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Abstract

Approximately 400 000 children are diagnosed with cancer every year, with the most common types
of childhood cancers being leukemia, lymphoma, brain and solid tumors. Moreover, 10-40% of children
with solid tumors present lung metastases at the time of diagnosis.

Whole lung irradiation (WLI) is a treatment option for pediatric patients with lung metastases that
develop from solid tumors like Ewing’s sarcoma (ES), rhabdomyosarcoma, and Wilms’ tumor (WT).
However, during treatment delivery, intra and inter-fraction anatomical changes might occur and can
greatly affect treatment outcome. These changes can either cause underdosages of the target volume,
or overdosage of surrounding organs at risk (OARs). Since growing lung tissue is more sensitive to
radiation, avoiding the irradiation of OARs while maintaining target coverage is of utmost importance.
Thus, there is the need to ensure that a treatment plan is robust, which is accomplished if the planned
and delivery dose distributions agree even in the presence of uncertainties. To evaluate how anatomical
changes affect the treatment outcome when delivering WLI to pediatric patients, this thesis comprises a
study of robustness of photon dose distributions against intra and inter-fraction anatomical changes.

The present study includes treatment plans of 21 pediatric patients that received WLI at Univer-
sity Medical Center Utrecht. The robustness evaluation was performed against intra and inter-fraction
anatomical changes. Intra-fraction changes were evaluated by recalculating the original plan on the two
extreme breathing phases — maximum inhalation and maximum exhalation. Conversely, inter-fraction
changes were evaluated by calculating the fractional dose on the daily cone-beam computed tomogra-
phy (CBCT) images acquired before treatment and accumulating the resulting dose distributions. The
recalculated plans were then compared to the original dose distribution.

Overall results of the study demonstrated no clinically relevant differences in terms of mean internal
target volume (ITV) coverage of the lungs. However, hot spot values differed significantly for three
patients. The differences observed for the Vg7, were due to diaphragm position shifts (two patients)
and electron density (ED) changes within the lung ITV (one patient).

Coverage and hot spots of metastases presented clinically relevant differences when considering the
extreme breathing phases, as well as the registered-CTs. This was due to differences in ED within the
metastases and position variations in relation to surrounding structures (like the heart or ribs). However,
these changes were observed for the PTV only, while ITV coverage remained around 100% on all plans.

OAR dose values were robust against intra and inter-fraction anatomical changes, with no clinically
relevant differences to report.

In conclusion, the recalculated WLI plans are considered robust against intra and inter-fraction
anatomical changes when taking into consideration average results. However, some clinically relevant
differences were identified per patient, which require further attention and improvement in future treat-
ment plans.

Key words: Whole lung irradiation, photon therapy, intra-fraction anatomical changes, inter-fraction
anatomical changes.
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Resumo

O conceito de radioterapia tem por base a utilizacdo de radiac@o ionizante para erradicar células
tumorais ao promover a morte celular (Minniti et al., 2012). O efeito biolégico produzido pela radiacdo
ionizante é quantificado pela quantidade de radiacdo absorvida por unidade de massa, sendo a unidade SI
para dose absorvida o Gray (Gy) (Khan, |2003). Os efeitos da radia¢do diferem entre adultos e criancas,
sendo a populagdo pediatrica mais sensivel a radiag@o. Isto deve-se ao facto de as criangas apresentarem
tecidos ainda em desenvolvimento, contrariamente aos dos adultos (Paulino et al., |[2000).

Todos os anos, aproximadamente 400 000 criancas sdo diagnosticadas com cancro, sendo os tipos
mais comuns de cancro pedidtrico a leucemia, linfoma, tumores cerebrais e tumores sélidos (Steliarova-
Foucher et al., 2017). Além disso, 10-40% das criangas com tumores solidos apresentam metastases
pulmonares no momento do diagndstico, com taxas de sobrevivéncia entre os 20 e os 70% (Fuchs et
al.,|2012). Apesar da taxa de sobrevivéncia ter aumentado nos dltimos anos, principalmente devido ao
desenvolvimento de novas técnicas de radioterapia, um novo problema surge na populacio sobrevivente:
a posterior toxicidade provocada pela radiacao (Paulino et al.,[2000). Nos casos em que a radiac¢do incide
sobre os pulmdes, o risco de complicagdes a longo prazo nos pulmdes, coragcdo, glandulas mamadrias e
tiroide € consideravel. Mais concretamente, estudos com doentes submetidos a irradiagdo do pulmao
demonstram casos de fibrose pulmonar, pneumonia recorrente, falta de ar, desenvolvimento anormal
do térax, insuficiéncia cardiaca, enfarte do miocdrdio, doenca pericdrdica, hipotiroidismo, hipoplasia
mamadria e cancros secundérios (Mertens et al.,[2002; Kalapurakal, Lee, et al., 2019; Lange et al.,[2014)).

A irradiagdo total do pulmao (whole lung irradiation, WLI) é uma opg¢ao de tratamento para doentes
pedidtricos com metdstases pulmonares que se desenvolvem a partir de tumores sélidos, tais como sar-
coma de Ewing, rabdomiossarcoma e tumor de Wilms (Paulino et al., 2000). No entanto, durante
o tratamento podem ocorrer alteracdes anatomicas. Estas alteracdes podem ocorrer durante uma sé
fragdo, denominando-se intrafracdo, ou entre fra¢cdes do tratamento, denominando-se interfragao, e po-
dem provocar uma subdosagem do volume alvo ou sobredosagem de 6rgaos em risco (organs at risk,
OAR) adjacentes (Van Herk, 2004). Desta forma, evitar a irradiacdo de 6rgaos criticos mantendo a cober-
tura do volume alvo é de extrema importancia. No contexto de planeamento de radioterapia, existem
varios volumes-alvo a considerar, dos quais os mais relevantes sao o volume alvo interno (internal target
volume, ITV), que € definido ao expandir o volume tumoral por uma margem personalizada para cada
doente, que tem em conta a amplitude do movimento respiratério (Ichiji et al., 2013); e o volume alvo
de planeamento (planning target volume, PTV), que é o resultado de uma expansdo do ITV por uma
determinada margem, sendo esta especifica da institui¢cdo considerada (Purdy, |2004). Estas margens sdo
criadas com o objetivo de fazer face a presenca de incertezas, sendo que o ITV deve assegurar a correta
irradiagdo do pulmdo na presenga de incertezas causadas, por exemplo, pelo movimento respiratério,
enquanto o PTV deve assegurar o tratamento na presenga de incertezas causadas por, por exemplo, erros
de posicionamento. Assim, hd a necessidade de garantir que um plano de tratamento € robusto, o que
é concretizado se a dose planeada e a dose que estd a ser administrada ao doente coincidirem, mesmo



na presencga de incertezas (Albertini et al., 2011). Para avaliar de que forma as altera¢des anatémicas
afetam a administrag¢do de radiacdo total do pulmao a doentes pediatricos, esta dissertacio compreende
um estudo de robustez tendo em conta alteragdes anatdmicas intra e interfragao.

O presente estudo inclui planos de tratamento de 21 doentes pedidtricos que receberam WLI no Uni-
versity Medical Center Utrecht. Os doentes incluidos neste estudo apresentam uma média de 7 anos de
idade aquando do tratamento e tumor de Wilms, sarcoma de Ewing, tumor rabdoide, sarcoma epitelial e
sarcoma sinovial como tumores primdrios. Para todos os doentes, o tratamento foi administrado recor-
rendo a técnica de arcoterapia volumétrica modulada (volumetric-modulated arc therapy, VMAT). Nesta
técnica, a gantry (braco do acelerador linear do qual sdo emitidos os feixes de fotdes) roda a volta do
doente, varrendo um angulo de 360° (Teoh et al., 2011). Adicionalmente, os doentes foram divididos
em dois grupos — doentes sem e doentes com metéstases pulmonares. Esta divisdo foi efetuada com
base nas diferentes distribui¢des de dose esperadas para estes dois grupos, j4 que um doente que recebe
dose primdria e boosts localizadas apresenta uma distribuicdo de dose muito mais heterogénea do que
um doente que recebe apenas uma dose primaria. Os doentes sem metastases pulmonares receberam
uma dose de 15 Gy em 10 fragdes (com a excecdo de um doente, que recebeu 10.8 Gy em seis fracdes),
enquanto que a maioria dos doentes com metastases receberam doses primaria e de refor¢o de 12 e 22
Gy, respetivamente, em oito fracdes.

A avaliacdo de robustez na presenca de alteracdes anatémicas por intrafracdo foi concretizada ao re-
calcular o plano original nas duas fases extremas do ciclo respiratério — inspiracdo e expiracdo maximas.
Na preparacgdo para o tratamento, os doentes realizam uma tomografia computorizada (computed tomog-
raphy, CT) de planeamento, na qual as delinea¢des dos volumes alvo e OARs sdo efetuadas. Estas
CT sdo divididas em dez fases, representando um ciclo respiratério completo. As fases extremas do
ciclo respiratério foram selecionadas por inspe¢do visual do ciclo de cada doente. Por outro lado, as
alteracOes interfracdo foram avaliadas calculando a dose fracionada nas imagens didrias de tomografia
computorizada de feixe cénico (cone-beam computed tomography, CBCT) adquiridas antes do trata-
mento e acumulando as distribui¢des de dose resultantes. Os planos recalculados foram comparados
com as distribuicdes de dose originais e foram considerados robustos nos casos em que as diferencas
de cobertura sdo inferiores a 5% para o ITV e PTV dos pulmdes e metdstases, enquanto as diferencas
superiores a 3 Gy foram consideradas clinicamente relevantes para os OARs.

Os resultados do estudo demonstraram que nao existem diferencgas clinicamente relevantes em ter-
mos de dose média absorvida pelos pulmdes, bem como na dose média absorvida por OARs adjacentes.
No entanto, os resultados por doente revelaram algumas diferencgas clinicamente relevantes, principal-
mente em termos de dose absorvida no ITV dos pulmdes e PTV de metéstases, que levaram a casos de
sub e sobredosagem. Além disso, foram observadas situagdes de sobredosagem, mesmo no plano orig-
inal. As causas de sobredosagem foram principalmente associadas a alteracdes na densidade eletrénica
abrangendo todo o pulmfo e metistases, mas também ao nimero de metdstases, posicionamento de
metastases em relacdo a OARs e diferenca entre a dose primdria e a dose de refor¢o. No entanto, en-
quanto o PTV das metéstases se demonstrou sensivel a alteracdes, o ITV manteve a cobertura necessdria
tanto nos planos recalculados nas fases extremas do ciclo respiratério, bem como nos planos recalculados
nas CBCTs e acumulados.

Em conclusao, os planos de irradiacdo total do pulmao recalculados sao considerados robustos tendo
em conta alteracdes anatOdmicas por intra e interfracdo, quando considerada a média dos resultados.
No entanto, avaliando os resultados por doente, foram detetadas algumas diferencas clinicamente rel-
evantes. Estas diferencas requerem maior aten¢do e uma melhoria nos planos de tratamento futuros,
através da aplicagcdo de técnicas complementares, tal como a administragdo da dose com o doente a
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suster a respiracao ou durante um intervalo especifico de forma que a irradiacdo aconte¢a numa fase es-
pecifica do ciclo respiratério (C. Demoor-Goldschmidt et al.,2017; Gorgisyan et al.,[2017). Uma outra
opcdo ¢ a utilizacdo de feixes de protdes, em vez de fotdes, que devido as suas propriedades fisicas ofer-
ecem uma deposi¢do de dose mais localizada, com menos dose de entrada e saida (que € caracteristica
dos fotdes) (Mohan et al.,2017). No entanto, a radioterapia com protdes apresenta algumas limitagdes,
sendo a sua sensibilidade a alteragdes no meio a principal. Estas alteracdes podem facilmente deslocar
a deposicdo da dose e originar uma subdosagem do alvo e sobredosagem de tecido saudavel ou OARs
circundantes. Por estas razdes, a utilizacdo de radioterapia de protdes em WLI deve ser bem estudada,
com uma necessidade acrescida de estudos de sobrevivéncia e qualidade de vida a longo-prazo.

Palavras-chave: Irradiacdo total do pulmio, radioterapia de fotdes, alteracdes anatdmicas por

intrafracdo, alteracdes anatémicas por interfracdo.
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Chapter 1

Introduction

1.1 Motivation

Each year, approximately 400 000 pediatric patients are diagnosed with cancer, with the most com-
mon types of childhood cancers being leukemia, lymphoma, brain and solid tumors, such as neurob-
lastoma and Wilms’ tumor (Steliarova-Foucher et al., [2017). Unlike cancer in adults, the likelihood of
childhood cancer arising from external risk factors (apart from previous chemotherapy treatment or ex-
posure to high-dose radiation) is quite low. Thus, most types of cancer in children arise from inherent
risk factors, which include birth weight, parental age, and congenital anomalies (Spector et al., 2015).

The outcome of childhood cancer has improved significantly over the past decades, with a current
overall survival rate for nonmetastatic pediatric solid tumors between 75-90%. However, 10-40% of
children with solid tumors present lung metastases at the time of diagnosis, with survival ranging from
20 to 70%, depending on prognostic factors such as histology and response to chemotherapy. Addition-
ally, surgery, radiotherapy, or both combined, are options to treat metastases that persist after the initial
treatment (Fuchs et al., 2012).

Whole Lung Irradiation (WLI) is an option to treat lung metastases that develop from solid tumors
such as Ewing’s sarcoma, rhabdomyosarcoma, and Wilms’ tumor. Focusing on Wilms’ tumor patients,
there has been great improvement in the patient survival rate over the last four decades and, due to
multimodality treatments comprising WLI, the survival outcome is approximately 90% (Paulino et al.,
2000).

During radiotherapy treatments, intra and inter-fraction patient anatomical changes might occur.
These can be caused by several factors, such as breathing motion or weight changes, and might greatly
affect the treatment outcome (Van Herk, [2004). Thus, a radiotherapy plan is considered robust if the
planned and delivered dose distributions agree, even in the presence of treatment uncertainties (Albertini
et al.,2011).

1.2 Objectives

To better understand how anatomical changes might affect the treatment outcome when delivering
WLI to pediatric patients, an evaluation of robustness of the dose distributions needs to be performed.
Thus, the aim of the present study is to recalculate existing photon treatment plans of WLI to assess the
robustness of the dose distribution against intra-fraction anatomical changes and inter-fraction anatomical
changes. This assessment is performed in terms of coverage and hot spots of the target (considered in
this study as both lungs and lung metastases) and dose being delivered to the surrounding OARs.

1
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1.3 Thesis OQutline

This document is divided in 6 chapters. The theoretical background necessary to understand this
work is introduced in Chapter 2, including basic radiotherapy concepts, whole lung irradiation in chil-
dren, basics of photon therapy and treatment techniques (more precisely techniques used to deliver whole
lung irradiation), treatment robustness concepts and imaging techniques relevant to the project. Chapter
3 includes Materials and Methods and, in this chapter, the procedure followed to recalculate the photon
treatment plans is detailed. The results of the study are presented and discussed in Chapter 4. Chap-
ter 5 comprises a brief overview of proton therapy concepts, proton therapy techniques to deliver WLI
and treatment planning robustness, as well as an introduction to follow-up work towards a comparison
study between photon and proton dose distributions against inter-fraction anatomical changes. General
conclusions are provided in Chapter 6.



Chapter 2

Background

2.1 Whole lung irradiation in children

With a significant survival rate among Wilms’ tumor patients that present lung metastases, the prob-
lem of late toxicity that arises from treatment has become increasingly important to tackle, since growing
lung tissue is more sensitive to radiation (Paulino et al., 2000). The Childhood Cancer Survival Study
showed that 5-year survivors that received chest or whole body irradiation presented an increased risk
of long-term pulmonary complications, such as lung fibrosis, a need for supplemental oxygen, recur-
rent pneumonia, chronic cough, shortness of breath, and abnormal chest wall development (Mertens
et al., 2002). Further studies have been conducted regarding the effect of WLI in long-term changes
in pulmonary function, revealing that pediatric patients that receive WLI present abnormal pulmonary
function tests parameters. These findings suggest that WLI leads to restrictive pulmonary defects, as well
as impairments in diffusion capacity (Motosue et al., 2012).

In addition to considering the late toxicity that affects the lungs, it is also necessary to consider other
OARs, like the heart. Many reports have shown that WLI, as well as WLI combined with chemotherapy,
has led to a higher prevalence of cardiac complications, including congestive heart failure, myocardial
infarction, pericardial disease, and valvular heart disease (Kalapurakal, Zhang, et al., [2013)). Further
studies have been conducted to reduce radiation exposure in other normal tissues, such as the thyroid
gland and breast tissues, without compromising lung dose coverage and cardiac protection. The sparing
of the thyroid gland and breast tissues is also of importance for later toxicity, since their irradiation might
lead to hypothyroidism, breast hypoplasia, and secondary malignant neoplasms (including breast cancer
and thyroid cancer) (Kalapurakal, Lee, et al.,[2019; Lange et al.,[2014).

2.2 Radiotherapy and its application in whole lung irradiation

Radiotherapy refers to the use of ionizing radiation to eradicate tumor cells by means of DNA damage
and, consequently, cell death. Although radiation causes equal damage in normal and cancer cells,
normal cells repair themselves at a faster rate than cancer cells, which allows them to recover from
radiation damage between fractions (Minniti et al.,2012). The SI unit for absorbed dose is Gray (Gy),
which is the amount of absorbed radiation energy per unit mass, and quantifies the biologically significant
effects produced by ionizing radiation (Khan, [2003]).

There are two ways to deliver radiation in radiotherapy treatments: internal and external beam radio-
therapy. In internal beam radiotherapy, or brachytherapy, the radiation is delivered from inside the body
by placing the radiation source near or in the tumor itself. Conversely, in external beam radiotherapy
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the radiation is delivered from outside the body by means of X-ray photons or charged particles (such as
protons) (Baskar et al., 2012)).

Since children are more sensitive to radiation-induced adverse effects, mainly due to their growing
tissues, radiotherapy techniques have evolved to spare normal tissue. Imaging techniques such as X-
ray, computed tomography (CT) or magnetic resonance imaging (MRI) are used to increase precision in
treatment planning and daily treatment delivery, allowing image-guided radiation therapy (IGRT). The
improvement of such imaging techniques during treatment delivery allowed adjusting the radiotherapy
fields to the actual tumor volume, and the ability to better identify and define normal tissue to be pro-
tected, as well as OARs (Steinmeier et al., 2019).

2.2.1 Physics of photon therapy

X-ray photons are the most widely used form of radiation in radiotherapy treatment. X-rays are
produced in a linear accelerator (linac) by sending accelerated electrons against a material with high
atomic number. While a photon beam propagating through vacuum is dictated by the inverse square law
(the photon energy is inversely proportional to the square of the distance from the radiation source), a
photon beam propagating through a patient is affected not only by the inverse square law, but also by
the attenuation and scattering of the photon beam inside the patient. The type of interaction the photons
undergo in the body depends on the photon energy (see Figure 2.1)) and are the following: photoelectric
effect, Compton effect and pair production.
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Figure 2.1: Relative importance of the three main types of photon interactions with matter [adapted from (Hendee et al.,|2005)].

In the radiotherapy setting, the photon energies range from 6-20 megavolt (MV). For this range of
photon energy, the predominant type of radiation interaction with matter is the Compton effect. In the
Compton effect, a photon interacts with an orbital electron, transferring part of its energy. The electron
is then ejected from the atom as a recoil electron and a scattered photon is produced. Recoil electrons
deposit their kinetic energy in the patient, resulting in a dose buildup region between the surface of the
patient and the depth at which the dose reaches its maximum value (Podgorsak,2005), as can be observed

in Figure 2.2}
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Figure 2.2: Dose deposition of a radiotherapy photon beam in a patient, in which Dy is the dose at the surface of the patient, D,
is the exit dose and D4, is the maximum dose. The dose buildup region comprises the distance between z = 0 and z = Zymqx
[adapted from (Podgorsak, 2005))].

2.2.2 Photon therapy for whole lung irradiation

Concerning techniques to deliver whole lung irradiation, studies (Bosarge et al., 2016; Kalapurakal,
Zhang, et al., 2013)) have been conducted to compare the most effective treatment approach regarding
target coverage as well as normal tissue sparing.

2.2.2.1 Standard technique

The standard technique to deliver whole lung irradiation is anteroposterior-posteroanterior (S-AP/PA)
radiotherapy, which is a form of conventional radiotherapy using two opposing fields (Bosarge et al.,
2016). In conformal radiotherapy, the radiation beams are shaped to match the target volume and to
spare the surrounding normal tissues, allowing a more conformal dose distribution. However, the normal
tissues still receive a significant amount of radiation dose and, although conformal radiotherapy is the
standard procedure, newer techniques have been developed to deal with its limitations.

2.2.2.2 Intensity-modulated radiotherapy

Intensity-modulated radiotherapy (IMRT) is an advanced form of conformal radiotherapy of partic-
ular value for target volumes in close proximity to radiosensitive normal structures. The main differen-
tiation factor of IMRT is the division of the radiation beam into beamlets, each beamlet with a different
photon intensity. Additionally, the use of inverse planning in IMRT allows the achievement of optimal
intensity across each beamlet, producing a very specific dose distribution — inverse planning specifies
the plan outcome in terms of tumor dose and safety margins, and uses a computer system to adjust the
beam intensities to find a configuration best matched to the desired plan (Taylor et al., [2004). In this
treatment technique, changes are made in the intensity of each beamlet, based on the initial dose distri-
bution, and this process is repeated through several iterations until no other improvement is observed and
an optimal dose distribution is achieved (Taylor et al., 2004).
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2.2.2.3 Volumetric modulated arc therapy

Another state-of-the-art technique to deliver radiotherapy is volumetric-modulated arc therapy
(VMAT). This is a form of arc therapy and consists of a dose delivered by means of a continuous rotation
of the radiation source, allowing the patient to be treated from a full 360° beam angle. It is a technique
characterized by the simultaneous variation of three parameters: gantry rotation speed, treatment aper-
ture shape and dose rate (Teoh et al.,|2011). The variation of these parameters allows more conformal
dose distributions, providing a highly conformal treatment combined with adequate sparing of OARs.
Compared to IMRT, VMAT has the potential to improve target coverage, dose to the OARs and dose
homogeneity. Since it presents a shorter delivery time and requires less monitor units, VMAT allows a
reduction in the integral dose to the body. Additionally, the decrease in delivery time not only results
in better patient compliance, but also in a lower range of intra-fraction motion, with fewer setup errors
(Johnston et al.,[2011} Leoncini et al., 2014]).

2.3 Treatment planning

2.3.1 Target volume definition and prescribed dose

There are four volumes involved in radiotherapy treatment planning, as seen in Figure 2.3] The
first volume to be defined is the Gross Tumor Volume (GTV) and consists of the tumor volume itself.
The second one is the Clinical Target Volume (CTV) and it is an expansion of the GTV to account for
suspected microscopic disease that is not detected with current imaging techniques (Purdy, 2004). The
third one is the Internal Target Volume (ITV) and includes an internal margin determined by the intra-
fraction organ motion (Ichiji et al., 2013)). The fourth is the Planning Target Volume (PTV) and is an
expansion of the ITV by a margin to account for patient setup variations (Purdy, 2004)).

IM; Internal margin

Figure 2.3: Relationship between tumour volumes: Gross Tumor Volume, Clinical Target Volume, Internal Target Volume and
Planning Target Volume [adapted from (Ichiji et al., 2013))].

When performing WLI, the CTV is defined as the entire lung volume. To account for intra-fractional
motion of the target volume due to respiration, the use of ITV has been introduced, specific for each
patient (Ichiji et al., |2013). A new treatment planning guideline was introduced by (Kalapurakal, Lee,
et al.,[2019), which required the creation of a maximum lung expansion planning volume. This volume
was obtained by expanding the ITV by 5 mm in all directions, creating a PTV.

The recommended dose to deliver to children undergoing WLI is between 12 and 15 Gy. The current



2.4 Dose distribution robustness

practice for Wilms’ tumor patients is the administration of 12 Gy in eight fractions (Nicolin et al., 2008]),
with a 6 MV X-ray beam.

2.3.2 Organs at risk

Regarding OAR contouring, the literature has conflicting studies, with the heart being the only struc-
ture that is consensual to spare across all WLI studies. For example, in photon therapy studies, Bosarge
et al. considered the esophagus, spinal canal, spleen, stomach and the pericardium as organs to spare
(Bosarge et al.,2016)). Kalapurakal et al. considered the liver and thyroid gland as organs to spare when
using three-dimensional (3D) scans and other heart structures, such as the right and left coronaries and
left ventricular myocardium, when using respiration-gated four-dimensional (4D) scans (Kalapurakal,
Zhang, et al., 2013). In proton therapy studies, Sha et al. considered the esophagus, liver, spinal cord,
vertebrae, humerus and heart, while Wong et al. focused mainly on the dosimetric sparing of the breasts
and heart (Sha et al.,|2021; Wong et al., 2021).

2.4 Dose distribution robustness

2.4.1 Uncertainties in radiotherapy

In radiotherapy treatment planning and delivery, there are many uncertainties to be considered.
Firstly, there are uncertainties in the delineation process, which are systematic and will influence all
treatment fractions in an identical way. These can be caused by the limited resolution of imaging modal-
ities, observer “noise” (the same observer, when asked to delineate a target volume twice, will not do it
the same way), inter-observer variability in the target definition and differences between image modali-
ties used for treatment planning and dose delivery verification. Secondly, there are uncertainties due to
patient setup errors. These can be systematic and random and are caused by positioning variation, which
can happen during delivery (intra-fraction changes) or in between fractions (inter-fraction changes). To
account for these variations, and to guarantee sufficient target coverage, safety margins are included in
treatment planning. Thirdly, there are uncertainties due to anatomical changes, which can be systematic
and random. Uncertainties due to anatomical changes include displacements of the target volume and
OAR. The displacement of OAR can be caused both by intra-fraction changes (in the case of WLI, the
respiration movement is an important factor to consider since the breathing cycle has a time scale shorter
than the delivery time of a single fraction) or by inter-fraction changes, such as weight changes (Van
Herk, 2004).

The effect of systematic and random errors on the dose distribution is different. Systematic errors
will result in a shift of the cumulative dose distribution relative to the target, while random errors will
blur the dose distribution (Van Herk, 2004)).

2.4.2 Robust radiotherapy planning

The aim of treatment planning is to create plans that are robust against uncertainty. The robustness of
a treatment plan refers to two properties: the CTV should receive the prescribed dose (PD) and normal
tissue constraints should be satisfied. After defining the CTV, safety margins are added to account for
setup and motion-related uncertainties by creating the PTV. It is assumed that, as long as the CTV moves
only within the boundaries of the PTV, the PD is being delivered to the CTV. There are specific cases in
which the sparing of OAR is of high importance — in the case of WLI, the dose delivered to the heart is
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an important concern. In such cases, respecting dose constraints to normal tissue might be given priority
over CTV coverage (Unkelbach et al.,|2018) and a planning risk volume is created by contouring normal
tissue and expanding it by a given margin (Burnet et al., 2018} Unkelbach et al., [2018)).

There are a few limitations regarding the PTV concept. One limitation includes the fact that it relies
on the assumption that the dose distribution is unaffected by changes in the patient’s anatomy, which
is unrealistic to assume. Another limitation to consider is that the CTV might not receive the PD. This
depends more on the dose distribution than on the geometric margin concept. Since dose distributions are
not perfectly conformal to the PTV and are not equally conformal on all sides of the CTV, the optimal
margin can therefore be anisotropic (different margins in different directions from the CTV). Due to
these limitations, robust planning methods that incorporate uncertainty into treatment plan optimization
for IMRT and intensity-modulated proton therapy (IMPT) have been developed (Unkelbach et al.,[2018]).

To face the uncertainty that arises from the breathing motion, the concept of an internal target volume
ITV was introduced (Ichiji et al., 2013). As mentioned in the previous section “Photon therapy for whole
lung irradiation”, this volume accounts for uncertainties that arise from the breathing motion and is
individual for each patient. A safety margin is then added to the ITV which, based on the literature
regarding current WLI treatment guidelines, is 5 mm (Kalapurakal, Lee, et al.,[2019).

2.4.3 Image-guided radiotherapy

Large safety margins lead to robust plans that ensure adequate target coverage in case large errors
occur, but also imply the irradiation of considerable volumes of normal tissues (Cho et al., [2002). The
use of IGRT allows to reduce geometrical uncertainties within treatment delivery, and, by reducing such
uncertainties, to reduce the safety margins (Court, 2014).

CBCT allows to visualize the target volume in relation to OAR and assess intra and inter-fraction
uncertainties, making a correction in alignment of the target volume in relation to the radiotherapy beam.
These CBCT images are acquired daily before each fraction throughout the whole treatment and allow
an evaluation of the delivered dose, followed by the implementation of adaptative strategies in case of

underdosage (Kranen et al., 2016).

2.5 Medical imaging modalities in radiotherapy

In the last two decades, imaging, planning and delivery technology have progressed in a way that it
is now possible to consider a 4D model of the patient, consisting of three spatial dimensions and time
as a fourth dimension. This contrasts from the previous model of the patient undergoing radiotherapy,
which was assumed to be static over the course of the treatment. Imaging moving anatomy may result
in the presence of artifacts in the reconstructed image, which can lead to incorrect object position, shape
and size in the image, blurring or distortion of the object boundary, decrease in contrast resolution and
increased image noise (Hugo et al., 2012).

At first, techniques to deal with image artifacts were introduced in cardiac imaging (to address the
beating heart) (Kachelriess et al.,[2000) and later were transferred to the entire thorax to deal with res-
piration. However, the initial intent of these methods was to suppress motion and artifact to produce
a clear image of the patient for diagnostic applications only. For diagnosis purposes, the motion range
and direction in which anatomy is moving are not important and therefore are not measured. For radio-
therapy purposes, the motion pattern impacts the dose that is being delivered to the patient and so it is
necessary to collect more information regarding the motion to create a robust treatment plan. To face this
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need, 4D imaging techniques were developed specifically for radiotherapy applications. Since CT is the
main imaging modality for radiotherapy planning and used in IGRT, it was the first imaging modality
to incorporate time as a fourth dimension. This was quickly followed by 4D-MRI, 4D CBCT and 4D
positron emission tomography (PET) (Hugo et al., 2012).

2.5.1 4D computed tomography

CT has been evolving since the first generation scanner developed in 1972 (Ambrose et al., [1973).
Almost 20 years after, slip ring technology — an electromagnetic apparatus that allows electrical signals
to be transmitted from a stationary to a rotating structure, enabling a continuous gantry rotation and
resulting in a helical scan — was introduced in 1990 (Rigauts et al., |1990). This was followed by the
introduction of multi-slice scanning in 1998, with a scanner capable of 4-slice acquisitions (Taguchi et
al.,|1998)). Multi-slice scanning implicated the widening of the beam and adding several rows of detectors
in the z-direction. This allowed the simultaneous acquisition of several slices of data while reducing the
heat loading and the acquisition time (Goldman, |2008). More developments in the multi-slice CT have
been observed, going from 16-slice acquisition in 2002 (Flohr et al., 2002) to 320-slice acquisition in
2007 (Rybicki et al., 2008). The increase of acquired slices augmented the z-axis field of view, enabling
more coverage (Goldman, [2008)).

In 4D-CT, a 3D-CT volume containing a moving structure is imaged over a period of time (Katsuyuki
Taguchi, [2003). The images acquired are reconstructed retrospectively. This means that a separate
signal is acquired simultaneously and synchronized with the image acquisition. In case of the breathing
motion, the respiratory signal is used to sort the partial images into the correct breathing state and then
are combined into a single volumetric 3D image of the breathing state (Vedam et al., 2003).

The use of 4D-CT for radiotherapy purposes is an advantage in treatment planning since it allows to
create robust treatments by adding safety margins to the CTV, while reducing the chances of a geographic
miss. During planning, by analyzing 4D-CT images, it is possible to reduce the PTV, since the intra-
fraction movement is considered (Kwong et al.,[2015)).

The radiation dose to which the patient is exposed during a CT is affected by five parameters: current,
kilovoltage, pitch (table speed), detector collimation and scan coverage. Using the latest generation CT
scans, which have the property of a broad field of view, it is possible to use a reduced radiation dose
technique due to the inherent natural contrast between soft tissue and the low density of the lungs (Kwong
et al.,[2015)).

2.5.2 Cone beam computed tomography

As mentioned in the previous section “Dose distribution robustness”, IGRT allows to reduce uncer-
tainties through the course of treatment (Court, [2014) and CBCT is a popular choice due to good image
contrast and signal-to-noise ratio (Groh et al.,|2002)). CBCT results from tomographic reconstruction of
a series of planar images, obtained as the gantry rotates around the patient. These images can be acquired
using the linac megavoltage cone beam computed tomography or by adding a separate kilovoltage source
(kV-CBCT) attached to the gantry. While the concept of MV-CBCT is attractive as the beam source is
the same as the one used to deliver the treatment, the image quality for low-contrast soft-tissue structures
is inferior when compared to high-contrast structures. A way to overcome the soft-tissue contrast issues
is to integrate the kV-CBCT in the linac (Mc Parland, 2009).

With highly conformal treatment techniques, such as IMRT, there is a need for increased precision
in the location of the target and OAR. As a result, these CBCT images acquired with the kV-CBCT



2. BACKGROUND

integrated in the linac allow to monitor intra and inter-fraction change and to make an adjustment of the
treatment as required (Mc Parland, 2009; Srnivasan et al., 2014).

Another use of the CBCT images acquired during the treatment is for fractional dose re-calculations.
However, the image quality of CBCT is still inferior to CT, which results in incorrect Hounsfield units
(HUs). HU is a relative quantitative measurement of radio density used in the interpretation of CT
images, using the attenuation coefficient of radiation within a tissue during CT reconstruction, to produce
a grayscale image (DenOtter et al., 2021 Fotina et al.,2012; Stock et al.,[2009).

To face the poorer image quality of CBCT when compared to CT, image registration can be used.
In image registration, two or more images of the same region acquired at different times are combined,
allowing to obtain complementary information from different imaging modalities (Mani et al., 2013).
Non-rigid (or deformable) image registration tracks voxel-to-voxel changes from one CT image to an-
other, correcting them by mapping between volume elements in a subsequent image. Deformable reg-
istration can be used as opposed to rigid registration — in this case, the CBCT images are registered to
the planning-CT (Hwang et al.,[2009). Rigid registration is, however, more prone to inaccuracies caused
by rigidly registering a non-rigid tissue and may not account for inter-fraction changes caused by weight
changes, changes in the positioning of the patient and soft-tissue displacements due to breathing (Brock,
2007).

10



Chapter 3

Materials and Methods

This chapter describes the methodology followed in the present project. As the patients included in
this study present different characteristics, this chapter begins with a patient and treatment characteristics
overview. Patient characteristics include information in terms of sex, age at the time of treatment, primary
tumor type and if the patient received treatment under general anesthesia, which is practice for patients
younger than 4 years old. Moreover, an overview of treatment characteristics is provided, including the
treatment technique (if patients received only a primary dose or a boost dose), number of fractions and
PD.

The robustness evaluation was performed in terms of target coverage and hot spots of the whole lung
and lung metastases, but also in terms of dose delivered to the OARs. For the whole lung, the volume in
which coverage was assessed was the ITV of both lungs, as this is a patient-specific margin, while the
PTV is institution-specific. However, robustness of the metastases was assessed on the PTV, which is the
result of an expansion of the ITV by 5 mm.

The OARs considered in this study were the heart, liver, spleen, thyroid, and mammary glands, based
on literature (Bosarge et al., 2016; Kalapurakal, Zhang, et al., 2013)) and a list of constraints provided by
a radiation oncologist of the department.

3.1 Patient and treatment characteristics

After institutional review board approval (WAG/mb/500028), anonymized data from 21 patients (11
males, 10 females) that received whole lung irradiation at the Department of Radiotherapy of the Uni-
versity Medical Center Utrecht, between March 2016 and December 2020, were included in the present
study: one rhabdoid tumor, one epithelioid sarcoma, one synovial sarcoma, eight Ewing sarcoma and 12
Wilms’ tumor patients. The patient data included in the study comprises planning-CT, CBCTs, treatment
plans and structure delineations. The average patient age at the time of treatment was 7 years old (range
1-18 years old) and the prescribed radiotherapy dose was delivered to the patients using a 10 MV VMAT
technique, recurring to one up to three arcs. Due to the young age of 6 patients (<4 years old), the ra-
diotherapy treatment was delivered under general anesthesia. A full overview of patients’ characteristics
is listed in Table 311

Since dose distributions differ a lot from patients that received only a primary dose to patients that
received primary and boost doses simultaneously, the results of the study were divided into two sections:
patients without lung metastases (11 patients) and patients with lung metastases (10 patients). This allows
a more organized analysis because most patients that received only a primary dose present similar dose
distributions. Conversely, patients that received primary and boost doses present more inhomogeneous
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Table 3.1: Patient characteristics, including sex, age at the time of treatment, type of primary tumor and if the patient received
treatment under general anesthesia. Abbreviations: WT = Wilms’ tumor, ES = Ewing Sarcoma.

Patient number Sex Age at the time of treatment Primary tumor General anesthesia
1 F 8 WT No
2 M 1 Rhabdoid tumor Yes
3 F 4 WT No
4 F 2 WT Yes
5 M 7 WT No
6 F 2 WT Yes
7 M 6 WT No
8 M 6 WT No
9 F 8 WT No
10 F 3 WT Yes
11 F 5 WT No
12 M 9 WT No
13 M 16 ES No
14 M 4 ES Yes
15 M 18 Epithelioid sarcoma No
16 F 16 Synovial sarcoma No
17 M 4 ES No
18 M 13 ES No
19 F 3 ES Yes
20 M 12 ES No
21 F 7 ES No

dose distributions due to the high doses delivered to the metastases and so these dose distributions need a
more detailed assessment. The patients without metastases received a fractional dose of 1.5 Gy, resulting
in a total dose of 15 Gy throughout 10 fractions, except patient 2, who received a fractional dose of
1.8 Gy in 6 fractions. The patients with metastases were treated with the simultaneous integrated boost
(SIB) technique, which delivers a primary dose to the whole lung and an integrated boost dose only to the
metastases. These patients received a primary dose of either 12 or 15 Gy in a total of 8 or 10 fractions,
depending on the patient, and boost doses ranging from 22 to 45 Gy. All the information from these
patients is represented in Table[3.2]

Although the International Society of Paediatric Oncology (SIOP)-2001 protocol recommends a PTV
margin of 10 mm around the CTYV, at the Department of Radiotherapy of the UMCU, a 5 mm PTV is used
around a patient-specific ITV, obtained by visual inspection of the difference phases of the 4D planning-
CT. Due to large inter-fraction patient position variations, the PTV of one patient was later adapted to 8
mm.

The OARs considered in this study were the heart, spleen, liver, mammary glands and thyroid, due
to their proximity to the lungs. However, not all these organs are delineated for all patients and so it is
not possible to extract information about the dose being delivered to each organ for some patients.

3.2 4D-CT and CBCT imaging

For treatment preparation, patients were placed in an individualized vacuum mattress (Bluebag,
Elekta, Stockholm, Sweden), except patient 1, in a supine position with the arms wide along the body or
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3.3 Robustness assessment against intra-fraction anatomical changes

Table 3.2: Treatment characteristics, including treatment technique, number of fractions and prescribed dose. Abbreviations:
SIB = Simultaneous Integrated Boost

Patient Technique Number of fractions Fractional dose (in Gy) Total dose (in Gy)

Primary Boost Primary  Boost
1 SIB 8 1.5 2.75 12 22
2 No boost 6 1.8 - 10.8 -
3 SIB 8 1.5 2.75 12 22
4 SIB 8 1.5 2.75 12 22
5 No boost 10 1.5 - 15 -
6 SIB 8 1.5 2.75 12 22
7 No boost 10 1.5 - 15 -
8 SIB 8 1.5 2.75 12 22
9 No boost 10 1.5 - 15 -
10 SIB 10 1.5 2.8 15 28
11 SIB 8 1.5 2.75 12 22
12 SIB 8 1.5 2.75 12 22
13 No boost 10 1.5 - 15 -
14 SIB 10 1.5 3.5 15 35
15 No boost 10 1.5 - 15 -
16 No boost 10 1.5 - 15 -
17 No boost 10 1.5 - 15 -
18 No boost 10 1.5 - 15 -
19 No boost 10 1.5 - 15 -
20 SIB 10 1.5 4.5 15 45
21 No boost 10 1.5 - 15 -

above the head. A 4D-CT from the lungs until the lower abdomen was acquired for each patient in treat-
ment position. The 4D-CT images were obtained as a series of 10 phases using a 16-. 40-, or 64-channel
detector scanner (Brilliance, Philips Medical Systems, Best, The Netherlands) and scans with a slice
thickness of 2 mm were acquired. The planning-CT was obtained by taking the pixel-by-pixel average of
the 10 phases of the 4D-CT that range from 0 to 90%, in 10% intervals, covering a full breathing cycle.
During treatment, daily CBCT images were acquired for every treatment fraction using the XVI 4.5.1
on-board CBCT imaging system (Elekta, Stockholm, Sweden).

During treatment, daily CBCT images were acquired for every treatment fraction using the XVI14.5.1
on-board CBCT imaging system (Elekta, Stockholm, Sweden).

3.3 Robustness assessment against intra-fraction anatomical changes

The study of robustness for intra-fraction anatomical changes started by visual inspection of all ten
phases of the 4D-CT and selection of the maximum expiration and inspiration phases, as seen in Figure
3.1} using Volumetool, an in-house built delineation software (Bol et al., 2009). The identification of
such phases was performed mostly by inspection of the diaphragm position. For younger patients, the
difference in terms of lung volume and diaphragm position between two consecutive phases was not
always clear and, for these cases, a subtraction between the two phases in question was obtained to
identify the one corresponding to the extreme breathing phase.

The contours used for the minimum and maximum phases were the same as the ones of the planning-
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Figure 3.1: Difference between the maximum (left) and minimum (right) respiration phases for patient 14.

CT (clinical contours delineated by the radiation oncologist), changing only the body contour. This was
done to account for the abdominal wall changes during the breathing cycle, due to the contraction and
relaxation of the diaphragm. After creating the new body contour, a slice-by-slice verification had to be
performed due to some delineation inconsistencies such as: inclusion of the treatment table as part of the
body contour due to similar HUs; structures outside the body contour in the minimum phase, such as the
liver, mammary glands, and lung PTV; interference in the body contour by the port-a-cath; influences in
the body contour by a deformable rubber belt fixed to the patients’ chest, used to obtain respiratory trace
measurements for pulmonary gating.

The maximum expiration and inspiration phases were exported from Volumetool and imported into
Monaco treatment planning system (Elekta, Stockholm, Sweden) and the treatment plan was recalculated
using the same isocenter as per the original plan used clinically.

3.4 Robustness assessment against inter-fraction anatomical changes

The study of robustness for inter-fraction anatomical changes was performed by calculating the frac-
tional doses in the CBCT images and accumulating the resulting doses. For this purpose, all CBCTs
were labeled according to the fraction they corresponded to, from one to eight or ten, depending on the
patient. Since the CBCT images are not calibrated, there is no correspondence between HUs and electron
density (ED), thus the planning-CT was deformably registered to each CBCT using EVolution (Denis De
Senneville et al., and outside the field of view of the CBCT, the information of the planning-CT
was used. This algorithm was previously validated for CT-CBCT registrations for kidney and lung cancer
patients (Zachiu et al., 2017). The performance of the registration was evaluated by visually inspection
of all registered-CTs, patient by patient. Since the CBCTs were acquired with less imaging dose than
a standard adult protocol, an accurate tracking of daily deformations cannot be guaranteed for all struc-
tures. For this reason, all delineations from the planning-CT were used in the registered-CTs, except for
the body contour. This structure was re-delineated for the same reasons as the ones mentioned for the
intra-fraction study.

The registered-CTs were imported in the treatment planning system and the plan was recalculated
for each fraction, using the same isocenter as per the original plan. The new plans were then rigidly
accumulated to obtain the accumulated dose and the dose-volume histogram (DVH) parameters were
retrieved from Volumetool.
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3.4 Robustness assessment against inter-fraction anatomical changes

3.4.1 Dosimetric evaluation
3.4.1.1 Target coverage and hot spots

To assess lung ITV coverage without the influence of the boost doses, a new structure including the
ITV of both lungs minus the PTV of metastases was created, since robustness of the dose distribution
of the metastases was evaluated on the PTV. This allows a more truthful hot spot (volume of lung ITV
receiving more than 107% of the PD) assessment of the primary dose distribution, as it excludes most
of the high dose fall-off from the metastases. Considering the lung ITV and PTV of the metastases, the
DVH parameters considered in this study for the evaluation of the robustness of the dose distributions
were the mean dose (Djyeqn), percentage of lung ITV volume that received at least 95% of the PD (Vosq,)
and percentage of lung ITV volume that received at least 107% of the PD (V1g7¢,). A plan was considered
robust if, considering the ITV of both lungs and the PTV of the metastases, Vosq, >99% and V979, <1%,
although Vig79, <10% was also acceptable (as long as the overdosage stayed within the lung PTV).
Additionally, for the PTV of the metastases, Vgsq, >95% was also acceptable, as long as proper ITV
coverage was verified. For these parameters, values obtained for the two considered respiratory phases

that differed more than 5% from the original plan were considered clinically relevant.

3.4.1.2 OAR coverage and constraints

To evaluate the robustness of the dose to the OARs, the D,,.,, and near maximum dose (D»¢,) were
considered. The differences between the recalculated and the original plans were considered clinically
relevant if they were over 3 Gy. In terms of percentage of the PD, this means that a difference is consid-
ered clinically relevant if it is greater than 20% or 25% for a primary dose of 15 Gy or 12 Gy, respectively.
The retrieved DVH parameters were then compared to a list of constraints provided by a radiation oncol-
ogist and these are: 5 Gy for the thyroid and mammary glands, 10 Gy for the spleen, 28 Gy for the liver
and as low as reasonably achievable for the heart, but with mean dose values of approximately 6-8 Gy
for PDs between 12-15 Gy.

Since the heart is a fairly large organ adjacent to both lungs, the D;g, of the heart was evaluated.
Evaluating these parameters instead of the D,,.., provides more accurate information in terms of local
hot spots within this organ. Furthermore, for the patients with boost doses close to the heart that presented
high values of Dy, the volume receiving at least 21.6 Gy (V21.66y) was obtained. This is an important
indicator in terms of heart sparing, since the volume receiving more than 21.6 Gy represents an increased
risk of future heart failure.
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Chapter 4

Results and Discussion

This chapter comprises the results obtained for the recalculation of photon treatment plans against
intra and inter-fraction anatomical changes and consequent discussion.

In the following sections, patients are divided in patients with and without lung metastases. Pa-
tients without metastases received only a primary dose to the whole lung, while patients with metastases
received a primary dose to the whole lung and an additional boost dose to the metastases.

4.1 Robustness of photon dose distributions against intra-fraction
anatomical changes

The following section concerns the study of robustness of photon dose distributions against intra-
fraction anatomical changes, which was performed by recalculating the original plan for the two extreme
breathing phases.

4.1.1 Patients without lung metastases
4.1.1.1 ITYV coverage and hot spots of the lungs

Mean Vosq, was 99.8% + 0.1% (range [99.3%; 100%]) for the original dose distribution and 99.% +
0.1% (range [99.3%; 99.9%]) and 99.8% + 0.1% (range [99.0%; 100%]) for the plans recalculated for the
minimum and maximum lung expansion phases, respectively. So, lung ITV coverage was achieved for
all patients for both phases. Conversely, mean Vg7, of the lungs ITV was 0.5% + 0.2% (range [0.0%;
1.6%]), 1.1% + 0.3% (range [0.0%; 3.4%]) and 3.5% + 0.9% (range [0.1%; 11%]) for the original,
minimum lung expansion phase and maximum lung expansion phase dose distributions, respectively. As
there are no differences greater than 5% between the recalculated and the original plans, average lung
ITV coverage and hot spots indicate that the recalculated plans are robust against intra-fraction changes.

The Vosq, and Vo9, values per patient are represented in Figure d.1] The observation of the results
from the figure suggests that lung I'TV coverage was indeed achieved for all the patients and all consid-
ered respiratory phases, but hot spot values were above the constraint when considering the maximum
expansion phase of patients 13, 15, 17 and 18, the original and minimum expansion phases of patient 19,
the minimum and maximum lung expansion phases for patients 5, 7 and 9, and all the phases for patient
16. A tendency for an increase of Vg7¢, is noticeable when considering the maximum expansion phase
(corresponding to the maximum inhalation phase of the breathing cycle). This increase is clinically rel-

evant only for patients 5 and 16. The V74, values of patient 5 increased from 0.2% in the original dose
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4.1 Robustness of photon dose distributions against intra-fraction anatomical changes

distribution to 6.4% in the maximum expansion phase, while patient 16 went from 1.6% in the original
dose distribution to 11.0% in the maximum lung expansion phase.

V95v/ of the lung ITV for patients without lung metastases V107"/ of the lung ITV for patients without lung metastases

V95% (%)

5 7 9 13 15 16 17 18 19 21 2 5 7 9 13 15 16 17 18 19 21
Patient number Patient number
I Original [ Min [ Max | I Original I Min [ Max]

Figure 4.1: Vgs¢, and V¢7¢, values of the lung ITV for patients without lung metastases. The blue, orange, and yellow bars
correspond to the original, minimum expansion and maximum expansion dose distributions, respectively.

The patients with clinically relevant differences were investigated. The increase in Vg79, when con-
sidering the maximum lung expansion phase is related to a large displacement of the diaphragm towards
the abdomen in a situation in which the patients were breathing very deeply, especially considering pa-
tient 16. By inspecting the dose distribution of this patient, in the original plan (Figure [4.2] top) there
is part of the diaphragm inside the lung ITV, while in maximum lung expansion phase (.2} bottom),
there is lung tissue in the same location. Such displacement affects ED at the base of the lung ITV, since
for the same position instead of finding part of the diaphragm there is lung tissue, with approximately
three times less ED. Calculating the plan for a volume with a certain ED (in this case, muscle), there is a
certain path length expected for the photons. The presence of lung tissue decreases the ED in that region,
decreasing the path length and resulting in a hot spot.

The ITV margin is added to account for the breathing motion, being a patient-specific margin defined
by inspection of all phases of the planning-CT. Although the hot spots presented for all the patients stay
mostly within the lung PTV and there are no cases of underdose, there is still the need to account for
the unpredictability of the respiratory movement. The amplitude of the breathing motion can greatly
influence the ED in a specific region within the target volume and consequently influence the treatment
outcome, even when the treatment is planned on an ITV margin. A study by Huijskens et al. investi-
gated if children’s diaphragm motion during radiotherapy could be accurately predicted by the planning
4D-CT acquired before treatment (Sophie C. Huijskens et al., |2018)). The investigation was performed
by analysing CBCT images acquired during treatment. Since some patients in Huijskens’ study had
more than one CBCT taken within one treatment session, a better assessment of the intra-fraction mo-
tion is possible, as different breathing cycles other than the one used to delineate the ITV margin are
being investigated. Of the 12 patients included in the study, 7 presented significant shifts in terms of
diaphragm position, suggesting that it is not possible to accurately predicted intra-fraction changes with
the planning-CT only. However, Huijskens’ study included an older patient cohort (range 8-17 years
old) and excluded one patient that received treatment under general anesthesia. Therefore, the study can
be compared with the example given in Figure f.2] but not with the remaining patients included in this
study.

Based on the results of Huijskens’ work and a study by Panandiker et al. (Sophie C. Huijskens et al.,
2018; Pai Panandiker et al., [2012)), in which intra-fractional organ motion was assessed using 4D-CT
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Figure 4.2: Dose distribution, in cGy, of patient 16 on the original (top) and maximum lung expansion phase (bottom) observed
in the transverse (left) and coronal (right) planes, with the ITV (white) and PTV (yellow) contours.

and was found to be related to the patients’ age, a relationship between age at the time of treatment and
differences observed in terms of dose distribution was investigated. The patient presented in Figure 4.2}
for example, corroborates the hypothesis that older patients present larger diaphragm displacements and
consequently increased Vig7¢, values. However, by inspecting the results of the remaining patients, it is
possible to observe that there is no correlation between patient age and Vg7¢, values — patients 5 and 21
were both 7 years old at the time of treatment and while patient 5 presents a clinically relevant difference
between the original plan and the plan recalculated for the maximum lung expansion phase, patient 21
presents no hot spots within the lung ITV in all three phases. In Panandiker’s study, patients were divided
in two age groups, 2-8 years old and 9-18 years old and inferior mean respiratory diaphragm motion was
associated with the younger age group. However, all patients from the younger patient group received
treatment under general anesthesia, unlike in the present study (in which only patients younger than 4
years old did). Two other studies divided their patients into two age groups (patients younger and older
than 9 years old), but found no clinically significant correlation between respiratory-induced diaphragm
motion and age (Sophie C Huijskens et al., Guerreiro et al.,[2018)). Furthermore, the same studies
reported that differences in amplitude of respiratory-induced diaphragm motion in patients treated with
or without general anesthesia were found to be insignificant, which was also found to be true for this
patient group.

Besides adding safety margins around the target volume during free breathing (which encompasses
adding a large ITV margin to account for large diaphragm movements that might significantly change
throughout the course of treatment), there are other techniques to account for respiratory motion. They
include immobilizing the target volume during treatment delivery (by using a plate to physically com-
press the abdomen, which in turn results in smaller motion range), respiratory gating, and real-time tumor
tracking. With the exception of real-time tumor tracking, all these techniques have the advantage of mini-
mizing target motion during treatment. Less target motion allows the use of smaller ITV margins, which
results in less dose being delivered to surrounding OARs. Furthermore, respiratory gating using deep
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4.1 Robustness of photon dose distributions against intra-fraction anatomical changes

inspiration breath hold has been reported to be feasible in patients as young as 5 years old (Gorgisyan
et al., [2017), without affecting treatment duration (Demoor-Goldschmidt et al., 2017). This treatment
technique poses as a good option to deliver radiotherapy to children with large breathing movements in
play, although further studies need to be completed.

4.1.1.2 Dose to the OARs

The average doses to the OARs as a percentage of the respective PD are present in Table The
Dygq, values of the heart are around 100% of the PD, which is expected due to proximity of the heart to the
lungs, with an overlap of heart and lungs ITV structure in some cases. Overall, mean OAR dose values
are constant when comparing the plans recalculated on the extreme breathing phases with the original
plan, with no clinically relevant differences to report.

Table 4.1: Dyeqn and Dyg,, in percentage, comparison between the extreme breathing phases and the original dose distributions

of patients without lung metastases. The values are represented as a percentage of the respective PD. Abbreviations: MG =
mammary glands, SD = standard deviation.

Structure  Parameter Mean = SD (%) Range (%)
Original Min Max Original Min Max
Heart Dyq, 100.6 £0.4 1004 +0.5 101.3+0.5 [98.7;103.1] [98.2;103.4] [98.7;104.5]

Liver Dinean 46.6+33 46.6+33 47.1+34 [274;61.6] [27.1;61.3] [27.2;61.8]
Spleen Dinean 54.0+29 54328 548+2.8 [40.5;699] [41.8;70.7] [41.9;71.7]
Left MG Dinean 45776 45678 474+£82 [25.7;80.8] [25.9;81.4] [27.2;86.9]
Right MG Dinean 47789 47.1+86 49.6+9.7 [24.2;89.5] [24.3;86.7] [24.5;97.3]
Thyroid Dinean 145+17 140+£1.6 14016 [6.3;22.0] [6.0; 20.9] [6.1;20.7]

Regarding the dose delivered to the OARs per patient, the values retrieved are in Figure[d.3] The dose
constraints are represented in the figure as horizontal lines. The D,g, in the heart is above the constraint
for most patients, as well as the mean dose in the mammary glands. The differences in the considered
dosimetric parameters between the original dose distribution and the ones computed on the two extreme
breathing phases are smaller than 3 Gy, thus the original dose distribution can be considered robust.

Regarding the administered dose to the OARs, the liver, spleen and thyroid were the organs expected
to more easily meet the desired dose constraints. This is proven by the fact that only one patient in this
study, patient 16, presented dose to the spleen above the 10 Gy constraint, which is explained by the
large differences in breathing amplitude observed in Figure #.2] The below-constraint doses of the liver
and spleen are due to the fact that, although the delineations of these organs overlap with lung ITV and
PTYV, these are fairly large organs compared to the other OARs like the mammary glands and thyroid.
This means that, even if some differences are observed in the upper part of the liver or spleen (the part
that would be more influenced by the diaphragm motion and consequently would result in different dose
distributions in the lung), the bottom part is receiving virtually no dose. This can be observed in the
example provided by Figure This assumption is supported by studies of intra-fraction organ motion
of abdominal organs in pediatric patients, with reports of average liver and spleen displacements in the
cranio-caudal direction to be smaller than 3.5 mm (Kannan et al., 2017; Uh et al.,|[2017; Guerreiro et al.,
2018). Moreover, there is less breathing motion in the apex of the lungs as compared to the diaphragm
and the thyroid is not an adjacent organ to the lungs like the spleen and liver are. These factors culminate
in the low dose values observed for the thyroid. Regarding the heart and mammary glands, there is
a considerable number of patients receiving doses above the defined constraint. This is an expected
outcome of the treatment, as these are the OARs closest to the target volume and more affected by the
dose fall-off from the primary lung dose.
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Figure 4.3: OAR dose values obtained for patients without lung metastases. The blue, orange, and yellow bars correspond to

the original, minimum expansion and maximum expansion dose distributions, respectively, and the horizontal lines correspond
to the dose constraint per organ.

The heart is the most important OAR to spare when delivering WLI and irradiation of the heart can
cause severe complications. This becomes of special importance since each part of the heart has its
own function that cannot be compensated by another (Tezcanli et al., 2011). Studies have associated
heart irradiation to several disorders affecting the endocardium, myocardium, pericardium, coronary
arteries, conduction system and cardiac valves. The Institute Gustave Roussy report indicated that the
20-year incidence of congestive heart failure was 18% after a mean cardiac dose greater than 6.7 Gy, and
the Childhood Cancer Survival Study showed that cardiovascular disease and secondary malignancies
were the main causes of morbidity and mortality in long-term survivors (Pein et al., Daniel A.
Mulrooney et al., 2020). Moreover, studies have reported a cardiac dose above 15 Gy to be associated
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Figure 4.4: Position of the spleen (blue) and liver (green) in relation to the lung ITV (white) and PTV (yellow) delineations
considering the primary dose being delivered to patient 10, with the respective dose distribution.

with cardiomyopathy and valvular disease (Daniel A Mulrooney et al., [2016). As children are more
susceptible to radiation-induced cancers, researchers have attempted to improve treatment techniques
in order to avoid irradiation of surrounding healthy tissue. This was accomplished by Bosarge et al.,
who demonstrated the advantages of inverse-planned AP/PA (IP-AP/PA) and VMAT over the S-AP/PA
technique in terms of OAR sparing, and also by Kalapurakal et al. and their cardiac-sparing IMRT
technique (Bosarge et al., Kalapurakal, Zhang, et al.,[2013)). However, target coverage is of priority
in treatment planning, so when sparing the heart compromises target coverage, irradiating the heart
becomes unavoidable. The treatment techniques previously described to decrease Vg7, values within
the lung ITV, mainly respiratory gating and breath hold, could also be employed to reduce heart dose,
since smaller margins would be applied.

Another important OAR particularly challenging to spare are the mammary glands, as an attempt to
keep the dose values in this organ within the constraint can lead to underdose on the anterior part of the
Iungs. Due to the differences in patient diameter observed during the selection of the extreme breathing
phases, which even led to the need for a new body contour, clinically significant differences were ex-
pected to be observed between the recalculated and the original plans. Although above the constraint,
the mean doses were robust against intra-fraction changes, with no differences larger than 3 Gy in the
recalculated plans. It is important to discuss the definition of clinically relevant for OAR dose differ-
ences observed on the recalculated plans, as there are no guidelines to establish what is an acceptable
difference. Thus, the 3 Gy threshold was defined for this specific study. Considering the mammary
glands, this organ differs a lot in size between patients. This means that, for younger patients, this struc-
ture is smaller and, therefore, more sensitive to differences in ED or positioning variations in relation
to larger structures. Additionally, the mean dose constraint for this OAR is quite low when compared,
for example, with the liver. For this reason, the 3 Gy threshold might not be adequate, as the organ
is expected to receive less dose. In the literature, Nyeng et al. considered a 1 Gy deviation in mean
dose acceptable on their study of the dosimetric effect of inter-fraction anatomical changes during radio-
therapy of esophageal cancer (Nyeng et al., [2015). Similarly, in a study of the dosimetric implications
of inter-fraction changes in OARs during dose escalation for locally advanced lung cancer, the authors
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considered a 1 Gy increase in mean lung dose and mean heart dose as an overdosage (Hoffmann et al.,
2018). However, these studies were conducted with adult patients and not children. For future studies, it
might be more advantageous to define a robustness evaluation dose value based on the constraint for that
OAR, or consider the 1 Gy threshold as the clinically acceptable difference, as reported in the literature.

The use of proton beams has been demonstrated to be well tolerated by children with malignant tu-
mors, ensuring good tumor control probability, prolonged survival and reduced risk of secondary malig-
nancies (Paganetti et al.,[2002; Cunningham et al., 2020). Moreover, proton therapy has been described
in literature to be a feasible option to deliver whole lung irradiation to pediatric patients (Cunningham
et al., 2020; Flampouri et al., 2021} Sha et al., 2021; Wong et al., 2021). Although no significant differ-
ences were observed in terms of target coverage, IMPT has shown to reduce mean dose to surrounding
OARs, mainly heart and breasts, as compared to photon therapy techniques like IMRT and VMAT (Flam-
pouri et al., 2021; Wong et al., [2021). However, proton therapy is a challenging technique, being more
susceptible to uncertainties. First, the range uncertainty might alter the proton range and consequent
dose distribution, resulting in a possible underdosage of the target or overdosage of OARs. Addition-
ally, setup errors and intra-fraction anatomical changes, mainly the respiratory motion, can originate
displacements of the tumor and surrounding tissues. Such displacements can change proton range and
influence the dose distribution. This becomes especially relevant as the lung presents approximately one
third of the density of, for example, the heart or the diaphragm. While Wong’s study only considered
children with target motion of less than 5 mm (as it has been reported in the literauture interplay effect
for tumor motion inferior to 5 mm (Tsunashima, 2012; Boria et al., 2019)) eligible for treatment with
IMPT, Cunningham et al. delivered proton therapy complemented with respiratory gating or breath hold
techniques to patients that presented a diaphragmatic motion greater than 1 cm. Thus, proton therapy has
been demonstrated to be a feasible technique and well tolerated, although it requires further investigation
in terms of long term outcomes (Cunningham et al., 2020).

4.1.2 Patients with lung metastases
4.1.2.1 ITYV coverage and hot spots of the lungs

Average lung ITV coverage of patients with lung metastases was 96.3% + 3.5% (range [64.9%:;
100%]) for the original plan, 96.0% + 3.4% (range [65.2%; 100%]) for the minimum lung expansion
phase and 96.9% + 3.1% (range [69.2%; 100%]) for the maximum lung expansion phase. The desired
average coverage (Vosg, >99%) was not achieved due to the presence of an outlier, patient 14, whose
coverage represents the minimum value in the range interval.

For the original plan, the average V974, was 33.1% % 9.1% (range [7.1%; 89.5%]), while for the
minimum lung expansion phase it was 34.2% + 9.1% (range [7.4%; 87.3%]) and for the maximum lung
expansion phase it was 38.0% + 9.2% (range [9.3%; 89.9%]).

The results of Vgsg, and V74 per patient are presented in Figure @ in which it is observed that
only the target volume of patient 14 did not meet the desired coverage. When planning a treatment using
the SIB technique, the radiation therapist first plans the dose for the metastases and afterwards adds the
primary dose to the whole lung volume. In the case of patient 14, to avoid overdosing the metastases,
Iung ITV coverage had to be compromised in the original treatment plan.

The high values of Vg7, present in the ITV volume are a consequence of the dose fall-off of the
metastases, as it can be observed in the example on Figure 4.6 The Vg4, values vary a lot between
patients, which can be explained by the differences between prescribed boost doses, as it is the case for
patient 20, with a 30 Gy difference between the primary dose to the lung (15 Gy) and boost dose to the
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Figure 4.5: Vgs9, and Vg7, values of the lung ITV for patients with lung metastases. The blue, orange, and yellow bars
correspond to the original, minimum expansion and maximum expansion dose distributions, respectively.

metastases (45 Gy). This difference makes it difficult to achieve a dose fall-off steep enough to spare the
lung immediately outside the metastases PTV, since an attempt at a steeper dose fall-off might result in
an underdosage of the metastases.

Figure 4.6: Example of dose fall-off outside the PTV of the metastases of patient 6, with the structure including the ITV of both
lungs minus the PTV of metastases. Considering the dose levels, the V79, corresponds to 1284 cGy (in green), which in this
transversal plane mostly consists of the lung ITV volume.

Patient 11 presents a clinically relevant increase in V79, in the maximum lung expansion phase, thus
the original and maximum lungs expansion phase dose distributions were compared. From Figure it
is noticeable that there is more volume of the left lung receiving 107% of the PD during the maximum
expansion phase (Figure 7] bottom). To understand the reason for such a difference, the ED within the
ITV of the left lung was investigated. Mean ED was found to be 0.509 versus 0.422 in the averaged-CT
and extreme breathing phase, respectively. Similarly to what was observed on the diaphragm region, a
decrease in ED alters the path length of the beam, resulting in a larger hot spot.

Other factors that influence the Vg7¢, values of lung ITV are the number and location of metastases
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Figure 4.7: Dose distribution of patient 11 for the original plan (top) and for the plan recalculated on the maximum lung
expansion phase (bottom). The white delineation corresponds to the structure comprising the lung ITV minus the PTV of
metastases.

present in the lung. This applies to patients with more than three metastases, such as patients 3 (besides
the two metastases in the lung the patient presents two metastases around the vertebrae, which also
receive 22 Gy, resulting in a total of four metastases with overlapping dose fall-offs), 6, 10 and 14.
The location of metastases in relation to certain OARs require a dose fall-off away from OARs, such
as the heart and vertebrae, which will lead to higher doses in the rest of the lung. This is the result
of a compromise, since these structures are being spared but there is significantly more lung volume
receiving dose values greater than the primary dose. This is the case for patient 11, with two metastases
in the posterior part of the lung near the heart and vertebrae.

With the exception of patients 1, 4, 8 and 12 (with hot spot volumes around 10%), V1979, values are
of concern, as a large volume of lung without metastases is receiving more radiation than the primary
dose. To better assess the primary dose being delivered to the lung ITV, the PTV of metastases was
subtracted from this volume, creating a new structure. This new structure was created in an attempt
to evaluate how the boost doses delivered to the metastases influence Vig7¢, values on rest of the lung.
The results were in line with the expected, as a photon treatment plan presents build up and exit doses,
even with the employment of more conformal treatment techniques, such as VMAT. For this reason,
in order to minimize irradiation of surrounding tissues, proton therapy can be an alternative to treat
lung metastases. The use of proton therapy to deliver WLI to pediatric patients has been discussed in
section 4.1.1. of this document, with significantly less mean OAR dose reported, while maintaining
target coverage (Cunningham et al., [2020; Flampouri et al., 2021; Sha et al., 2021; Wong et al., [2021]).
However, these studies were conducted only with WLI patients receiving a primary dose to both lungs,
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4.1 Robustness of photon dose distributions against intra-fraction anatomical changes

with no reports about the delivery of primary and boost doses simultaneously using proton therapy.

4.1.2.2 PTYV coverage and hot spots of metastases

Average Vgsq, values were: 97.8% +0.7% (range [79.6%; 100%]) for the original plan, 99.1% + 0.4%
(range [88.1%; 100%]) for the minimum lung expansion phase and 97.1% =+ 0.7% (range [84.8%; 100%])
for the maximum lung expansion phase. The required average PTV was not met for the original and
maximum lung expansion plans, with very low coverage verified especially for metastasis 2 of patient 14,
as it will be analyzed in more detail below. Average V74, values, these were: 0.1% + 0.1% (range [0.0%;
1.7%]) for the original plan, and 1.1% % 0.7% (range [0.0%; 16.3%]) and 0.0% + 0.0% (range [0.0%;
0.5%]) for the plans recalculated on the minimum and maximum lung expansion phases, respectively.

Table[.2]presents the number of metastases per patient, as well as PTV coverage and hot spots. There
are some large differences between the recalculated and the original plans, leading to the conclusion that
PTV coverage is not robust against intra-fraction anatomical changes. Additionally, there are some cases
of underdosage of the PTV, with Vosq, <99%. However, since the PTV margin is added around the
ITV to account for set up uncertainties, PTV coverage can be compromised as long as ITV coverage is
achieved. In these cases, it is accepted for the PTV Vgs¢, <95%. The ITV coverage of metastases was
investigated per patient, concluding that all patients presented Vgs4, =100%.

For the considered clinically relevant Vgsq, and Vg7, values — more precisely metastasis 2 of
patient 1, metastases 2L and 5R of patient 6, metastasis 1 of patient 10 and metastases 2 and 4 of patient
14 — a more detailed investigation was performed. This was done by analyzing structure size and
location within the lung and ED. Considering structure size, all PTVs were of small dimensions (<1
cm?), which makes these structures more sensitive to anatomical changes caused not only by changes in
scatter radiation due to the proximity to OARs, but also by changes in ED within the metastases. The
underdosage of metastases was found to be associated with a decrease in ED within the PTV, resulting
in less scatter photons and therefore less build up dose (as it is the case for metastasis 2 of patient 1
and metastasis SR of patient 6). Conversely, the overdosage of metastases was observed to be associated
with an increase in ED, which results in more scatter photons in the volume. This is the cause of the
differences observed for metastasis 2L of patient 6, metastasis 1 of patient 10 (given as an example in
Figure [4.8) and metastases 2 and 4 of patient 14.

Since small metastases are very sensitive to anatomical changes due to the respiratory motion, treat-
ment delivery during free breathing is prone to induce underdoses or hot spots. Therefore, delivery
under the breath hold technique, as previously suggested to reduce Vg7 to the lung ITV, might be ad-
vantageous for this patient group. Resorting to the breath hold technique could minimize the effect of
ED changes surrounding the metastases and consequently minimize the differences in scatter radiation
observed in the extreme breathing phases.

Although no correlation was found between age at the time of treatment and the amplitude of
respiratory-induced diaphragm motion (and consequent dose distribution recalculated in the extreme
breathing phases), the relationship between these patients’ characteristics and the cases of under and
overdosage were investigated. The patients with clinically-relevant differences were patients 1, 6, 10
and 14, who at the time of treatment were 8, 2, 3 and 4 years old, respectively. This implies that, while
patients 6, 10 and 14 received treatment under general anesthesia, patient 1 did not. Thus, no correlation
can be established between patient age at the time of treatment and influence of the breathing motion on
the dose distribution of metastases.
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Table 4.2: Metastases PTV coverage and hot spots in the original plan and recalculated in the minimum (Min) and maximum
(Max) lung expansion phases.

Patient Boost Vosa, (%) Viora (%)

Original Min Max Original Min Max

1 1 99.6 99.8 99.3 0 0 0

2 99.8 99.7 854 0 0 0

3 1 98.0 98.9 953 0 0 0

2 100 100 94.4 0 0 0

4 1 98.2 99.9 98.8 0 0 0

6 1L 99.7 100 100 0 0 0

2L 90.8 98.6 92.6 0 0 0

3L 100 99.5 98.8 0 1.3 0

4L 99.1 99.1 99 0 0 0

5L 98.2 98 977 0 0 0

6L 99.7 100 98.1 0 0.3 0

IR 99.6 100 97.5 0 0 0

2R 94.6 98.7 98.5 0 0 0

3R 95.2 9 954 0 0 0

4R 99.1 100 98.7 0 0 0

5R 98.8 983 922 0 0 0

6R 100 100 99.4 0 1.3 0

7R 100 100 974 0 0 0

8 1 99.0 99.8 99.8 0 0 0
10 1 99.8 100 99.7 1.7 13.8 05
2 99.0 999 99 0 19 04

3 98.6 100 100 0 0 0.5

11 1 99.7 100 100 0 0 0

2 99.6 99.8 99.6 0 0 0

12 1 98.0 99.2 98.5 0 0.1 0

14 1 96.5 98 94.1 0 0 0

2 79.6 88.1 84.8 0 0 0

3 97.1 100 98.9 0 0 0

4 95.7 99.1 984 0 16.3 0

5 100 99.3 98.7 0 0.3 0

20 1 99.3 99.8 99.7 0 0 0

4.1.2.3 Dose to the OARs

The average dose to the OARs is represented in Table[4.3] There are no clinically relevant differences
between the original plan and the plans recalculated in the extreme breathing phases.

The dose to the OARs per patient is represented in Figure 4.9] It is noticeable that the mean dose
values in the mammary glands are above the constraint for a few patients and that these differ from left
to right. This is due to the fact that the presence of boost doses leads to very different dose gradients
for this group of patients, as opposed to a uniform dose distribution such as the one presented by the
patients without metastases. Although the mean dose is above the constraint for these organs, the dose
distributions are robust against the breathing motion.

Regarding the D¢, of the heart for the patients whose value is around 20 Gy, the V3 G, was eval-
vated. This value was provided by the radiation oncologist as an indicator for future heart failure. For
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4.1 Robustness of photon dose distributions against intra-fraction anatomical changes

——y -

Figure 4.8: Position of the PTV of metastasis 1 of patient 10 (white) in relation to the heart (pink) in the averaged CT (left)
and minimum lung expansion phase (right), one can observe the ED differences that result in the overdosage on the minimum
phase are present. From the left to the right images there is a decrease of the volume of lung tissue within the PTV, resulting in
an increase of ED and a consequent hot spot.

Table 4.3: Dyeqn and Dyg,, in percentage, comparison between the extreme breathing phases and the original dose distributions
of patients with lung metastases. The values are represented as a percentage of the respective PD. Abbreviations: MG =
mammary glands, SD = standard deviation.

Structure  Parameter Mean = SD (%) Range (%)
Original Min Max Original Min Max
Heart Dyq, 116,66 £55 117.6+52 118.0+52 [98.8;136.1] [99.1;134.7] [99.4; 135.9]

Liver Dinean 51.9+£9.1 51.8+£92 509+£9.2 [26.3;98.6] 26.4; 98.1] [26.4; 96.8]
Spleen Dinean 498+52 504+52 505+5.1 [28.3;879] [29.9;87.8] [29.8;86.5]
Left MG Dinean 503+47 509+4.8 52951 [25.7;77.2] [264;79.6] [26.4;83.2]
Right MG Dinean 50.7+£5.2 51.6+£52 529+55 [31.6;782] [32.9;79.3] [31.8;83.2]
Thyroid Dinean 209+£24  207+£22 20.6+22 [7.6; 33.8] [8.1; 31.0] [8.1;29.9]

patient 10, V21 66y was 0.9% for the original plan, as well as for the plans recalculated on the extreme
breathing phases. For patient 14, the V,; ¢g, values were higher, with V¢, reaching 1.6% for the
original plan and 1.5% for both plans recalculated on the extreme breathing phases. To investigate the
reason why the heart receives such a high dose for this patient, the dose distribution was analyzed (see
Figure d.10). It is possible to observe that there is a metastasis very close to the heart and that the PTV of
the lesion and heart contours (in blue and pink in the figure, respectively) overlap, leading the radiation
therapist to attempt to keep the fall-off dose away from the heart. This can be observed in Figure [4.10]
by the asymmetrical dose gradient around the metastasis PTV, in which there is a steeper dose fall-off on
the right side of the structure (the side on which the PTV and heart contours overlap), when compared to
the dose fall-off observed on the left side.

The dose distribution presented in Figure 4.10|is an example of the unavoidability of the low dose
bath to surrounding tissues characteristic of photon radiation. For metastases close to important struc-
tures, such as the heart, the use of proton therapy can prove advantageous, with less irradiation on
surrounding OARs due to the finite range of protons. However, as proton beams are more sensitive
to changes in density, there is a risk of dose misplacements. To face this uncertainty, the breath hold
technique was studied for IMPT treatments of locally advanced non-small cell lung cancer (Gorgisyan
et al., 2017). The results of the study demonstrated that the breath-hold approach is robust for IMPT,
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Figure 4.9: OAR dose values obtained for patients with lung metastases. The blue, orange, and yellow bars correspond to the
original, minimum expansion and maximum expansion dose distributions, respectively, and the horizontal lines correspond to
the dose constraint of each organ.

and treatment delivery was proven to be clinically feasible for most patients included in the study. How-
ever, the study was performed with an adult patient cohort. As children are more sensitive to radiation,
combining the higher risk for late toxicity arising from the treatment with the size of lung metastases
and heterogeinity of lung tissue, a geometrical miss when delivering a proton boost dose can have more
severe consequences (Paulino et al., Yahalom et al.,2015).
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Figure 4.10: Position of the PTV of a metastasis (in blue) and the heart (in pink) in the transversal plane of patient 14, with the
respective dose distributions (in cGy).

4.2 Robustness of photon dose distributions against inter-fraction
anatomical changes

The second part of the results concerns the study of robustness of photon dose distributions against
inter-fraction changes, which was performed by calculating the fractional doses on the CBCT images
and accumulating the resulting doses.

4.2.1 Patients without lung metastases
4.2.1.1 ITYV coverage and hot spots of the lungs

The average ITV coverage was 99.7% =+ 0.1% (range [98.9%; 100%]) for the original dose distribu-
tion and 99.8% =+ 0.1% (range [99.3%; 100%]) for the accumulated dose distributions. Vg79, was 0.4%
+ 0.1% (range [0.0%; 1.1%]) and 2.0% =+ 0.6% (range [0.0%; 4.9%]) for the original and accumulated
dose distributions, respectively. In general, ITV coverage was achieved and V974 remained under the
constraint.

The results per patient can be observed in Figure @.11} The ITV coverage was achieved with no
differences between the original and accumulated dose distributions. There is a tendency for an increase
in V979, when considering the accumulated dose distribution, with no clinically relevant differences to
report, unlike what was observed on the intra-fraction study — the two patients that presented clinically
relevant differences, patients 5 and 16, present dose differences within the defined threshold. Addition-
ally, the higher V74, values were approximately half than those of the intra-fraction study. This is in
line with the results of a study by Huijskens et al., in which it was shown that intra-fraction anatomical
changes, namely the breathing motion, are more irregular than the average respiratory motion throughout
all fractions (Sophie C. Huijskens et al., 2018).

When calculating the fractional dose on the daily CBCTs, which were deformably registered to match
the planning-CT, small inter-fraction differences were observed. These differences included mainly po-
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Figure 4.11: Vgsq, and Vg79, values of the lung ITV for patients without lung metastases. The blue and orange bars correspond
to the original and accumulated dose distributions, respectively.

sitioning variations of the lungs in relation to the ITV and differences in patient diameter, so differences
between the original and accumulated dose distributions were expected. However, the differences ob-
served in the accumulated plans are smaller than the ones observed for the plans recalculated in the
extreme breathing phases. The fact that inter-fraction variability is smaller than intra-fraction variability
has already been proven by Huijskens et al. (Sophie C Huijskens et al.,[2017). This is due to the fact that,
unlike 4D-CT that represents one full breathing cycle divided in 10 phases, CBCTs acquired during free
breathing include more breathing cycles than the 4D-CT. Thus, the differences observed on the accumu-
lated dose distribution are the consequence of a dose blur obtained not only by averaging the motion over
several breathing cycles to obtain one CBCT image, but also by accumulating 8 to 10 dose distributions.

Another study by Huijskens et al. proved that respiratory-induced diaphragm motion observed in
the 4D-CT acquired before treatment does not accurately predict the respiratory motion observed in the
daily CBCTs (Sophie C. Huijskens et al.,[2018). Thus, differences in the CBCTs are indeed expected and
can even be greater than the ones observed on the extreme breathing phases of the 4D-CT. However, by
comparing Huijskens’ findings with the results of this study, it is possible to observe that inter-fraction
changes are not as impactful on the dose distributions as the intra-fraction changes. Moreover, the hot
spot values observed in the CBCTs are approximately half of those seen during the maximum lung
expansion phase. Therefore, the CBCTs of patients with greater differences (patients 5, 7, 9, 16 and 19)
might be depicting the inhalation phase of the breathing cycle, as the accumulated dose plans present the
same tendency to increase as the plans recalculated on the maximum lung expansion phase.

Although differences are observed between the original and the accumulated dose distributions, lung
ITV coverage is not compromised, nor hot spot values exceed the constraint V79, <10%.

4.2.1.2 Dose to the OARs

The results regarding average dose to the OARs are presented in Table 4.4 and the results per patient
are presented in Figure [d.12] No clinically relevant differences were acknowledged between the original
and accumulated dose distributions.

Although the results per patient present no clinically relevant differences between the original and the
accumulated plans, there are OARS receiving more dose than the defined constraint. As the patients with
dose to the OARs above the constraints are the same as in the intra-fraction study (which was expected
for the original plan, but was not assumed for the accumulated plans), interpretation of the results was
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4.2 Robustness of photon dose distributions against inter-fraction anatomical changes

Table 4.4: Dyeqn and Dyg,, in percentage, comparison between the planned and accumulated doses of patients without lung
metastases. The values are represented as a percentage of the respective PD. Abbreviations: MG = mammary glands, SD =
Standard Deviation.

Structure  Parameter Mean = SD (%) Range (%)
Original ~ Accumulated Original Accumulated
Heart Dyg, 100.7+04 102.0+0.4 [99.1;103.1] [100.5; 104.3]

Liver Diean 46.7+3.3 474+3.2 [27.3;61.4] [28.5; 61.6]
Spleen Dinean 54.8+2.7 554+28 [41.7;70.0] [41.9; 71.0]
Left MG Dinean 444 +6.7 46975 [25.5; 80.9] [25.1; 90.5]
Right MG Diean 449 +7.8 49.1+£8.2 [23.5; 88.9] [23.5;97.5]
Thyroid Diean 134+1.5 13.7+1.6 [5.9; 10.2] [6.3; 20.9]

performed for this same group of patients in section 4.1, "Robustness of photon dose distributions against
intra-fraction anatomical changes”.

Unlike the V79, values of patients 7, 9, 16 and 19, OAR doses per patient do not present the same
tendency to an increase in the accumulated plans. However, the dose to the mammary glands of patient
5 is the same as the one obtained for the maximum lung expansion phase, supporting the hypothesis that
for some patients the lung phases in the CBCTs are more similar to the maximum lung expansion phase
than to the averaged phase.

4.2.2 Patients with lung metastases
4.2.2.1 ITYV coverage and hot spots of the lungs

Average coverage of patients with metastases was 96.3% + 3.6% (range [64.1%; 100%]) for the
original dose distribution and 96.6% + 3.2% (range [67.5%; 100%]) for the accumulated dose distribu-
tion. Average Vo7¢, values were 33.0% =+ 8.8% (range [6.3%; 88.1%]) and 34.7% + 9.1% (range [7.6%;
88.4%]) for the original and accumulated dose distributions, respectively.

The results per patient are represented in Figure 4.13] Lung ITV coverage was not achieved for
patient 14 and V¢74 values were above the constraint for patients 3, 6, 10, 11, 14 and 20, even though
only patient 11 presented clinically relevant differences between the two dose distributions. The V¢74
values above the constraint for this group of patients are due to the dose fall-off of the boost doses given
to the metastases, as it was investigated per patient and explained in section 4.1, "Robustness of photon
dose distributions against intra-fraction anatomical changes”.

To assess whether the increase in Vyg79, in the accumulated plan was due to differences in ED, as
it had been observed on the maximum lung expansion phase, the ED of the left lung was investigated
for all fractions. Mean ED on the registered-CTs was 0.512 versus 0.509 observed in the averaged-CT.
Therefore, there is an increase in ED on the registered-CTs that originates more scatter photons within
the left lung’s ITV. Moreover, the hot spots in each registered-CT were not always located in the same
place, resulting in a spread of the V74, in the accumulated dose distribution.

4.2.2.2 PTYV coverage and hot spots of metastases

The metastases coverage and hot spots of each patient are represented in Table 4.5] There are some
clinically relevant differences in terms of coverage, especially for metastases 1 and 2 of patient 1, metas-
tasis 2 of patient 10 and metastases 2 and 4 of patient 14.
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Figure 4.12: OAR dose values obtained for patients without lung metastases. The blue and orange bars correspond to the

original and accumulated dose distributions, respectively, and the horizontal lines correspond to the dose constraints of each
organ.

By observing the location of the lung and surrounding structures in relation to the PTYV, it is observed
that the PTV is covering more area outside the lung for the fractions with an increased ED, more precisely
ribs (as it can be observed in Figure {.14). However, this increase in ED results in a underdosage of
metastases 1 and 2 of patient 1 and metastasis 2 of patient 10 in the accumulated plan. Since bone is a
better radiation absorber compared to soft or lung tissue, the presence of part of the rib within the PTV
causes an underdosage as it absorbs the radiation. This is of concern, as radiation induced fractures can
occur. Conversely, metastases 2 and 4 of patient 14 present an increase in terms of coverage from the
original to the accumulated plans, caused by an increase in ED.

The low PTV coverage of metastases can greatly impact treatment outcome, as there is significant
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Figure 4.13: Vgs9, and V79, values of the lung ITV for patients with lung metastases. The blue and orange bars correspond
to the original and accumulated dose distributions, respectively.

Figure 4.14: Position of the PTV of metastasis 1 of patient 1 on the averaged-CT (left) and on the registered-CT (right) for one
fraction, in which it is possible to observe how in the registered-CT there is more rib volume within the PTV, resulting in an
underdosage, as the rib absorbs more radiation than soft or lung tissue.

radiation being delivered, but there is still underdosage. Additionally, there is the risk that inter-fraction
changes cause shifts in dose deposition, leading to a possible dose blur. This is particularly important, as
there will be more lung volume receiving boost doses, but also more volume of surrounding OARs (as it
was observed that the presence of boost doses affects OAR dose).

As aforementioned, CBCTs are acquired during free breathing and therefore include more breathing
cycles than the 4D-CT. In practice, and considering the dose being delivered to the metastases, a dose
blur would be detected not only by an underdosage of the metastases, but also by an increase in the
high dose volume within the lung ITV. However, by observing the Vg79, results, there is no evidence
of a boost dose blur in the lung ITV. Additionally, ITV coverage was investigated, concluding that the
constraint Vosg, >99% is met for all metastases ITV included in the study. Thus, inter-fraction motion

does not seem to have a significant impact on the patients’ dose distributions.

4.2.2.3 Dose to the OARs

Regarding dose to the OARs, the average values are represented in Table 4.6 with no clinically
relevant differences to report. However, there are noticeable differences between the original dose being
evaluated on this study and the original dose presented in the intra-fraction study (see Table d.3). These
differences are approximately 4% in terms of percentage of the PD, and are explained by the different
software used to retrieve the results of both studies. The software used to recalculate the original plan in
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Table 4.5: Metastases PTV coverage and hot spots of the planned and accumulated dose distributions.

Patient Boost Vos9 (%) Vio79 (%)
Original Accumulated Original Accumulated
1 1 99.8 85.7 0 0
2 98.3 70.5 0 0
3 1 99.7 99.9 0 0
2 100 100 0 0
4 1 100 100 0 0
6 1L 99.9 100 0 0
2L 95.9 98.0 0 0
3L 99.2 99.7 0 0
4L 97.5 100 0 0
5L 98.5 99.7 0 0
6L 99.6 100 0 0
IR 96.9 99.8 0 0
2R 96.5 99.2 0 0
3R 97.1 99.4 0 0
4R 98.3 99.5 0 0
5R 95.4 99.5 0 0
6R 97.9 100 0 0
7R 99.3 99.8 0 0
8 1 99.8 100 0 0
10 1 99.8 96.5 0.7 0
2 98.1 91.2 0 0.8
3 99.5 98.2 0 0
11 1 100 99.6 0 0
2 100 99.9 0 0
12 1 100 96.0 0 0
14 1 934 96.7 0 0
2 70.2 82.9 0 0
3 95.0 99.2 0 0
4 89.9 99.5 0 0
5 99.9 100 0 0
20 1 94.8 94.5 0 0

the extreme breathing phases and in the registered-CTs was Monaco treatment planning system (Elekta,
Stockholm, Sweden). However, while the DVH parameters of the intra-fraction study were retrieved
directly from Monaco, the DVH parameters of the inter-fraction study were retrieved from Volumetool,
an in-house built delineation software (Bol et al., 2009)). This difference in terms of software is not
ideal and is due to the software’s different uncertainties. However, fractional dose accumulation could
not be performed with the Monaco treatment planning system (Elekta, Stockholm, Sweden), thus the
employment of Volumetool.

The results per patient present no clinically relevant differences, and can be observed in Figure
Once again, OAR dose is above the defined constraint for most patients when considering the heart and
mammary glands.

The OAR doses in the accumulated plans are similar to the doses obtained in the intra-fraction study
for this subgroup of patients. This supports the hypothesis that the breathing phases represented on the
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Table 4.6: Dy and Dyg,, in percentage, comparison between the planned and accumulated doses of patients with lung

metastases. The values are represented as a percentage of the respective PD. Abbreviations: MG = mammary glands, SD =
Standard Deviation.

Structure  Parameter Mean = SD (%) Range (%)
Original ~ Accumulated Original Accumulated
Heart Dyg, 120.8 £5.8 120.0+£6.0 [99.6; 141.1] [98.8; 141.7]

Liver Dinean 51.9+£9.0 52.4+9.1 [26.9; 98.0] [27.1; 98.5]
Spleen Direan 51.1+£52 51753 [30.8; 88.3] [30.3; 88.8]
Left MG Dinean 48.4+423 54.0+6.3 [25.4; 74.9] [27.1;93.1]
Right MG Divean 494 +4.7 53.6+5.6 [31.3; 77.3] [36.7;91.4]
Thyroid Dinean 20.1£23 20.7+22 [7.5; 31.0] [7.5; 28.5]

CBCTs are more similar to one of the extreme breathing phases than to the averaged phase.

The greater differences in OAR dose, although clinically irrelevant, are observed for the mammary
glands. As previously mentioned, patient diameter differences were observed for several CBCTs, which
led to a need to create a new body contour on which to recalculate the plan. This step was taken due
to the fact that in some patients there was a considerable part of the body outside the body contour,
but also due to an air gap between the body and the body contour. However, the fractional doses were
rigidly accumulated, meaning that these new contours were applied when recalculating the plan, but the
accumulated dose distribution was matched to the original body contour. For this reason, a dose blur on
the chest was observed for some patients, which in turn affects mostly the mammary glands, as it is the
most anterior OAR.
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Figure 4.15: OAR dose values obtained for patients with lung metastases. The blue and orange bars correspond to the original
and accumulated dose distributions, respectively, and the horizontal lines correspond to the dose constraints of each organ.
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Chapter 5

Robustness of proton dose distributions
against inter-fraction anatomical changes

The following chapter comprises a brief overview of proton therapy, including basic concepts and the
use of proton therapy to deliver WLI, based on recently published studies. Additionally, a new method
to evaluate treatment robustness is presented, which enables a better comparison between PTV-based
photon therapy plans and robustly optimized plans.

This overview of proton therapy is included in this dissertation work to introduce a comparison study
to be performed between photon and proton dose distributions, further explained in the section “Future
Work”. This comparison study is to be completed in collaboration with the University Medical Center
Groningen.

5.1 Physics of proton therapy

Currently, the main advantage of proton therapy is the ability to reduce dose in normal tissues. The
fact that protons travel through the body and stop abruptly at a prescribed depth, which can be precisely
controlled, make proton therapy attractive for the treatment of certain tumors and patient populations,
including children (Merchant et al., 2014).

Protons are positively charged particles that, depending on their energy, interact with matter through
Coulomb interactions with atomic electrons, Coulomb interactions with nuclei and nuclear interactions.
In the radiotherapy setting, proton energies range between 70-250 MeV which result mostly in Coulomb
interactions with atomic electrons (Lomax, 2009). These electrons then travel a short distance from the
proton path while ionizing and depositing energy. The rate at which protons lose their energy increases
as their velocity decreases, resulting in an energy peak followed by an abrupt stop. This process of dose
deposition produces a very characteristic depth-dose curve, the Bragg curve, and the point of highest
dose is called the Bragg peak. The Bragg peak is what makes proton therapy such a desirable technique,
as it is a function of initial energy and therefore can be predicted (Mohan et al.,|2017). This results in a
potentially beneficial treatment for patients, as the entrance dose is reduced and the exit dose is negligible
as compared to photon treatment techniques (Langen et al., [2015).

When comparing a single monoenergetic proton beam with a photon beam, the differences are clear:
there is considerably less dose being delivered to normal tissue since the proton loses most of its energy
at the end of its range (see Figure[5.1)). The same happens when comparing multiple proton and photon
beams. Conversely, when comparing multiple proton beams and intensity-modulated photon beams, the
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5. ROBUSTNESS OF PROTON DOSE DISTRIBUTIONS AGAINST INTER-FRACTION
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differences are less obvious — there may be less dose being delivered to normal tissue with the proton
beams, but those differences are often very small (less than 5 Gy). Although the use of a series of
weighted Bragg peaks — spread out Bragg peak (SOBP) — are used to achieve target coverage and
normal tissue sparing, as observed in Figure [5.1] an irregular field is created with intensity-modulated
photon beams, which conforms to the tumor shape and shields normal tissue (Merchant et al., 2014;
Taylor et al., 2004). Moreover, the dose distribution might be less conformal and uniform when proton
therapy is chosen, which is a consequence of the need of additional devices for collimation and distal
shaping of the proton beam to match the target volume. The amount of time needed to mount and use
these beam-specific devices limits the practicality of multiple beams and subsequently the conformity
and uniformity of the delivered dose (Merchant et al., 2014)).
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Figure 5.1: Dose deposition for a photon and proton beams, with the representation of the Bragg peak and SOBP [adapted from
(Li et al., 2020)].

5.2 Proton therapy for whole lung irradiation

Only recently, studies have been conducted focusing specifically on the use of proton therapy for WLI
(Cunningham et al.,[2020; Flampouri et al., 2021; Sha et al.,[2021; Wong et al.,[2021) and its comparison
to existing photon techniques. In these studies, proton therapy is delivered by pencil beam scanning,
in which the beams are originated in an accelerator and manipulated to treat tumors located at varying
depths. This is accomplished by altering the number of protons (local dose deposition), proton energy
(local penetration) and magnetic deflection (off-axis coverage). Proper target coverage and simultaneous
reduction of the integral dose bath are achieved by electromagnetic control of the pencil beams (Moreno
etal.,|2019). In terms of beam arrangements, studies have reported the use of two posterior oblique fields
(Cunningham et al., 2020), three posterior fields (Flampouri et al., 2021)), anteroposterior technique (Sha
et al., [2021)) and anteroposterior-posteroanterior technique (Wong et al., [2021) considering the target
volume as the whole lung. Additionally, the use of three beams was investigated, considering the target
volume as the unilateral lung (Sha et al.,[2021]).

The results of the aforementioned studies suggest the feasibility of recurring to proton therapy to treat
pediatric patients receiving WLI (Cunningham et al., 2020). Moreover, the dosimetric studies performed
suggest significant dose reductions to the OARs when delivering IMPT, compared to VMAT and IMRT
(Flampouri et al.,[2021; Wong et al., [2021).

38



5.3 Robust treatment planning in proton therapy

5.3 Robust treatment planning in proton therapy

The ITV and PTV margins have proven to be efficient when considering a dose distribution invariant
to errors, which is an inherent fact in the PTV concept (Karlsson et al., 2017). However, when consid-
ering proton therapy, this assumption is not valid due to the relationship between the proton range and
stopping power of the material that the beam is penetrating (Lomax, 2008a; Paganetti, 2012). Besides
the uncertainties in predicting the stopping power, the proton range is highly influenced by patient setup
or anatomy differences, leading to the need of a different method to assure treatment robustness (Lomax,
2008b). This leads to the concept of robust optimization, in which the deviations from the error-free dose
distributions are calculated for different scenarios and minimized using planning objectives (Korevaar et
al.,2019).

To assess whether coverage criteria have been satisfied for all the considered scenarios, a new eval-
uation method was proposed. This method allows comparison between PTV-based treatment plans and
robustly optimized plans, especially in proton therapy (Korevaar et al.,[2019). Since the plan is recalcu-
lated for a variable number of scenarios — each scenario corresponding to a shift in a different direction
— a feasible method to evaluate dose distribution is to summarize all dose distributions from different
scenarios into one. This summarized dose distribution calculation can then be evaluated by its voxel-wise
minimum dose, which is the composite of minimum dose values per voxel from all scenarios (Lomax
et al.,|2004). Other alternatives include analyzing the voxel-wise mean dose (composite of the mean dose
calculated per voxel from all the scenarios), or the dose distribution in the worst-case scenario - which
corresponds to the scenario with worst target coverage. In Figure[5.2] these new dose evaluation methods
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Figure 5.2: Representation of the worst scenario, voxel-wise minimum dose and voxel-wise mean dose of three scenarios
[adapted from (Korevaar et al., 2019)].
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5.4 Future work

The initial goal of this project, which was delayed by the COVID-19 pandemic, was to perform
a comparison between photon and proton dose distributions against intra and inter-fraction anatomical
changes. Although it will not be included in this dissertation, work towards such comparison study is
already taking place in collaboration with University Medical Center Groningen.

Follow-up work on this project includes the creation of proton treatment plans, employing the Raysta-
tion software (Raysearch, Stockholm, Sweden). This proves to be a challenging step, as there are no
guidelines and the literature regarding the use of proton beams to deliver WLI differs in terms of beam
arrangements. The procedure to follow in the recalculation of the plans is the same as the study of ro-
bustness against inter-fraction anatomical changes, with the plans being recalculated on the registered
daily CBCTs and then rigidly accumulated. Since intra-fraction anatomical changes were considered
a worst-case scenario situation that would not be verifiable during treatment delivery (as the patient is
breathing freely and not only with the lungs at their maximum expansion phase), the comparison between
treatment techniques will not be performed against intra-fraction anatomical changes.

Regarding planning target volumes, the photon treatment plans present a 5 mm PTV margin around
the patient-specific ITV. To compare the proton plans with the photon PTV-based treatment plans, the
robustness optimization method is employed, with a 6 mm margin and a +3% range uncertainty. In total,
28 dose scenarios are calculated for each patient. The information from all the scenarios is combined
in a voxel-wise minimum evaluation dose by calculating the minimum dose per voxel in all scenarios
(see Figure[5.2). The plans are considered robust if 99% of the lung ITV receives at least 95% of the
PD (Vys9, >99%). The evaluation of hot spot values within the target volume is performed by analyzing
the dose being delivered to 1% of the volume (D;¢,) and compared with that same parameter from the
photon treatment plans.

The proton treatment plans are still in the initial stages and the re-calculation of the plans on the daily
CBCTs has not been performed yet. Organ sparing proves to be difficult to achieve, as small changes in
the treatment parameters to meet the OAR constraints often result in underdosage of lung ITV. Literature
with similar patient cohorts that focus on dosimetric comparison between photon and proton treatment
techniques has proven that proton therapy is advantageous in terms of OAR sparing. Thus, more work
needs to be completed to achieve clinically acceptable plans, with proper target coverage and satisfactory
OAR sparing.
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Chapter 6

Conclusion

Whole lung irradiation is an important component of the treatment of lung metastases that develop
from solid tumors among the pediatric population. However, late toxicity that arises from the treatment
is of concern, as children are more sensitive to radiation. The Childhood Cancer Survival Study showed
that 5-year survivors that received chest or whole-body irradiation presented an increased risk of long-
term pulmonary complications. Additionally, there is the need to consider the long-term effect in other
OARs as well, such as the heart, mammary glands and thyroid, with reports of WLI leading to a higher
prevalence of cardiac complications or secondary malignancies.

During treatment delivery, changes in the patient anatomy might occur. These can be observed
during a single fraction, such as the breathing motion, or between fractions, such as changes in patients’
positioning or diameter. To assure proper coverage, a treatment plan needs to be robust against such
changes. This is accomplished by the employment of safety margins, which are advantageous in terms
of target coverage, but results in the irradiation of surrounding organs.

The goal of this study was to perform a robustness study against intra and inter-fraction anatomical
changes for 21 pediatric patients receiving WLI. Patients’ primary tumors were mostly Wilms’ tumor
and Ewing sarcoma. For the purpose of the study, radiotherapy plans were recalculated in the extreme
breathing phases of the respiratory cycle — maximum inhalation and exhalation — and in the daily
CBCTs acquired during treatment. The recalculated plans were then compared to the original plans for
each patient.

The results of the robustness assessment against intra-fraction changes demonstrated that the cov-
erage was met in both extreme breathing phases, except for one patient, with no clinically relevant
differences to report between the recalculated and the original plans. Conversely, larger differences were
seen on Vg79, values, especially the tendency for an increase when considering the maximum inhalation
phase, with two patients presenting clinically relevant differences. These differences were investigated
and are due to large diaphragm displacements, which in turn lead to a hot spot on the base of the lungs.
However, these hot spots stay within the lung PTV and do not affect adjacent organs such as the liver
or spleen. For the patients with lung metastases, high Vig7¢, values within the lung ITV were related
to the dose fall-off of metastases. Metastases coverage and hot spots were assessed on the PTV, which
revealed that the PTV margin is not robust against intra-fraction changes, as there were cases of clini-
cally relevant underdosages and hot spots. Most of these differences were due to ED changes within the
metastases PTV, which due to their small dimensions makes them more prone to such changes. However,
ITV constraints were met, proving that the patient-specific ITV margin defined is adequate.

Regarding the results of the robustness assessment against inter-fraction changes, no clinically rel-
evant differences were reported, concluding that the accumulated plans are not affected by the inter-
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fraction patient variations. Metastases coverage and hot spots presented some clinically relevant differ-
ences, also associated with ED changes within the metastases PTV. Similarly to the intra-fraction study,
ITV coverage was met for all patients.

Lastly, dose to the OARs was assessed. The organs considered were the heart, mammary glands,
thyroid, spleen, and liver. No clinically relevant differences were observed. Such differences were
considered clinically relevant if greater than 3 Gy for all organs, independently of their dose constraint.
The fact that this margin should be organ-specific was discussed, as dose constraints to the OARs vary a
lot and some OARs are more important in terms of sparing than others.

Overall results demonstrate that the 21 plans analyzed in this study are robust against intra and inter-
fraction anatomical changes. However, some differences were observed on the metastases coverage,
which might lead to underdoses or hot spots, depending on the breathing pattern of the patient during
treatment delivery. This is a limitation imposed by delivering treatment during free breathing, as the
breathing motion is unpredictable. In this study it was discussed the employment of respiratory gated
treatment delivery, which has been reported to be feasible in young patients, and is speculated to be
advantageous to decrease the observed dose differences. This is achieved by reducing the uncertainties
caused by the breathing motion. Additionally, respiratory gated treatment delivery might allow to employ
smaller target margins and, therefore, deliver less dose to surrounding OARs. Another option to deliver
less dose to OARs is to recur to proton beams to deliver WLI, which has been reported to be a feasible
option with proper target coverage.
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