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ABSTRACT

Background: Volumetric Modulated Arc Therapy (VMAT) plans and its treatment are
complex modalities and its clinical implementation requires very accurate acceptance
testing and a very comprehensive quality assurance program. Failure in their periodic
applications can result in errors in treatment delivery. There is therefore the need to
compare the calculated dose distribution to the measured dose distribution of treatment
plans to ensure accuracy, efficiency and minimize errors in planned radiation dose delivery

to the patient.

Methods: 15 patients with pathological pelvic lymph node metastasis were included in this
study. Measurements were done using both conventional 6 MV beam with flattening filter
and flattening filter free beam (FFF) for all 30 VMAT plans. Each patient thus had a 6 MV
plan and an FFF plan. The treatment plans were made using two arcs and then delivered to
the delta4 phantom. All 30 VMAT plans were replicated on the Delta4 phantom using three

Elekta linear accelerators.

Results: After machine optimization, there was an increase in the mean total gamma pass
rate for the 6 MV plans from 98.7 to 99.9% and the FFF plans also had an increase in the
gamma pass rate from 91.7% to 98.4%. There was significant statistical difference between
the pass rates of the 6 MV plans and the FFF plans (p = 0.000488). The total monitor units

(MUs) for the FFF plans were significantly greater than the 6 MV plans (p = 6.1x107).

Conclusion: 6 MV VMAT plans with conventional flattened beams are delivered more
accurately and hence more beneficial compared to flattening filter free (FFF) VMAT plans

for external radiation of cervical cancer with affected pelvic lymph nodes.

XV



CHAPTER ONE

1 INTRODUCTION

1.1 BACKGROUND

The primary aim of radiotherapy is to deliver an optimal dose to the target volume whilst
minimizing the dose to the organs at risk (OAR). Advancements in technology have
allowed for more accurate and precise treatment making radiotherapy a feasible option as
a cure for individuals diagnosed with cancer. Radiation alone or concurrent chemoradiation
results in significant improvements in tumor cure rates. To illustrate this, scientists
conducted a study with gastric cancer patients. It was revealed that radiation combined with
chemotherapy resulted in a better survival rate than treating with chemotherapy alone
(Abshire and Lang, 2018). In order to get a three-dimensional representation of a patient

from a CT scanner, it is necessary to image multiple slices.

Intensity modulated radiotherapy (IMRT) allows highly conformal non-convex dose
distributions. Volumetric modulated arc therapy (VMAT) is an arc delivery technique
which is delivered by means of one or more linac gantry rotations. VMAT is one of the
state-of-the-art techniques in radiation therapy. VMAT delivery involves changing in
multileaf collimators (MLCs) with varying dose rate and gantry speed and allows high dose
conformity and sparing of normal tissues while significantly reducing the number of
monitor units (MUs) and the delivery times (Allison, 2013). According to (Hoffmann et

al., 2019) a leading source of concern associated with using VMAT is the potential increase

1



in low dose radiation to the surrounding normal tissues which could increase the risk of
complications and result in secondary malignancies. However, some dosimetric planning
studies have demonstrated higher sparing to organs at risk with VMAT compared to IMRT
(Yoo, 2010). VMAT treatment usually involves diagnosis, treatment planning and
delivery. As part of the diagnosis, the oncology team generates three-dimensional images

of the patient’s anatomy and then uses these images to determine a treatment plan.

The quality assurance (QA) burden related with the implementation of VMAT has been
considerable and that verification processes play a vital role in the extent to which a center
can provide quality radiotherapy services (Abolaban et al., 2016). Volumetric errors
according to (Dixon and O'Sullivan, 2002) result from poor decisions made during the
treatment planning, treatment set-up variation or organ motion during or between fractions.
An issue of increasing importance is the growing body of knowledge concerning inter-
fraction isocenter and target organ movement. Each step in the radiotherapy process could
generate erroneous data (simulator, treatment planning system, record and verify, treatment
unit) and transfer of data could equally be prone to errors. Depending on the available
equipment, the generation and transfer of information as well as errors will differ between
departments. The growing complexity of the radiotherapy process suggests an increased
probability of inaccuracy and accidents and requires the development improved control

mechanisms to ensure optimal treatment quality (Esch et al., 2000).

All VMAT plans require a dedicated QA procedure verification of the planned dose
distribution to check for the agreement between the dose distribution calculated by the
treatment planning system (TPS) and the corresponding measured dose distribution as

reported by (Natali et al., 2016). It is therefore crucial to ensure that the delivery system



can deliver modulated beams with allowable precision considering the performance of the

MLC and the linear accelerator.

Cervical cancer is the second most common cancer and the fifth leading cause of cancer-
related deaths in women worldwide (Zivanovic et al., 2008). Currently, the treatment
modalities for locally advanced cervical cancer consist of external beam radiation therapy

(EBRT) with concurrent chemotherapy which is followed by intracavitary brachytherapy.

Gamma analysis has become the mainstay for patient specific quality control for IMRT
and VMAT. As stated by (Agnew and McGarry, 2016), gamma analysis has become a tool
to assess the accuracy of large volumes of patient specific treatment deliveries which
combines spatial information and dose differences for a two dimensional (2D) plane or a
three dimensional (3D) volume. The agreement between the planned and measured dose
distribution may be affected by both the accuracy of the treatment planning system
calculation and the delivery accuracy. The dose inside an inhomogeneity is difficult to
calculate, but the effect of an inhomogeneity on the dose beyond the inhomogeneity is
comparatively simple to measure and quantify. Treatment time and MU calculations form
an important aspect of the radiation dose delivery process and the data on treatment time
and MU are usually provided by the TPS after passing the dose prescription procedure
(Han et al., 2018). It is important to verify that the given dose distribution can be verified

as planned.



1.2 STATEMENT OF PROBLEM

Volumetric modulated arc therapy is a development of intensity modulated radiation
therapy that has many advantages in the delivery of the radiation beam for various tumor
sites including the cervix. The gantry speed, multileaf collimator speed and the dose rates
are varied in VMAT. The combination of 3D planning and variable radiation intensity
provides dosimetric advantages which have been utilized in a variety of pathologic sites
including cancer of the cervix. Cervical cancer management varies depending on the
International Federation of Gynecology and Obstetrics (FIGO) stage, but radiotherapy

plays a critical role across the range of presentations (Hartford, 2012).

Patient specific QA is a core element of the quality assurance procedure which is
emphasized by most professional institutions including the American Association of
Physicists in Medicine (AAPM), American College of Radiology (ACR) and the American

Society for Radiation Oncology (ASTRO) (Hartford, 2012).

Pre-treatment quality assurance programs for the safe delivery of patients’ treatments and
QA method for dynamic dose delivery by phantom measurements have been proposed in
literature (Ma et al., 2003). Both VMAT plans and its treatment are complex modalities
and its clinical implementation requires very accurate acceptance testing, commissioning
of delivery and treatment planning system and a very comprehensive quality assurance
program. According to (AAPM, 2009), there is evidence that VMAT plans may not always
be accurate. Inadequate patient specific quality assurance (QA) program and failure in their
periodic applications can result in errors in treatment delivery. There is therefore the need

to compare the calculated dose distribution to the measured dose distribution of treatment



plans to ensure accuracy, efficiency and minimize errors in planned radiation dose delivery
to the patient. The gamma index which was introduced by (D. A. Low et al., 1998) is used
to quantify the agreement between the measured dose distribution and the calculated dose

distribution.

1.3 OBJECTIVES

The aims of this study are to verify patient specific quality assurance system of volumetric
modulated arc therapy and to determine if flattening filter free radiation (FFF) plans and 6
MV made for the same patient are being delivered with the same accuracy and to evaluate
differences in delivery accuracy between linacs and also within one linac before and after

a VMAT optimization.
The specific objectives of this study;

e To evaluate 3D gamma index before and after VMAT optimization of the linear
accelerators.

e To determine if flattening filter-free (FFF) plans and 6MV plans are being delivered
with the same accuracy.

e To verify if patient specific treatment plans are technically feasible.



1.4 RELEVANCE AND JUSTIFICATION

Verification of patient-specific QA in VMAT would ensure that the treatment plan
delivered to the patient is an accurate representation of the calculated plan. This would help
to determine if a treatment plan could be administered to the patient. That is if the plan
meets the passing criteria or not. For patients with lymph node metastasis, this study would
help to determine the accuracy of delivered dose for different linacs and for the same linac
before and after MLC calibration. This would provide possibilities to develop acceptable
plans with flattening filter free photon beams and explore their potential benefits to cervical

cancer patients.

1.5 ORGANIZATION OF THESIS

Chapter one consists of the background of the study, the statement of the problem, the
purpose of the study and the research objectives. Chapter two would contain literature
which is relevant to the scope of study. Chapter three would cover the methodology of the
study. This chapter would describe the methods and materials used for the study. Details
on how the patient specific QA is performed on the linear accelerator using the Delta*
phantom would be specified. In Chapter 4, the results from the QA procedure would be
presented and discussed. Chapter five would present the summary, conclusion, as well as

recommendations to relevant stakeholders.



CHAPTER 2

2 LITERATURE REVIEW

2.1 INTRODUCTION

This section covers relevant literature on cervical cancer, external beam radiation therapy,
intensity modulated radiotherapy and volumetric modulated arc therapy, cervical cancer,
quality assurance, delta* phantom, multileaf collimators, treatment planning system,
gamma index, monitor unit, flattening filter and filter free radiation, EMBRACE studies,

homogeneity and conformity indices.

2.2 CERVICAL CANCER

The cervix is in the lower part of the uterus and usually 2 to 3 cm long and cylindrical in
shape which changes shape during pregnancy. The narrow, central cervical canal runs
along its entire length connecting the uterine cavity and the lumen of the vagina. The
opening of the uterus is called the internal os and the opening into the vaginal is called the
external os (Hata et al., 2013). The cervical canal is lined with a single layer of column
shaped cells while the ectocervix is covered with multiple layers of cells topped with flat
cells. The two types of epithelia meet the squamocolumnar junction. Infection with the
human papillomavirus (HPV) can cause changes in the epithelium which can lead to cancer

of the cervix. Part of the lining of the cervix contains glands that make and release mucus.



This mucus helps to protect the uterus and upper female reproductive organs from harmful

bacteria.

,—Fallopian tubes —

e Ovaries i

Cervix

Vagina

Figure 2.1: Anatomy of the female reproductive system showing the location of the cervix

(Cohen et al., 2019).

The Federation of Gynecology and Obstetrics (FIGO) system is used to determine the stage
of a cervical cancer depending on the characteristics of the cancer. There are four main
stages of cervical cancer and it includes; stage | (where the cancerous area is less than 3mm
in depth), stage Il (the cancer has spread beyond the uterus to nearby areas such as the
vagina or tissue near the cervix but it is still in the pelvic area), stage 111 (where the tumor
involves the lower third of the vagina and has spread to the pelvic side wall causing
swelling of the kidney and involves regional lymph nodes) and stage IV (the cancer has
spread to the bladder or rectum but it has not spread to other parts of the body). With stage

IVB, the cancer has spread to other parts of the body (Pecorelli and 2009).



Cervical cancer is the fourth most common female malignancy worldwide and represents
a global health challenge (Cohen et al., 2019). High-risk subtypes of the human
papillomavirus (HPV) causes almost all cervix cancers and HPV screening and vaccination
are effective in disease prevention (Hata et al., 2013). Squamous cell carcinoma and
adenocarcinoma of the cervix represents approximately 70% and 25% of all cervical

cancers (Small et al., 2017).

Cervical cancer treatment can be curative (radical) or palliative. Radiation therapy plays
an important role in the treatment of cervical cancer which comprises EBRT and
intracavitary brachytherapy using a 3D approach based on CT/MRI. Radical radiotherapy
combines EBRT to the pelvis with concomitant cisplatin chemotherapy followed by
intracavitary brachytherapy (Small et al., 2017). The choice of a treatment modality is
based on institutional practice, radiation oncologists involved and the general health of the
patient. Studies have suggested that the 5 year overall survival of cervical cancers could

decrease by almost 30% as lymph node metastasis occurs (Hata et al., 2013).

For patients with early-stage cervical cancer, lymph nodes metastasis is a critical factor
related to their survival (Bats et al., 2011). Patients with positive nodes, parametrial
invasion or positive vaginal margin are at a high risk of recurrence. It was reported by (Li
et al., 2013) that patients who had concurrent cisplatin with pelvic radiotherapy also
suffered from treatment toxicities. The medial external iliac and obturator nodes are the
most common areas for metastases (Liu et al., 2016). The conformal dose distributions and
the dose gradients generated around the target volumes created by VMAT planning needs
accurate treatment setup and constant monitoring to prevent geographical misses during

radiotherapy.



In conventional treatment, EBRT is delivered with either anterior and posterior fields or
the box technique and this reduces high dose volume. Bowel complications reduced from
17.5 to 2.9% using box technique and lymphoedema from 28.6 to 3.1% (Yamazaki et al.,
2000). The planning target volume margin around the cervix and uterus is dependent on
internal motion and the margin around the less mobile CTV is defined by the set-up error.
In patients with recurrent pelvic disease, after hysterectomy, brachytherapy may not be
possible (Du et al., 2018). Accurate target-volume delineation and 3D planning techniques
for cervical cancer improves outcomes by ensuring enough target coverage and reducing
doses to the organs at risk. The Federation of Gynecology and Obstetrics (FIGO) system

is used to determine the stage of a cervical cancer depending on the characteristics of the

cancer (Hartford, 2012).

Figure 2.2: A VMAT plan showing the PTV_45 union on the treatment planning system.
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v | Plan dose: V100:0-55:25 (CT 1)

D WITH CURRENT DOSE ENGINE YERSION.

Figure 2.3: A cervical cancer VMAT plan generated by the Raystation TPS showing

delineated pelvic lymph nodes and dose distribution.

2.3 EXTERNAL BEAM RADIATION THERAPY

External beam radiation therapy (EBRT) is a treatment modality which involves the use of
high energy (photons, electrons, particles) ionizing radiation to kill tumor cells. It began
after the discovery of X-rays in 1895 and radioactivity in 1896. EBRT started with
superficial and orthovoltage treatment which used x-ray tubes. The betatron and microtron
have also previously been used in radiation therapy (Thwaites and Tuohy, 2006). As

technology developed over the years, there was an advent of 2D imaging technique. This

11



uses X-ray images of the patient to localize the tumors and avoid or reduce the radiation
doses to the various organs at risk. The radiation beams are produced at a distance away
from the patient by either a Cobalt -60 teletherapy unit or a linear accelerator. Improved
computer imaging has provided better 3D treatment planning techniques and a better

definition and delineation of the target volume and organs at risk.

The various beam energies used for EBRT are 1.25 MV for Co-60, 6-15 MV for
megavoltage X-rays and 6-18 MeV for clinical electron beams. EBRT is used for either
curative or palliative intent. The medical or radiation oncologist contours the target
volumes using computed tomography images of the patient and the organs at risk and
prescribes the radiation dose. Although Co-60 treatment is being phased out, it still useful
for the treatment of various tumors in some countries since it is relatively reliable and less
expensive to maintain when compared to the linear accelerator. The source-to-axial
distance (SAD) for treatment machines are either 80 cm or 100 cm. Radiation therapy can
be combined with chemotherapy or surgery to produce better treatment outcomes (Abshire

and Lang, 2018).

The use of CT images is suboptimal in terms of volume definition. The delineation of the
prostatic apex on CT presents some difficulties because it is limited by the soft tissue
contrast between the apex itself and the muscles of the pelvic floor. To overcome this,
magnetic resonance imaging (MRI) have been introduced in the planning process to
improve the localization accuracy (Chen et al., 2006). MRI provides images which has
excellent spatial resolution to better characterize soft tissue compared to CT and its
implementation in designing treatment plans is now possible with the availability of

computer algorithms (Sannazzari et al., 2002).
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For improved tumor delineation and treatment, IMRT, VMAT, image guided radiotherapy
(a delivery technigue which enables localization and tracking of tumors in real time of
treatment delivery and make necessary adjustments whenever the tumor moves outside the
treated volume), stereotactic body radiotherapy, stereotactic radiosurgery, cone beam
computed tomography (a technology using multiple X-rays from different angles that are
merged by the computer to generate a 3D image to verify patient position before treatment)

are currently in use (Troost et al., 2015).

24 IMRT AND VMAT

Tumors usually assume very complex shapes and tumor volumes may present with varying
concentrations of cancerous cells. These, coupled with patient’s surface contour along
irradiated region, would require the modulation of fluences of beams to be used for
treatment to be able to conform the dose distribution to the tumor. Thus, reducing doses to
normal tissues in close proximity to the tumor and escalate doses to areas of the tumor with
very high concentration of cancerous cells. Treatment modalities have been introduced to
achieve beam intensity modulation during treatment delivery and these are Intensity
Modulated Arc Therapy (IMRT) which is based on fluence optimization and VVolumetric

Modulated Arc Therapy (VMAT) which is based on aperture optimization.

IMRT is a treatment delivery technique that divides each individual beam into beamlets using
multi-leaf collimators (MLC’s). The irradiation is done with very many individual segments
from defined gantry angles and there is no radiation when the gantry moves (Marcu et al.,

2012). Cedric Yu developed IMRT in 1995 and the idea was to deliver plans with many gantry
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positions. The fluence map of the beam is pre-calculated and decomposed to several apertures.
These apertures are delivered at a gantry position by multiple segments (Yu and Tang, 2011).
IMRT requires more segments which extends treatment time. There is non-uniform intensity
inside the treatment field to achieve optimum dose distribution. This improves dose conformity
to the target volume and reduces dose inhomogeneities in off-axis slices. Advantages of IMRT
include better normal tissue sparing, better conformality, superior dose distribution when
compared to 3D conformal radiotherapy, dose escalation possibilities and more target-tailored
plans (Cihoric et al., 2015). IMRT provides highly conformal dose distributions around the
planning target volume and allows delivery of a high dose within a single fraction and
eliminates the complexity of multiple fractions of treatment with 3D-CRT to deliver this dose
using photon field matching. This conformity reduces dose to the organs at risk thus reduces
the toxicity experienced (Hoskin et al., 2006). In IMRT, each beam is broken into smaller

beamlets where some beams are stronger than others which gives a desired dose distribution.

Concave dose distributions in IMRT results in target doses that are not uniform. IMRT plan
processes include; localization and image transfer, contouring, beam definition, dose
calculation and plan evaluation. It was reported by (Kung et al., 2001), that comparing 6-field
18 MV 3D-CRT plans and 9-field 6 MV IMRT plans for three cases indicated that the IMRT
plans had greater tissue sparing for the bladder and rectum for prostate radiotherapy. Intensity-
modulated radiotherapy represents an improvement in 3D conformal radiotherapy since the
target volume and organs at risk are outlined on the volumetric computer tomography data set
used for treatment planning. These structures are assigned dose and volume constraints and an
inverse planning treatment planning system generates a combination of beams of non-uniform
intensity. IMRT generates more conformal dose distributions with sharp dose gradients that

potentially facilitate enhanced organ at risk sparing compared with 3D conformal radiotherapy

14



(Paliscaetal., 2009). Multileaf collimators can be adjusted during treatment to deliver radiation

beams with non-uniform intensity.

VMAT is an advanced/improved technique for intensity modulated radiation therapy where
the gantry rotates around the patient with dynamic changes of radiation beam shape and
intensity by multileaf collimators and change in dose rate and gantry speed. VMAT helps to
focus the radiation on the tumor volume and protects healthy tissues (Otto et al., 2011).
According to (Cihoric et al., 2015), VMAT treatment received approval by the US Food and
Drug Administration in 2008 and studies have compared plan quality, delivery efficiency and
accuracy of VMAT delivery to other treatment techniques like three-dimensional conformal
radiotherapy (3D CRT), IMRT and tomotherapy. VMAT maximizes the benefit of IMRT by
treating with the widest range of beam orientations within a short treatment time. Most
treatment planning systems provide VMAT optimization function and rely on the Direct
Aperture Optimization (DAO) algorithm and this handles the complexity of VMAT

optimization using stochastic approach (Onizuka et al., 2018).

It was concluded by (Verbakel et al., 2009) who sought to determine if VMAT was beneficial
for patients undergoing radiotherapy to the head and neck that one arc VMAT plans for both
conformity and homogeneity were inferior to IMRT. However, this effect is not seen when
using two arcs for VMAT. Conformity for VMAT plans were found to be a little less than
IMRT plans. This difference didn’t exhibit any clinical effect. Homogeneity increased in
VMAT plans which could have a positive impact on tumor control. Although there was a
variation in results for organs at risk, none of them found the VMAT plans to be inferior to
IMRT. Several treatment planning studies have demonstrated the potential of VMAT to deliver

plans with a quality comparable to IMRT in shorter treatment time. The procedures for VMAT
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specific commissioning and quality assurance of linear accelerators to ensure synchronization

of the simultaneously varying parameters have been proposed by (Ling et al., 2008).

VMAT is a useful technique for treating large mediastinal Hodgkin’s lymphoma and allows
maximal heart and lungs sparing when compared to 3D CRT in some selected Hodgkin
lymphoma patients treated with Involved Site Radiation Therapy (ISRT). The issue of concern
with the use VMAT is the spreading of low radiation doses to normal tissues and hence an
increased integral dose (Higby et al., 2016). It was reported by (Holt et al., 2011) that coplanar
VMAT for stereotactic body radiation therapy for early-stage lung cancer produced a plan
quality and skin dose levels which is similar to those using noncoplanar IMRT and slightly
better than those with coplanar IMRT. In addition, the delivery time could be reduced by 70%
with VMAT. Different treatment planning and delivery solutions for VMAT have been
developed by different vendors including Rapid Arc by Varian, VMAT by Elekta and

SmartArc by Philips Medical Systems.

VMAT technology compared to IMRT further reduces treatment time and the number of MU
without affecting the dose distribution to improve the treatment target of biological effects and
the number of patients treated in a unit of time. Reducing the number of monitor units reduces
the number of scattering lines of the collimator (Shaffer et al., 2009). Eventually, this improves
the accuracy of dose distribution and treatment effect. The process of dose designing and
optimization of IMRT and VMAT plans takes longer time than that of 3D-CRT because the
parameters are adjusted and optimized repeatedly. Optimization of VMAT plans is divided into
several steps and because of many physical parameters in the optimization plan, the process is

complex and limited to the version of the system (Qiu et al., 2010).
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2.5 EMBRACE STUDIES

Conventionally, treatment of locally advanced cervical cancer includes external beam
radiation therapy, concomitant chemotherapy and brachytherapy where doses have been
prescribed to Point A according to the Manchester system (Serban et al., 2018). Duration
of the irradiation was based on the dose rate to Point A which is located 2cm superior to
the cervical orifice and 2cm lateral to the cervical canal. The GEC ESTRO GYN group
started working in 2000 and was tasked to support and modify image guided gynecologic
brachytherapy (IGBT) based on European centers involved in image guided treatment and
to develop prognostic and predictive statistical models for clinical outcome including
volumetric, dosimetric, clinical and biological risk factors (Tan et al., 2018). The Gec Estro
Gyn Network made recommendations on contouring tumor target and organs at risk (OAR)
and dose volume parameters to be reported for image guided brachytherapy for locally

advanced cervical cancer (Potter et al., 2005).

As a major advantage of this technique, there is the possibility to conform the dose given
by brachytherapy regarding both volume (3D) and (4D). Through repetitive imaging before
each brachytherapy implant, it is possible to adapt the dose given by brachytherapy to the
anatomy of each patient taking into account the tumor regression which is often obtained
by preceding EBRT and chemotherapy (Berger et al., 2019). The recommendations of GEC
ESTRO GYN have been used for the implementation of image guided adaptive
brachytherapy (IGABT) worldwide and are entrenched into the International Commission
on Radiation Units and Measurements (ICRU) report 89 (Berger et al., 2019). Patients with
squamous carcinoma, adenocarcinoma of the uterine cervix, FIGO stage 1B, I1A, 1IB, 1A,

I11B and IVA with curative intent were used for the studies and those with para-aortic

17



metastatic nodes (stage 1VB) to the level of L2 vertebrae were also eligible. It excluded
patients with further metastasis. All patients included received both EBRT and BT and the
summation of doses calculated using a biologically equivalent dose in 2 Gy per fraction.
The elective target for nodal disease was treated with 45-50 Gy by using EBRT only. It
was reported by (Taylor et al., 2005), that metastatic pelvic and para-aortic nodes should
be treated with combined interstitial-intracavitary brachytherapy or by a simultaneous

integrated EBRT boost to a of 55-65 Gy.

Per the recommendations of the study, physical examinations, blood tests, gynecological
examination, biopsy of primary tumor, imaging of pelvis by MRI, imaging of thorax by
MRI, imaging of retroperitoneal space and abdomen and staging according to FIGO and
TNM must be done before treatment commences and no investigation should be more than

4 weeks old at the time of treatment initiation (Nomden et al., 2019).

Treatment planning for EBRT is performed using a 3D dose planning system which is
based on a 3D CT data set, with slice thickness not more than 3-5mm. In prone position,
the belly board may be used in certain situations and supine position should be used if para-

aortic irradiation is planned (Adli et al., 2003).

In 2016, GEC-ESTRO GYN network launched EMBRACE Il which is a prospective
interventional study with specific treatment interventions based on recommendations of
EMBRACE I. The study aimed to benchmark the excellent outcome which was overall
survival, local, modal and systematic control, reduced morbidity and improved quality of
life that can be achieved by optimal delivery of advanced EBRT and brachytherapy
techniques. It also aimed to implement systematic contouring, prescription and reporting

for EBRT CTV and OARs (Petric et al., 2009).
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EBRT must be delivered as IMRT/VMAT with cone beam CT (IGRT) in 25 fractions with
1.8 Gy to a total dose of 45 Gy given in 5 weeks. Target definition is MRI based (initial
GTV) for the CTV-T with an initial high risk (HR) and low risk (LR) CTV-T and an ITV-
T. MRI based nodal target (CTV-Elective) is according to risk of nodal spread, small
pelvis, large pelvis or large pelvis + para-aortic region. Overall CTV/ITV to PTV margin
is 5 mm. Involved lymph nodes are boosted with 10-15 Gy and treated as simultaneous
integrated boost (SIB) within 5 weeks (2.2 - 2.4 Gy per fraction). The CTV-T and the CTV-
E must be treated to 45 Gy using EBRT (PTV 45). Risk allocation is based on primary
tumor characteristics and nodal pathology during diagnosis and considers the probability
of developing lymph node metastasis in pelvic and para-aortic areas. Doses to the PTV45
should be homogeneous with at least 95% covered by the 95% prescription isodose and
dose maximum less than 107% of the prescribed dose (Lutgens et al., 2003). Attention is

needed for the organs at risk near the CTV-T HR (bladder, rectum, sigmoid and bowel).

The recommendation given within this protocol for the nodal boost is that total EBRT +
BT dose should be in the range of 55-60 Gy EQD2. The total dose to PTV-Ns of about 60
Gy EQD2 can be achieved with the following fractionation schedules; inside true pelvis,
EBRT with simultaneous integrated dose (SIB) 25x2.2 Gy =55 Gy physical dose. This is
equivalent to 56 Gy EQD2 EBRT + 3-4 Gy EDQ?2 from brachytherapy which results in a
total dose of approximately 60 Gy EDQ2 (Groenen et al., 2018). Outside the true pelvis,
EBRT with SIB 25x2.3Gy =57.5Gy physical dose. This schedule is equivalent to 59 Gy

EDQ?2 and brachytherapy dose contribution is negligible.
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26 QUALITY ASSURANCE

Quality assurance in radiotherapy refers to all procedures that ensure consistency of the
medical prescription and safe fulfillment of that prescription, as regards the dose to the
target volume, together with minimal dose to normal tissue, minimal exposure of personnel
and adequate patient monitoring aimed at determining the end result of the treatment
(Williams et al., 2000). The growth in complexity of the entire radiotherapy process
suggests an increased probability of errors and requires the development of improved
mechanisms to ensure optimal treatment quality. Record and verify systems have been used
for monitoring treatment parameters and although such systems reduce random errors in
the delivery process, transfer and application of treatment parameters can increase the
amount of systematic errors in treatment delivery (Esch et al., 2000). Intensity modulated
radiation therapy and volumetric modulated arc therapy MRT have become standard
practice in radiotherapy and the dose delivered needs to be verified against the calculated

dose distribution by the treatment planning system (Alber et al., 2008).

Regular patient-specific quality assurance can be regarded as overall system check where
multiple parameters are varied simultaneously and provides a general impression of the
machine performance. This governs all procedures which influences the consistency or
accuracy of the radiation prescription either to the target volumes or the surrounding
normal tissues (Podgorsak, 2005). A QA program is necessary to identify ambiguities and
to check treatment compliance. It should also include a feedback procedure in all steps of
radiation treatment (prescribed dose, treatment planning, patient positioning). Local audits
are also an essential part of every QA procedure. Corrections should be communicated and

implemented immediately after an error is tracked (Fowble et al., 2000).
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At the end of commissioning measurements, before the radiotherapy equipment is put into
clinical use, quality control tests should be established, and a formal quality control
program initiated that will continue for the clinical lifetime of the equipment. After any
significant repair, intervention or adjustment or when there is any indication of a change in
performance as observed during planned preventive maintenance or routine quality control
programs, additional quality control tests should be performed (Hurkamns et al., 2001).
Appropriate measuring equipment should be used for any quality control test. All such
equipment should be subject to an appropriate maintenance and quality control program.
Tolerances set for the parameter must consider the uncertainty of the measurement
technique. If a measurement is within tolerance, no action is required but if it exceeds the
action level, immediate action is necessary, and the machine must not be used clinically
until the problem is corrected and the correction is verified by measurement. All planning
data should be independently checked including the plan integrity, MU calculations,
irradiation parameters. All data entered as the interface between the planning process and
the treatment delivery process should also be checked. Dose or dose rates in radiotherapy
can be measured using dosimeters which are used in acceptance tests and regular
performance tests of radiotherapy units and are an essential tool in a QA program.
lonization chambers are generally used to determine the absorbed dose in water at several

photon and electron beam qualities but are calibrated in air.
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2.7 SCANDIDOS DELTA4 PHANTOM

Commercial systems such as ArcCheck, Octavius and Delta4 phantoms are being used for
VMAT QA. The ArcCheck system contains 1386 n-Si diodes placed on a cylindrical
surface of 21 cm diameter inside a ring-shaped PMMA phantom. These detectors, 1cm
apart, form 21 helical continuous rings with 66 detectors on each ring. The system acquires
data at every 50ms during treatment delivery which are converted and accumulated to
composite dose for subsequent analysis. The Octavius-4D is composed of a polystyrene
cylindrical phantom, rotating together with the gantry, coupled with a 729 ionization

chamber array (Wolfsberger et al., 2010).

The Deltad system consists of 1069 p-type silicon diodes in a crossed array inside a
cylindrical polymethylmethacrylate (PMMA) phantom and associated software allows the
user to compare the measured dose distribution for a complete treatment plan with the dose
distribution predicted by the TPS. The diodes are cylindrical, have an area of 0.0078 cm?
and are spaced 0.5 cm intervals over the central 6 x 6 cm of the planes and at 1cm intervals
over the remainder of the central 20 x 20 cm of the planes. The crossed planes are achieved
by means of a main detector board which passes through the entire diameter of the phantom
and two wing detector boards which are separated to allow the main detector board to pass

between them. The phantom itself has a diameter of 22 cm and length of 40 cm.
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Figure 2.4: A cross-sectional view of the Scandidos Delta4 phantom showing the numerous

detectors.

The device records the measured dose in relation to the individual accelerator pulses by
using a trigger signal from the accelerator thereby facilitating time-dependent four-
dimensional applications (Baldock et al., 2010). Gantry angles are in some instances
independently sensed by means of an inclinometer attached to the gantry or accelerator
head. This allows the device to identify which control point of a dynamic arc delivery is
being delivered so that the measured dose can be associated with this control point and the
appropriate correction for gantry angle applied. Delta4 uses the planned 3D dose
distribution to calculate the gamma index. The planned dose grid used for calculation of
the gamma-index is interpolated from the original planned dose grid. This interpolation is
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necessary since only few detectors happen to be in the same position as nods of the planned
dose grid. The spatial resolution of the interpolated dose grid is the same as the original

resolution (Morele et al., 2015).

In a study to determine the ability of Delta4, Octavius and Compass systems in detecting
simulated machine output and MLC calibration errors in VMAT delivery, it was reported
by (Alvarez and Fabian, 2010) that Delta4 system detected 15 out of 20 simulated errors
whilst the Compass and Octavius detected 8 out of 20 errors. Delta4 is more sensitive to

MLC position (M. Hussein et al., 2013).

2.8 GAMMA INDEX

The 3D gamma index is one of the metrics which have been widely used for routine patient
specific quality assurance for IMRT, tomotherapy and VOMAT. This compares the
calculated plan dose distribution to the measured dose distribution. Depending on the
normalization value of the dose difference between measured and calculated dose points,
there are two methods for calculating the gamma index which are local calculation method
and the global calculation method (Negri et al., 2014). With the local normalized method,
the TPS calculated dose corresponding to the point measured is used to determine the
acceptable dose difference criteria when determining percentage error. In the global
calculation method, the acceptable dose difference criteria use the maximum dose found in
the patient plan dose. The global gamma-index is seen by majority of physicists as the
standard method. The y gamma) technique compares dose differences at specific points

and determines the distance to the nearest point which have the same dose value. The dose
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difference criterion is important in low dose gradient regions while the distance-to-
agreement criterion yields valuable information in regions having a high dose gradient. The
dose difference and distance-to-agreement criteria can be selected and often values of 3
%/3mm are used (Low, 2003). The criteria of 3% 3mm were used due to the limitations of

TPS algorithms where penumbra modelling was a source of uncertainty .

Points lying inside the ellipse with axes having the criteria values have a gamma value
equal or smaller than one. Since the dose difference is a percent value, the local gamma
index analysis could exaggerate the dose difference in the low-dose regions and the global
gamma index method could also underestimate the dose discrepancies in the low-dose

regions (Stathakis et al., 2014).

It was proposed by (Hielemann et al., 2013), that a stricter gamma index (2% 2mm) is
necessary to detect positional errors of the MLC. However, the quality assurance procedure
of VMAT treatment plans must involve detailed examination of where dose deviations
occur and professional judgement is needed when interpreting the gamma-index analysis
since even a greater than 90% passing rate using 2% 2mm gamma-index criterion does not
guarantee the absence of clinically significant dose deviation. The configuration and
resolution of the detector have a great impact on the calculation of the gamma passing rates.
It was reported by (Hussein et al., 2013) that the gamma passing rates of VMAT depend
on the type of dosimeter used. To make use of the gamma index analysis for the verification
of the VMAT delivery accuracy, it is necessary that each institution establishes their own
gamma analysis protocol by determining the type of the gamma index analysis and gamma

criterion with their own linac and dosimeter. The gamma-index provides an efficient
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analysis and has been used effectively within dosimetry audits of complex radiotherapy

plans (Lievens et al., 2009).
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Figure 2.5: Gamma analysis for a 2D dose distribution (Xing et al., 2015).

DD: calculated dose (i.e. planned dose)in position r.
Dm: Measured dose in position Mo
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equation 1

During gamma-index calculation, it is checked if the calculated dose distribution surface
intersects with the ellipsoid representing the acceptance criteria. The calculation passes if
the gamma index is smaller or equal to 1, otherwise it fails. The distance to agreement
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method (DTA) compares two dose distributions. For each measurement point, the distances
to all those points in the calculated dose distribution that have the same dose as the
measurement point are calculated. The shortest distance for each point is the DTA. Gamma
index is not sufficient and attention must be paid to the discrepancies between calculated

and measured dose (Sharfo et al., 2015).

There is variation between gamma pass rates between commercially available gamma
analysis software. The gamma index calculated by Octavius 4D dosimeter system and
3DVH were compared with manually calculated for one data set. The gamma pass rate
calculated by these systems was compared using 3% 3mm, 2% 2mm and 2% 3mm. The
gamma indexes calculated by the two systems were accurate but gamma pass rates were
different due to the different interpolation of raw dose data by the two systems and different

implementation of gamma index calculation and other modules (Xing et al., 2015).

2.9 FLATENNING FILTER AND FILTER FREE RADIATION

Linacs can deliver filtered beams (FB) and flattening filter free (FFFB) photon beams. The
use of flattening filter free beams have boosted treatment delivery as the removal of a
flattening filter causes more efficient photon production and increased dose rate
substantially at treatment level. To improve dose delivery efficiency, the dose rate can be
increased by removal of the flattening filter and the resulting flattening filter free (FFF)
beams have a cone-shaped dose profile and up to a fourfold higher dose rate in the center

of the beam with respect to the flattened beams (Kragl et al., 2009).
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Increased dose rate results in shorter treatment time and reduces intrafraction motion which
enhances patient’s treatment comfort (Kumar et al., 2017). FFFB offers other dosimetric
advantages such as reduced scatter, reduced leakage and reduced out of field scatter doses
(Georg et al., 2011). This reduction in out of field doses may lead to minimizing the risk
of radiation induced secondary malignancies. It was reported by (Ramtohul et al., 2011)
that the use of FFFB reduces scatter and associated dose to distal organs, means FFFB is
associated with a lower secondary dose to distal normal organs than FB of the same photon
energy. According to (Park et al., 2013), there were significant increment in target mean
dose for FFFB as compared to FB for both 6MV and 10MV photon beams. Also, FFFB
was found to deliver slightly higher mean target dose compared to flattened beams. For
organs at risk like the bladder and rectum, flattening filter free beams delivered slightly
higher mean dose and dose volumes in comparison to flattened beams of 6 and 10 MV for
prostate cancer. According to (Chieregato et al., 2018) the FFF technique delivers an equal

or better dose distribution with a major reduction of treatment time and number of apnoeas.

28



Electron beam —1—>

Primary collimation - -

— Flattening Filter ¢ |3
Jaws
Beam Profile
Linac with flattening filter, Linac without flattening filter,
corresponding dose profile corresponding dose profile

Figure 2.6: A linac with and without the flattening filter showing fluence profiles of photon

beams (Balik et al., 2018).

It was concluded that increased mean target dose indicated that homogeneity in target
become worse and also FFFB generates inferior homogeneous dose distribution compared
to FB (Lalit et al., 2017). Flattening filtered beams also spare more bladder and rectum
when compared to FFFB in cervical cancer treatment and this reduces the toxicity level to

the patients (Suresh et al., 2018). FB also generates more conformal and homogeneous
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plans compared to FFB. It was reported that FB is more beneficial for cervix treatment than

FFFB (Titt et al., 2006).

For sinonasal cancer treatment, FFFB generated comparable target dose conformity,
homogeneity, reduced normal-tissue doses and increased number of MUs compared with
flattened beams in both IMRT and VMAT. The FFFB exhibited improvements in
contralateral optic structures and other critical structures and provided comparable overall
OAR sparing and delivery efficiency in VMAT (Lu et al., 2016). The clinical application
of FFF beams have been studied for breast cancer, lung cancer and other tumor sites and it
was concluded that the FFF beams produced similar plan qualities and reduction of
treatment time. It was reported by (Kragl et al., 2009) that large field VMAT with flattening
filter free beams using half beam blocks can produce highly homogenous dose distributions
to multiple target volumes and generates high dose gradients to spare nearby critical

structures better than conventional VMAT techniques .

2.10 MULTILEAF COLLIMATOR

MLCs provide a solution to the problem of molding, use and storage of blocks. It provides
conformal fields by using more treatment angles without having to deal with large number
of blocks. The Elekta MLC consists of 40 pairs of tungsten alloy leaves with 7.5 cm
thickness and each projecting a 1.0 cm leaf width and 32.5 cm leaf length at the isocenter
(Boutevin et al., 2013). Tungsten alloys are hard, simple to fashion, and have a low
coefficient of thermal expansion. The distance a leaf can travel over the center of the field

is 12.5 cm and the maximum leaf speed is 2.0 cm/sec at the isocenter. The use of MLC
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field shaping saves time and incurs a lower operating cost when compared to the use of

beam blocks.

To decrease radiation leakage through the very small gap between any 2 leaves, the side of
each MLC leaf is designed so that one side of the leaf has an extended portion called the
tongue and the side of the adjacent leaf has an indented portion called the groove. The two
adjacent leaves are coupled together through the tongue and the groove to lessen the
leakage radiation. The Elekta MLC have additional backup jaws that travel in the same
directions as the MLC and are full in the sense that they are not segmented. When adjacent
leaves have different degrees of extension, the tongue side of the more extended leaf
produces a underdose region near the leaf edge (McNiven et al., 2004). The collimator is

rotated to minimize interleaf leakage and tongue-and-groove effect.

Ideal choice of collimator angle can increase the optimization degree freedom to shape a
desired dose distribution. At a zero angle, the sum of leakage MLC accumulated during
gantry rotation can result in unwanted dose distribution, which cannot be controlled by
optimization. When the collimator angle increases up to 45 degrees, the penumbra and
irradiation volume will spread due to field size of the inferior to superior axis jaw being
larger than the collimator angle at zero degree. The characteristics of VMAT technique is
the use of dynamic multileaf collimators which enable leaf motion during treatment
delivery. Leaf shape and width helps to achieve the dose distribution. Delivered dose can

directly be affected by errors in MLC positioning (Orlandini et al., 2015).

Typical MLCs have 40 to 120 leaves arranged in pairs. By using the computer controls to
position many narrow, closely abutting leaves, an arbitrarily shaped field can be generated.

By setting the leaves to a fixed shape, the fields can be shaped to conform to the tumor.
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Leaf acceleration and deceleration have a negligible effect on the delivered intensity
profiles but a sluggish leaf can affect the gap width during delivery and the MLC software

can modulate the dose rate by adding beam holdoffs (Essers et al., 2001).

2.11 MONITOR UNITS (MU)

A monitor unit is a measure of machine output from a clinical accelerator for radiation
therapy such as a linear accelerator or an orthovoltage unit. Monitor units are measured by
ionization chambers that measure the dose delivered by a beam and are built into the
treatment head of linear accelerators (Halperin et al., 2008). The output from a linac is
measured as charges in the ionization chamber. The ionization chamber read out 100 MU
when an absorbed dose of 1 Gy is delivered so that the specified point is at the isocenter of

the machine and the field size is 10 x 10 cm at a depth of 10 cm in water.

The monitor units needed to deliver a treatment plan are calculated by the treatment
planning system. Dose errors arising in computing the MU could potentially affect the
whole course of treatment. MU is affected by beam energy, source surface distance (SSD),
tissue-phantom ratio/tissue maximum ratio, percentage depth dose (PDD), output factor
(OF), wedge factor (WF) and calibration factor (CF) (Huang et al., 2015). Increasing SSD
will mean that MU will be required to deliver a dose at depth due to the effects of the
inverse square law and this must be taken into account and is usually only a problem for

extended SSD treatments (Jimenez-Puertas et al., 2018).
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2.12 TREATMENT PLANNING

It is the process by which radiotherapy device is programmed to deliver an amount of
radiation to a patient (Baumer et al., 2017). The treatment planning process involves many
steps and the medical physicist is responsible for the integrity of the computerized TPS to
accurately and reliably produce dose distributions and associated calculations for EBRT.
This includes acquisition of beam data, treatment plan generation and the transfer of data
to the treatment machine. CT based computerized treatment planning provides the ability

to view dose distributions directly superimposed upon a patient’s axial anatomy.

The quality of the treatment is closely linked to the accuracy of dose calculation performed
in the TPS where all the simulation can be done and evaluated (Dursun et al., 2016). TPS
is the heart of the radiotherapy process. Once image datasets are loaded, a contouring step
identifies the volumes of interest (clinical target volumes, gross tumor volume) then the
system develops a complex plan for each beam line route for how the therapy system will
deliver the radiation to the target volume. It calculates the expected dose distribution by
recognizing the dose tolerance for each organ inside the concerned patient by using the
required algorithms. The algorithms used can be classified into the correction-based

algorithm and the model-based algorithms.

The correction-based algorithm makes several measurements of dose distribution in water
phantom and corrects the expected dose values by taking some parameters into
consideration such as depth, dimension of the boundaries and the path lengths. In the Model
Based Algorithm, several parameters must be accounted to make an accurate distribution

of dose and some of these are the size of the source, angular distribution of photons and
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primary transmission, the electron contamination and tissue heterogeneities. The model-
based algorithms perform the dose calculation directly in a patient representation. The dose
calculation algorithms with their different principles is to provide a good description of the
physical processes for primary and secondary particles by simulating their transport inside
the medium where dose distribution optimization is performed and then simulate the
deposition of the energy in the different tissues (Moore, 2019). Superposition and
convolution algorithms used to calculate the dose distribution yielded almost the same
results when the medium was homogeneous or less dense, and difference in the dose

distribution is observed if the medium is non-homogeneous (Muhammad et al., 2011).

Monte Carlo techniques generate dose distributions by following the histories of a large
number of particles as they arise from the radiation source and undergo multiple scattering
interactions both inside and outside the patient (Reynaert et al., 2007). It precisely models
the physics of particle interactions and accounts for the geometry of individual linacs, beam
shaping devices (blocks and MLCs) and patient surface and density irregularities. This
allows a wide range of complex patient treatment conditions. To attain a statistically
accepted result, Monte Carlo techniques require the simulation of a large number of particle

histories and this reduces the calculation time to an acceptable level.

Monte Carlo algorithm and Pencil beam algorithms are commonly used for electron beam
dose calculations. The energy spread or dose kernel at a point is summed along a line in a
phantom to obtain a pencil type beam or dose distribution. Integrating the pencil beam over
the patient’s surface to account for changes in primary intensity, and by modifying the
shape of the pencil beam with depth and tissue density, generates a dose distribution

(Machichi et al., 2019).
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2.12.1 INVERSE PLANNING

It is a method of radiation treatment planning where one starts with the desired dose
distribution or clinical objectives and then determines the treatment parameters that will
achieve it. This is opposed to the conventional forward planning approach where the
treatment parameters are first chosen and then the resulting dose distribution is calculated
and evaluated. Since inverse planning begins with the description of the desired dose
distribution, it represents a change of paradigm in the planning process. In inverse
planning, the anatomical features and dose constraints constitute the starting point of the
dose optimization process. The benefit of the inverse planning approach is that all clinical
requirements such as dose coverage and normal tissue protection are simultaneously and
automatically taken into account (Akartunali et al., 2015). Conventional forward planning
depends on geometric relationship between the tumor and nearby sensitive structures.
Inverse planning is less dependent on the geometric parameters but more on specification

of volumes of tumor targets and sensitive structures (Poon et al., 2007).

2.13 HOMOGENEITY AND CONFORMITY INDICES

Dose distributions can be estimated using dose-volume histograms (DVHs) and isodose
lines but the large volume of data contained in these histograms are difficult to interpret. It
is vital to find fast and simple tools that analyze dose distribution of treatment plans and
help to choose optimum plans which provides maximum homogeneous tumor coverage
and protects critical organs (Kataria et al., 2012). These tools comprise conformity index

(CI) and homogeneity index (HI).
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Homogeneity index (HI) is a fast and simple scoring tool that analyses and quantifies dose
homogeneity in the target volume. It is used to evaluate, compare the dose distributions of
various treatment plans and choose the best plan among available plans. It also serves as a
guide for development of future technology and treatment protocols as it can compare
various devices or techniques (Cirino et al., 2012). HI indicates the ratio between the
maximum and minimum dose in the target volume and a lower value indicates better
homogenous dose distributions. HI can be defined in several ways and a common definition
iS; HI = Dso, / Dosy Where Dseg, and Dgsy, are minimum dose to 5 and 95% of the target
volume respectively. The ideal value of HI is 1 and it implies a perfect homogeneity of the
dose distribution and it increases as the plan becomes less homogeneous. An increased

homogeneity index implies poorer homogeneity (Collins et al., 2006).

The conformity index (CI) measures how well the distribution of dose matches with the
target volume. It is defined by the Radiation Therapy Oncology Group (RTOG) as a ratio
between the volume covered by the reference isodose (RV) which according to ICRU is

the isodose of 95% and the target volume designated as PTV. It is given by the equation

Clrtoc = Vri/ TV (Sasaoka et al., 2011). A conformity index of 1 represents the ideal dose
coverage or high conformity. A conformity index greater than one implies that irradiated
volume exceeds the target volume and covers part of the healthy tissue. If the CI is less

than one, the target volume is partially irradiated.

RTOG criteria define a range of Cl values to determine the quality of conformity since the
value up to 1 can hardly be reached. If the conformity index is between 1 and 2, the

treatment agrees with the protocol; between 2-2.5 and 0.9 — 1, it is considered that there is
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a minor deviation from the protocol. If it is greater than 2.5 and less than 0.9, it implies a

severe deviation from the protocol (Georges et al., 2006).
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CHAPTER 3

3 METHODOLOGY

3.1 INTRODUCTION

This chapter describes the methodology and materials used to obtain the results for this
research. It consists of the study site, study population, sampling procedure, inclusion and

exclusion criteria, data collection and data analysis tool.

3.2 STUDYSITE

The study was conducted at the Radiotherapy Department of the St. Olavs Hospital in
Trondheim, Norway. St. Olavs Hospital is the university hospital for Mid-Norway and
integrated with the Norwegian University of Science and Technology (NTNU). Patient
treatment, research and education of health professionals are integrated functions. The
department currently has 5 Elekta linear accelerators, a CT simulator and a high dose rate

brachytherapy machine.

3.3 STUDY POPULATION

The selected population for this study were patients who were included in the EMBRACE
| study. These patients received conventional treatment during the EMBRACE 1| study.

Based on the recommendations of the EMBRACE I, EMBRACE |1 was developed which
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served as a golden standard for cervical cancer treatment. The EMBRACE 11 study was a
prospective interventional study involving 26 different centers to systematically apply
IMRT/VMAT with daily image guided radiotherapy as well as advanced adaptive
brachytherapy (IGABT), implement a dose prescription protocol for (IGABT), implement
systematic contouring, prescription and reporting for external beam radiotherapy CTV and
OARs (Tan et al., 2018). In all, 1416 patients with cervical cancer were used for the entire
EMBRACE I study. Out of this number, 37 patients were included in the EMBRACE study

at the St. Olavs Hospital.

Using the golden standard based on the findings from EMBRACE II, the EBRT plans of
these patients were recalculated hence the treatment plans used in this study had not been

given to the patients.

3.4 SAMPLE SIZE

For this study, only patients with pathological pelvic lymph node metastasis were included.
15 patients out of the 37 patients with cervical cancer who took part in the EMBRACE |
study had pelvic lymph node metastasis. The patients had already received conventional
radiation treatment as part of the EMBRACE | study. It was convenient to use data from
these 15 patients with pelvic lymph node disease because they had already signed consent
for their plans to be used for studies. The 15 patients used for this study had different
numbers of positive lymph nodes. Based on CT images, the locations of these positive

lymph nodes differed from patient to patient.
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3.5 SAMPLING

Samples were selected using total enumeration sampling. This is also known as consecutive
sampling. With this technique, every subject which meets the inclusion criteria is selected
until the required sample size is achieved (Bowers et al., 2011). Also, this is a non-
probability sampling technique where samples are picked at the ease of the researcher
which is more like convenience sampling but with a slight variation. Consecutive sampling
is relatively easy to employ. Researchers choose to use this method because the size of the
population that has the particular set of characteristics that is of interest is very small. Total
enumeration sampling technique can be considered as the best of all non-random samples
since it includes all subjects that are available and makes the sample a better representation

of the entire population (Rothman et al., 2008).

3.5.1 EQUIPMENT
The equipment used included three Elekta linear accelerators, ScandiDosdelta4 phantom
(Uppsala, Sweden), Raystation treatment planning system from Raysearch Laboratories

AB, Sweden (6R, v5.99.0.5) and a thermometer.

3.5.1.1 ELEKTALINEAR ACCELERATOR

The radiotherapy department currently has 5 linear accelerators but three of these were
used for the study and are named SB3, SB5 and SB6. The SB3 Elekta linac has the longest
operational time followed by SB5 and SB6 which was the latest to be installed. SB refers

to the Norwegian abbreviation for radiation treatment. All three linacs produce both photon
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and electron beams of various energies. They have multileaf collimators (MLC) to provide
conformal shaping of photon treatment beams and have the ability to carry out

IMRT/VMAT treatment. The photon beam energies ranges from 6 MV — 15 MV.

All the linacs used for this study have an on-board cone beam CT. The cone beam imaging
is an advanced computed tomography technology unit that is part of the linear accelerator
and helps to see a 3D image of patient’s anatomy and the area that is being targeted
immediately before the radiation treatment is delivered. This imaging takes about a minute

and it is non-invasive. It also reduces the chances of treatment side effects.

Figure 3.1: An image of one of the linear accelerators (SB6) used in the Radiotherapy

department of the St. Olavs Hospital.
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3.5.1.2 SCANDIDOS DELTA4 PHANTOM

The Delta4 phantom has two crossing arrays in a fixed cylindrical geometry and provides
full coverage of the cross-section of any beam direction. It is the 3D solution that verifies
the dose gradients in X,Y and Z directions by real measurement in the target. The design
with two crossing arrays optimizes the use of a fixed number of detectors in radiation
therapy. Each detector independently measures dose, pulse, pixel and builds the 4D dose-
picture. This benefits the user by enabling full flexibility in adaptation to any possible
dynamic treatment. With Delta4, the cause of a discrepancy can be traced and analyzed

(Capomolla et al., 2018).

Delta4 measures the dose with high density in the high gradient region with a resolution of
50 nGy (Fontaine et al., 2018). It has 1069 detectors which are built in two orthogonal
planes with a resolution of 0.5 cm in the center and 1cm at the periphery. Each diode is a

cylinder of 0.5 mm diameter and height of 0.05 mm.
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Figure 3.2: An image of the Delat4 phantom (from ScandiDos AB, Sweden) used in the

radiotherapy department.

3.6 DATA COLLECTION

To ensure there is no breach in confidentiality, the names of the 15 patients/plans were
removed and replaced with pseudo names. Treatment plans were named; PT1, PT2, PT3,
PT4, PT5, PT6, PY7, PT8, PT9, PT10, PT11, PT12, PT13, PT14 and PT15 respectively.
All treatment plans for both the 6MV and FFF beams met the dose constraint requirements

for the primary tumor as well as the lymph node volumes.
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The Delta4 phantom was transferred from the phantom trolley to the treatment couch. It
was aligned on the couch using the set-up lasers at the phantom’s isocenter. It was then

connected to the linac using cables and then to the computer containing the ScandiDos

Delta4 software (version 2014).

Figure 3.3 An image of the setup of the Delta4 phantom on the linac for measurement.

The room temperature was measured to be 23.6 degrees Celsius (°C). Measurements were
done using both conventional 6 MV beam with flattening filter and flattening filter free

beam (FFF) for all 30 VMAT plans. Each patient thus had a 6 MV plan and an FFF plan.

The first set of measurements were done using the SB3 linear accelerator. The factor of

the day which is a calibration correction factor was first determined for both 6 MV beam
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and the FFF beam. This means that all measurements using the conventional 6 MV
flattening filter would be corrected for using this factor and same for the FFF beams. The
factor of the day was determined by aligning the lasers at the isocenter of the phantom to
ensure correct geometrical positioning and radiating the phantom with a dose of 1 Gy
(MU=108), field size of 10 x 10 cm and at a gantry angle of 270 °C. After this, the gantry
was rotated to 90 °C and the phantom was radiated using the same treatment parameters.
The ScandiDos software gave the factor of the day. The same procedure was repeated using

the FFF mode and the factor of the day was recorded.

The treatment plans were made using two arcs and then delivered to the delta4 phantom;
arc 1 (178°- 182°) and arc 2 (182° - 178°) for the 6MV beams and arc 3 (178°- 182°) and
arc 4 (182° - 178°) for the FFF beams. Treatment plan PT1 was the first plan delivered
using the 6 MV beam followed by the FFF beam to determine the gamma pass rate, dose
deviation, distance to agreement and the median. The procedure was repeated for the rest

of the treatment plans. All measurements using the SB3 was done in one day.
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Figure 3.4: An image showing the setup for determining the factor of the day for both 6

MV and FFF beam at 90°.

The measurements for the SB3 was then repeated at a later date after linac optimization
where there was tuning of the linear accelerator. The machine optimization was done by
the service engineers. The measurements were repeated to determine if gamma pass rate
and associated indicators would improve after machine optimization. This procedure
involved adjusting the gun filament to get an optimal current for producing treatment

beams. This was done using both photon and electron beams. If the startup current is too
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high, more electrons would be produced at the filament and energy would be wasted. If the
startup current is also too low, the beams would be produced at a slower rate. Since the
filament burns out after long period of use, there’s the need to optimize the gun filament.

If the filament current falls far below the required current, then the gun filament must be

changed. The new filament current determines the maximum dose rate of the linac.

Figure 3.5: An image showing the linac at 178° before VMAT treatment delivery.
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The next set of measurements were done using the SB5 linear accelerator. The same
procedure as done using the SB3 was replicated using the SB5. The room temperature
recorded was 23.6 °C and the factor of the day for both the 6 MV and FFF beams were
recorded. Also all the measurement using the SB5 were done on the same day. There was
also machine optimization of the SB5 linear accelerator and hence the measurements were

repeated for both the 6 MV and the FFF beams.

The last set of measurements were done using the SB6 linear accelerator. All 30 VMAT
plans were delivered using the same procedure as that of the SB3. The factor of the day for

the 6 MV was also determined.

3.7 DATA ANALYSIS

The data was analyzed using mathematical analytical tool MATLAB R2015a (The Math
Works Inc., Natick, Massachusetts US.MATLAB R2015a, 2015). MATLAB allows matrix
manipulations, plotting of functions and implementation of algorithms. Results were also

plotted using MATLAB.

Wilcoxon signed rank test was used for statistical analysis of the data because of the small
sample size. It is a non-parametric statistical hypothesis test used to compare two related
samples, matched samples or repeated measurements on a single sample to assess whether
their population mean ranks differ (White, 2017). It is appropriate for evaluating data from
a repeated design in a situation where the prerequisites for a dependent samples t-test are

not met.
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The Wilcoxon signed-ranked test is used to test differences of paired data without the
normal distribution assumption of the differences that is required for the paired t-test
(Kerby, 2014). This signed rank test was done using MATLAB function signrank which
returns the result of the hypothesis test performed at the 0.05 significance level. H = 0
indicates that the null hypothesis (‘median is zero”) cannot be rejected at the 5% level.
When H =1, it indicates that the null hypothesis can be rejected at the 5% level. A p-value
less than 0.05 was regarded as statistically significant. Trendlines were also calculated and

plotted using the polyfit and the polyval functions.
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CHAPTER FOUR

4 RESULTS AND DISCUSSION

41 INTRODUCTION

This chapter presents the results and discussion obtained from this study and includes
gamma pass rates for conventional 6 MV beams and FFF beams, monitor units, volume of

PTV and other parameters.

42 GAMMA PASS RATES

It is common to report the results of a gamma analysis as the percentage of points that
achieved gamma index less than 1 which is the gamma passing rate. A gamma pass rate of
at least 90% with 3%3mm was used as the clinical criteria for the pass rate. All plans with
pass rate greater than or equal to the 90% pass rate were considered to have passed and
those with pass rates lower than 90% were considered to have failed. This also means that
if the gamma index is smaller or equal to unity, the calculation passes otherwise it fails.
This is the criteria used by the Radiotherapy department of the St. Olavs Hospital. The
3%3mm criteria are based on the combined mechanical/dosimetric uncertainty
contribution to the measured dose. Also the most commonest passing criteria used is the
3%3mm as proposed by (A. Low, 2003). This is also in line with (Mohamed et al., 2018)
where it was proposed that the 3%3mm is the most appropriate of gamma criteria for

quality assurance of VMAT plans.
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42.1 GAMMA PASS RATES FOR 6 MV AND FFF BEFORE OPTIMIZATION
(SB3)
The mean total gamma pass rate for the 6 MV was 91.9% with a standard deviation of 25.5
compared to the flattening filter free beam (FFF) which had a mean total pass rate of 89.5%
and a standard deviation of 7.2. This implies that the 6 MV beam had a higher gamma pass
rate than the FFF beam which had an average pass rate below the clinical criteria of at least
90%. The total gamma pass rate for the 6 MV beam was significantly higher than that of
the corresponding FFF beam (p = 0.0084). This is in agreement with (Kumar et al., 2017)
which concluded that filtered beams had a higher pass rate than FFF beams and hence more
beneficial for cervix radiotherapy in comparison to FFF beams. This is also in line with
(Bedford et al., 2009) where VMAT plan analysis showed higher values of 99% for all 6

MV beams and that of the FFF beams had the lowest value.

14 plans out of the 15 patient plans for 6 MV had gamma pass rate satisfying the pass rate
criteria of at least 90%. However, patient plan PT12 could not be implemented because it
was not technically feasible using the 6 MV plan on SB3 and the most probable reason
could be that the treatment plan was too complex for the multileaf collimators on this linac.
Also, the SB3 linear accelerator is the oldest amongst the three linacs used for this study
and hence might not have been configured to execute certain complex plans. 7 out of the
15 FFF plans met the pass criteria with the lowest fail rate being 78.2%. The figure below

indicates that the gamma pass rate is higher for the 6 MV plan than the FFF plan.
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105

100

95 |

80

pass rates [%]

BS [

8O [

75 ' '
BMV FFF
Figure 4.1: Boxplot of the gamma pass rate of 6MV and FFF before machine optimization

of SB3. The upper and lower blue edges of the boxplot represent the 75" and 25%

percentiles. The red line represents the median.

42.2 GAMMA PASS RATES FOR 6 MV AND FFF AFTER OPTIMIZATION
(SB3)

After machine optimization, the mean total gamma pass rate for the 6 MV beam was 92.9%

with a standard deviation of 25.7 and that of the FFF beam was 93.1% with a standard

deviation of 4.9. This result was statistically significant with p = 0.0084. Also, after

machine optimization, patient plan PT12 could not be implemented using 6 MV beam but

was able to pass using the FFF beam. This affirms the fact that patient plan PT12 using the
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6 MV is too complex for the SB3 linear accelerator. From figure 4.2 below, it can be

observed that the gamma pass rate for the 6 MV was higher than that of the FFF beam.

Gamma Pass rates after optimization [SB3]
105 : :

100 | — - 1

95 | . 1

pass rates [%]

85

+++

?5 | 1 1
BrIY FFF

Figure 4.2: Boxplot of the gamma pass rate of 6 MV and FFF after machine optimization
of SB5. The upper and lower blue edges of the boxplot represent the 75" and 25%

percentiles. The red line represents the median. The red <’+’’ indicates possible outliers.

423 GAMMA PASS RATES FOR 6 MV AND FFF BEFORE OPTIMIZATION
(SB5)
The mean total gamma pass rate for 6 MV was 98.7% with a standard deviation of 1.6

while that of the FFF was 91.7% and a standard deviation of 4.8. The total gamma pass

53



rate for 6 MV plans were significantly different from the total gamma pass rate of the FFF
plans with p = 0.00006. All 15 6 MV plans had a gamma pass rate greater than the 90%
pass criteria and two of these plans recorded a 100% pass rate. 5 out of the 15 FFF plans
had a gamma pass rate below 90% indicating that these plans failed to pass. Figure 4.3
below indicates that the gamma pass rate for 6 MV is higher than the FFF plan and this

implies that the 6 MV plans are more accurately delivered by a linear accelerator than the

FFF plans.
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Figure 4.3: Boxplot of the gamma pass rate of 6 MV and FFF before machine optimization
of SB5. The upper and lower blue edges of the boxplot represent the 75" and 25"

percentiles. The red line represents the median. The red *’+’” indicates possible outliers.
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424 GAMMA PASS RATES FOR 6 MV AND FFF AFTER OPTIMIZATION
(SB5)
After machine optimization, there was an increase in the mean total gamma pass rate for
the 6 MV plans to 99.9% and a standard deviation of 0.1 and that of the FFF plans had a
gamma pass rate of 98.4% and a standard deviation of 2.2. There was significant statistical
difference between the 6MV plans and the FFF (p = 0.000488). 14 out of the 15 6 MV
plans had a perfect gamma pass rate of 100% and the other plan had a pass rate of 99.6%.
However, this was not the case for the FFF plans as only 3 out of the 15 plans had a perfect

gamma pass rate of 100%.
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Figure 4.4: Boxplot of the gamma pass rate of 6 MV and FFF after machine optimization
of SB5. The upper and lower blue edges of the boxplot represent the 75" and 25%

percentiles. The red line represents the median. The red “’+’ indicates possible outliers.

425 GAMMA PASS RATES FOR 6 MV AND FFF (SB6)

The mean of the total gamma pass rate for SB6 which is the newest of all three linacs used
for this study was 99.6% and a 0.5 standard deviation. The corresponding pass rate for the
FFF plans was 96.0% and a standard deviation of 2.8. All 6 MV plans had pass rates which
met the criteria with 4 individual plans having 100% pass rate. Although all FFF plans also

had pass rates satisfying the pass criteria, none of these plans had a 100% pass rate. The
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difference between the pass rate of the 6 MV plans and FFF plans was statistically

significant (p = 0.0001). The FFF plans are inferior to the 6 MV plans.
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Figure 4.5: Boxplot of the gamma pass rate of 6 MV and FFF (SB6). The upper and lower
blue edges of the boxplot represent the 75" and 25" percentiles. The red line represents the

median. The red “’+’” indicates possible outlier.

426 COMAPRISON OF GAMMA PASS RATE FOR SB5 TO PREVIOUS DATA
Also, the pass rate for SB5 before optimization was compared to that of an already existing
data from a study conducted in 2018 using the same SB5 linac. From the 2018 data, the
mean total gamma pass rate for the 6 MV plan was 98.9% and a standard deviation of 1.8.

However, the mean total gamma pass rate for the 6 MV plan for this study was 98.7% with
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a standard deviation of 1.6. With respect to the FFF plans for the 2018 data, the mean
gamma pass rate was 94.3% and a standard deviation of 4.9 whereas FFF pass rate for this

study was 91.7% and a standard deviation of 4.8.

The total gamma pass rates for the 2018 data for 6 MV were not significantly different
from the total gamma pass rates for the current data (p = 0.13). This was not however the
case for the FFF plans for 2018 and the current data where there was statistically significant
difference between the gamma pass rates (p = 0.00). All the pass rates from all the data set

for both 6 MV and FFF plans satisfied the passing criteria.

Table 4.1: The mean and standard deviations of the total gamma pass rates measurement

for 6 MV and FFF for both 2018 and current data (SB5).

6 MV 6 MV FFF FFF
(2018) (2018)
Mean gamma pass rate (%) 98.9 98.7 94.3 91.7
Standard Deviation 1.8 1.6 4.9 4.8
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Gamma Pass rates [SB5,2018 vs 2019]
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Figure 4.6: Boxplot of the gamma pass rate of 6 MV and FFF plans for both 2018 data and
current data. The upper and lower blue edges of the boxplot represent the 75" and 25%

percentiles. The red line represents the median. The red ’+’” indicates possible outliers.

From figure 4.6 above, it can be observed that the gamma pass rates for 2018 6 MV plans
was almost the same as that of the current data but for the FFF plan, the pass rate for the

2018 plan had a somewhat higher pass rate than the current.
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427 COMPARISON OF THE GAMMA PASS RATES FOR ALL 3LINACS FOR
BOTH 6 MV AND FFF PLANS.

The gamma pass rates for all the 3 linacs was compared to find out which of these linacs

could accurately deliver VMAT plans for both 6 MV and FFF. The parameters used for

this comparison was the gamma pass rates for SB6 and pass rates after optimization for

both SB3 and SB5 since it has been shown that the pass rates after machine optimization

is higher than before optimization.
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Figure 4.7: Boxplot comparing the gamma pass rate of 6 MV SB3, SB5 and SB6. The
upper and lower blue edges of the boxplot represent the 75" and 25" percentiles. The red

line represents the median.

60



There was significant difference between the gamma pass rates using SB3 and SB5 for 6
MV plans (p = 0.01). From figure 4.7, SB5 produced a higher pass rate than SB3. Also,
there was significant difference between the pass rates of SB5 and SB6 (p = 0.01).
However, there was no significant difference that of SB3 and SB6 (p = 0.72). It can
therefore be said that the SB5 linac is better at delivering 6MV plans more accurately than
SB6 and SB3 in that order since the mean pass rates for SB5, SB6 and SB3 were 99.9%,

99.6% and 92.9% respectively.

Gamma Pass rates for FFF [SB3,5B5 & SB6]

105 |
100 - 1
| S
| T
i
a5 - 1
) |
@ + |
1]
™ 90 —1 1
(73]
7]
a8
+
B5 I + 3
+
80 1
?5 | A L L
FFF [SB3] FFF [SBS] FFF [SB6]

Figure 4.8: Boxplot comparing the gamma pass rate of FFF SB3, SB5 and SB6. The upper
and lower blue edges of the boxplot represent the 75" and 25" percentiles. The red line

represents the median. The red ’+’” represents possible outliers.
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With regards to FFF plans, it was observed that SB5 was the best linac to accurately deliver
FFF treatment plans. The mean pass rates produced from SB5, SB6 and SB3 were
respectively 98.4, 96.0 and 93.1%. Also, SB3 was inferior to SB6 in delivering the FFF
plans. There was significant difference (p = 0.0008) observed between SB3 and SB5. No
significant difference (p = 0.07) in pass rates was observed between SB3 and SB6. A

significant difference between SB5 and SB6 was observed (p = 0.01).

Comparing figure 4.7 and 4.8 shows that conventional flattening filtered beams are able to
deliver cervical cancer VMAT plans more accurately than flattening filter free beams
(FFF). Similar finding was reported by (Balik et al., 2018) where it was concluded that FFF
generates inferior homogenous dose distributions compared to conventional flattened
beams. However, (Lu et al., 2016) reported that using FFF in sinonasal cancer treatment

produced a better dose distribution than the flattened beam.
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4.2.8 INDIVIDUAL GAMMA PASS RATES

Comparison was made between pass rates of 6MV and FFF plans for individual patient’s
plan to verify if some individual FFF plans performed better than their corresponding 6MV
plans. This was done using data from the pass rates of SB6 and after optimization of SB3

and SB5.
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Figure 4.9: Bar chart showing individual gamma pass rates of both 6 MV and FFF plans
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from SB3.

From the figure above, all 6 MV plans had higher pass rates than the FFF plans. With the
exception of plan 12 where the 6 MV plan was complex for the multileaf and hence the

plan could not be implemented.
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Figure 4.10: Bar chart showing individual gamma pass rates of both 6 MV and FFF plans

from SB5. All 6 MV plans had a higher pass rate than the FFF plans.
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Figure 4.11: Bar chart showing individual gamma pass rates of both 6MV and FFF plans
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from SB6. All 6MV plans had a higher pass rate than the FFF plans.

4.3 MONITOR UNITS (MU’s)

The mean monitor unit for the 6 MV plans was 506.3 MU and a standard deviation of 48.6
while that of the FFF plans had a mean MU of 701.5 with a standard deviation of 87.6. The
total monitor units (MUs) for the FFF plans were significantly greater than the 6MV plans
(p = 6.1x10°®). This is in agreement with (Kumar et al., 2017) where it was also concluded
that FFF plans require more numbers of monitor units in comparison to conventional
filtered beams. They reported that there was an increase of 20.5% and 43.7% in MUs for

FFF of 6 and 10MV respectively in comparison to flattened beams of 6 and 10 MV.
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Increased monitor units for FFF compared to conventional flattened beams was also
reported by (Rout et al., 2014). Also, increased number of MUs was observed for the use

of FFF beams compared with conventional flattened beams (Lu et al., 2016).

One reason for this could be due to the fact that FFF beams are inhomogeneous and
therefore requires more modulation thus increasing the MU. Intensity of FFF beam
decreases sharply with off-axis distance for field sizes larger than and equal to 10x10cm?
hence, requires the off-axis distance-dependence modulation of FFF photon beam. This

requires large number of MUs to deliver radiation dose to the tumor (Sharma, 2011).
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Figure 4.12: Boxplot of monitor units for both 6 MV and FFF plans
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Monitor units [6MV vs FFF]
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Figure 4.13: Scatter plot of MUs of 6 MV versus (vs) FFF plans. The blue line represents
a unity line (x =y). The red points lying above the blue line means that all FFF plans had

higher monitor units than the 6 MV plans.

4.3.1 MONITOR UNIT AND GAMMA PASS RATE
Since the gamma pass rate after machine optimization of SB5 was higher than all the other
linacs used for this study, it was chosen and compared to the monitor units for both 6 MV

and FFF plans.
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Total MU vs total pass rate
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Figure 4.14: Scatter plot of the total monitor unit versus the total gamma pass rates for 6

MV and FFF plans (SB5).

As MU increased for 6 MV plans, it was observed that the pass rate was relatively constant
(100% pass rate). This means that increasing the monitor unit for 6 MV plans have little or
no effect on the gamma pass rate. The situation was however different for the FFF plans
where increasing MU was found to decrease the gamma pass rate for FFF plans. This could
be due to the fact that rapid modulation of the multileaf collimator is needed when using
flattening filter free beam. Dose rate increases in FFF mode and therefore, it would require
a longer MU to deliver the radiation dose. The pass rate for the FFF becomes scattered as

MU increases.
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44 VOLUME OF PTV AND GAMMA PASS RATE

PTV volume vs Pass rate
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Figure 4.15: Scatter plot of PTV volumes versus the gamma pass rate for 6 MV and FFF

plans (SB5).

It can be observed from the figure above that as the volume of the PTV increased, there
was no reduction in the pass rate for the 6 MV plans. Most individual 6 MV plans had a
100% gamma rate even as PTV volume increased. The pass rate for FFF plans was also
constant as the planning target volume increased. Based on the figure above, it can be said
that increasing planning target volumes have no effect on the gamma pass rates for both 6

MYV and FFF plans because the pass rate remains constant.
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45 ANALYSIS OF MEDIAN FOR 6MV AND FFF

The median value is generated by the Scandidos software during gamma analysis and
ideally the median value should be zero. This signifies how the dose deviates from the
center of the phantom. However, due to deviations and errors, attaining a median value of
zero is almost impossible. Hence it is acceptable or best if the median value is closer to
zero. A comparison of the median values was therefore made between 6 MV plans and FFF

plans using data from SB5 after machine optimization.
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Figure 4.16: A graph showing the median and dose deviation obtained from the Scandidos

Delta4 software.
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Table 4.2: Median values for both 6 MV and FFF plans

PLANS 6 MV FFF
PT1 0.10 0.70
PT2 -0.20 0.30
PT3 -0.20 0.50
PT4 0.00 0.50
PT5 -0.20 0.20
PT6 -0.20 0.30
PT7 -0.40 0.30
PT8 -0.30 0.30
PT9 -0.10 0.40
PT10 0.40 0.40
PT11 0.80 0.70
PT12 0.10 0.50
PT13 -0.20 1.40
PT14 -0.40 0.10
PT15 0.00 0.60

The mean of the Median for 6 MV was -0.05 and a standard deviation of 0.32 while that
of the FFF plans had a mean of 0.48 and a standard deviation of 0.31. Based on this, the 6

MV plans had values for median which is closest to zero.
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CHAPTER FIVE

5 CONCLUSION AND RECOMMENDATIONS

5.1 CONCLUSION

Based on measurements on 3 Elekta linacs, 6 MV VMAT plans with conventional
flattened beams are delivered more accurately and hence more beneficial compared to
flattening filter free (FFF) VMAT plans for external radiation of cervical cancer with
affected pelvic lymph nodes. The results are visualized in that the 6 MV plans for the 15
patients generally produced a higher gamma pass rate than the corresponding FFF plans

for the same patients.

The study also visualized that there were individual differences in the delivery of the
treatment plans between the 3 linacs tested. It is also visualized that gamma pass rates
improved remarkably after machine optimization of all three linacs. Also, not all VMAT
treatment plans are technically feasible or can be delivered by one of the linear accelerator

tested, although they could be delivered by the two other equal linacs tested.

This study also concludes that the volume of PTVs do not change the gamma pass rate for
either 6 MV or FFF plans. Also, larger MU seem to reduce the pass rate for FFF plans. For

lower MUs, the difference in pass rates are smaller.
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5.2 RECOMMENDATIONS

The following recommendations are made to personnel involved in the whole radiotherapy
and treatment planning process including medical physicists, dosimetrists, radiation and

medical oncologists and radiotherapists.

1. All VMAT plans should be verified using the appropriate phantom to compare the
planned and measure dose distributions before treatment is delivered to the patient.

2. There is the need for regular maintenance of linear accelerators.

3. Radiotherapy centers should include the recommendations from EMBRACE 11

study into their protocols for cervical cancer treatment.

52.1 RECOMMENDATION FOR FURTHER RESEARCH WORK

A tighter gamma pass rate criteria such as 2%2mm or 2%1mm could be used for further
studies. VMAT plans for the other cancers such as head and neck, lungs, prostate and
cancers of the gastrointestinal tract. Factors other than the effect of MU and volume of

PTV on pass rates could also be studied.
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APPENDIX

APPENDIX 1

Table A.1: Factor of the day for 6MVand FFF plans

Linac oMV FFF
SB3 1.0387 1.0331
SB5 1.042 1. 0386
SB6 1.0439 1.0422
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Table A.2: Gamma pass rates before machine optimization [SB3]

6MV FFF
Patient arcl [%] arc2[%] Total [%] arc3[%] arc4 [%]  Total [%]
PT1 99.4 100.0 99.9 93.5 81.4 78.3
PT2 100.0 97.1 99.1 96.5 98.0 95.6
PT3 100.0 96.2 96.1 94.8 91.8 84.8
PT4 100.0 93.1 98.6 97.8 98.0 88.9
PT5 98.8 99.4 99.4 96.7 98.0 97.2
PT6 98.9 97.7 99.1 98.1 93.1 86.5
PT7 100.0 100.0 100.0 934 99.1 95.6
PT8 99.4 98.9 100.0 95.3 98.1 96.2
PT9 99.0 99.7 99.1 98.1 99.0 92.5
PT10 98.6 97.0 96.0 84.9 91.6 83.8
PT11 97.4 90.3 93.9 70.7 99.5 82.0
PT12 0.0 0.0 0.0 91.0 93.1 78.2
PT13 99.6 99.1 99.1 91.3 97.8 87.3
PT14 100.0 96.7 100.0 97.9 99.1 99.5
PT15 97.1 99.8 98.3 95.9 98.1 96.5
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Table A.3: Gamma pass rates after machine optimization [SB3]

6MV FFF
Patient arcl [%] arc2[%] Total [%] arc3[%] arc4 [%]  Total [%]
PT1 99.8 98.6 98.9 98.9 86.6 85.6
PT2 100.0 97.7 99.4 96.3 98.0 95.6
PT3 99.8 99.1 98.9 95.2 91.1 83.5
PT4 99.8 99.9 100.0 99.4 98.7 92.7
PT5 99.7 99.9 100.0 99.3 99.3 99.1
PT6 99.8 99.4 99.8 99.2 95.0 92.3
PT7 99.7 100.0 100.0 95.2 99.0 97.9
PT8 99.7 99.7 100.0 96.2 98.6 94.6
PT9 99.5 100.0 99.9 98.7 99.8 93.9
PT10 99.7 98.8 98.8 93.7 93.8 94.8
PT11 98.7 92.5 98.7 92.2 100.0 92.4
PT12 0.0 0.0 0.0 93.0 99.6 94.6
PT13 100.0 99.6 99.9 94.8 100.0 95.6
PT14 100.0 99.6 100.0 99.2 100.0 99.7
PT15 99.6 99.8 99.4 98.6 95.3 84.6
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Table A.4: Gamma pass rates before machine optimization [SB5]

6MV FFF
Patient arcl [%] arc2[%] Total [%] arc3[%] arc4 [%]  Total [%]
PT1 98.7 99.8 99.0 94.6 91.2 88.6
PT2 100.0 96.1 99.5 95.0 98.2 95.9
PT3 99.8 97.9 99.2 914 93.3 86.1
PT4 99.6 93.5 99.1 98.3 98.7 94.2
PT5 98.8 99.4 99.4 96.7 98.0 97.2
PT6 98.9 98.6 99.4 97.4 93.6 88.9
PT7 99.9 99.5 100.0 935 98.7 96.7
PT8 99.7 97.6 100.0 95.1 97.9 93.6
PT9 99.0 99.7 99.2 98.1 99.8 94.7
PT10 95.1 98.2 95.4 90.5 94.8 90.8
PT11 96.1 91.9 94.3 69.9 99.5 90.6
PT12 98.8 98.8 98.6 90.4 95.3 83.0
PT13 99.6 98.9 99.1 92.9 98.4 92.2
PT14 100.0 97.5 99.7 97.1 98.4 99.1
PT15 97.9 99.3 99.0 98.6 94.8 84.3
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Table A.5: Gamma pass rates after machine optimization [SB5]

6MV FFF

Patient arcl [%] arc2[%] Total [%] arc3[%] arc4 [%]  Total [%]
PT1 100.0 100.0 100.0 99.7 97.8 97.0
PT2 99.8 100.0 100.0 100.0 99.8 100.0
PT3 100.0 99.8 100.0 99.8 99.8 99.8
PT4 99.8 100.0 100.0 100.0 100.0 98.4
PT5 100.0 100.0 100.0 100.0 100.0 99.9
PT6 100.0 99.7 100.0 100.0 99.8 99.5
PT7 99.9 100.0 100.0 99.8 99.8 99.9
PT8 100.0 100.0 100.0 99.4 99.5 100.0
PT9 100.0 100.0 100.0 100.0 100.0 99.4
PT10 100.0 100.0 99.6 97.8 98.3 96.8
PT11 100.0 99.4 100.0 100.0 100.0 99.6
PT12 100.0 100.0 100.0 99.1 99.3 95.4
PT13 100.0 100.0 100.0 92.9 98.4 92.2
PT14 100.0 100.0 100.0 100.0 100.0 100.0
PT15 100.0 100.0 100.0 98.5 99.5 98.8

95



Table A.6: Gamma pass rates [SB6]

6MV FFF
Patient arcl [%] arc2[%] Total [%] arc3[%] arc4 [%]  Total [%]
PT1 99.3 100.0 99.0 97.0 90.4 90.0
PT2 100.0 99.0 100.0 99.6 98.2 98.2
PT3 100.0 99.8 99.8 100.0 96.3 98.9
PT4 100.0 99.0 99.6 95.5 96.8 94.6
PT5 99.9 99.7 99.7 99.5 97.8 96.5
PT6 100.0 98.3 99.4 100.0 99.5 98.0
PT7 99.6 100.0 99.9 97.9 98.6 95.4
PT8 99.8 100.0 100.0 99.2 97.8 98.0
PT9 97.0 99.8 99.7 99.4 99.0 96.2
PT10 100.0 99.4 99.7 94.4 94.6 92.3
PT11 100.0 95.3 97.8 95.1 96.4 97.9
PT12 100.0 99.7 100.0 98.8 94.2 90.7
PT13 100.0 99.8 100.0 98.2 99.4 98.1
PT14 100.0 100.0 100.0 99.5 98.8 97.9
PT15 99.6 100.0 99.4 98.5 98.5 97.7
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Table A.7: Monitor units for 6MV and FFF plans

6MV FFF
Patient arcl arc2 Total arc3  arcd Total
PT1 274.7 254.7 5294 364.8 4520 816.8
PT2 232.3 282.3 5146 2724 539.2 8116
PT3 178.0 2248 4028 2295 2857 5152
PT4 220.5 2721 4926 4016 3264 728.0
PTS 202.3 333.7 536.0 2751 364.2 639.3
PT6 184.3 2521 436.4 3155 3217 637.2
PT7 2235 220.9 4444 3410 368.1 709.1
PT8 175.5 321.0 496.5 306.5 409.7 716.2
PT9 269.7 313.7 5834 3513 389.2 7405
PT10 283.1 3112 5943 3604 4873 847.7
PT11 249.7 338.8 5885 3276 3714 699.0
PT12 225.5 282.0 5075 4168 3344 7512
PT13 229.5 262.1 4916 2829 308.9 591.8
PT14 237.9 246.2 484.1 2943 3044 598.7
PT15 268.3 266.4 534.7 3115 348.7 660.2
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Table A.8: VVolume of PTV

Patient PTV[cm?]
PT1 2011.54
PT2 1787.56
PT3 1957.08
PT4 2209.12
PT5 2212.21
PT6 1426.20
PT7 2546.02
PT8 1967.47
PT9 2002.40
PT10 1741.75
PT11 2193.84
PT12 1828.56
PT13 1040.70
PT14 2023.31
PT15 1610.81
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APPENDIX 2

MATLAB CODES

o)

% loading data from SB3

% data for 6MV before and after machine optimization

MVbef 3 = readtable(fullfile('C:\Users\admin\OneDrive\master
thesis\sb3', 'sb3.6MV bef.xlsx'));

MvVaft 3 = readtable(fullfile('C:\Users\admin\OneDrive\master

thesis\sb3', 'sb3.6MV _aft.xlsx'));

[

% data for FFF before and after machine optimization

FFFbef 3 = readtable(fullfile('C:\Users\admin\OneDrive\master
thesis\sb3', 'sb3.FFF bef.xlsx'));

FFFaft 3 = readtable(fullfile('C:\Users\admin\OneDrive\master

thesis\sb3','sb3.FFF7aft.xlsx'));

o)

% loading data from SB5

% data for 6MV before and after machine optimization

MVbef 5 = readtable(fullfile('C:\Users\admin\OneDrive\master
thesis\sb5', 'sb5.6MV befl9.xlsx'));

MVaft 5 = readtable(fullfile('C:\Users\admin\OneDrive\master

thesis\sb5', 'sb5.6MV_aftl9.xlsx'));

% data for FFF before and after machine optimization

FFFbef 5 = readtable(fullfile('C:\Users\admin\OneDrive\master
thesis\sb5', 'sb5.FFF befl9.xlsx"));

FFFaft 5 = readtable(fullfile('C:\Users\admin\OneDrive\master

thesis\sb5', 'sb5.FFF aftl9.xlsx'));
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% loading data for SB5 2018

MV _sb5 18 = readtable(fullfile('C:\Users\admin\OneDrive\master
thesis\sb5', 'sb5.6MV 18.xlsx"));

FFF _sb5 18 = readtable(fullfile('C:\Users\admin\OneDrive\master

thesis\sb5', 'sb5.FFF 18.xlsx"));

% loading data from SB6

MV _sb6 = readtable(fullfile('C:\Users\admin\OneDrive\master
thesis\sb6', 'sb6.6MV.x1sx"')) ;

FFF _sb6 = readtable(fullfile('C:\Users\admin\OneDrive\master

thesis\sb6', 'sb6.FFF.x1lsx"));

%calculating mean passrate and std for 6MV sb3 before optimization

mean MVbef 3 arcl = mean(MVbef 3.x PassRateArcl);

mean MVbef 3 arc2 mean (MVbef 3.x PassRateArc?);

mean MVbef 3 total = mean (MVbef 3.Total PassRate);

std MVbef 3 arcl = std(MVbef 3.x PassRateArcl);

std MVbef 3 arc2 std (MvVbef 3.x PassRateArc2);

std Mvbef 3 total = std(MVbef 3.Total PassRate);

%calculating mean passrate and std for 6MV sb3 after optimization

mean MVaft 3 arcl = mean (MVaft 3.x PassRateArcl);
mean MVaft 3 arc2 = mean(MVaft 3.x PassRateArc2);

mean MVaft 3 total = mean (MVaft 3.Total PassRate);
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std Mvaft 3 arcl std(Mvaft 3.x PassRateArcl);
std Mvaft 3 arc2 = std(MvVaft 3.x PassRateArc2);

std Mvaft 3 total = std(Mvaft 3.Total PassRate);

%calculating mean passrate and std for FFF sb3 before optimization

mean FFFbef 3 arc3 = mean (FFFbef 3.x PassRateArc3);

mean FFFbef 3 arcéd mean (FFFbef 3.x PassRateArcd);

mean FFFbef 3 total = mean (FFFbef 3.Total PassRate);

std FFFbef 3 arc3 = std(FFFbef 3.x PassRateArc3);

std FFFbef 3 arci4 std (FFFbef 3.x PassRateArci);

std FFFbef 3 total = std(FFFbef 3.Total PassRate);

%calculating mean passrate and std for FFF sb3 after optimization

mean FFFaft 3 arc3 = mean(FFFaft 3.x PassRateArc3);

mean FFFaft 3 arcid mean (FFFaft 3.x PassRateArcd);

mean FFFaft 3 total = mean(FFFaft 3.Total PassRate);

std FFFaft 3 arc3 = std(FFFaft 3.x PassRateArc3);

std FFFaft 3 arc4 std (FFFaft 3.x PassRateArci);

std FFFaft 3 total = std(FFFaft 3.Total PassRate);

%calculating mean passrate and std for 6MV sb5 before optimization
mean MVbef 5 arcl = mean(MVbef 5.x PassRateArcl);
mean MVbef 5 arc2 = mean(MVbef 5.x PassRateArc2);

mean MVbef 5 total = mean (MVbef 5.Total PassRate);
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std Mvbef 5 arcl std(Mvbef 5.x PassRateArcl);
std MVbef 5 arc2 = std(MVbef 5.x PassRateArc2);

std MVbef 5 total = std(MVbef 5.Total PassRate);

%calculating mean passrate and std for 6MV sb5 after optimization

mean MvVaft 5 arcl = mean(MVaft 5.x PassRateArcl);

mean MVaft 5 arc2 mean (MVaft 5.x PassRateArc2);

mean MVaft 5 total = mean(MvVaft 5.Total PassRate);

std Mvaft 5 arcl = std(MvVaft 5.x PassRateArcl);

std Mvaft 5 arc2 std(Mvaft 5.x PassRateArc2);

std MVaft 5 total = std(MVaft 5.Total PassRate);

%calculating mean passrate and std for FFF sb5 before optimization

mean FFFbef 5 arc3 = mean(FFFbef 5.x PassRateArc3);

mean FFFbef 5 arci mean (FFFbef 5.x PassRateArcd);

mean FFFbef 5 total = mean (FFFbef 5.Total PassRate);

std FFFbef 5 arc3 = std(FFFbef 5.x PassRateArc3);

std FFFbef 5 arcé4 std (FFFbef 5.x PassRateArcid);

std FFFbef 5 total = std(FFFbef 5.Total PassRate);

%calculating mean passrate and std for FFF sbb5 after optimization

mean FFFaft 5 arc3 = mean(FFFaft 5.x PassRateArc3);

mean FFFaft 5 arc4d = mean(FFFaft 5.x PassRateArcd);

mean FFFaft 5 total = mean(FFFaft 5.Total PassRate);
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std FFFaft 5 arc3 std(FFFaft 5.x PassRateArc3);
std FFFaft 5 arc4 = std(FFFaft 5.x PassRateArcd);

std FFFaft 5 total = std(FFFaft 5.Total PassRate);

% calculating mean passrate and std for 6MV sb5 2018

mean MV sb5 18 arcl = mean(MV_sb5 18.x PassRateArcl);

mean MV sb5 18 arc2 mean (MV_sb5 18.x PassRateArc2);

mean MV sb5 18 total = mean(MV_sb5 18.Total PassRate);

std MV _sb5 18 arcl std (MV_sb5 18.x PassRateArcl);

std MV sb5 18 arc2 std(MV_sb5 18.x PassRateArc2);

std MV _sb5 18 total = std(MV_sb5 18.Total PassRate);

% calculating mean passrate and std for FFF sb5 2018

mean FFF sb5 18 arc3 = mean(FFF sb5 18.x PassRateArc3);

mean FFF sb5 18 arc4 mean (FFF_sb5 18.x PassRateArcd);

mean FFF sb5 18 total = mean(FFF sb5 18.Total PassRate);

std FFF sb5 18 arc3 = std(FFF _sb5 18.x PassRateArc3);

std FFF sb5 18 arc4 Sstd (FFF_sb5 18.x PassRateArcd);

std FFF sb5 18 total = std(FFF sb5 18.Total PassRate);

% calculating mean passrate and std for 6MV sbob6

mean MV sb6 arcl = mean (MV_sb6.x PassRateArcl);
mean MV _sb6 arc2 = mean (MV_sb6.x PassRateArc2);

mean MV sb6 total = mean(MV_sbb6.Total PassRate);
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std MV sb6 arcl std(MV_sb6.x PassRateArcl);
std MV _sb6 arc2 = std(MV_sb6.x PassRateArc2);

std MV sb6 total = std(MV_sb6.Total PassRate);

% calculating mean passrate and std for FFF sbo6

mean FFF sb6 arc3 = mean(FFF sb6.x PassRateArc3);

mean FFF sb6 arci mean (FFF_sb6.x PassRateArcd);

mean FFF sb6 total = mean(FFF_sb6.Total PassRate);

std FFF sb6 arc3 = std(FFF _sb6.x PassRateArc3);

std FFF sb6 arcéd std (FFF_sb6.x PassRateArcd);

std FFF sb6 total = std(FFF_sb6.Total PassRate);

% plotting a graph of the passrates of 6MV and FFF beams for SB3 before
and after machine optimization

figure();

boxplot ([MVbef 3.Total PassRate,FFFbef 3.Total PassRate], {'6MV', "FFE'})
title ('Gamma Pass rates before optimization [SB3]');

xlabel('");

ylabel ('pass rates [%]"');

ylim ([75 105]);

signrank (MVbef 3.Total PassRate,FFFbef 3.Total PassRate); % Wilcoxon

test for SB3 before optimization

figure () ;
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boxplot ([MVaft 3.Total PassRate,FFFaft 3.Total PassRate], {'6MV', "FFE'})

’

title('Gamma Pass rates after optimization [SB3]');
xlabel ('");
ylabel ('pass rates [%]');

ylim([75 105]);
signrank (MVaft 3.Total PassRate,FFFaft 3.Total PassRate); % Wilcoxon

test for SB3 after optimization

o)

% plotting a graph of the passrates of 6MV and FFF beams for SB5 before
and after machine optimization

figure();

boxplot ([MVbef 5.Total PassRate,FFFbef 5.Total PassRate], {'6MV', "FFE'})
title ('Gamma Pass rates before optimization [SB5]');

xlabel('");

ylabel ('pass rates [%]');

ylim ([75 105]);

signrank (MVbef 5.Total PassRate,FFFbef 5.Total PassRate); % Wilcoxon

test for SBS5 before optimization

figure();
boxplot ([MVaft 5.Total PassRate,FFFaft 5.Total PassRate], {'6MV', "FFE'})
title('Gamma Pass rates after optimization [SB5]');

xlabel ('");
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ylabel ('pass rates [%]'");
ylim([75 1057);
signrank (MVaft 5.Total PassRate,FFFaft 5.Total PassRate); % Wilcoxon

test for SBS5 after optimization

figure () ;

boxplot ([MV_sb6.Total PassRate,FFF sb6.Total PassRate],{'oMV',6 "FFF'});

title('Gamma Pass rates [SB6]');
xlabel ('');
ylabel ('pass rates [%]"');

ylim ([75 105]);
signrank (MV_sb6.Total PassRate,FFF sb6.Total PassRate); % Wilcoxon test

for SB6

figure () ;

boxplot ([MV_sb5 18.Total PassRate,MVbef 5.Total PassRate,FFF sb5 18.Tot
al PassRate,FFFbef 5.Total PassRate],{'6MV [2018]','6MV', 'FFF
[2018]"','"FFEF'});

title('Gamma Pass rates [SB5,2018 wvs 2019]1");

xlabel("'');

ylabel ('pass rates [%]"');

ylim([75 1051);

signrank (MV_sb5 18.Total PassRate,MVbef 5.Total PassRate); % Wilcoxon
test for 6MV 2018 and current data (SBS5)

signrank (FFF_sb5 18.Total PassRate,FFFbef 5.Total PassRate); % Wilcoxon

test for FFF 2018 and current data
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[

% comparison of the gamma pass rate for all 3 linacs [ SB3, SBS5 &

SB6] 6MV

figure () ;

boxplot ([MVaft 3.Total PassRate,MVaft 5.Total PassRate,MV _sb6.Total Pas
sRate], {'6MV [SB3]','6MV [SB5]','6MV [SB6]'});

title('Gamma Pass rates for 6MV [SB3,SB5 & SB6]'):;

xlabel('');

ylabel ('pass rates [%]"');

ylim([75 1057);

signrank (MVaft 3.Total PassRate,MvVaft 5.Total PassRate); % Wilcoxon
test for SB3 & SBS

signrank (MVaft 3.Total PassRate,MV sb6.Total PassRate); % Wilcoxon test
for SB3 & SB6

signrank (MVaft 5.Total PassRate,MV_sb6.Total PassRate); % Wilcoxon test

for SB5 & SB6

% comparison of the gamma pass rate for all 3 linacs [ SB3, SBS5 &
SB6]FFF

figure();

boxplot ([FFFaft 3.Total PassRate,FFFaft 5.Total PassRate,FFF sb6.Total
PassRate], {'FFF [SB3]','FFF [SB5]','FFE [SB6]'});

title('Gamma Pass rates for FFEF [SB3,SB5 & SBo6]');

xlabel('");

ylabel ('pass rates [%]");

ylim([75 1057);
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signrank (FFFaft 3.Total PassRate,FFFaft 5.Total PassRate); % Wilcoxon
test for SB3 & SBS
signrank (FFFaft 3.Total PassRate,FFF sb6.Total PassRate); % Wilcoxon
test for SB3 & SB6
signrank (FFFaft 5.Total PassRate,FFF sb6.Total PassRate); % Wilcoxon

test for SB5 & SB6

% individual gamma pass rate for both 6MV and FFF using SB3
figure();

barh ([MVaft 3.Total PassRate,FFFaft 3.Total PassRate]);
title('Individual gamma pass rates SB3');

xlabel ('Pass rate [3]'");

ylabel ('Patient number');

legend ('6MV', "FFE') ;

x1im ([80 1057);

[

% individual gamma pass rate for both 6MV and FFF using SB5
figure () ;

barh ([MVaft 5.Total PassRate,FFFaft 5.Total PassRate]);
title('Individual gamma pass rates SB5');

xlabel ('Pass rate [%]"');

ylabel ('Patient number');

legend ('6MV', "FFE'") ;

x1im ([80 105]);
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% individual gamma pass rate for both 6MV and FFF using SB6
figure();

barh ([MV_sb6.Total PassRate,FFF sb6.Total PassRate]);
title('Individual gamma pass rates SB6');

xlabel ('Pass rate [%]'");

ylabel ('Patient number');

legend ('6MV', "FFE') ;

x1im ([80 1057);

o)

% monitor unit

mean (MVaft 5.TotalMonitorUnit);
std(MvVaft 5.TotalMonitorUnit);
mean (FFFaft 5.TotalMonitorUnit);

std(FFFaft 5.TotalMonitorUnit);

figure () ;

boxplot ([MVaft 5.TotalMonitorUnit,FFFaft 5.TotalMonitorUnit], {'6MV', 'FF
E'})

title('Monitor units for 6MV & FFF beams');

xlabel('');

ylabel ("MUs') ;

ylim([400 9001);

signrank (MVaft 5.TotalMonitorUnit,FFFaft 5.TotalMonitorUnit); %

Wilcoxon test for monitor unit

% scatter plot of 6MV vs FFF
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figure () ;

scatter (MVvaft 5.TotalMonitorUnit,FFFaft 5.TotalMonitorUnit,'r', 'bl")
title('Monitor units [6MV vs FFF]'");

xlabel ('6MV'") ;

ylabel ('FFF');

axis ([375 900 375 900]);

refline(1,0); % constructing reference unity line

[

% monitor units and pass rate

pfl polyfit (Mvaft 5.TotalMonitorUnit,MVaft 5.Total PassRate,l);

pvl = polyval (pfl,Mvaft 5.TotalMonitorUnit);

pf2 polyfit (FFFaft 5.TotalMonitorUnit,FFFaft 5.Total PassRate,l);

pv2 = polyval (pf2,FFFaft 5.TotalMonitorUnit);

[

% making plots with trend line

figure () ;

scatter (MVaft 5.TotalMonitorUnit,MvVaft 5.Total PassRate, 'bl','*');
title('Total MU vs total pass rate');

xlabel ('MUs') ;

ylabel ('Pass rate [%]');

hold on

scatter (FFFaft 5.TotalMonitorUnit,FFFaft 5.Total PassRate, 'r','*'");
hold on

plot (MVaft 5.TotalMonitorUnit,pvl,'-"');

hold on

plot (FFFaft 5.TotalMonitorUnit,pv2, '-");

axis ([350 900 90 105]1);
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legend ('6MV', '"FFE', 'Trend line 6MV', 'Trend line FFE');

% volume of PTV and gamma pass rate

pffl = polyfit (MVaft 5.VolumeOfPTV cm3 ,MVaft 5.Total PassRate,1);

pvvl polyval (pffl,Mvaft 5.VolumeOfPTV cm3 ) ;

pff2 = polyfit (FFFaft 5.VolumeOfPTV,FFFaft 5.Total PassRate,l);

pvv2 polyval (pff2, FFFaft 5.VolumeOfPTV) ;

figure () ;

scatter (MVaft 5.VolumeOfPTV _cm3 ,MVaft 5.Total PassRate, 'bl','*');
title ('PTV volume vs Pass rate');

xlabel ("PTV volume [cm”™3]"'");

ylabel ('Pass rate [%]');

axis ([1000 2600 90 10571);

hold on

scatter (FFFaft 5.VolumeOfPTV,FFFaft 5.Total PassRate,'r','*'");
hold on

plot (MVaft 5.VolumeOfPTV cm3 ,pvvl,'-");

hold on

plot (FFFaft 5.VolumeOfPTV,pvvZ,'-');

legend ('6MV', '"FFF', '"Trend line 6MV', 'Trend line FFE');

% analysis of median values for 6MV and FFF (SBS)

mean (MVaft 5.TotalMedian  );
std (MvVaft 5.TotalMedian  );

mean (FFFaft 5.TotalMedian  );
std(FFFaft 5.TotalMedian )7

scatter (MVaft 5.TotalMedian ,FFFaft 5.TotalMedian e, RN
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