, but rather on the first fraction and then once weekly
in order to limit the radiation dose to the patients. Although the sample size met The
Royal College of Radiologists’ (2008) recommendation and was large enough to
obtain clinically relevant errors data, it would have been preferable if the sample size
had been larger for assessing intra-fraction errors, since according to Button et al.

(2013) this would ensure greater reliability and statistically significant results.

A limitation similar to that of total inter-fraction errors assessment was that
radiographers on the local treatment unit did not typically perform mask registration as
part of their normal routine, so they had no prior experience with this technique.

Since the CBCT used in this study did not provide real-time online tracking data, the
intra-fraction motion of the target during treatment could not be evaluated. Instead, the

post-treatment CBCT only showed motion obtained after treatment administration.
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Limitations of observer variation in image matching errors assessment

Although all the radiographers who worked in the head and neck treatment unit
participated in this study, there was a limitation with the number of cases that were
considered for the evaluation of observer uncertainties. This had to be accepted as a
limitation because the researcher needed to ensure radiographer participation by not
burdening them with a massive workload. More cases could have produced more

accurate population systematic and random errors results.

In the clinical setting, the radiographer who was responsible for performing online
matching of the XVI was assisted by another radiographer prior to delivering treatment,
as opposed the offline matching for the assessment of the inter-observer variation
which was done by a single radiographer without any assistance. This could have
influenced the outcomes of observer variation in image matching (Bell et al., 2019). In
addition, radiographers had access to case details in clinical settings, but this
information was not given during the assessment of inter-observer variation in image

matching.

A limited number of studies such as, Deegan et al. (2015), Mohamoud, Ryan and
Moseley (2015) and Hirose et al. (2020), examined observer variation in image
matching, therefore it was difficult to compare the findings of this study to those of

others that used a similar methodology.

Overall limitations of the study

Although rotational errors for each analysed error were measured, the population
systematic and population random errors of rotations were not considered when
calculating the PTV margin using van Herk’s formula because this formula does not

account for rotational errors. Adding the rotation errors should result in a larger margin.

Other errors, such as image deformation, real-time organ motion, phantom transfer
errors, anatomical changes, dose calculation uncertainties and approximation of

shifts, were not considered when calculating the PTV margin due to time restriction
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and inaccessibility of devices to measure such errors. Therefore, further studies can

complement the results achieved here.

As larynx cancer treatment was infrequent, data collection was limited to 20 patients;
however, despite the small sample size, the study complied with The Royal College of

Radiologists’ (2021) recommendations.

4.10 Strengths of the study

Strengths of the target volume delineation errors assessment

The analysis of target volume delineation errors were performed using an exhaustive
sample, which included all doctors who met the inclusion criteria. Having all the
doctors trained in head and neck delineation region participating in this study ensured
that the target delineation errors obtained were a true representation of the local

department.

The accuracy of measuring the target volume delineation errors was evaluated. The
high agreement in the measured distance (Pearson correlation coefficient of 0.88)
indicated good reliability in the contouring range measurement. This procedure was
required to ensure the accuracy of the measured distances.

Anonymisation of participants was used in order to obscure the results of participants
from each other. This procedure ensured that doctors did not use the delineation of
CTVs of other participants as a reference for their own.

The researcher was aware that the doctors had a heavy workload, and participation in
this study could have been perceived as a burden by participants, affecting their
contouring performance. As a result, participants were not rushed in delineating CTVs.
Despite the researcher's two-month time frame, all the participating doctors had
completed delineating the cases earlier. Therefore, the time frame did not influence
the study’s outcome since the doctors were not required to contour the target faster

than a normal clinical situation.
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Strengths of the total inter-fraction errors assessment

Validity and reliability testing before data collection ensured validity of the methodology
to estimate inter-fraction errors and the results collected in the local department.

The population size used in this study was large enough to obtain clinically relevant
error data, and systematic and random errors were calculated as per The Royal

College of Radiologists (2008) recommendations.

Strengths of the intra-fraction errors assessment

This study follows methods similar to those used in larger, peer-reviewed studies. It
also used The Royal College of Radiologists (2008) recommended methods for
calculating random and systematic errors. Therefore, ensuring that the methodology

is adequate for the objectives.

Strengths of observer variation in image matching errors assessment

One of the study’s strengths was that all observers were radiographers with significant
image guided experience and training in using the CBCT. The participating
radiographers were also a complete representation of those responsible for treating
the targeted patients.

Although rotation was not used in the final PTV margin calculation, it was still assessed
for inter-observer variation in image matching, because even though the radiographers
did not manually alter rotational directions, rotation was still variable depending on the

clip-box position.

Overall strengths of the study

A systematic literature review was conducted prior to data collection to ensure that the
most ideal formula for measuring the PTV margin was chosen for the scope of this

study and to identify factors that must be considered when calculating the margin.
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Even though target delineation errors and observer variation in image matching were
frequently ignored during PTV margin assessment in previous studies, these errors

were measured in this study because they also influence PTV margin size.

Validity and reliability testing of data collection tools were done to ensure correct

measurements of all the analysed errors.

Being an insider type of research proved to be favourable toward the results of this
study. In chapter 2, it was found that suppressing swallowing during the CT planning
procedure reduces systematic errors, therefore the researcher made sure that this
procedure was implemented in the department as an automatic voice command set
by the radiographers working in CT planning to every patient who was having
treatment to the head and neck region. It was also noted from chapter 2 that matching
with the thyroid cartilage was a good surrogate to ensure that the target volume is
inside the PTV, therefore a mask registration was implemented for the scope of this

study.

4.11 Conclusion

This chapter presented the study's findings and results, which are required to answer
the research question and achieve the research objectives. The following chapter will
discuss the implications of the results on current practise and provide

recommendations for further research.
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Chapter 5

Conclusions and

Recommendations



5.1 Introduction

In this chapter the conclusions drawn from the results and recommendations for

clinical practise and further research based on the findings of this study are presented.

5.2 Conclusion

Using the van Herk formula and accounting for target volume delineation, inter-
fraction, intra-fraction and observer variation in image matching errors in the equation,
a PTV margin of 10.5 mm, 20.5 mm, and 12 mm was calculated, respectively in the X,
Y and Z directions. This result varied significantly from the 5 mm PTV margin used for
head and neck patients in the local oncology department. Applying the resulting PTV
margin into practice would increase the radiotherapy-induced side effects due to the
irradiation of normal tissue. However, neglecting the calculated margin size may result
in the risk of missing the treatment target area. Therefore, the cause of the large
margin size that was obtained in this study should be addressed. Another point to note
was that the methodology of this study differed from other studies that assessed the
PTV margin for head and neck patients treated with VMAT, which may have
contributed to the significant variation in the PTV margin of this study compared to

other published literature.

Target volume delineation errors were found to have the largest impact on the PTV
margin size. Enabling ways to reduce the target volume delineation errors in the local
oncology department would improve the conformity of the PTV margin size to the

target area.

The second-largest errors were intra-fractional errors. When compared to the target
volume delineation, the errors’ impact on margin size were lower. The volume was
found to be larger than previous studies, such as Kwa et al. (2015) and Perillo et al.’s

(2021), that used a similar methodology.

Total inter-fraction errors were considered as a combination of set-up and organ

motion errors. The translational and rotational values obtained for total inter-fraction
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errors were low, with the population systematic errors calculated to be the largest, at
0.26 cm in the superior-inferior direction. This value compared well with previous

studies that used a similar methodology to measure inter-fraction errors.

Observer variation in image matching were the least significant errors on the PTV
margin size. However, they were found to have the largest rotational uncertainty which
was predominantly systematic. Observer variation in image matching could be
attributed to the variation of the clip-box size and position by the participating

radiographers.

5.3 Recommendations

The following recommendations were derived from the data of this study. They are
divided into two sections: recommendations for clinical practice and research

recommendations.
5.3.1 Clinical recommendations

In this section, recommendations are being made on how to reduce each analysed

error.

Target volume delineation errors

e It is recommended for clinical contouring protocols to be implemented as this
will reduce the impact of target volume delineation errors. It is also advised that
doctors receive contouring training and follow published contouring guidelines.

Total inter-fraction errors and intra-fraction errors

e During the data collection period, new immobilisation devices were procured to
treat head and neck patients with VMAT. It is being recommended to measure
inter-fraction and intra-fraction errors for these new devices. This procedure
would be required to assess whether the calculated PTV margin from this study
would still be applicable when using the new immobilisation devices.
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Suppressing swallowing during CT planning helps to reduce the population's
systematic errors (Bahig et al., 2021), therefore, it is being recommended that
the local department continues to maintain this procedure which was
implemented prior to the data collection period.

The researcher suggests using real-time imaging for VMAT larynx
radiotherapy. A business plan would need to be performed to assess the
benefits, limitations, resources required, costs, and alternatives that would aid
in determining the need for this technique and consider the implementation of
this process into clinical practice.

Inter-observer variation in image matching

Adherence to protocols and guidelines on CBCT image matching by
radiographers working on the treatment unit should be reinforced with a
structured learning and training programme. A regular audit of concordance is
also being recommended, as suggested by the Royal College of Radiologists
(2021). These procedures would assist in reducing inter-observer variation in
image matching.

Other recommendations

To strengthen and validate the results of this study, it is recommended that the
measured errors are calculated for a larger group of patients.

It is recommended that the local oncology hospital assess the PTV margin
being applied for other treatment areas. Data collection for all pathologies and
anatomical areas would allow to perform PTV margin calculation for all sites.

5.3.2 Recommendations for further studies

Further research is required to collect data using the same methodology for
measuring set-up errors and organ motion for other parts of the body. This
would enable comparison of the data obtained in this study with that of real-
time tumour motion and set-up errors measurements. This will further evaluate

the validity of the methodological design used for this study.
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Future studies are required to compare PTV margins utilising the various
formulas available that could be implemented. These studies will assess the

variation obtained on the margin size from the different utilised formula.

Recommendations for future work to evaluate inter-observer variation in image
matching with an increased sample size, to ensure more statistical reliable

results.

Further research investigating swallowing suppression during treatment using

gating techniques and its impact on intra-fraction errors is recommended.

It is recommended that a local study is undertaken to compare the inter-
observer variation of image registration performed by radiographers using clip-
box with that of mask registration. This study will enable the comparison of the

competency levels with the reliability of image matching using both techniques.

Further studies to measure target delineation errors for assessing PTV margin
are recommended as most studies that assessed target volume delineation
errors were not done with the scope of measuring the delineation errors to

calculate the PTV margin size.

Recommendations for further research to be conducted in the local department
with the scope of evaluating competency levels of doctors when delineating the
target volume and how training levels influence margin size. The purpose of
this study would be to see if training and adherence to local standard

procedures may reduce target volume delineation errors.

Although this study took great precautions in measuring errors that influence
the margin size, other errors were not considered. Therefore, it is suggested for
research to assess the impact of errors, such as dose calculation uncertainties,

phantom transfer errors and anatomical changes on the PTV margin size.
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5.4 Overall conclusion

Locally, this study was the first to measure the PTV margin for patients receiving
treatment to the larynx with VMAT. On an international level, this study was the first to
consider target volume delineation errors, as well as inter-observer variation errors, in
the PTV margin calculation for patients receiving VMAT treatment to the larynx. It is
also the first study to measure inter-fraction errors as a combination of organ motion
and set-up errors for patients treated with VMAT to the larynx. The study is also one
of the few that considered a vast number of errors in margin calculation and this

highlight the importance of having more research done on this subject area.

The objectives outlined in chapter 1 were achieved. Based on the results obtained, the
local clinical department may consider ways of how to reduce the PTV margin size for
patients receiving treatment to the larynx with VMAT. It was also suggested by various
authors that PTV margin size calculation should not be based on one error but should
consider measuring a different array of errors for a more accurate assessment of the
PTV margin size. The implementation of some or all of the recommendations could

result in a better and safer practise for patients receiving similar treatments.
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Abstract

Aini: The intent of the review was to identify different methodological approaches wsed to cal-
culate the planning target volume (PTV) margin for head and neck patients treated with volu-
metric arc therapy (VMAT), and whether the necessary factors to caleulate the margin size with
the selected formula were used.

Materials and Methods: A comprehensive, systematic search of related studies was done using
the Hydi search engine and different databases: MEDLINE, PubMed, CINAHL, ProQuest
{Nursing and Allied Health), Scopus, ScienceDirect and tipsRO. The literature search included
studies published between January 2007 and December 2020. Eligibility screening was per-
formed by two reviewers.

Results: A total of seven studies were found. All the reviewed studies used the Van Herk formula
to measure the PTV margin. None of the studies incorporated the systematic errors of target
volume delineation in the PTV equation. Inter-fraction translational errors were assessed in all
the studies, whilst intra-fraction errors were only included in the margin equation for two stud-
ies. The studies showed great heterogeneity in the key characteristics, aims and methods.
Findings: Since systemic errors from target volume delineation were not considered and not all
studies assess intra-fraction errors, PTV margins may be underestimated. The recommenda-
tions are that studies need to determine the effect of target volume variance on PTV margins. It
is also recommended to compare PTV margin results using various formulas.

Introduction

The planning target volume (PTV) concept was firstly introduced in the International
Commission on Radiation Units and Measurements (ICRU) Report 50'. The PTV includes
the dlinical target volume (CTV) - which is the volume that encompasses the clinical and sub-
clinical disease - plus a margin to account for internal movements and set-up errors'. According
to the ICRU 83 report, PTV margin size should be calculated for each radiotherapy department,
this is because set-up procedures, treatment modalities and imaging modalities are some of the
department-specific factors that can influence the number of movements and set-up errors that
must be accounted for in this margin. This report, however, did not specify the method to be
used for margin calculation”.

There are also several PTV margin formulas such as Van Herk, Stroom, ICRU 62 formula,
Antolak, Bel, McKenzie and Parker, and the selection of the method of calculation could have an
influence on the margin size’.

A systematic literature review was conducted to identify the methodological approaches used
to calculate the PTV margin in the head and neck region with volumetric arc therapy (VMAT)
across published literature. To achieve this aim, the objectives of this review were to identify the
formulas used to calculate the PTV margin and whether the reviewed studies considered the
necessary factors to calculate the margin size with the formula used.

Methods

A systematic literature review was performed to answer the question: What methods are
employed by studies to calculate the PTV margin for patients treated with VMAT to the head
and neck region?

The Preferred Reporting Item for Systematic Review (PRISMA) checklist was used to guide
the write-up of the systematic literature review protocol (PRISMA checklist, 2009). The follow-
ing demonstrated the Population, Intervention, Comparison, Outcome and Study Design
(PICOS) framework which was used to guide the literature search*:

https//dolorg/10.1017/51460396921 000546 Published online by Cambridge University Press
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Population - Patients receiving radiotherapy in the form of
VMAT to the head and neck region.

Intervention - Calculation of the PTV margin.

Comparison - No comparison made

Outcomes - Identification the PTV margin formula and the fac-
tors considered.

Study Design - Quantitative studies.

A systematic search on databases in medicine and radiotherapy:
MEDLINE, PubMed, CINAHL, ProQuest (Nursing and Allied
Health), Scopus, tipsRO and ScienceDirect. The Hydi search
engine was also used to find related studies.

Keywords were validated by two experts in the field and content
validity was used to assess the validation of the keywords. There was
100% mean agreement and minor suggestions were taken on board.

The Medical Subject Headings (MeSH) thesaurus was used to
search for other related words that could be used as keywords. The
asterisks (*) next to the keywords identified other terms that are
written in different ways and Boolean operators were also used
to allow combination of words and phrases to expand the search.

The following combinations of keywords were used to search
for related studies:

Nasopharyn*/Nasal caviry

Oropharyn*
Laryn*®/Supraglottis/Subglottis/Glottis
Hypopharyn*

Oral cavity/Mouth/Tongue

Sinus*

Thyroid

Lymphoma

Head and Neck

Set-up/setup/set up

Errar/errors

VMAT/Volumetric-Modulated  Are  Therapy/Volumetric
Modulated Arc Therapy/RapidArc Therapy
« PTV/Planning Target Volume

@ & & & & & @& & & & & @

Publication period (1 January 2007 to 30 December 2020), full-
text and human species filters were used to aid in the selection
process. Figure 1 is a representation of the search strategy that
was used on PubMed.

Only quantitative studies related to the calculation of the PTV
margin for patients being treated with VMAT to the head and neck
region were included. The review was also restricted to English lan-
guage studies.

A dual independent literature search was done by two research-
ers with over 5 years of clinical experience. The reviewers per-
formed a separate search for the literature using the same
research criteria. The search was done between April and
December 2020. In the first phase of the review, the literature
was screened for the inclusion criteria based only on the title
and abstract. For the second phase of the review, a full-text reading
of the studies was performed on the eligible studies that were
selected in the first phase. Disagreements with regard to data suit-
ability were resolved by consensus between reviewers.

Meta-analysis was not performed due to the heterogeneity in
the methodological, statistical and clinical sources; therefore, a nar-
rative synthesis approach was selected’.

Results

A total of 4341 articles were found. After removing duplicated
articles and screening the studies for eligibility, a total of seven

https//doi.org/10.1017/51460396921000546 Published online by Cambridge University Press
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relevant studies were found. Figure 2 shows the PRISMA flow chart
and Table 1 presents a summary of the study characteristics.

Methods to calculate the PTV margin

The PTV margin was calculated for all the studies in the review
using the Van Herk formula. Both inter- and intra-fraction motion
were measured in Bruijnen et al® and Yin et al” studies, whilst the
other studies derived the margin by evaluating the inter-fraction
errors. None of the reviewed studies assessed and included target
delineation variation in the margin formula. Table 2 demonstrates
the methods opted by the reviewed studies to calculate the PTV
margin.

PTV margin size

There was a discrepancy in the PTV margin results of the reviewed
studies; however, this was expected since the factors influencing
the margin differ from department to department.

The largest discrepancy was found in Anjanappa et al * and Yin
et al.” studies. These studies analysed the margin in the nasopha-
ryngeal region, however, Yin et al” made use of cone beam com-
puted tomography (CBCT) imaging and assessed inter- and intra-
fraction errors, whilst Anjanappa et al.* made use of two orthogo-
nal images and evaluated the inter-fraction errors. Intra-fractional
contributes to create a larger PTV margin®; however, in these two
studies, the smallest PTV margin result was in the study that did
not evaluate intra-fraction errors. This discrepancy in the margin
result could be attributed to the imaging modalities. The chosen
modality has an impact on the set-up error that is detected.
CBCT should be the modality of choice, since it allows for better
observation of the volumes of interest'.

Ohetal'! and Kukolowicz et al.'* (post-no action level protocol)
had the most similar PTV margin result. Both studies, however, var-
ied in immobilisation devices, imaging protocols and outcomes. The
similarity of results was most likely by chance. In the reviewed stud-
ies, the medial-lateral (ML) margin was not measured in the larynx
and oropharynx region. Comparison of margins in the different
regions of the head and neck was also not possible, since the studies
did not provide data regarding the different areas.

Inter-fraction errors

The reviewed studies obtained similar results for population system-
atic errors with the standard deviation (SD) of the systematic errors
of the reviewed studies measured to be 0-4 mm, 0-5 mm and 0-5 mm
in the ML, superior-inferior (SI) and anterior-posterior (AP) direc-
tion, respectively. The SD for population random errors resulted to
be slightly higher than that of the population systematic errors, with
each direction (ML, SI and AP) obtaining a value of 0-6 mm.

Deb et al.'? study obtained the highest population random
error. This study treated patients without daily imaging, instead
a total of 10 CBCT images were acquired for each patient.
Population systematic and random errors can be corrected prior
treatment with daily imaging; however, in studies where daily
imaging are not performed, random error can not be compensated.
For this reason, the PTV margin of Deb et al."* study resulted to be
measured larger when compared with other studies in the review.

Rotational errors were analysed in four studies. Oh et al."' study
compared rotational errors in different anatomical regions. The
rotational error for head and neck region was below 3° and this
value was small when compared with other anatomical regions.
Norfadilah et al'* study also calculated rotational errors with
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Query

Search: (PTV OR Planning Target Volume) AND (VMAT OR
Volumetric-Modulated Arc Therapy OR Volumetric Modulated Arc
Therapy OR Rapid Arc Therapy) AND (set up OR setup OR set-up)
AND (error or errors) AND (Hypopharyn*) Filters: Full text, Humans,
English, from 2007 - 2020

Search: (PTV OR Planning Target Volume) AND (VMAT OR
Volumetric-Modulated Arc Therapy OR Volumetric Modulated Arc
Therapy OR Rapid Arc Therapy) AND (Oral cavity OR mouth OR
tongue) AND (Setup OR set-up OR set up) AND (error or errors)
Filters: Full text, Humans, English, from 2007 - 2020

Search: (PTV OR Planning Target Volume) AND VMAT OR Volumetric-
Modulated Arc Therapy OR Volumetric Modulated Arc Therapy OR
Rapid Arc Therapy) AND (oropharyn*) AND (set up OR setup OR set-
up) AND (error OR errors) Filters: Full text, Humans, English, from
2007 - 2020

Search: (PTV OR Planning Target Volume) AND VMAT OR Volumetric-
Modulated Arc Therapy OR Volumetric Modulated Arc Therapy OR
Rapid Arc Therapy) AND (Nasopharyn* OR Nasal cavity) AND (set up
OR setup OR set-up) AND (error OR errors) Filters: Full text, Humans,
English, from 2007 - 2020

Search: (PTV OR Planning Target Volume) AND (VMAT OR
Volumetric-Modulated Arc Therapy OR Volumetric Modulated Arc
Therapy OR Rapid Arc Therapy) AND (Laryn* OR supraglottis OR
subglottis OR glottis) AND (Setup OR set-up OR set up) AND (error
OR errors) Filters: Full text, Humans, English, from 2007 - 2020

Search: (PTV OR Planning Target Volume) AND (VMAT OR
Volumetric-Modulated Arc Therapy OR Volumetric Modulated Arc
Therapy OR RapidAre Therapy) AND (Head and Neck) AND (Setup
OR set-up OR set up) AND (error) Filtters: Full text, Humans, English,
from 2007 - 2020

search: (PTV OR Planning Target Volume) AND (VMAT OR
Velumetric-Modulated Arc Therapy OR Velumetric Modulated Arc
Therapy OR Rapid Arc Therapy) AND (Thyroid OR Sinus* OR
lymphoma) AND (Setup OR set-up OR set up) AND (error OR errors)
Filters: Full text, Humans, English, from 2007 - 2020

the aim of comparing two tongue immobilisation devices. Average
rotational errors result for headFIX® mouthpiece and syringe
mouthpiece were 0-00°£0-65% and 0-34°£0-59°, respectively. In
Kukolowicz et al.'* rotations larger than one degree were seldom
observed; therefore, these errors were not taken into consideration.
This study, however, performed 2D imaging, therefore, rotational
results from multiple perspective were not analysed. Small values
of rotations were also observed in Yin etal.” study, with the number
of fractions rarely exceeding 2° for pitch, roll and yaw directions.

Intra-fraction translational errors

Bruijnen et al.” measured intra-fraction errors from 2D cine mag-
netic resonance imaging (MRI) and deformable image registration.
In this study, respiratory tumour motion, swallowing, tongue
motion and set-up errors were investigated to determine the
PTV margin size. When the tumounr motion was incorporated into
the PTV margin formula, the margin expanded by 0-6 mm for oro-
pharyngeal tumours, 0-2mm for nasopharyngeal tumours and
1-7 mm for laryngeal tumours®.

Results

Figure L Search strategy.

In Yin et al study’, the intra-fraction population systematic
error during the 5-9 min VMAT period ranged from 0-2 mm to
0-4 mm, and the population random error ranged from 0-5 mm
to 0-6 mm.

Discussion
PTV margin equations

In radiotherapy, there is an issue on the method selected to deter-
mine the PTV margin. The Van Herk formula is a widely used
strategy for PTV margin calculation, and this equation was used
in all the reviewed seven studies. The reason for selecting the for-
mula was not specified and lack of comparison of this formula
against other options for head and neck was identified as a major
gap in the literature.

A study by Namysh-Kaletka, Tukiendorf and Wydmariski'®
used three formulas; Van Herk, Stroom and ICRU, to assess
PTV margin results based on set-up errors for gastric cancer
patients. The margin results were compared, and the study
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Records identified through
database searching
Medline, CINHAL, ProQuest, tipsRO,
Scopus
(n=2197)

Additional records identified
through other sources
Hydi and ScienceDirect

(n=2144)

l

l

| | dentification |

Records screened after removal of duplicates
(n =1905)

[

Screening

Records excluded, with reason
(n = 1869)

46 not in English language
56 wrongtreatment site
1767 wrang treatment modality

—
Full-text articles assessed Full-text articles excluded,
for eligibility with reasons
{(n=36) \ {n=29)
. 15 wrong treatment
medalities

Studies included in 14 wrong intervention

qualitative synthesis
n=7)

included | |

e

Flgure 2. FRISMA 2009 flow chart (Adapted from: Mober O, Liberoti A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting ftems for Systematic Reviews and Meda-

Anlysas).

revealed that the formula being used has an impact in the PTV
margin. As such, the formula should be selected carefully.

The Van Herk's formula assumes that the CTV is spherical in
shape, the tissue is homogeneous, conformal beam penumbra and
that the number of fractions is infinite'®. As such, the use of this
formula for the PTV margin calculation should be used with cau-
tion when these assumptions do not apply.

Due to the exclusion of rotational errors and shape variation, the
Van Herk’s formula should be considered a lower limit for the deliv-
ery of safe radiotherapy. The formula guarantees that 90 per cent of
patients receive a minimum of 95 per cent of the recommended dose
in the CTV'®. Therefore, this formula seems to be adequate for the
calculation of PTV margin in head and neck patients.

PTV margin size

The studies in the review had different PTV margin size and this
continues to necessitate the importance of the departments to

hitpadidoiong 0,101 7/51460396921 000546 Published online by Cambridge University Press

calculate their own specific margins. Margin sizes seem to be
affected by the imaging protocols and immobilisation devices.
Yin et al.” study demonstrated the effect of daily imaging on the
margin size for nasopharyngeal patients. The resulting margin size
was small when compared to other studies in the review, since the
PTV margin was calculated on the set-up errors obtained after
CBCT correction. Kukolowicz et al.'* stated that daily online correc-
tion was slightly better than the NAL (no action level) protocol for
patients having treatment to the head and neck region. However, the
study failed to analyse rotational errors and could not assess ana-
tomical changes since these were not visible on portal images.
Daily imaging protocols should be adhered for patients treated
with a tight PTV margin, such as intensity-modulated radio-
therapy or VMAT. Daily imaging aids in verifying the set-up posi-
tion, identifying the location of the target, assessing tumour
shrinkage and making the necessary corrections prior to each

EKPDSI.IIE‘”.
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Table 1. Summary of characteristics of studies included in the narrative synthesis

Author, year and Head and neck
eountry Study design region Imaging protacol Immabilisation deviee PTV farmula PTV margin result
¥in et al., 2013 Prospective Nasopharynx Daily CBCT 5-point TP mask VHMF Total without CBCT correction:
Southern China Observational HR not specified (inter- and intra- ML=4.1 mm
Analytical and Cross-sec- fraction errors) 5l =34 mm
tional AP=35mm
Total with CBCT correction:
ML=17mm
Sl=22mm
AP=22 MM
Oh et al., 2014 Retrospective Not specified Daily CBCT S-point TP mask Individual HR VHMF ML =233 mm
South Korea Observational (inter-fraction error) Sl=28mm
Analytical and Cross-sec- AP =37 mm
tional
Anjanappa et al., Retrospective HNasopharynx Daily 2D KV imaging (KV images 4-point TP mask VHMF Chivus level:
2017 Observational taken on alternate days were reviewed) HR not specified (inter-fraction error) ML=40mm 5|=3-2mm
India Analytical and Cross-sec- AP =44 mm
tional C3 level
ML =5-0mm
Sl = 4.4 mm
AP =55 mm
Ce level:
ML =649 mm
Sl = 44 mm
AP =&4 mm
MNarfadilah et al., Prospective Oral cancer Daily CBCT S-point TP mask VHMF HFW mouthibite:
2017 Malaysia Observational Mouth Bite (inter-fraction error) ML =3-1 mmm
Analytical and Cross-sec- HR not specified Sl = 2.2 mm
tional AP =0-8 mm
S¥R-
ML=3-Bmm
5l =62 mm
Bruijnen et al., 2018 Prospective Nasopharynx elAL S-point TP mask Individual HR VHMF
Netherlands Observational Oropharynx (inter and intra-frae-
Analytical and Cross-sec- Larynx tion errars)

tional

[Continwved)
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HeadFIx®

et hpiece; SYR = 10 mlfoc syringe barrel; EPID = electronic portal imaging device; CBLT = cone beam computed tomographys portal imaging: eMAL = exiended no action level protocol (maging on first three fractions, followad with once weekly

head rest; HFW

32mm
=30 mm
=30 mm

=56 mm
=61mm
=30 mm
=22Imm
=340 mm

Prior NAL pratocal:

PTV margin result
A

P

ML

5l

AP =4.T mm
AP =40 mm
Sl = &0mm
ML =4.0 mm
MAL protocal:
AP

51

ML

(inter-fraction emar)

PTV formula
VHMF (interfrac-
tional emor)

VHMF

cervical spine level & TP = thermoplastic; HR

TP mask with shoulder retrac-

Immabilisation device
tion Standard HR
S-point TP mask
Standard HR
snteriosterior; €3 = cervical spine level 3; C6

superior-inferion AP

Daily imaging (eMAL for CECT an

remaining days with 20 PI}

Imaging protocol

Daily EPID
Van Herk's margin formula.

Head and neck
region
Nasopharynx

and larynx

Not specified
posterior; ML = mediallateral; S

anterior; P

tional

Retros pective

Analytical and Cross-sec-
Observational

Study design
Retrospective
Observational

Case-contmol
superior; | =inferior; A

(Continued )
Kukolowicz et al,
2020

sample number; 5

Deb et al,, 2018

India

Poland
imaging); NAL = no action level protocol [imaging on first three fractions); VHMF

Authar, year and
country

]
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Norfadilah et al."* study assessed the impact of variation in
tongue immobilisation on the margin size, and the results were
indicative that immobilisation devices influence the PTV margin
size.

According to Anjanappa et al.® study, the lower neck region
requires a larger PTV margin in the ML and AP direction.
Another similar result was obtained in Cheo et al.'” study, where
the set-up errors were evaluated in different levels of the neck and
the largest displacement was found to be in the ML direction
(6-52 mm). As compared to the SI direction, the PTV margin find-
ings in the other reviewed studies do not appear to indicate any
substantial difference in the margin size of the ML and AP direc-
tion. Anjanappa et al® suggestion of increasing the margin size in
the ML and AP direction should therefore not be considered for all
clinical situations.

Inter-fraction and intra-fraction errors

All the studies in the review analysed inter-fraction errors; there-
fore, the method of calculating the margin varied solely on
whether intra-fraction error was being assessed. Van Herk et al.
sugblﬂ.h:d o include Largel volune delineation varfation and
intra-fractional errors in the margin estimation, as well as includ-
ing the SD of these errors in quadrature'®.

The systematic literature found that inter-fraction errors were
generally higher than intra-fraction errors, which indicates that
maintaining the position during treatment leads to less errors than
reprcl-ducing the set-up between treatments.
therefore intra-fraction movements should be quantified®.
Bruijnen et al.® and Yin et al.” were the only studies that analysed
both intra-fraction errors and inter-fraction errors. Intra-fraction
error is related to internal organ motion and patient movement
during treatment, therefore it is a random error'®.

In Bruijnen et al.® study, when the tumour motion was incor-
porated into the PTV margin formula, the margin expanded
mostly in the laryngeal region. This indicates that this region is
subjected to greater tumour motion due to swallowing®. These
results were similar to a study by Gurney-Champion et al.*" where
the tumour motion analysed with MRI imaging was found to be
significantly larger in the larynx and hypopharynx when com-
pared to oropharynx.

In Yin et al.” study, intra-fraction errors were assessed via
CBCT images. The study focused on patients receiving treatment
to the nasopharynx and intra-fraction errors were based on patient
movement during treatment.

Few studies obtained intra-fraction results on patients treated
with VMAT and the need to calculate this error was raised by Yin
et al.”. There was no significant correlation between treatment
delivery time and intra-fraction errors. This study had some lim-
itations since there was a limited data for analysis and statistically
significant results could not be obtained due to the narrow range of
treatment time. These results are contradictive to Hoogeman
et al.”!, who stated that with an increment in time, intra-fraction
systematic errors increase.

Van Herk’s formula does not consider rotational errors'®. Four
studies from the review still investigated the rotational set-up
errors on their population sample. In high-precision treatments,
it is important that rotational errors are not ignored, especially
when the distance from the isocentre to the target is large or when
the tumour has a non-spherical shape™ In most clinical
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Table 2. PTV margin methods

Target Intra-fraction Inter-fraction

Study delineation error erors PTV formula

Oh et al. (2014) x % s PTV = 255-+0-T5

Bruijnen et al. (2018) x s v PTV = 2.5, /(Imotion”+Esetup®] + 0-7,/(omotion®+osetup®)

¥in et al. (2013) X i o PTV = 2.5,/|Tinter-fraction®+ Fintra-fraction?) + 0.7,/ (sinter-fraction®+
ointra-fraction?)

Morfadilah et al. H X v PTV =255 + 0-To

(2017)

Deb et al. (2019) x x ' PTV=2.5E + 0-To

Anjanappa et al. X b + PTV =258 4 0-Te

(2017)

Hukolowicz et al. X b ¥ PTV=25E + 0-To

(2020}

departments, these errors are not corrected due to couch limita-
tions™. Rotational errors were minimal in the four studies.

Target volume delineation

Calculation of the PTV margin should incorporate the systematic
errors obtained from target volume delineation™. Even though
target volume delineation might have the largest impact in margin
size since it is fixed throughout the treatment™, none of the studies
in the review evaluated this factor. This type of systematic error is
mmmunl}r ignored in studies that investigate PTV margin calcu-
lation®" leading to a potential underdosage to the tumour. This is
important for all head and neck locations, but more so for the oro-
pharyngeal cancer since interobserver variability in target delinea-
tion is greater in this regiarlzs_

Limitation

The researchers ran a thorough search and all the body of evidence
found was analysed and discussed; however, the availability of data
on PTV margin calculation to the head and neck region was limited
and this resulted in a small sample of studies. This could have lim-
ited the findings of significant relationships.

Also, some studies were not reliable since they obtained a weak
quality evaluation after been analysed by the Joanna Briggs
Institute tool, as such, the researchers were careful in drawing con-
clusions from these publications.

Since the review relied on pre-existing data, the obtained results
were dependent on the methodology of the studies. Self-reported
data bias could be introduced from relying on pre-existing data.
The studies were also limited to the English language; therefore,
46 non-English language studies were excluded in the first phase
of the review, this resulted in the review to be susceptible to report-
ing bias and language bias™.

Comparison of study results was limited due to the studies
being heterogenous in terms of the key characteristics of the studies
and methodology design.

Although the findings of this study should be interpreted with
caution, this review represents a comprehensive examination of
studies that analysed PTV margin to the head and neck region with
VMAT.

Conclusion

The Van Herk formula was used in all the studies in the review and
none of the studies made use of other PTV margin formula. This
margin seems adequate to calculate the PTV margin for head and
neck patients treated with VMAT.

Most studies only included inter-fraction errors into the van
Herk formula. However, PTV margin should incorporate target
volume delineation, intra-fraction errors and inter-fraction set-
up errors to ensure a well-defined margin.

The result indicated that tumours in the laryngeal region where
more susceptible to motion when compared to those found in the
nasopharynx and oropharynx.

Inter-fraction translational errors were assessed in all the stud-
ies from set-up errors that were registered by the imaging software.
The SD of population random errors was found to be a little bit
higher than that of population systematic errors. The systematic
and random errors of set-up rotational errors were not considered
in most studies, and the obtained values were not included in the
PTV formula since this formula assumes that the CTV is spherical
and, therefore, is unaffected by rotation.

The findings of the review where in line with other studies that
stated that ditferent anatomical regions, immobilisation devices,
imaging frequency, treatment modality, set-up procedures and
patient collaboration influence the size of the PTV margin.

Supplementary Material. To view supplementary material for this article,
please visit https://doi.org/10.1017/5146039692 1000546,
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FREC Approval

Dear Kristina,
your recently submitted amendments have been reviewed and approval is granted cBo FREC. You may proceed with data collaction.
Good luck.

Regards

L-Universita BSc{Hons) (Melit.), M3e[Melit.), R
ta' Malta

Senior Lecturer, Department of Midwifery
Chairperson, Faculty Research Ethics Committee

Faculy of Health Sciences
Office No. 48
R
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Data Protection Clearance Decleration Form

ll:ll_"'I-MA.TEFE[:iEI Data Protection Clearance Declaration Form

REF: 68/2021
| hereby declare that | will regpect the confidentiality and privacy of any personal data or information that | will come
gcross at Mater Ded and will in no ancumistance disclose any such mformation to thind parties.

| confiem that information submitted for Data Protection Clearance is comect and that | will abide with conditions
iesued in same clearance nofice.

#  This clearance does not cover ethical approval.

#  All your potential participants must be 18 +.

# Al documents presented to your parficipants must include UOM s logo.

*  Your submitted documentation must remain unchanged.

#  What was declared during this clearance process is what you will abide fo.

*  You and your intermediary must abide with all the articles of the GDPR (EU) 2016 | 679 throughout
the data collection process and thereafier.

#*  You are requested to submit a copy of your findings fo this office at the end of your study.

*  Pleaze communicate with the Chair's office before you start. You must also present this clearance
email

| also declare that | am aware of the provisions of the:

zeneral Data Protection Regulation (2016)

(ref: hiips-idpc org mbenPages/qdpr aspx ),
Computer misuse provisions of the Criminal Code

(ref. hiip-www justicesenices. gov.miDowmloadDocument . aepx 7 app=lom&itemid=32574),
and, the Professional Secrecy Act

(ref. hitp-www justicesenices. gov.miDownloadDocumment aspx ?app=lom&itemid=284451=1)

and that | will abide by 2l Govermment and Hospital requiations related fo data, information and use of [T Systems
and services (ref. hifpoiictpolicies.qov.mi |, hitp:/fenaw kura. gov.mi ).
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I-LI'-MATEH DEI Data Protection Clearance Declaration Form

REF: 682021
Full Mame: Krisfina Cansana

IV Passport: euiiilP®
Approval Date from DPO: 24% March 2021

Approval Date from CEOQ: 01% February 2021

Data Collection Period (From — To): May 2021 — May 2022

MDH Official Approval Names SRS

Name of Study / Audit- A local assessment of the PTV margin calculafion in pafients freated fo the larynx with
VMAT

Ap.p_licanrs Signatur&: Forlitlea Cafliana (War 20, 3021 302 OHT=2
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CEO Permission

CEO at Health-MDH

Teday, 12-52
Caruana Erstnz NGNS

Dear Ms Caruana,

Kindly note that approval has been given by Ms Sulinliism® for you to conduct this study in line with
applicable hospital protocols.

Please also be remindad that CEQ's approval has to be sought before any data being shared outside of
hospital locally or abroad.

Regards

e
Personal Assistant To CED

;;"L FMTER DEI —
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Sir Anthony Mamo Oncoloqgy Centre Research Approval Form

1

*="T=SIR ANTHO
LSRR ANTHONY Mamo
[ FORM : Oncology Proposal/a

Document Code: ONCO-GeFO-P/A-OO] Ve
- VUL

Pproval Audit/ Research purposes
.01

Reference SOP : ONCO-Ge-PD.AP--001.Ver.01

Clinical Chaijr

er
Name and Sy Person (Haematology - Oncology):

rmame (in block letters) and Signature:

An approval is granted to carry
accessible anly by complyin,
Data Protection Regulation

out the studyYaudit at any SAMOC Department. Patient Information can be
g with the following data protection principles, which are set out In the General
2016, In summary these state that patient's data shall:

Be obtained and processed fairly and lawfully and shail not be processed unless cerlain conditions
are met. Therefore patient's information (including scans) should be made anonymous -by an
appointed radiotherapy staff (from the Head of section)

Be obtained for a specified and lawful purpose and shalf not be processed in any manner
incompatible with that purpose,

Be adequate, relevant and not excessive for those purposes (in the case of a study or audit).

* Beaccurate and kept up to date.

* Notbe kept longer than Is necessary for that purpose

= Be processed in accordance with the data subject’s rights.

» Be kept safe from unauthorised access, accidental loss or destruction.

e Not be transferred to any third party unlawfully.
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Professional Lead Allied Health
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Patient Consent Form (In English)

L-Universita

ta' Malta

Information Letter

Cear Patient,

Ky name is Kristina Caruwana and | am currently reading for a M5c by Research atthe University
of Malta. As part of my course requirements, | am conducting a research study entitled, ‘A
local assessment of the PTV margin calculation in potients treated to the lorynx with VAMAT'.
The aim of this study is to determine the radiotherapy treatment margin size for patients
baing treated for lanynx cancer with WMAT. Your participation in this study could help improve
the service given to future patients and to update the current procedures in radiotherapy.

I hereby ask for your permission to access data from your CT planning scans and Cone Eeam
Computed Tomography (CECT) scans. The CBCT scan refers to the scan that is taken prior to
treatment delivery to ensure that you are in the correct position. Both CT planning scans and
daily CECT scans are performed as a standard clinical practice. As part of this study, | will also
be seeking your approval to perform an additional scan once a week for the whole duration
of your treatment. This procedure is only done on patients who consent to participate in this
research and is an additional procedure to the standard practice at 5amOC. The benefit of
this additional scan is that the radicgraphers would assess if there was any variation in your
position from the beginning till the and of your treatment session on that particular day. If
movement during treatment is detected, the radiographers may make the necessary
adjustments to try and reduce this for the next treatment day. This procedure is also essential
to calculate the treatment margin size which would benefit future patients. it is important to
note the CBCT scan involves the use of X-rays, this radiation dose, however, will be controlled
ti limvit the risk that results from icnising radiation. The treatment procedure will also increase
by about two minutes during the days of the weekly additional CBECT images.

If you agree to participate, your approval is being sought to:
1. aCCess your examination report,

2. access your radiotherapy information and clinical note,
3. access your imaging data.

Yiour consent i also being sought o that once a week an additional CECT examination will be
parformed. You may kesp a copy of this information sheet and consent form for your perusal.
Should you wish to participate in this study, kindly sign the provided consent form and hand
it back to the radicgrapher who gave it to you.

The signed consent form will be stored securaly in a locked cupboard, by the intermediary
pearson to ensure anonymity. Please note that you are not obliged to participate in this study,
and you may withdraw from the study at any time without giving a reason. Furthermore,
withdrawal from this study or refusing to participate will not have any negative reparcussions
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since there will be no penalty or loss of benefits to which you are entitled to. The participation
in this research is completely on voluntary basis and you are free to accept or refuse to take
part withouwt giving a reason.

| would like to assure you that all data collected will be strictly anonymous. Confidentiality will
be maintained throughout the entire study and your identity and personal information will
not be revealed in any publications, reports or presentations arising from this research. All
data collected from this study shall be used solely for the purpose of this study. The
researcher, the academic supervisor/s and the examiners will have access to anonymised data
only. Also, the gathered data will be erased upon completion of the study whilst the results

will be kept in an anonymised format, stored on a password protected computer being only
accessible to the researcher. As a participant, you have the right under the General Data
Protection Regulation (GDPR) and national legislation to access, rectify, and where applicable
ask for the data concerning you to be erased {or retained in anonymised form). Please note
that psychological support is provided should this be reguired.

This study has been approved by the Research Ethics Committee of the Faculty of Health
Sciences at the University of Malta.

Thank you for your time and consideration. Should you have any guestions or concerns do not

hesitate to contact me by e-mail on R cr phone me on
S ou can also contactGEEREEER. MY supervisor.

Yours sincerely,
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Eatients Consent Form

Title of Research Study: A local assessment of the PTV margin calculation in
patients treated to the larynx: with VMAT Please Tick X

. give my consent to
take part in the study conducted by Knstina Caruana. The purpose of this
document is to specify the terms of my participation in this research study.

1. | have been given written and verbal information about the purpose of the
study and all questions have been answered.

2. | understand that | have been invited fo take part in a study in which the
researcher will investigate the PTV margin size for patients being treated with
VMAT fto the lanynx.

3. | am aware that | once a week | will have an additional CBCT scan after
the treatment to assess for any varation in my position duning treatment.

4. | am aware that the researcher will have access to anonymised data only
and therefore the researcher cannot identify the patients.

5. | am aware that my identity and personal Information will not be revealed
in any publications, reports or presentations arising from this research.

f. | also understand that by allowing the researcher to access my report and
scans will be helping to improve the service given to future patients by aiding to
update current procedures in the radiotherapy department.

T. | woluntarily agree to participate in this study and have been given a copy
of consent form.

8. Under the General Data Protection Regulation (GDPR) and national
legislation | have the night to access, rectify, and where applicable erase the data
concemning about myself.

8. | understand that | am free to accept, refuse or stop participation at any
time without giving any reason and that my confidentiality will be maintained
throughout the study. Also, refusing to participate or withdrawing from the study would
involve no penalty or loss of benefits to which | am othensise entiied.
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Patient Consent Form (In Maltese)

L-Universita
ta' Malta

Ittra ta" Informaz=joni lil-F azjenti

Ghazizla Pazjent/a,

Jiena Kristina Carwana, fil-prezent ged insegwi l-kars t3” MSe fir-Ricerka mal-
Universita' ta" Maka. BRhala parti mir-rekwiziti tal-kors, ged naghmel ricerka bit-titlu "A
lzcal assessment of the PTV margin calculation in patients treated to the lanynx with
WMAT . L-ghan ta' dan l-istudju ho li ninvestigaw id-dags t@al-margni ghal pazzjenti i
jifidu -kwra bir-raggi fil-laringi b° VYMAT. Is-sehem tieghek fdan listudju se jkun
gieghed jghin kemm fii-titjic tas-servizz moghti lil pazjenti fil-gejieni kif ukoll sabiex jigu
afgformati l-precedur kumrenti fid-dipartiment tar-raggi.

Inti ged tigi mistieden/mistiedna biex tiehu sehem fdan l-istudju ghalhekk gieghda
nitlob il-permess tieghek biex nadééessa informazzjon:

1. mir-rapporti klinci tal-onkologija,
2. mir-ritratti tas-CT scan tieghek,
3. mir-ritratti li jittiefhdu gabel ir-raggi.

Miztieq whkoll nitleb il-permess biex jitiefdu ritratl ofira darba fil-gimgha wara li tinghiata
ir-raggi. Dawn ir-ritratti huma mefitiega biex naraw jekk hemmx varjazzjoni filpoZizzjoni
tieghek waqt it-irattament. Jekk caglieq fil-pozizzjoni tieghek tigi ceservata, ir-radjograf
ikunu jistghu jildu lpassi neccesarj biex inagsu dan it-tip ta’ movument fil-granet ta’
trattamenti l-ofira. Din il-procedura hi whkoll essenzjali biex jigi mkejel ilmargni kif
suppost. Important § thum taf i "CBCT scan” jinvalvi luzu tar-raggi (X-rays). Dawn ir-
raggi se jkunu kontrollati biex innagsu ir-riskju li johirog minnhom. l-proecedura ta' §-
trattament se ZZidlek wkoll b =i Z2ewd minuti fil-granet § jkollok dawn it-tip ta® ritratti.

Jekk taccetta i tippartecipa, ged tigi mitlub/a biex tipprowdi Hkunsens tieghek. Kopja
tal-itira ta' informazzjoni u tal-formula @' kunsens se tinghata lilek ghal referenza
filfutur. Jekk taccetia li tippartecipa Pdan lis-studju, ged tigi mitlubfa biex tifirma -kopja
tal-formula ta' kunsens u taddiha lir- radjografu i ghaddielek din Hinformazzjoni.
Iformod ta' kunsens iffirmati ser jinzammu Fpost sigur mill-intermedjargi Farmagu
msakkar sabiex tigi Zgurata iktar l-ancnimita. Jekk joghgbok innota li se tkun ged
tintalab tipprovdi biss data li hija mehtiega ghal-ricerka. Mintix obbligat'a li tiehiu sehem
u tists' tirtira mill istudju =Tin trid mingfhajr ma taghti ebda raguni. Barra minn hekk i
tirira mill-studju ma jRali ebda riperkussjoni negattiva fugek. Ghalhekk -
partecipazzjoni tieghek fdan l-istudju hija volontarga u inti hieleshielsa i taccetta jew
tirrifjuta li iehu sehem minghajr ma taghti raguni.
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Massigurak li kull data misura se thun ged tinhazen b'mod ancnimu. Kunfidenzjalita® se
tinzamm matul Histudju kollu u -identita’ tieghek u kull informazzjoni personali migbura
m'huma se jigu zwvelata mkien fiR-tezi, fir-rapporti, il-prezentazzjonijiet wjew il-
pubblikazzjonijiet §i jistghu jimzultaw minnha. Bamma minn hekk kull informazzjoni
migbura minn din ir- ricerka ghandha tintuza biss ghall-ghan ta" dan Hstudju. Ir-rtratti
u informazzjoni fug ir-ritratti se jinghataw lili b'mod anonimu. Jiena flimkien mas-
supervizur akkademici u l-ezaminaturi se jkollna access biss ghad-data ancnima. Kull
informazzjoni migbura ser tithassar wara t-tmiem ta dam listudju, u r-rizuliati ser jibgghu
mizmuma b'mod anonimu fug kompjuier protett bil password, acéessibli biss ghar-
ricerkatrici. Skond il- "General Data Protection Regulation™ (GDPR), bhala participant/'a
fdan listudju, int ghandek id-dritt li taccesa, tiranga, u fejn applikabli ssagsi ghal
informazzjoni i tikkonéerna fughek biex tithassar. Int tista’ whkoll twaggaf il-
partecipazzjoni tieghek f dan |-istudju minghajr ma jkun hemm xi tip ta riperkussjonijiet
rigward it-trattament tieghek. Mixtieq ninfurmak li hemm provdut servizz ta' support
psikologiku, ¥ kaz ta" bzonn.

Can lHistudju gie approvat mill-kumitat ghall- Etika fir-Ricerka fi hdan il-Fakuta tax-
Xjenzi tas-Sahfia, A-Universita’ @' Malta.

Grazzi hafna tal-him tieghek fdam istudju. Jekk ikollok xi mistogsijiet rigward dan -

istudju tiddejjagx tikkuntatjani fug l-e-mail: ey i— j=w compilli
fug AR
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Fommula 13" Kunsens tal-Pazjent

Titlu tal-istudju: A local assessment of the PTV mangin calculation in patients treated to the
larymos with WRAT.

Jien, naghti |-kunsens teghi biex miefu sefhem
fl-istudju mmesxd minn KAstina Camnuana. L-ghan ta" dan id-dokurnent bu | igu spedifkad
fermini tal-partetipazzjoni

Jekk Jghogbok Immarka X

1. Jien imghiatajt informazzjoni miktuba w verbali dwar |-ghan tal-istudju u Hmistogsijiet
kollha twiegbu.

2 Nifhem i s nkun ged nippartedpa §i studju, fej ir-nicerkatnid hia investiga il- gisien
tal-margini tar-radgi fpersuni I ged jinghatsw trattament fil-laingi b’ WVEAT.

3 Mifhem i darba fil-gimgha se jitiehduw rtratt &' CBCT wara t-irattament biex ir-
nicerkatnéd tara jekk kisne hemm xi varfazzjoni fil-poZizzjoni Seghi wagt #-trattament.

4. Maf ukodl |i r-ricerkatricai se jkollha adéess biss ghall informazzjoni anonima
sabiex ma thumx tista tidentifika |-pazjenti.

5 Maf i lHdentita’ Seghi u Finformazzjoni personali m'huma se jinkidu mkien fit-
teF, fir-rapporti, prezentserjonijiet wiew fil-pubblikaz=jonijet I jistghu jmzultas
minnhia.

6. Mifhenm whadl li billi ngfiati permess ir-ncerkatricd thun tista” taddessa rapport
u imagini radjografici mehuda ghal ghamn &' trattament. B'hekk inkun ged nghin |
ntejjeb is-senizz tal-pazjenti fil-gejjieni sabiex jaggomaw |-procedun kurmenti tar-raggi.

g Jien volontararment atéetiaft il nippartedipa fdam Hstedju, u inghsatajt kopja
tal-formola tal- kunsens.

g Skond il- Zeneral Data Protection Regulation bhala participant'a Fidan |-
istudju, jien ghandi id-dri#t li naétesa, nimanga, u fejn applikabli nsagsi ghal
infizrmazzjoni i Gkkoncema fugi biex fhassar.

10. Jien ghandi d-dritt i mirtiera minn damn Histudju minghajr ebda raguni ~kull Rin.
Maghmel dan minghajr ebda nperkussjoniiet, penall, jew nuggas 3" beneficci fi-
trattament tieghi. Nifhem li se ingamm Hkunfidenzjalita’ ieghi Fdan Hstudju.
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R Seekine permission o participate in the stucy — Chinicl Oncobosists snd Soecialists’
Irsirees

My Hame is Kristina Caruanz and | am oumrently registered as 3 stedent pursuing =
postzreduste course leading to the award of 3 M5c by Research at the University of Malt.
This entails that | urdertzke a research study which has to be submitted during the final year
of the course. The propos=d title of my study is @ joco! assessmeant of tie PTV margin
calculation in potients tregted to the Jorpax with VMAT. Slliniemies, Head of the
Departrment of Radiography, is the primary supervizor. WS, S=nicr Lecturar snd Mr
xS Cccistan: Lecturer are the co-supervisors. SUEAFENER. the Clinical

Chairperson of the Onoology Department is sppointed a5 an advisor.

The aim of this sudy is to caloulzte the PTY margin on patisnts trezted for cancer of the
Larynx with VAT =t the local Oncology Centre. A part of this study, | will be sssescing inter-
fraction and intra-fractiom errors, as well as snalysing the veriation in target wolume
delineation.

To fulfil the 3im of the study | shall be recruiting about twenty patients” prospectively with
the zid of an intermedizry person who is & rediographer working in the dinicl department.
The intermediary person will be collecting set-up error dats from the V] softeare and is
required to identify =ligible patients. Patients that fit the induwsion oiteria will be provided
with information about the study and will be invited to participate. if the patients accept, the
intermediary radiographer will need to obtain their signed consent. The intermediary person
will alzo provide me with the reguired anorymiszed information for evaluation and will be
acked to lizise with the medical physidst, assisting me through this study, to anonymise
patients CT scan.

On = weekly basiz those patients who consent to partidpate in the Sudy will b= having an
additional scan after the treatment. These scans would ne=d to be scheduled by the
radiographers working in REY and the data will be collected by the intermediary person in
arder to measure intra-fraction errors.

To sssess the variation in tanget volume delineation, the CT planning smns of the patients in
the samiple will be distributed to the clinicians who will be ssked to delineate the CTV volume.
This data will then need to be exported to [MSIMEA™ 1o assess the systematic errorin this
procedure.

| am therefore zsking for your consent to participate in this study. Your role, should you
accept, will be vo delineate the CTY volumes of five randomly selected patients from the data
set, All patients in the sample will be dizgnosed with 2 laryngeal tumour. The procedures to
delineate the CTV volume for a patient would generzlly tzhe srmoond fifteen minutes.

Lponymity and confidentiality will be maintzined throughout the entire study and your
identity and personzl information will not be rewezled in any publications, repors or
presentations arising from this research. All data collected from this study shall be used solely
far the purpose of this study. The researcher, the academic supervisor's and the sxaminers
will have soo=ss to anonymised data only. Slso, the sathered data will be erased wpon
compl=tion of the sudy whilst the results will be kept in 2n anonymised format, stored on 2
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password protected computer being only accessible to the researcher. As a participant, you
hawve the right under the General Data Protection Regulation (GDPR) and national legislation
to access, rectify, and where applicable ask for the data concerning you to be erased [or
retained in anonymised form).

It is my intention to share the results of my study with the radiotherapy department to
optimise current PTV margin departmental protocols.

| apprediate the time taken to respond to this request. Should you require further information
or clarifications do not hesitate to contact me.

Yours sincerely,
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R=: Seekin= permission to participate in the study — Radio=rsohers

Ky name is Eristina Caruana and | am currently registered a5 2 student pursuing a3
posteraduste course leading to the award of a M5c by Fesearch at the University of Malta.
This entails that | undertzke a research study which has to be submitted during the final year
of the course. The propaosed title of my study is A local assessment of the PTV margin
calculation in patients trested to the laryne with VAT . @GRS He=xd of ths
Department of Radiography, is the primary supervisor. SRR S=nior Lecturer znd Mr
SUEEERRES  Accistant Lecturer are the co-supervisors. -. the Clinical

Chzirperson of the Oncology Depzrtment is sppaintad s an advisor.

The aim of this fudy is to caloulste the PTY margin on patisnts trested for cancer of the
Larynu with WHKAT at the local Oncology Centre. &= part of this study, | will be sssessing inter-
fraction and intra-fraction errors, as well as analysing the waration in target wolume
delineation.

T fulfil the aim of the study | shall be recruiting about twenty patients” prospectively with
the zid of an intermedizry person who is & rediographer working in the dlinicl| department.
The intermediary person will be collecting set-up error dats from the V] software and is
required to identify =ligible patients. Patients that fit the inclusion criteriz will be provided
with information about the study and will be invited to participate. if the patients accept, the
intermediary radiographer will need to obtain their signed consent. The intermediary person
will alzo provide me with the required anorymised information for evaluation and will be
ashed to lizise with the medical physicist, assiting me through this study, to anonymise
patients CT scan.

&lzo, on 3 weekly basis those patients who consent to participate in the study will be having
an sdditionz] scan after the treatment. Thes= scans would need to be scheduled by the
radiographers working in RE&Y and the data will be collected by the intermediary person in
order to measure intra-fracion errors.

Ta sssess the varation in target wolume delineztion, CT planring scans of the patients in the
sample will be distributed to the dinicians who will be zsked to delineate the CTV volume.
This data will then need to be exported to [MSIMEA™ to assess the systematic errorin this
procedure.

| am asking for your consent to participate in this study. Your role, should you accept, will be
to perform the scan werfiction procedure to ensune the inter-rater relizbility of the s=t-up
ermars. ou will 2lso be asked to perform image matching on a totz] of twenty-five randomlby
selected scans from the study’'s population sample. All patients in the sample will be
dizgnosed with a larpngez] tumour. This procedure is estimated to take one howr to be
performed.

&nmonymity and confidentiality will be maintzined throughout the entire study snd your
identity and personz] information will not be rewezled in any publications, reports or
presentztions arising from this res=arch. All data collected from this study shall be used sol=ly
for the purpose of this study. The researcher, the academic supervisorfs and the sxaminers
will hawe access to anonymised data only. Slso, the sathered data will be erased wpon

completion of the sudy whilst the results will be kept in =n anorymised format, sored on a
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password protected computer being only accessible to the researcher. As a participant, you
have the right under the General Data Protection Regulation (GDPR) and national legislation
to access, rectify, and where applicable ask for the data concerning you to be erased (or

retained in anonymised form).

| appreciate the time taken to respond to this request. Should you require further information
or clarifications do not hesitate to contact me.

Yours sincerely,
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Appendix C

Part |

Patient information data for the measurement of target volume delineation error

Patient 16

62-year-old, heavy smoker.

Staging
Stage 1

Diagnosis
Diagnosed with left Vocal Cord SCC, extending to anterior commissure. Severe
dysplasia on anterior right vocal cord. Both cords mobile.

No Endoscopy results available

MRI findings
There is focal enhancement of the left vocal cord (confirmed histologically to represent

well differentiated squamous cell carcinoma). No evidence of gross pathological
enhancement in the supraglottis on this side. No frank mass lesions identified in the
right true and false vocal cords. There is no cervical lymphadenopathy by size criteria.
Unfortunately, cartilaginous invasion cannot be assessed.
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Patient 26

64-year-old presented with a one year history of hoarseness. Heavy smoker. Drinks 2
bottles of alcohol daily.

Diagnosis
Right vocal cord - Moderately differentiated squamous cell carcinoma

Left vocal cord - Moderate to focally severe epithelial dysplasia

Staging

There is effacement of the ventricle on right side

" Initial erosive changes of thyroid cartilage on right.

" No subglottis extension (staging T3)

No lymphadenopathy by size criteria but non-specific
! Round looking lymph node right level 111 (9x8mm)

Biopsy results

The right vocal cord biopsies show multiple mucosal fragments which are infiltrated in
places by a moderately differentiated squamous cell carcinoma that has arisen on a
background of severe epithelial dysplasia with overlying hyperparakeratosis. The
tumour is composed of islands of malignant squamous epithelial cells with a
pleomorphic nuclei, prominent nucleoli and moderate amounts of eosinophilic
cytoplasm. Keratin formation is identified but is not prominent.

The biopsies from left vocal cord are composed of mildly inflamed fibrous corium
covered by non-keratinised stratified squamous epithelium in which cytologic and
architectural atypia amounting to moderate to focally severe dysplasia is seen.
Invasive squamous cell carcinoma is not seen in these biopsies.

CT Neck findings

CT Neck: There is pathological enhancement causing bulging of the right true vocal
cord. This enhancement involves the anterior two thirds of the right vocal cord
extending to the anterior commissure. Dubious involvement of the anterior third of the
left vocal cord. Enhancement extends cranially to efface the ventricles on the right
side.

Initial erosive change of the inner cortex of the thyroid cartilage. No subglottic
extension.
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Patient 36

81-year-old, non smoker. Few months history of dysphonia.

Staging
Large T3 glottic tumour arising from right vocal cord. Tumour debulked. Subglottis
spared.

CT Neck Thorax findings

There is a small collection in the retropharyngeal space on the right measuring 6 x 10
mm. Subluxation of the right cricoarythenoid joint with the arytenoid cartilage mildly
displaced anteriolaterally. Oedema of both aryepiglottic folds and of the paraglottic fat
limiting accurate assessment. The thyroid gland is unremarkable.

Patient 46

46-year-old
(D and | mentioned treatment to the vocal cords) - No other clinical notes available.

MR findings
The larynx is unremarkable with no masses of areas of frank pathological enhancement

identified. The nasopharynx, oropharynx, parapharyngeal and retropharyngeal spaces
are within normal limits (save for a very small Tornwaidt cyst). Incidental note is made
of a prominent accessory lobe of the right parotid gland. Otherwise, unremarkable
appearance of the parotid and submandibular glands and thyroid gland. There are
bilateral slightly prominent cervical lymph nodes, none exceeding 1 cm in short axis.
No significant abnormalities

cervical nodes not exceeding 1 cm.

Endoscopy results showed Erythemateous Rt cord.
No abnormality detected in the neck.

Anterior commissure mucosal biopsy: cancer in situ
right vocal cord mucosal biopsy : ca in situ, highly suspicious for invasion.
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Patient 56

81 year old presented with hoarseness

Diagnosis
Differentiated SCC.

Emergency tracheostomy procedure performed (larynx dysfunctional). Was not fit for
laryngectomy

MRI findings
Tracheostomy in situ with a small amount of surgical emphysema in the left lower neck.

Nasogastric tube is seen to close the pharynx.

Note is again made of a polypoid largely intraluminal mass arising from the glottic
plane. This measures 2.0 (AP) x 1.5 (LL) x 2.0 (CC) cm. At the level of the subglottis
the lesion almost completely occupies the airway.

The most cranial margin of the mass is the ventricle on the left side, whereas the inferior
margin of the mass is just above the lower margin of the cricoid cartilage.

There is no convincing evidence of infiltration of the paraglottic space. There is no
infiltration of the laryngeal cartilages.

No lymphadenopathy in the neck.

Conclusion: Disease recurrence at the level of the glottis and subglottis. Pathological
tissue is located largely intraluminally, with no evidence of infiltration of the paraglottic
space.
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Inter-observer reliability of soft-tissue reqistration

Scan Rx Ry RZ
Patient 1 1
2
3
4
5
Patient 2 1
2
3
4
5
Patient 3 1
2
3
4
5
Patient 4 1
2
3
4
5
Patient 5 1
2
3
4
5
Comments:
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Intra-observer reliability of soft-tissue reqistration

Scan X

Rx

Ry

RZ

gl O WN
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Data Record Sheet for Intra-fraction errors assessment using a soft tissue match

Patient study number: Age: Sex:

Diagnosis:

Staging:

Prescription:

Fraction X Y Z Rx Ry Rz
(mm) (mm) (mm) ©) ©) ©)

PreCBCTsoft
Week 1

PostCBCTsoft
Week 1

PreCBCTsoft
Week 2

PostCBCTsoft
Week 2

PreCBCTsoft
Week 3

PostCBCTsoft
Week 3

PreCBCTsoft
Week 4

PostCBCTsoft
Week 4

PreCBCTsoft
Week 5

PostCBCTsoft
Week 5

PreCBCTsoft
Week 6

PostCBCTspft
Week 6

Comments:
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Data Record Sheet for Inter-fraction errors (Set-up errors and Organ Motion)

Patient study number

Clip-box registration

Mask registration

Fraction

(mm)

Y
(mm)

z
(mm)

Rx
©)

Ry
©)

Rz
©)

(mm)

Y
(mm)

Z Rx
(mm) | ()

Ry
©)

Rz
©)

O 0o N| o g | N|

(=Y
o

=
[

=
N

(SN
w

'—\
a

(SN
ol

[y
»

=
\l

[y
(o]

=
©

N
o

N
=

N
N

N
w

N
&

N
6]

N
»

N
~

N
(o]

N
©

w
o
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Data record sheet for inter-observer variation in image matching for bone reqistration

Radiographer study number:

Scan X Y RX RY RZ
Patient 1 1
2
3
4
5
Patient 2 1
2
3
4
5
Patient 3 1
2
3
4
5
Patient 4 1
2
3
4
5
Patient 5 1
2
3
4
5
Comments:
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Part ii

Data record sheet for target volume delineation error

Patient study number

CT slices | Anterior | Posterior | Superior Inferior Left Right
(mm) (mm) (mm) (mm) (mm) (mm)

Individual

Mean
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Data Record Sheet for Intra-fraction Errors

X1s - XOs
(mm)

Y1s-YOs
(mm)

Z1s- Z0s
(mm)

RX1s - RXOs
©)

RY1s - RYOs
©)

RZ1s - RZ0s
©)

SD

M = Average of all errors

SD = Standard Deviation

> = Population systematic intra-fraction error

o = Population random intra-fraction error

X0s= Pre-treatment CBCT soft tissue image registration result in the left-right direction

Y0s= Pre-treatment CBCT soft tissue image registration result in the superior-inferior direction
Z0s= Pre-treatment CBCT soft tissue image registration result in the anterior-posterior direction
X1s = Post-treatment CBCT soft tissue image registration result in the left-right direction

Y1s = Post-treatment CBCT soft tissue image registration result in the superior-inferior direction
Z1s= Post-treatment CBCT soft tissue image registration result in the anterior-posterior direction
RX0s = Pre-treatment CBCT soft tissue image registration result in the Roll direction

RYOs = Pre-treatment CBCT soft tissue image registration result in the Pitch direction

RZ0s = Pre-treatment CBCT soft tissue image registration result in the Yaw direction

RX1s = Post-treatment CBCT soft tissue image registration result in the Roll direction

RY1s = Post-treatment CBCT soft tissue image registration result in the Pitch direction

RZ1s = Post-treatment CBCT soft tissue image registration result in the Yaw direction
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Data record sheet of systematic and random translational errors of inter-fraction
errors (set-up errors and organ motion errors)

X0s X0g  X0s-XOg | YOs YO0s Y0s-Y0s | ZOs Z0g  Z0s-Z0g
Patient: | i o pi oi Wi ol Mi oOf Wi oi Wi ol Mi o Wi o Wi ol

© 00 ~NO O WNPRE

PR R R R R R R R
© O ~NOUWNR O

20
Errors S ¢ Y o6 S o© > 6 Y 0 > © 2 0 2 0 > o©

pi = Individual average deviation

oi = Individual standard deviation

> = Population systematic error

o = Population random error

X0s= Pre-treatment CBCT soft tissue image registration result in the left-right direction

YO0s= Pre-treatment CBCT soft tissue image registration result in the superior-inferior direction
Z0s= Pre-treatment CBCT soft tissue image registration result in the anterior-posterior direction
X0g = Pre-treatment CBCT bone image registration result in the left-right direction

YO0s = Pre-treatment CBCT bone image registration result in the superior-inferior direction

Z0g = Pre-treatment CBCT bone image registration result in the anterior-posterior direction
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Data record sheet of systematic and random rotational errors of inter-fraction errors
(set-up errors and organ motion errors)

RX0s RXO0g RXO0s - RYO0s RYOs ROYs. RZ0s RZ0g RZ0s -
RX0g RYOs RZ0g
Patient |y of g of g o |Mi O Wi O Wi O | i oi Mdi oOi  ui Ol

© 0N OB WDN P

PR R R RRRRER
© O ~NO Ul WNRO

N
o

Erors |S 6 Y o S o Y o S o S o S o S o Y o©

Mi = Individual average deviation

oi = Individual standard deviation

> = Population systematic error

o = Population random error

RXO0s = Pre-treatment CBCT soft tissue image registration result in the Yaw direction
RYOs = Pre-treatment CBCT soft tissue image registration result in the Pitch direction
RZ0s = Pre-treatment CBCT soft tissue image registration result in the Roll direction
RX0g = Pre-treatment CBCT bone image registration result in the Roll direction
RYO0s = Pre-treatment CBCT bone image registration result in the Pitch direction
RZ0s = Pre-treatment CBCT bone image registration result in the Yaw direction
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Data record sheet for inter-observer variation in image matching

Radiographer study number

X Y Z RX

RY

RZ

Patient 1:image
number

g WIN|EF

Patient 2:image
number

g WN|F

Patient 3:
image number

2
3
4
5

Patient 4:
image number

1

2

3

4

5

Patient 5:
image number

1

2

3

4

5

Einter

Ointer

X= Inter-observer variation errors in the left—right direction

Y= Inter-observer variation errors in the superior—inferior direction

Z= Inter-observer variation errors in the anterior—posterior direction

Rx = Inter-observer variation errors in the Roll direction

Ry = Inter-observer variation errors in the Pitch direction

Rz = Inter-observer variation errors in the Yaw direction

E€inter = POpulation systematic error for inter-observer variation in image matching
Ointer = Population random error for inter-observer variation in image matching
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Data record sheet for the calculation of the PTV mardgin

Population Systematic Error

X y z
Target Volume Delineation
Intra-fraction
Total inter-fraction
Inter-observer variation IM
Population Random Error
X Yy z

Target Volume Delineation
Intra-fraction

Total inter-fraction
Inter-observer variation IM
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Appendix D

Validity of Keywords for the Systematic Literature Review (1)

Not relevant Somewhat Quite relevant | Highly relevant

Keywords relevant

Nasopharyn*

Oropharyn™

Laryn*

Hypopharyn™

Oral cavity/mouth

Head and Neck

Set-up/setup/set up

Error/errors

VMAT/
Volumetric-Modulated
Arc Therapy/Volumetric
Modulated Arc Therapy/
RapidArc Therapy

PTV/Planning Target

Volume

! ffo(a( Tfonque wilth val  caus /Mou/'&

Aﬂld fensa , ceal (0”3:5 fo /“'7..,,(
Name and Surname:

Signature:

NN YT
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Validity of Keywords for the Systematic Literature Review (2)

Not relevant Somewhat Quite relevant | Highly relevant
Keywords relevant

Score

Nasopharyn®*

Oropharyn*

Laryn™

Hypopharyn*

Oral cavity/mouth

Head and Neck

Set-up/setup/set up

Error/errors

SISISISIS VY

VMAT/
Volumetric-Modulated
Arc Therapy/Volumetric
Modulated Arc Therapy/
RapidArc Therapy

\

PTV/Planning Target

Volume \/
Add oMer dredment Sites redated 15 head cd nedk Concurs ex . SinBes \ymphoas

and —’:\7roid .
Name and surname: “SNNNNENTENR.

Signature:
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Validity of the Target Volume Delineation Data Gathering Tool (1)

l/g'r\l. M
e ek

Not relevant

Somehow
relevant

Quite relevant

Highly
relevant

—

Score

2

4

CT Simulation

Clinical History

Staging and Ak
Diagnosis

Y

CT contrast scan
(when available)

MRI scan
(when available)

A

PET scan
when available)

Comments:

'fEr\_(Lc)oam

Name and Surname g~

Signature ?
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Validity of the Target Volume Delineation Data Gathering Tool (2)

Not relevant | Somehow Quite relevant | Highly
relevant relevant
Score 1 2 3 4
CT Simulation
Clinical History
Staging and
Diagnosis

CT contrast scan
(when available)

/
A
e
4

MRI scan
(when available)

PET scan
(when available)

/

Comments:

Name and Sumame ___ xR,

Signature
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Data gathering tool Validity for Assessing Inter-fraction error (Set-up errors and
Organ Motion) (1)

Not "~ Somewhat Quite relevant Highly
_ 1 _rﬂgvant _ ___rflwant [ relevant
| Score L z | 3 a
Palien! number o T - T
__CJ'J]:IbDr regr'st.r;_lﬁ:ﬁ__“ T —
- —T I . — -
A v —_— i — — e T
— | _ 1 R _
| Rx — ] ) { — s S
By i . B S
“ i . ] . [ { . .'I-r___
‘Mask registration — — K "
. R I _
v - o [ ‘o ! I+
_2_ ! (P
S | { 1 ll,,
S— S s T — H Tf
Ry ____’__. | | oy
Rz Ls
| tnformation wﬂh regards to CBET "imaging o
Repeated XVI's ]
Reasons for |
repeated XVI's | | - |
Additional : '
||:-nrnrnﬂnt5 | l |
Commentsirashe.) ..f F‘-'#F:'-r.l:-. h‘l,.uIl- e wrche M e -E I"-:Tra-h-.t. Wkl
wlgd g re kvt gasbiten, Gon rvlw,;r{._lrh[mﬁr_aalm 'F]-?h »{JJLP- lest

. o i u-fru.# ave Wit dpl.un

&?Ih dade {.”.rg:j-.,r-nﬂnﬂ add rawi

Name and Sumame:

b inclide als . ILL"‘:-‘-«-phrL\l'.\Ij wihe have n-‘-,'-:.~|l*..n.'-'_5l[.“'r?nﬂ""h

Signature:
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Data gathering tool Validity for Assessing Inter-fraction error (Set-up errors and
Organ Moation) (2)
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Data Gathering Tool for assessment of Intra-fraction errors (1)
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Data Gathering Tool for assessment of Intra-fraction errors (2)
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Validity of Inter-oberver variation in image matching data gathering tool (1)
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Validity of Inter-oberver variation in image matching data gathering tool (2)
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Appendix E

Author _ __Qb_%t_ §|_-__ __ Year_ 2014  Record Number__ }___

Yes Mo Unclear Mot
applicable

L] [

1. Were the criteria for inclusion in the sample clearly
defined?

2. Were the study subjects and the setting described in
detail?

3. Was the exposure measured in a valid and reliable
way?

4. Were objective, standard criteria used for
measurement of the condition?

5. Were confounding factors identified?

6. Were strategies to deal with confounding factors
stated?

7. Were the outcomes measured in a valid and reliable
way?

B. Was appropriate statistical analysis used?

B B EH B BEH B ©E
O o o o o o o od
O O O O o O O
O o o o o o o
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Authar __F_rﬂjnen et al. ___ Year 2018 Record Number___z___

Yes No  Unclear Mot
applicable

[]

1. Were the criteria for inclusion in the sample clearly
defined?

2. Were the study subjects and the setting described in
detail?

O O

3. Was the exposure measured in a valid and reliable
way?

[x]

4. Were objective, standard criteria used for
measurement of the condition?

5. Were confounding factors identified?

6. Were strategies to deal with confounding factors
stated?

7. Were the outcomes measured in a valid and reliable
way?

O o o o o 0o o O
[=]

EH O B B B O H &
O O d
O o o o o o o

]

8. Was appropriate statistical analysis used?
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Author ___ Yinetal. __ Year_2013  Record Number_ 3

Yes Mo Unclear Mot
applicable

[

1. Were the criteria for inclusion in the sample clearly
defined?

2. Were the study subjects and the setting described in
detail?

O O

3. Was the exposure measured in a valid and reliable
way?

[x]

4. Were objective, standard criteria used for
measurement of the condition?

5. Were confounding factors identified?

6. Were strategies to deal with confounding factors
stated?

O O o o o O

7. Were the outcomes measured in a valid and reliable
way?

O 0O H &E H O H
[x]

(=]
O o o o o o o

O O O O O

8. Was appropriate statistical analysis used?
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Author __ Morfadilah et al. __Year_ 2017  Record Number_ 4

Yes Mo Unclear Mot
applicable

l [

1. Were the criteria for inclusion in the sample clearly
defined?

2. Were the study subjects and the setting described in
detail?

3. Was the exposure measured in a valid and reliable
way?

O O O
EI

4. Were objective, standard criteria used for
measurement of the condition?

I [

5. Were confounding factors identified?

6. Were strategies to deal with confounding factors
stated?

O O O O &E &

7. Were the outcomes measured in a valid and reliable
way?

[>]
[
O o o o o o O

[x]
O O O O 0O

[]
[x]

8. Woas appropriate statistical analysis used?
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Author ___[_)gb et al. ___ Year_ 2019  Record Number_ 5

Yes No Unclear Mot
applicable

]

1. Were the criteria for inclusion in the sample clearly
defined?

[]
[x]

2. Were the study subjects and the setting described in
detail?

[x]

3. Was the exposure measured in a valid and reliable
way'?

O O 0O Od
[=]

[x]

4. Were objective, standard criteria used for
measurement of the condition?

5. Were confounding factors identified?

6. Were strategies to deal with confounding factors
stated?

[]
3

7. Were the outcomes measured in a valid and reliable
way?

[x]

(<]
L O [
O o o o o o o
O o o o o o o

[x]

8. Woas appropriate statistical analysis used?
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Author __Anjanappaetal. __ Year_2017  Record Number_6

Yes Mo Unclear Mot
applicable

[

1. Were the criteria for inclusion in the sample clearly
defined?

[x]
O O

2. Were the study subjects and the setting described in
detail?

O @
O O o o o
[x]

3. Was the exposure measured in a valid and reliable
way’?

4. Were objective, standard criteria used for
measurement of the condition?

E &

5. Were confounding factors identified?

6. Were strategies to deal with confounding factors
stated?

7. Were the outcomes measured in a valid and reliable
way’?

[<]
O o o o o o o

O O
[<]
O O O O 0O

(=]
[]

8. Was appropriate statistical analysis used?
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Author __Kukolowiczetal. _________________~ Year__ 2020 __Record Number__7 ________
Not
Yes No Unclear .
applicable
1. Were the groups comparable other than the
presence of disease in cases or the absence of

[x]

disease in controls?

2. Were cases and controls matched
appropriately?

3. Were the same criteria used for identification of

EI e
O O O

cases and controls?

4. Was exposure measured in a standard, valid and
reliable way?

[
(]

5. Was exposure measured in the same way for

[x]

cases and controls?
6. Were confounding factors identified?

7. Were strategies to deal with confounding factors
stated?

[
(x]

8. Were outcomes assessed in a standard, valid and

O oob o dod 0O

[x]

reliable way for cases and controls?

9. Was the exposure period of interest long enough
to be meaningful?

=] [ []

O 0O O O O

OO0 O oodg oo o O
e

10. Was appropriate statistical analysis used?
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Logbook

Pilot study for target delineation error assessment

The pilot study for target delineation contours was conducted between the 4" of
January and the 7" of January 2022. This pilot test was done with the goal of
identifying any issues that might arise during data collection in terms of anonymity and

the ability to delineate contours in a timely manner.

A medical physicist and a radiographer were asked to use the Monaco TPS to
delineate two scans of patients who had completed treatment for laryngeal cancer.

The intermediary radiographer selected these patients.

One issue raised was that if the patients were anonymised as patient 1, patient 2,
patient 3, and so on, doctors could easily go on these contours and check how the
other participants delineated the target. To try to obscure results from other
participants, the medical physicist suggested making 6 copies of the same patient,
naming them patient X1, X2, X3, X4, X5, X6 (where X is the patient number and the
following number indicates the participant number), and assigning one of the copies
to each participant. This procedure was tested on the participating radiographer and
seemed to be effective. We then realised that this procedure also needed to be
repeated for the supplementary MRI scans. The participating radiographer was able
to anonymise the MRI scans effectively using CUV2 PACS software. These MRI
images were copied on a pen drive, were labelled appropriately for each participating
doctor (only identifiable by the intermediary radiographer) and using a free online

DICOM viewer the images could be seen in their sequence.

Each participant spent approximately 10 minutes delineating targets; however,
because none of the participants were clinical oncologists, time estimates could only
be approximated. In practise, doctors would need to read the patient's clinical history
and refer to previous diagnostic images. As a result, to gain a better understanding of
delineation times, | asked one of the department's clinical oncologists how much time

they typically spend delineating larynx cases. The doctor stated that this is highly
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dependent on the clinical case, but it should not take more than 30 minutes. Knowing
how long it would take to contour the clinical cases was helpful in estimating how long

it would take doctors to contour all of the cases so that a deadline could be set.

After the delineations were done, these contours needed to be superimposed to
measure the contouring range of the participants to measure the target delineation
error. This procedure was done successfully with the assistance of the medical
physicist.

The opinions of the participants were used to improve the procedure and tool. Using

their expertise, this procedure was modified to be effective for data analysis.
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Appendix F

Results for inter-observer reliability of set-up errors using mask reqgistration

The following tables present the Cronbach’s alpha and Intra-class correlation co-
efficient (ICC) for translational set-up errors in the X, Y, Z directions. Values are also
given for rotational set-up errors in the RX, RY and RZ direction.

Table 6.1. Cronbach’s Alpha for the Left-Right (X) direction

Cronbach's Alpha N of Items
931 6

Table 6.2. ICC for the Left-Right (X) direction

95% Conf. Interval F Test with True Value O
Intraclass Lower Upper
Correlation  Bound Bound Value dfl df2 P-value
Single Measures .678 .530 .814 14.399 24 120 p<0.001
Average Measures 927 871 .963 14.399 24 120 p<0.001

Table 6.3. Cronbach’s Alpha for the Superior-Inferior (Y) direction

Cronbach's Alpha N of Items
.892 6

Table 6.4. ICC for the Superior-Inferior (Y) direction

95% Conf. Interval F Test with True Value 0
Intraclass Lower Upper
Correlation  Bound Bound Value dfl df2 P-value
Single Measures .568 404 737 9.249 24 120 p<0.001
Average Measures .887 .803 .944 9.249 24 120 p<0.001

272



Table 6.5. Cronbach’s Alpha for the Anterior-Posterior (Z) direction

Cronbach's Alpha N of Items
.955 6

Table 6.6. ICC for the Anterior-Posterior (Z) direction

95% Conf. Interval F Test with True Value 0
Intraclass Lower Upper
Correlation  Bound Bound Value dfl df2 P-value
Single Measures 779 .659 .879 22.463 24 120 p<0.001
Average Measures .955 921 977 22.463 24 120 p<0.001

Cronbach’s Alpha for the X and Z set-up errors were very close to one (shown in Table
6.1 and 6.5). These values indicate an excellent inter-observer reliability amongst the
radiographers since similar values of set-up error were obtained from CBCT image
matching. These results are complimented by the ICC average measures (shown in

Table 6.2 and 6.6).

The Cronbach’s alpha and the ICC average measures in the Y direction, although
slightly less then X and Z values, also showed a good inter-observer reliability with

values close to 0.9 (shown in Table 6.3. and 6.4.).

Table 6.7. Cronbach’s Alpha for the Roll (Rx) direction

Cronbach's Alpha N of Items
.957 6

Table 6.8. ICC for the Roll (Rx) direction

95% Conf. Interval F Test with True Value O
Intraclass Lower Upper
Correlation  Bound Bound Value dfl df2 P-value
Single Measures 773 .651 .875 23.030 24 120 p<0.001
Average Measures .953 918 977 23.030 24 120  p<0.001
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Table 6.9. Cronbach’s Alpha for the Pitch (Ry) direction

Cronbach's Alpha N of Items

.992

Table 6.10. ICC for the Pitch (Ry) direction

95% Conf. Interval

F Test with True Value 0

Intraclass Lower Upper
Correlation  Bound Bound Value dfl df2 P-value
Single Measures 951 917 975 122.015 24 120 p<0.001
Average Measures .992 .985 996 122.015 24 120 p<0.001

Table 6.11. Cronbach’s Alpha for the Yaw (Rz) direction

Cronbach's Alpha N of Items
.962 6

Table 6.12. ICC for the Yaw (Rz) direction

95% Conf. Interval

F Test with True Value 0

Intraclass Lower Upper
Correlation  Bound Bound Value dfl df2 P-value
Single Measures .805 .696 .894 26.056 24 120 p<0.001
Average Measures 961 .932 .981 26.056 24 120 p<0.001

The Cronbach's Alpha for the Rx, Ry and Rz rotational direction were all nearly one
since they ranged from 0.957 to 0.992 (shown in Table 6.7, 6.9 and 6.11). This
demonstrates an excellent inter-observer reliability. The ICC average measures add

to these results with values ranging from 0.953 to 0.992 (shown in Table 6.8, 6.10,

and 6.12).
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Results for intra-observer reliability in set-up errors using mask reqgistration

To assess intra-observer reliability, the radiographers were asked to re-analyse five

scans that were pre-selected from the twenty-five CBCT scans after a two-weeks

interval. Cronbach’s alpha and ICC were also used for analysis and the results

demonstrate the consistency of radiographers when analysing the same scans

repeatedly.

Table 6.13. Cronbach’s Alpha for the Left-Right (X) direction

Cronbach's Alpha

N of ltems

.924

Table 6.14. ICC for the Left-Right (X) direction

Intraclass 95% Confidence Interval F Test with True Value 0
Correlation Lower Upper
b Bound Bound Value dfl df2 Sig
Single Measures .8652 .666 949 13.139 16 16 <.001
Average .928¢ .800 974 13.139 16 16 <.001
Measures
Table 6.15. Cronbach’s Alpha for the Superior-Inferior (Y) direction
Cronbach's Alpha N of Items
.948 2
Table 6.16. ICC for the Superior-Inferior (Y) direction
95% Confidence Interval F Test with True Value 0
Intraclass Lower
Correlation® Bound  Upper Bound Value dfl df2 Sig
Single Measures .906° .759 965 19.128 16 16 <.001
Average .951°¢ .863 982 19.128 16 16 <.001
Measures
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Table 6.17. Cronbach’s Alpha for the Anterior-Posterior (Z) direction

Cronbach's Alpha N of Items
.662 2

Table 6.18. ICC for the Anterior-Posterior (Z) direction

Intraclass 95% Confidence Interval F Test with True Value O
Correlation®  Lower Bound Upper Bound Value dfl df2 Sig
Single Measures .503° .041 787 2.957 16 16 .018
Average Measures .669°¢ .079 .881 2.957 16 16 .018

The Cronbach’s alpha and the ICC of the X and Y directions show an excellent intra-
observer reliability amongst the participating radiographers, however the Z direction
had a questionable Cronbach’s alpha result with a value of 0.662 (Table 6.17) and an
ICC average measures of 0.669 (Table 6.18) which showed moderate agreement with

regards to reliability.

Table 6.19. Cronbach’s Alpha for the Roll (Rx) direction

Cronbach's Alpha N of Items
.949 2

Table 6.20. ICC for Yaw (Rz) direction

Intraclass 95% Confidence Interval F Test with True Value 0
Correlation  Lower Upper
b Bound Bound Value dfl  df2 Sig
Single Measures .827° .616 921 22.356 16 16 <.001
Average .937°¢ .798 950 22.356 16 16 <.001

Measures

276



Table 6.21. Cronbach’s Alpha for the Pitch (Ry) direction

Cronbach's Alpha N of Items
971 2

Table 6.22. ICC for the Pitch (Ry) direction

Intraclass 95% Confidence Interval F Test with True Value 0
Correlation® Lower Bound Upper Bound Value dfl df2 Sig
Single Measures 97028 .921 .989 64.119 16 16 <.001
Average Measures .985°¢ .959 .994 64.119 16 16 <.001
Table 6.23. Cronbach’s Alpha for the Yaw (Rz) direction
Cronbach's Alpha N of Items
.919 2

Table 6.24. ICC for Yaw (Rz) direction

Intraclass 95% Confidence Interval F Test with True Value 0

Correlation  Lower Upper

b Bound Bound Value dfl  df2 Sig

Single Measures .847°2 .636 941 12.356 16 16 <.001
Average .917¢ 778 970 12.356 16 16 <.001

Measures

The Cronbach's Alpha for the Rx, Ry and Rz rotational direction were all nearly one
since they ranged from 0.919 to 0.971 (shown in Table 6.19, 6.21, and 6.23). This
demonstrates an excellent intra-observer reliability. The ICC average measures add

to these results with values ranging from 0.917 to 0.985 (shown in Table 6.20, 6.22,

and 6.24).

277



