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Abstract in English

Patients with locally advanced non-small cell lung cancer (LA-NSCLC) have tumors
that are large, invade other intrathoracic structures and/or have spread to regional
lymph nodes. These patients are often inoperable, and the standard treatment is
radiotherapy in combination with chemotherapy, followed by immunotherapy for

selected patients.

Intensity-modulated photon radiotherapy (IMRT) in free breathing (FB) is the
current standard radiotherapy technique for LA-NSCLC patients. Due to large
treatment volumes in proximity to important organs at risk (OARs), the patients often
experience side effects from treatment. Radiation-induced side effects such as

radiation pneumonitis and cardiac disease can be severe and potentially fatal.

The aim of this project was to investigate the potential of different methods to
reduce OAR doses and the risk of side effects in radiotherapy of LA-NSCLC. The
three main topics of investigation were automated treatment planning (autoplanning),
deep inspiration breath hold (DIBH) and proton therapy. Prospectively collected
image data both from before and during radiotherapy treatment were used in five

different simulation studies.

Autoplanning in IMRT was investigated in papers I-II. The delivery of
radiotherapy is based on a treatment plan that defines all settings determining the
radiation dose and location for each individual patient. Manual treatment planning is
time consuming and results in heterogeneous plan quality between patients. In paper
I, a system for automated IMRT treatment planning was developed based on the
Erasmus-iCycle system, which generates treatment plans according to a pre-defined
wish-list for the specific patient group. These plans are however not clinically
deliverable, and Erasmus-iCycle was therefore coupled to the clinical treatment
planning system at HUH to recreate the dose distributions. The developed system
(“iCE”) generated plans with lower doses to the heart and esophagus compared to

manually created, clinically delivered treatment plans.
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In the second paper, iCE was exploited to improve treatment planning in the
radiotherapy clinic at HUH. This was achieved by using iCE plans to train a clinically
available commercial system for automated planning which is dependent on a library
of input training plans. Paper II showed that training the system with plans from iCE
improved the output plans compared to training with manually created plans. This
knowledge is important because most centers using such systems for automated
planning use manually created plans for training, thereby potentially generating

suboptimal plans for many future patients.

In paper 111, we investigated the effect of patients holding their breath while
receiving radiotherapy. With similar target coverage and inter-fraction robustness,
DIBH reduced the lung dose for around 90% and heart dose for around 70% of the
patients compared to FB. Heart sparing depended on tumor position. The
autoplanning system developed in paper I was applied to ensure bias-free generation

of high-quality treatment plans for this study.

In the last two studies we investigated proton therapy for LA-NSCLC. Paper
IV compared different optimization techniques for pencil beam scanning proton
therapy with regard to target and OAR doses and robustness. 3D robust intensity-
modulated proton therapy (IMPT) was the preferred technique because OAR doses
were reduced with minimal loss of robustness compared to single-field optimized and

4D robust plans. This technique was therefore used in paper V.

In paper V, the methods were combined: We implemented a system for
autoplanning of IMPT and used it to compare DIBH and FB also in proton therapy.
DIBH reduced lung dose compared to FB, and regardless of breathing technique,
OAR doses were far lower in IMPT than IMRT.

Overall, this thesis has provided knowledge that can improve radiotherapy of
LA-NSCLC. With proper training or tuning, autoplanning has great potential for
ensuring high and homogeneous plan quality between patients. DIBH can reduce the
risk of side effects in both IMRT and IMPT. IMPT is costly and technically
demanding but has potential to drastically reduce OAR doses compared to photon

therapy. The results from this thesis have already had a direct impact in our clinic;
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autoplanning for IMRT and routine use of DIBH for LA-NSCLC has already been or

will be implemented in the clinic at HUH due to this work.
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Abstract in Norwegian

Pasienter med lokalavansert ikke-smacellet lungekreft (LA-NSCLC) har svulster som
er store, vokser inn i andre strukturer i brystkassen, og/eller har spredt seg til
regionale lymfeknuter. Disse pasientene er som oftest ikke kandidater for kirurgi, og
standardbehandlingen er straleterapi kombinert med kjemoterapi, med péfelgende

immunterapi for utvalgte pasienter.

Intensitetsmodulert straleterapi med fotoner (IMRT) i fripust er standard
teknikk for stréleterapi for pasienter med LA-NSCLC. Pé grunn av store
behandlingsvolum som ligger i nerheten av viktige risikoorganer far pasientene ofte
bivirkninger av behandlingen. Bivirkninger av strdlingen, som straleindusert

lungebetennelse og hjertesykdom, kan vere alvorlige og potensielt dedelige.

Malet for dette prosjektet var & underseke potensialet for & redusere
risikoorgandoser og risikoen for bivirkninger i straleterapi av LA-NSCLC ved bruk
av ulike metoder: automatisk doseplanlegging, dyp innpust (DIBH) og protonterapi.
Prospektivt innsamlet bildedata bade fra for og underveis i strdlebehandlingen ble

brukt i fem ulike simuleringsstudier.

I artikkel I-IT undersekte vi automatisk doseplanlegging for IMRT. Straleterapi
leveres basert pa en doseplan som definerer alle innstillinger som bestemmer hvor og
hvor mye straling som gis hver enkelt pasient. Manuell doseplanlegging er
tidkrevende og gir varierende plankvalitet mellom pasienter. I artikkel I utviklet vi et
system for automatisk doseplanlegging basert pa Erasmus-iCycle, et system som
genererer doseplaner ut fra en forhdndsdefinert «gnskeliste» for den aktuelle
pasientgruppen. Disse planene er ikke klinisk leverbare, og Erasmus-iCycle ble derfor
koblet sammen med det kliniske doseplansystemet som brukes pa Haukeland
Universitetssykehus (HUH) slik at dosefordelingene kunne gjenskapes der. Systemet
vi utviklet («iCE») genererte planer med lavere dose til hjerte og spiserer

sammenlignet med manuelt planlagte, kliniske leverte doseplaner.

I den andre studien dro vi nytte av iCE for & forbedre doseplanlegging i

straleterapiklinikken ved HUH. Dette gjorde vi ved & bruke iCE-planer for & «trene»



et kommersielt tilgjengelig system for automatisk doseplanlegging som er avhengig
av et bibliotek med treningsplaner. Artikkel II viste at nar dette systemet ble trent
med iCE-planer genererte det bedre doseplaner enn nér det ble trent med manuelle
planer. Dette er viktig kunnskap fordi de fleste klinikker som bruker denne typen
systemer for automatisk doseplanlegging bruker manuelle planer til trening, og

dermed potensielt genererer suboptimale planer for mange framtidige pasienter.

I artikkel III undersgkte vi effekten av at pasientene holder pusten mens de far
stralebehandling. Med tilsvarende malvolumsdekning og robusthet mellom fraksjoner
reduserte DIBH lungedosen for rundt 90 % og hjertedosen for rundt 70 % av
pasientene sammenlignet med fripust. Sparing av hjertet var avhengig av svulstens
posisjon. Vi brukte systemet for automatisk doseplanlegging utviklet i artikkel I for &
sikre doseplaner av hay kvalitet uten pavirkning av eventuell partiskhet hos en

menneskelig doseplanlegger.

I de to siste studiene undersekte vi protonterapi for LA-NSCLC. Artikkel IV
sammenlignet ulike optimeringsteknikker for moderne protonterapi («pencil beam
scanning») med hensyn til dose til mélvolum og risikoorganer samt robusthet. 3D-
robust intensitetsmodulert protonterapi (IMPT) kom best ut pa grunn av reduksjon i
risikoorgandoser sammen med minimalt tap av robusthet sammenlignet med
enkeltfeltoptimerte og 4D-robuste planer. Denne teknikken ble derfor brukt i artikkel
V.

I artikkel V kombinerte vi metodene: Vi implementerte et system for
automatisk doseplanlegging av IMPT og brukte det for & sammenligne DIBH og
fripust ogsa i protonterapi. DIBH reduserte lungedosen sammenlignet med fripust, og

uavhengig av pusteteknikk var risikoorgandosene langt lavere i IMPT enn IMRT.

Totalt sett har dette doktorgradsarbeidet gitt kunnskap som kan forbedre
strileterapi av LA-NSCLC. Med god trening eller innstilling har automatisk
doseplanlegging stort potensial for & sikre hay og homogen plankvalitet mellom
pasienter. DIBH kan redusere risikoen for bivirkninger i bdde IMRT og IMPT. IMPT
er kostbart og teknisk krevende, men har potensial til & redusere risikoorgandoser

drastisk sammenlignet med fotonterapi. Resultatene i denne avhandlingen har
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allerede hatt direkte innvirkning i var klinikk; automatisk doseplanlegging for IMRT
og rutinemessig bruk av DIBH for LA-NSCLC har eller vil snart bli tatt i bruk i
klinikken pa HUH pé grunn av dette arbeidet.
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1. Introduction

Cancer is a group of diseases characterized by uncontrolled cell growth which can
spread to other parts of the body (metastasize). In Norway, more than 38 000 people
were diagnosed with cancer in 2022, of which almost 10% lung cancer [1]. Lung

cancer is the cancer that takes most lives, both in Norway and worldwide [2].

Radiotherapy is one of the main types of cancer treatment, along with surgery,
chemotherapy and immunotherapy. 50% of cancer patients need radiotherapy as part
of their treatment [3]. The goal in radiotherapy is to deliver the prescribed radiation

dose to the tumor while damaging as little healthy tissue as possible.

1.1 Locally advanced non-small cell lung cancer

There are two main types of lung cancer: small cell and non-small cell. Non-small
cell accounts for around 80%-85% of lung cancers and is usually less aggressive than

small cell lung cancer.

In stage I non-small cell lung cancer, the tumor is <3 c¢m in the greatest
dimension and there is no lymph node metastasis. In stage I, the tumor can be up to 7
cm or there can be metastasis in nearby lymph nodes. Stage III is often referred to as

locally advanced disease, and is characterized by one or more of the following:

e Primary tumor >7 cm
e Primary tumor invading intrathoracic structures such as the diaphragm,
mediastinum, heart or esophagus
e Separate tumor nodules in a different ipsilateral lobe than the primary tumor
e Spread to regional lymph nodes
There is large heterogeneity in anatomy between patients with stage IIl NSCLC
(Figure 1). In stage IV there is distant metastasis [4].



Figure 1. Examples of patients studied in this thesis. Left: Stage IIIA NSCLC, with a
1.6 cm primary tumor in the left lower lobe and lymph node metastases in the hilar
and superior mediastinal nodes. Right: Stage IIIC NSCLC, with a 10.5 cm primary
tumor in the left upper lobe and lymph node metastases in the hilar, superior
mediastinal, subcarinal, aortic and low cervical nodes. The gross tumor volume
(GTV) is shown in red, heart in yellow, esophagus in brown, spinal canal in cyan and
lungs in shaded blue.

1.1.1 Treatment of locally advanced NSCLC

While surgery can be an option for selected patients with stage IIIA NSCLC, most
patients with stage IIl NSCLC have unresectable disease and receive radiotherapy as
part of their treatment. Treatment for these patients has evolved over the last decades,
slowly improving survival. Adding cisplatin based chemotherapy to radiotherapy
gave an absolute benefit in survival of 4% at two years and 2% at five years [5], and
changing chemoradiotherapy from sequential to concomitant improved 5-year overall
survival from 10.6% to 15.1% due to reduction in locoregional progression [6].
Changing radiotherapy technique from 3D conformal radiotherapy (3D-CRT) to
intensity-modulated radiotherapy (IMRT) did not impact survival or local control but

reduced the rate of grade >3 radiation pneumonitis (RP) [7].

The current standard of care for inoperable locally advanced NSCLC (LA-
NSCLC) is concurrent chemotherapy and radiotherapy [8], and external beam photon
radiotherapy delivered as IMRT or volumetric modulated arc therapy (VMAT) is the
most common radiotherapy technique. Following the success of the PACIFIC trial,
immunotherapy is administered after chemoradiotherapy for a subgroup of patients

(PD-L1 > 1% and no disease progression after chemoradiotherapy according to



Norwegian recommendations) [9]. However, even the most successful treatment so
far has only achieved a 5-year overall survival of 42.9% and progression-free survival
of 33.1% in stage III NSCLC [9]. Local tumor control is still suboptimal, but the
possibility for radiotherapy dose escalation is limited by severe and potentially deadly

treatment-related toxicity [10].

1.2 Radiotherapy with photons and protons

Ionizing radiation consists of charged (directly ionizing) or uncharged (indirectly
ionizing) particles with enough energy to create ionizations in a medium. When
ionizing radiation interacts with cells in the body it can cause lethal damage to the
deoxyribonucleic acid (DNA). In radiotherapy, ionizing radiation is used to kill

cancer cells.

1.2.1 Photon therapy

The most common radiotherapy is external beam radiotherapy with photons delivered
by a linear accelerator (linac). In the linac, electrons are generated and accelerated
before colliding with a high-Z material target to produce x-ray photons. In the head of
the linac (gantry), the photon beam is shaped by a multileaf collimator and directed

towards the patient.

When photons interact with tissue, energy is transferred to electrons or
positrons which in turn deposit energy through interactions of their electric field with
the electric fields of atoms they pass. Photons therefore deposit the most radiation
dose (energy per mass) in the region of one to a few centimeters inside the body, and
the dose gradually decreases with depth. To achieve a high dose in a deep-seated
target volume and lower dose in surrounding tissues, the radiation can be delivered
from several different angles or as arc therapy where the gantry rotates around the

patient.

1.2.2 Proton therapy
Protons interact differently with tissue than photons. They give a relatively low

entrance dose, deposit most of the energy at a depth in the patient body determined by



their energy, then stop sharply and do not deliver any exit dose. This can be
advantageous because the dose to healthy tissue, particularly behind the target

volume, can be substantially reduced compared to photon therapy.

In proton radiotherapy, protons are accelerated in a cyclotron or synchrotron
and emitted as a narrow so-called pencil beam. The range of the protons is selected
either by adjusting the beam energy output from the accelerator, or by introducing
degrading material in the beam. In passive scattering proton therapy (PSPT), the
beam is spread by a scattering material to cover the target volume. Pencil beam
scanning proton therapy (PBS-PT) is a modern delivery method where the pencil
beam is magnetically scanned across the target volume. This allows for more
conformal dose distributions than in photon therapy and PSPT, but also increases
sensitivity to factors such as changes in tissue density (range) and breathing motion.
PBS-PT can be optimized so that all the fields cover the target volume with uniform
dose (single-field uniform dose, SFUD) or that each field contributes differently to
different areas of the target volume, while all fields in sum give a homogeneous

target dose (intensity-modulated proton therapy, IMPT).

The number of proton facilities has increased steadily the last years and there
are now more than 100 operational centers around the world [11]. Two centers will
open in Norway in 2024 (Oslo) and 2025 (HUH). While proton therapy is not a
standard treatment for lung cancer, it is used both in clinical studies and in other
settings such as within the model-based selection framework in the Netherlands;
there, patients can qualify for proton therapy based on comparative treatment

planning and estimated reductions in the risk of side effects [12].

1.2.3 Robustness

Different factors can cause the delivered radiation dose to differ from the planned
dose, such as tumor growth or shrinkage, weight changes, changes in tissue density
(e.g. atelectasis), positioning variations and intra-fraction motion (e.g. breathing
motion). The treatment is considered robust if any variations in the target and OAR

doses are within acceptable limits.



Anatomical and positioning changes can have more impact on the delivered
dose in proton therapy than photon therapy [13]. Proton dose distributions are more
conformal with steep dose gradients, and in IMPT the individual fields can have steep
gradients within the target volume. There is also a range uncertainty originating from
the conversion from Hounsfield units in CT images to stopping power of protons.
Robust optimization algorithms available in commercial treatment planning systems
(TPSs) can incorporate uncertainties related to positioning shifts and range
uncertainties (3D) as well as breathing motion (4D) in the treatment plan optimization

(section 1.3).

1.2.4 Radiotherapy side effects
Radiotherapy destroys cancer cells but will inevitably also damage healthy tissue near
the tumor, and this can induce short- and long-term side effects. The probability of

both tumor control and side effects increases with radiation dose [14].

In radiotherapy of LA-NSCLC, side effects due to radiation of the lungs, heart
and esophagus are relatively common [15]. The risk of side effects can limit the dose
that can be delivered to the tumor and may therefore hinder tumor control. Radiation
pneumonitis (RP) is a severe side effect that can cause interruption of treatment,
preclude immunotherapy or even be deadly. The incidence increases with increasing
lung dose, and there is no “safe” threshold below which RP does not occur.
According to the QUANTEC report, keeping the mean lung dose <20 Gy and the
lung Vao6y < 30% limits the risk of RP to <20% [16]. Radiation can also cause
chronic lung fibrosis, a late side effect with symptoms such as progressive shortness

of breath and coughing [17].

Focus on the effects of radiation on the heart has increased in recent years, as
IMRT has increased the possibility of heart sparing and more lung cancer patients
survive the first years after radiotherapy. In particular, attention increased after the
RTOGO0617 dose escalation trial which surprisingly showed worse survival for
patients in the high-dose arm, where higher heart dose emerged as a contributing
factor which increased risk of death [10]. Radiation-induced cardiac toxicities include

stenosis of valves or arteries, myocardial atrophy, constrictive pericarditis, ischemia



and heart failure. Heart dose is associated with overall survival for LA-NSCLC
patients [18]. While consistent dose limits have not been defined, mean heart dose,

Vsay and V3oey have been associated with the risk of cardiac toxicity [19].

Acute esophagitis is a common side effect after radiotherapy of LA-NSCLC,
with symptoms such as throat pain and swallowing problems. Correlations to both the
mean and maximum esophagus dose have been reported [20,21]. Esophageal

perforation and fistula are rare but potentially deadly side effects.

Radiation myelopathy (spinal cord injury) is a rare but severe late side-effect
with symptoms such as pain, sensory deficits or paralysis. A commonly used
tolerance dose of 50 Gy gives an incidence of myelopathy of 0.2% [22]. Radiation
can also induce neuropathy in the brachial plexus, with symptoms such as pain,
lymphedema and progressive sensory-motor deficits of the arm. The risk is low when
the brachial plexus maximum dose is kept below 66 Gy [23]. Other side effects after
radiotherapy of LA-NSCLC include fatigue and lymphopenia.

The individual risk of a specific radiation-induced side effect can be estimated
using a normal tissue complication probability (NTCP) model. NTCP models are
mathematical models that estimate the risk of side effects based on planned radiation

dose in OARs, and other patient, disease and treatment variables.

1.3 Radiotherapy treatment planning

A radiotherapy treatment plan defines all aspects of the treatment for the individual
patient, such as the radiation type and energy, the physical arrangement and shape of
the radiation beams, and the amount of radiation given from each angle. Treatment
planning is usually performed by a radiation therapist (RTT) or medical physicist.
The goal is to create a plan that delivers the prescribed dose to the target volume and
as little as possible to surrounding healthy tissue. In particular, organs at risk (OARs)
linked to radiation-induced complications must be spared when possible, and most of

these organs have dose constraints (limit for acceptable risk of complications).



The treatment planning process, performed in a computerized TPS, is
illustrated in Figure 2. A CT scan of the patient with the target volume (tumor with
margins for subclinical disease, motion etc.) and OARs defined is used as basis. For
each patient, the planner must decide the beam configuration (how many radiation
beams and which angles to irradiate from) and define a list of constraints and
objectives for the dose in different structures. A constraint is a fixed limit that cannot
be violated, while an objective is a goal that is adapted to the anatomy of the
individual patient and given a certain priority. The resulting mathematical
optimization problem is solved to create a radiation dose distribution. The solution to
the optimization problem is mathematically optimal, but not clinically optimal for the
patient unless the beam configuration, constraints and objectives are optimal. The

planner evaluates the dose distribution and tries to identify potential improvements.

Function aint ose R0 Robust = Weight

W Physical composite objective

Max EUD
Max EUD

Max dose

1) CT scan with target volumes 2) Definition of beam 3) Definition of planning 4) Computerized optimization 5) Evaluation of
(red) and OARs defined configuration objectives and constraints of dose distribution dose distribution

Repeat until satisfied

Figure 2. The treatment planning process. Upper left: CT scan with target volume
(pink) and OARs defined. Yellow lines show the selected beam angles. Upper right:
Optimized treatment plan with radiation dose shown in colors from red (high) to blue
(low). Center: Individual planning objectives for the clinical target volume (CTV),
OARs and patient body. Bottom: Steps in the treatment planning process.



They adjust the beams and/or planning objectives and restart the optimization. This
loop is continued until the planner does not see room for improvement. The treatment
plan is then evaluated by an oncologist, who approves the plan for treatment or

requests changes.

Manual treatment planning is a trial-and-error process, where the planner tries
to make improvements to the dose distribution until they are satisfied or out of time.
The number of possible combinations of beam angles, constraints, objectives and
priorities is countless, and the planner has no way of knowing when an optimal dose
distribution is achieved. The resulting dose distribution is therefore in general not
optimal, and the quality is impacted by the skill and performance of the treatment

planner [24-26].

1.4 Automated treatment planning

Automated treatment planning, also called autoplanning, is gaining attention and
popularity due to evidence of improved plan quality (reduced OAR doses), reduced
inter-patient variation in plan quality and large time savings for the treatment
planners, combined with better availability and performance of commercial solutions
for photon therapy autoplanning [26]. With autoplanning, some or all tasks usually
performed by the treatment planner are replaced by sophisticated computer

algorithms.

There are several different strategies for autoplanning. Knowledge-based
planning or machine learning planning systems predict the achievable dose for new
patients based on previous treatment plans. Commercially available knowledge-based
planning can give modest reductions in OAR doses for different diagnoses including
LA-NSCLC [27-30]. However, the output depends on the input plans, which are
usually manually planned and not optimal, and the systems are not applicable for new
techniques or diagnoses when a set of high-quality previous plans is not available

[31-36].



Other autoplanning systems are based on certain rules or characteristics that
are indicative of an “ideal” dose distribution for each patient. The Erasmus-iCycle
system for multi-criterial optimization (MCO), developed by our collaborators at the
Erasmus Medical Center, creates a Pareto-optimal dose distribution based on a
prioritized list (“wish-list”) of required and desired qualities [37]. Pareto-optimality
describes a situation where no improvements can be made for any objective functions
without deteriorating another. This system does not produce clinically deliverable
treatment plans and must therefore be coupled to a clinical system [38,39]. Erasmus-
iCycle can also perform beam angle optimization (BAO), where the optimal beam
angles for each patient are determined based on the same wish-list. Another strategy
in this category is scripted treatment planning, which can be implemented in various
ways, e.g. to try and mimic the actions and assessments performed by human

planners in a consistent way [40,41].

While autoplanning has become quite common in photon therapy and a
number of papers have demonstrated benefits of autoplanning over manual planning,
there is less experience with autoplanning in proton therapy. Some studies have
reported successful implementation of different autoplanning methods for specific
diagnoses and settings, but the improvements in OAR doses seen with autoplanning

in photon therapy has so far not been demonstrated in proton therapy [42—46].

1.5 Respiratory gating

Radiotherapy in the thorax and abdomen is influenced by breathing; attempting to hit
a moving target can be a challenge. Large margins can be required to ensure the
target volume receives the planned dose in different breathing phases, increasing dose
to OARs. Respiratory gating is used to monitor or alter the patients’ breathing pattern
during radiotherapy delivery and adapt the treatment to the breathing. With gating in
free breathing, the patient breathes normally but radiation is only delivered in a
specific part of the breathing cycle, when the tumor is in a pre-defined position. With
gating in breath hold, radiation is delivered while the patient holds their breath either

during inspiration or expiration.
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Inspiration or deep inspiration breath hold (DIBH) is the most commonly used
respiratory gating technique [47]. In DIBH, the patient holds their breath at a specific
level of inspiration during radiotherapy delivery. Different approaches can be used
for monitoring and reproducing the breathing level: tracking an external marker (e.g.
a box placed on the patient’s chest), tracking the patient surface directly (surface
tracking), or spirometry (a mechanical device with a mouthpiece measuring air flow).
A screen where the current and desired breathing level are visualized can help the
patient achieve the correct level. Compared to gating in free breathing or expiration
breath hold, DIBH has the potential additional advantage of increasing the separation
between the target volume and OARs. It is however more demanding for the patient,
and patients with cognitive impairments or severe comorbidities may be unable to

carry out treatment in DIBH.

There have been some studies showing promise for DIBH in LA-NSCLC in
terms of patient compliance [48], reproducibility [48,49] and OAR dose sparing [50].
Still, the use of DIBH in radiotherapy of LA-NSCLC is limited: in a survey of 200
radiotherapy centers, 17% used DIBH for lung cancer and most of them used it for
less than 25% of lung cancer patients [47]. This motivates further studies to validate
potential benefits of DIBH, also with respect to different sub-groups of patients.
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2. Aims of the thesis

The overall aim of this thesis was to identify methods that can improve radiotherapy
of LA-NSCLC by reducing the radiation dose to OARs and thereby the risk of

complications from radiotherapy.

Specific objectives of each paper were:
Papers I and 11

e Develop a system for autoplanning taking advantage of the MCO and BAO in
Erasmus-iCycle while creating clinically deliverable plans (paper I).

e Use the autoplanning system to improve plan quality compared to manually
created, clinically delivered plans, and investigate the impact of beam angles
and beam number on plan quality (paper I).

e Use the generated autoplans to train and improve a system for knowledge-based

treatment planning in clinical use at HUH (paper II).

Paper 111

e Compare FB and DIBH in IMRT of LA-NSCLC with focus on dose-volume
parameters, NTCPs and inter-fraction robustness, and investigate which

patients are most likely to benefit from DIBH.

Paper IV

o Identify the best optimization technique for PBS-PT in terms of target coverage
and OAR sparing with attention to delivery uncertainties and anatomical

changes.

Paper V
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Compare FB and DIBH in IMPT of LA-NSCLC with focus on dose-volume
parameters, NTCPs and inter-fraction robustness, and compare FB and DIBH

IMPT to FB and DIBH IMRT.
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3. Material and methods

3.1 Patients

In all studies in this thesis, we have used prospectively collected data from patients
treated at Haukeland University Hospital (HUH) between October 2019 and
November 2022. Patients receiving radiotherapy with curative intent according to the
protocol for LA-NSCLC were invited to participate. While most patients had stage 111
disease, stage II could also be included if the tumor was inoperable and not suited for
stereotactic radiotherapy, and stage IV in case of oligometastatic disease where
metastases could be treated separately, leaving a target volume in the lungs receiving
radiotherapy with curative intent. One patient with stage IB that had an inoperable
tumor due to the position in the main bronchus and received radiotherapy according

to the protocol for LA-NSCLC was included.

3.2 Patient material

In the planning CT session prior to treatment, a 10-phase 4DCT, 3 DIBH CTs and a
static CT with intravenous contrast were acquired for each patient. Imaging was
performed on a Big Bore CT scanner (Philips Healthcare, Best, The Netherlands),
using a Posirest-2 support device (Civco Radiotherapy, Coralville, USA) for fixation
in the supine position with arms resting above the head. The breathing curve for the
4DCT was acquired using the Philips Bellows device. DIBH was performed with the
Respiratory Gating for Scanners (RGSC) system (Varian Medical Systems, Palo Alto,
USA), using a marker box placed on the sternum, 2-3 mm gating window and visual
feedback. The patients practiced breath holds before image acquisition at the planning

CT session.

Target volumes were defined by an oncologist and OARs by a treatment
planner. Gross tumor volumes (GTVs) for the primary tumor and lymph nodes were
delineated according to ESTRO guidelines [51]. For FB, the OARs and GTVs were
delineated on the average intensity projection (AIP) of the 4DCT, and the internal
GTV (IGTV) incorporated the GTV positions in all 4DCT phases. For DIBH, the
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OARs and GTVs were delineated on one of the DIBH CTs, and the IGTV
incorporated the GTV positions in the two other DIBH CTs. For both FB and DIBH,
the clinical target volume (CTV) was defined by expanding the IGTV by 5 mm
without extending into uninvolved organs such as bone, heart, esophagus and major
vessels. A 5 mm isotropic margin from the CTV was used to define the planning
target volume (PTV). As OARs, the lungs, heart, esophagus, spinal canal and brachial
plexus (if relevant) were delineated according to RTOG guidelines [52].

Additionally, a repeat 4DCT and DIBH CT were acquired during the first
week (w1, usually fraction 2-3) and third week (w3, usually fraction 13-14) of
treatment. The time point for the w1l scan was selected to get an impression of inter-
fraction variations before major anatomical changes are expected. The time point for
the w3 scan was selected to assess the impact of anatomical changes and need for
treatment adaptation while there is still time to adapt the treatment. Target volumes
and OARs were re-delineated by an oncologist and a treatment planner, respectively,
on the repeat CTs following the procedure described above. However, in wl and w3
only one DIBH CT was acquired; the three DIBH CTs at planning were used to
establish patient-specific IGTV margins, and the repeated CTs were used to evaluate
if these were appropriate for the actual situation during treatment. Hence no IGTV

was delineated on wl and w3 DIBH CTs.

Patient and disease characteristics were recorded by an oncologist at inclusion,
and treatment characteristics were recorded by the candidate at completion of
radiotherapy. These were used e.g. in NTCP calculations and to describe the patient

population. The study did not include clinical follow-up after treatment.

3.3 Clinical radiotherapy treatment

Clinical (CLIN) treatments were delivered with IMRT in FB as a standard. For some
patients the oncologist chose treatment in DIBH instead, mainly due to high lung
doses with FB. Most patients were treated with 6 IMRT beams. Based on patient-

specific assessments, a few patients were treated with VMAT or 5 IMRT beams.
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In accordance with national guidelines, the prescribed dose was 60 or 66 Gy for
concomitant treatment and 66 or 70 Gy for sequential treatment (depending on lung
function, lung dose and proximity of the brachial plexus to the PTV), delivered in 2
Gy daily fractions 5 days per week. The plans were normalized to the median PTV

dose (PTV Dmedian = 100%).

Daily cone beam CTs (CBCTs) followed by table corrections with six degrees
of freedom were used for online positioning. Automatic online matching with focus
on bony structures was standard, but according to the adaptive protocol (“traffic light
protocol””), CTV match could be used in case of deviations with attention to lymph
node and spinal canal positions. The adaptive protocol provided guidance for when
offline or online evaluations by a physicist and oncologist were required. Treatment

plan adaptation(s) were performed for 13% of patients.

3.4 Software

The Eclipse system (Varian Medical Systems Inc., Palo Alto, USA) is used for
clinical treatment planning for photon therapy at HUH. The RapidPlan system for
automated knowledge-based treatment planning is integrated in Eclipse. All IMRT
plans used in this thesis were created in Eclipse. For proton therapy planning, we
used a research version of RayStation (RaySearch Laboratories, Stockholm, Sweden).
The Erasmus-iCycle system for automated treatment planning is not commercially
available but could be accessed for this project through our collaboration with
Erasmus Medical Center. Erasmus-iCycle does not produce clinically deliverable

plans and was therefore coupled to Eclipse (paper 1).

DVH Toolkit, an openly available python program developed by co-supervisor
H. Pettersen, was used for tasks such as collection of dose-volume parameters and
calculation of average dose-volume histograms (DVHs) [53]. SPSS Statistics v. 26
(IBM Corp., Armonk, USA) was used for statistical analyses.
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3.5 IMRT treatment planning

3.5.1 Manual IMRT treatment planning
The manually created IMRT plans used as a reference in papers I-1I were created by
expert treatment planners as part of clinical routine, approved by the responsible

oncologist and used for clinical treatment.

In the clinical treatment planning, there were maximum dose objectives for the
spinal canal, brachial plexus and patient body. Additionally, the goal was to achieve
sufficient target coverage and as low dose as possible to normal tissue, with the
following order of priority: (1) PTV, (2) lungs, (3) heart, (4) esophagus, and (5)
undefined normal tissue. Planning dose objectives are listed in Table 1. Cases where
all objectives could not be fulfilled were evaluated individually by the oncologist.
Possible actions could be to accept either reduced target dose in certain areas or
higher OAR dose than the objective, change prescribed dose from 66 Gy to 60 Gy,
change from FB to DIBH treatment, or change to palliative fractionation.

Table 1. Planning objectives for the PTV, OARs and normal tissue. D, = prescribed
dose.

Volume Dose objective
PTV Vosu > 98%
Lungs Vsay <65%
Vaocy <35%
Dimean < 20 Gy
Heart Viocy <40%
Esophagus Dmean < 34 Gy
Spinal canal Dimax < 50 Gy
Brachial plexus Dimax < 66 Gy
Patient body Dmax < Dp . 107

3.5.2 Automated IMRT treatment planning
Two methods for automated IMRT planning were used in this thesis: iCE (papers I-

IIT) and RapidPlan (paper II).

iCE (short for iCycle-Eclipse) is an in-house method developed in this thesis

for mimicking Erasmus-iCycle treatment plans in Eclipse, thereby creating
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deliverable plans with similar DVHs to the Pareto optimal Erasmus-iCycle plans. The
idea behind iCE was to take advantage of RapidPlan functionality already existing in
Eclipse. In RapidPlan, a patient-specific DVH is predicted and translated to OAR line
objectives. These are used in plan optimization to approach the predicted DVH.
Similarly in iCE, a patient-specific DVH is generated by Erasmus-iCycle and
translated to OAR line objectives used in plan optimization. Line objectives are not
accessible to the user in the Eclipse optimization interface. They can however be
defined in an objective template outside Eclipse, which can be imported and used for
plan optimization. A method for this was developed by the candidate in paper I,
consisting of an empty Eclipse objective template and a Python script that transfers
dose-volume data from a DVH into the objective template. The candidate also

performed the wish-list creation and tuning in Erasmus-iCycle.

In paper 11, two RapidPlan models were created and compared. One had a
library containing manually created clinical plans, and the other iCE plans. The
RapidPlan model creation was performed by master’s student M. Hordnes under the

supervision of the candidate.

3.6 Proton therapy treatment planning

Treatment plans for proton therapy were created manually in paper IV and
automatically in paper V. Both in manual and automated proton therapy planning, a
relative biological effectiveness of 1.1 was assumed for protons. A density override
representative for tumor tissue was used for the IGTV on the AIPs to avoid areas with
a non-biological intermediate density (averaged between lung/air and tumor/soft

tissue) [13].

For SFUD and IMPT plans, 3D robust optimization was applied for the CTV,
and for the spinal canal if close to the CTV. A setup uncertainty of 5 mm in each
direction and 3.5% range uncertainty resulted in 21 scenarios. With the minimax
approach implemented in RayStation, the reference plan is evaluated in each
uncertainty scenario, and in each iteration, the scenario with the currently worst

objective value is optimized [54]. For 4D robust planning in paper IV, the same setup



18

and range uncertainty was applied to all 4DCT phases, resulting in 230 scenarios
[55]. Deformable registration was used to delineate the CTV on each phase, so the

CTV dose in all phases could be optimized during planning.

3.6.1 Manual proton therapy treatment planning

For paper IV, SFUD, IMPT and 4D robust IMPT plans were manually created by an
experienced treatment planner (C. Boer). A generic IBA beam model was used. Each
plan consisted of 2-3 coplanar fields with range shifters of 4 or 7.5 cm (same
configuration in the 3 plans for each patient). Split fields with field-specific targets
were not possible due to a limitation in the 4D robust optimization algorithm. The

SFUD plan was created first followed by IMPT and 4DIMPT.

The process followed a set planning procedure: in the first round of
optimization, there were only objectives for CTV coverage, dose fall-off around the
CTV and maximum dose in the patient. The beam angles were evaluated, and if
necessary, they were changed and a new optimization was performed. The dose
distribution was evaluated and objectives for OARs were added. A new optimization
was performed, the dose distribution was evaluated again, and the objectives were
changed if they were achieved or if the function value (the relative weight put on that
objective in the optimization) was low. This process of changing objectives and
reoptimizing was continued until no more room for improvement was seen. Many
rounds of optimization could be required and to speed up the process, a pencil beam
algorithm was used for initial optimization, and Monte Carlo was used for a final

optimization and computation of final dose.

3.6.2 Automated IMPT treatment planning

The candidate developed a Python script for automated IMPT treatment planning in
RayStation, which was used to automatically generate all FB and DIBH IMPT plans
used in paper V. The approach was inspired by the manual planning procedure

described in section 3.6.1 and the main steps performed by the script were:

1. Add fixed objectives for CTV (uniform dose, robust) and patient body (max
dose and dose fall-off around the CTV). Run optimization.



19

2. Add personalized objectives for OARs based on achieved OAR doses in step
1. Run new optimization.

3. If achieved dose for lungs, heart and/or esophagus is lower than objective,
lower objective further, reset and run new optimization (starting from 2).

4. Compute final dose.

Beam angles were manually selected prior to automated planning for each
patient. Most patients had 3 co-planar fields with 30°-40° separation, while 4-5 co-
planar fields with field specific targets were used in some cases with separated target
volumes. The same beam configuration was used for the FB and DIBH plan for each
patient, and to reduce bias the FB plan was created first for half the patients and the
DIBH plan for the other half. A 4 cm range shifter was used for shallow targets.
Machine settings for a Varian ProBeam system were used for planning and a Monte
Carlo optimization algorithm was used in all steps. The differences in settings
compared to paper IV are due to new possibilities after software updates in the two

years between the treatment planning for these studies.

3.7 Data analysis

3.7.1 Dose-volume parameters
For comparison of treatment plans made with different techniques or strategies, a set
of dose-volume parameters for targets and normal tissue were selected in

collaboration with an oncologist based on available literature and recommendations:

e Target volume (PTV in photon therapy and CTV in robust optimized proton
therapy) Vose, (mainly) or Dogy,

e Lungs Dmean, Vsgy and Vaoay

e Heart Dmean, Vsay and V3oay

e Esophagus Dmean, V206y and Veocy

e The maximum dose in the patient body and spinal canal
While most or all OAR parameters above are reported in the papers, most emphasis is
put on the Dmean to the lungs, heart and esophagus; these are for example used in

several of the illustrations (see e.g. Figure 4). They were chosen to condensedly
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represent the data as they are the most reported parameters and linked to the risk of

complications (section 3.7.2).

3.7.2 NTCP

For NTCP calculations in papers II, IIT and V, we used the set of models that are in
use for proton therapy patient selection in the Netherlands. The three selected models
have been thoroughly evaluated and validated in that framework, and depend on the
lung, heart and esophagus dose, respectively, along with other patient and treatment

factors.

The NTCP for RP grade >2 was calculated using a QUANTEC model refined
by Appelt et al. [12,56]:

NTCP = with S = —4.12 4+ 0.138 - MLD — 0.3711 - (Former smoker) —

1+e~S
0.478 - (Current smoker) + 0.8198 - (Co — morbidity) + 0.6259 -
(Tumor location) + 0.5068 - (0ld age) + 0.47 - (Sequential chemo),
where MLD is the mean lung dose in Gy and the other parameters are assigned value

1 or 0 according to Table 2.

Table 2. Variables in the NTCP model for radiation pneumonitis.

Variable Value=1 Value =0

Former smoker Yes Never smoked/active smoker
Current smoker Yes Never smoked/stopped smoking
Co-morbidity ! Yes No

Tumor location Middle/lower lobe Upper lobe

Old age >63 years <63 years

Sequential chemo Yes No

! Chronic obstructive pulmonary disease or other pre-existing lung disease.

The NTCP for 2-year mortality based on heart dose was calculated using a model
developed by Defraene et al. and revised after external validation in several patient

cohorts [12,57]:
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NTCP = —— with S = —1.3409 + 0.0590 - VGTV + 0.2635 - VvMHD,

1+e~S
where GTV is the combined GTV volume of the primary tumor and nodes in cm? and

MHD is the mean heart dose in Gy.

The NTCP for acute esophageal toxicity (AET) grade >2 was calculated using
a model developed by Wijsman et al. and revised after external validation in several

patient cohorts [12,58]:

1
1+e~S

NTCP = with § = —3.634 + 1.496 - In(MED) — 0.0297 - OTT,

where MED is the mean esophagus dose in Gy and OTT is the overall radiotherapy

treatment time in days.

3.7.3 Statistics

The parameters evaluated and compared between techniques in the studies of this
thesis were in general not all normally distributed. Non-parametric statistics were
therefore applied. For comparison of two related samples, the two-tailed Wilcoxon
signed-rank test was used (papers I-111, paper V). For comparison of three related
samples in paper IV, the Friedman’s test (non-parametric two-way analysis of
variance by ranks) was used. Bonferroni correction was applied to adjust the p-value
for multiple testing in post hoc analysis. In paper 11, linear regression was used to

test correlations between continuous variables.

3.8 Ethical considerations

The study was approved by the regional committee for medical and health research

ethics in Western Norway (protocol code 2019/749) and all participants gave written
informed consent. The patient data were pseudonymized by the candidate before they
were used for research purposes (i.e., an anonymization key was stored on a research

server with limited access).

Study participation entailed collection of image data (both routine images and
extra study images) but not treatment intervention; the standard treatment was still

IMRT in FB. However, since DIBH images were available through the study, it was
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decided that these could be used for planning and treatment could be given in DIBH
at the oncologist’s discretion. This was mainly done for patients where lung dose

constraints could not be met in FB without compromising target coverage.

Similarly, the repeat CTs taken for the study were not intended to be regularly
evaluated and used for adaptive treatment, but in cases where RTTs or physicists
were concerned about potential changes they were allowed to use the available

images and delineations for recalculation and replanning.
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4. Summary of results

4.1 Patients and images

Of 49 patients originally included, the curative treatment strategy was upheld after
target delineation and treatment planning for 45 patients, and 26, 45, 38, 15 and 41 of
these were used in papers I-V, respectively (Figure 3). Table 3 gives an overview of
patient and treatment characteristics. Average age was 66 years (range 49-82) and

average GTV volume was 106 cm? (range 13-1021).

44 patients had FB and DIBH images at planning, while one had only DIBH
because of machine issues. Repeat FB and DIBH CTs from wl and w3 were
available for 43 and 40 patients. Some patients did not complete all scans due to poor
condition or covid-19.

Table 3. Patient and treatment characteristics for the 45 patients in the study. Not all
percentages add up to 100% due to rounding.

Characteristic Number of Patients
IB 1 2%
1A 1 2%
IIB 2 4%
Stage A 17 38%
111B 18 40%
1IC 3 7%
IVA 3 7%
Primary tumor and lymph nodes 34 76%
Target volume Primary tumor only 9 20%
Lymph nodes only 2 4%
Right upper 16 36%
. . Right upper + middle 1 2%
Zgl‘jéé;ry tumor location Right lower 8 18%
Left upper 8 18%
Left lower 10 22%
No primary tumor 2 4%
60 Gy 15 33%
Prescribed dose 66 Gy 29 64%
70 Gy 1 2%
Concurrent 43 96%
Chemotherapy Sequential 2 4%
Breathing technique Free breathing 32 1%

Deep inspiration breath hold 13 29%
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4.2 Paperl

Enhancing Radiotherapy for Locally Advanced Non-Small Cell Lung Cancer
Patients with iCE, a Novel System for Automated Multi-Criterial Treatment

Planning Including Beam Angle Optimization

In this paper we compared automated treatment planning with the developed iCE
system to manual treatment planning for 26 patients, and exploited iCE to investigate

the effect of beam configuration and number on OAR sparing.

Overall, the iCE plans were clearly superior to the manually created clinical
(CLIN) plans. The PTV coverage and lung doses were similar, while iCE reduced the
median heart Dmean from 9.0 Gy to 8.1 Gy (p = 0.02) and the median esophagus Dmean
from 20.3 Gy to 18.5 Gy (p =0.02) compared with CLIN. Heart V3cy and esophagus
V206y were also reduced. Substantial OAR sparing with iCE was seen for individual
patients, with reductions of more than 5 Gy in the Dmean observed for both heart and

esophagus compared to CLIN (Figure 4).

The BAO in iCE contributed to the observed OAR dose reductions. In general,
the beam configurations used in the CLIN plans had most weight on the anterior-
posterior direction, with little variation in the angles chosen for each patient. In
contrast, the optimized beam angles in the iCE plans were well dispersed across the
candidate beam space, revealing a large difference in optimal angles between patients
(Figure 5). In addition to 6-beam IMRT plans (as used clinically), iCE-plans with 4
and 8 beams were generated. Median OAR doses decreased with an increasing

number of beams, but the effect varied considerably between patients.
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Figure 4. Differences in OAR mean doses between CLIN and iCE plans per patient. The numbers
on the bars indicate the Dmean values [Gy] in the CLIN plans. The patients are sorted according to
the sum of differences for all OARs. Patients marked with * were used in wish-list tuning.
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Figure 5.Selected beam angles in the CLIN plans (green) and optimized beam angles
in the iCE plans (red) for patients with right-sided and left-sided tumors. Angles are
rounded to the nearest 5 degrees. The number of patients is shown on the radial axis,
and the angular axis shows beam angle in degrees.
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4.3 Paper Il

Improving knowledge-based treatment planning for lung cancer radiotherapy

with automatic multi-criteria optimized training plans

In this paper we used 30 iCE treatment plans from paper I to train a RapidPlan model,
and compared plans generated by this model (RP_MCO) to plans generated by a
RapidPlan model trained with CLIN plans (RP_CLIN) and to the CLIN plans for a

validation group of 15 patients.

Heart and esophagus doses were lower in RP_MCO plans than RP_CLIN
plans. This was not surprising as the dose to the same OARs were lower in the iCE
plans than the CLIN plans (paper I). The dose reductions translated into modest but
consistent NTCP reductions for 2-year mortality and AET (Figure 6). The PTV
coverage and lung dose were similar, except for lungs Vsgy which was slightly lower
with RP_ MCO. In blind comparison, the oncologist preferred the RP_MCO plan for
53% and the CLIN plan for 47% of patients while the RP_CLIN plan was not
preferred for any patients. The RP. MCO model was based on these results selected
for implementation in the clinic.

5

4 Radiation pneumonitis
In favor of RP_CLIN
3 M 2-year mortality

[pp]

2 W Acute esophageal toxicity

e

In favor of RP_MCO

=

o

'
N

’

ANTCP, RP_MCO - RP_CLIN
& iR

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Patient number

Figure 6. Differences in NTCPs between RP_CLIN and RP_MCO plans per patient.
The patients are sorted according to the sum of differences for the three NTCPs.
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4.4 Paper 1V

Substantial Sparing of Organs at Risk with Modern Proton Therapy in Lung
Cancer, but Altered Breathing Patterns Can Jeopardize Target Coverage

In this paper we performed a detailed comparison of SFUD, IMPT and 4D robust
IMPT (4DIMPT) proton plans and IMRT plans for 15 patients. Target coverage and
OAR doses were compared in the nominal plans, with respect to setup and range

uncertainties and breathing motion at planning, and in recalculations on w1 CTs.

OAR doses were lower for all proton techniques than for IMRT. Among the
proton techniques, significant differences were found between SFUD and IMPT in
Dmean for the lungs and esophagus and Vaocy for the lungs, all in favor of IMPT. The
mean rank was worst with IMRT and best with IMPT for all the evaluated OAR

parameters.

All proton techniques had satisfying target robustness at planning (setup and
range and interplay evaluations, recalculation on extreme 4DCT phases). In
recalculations on the w1 CT, 2 patients with SFUD and 4DIMPT and 3 patients with
IMPT had CTV Dogy, < 95%. These 3 patients had a change in breathing pattern

between the planning and w1 CTs causing a baseline shift for the tumor.

IMPT achieved lowest OAR doses of the investigated techniques and there
were only minor differences in robustness. We therefore concluded that robust
optimized IMPT was the best proton technique for these patients and could improve
treatment of LA-NSCLC, but strategies to recognize patients with altered breathing

motion between planning and treatment should be implemented.
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4.5 PapersIIl and V

Patient selection, inter-fraction plan robustness and reduction of toxicity risk
with deep inspiration breath hold in intensity-modulated radiotherapy of locally

advanced non-small cell lung cancer

Deep inspiration breath hold in intensity modulated proton therapy of locally

advanced lung cancer - a dose and robustness analysis

In these papers we compared FB and DIBH in IMRT (paper III) and IMPT (paper V)
of LA-NSCLC. 41 patients were included in Paper V and 38 of these were included
in paper III. All treatment plans were automatically generated with the iCE system

(IMRT) or the RayStation script (IMPT).

The average lung volume was 50% larger and PTV and heart volumes 6% and
7% smaller with DIBH than FB. In IMRT, all investigated dose parameters for the
lungs and heart were lower with DIBH than FB, with reductions in the median Dmean
for lungs from 15.2 Gy to 13.8 Gy (p <0.001) and heart from 9.3 Gy to 8.2 Gy (p =
0.002). This translated into reductions in median NTCP for RP from 20.3% to 18.3%,
and for 2-year mortality from 51.4% to 50.3%.

In IMPT, DIBH reduced the lung dose compared to FB while other OAR doses
were similar. Median lung Dmean Was reduced from 9.3 Gy to 8.0 Gy (p < 0.001) and
NTCP for RP from 10.9% to 9.4% (p < 0.001) with DIBH compared to FB.
Regardless of breathing technique, IMPT substantially reduced the dose to all OARs
compared to IMRT, and these differences were much larger than between FB and
DIBH within each modality (Figure 7, Figure 8). Also in terms of NTCPs, IMPT with
both FB and DIBH was better than IMRT for all investigated complications and for

almost all patients (Figure 9).
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Figure 7. Population average DVHs for organs at risk for the nominal planning
scenario in the FB and DIBH plans, both for IMPT and IMRT.

Robustness of the target coverage was similar for FB and DIBH, but different

for IMRT and IMPT. In the recalculated IMRT plans on the w1l and w3 CTs, CTV

V9sy, was below 98% in 5% of DIBH and 8% of FB plans. In 3% of the plans, CTV

Vosy, was below 95%, and in zero plans CTV Voso, was below 90%. In IMPT,
corresponding numbers were 21% (FB)-22% (DIBH) with CTV Vs, below 98%, 9-
10% below 95% and 3-4% below 90% (Figure 10).
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Isodose
levels (%)

IMRT

IMPT

Figure 8. Dose distributions superimposed on planning CT scans of patient 1,
showing enhanced sparing of OARs in DIBH (right) compared to FB (left) and in
IMPT (bottom) compared to IMRT (top). Contours are shown for the PTV (red),
lungs (yellow) and heart (magenta). Isodoses are shown in percentage of the
prescribed dose (60 Gy).

In paper 111 we also explored correlations between the benefit of DIBH and
patient and treatment characteristics. The NTCPs for RP and 2-year mortality was
reduced with DIBH compared to FB for 92% and 74% of patients. The risk of RP
was consistently reduced with DIBH regardless of tumor location, breathing motion
and lung expansion with DIBH, while the ability to reduce the risk of 2-year
mortality was evident among patients with upper and left lower lobe tumors but not

right lower lobe tumors (Figure 11).
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5. Discussion

This thesis has shown the potential of autoplanning, DIBH and proton therapy to
reduce radiotherapy side effects for LA-NSCLC patients. This is important in a
patient group with substantial risk of severe side effects that could reduce quality of
life in the short or long term and limit the potential for curative radiation doses or

immunotherapy.

5.1 Main issues and findings

5.1.1 Autoplanning

Autoplanning has been both a topic of investigation and an essential tool in this
thesis. While there are a number of studies on different autoplanning systems and
applications in photon therapy, a major limitation is the availability of the systems in
the clinic. Most clinics depend on solutions from their TPS vendor, and in-house
developed systems or systems from other vendors are often not possible to use for

patient treatment.

In paper I, we demonstrated that the developed iCE system for autoplanning
reduced heart and esophagus dose compared to manual planning. While iCE
generates deliverable Eclipse treatment plans, the system is suited in a research
setting rather than clinical routine because it requires transfer of patient images and
contours to EMC systems for the Erasmus-iCycle part and back to HUH for the
Eclipse part. This would be impractical in a clinical setting and would also require
approval of Erasmus-iCycle as a medical device at HUH. Instead, in paper 11, we
aimed to take advantage of this MCO-based system without routine access at our
hospital. For this, we used the autoplanning system we have available at HUH,

RapidPlan.

The main limitation of knowledge-based systems such as RapidPlan is the
dependency of the output on the input training data. Several studies have shown how
improving the RapidPlan library can improve the output plans [31,33-36]. In line
with this, we showed in paper II that a RapidPlan model trained with MCO iCE plans
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improved the output plans compared to a model trained with manual plans. While the
study did not show any major differences in dose distributions between RP_iCE and
manual plans, other advantages such as homogeneous plan quality between patients
and time saved in the planning process will follow the clinical implementation of the

RP_iCE model.

For proton therapy, autoplanning is less widespread, with few clinical systems
available and little data showing a benefit compared to manual planning. For paper V,
we needed more than 80 IMPT plans, and wanted to generate these automatically to
ensure efficiency, quality and reduction of bias. Some studies have reported
successful implementation of different autoplanning methods for specific diagnoses
and settings. Machine learning planning produced robustly optimized IMPT plans for
H&N cancer with comparable quality to clinical plans [46]. RapidPlanPT generated
plans comparable to manual plans for prostate, head and neck and gastroesophageal
cancer [42—45]. Both these methods require a set of training plans for configuration,

which we did not have available for LA-NSCLC.

With a lack of applicable commercial systems for high-quality, robust IMPT
planning, we decided to develop a script for automated, robust planning in
RayStation. Scripted autoplanning in RayStation has previously been described for
both photon [40] and proton [59] therapy, using different approaches to determine
patient-specific optimization objectives. For our script we chose an approach inspired
by the manual planning in paper IV where the target coverage was optimized first,
and appropriate OAR dose objectives were automatically selected for each patient
based on the results of the first optimization. A preliminary validation showed
improvement in dose distributions compared to manual plans and this was considered
sufficient for the purpose of paper V (comparing two techniques with plans created
by the same script). We plan to further develop and validate the system for potential

clinical use.

5.1.2 DIBH
DIBH is standard of care in radiotherapy of left-sided breast cancer as it reduces the

heart dose by increasing the separation between the breast and heart. It is also used to
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varying extents for other thoracic and abdominal tumors such as lymphoma and
pancreatic cancer and stereotactic radiotherapy of lung and liver lesions [47,60,61].
Use of DIBH for LA-NSCLC has so far been limited [47]. Possible reasons are
assumptions that these patients are too frail or lack lung capacity to perform DIBH,
and lack of concrete evidence of benefits. However, studies have shown that most
LA-NSCLC patients are able to perform DIBH throughout treatment. One study
reported that 10% of patients were considered not suited for treatment in DIBH
during a coaching session and 3% during the CT session, while 94% of the patients
who started treatment in DIBH were able to perform DIBH throughout treatment
[48].

A clinical study of various respiratory gating techniques in 3D-CRT for lung
cancer patients with different stages and prescriptions treated in 2004-2008 found less
pulmonary and esophageal toxicity with respiratory gating compared to FB [62].
Recent clinical data with modern radiotherapy techniques is lacking. One VMAT
treatment planning study of 17 LA-NSCLC patients found dose reductions for the
lungs, heart, esophagus, trachea and bronchi with DIBH compared to FB [50]. In
proton therapy, there is even less data on potential benefits of DIBH. One treatment
planning study with only 6 patients and no robustness measures suggested a potential

for heart and lung sparing with DIBH compared to FB [63].

At HUH, DIBH has been used sporadically for LA-NSCLC patients with
lower lobe tumors and large breathing motion based on experience from stereotactic
treatment of early-stage lung cancer. This practice was not well founded in evidence,

and the need for better data inspired this project.

The main difference we found between FB and DIBH for both IMRT and
IMPT was a consistent reduction in lung dose and RP with DIBH. In addition, the
heart dose was reduced for most patients for IMRT. The dose reductions were smaller
than in the previous VMAT study [50], possibly because of the small number of
patients with mostly upper lobe tumors in that study. Especially for the heart,
separation from the target volume with DIBH is more likely for upper than lower lobe

tumors. They also used manual planning which could have introduced planner bias.
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For IMPT, we found very low heart doses both for FB and DIBH (median Dmean 2-3

Gy), so there was not much dose to spare.

We did not see a correlation between tumor breathing motion and benefit of
DIBH, contradictory to the criteria for patient selection previously used in our clinic.
The only correlation we found was between the reduction in heart dose and tumor
position; for tumors in the right lower lobe, the heart could be pushed closer to the
treatment volume during DIBH, increasing the heart dose for some patients. Dividing
the patients in groups based on tumor position resulted in few patients in each group,
and these exploratory results should be verified in a separate and preferably larger
cohort. Persson et al. did not find a pattern in benefit regarding OAR doses between
FB and DIBH depending on tumor position; however, their study included only three

patients with lower lobe tumors, all in the left lung [50].

Based on the results in paper 111, the interdisciplinary lung cancer radiotherapy
group at HUH has decided that DIBH should be standard for LA-NSCLC patients,
except for patients with tumors in the right lower lobe where treatment plans for both

FB and DIBH will be created, and an individual choice will be made for each patient.

5.1.3 Proton therapy

While early clinical experience with proton therapy for LA-NSCLC was with PSPT,
more recent studies have showed promising results for PBS-PT [64—66]. Different
approaches for optimization of PBS-PT result in different compromises between
OAR dose and target coverage robustness. In theory, IMPT should produce the most
conformal treatment plans while SFUD and 4D robust optimization are expected to
increase robustness [13]. In paper IV we investigated differences between these
techniques in FB treatment and found only small differences in target coverage
robustness in evaluations both on the planning and w1 CTs. This indicates that the
setup and range robustness criteria applied in the optimization of all techniques in
most cases was sufficient to ensure robust target coverage. Change in breathing
motion pattern from planning to wl causing major baseline shifts were not handled

by any of the optimization techniques and would require treatment adaptation in any



39

case. As expected, IMPT achieved best OAR sparing and was therefore preferred and
used in paper V.

Our findings are in line with previous encouraging reports on robustness of 3D
robust optimized IMPT. Inoue et al. found limited impact of setup and range
uncertainties, breathing motion and interplay effects on 3D robust optimized IMPT
plans for LA-NSCLC evaluated at planning [67]. Ribeiro et al. performed a
comprehensive robustness analysis including weekly imaging during treatment, and
also concluded that 3D robust optimized IMPT provided sufficiently robust plans for
most patients and was preferred over 4D robust optimization. Their study included 10
LA-NSCLC patients with small to moderate tumor motion, and paper IV confirms

their findings in a population with larger motion variability.

In papers IV and V, we showed a clear advantage of robust optimized IMPT
over IMRT in terms of OAR sparing and risk of complications. On average, IMPT
reduced the volume of lungs, heart and esophagus receiving up to 40-50 Gy. The
spinal canal dose was also considerably reduced, which could give more room for
optimization of other OARs and make possible reirradiation safer and easier. A
randomized clinical trial comparing PSPT and IMRT for LA-NSCLC did not find any
difference in RP between the groups [68]. However, in that study, the patients
receiving proton therapy actually had more lung exposed to dose levels >20 Gy.
While RP grade >3 occurred in IMRT patients regardless of time of treatment, it only
occurred in the proton group for patients treated before the study midpoint. To
discover any differences in side effects between photon and proton therapy of LA-
NSCLC, future clinical trials should compare modern photon therapy to modern

proton therapy, after the learning phase of introducing new techniques.

Previous studies have found that more frequent treatment adaptations are
necessary in proton therapy than IMRT of LA-NSCLC. In a randomized clinical trial,
Yang et al. reported 12% replanning for IMRT and 29% for PSPT [69]. In a
simulation study by Hoffmann et al., 0% and 61% of the patients would require
adaptation with IMRT and IMPT, respectively, when a robustness criterion of CTV

Vose, > 95% was applied to recalculated plans at two time points during treatment
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[70]. However, robust proton planning was not used in any of these studies. Previous

data on the need for adaptations in robustly planned IMPT for LA-NSCLC is lacking.

In paper V, we showed that inter-fraction uncertainties such as tumor growth,
baseline shift and change in atelectasis deteriorated target coverage more in IMPT
than IMRT. In comparison to the study by Hoffmann et al. [70], 3% with IMRT and
13% (DIBH) — 18% (FB) with IMPT of the patients in our study would require
adaptation with IMPT given a criteria of CTV Vose, < 95% in at least one repeated
CT. This indicates that robust optimization greatly reduces the need for adaptations in
IMPT compared to PTV-based optimization. Furthermore, some of the errors could
be random and not require adaptation; 11/18 patients with CTV Vs, < 98% had an
issue only for one of the two evaluated repeat CTs and one of the breathing
techniques, and more data would be necessary to evaluate the actual need for adaptive

replanning.

5.2 Benefits of the investigated methods

The standard radiotherapy treatment for LA-NSCLC at HUH was until recently
manually planned IMRT delivered during FB. All three methods investigated in this

thesis spared OARs compared to standard treatment, to varying extents.

5.2.1 Autoplanning

While autoplanning on average could spare some OAR dose, it has other and perhaps
more important benefits. The occasional bad plans that typically occur with manual
planning are avoided, which can be a large benefit for individual patients. It
homogenizes plan quality between patients, so factors such as experience of the
treatment planner and time available for planning have less impact on the treatment.

It also spares a lot of resources for the clinic (section 5.2.1).

5.2.2 DIBH
During DIBH, the lung volume increases, moving lung tissue away from the target
volume, and tumor motion is restricted so the target volume can be reduced. The

clinical benefit remains unclear. The main lung sparing with DIBH, particularly in
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IMRT, is achieved at levels cranially and/or caudally to the target volume, and it is
not clear which parts of the lungs are most important for RP or other side effects.
Although it seems probable that a reduction in mean lung dose would give a similar
benefit whether it is achieved with DIBH or other means, this has not been proven. A
randomized clinical trial would give the best answer but also require a lot of

resources, and the appropriateness in this setting could be questioned (section 5.5).

5.2.3 Proton therapy

Proton therapy, and IMRT in particular, was by far the method with most potential to
limit OAR doses. This is not surprising as it is not only a technical detail but a
different modality of radiation that interacts differently with tissue in the body. In
paper V we demonstrated very low OAR doses in robustly optimized IMPT plans
compared to previously published data on proton therapy [64,65,68,71]. This could
mean that the potential of proton therapy to improve clinical outcomes is larger than
what has been shown so far and underlines the need for more research on IMPT for

LA-NSCLC.

An additional advantage of the investigated methods is that they can all be
combined. The combination of autoplanning, DIBH and IMPT implemented in paper
V achieved very low OAR doses compared to the alternative techniques and previous
reports and would be the preferred choice to limit normal tissue complications in

radiotherapy of LA-NSCLC.

5.3 Resource requirements of the investigated methods

In medical treatment there is always a balance between cost and benefit. In a public
health care system such as the Norwegian, there are limited resources that must be
distributed, and priorities must be made. While this thesis showed a benefit for all the
investigated methods compared to standard treatment, the magnitude varied, as does

the cost of implementation.
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5.3.1 Autoplanning

Regardless of autoplanning system, tuning and validation for the desired patient
group does require time and expertise, and updates could be required due to future
changes in delineation, fractionation or planning procedures. However, the system
can be used to generate plans for numerous future patients, and autoplanning should
therefore normally save more resources than it requires. For example, Della Gala et
al. reported a reduction in hands-on planning time of 3-4 hours per patient for VMAT
planning of LA-NSCLC with automated MCO compared to manual planning [72].
Visak et al. reported a reduction of around 90 minutes per patient in dedicated
planning time for stereotactic radiotherapy of LA-NSCLC with RapidPlan compared

to manual planning [28].

As highlighted in paper 11, it is important that efforts are made to configure the
system in the best way. Its quality will impact the treatment plan quality for many
future patients, and a well-functioning system that delivers good plans will save more
time and give confidence to the treatment planners as they will not need to make

frequent alterations to the autoplans.

5.3.2 DIBH

How easy it will be to implement DIBH in routine treatment of LA-NSCLC will
vary. Treatment in DIBH requires equipment to monitor the patients’ breathing level.
Because DIBH is standard in radiotherapy of left-sided breast cancer this equipment
is available in many clinics. The required time for the CT and treatment sessions is
usually slightly longer for DIBH treatment; this could especially be the case in clinics
with little experience with DIBH for LA-NSCLC. In contrast, the oncologists
performing target volume delineation for our study noted that delineation on DIBH
CTs was faster and easier than on 4DCTs; they felt more confident when the images
were less blurred, and they only needed to evaluate 3 DIBH scans instead of 10
4DCT phases. In our clinic, where equipment is present, the staff are experienced
with DIBH for LA-NSCLC and we have relatively few patients with this diagnosis,
the extra resources required in terms of a slightly longer treatment time should hardly

be noticeable.
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Paper Il showed that except for patients with tumors in the right lower lobe,
DIBH is consistently a better choice than FB. This knowledge helps us spare
resources because there is no need to acquire both 4DCTs and DIBH CTs and
perform comparative treatment planning for most patients. Training patients in DIBH
technique in a separate session prior to the planning CT session would require extra
resources in terms of space and personnel but could identify patients who are not able
to perform DIBH satisfactorily early on, and thereby reduce time on CT and the need

to change from DIBH to FB during the treatment course.

5.3.3 Proton therapy

Proton therapy is in its own league both in terms of potential benefit and cost. In the
Netherlands, the estimated cost per radiotherapy fraction (including building,
equipment and personnel) for proton therapy is around 4 times higher than for photon
therapy (€1062 vs. €256) [73]. In that study, proton therapy was not found to be cost-
effective neither for all NSCLC patients nor for selected patients based on ANTCP
thresholds. However, the authors noted that this could change with improved clinical
experience. The treatment time per fraction in this analysis was set to 35 minutes for
proton therapy and 15 minutes for photon therapy; however, if the same time per

fraction was assumed, proton therapy for selected patients would be cost-effective.

5.4 Patient safety in implementation of new methods

5.4.1 Autoplanning

Good autoplanning tools can increase patient safety because they ensure high and
homogeneous treatment plan quality for all patients. In manual planning, the plan
quality can be affected by factors such as time pressure and planner experience. It is
however important that the autoplanning system is thoroughly validated and that
careful controls of treatment plans by the planners, oncologists and physicists are
retained. Treatment planners should still be trained in manual treatment planning; this

will also make them better equipped to evaluate the autoplans.
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5.4.2 DIBH

For clinical implementation of DIBH, the anatomical situation in each breath hold
should closely match the situation in the CT used for treatment planning. Prior to
delivery of each fraction of radiation, the RTTs acquire and evaluate a pre-treatment
CBCT where positioning errors or major anatomical changes can be discovered.
During the treatment, the position of the external marker placed on the patient’s chest
(or position of the patient surface if surface-guided systems are used) is used as
surrogate for the tumor position — if the external marker is in the right position, it is
assumed that the tumor is in the right position and radiation can be delivered. It is
therefore important to know how well the position of external marker or signal

correlates with the position of the internal target volume [61].

Scherman Rydhdog et al. used fluoroscopic movies of liquid markers to
evaluate intra- and inter-breath-hold tumor position uncertainty during the treatment
course for 9 LA-NSCLC patients. They reported small uncertainties with average
intra-breath-hold marker excursion <2.1 mm and mean inter-breath-hold shifts <0.3
mm in all directions [49]. In the INHALE trial, tumor positions on three consecutive
DIBH CTs at planning were compared, and good inter-breath-hold reproducibility
was reported with median position differences of <1.3 mm in all directions for both

primary tumor and lymph nodes [48].

We also acquired three DIBH CTs during consecutive breath holds for
treatment planning and used them to determine patient-specific margins to account
for inter-breath-hold (intra-fraction) tumor position variation, i.e., how much the
tumor position varied when the external marker was in the right position. However,
more breath holds are needed to deliver each treatment fraction (usually 6-12 for our
IMRT plans). A recent study found that the primary tumor position varied more
between DIBHs in CBCTs pre and post treatment fractions than between four DIBH
scans at the planning CT session, and that a few patients had large deviations and
should be replanned or treated in FB [74]. Post-CBCT should be considered to
identify these patients [61,74]. It is important to keep in mind that intra-fraction

position uncertainty also affects treatment in FB. Changes in breathing pattern
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(deeper or shallower breathing) can cause a baseline shift of the tumor, and
particularly for lymph nodes which are difficult to see on CBCT, there is a risk of
missing parts of the target volume also in FB [49,75]. Interplay between the motion
of the radiation beam and breathing motion is also an issue in FB. However, although
more of a concern in IMPT than IMRT, interplay is not expected to be an issue in
normofractionated treatment regimens [76], confirmed in paper [V where a fraction

dose of more than 90% was maintained in all interplay simulations.

5.4.3 Proton therapy

Proton therapy, including IMPT, for LA-NSCLC has been investigated in some
clinical studies without evidence of worse local tumor control than in photon therapy.
In a randomized clinical trial comparing PSPT with IMRT, rates of local failure
(including marginal failure) and overall survival did not differ [68,69]. In a clinical
study comparing IMPT with IMRT, rates of locoregional recurrence and overall
survival were similar despite the IMPT population being more frail [66]. Another
clinical study found similar locoregional control and overall survival for scanning
beam proton therapy (mostly PBS-PT) and IMRT [65]. This indicates that proton
therapy can be safely delivered.

However, as mentioned earlier, anatomical changes are expected to impact
proton dose distributions more and adaptations will likely be more frequent with
protons than photons. To improve robustness in IMPT, stricter robustness criteria
could be applied in the treatment planning. However, altering the robustness settings
for all patients would mean a general increase in OAR doses, and changes such as
major tumor growth or shrinkage or change in atelectasis would require replanning
anyway. The same is the case for SFUD and 4D robust optimization, which as shown
in paper IV gave minor gains in robustness at the cost of increased OAR doses.
Instead, a good adaptive protocol with methods to discover patients in need of
adaptation is required. An appropriate strategy could be frequent routine control CTs
during treatment and adaptation of treatment plans when needed. For proton therapy
in DIBH, some machines have limitations on CBCT acquisition. In such cases, other

alternatives for daily monitoring must be considered.



46

5.5 Methodological considerations

The investigations in this thesis are based on computer simulations — so-called
treatment planning studies. The simulations show expected differences in radiation
dose which in turn can be used in calculations of NTCP, but they do not reveal
differences in actual clinical outcome. The gold standard for comparing treatments in
evidence-based medicine is randomized clinical trials. They require far more
resources than simulation studies as follow-up data must be collected, often over
several years, and more patients must be included; in simulation studies, pairwise
comparison where the patient is its own control reduces the number of patients
needed. It has also been questioned whether randomizing patients is ethical when
researchers know, or strongly suspect, that one group will be randomized to an
inferior treatment that could cause unnecessary harm to the participants. As argued by
Smith and Pell, validation in a randomized trial is not necessary or appropriate for all

types of interventions [77].

The relationship between reduced radiation dose and reduced risk of common
side effects is well established. For organs such as the lungs, heart and esophagus,
there is no “safe” threshold dose, but it is clear that the risk increases with dose. For
purely technical developments such as automated treatment planning, treatment
planning studies to evaluate differences in dose distributions are the obvious choice.
As mentioned in section 5.2.2, comparing DIBH and FB in IMRT and IMPT is
somewhat more complex. Treatment planning studies are an appropriate tool to
evaluate dose differences and NTCP models can indicate clinical differences, but
NTCP models developed in the specific scenario would increase confidence in the
results (section 5.6.1). Bearing in mind potential differences in robustness between
techniques, treatment planning studies should preferably evaluate the delivered dose

in addition to the planned dose.

Hansen et al. pointed out the important role of radiotherapy treatment planning
studies both to facilitate the introduction of new techniques into clinical practice, and
as a preparation for clinical studies. We have applied their “RATING” guidelines to

ensure high quality in the design, execution and reporting of our studies [78].
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5.6 Limitations

5.6.1 NTCP models

In this thesis, NTCP models have been used for scenarios and a patient population
they are not validated for (IMPT or DIBH). The RP model is based on 3D-CRT data,
but has been validated for proton therapy [79]. The AET model is based on
IMRT/VMAT data, and the mortality model is based on data from 3D-CRT, VMAT
and hybrid VMAT treatments, without validation for proton therapy. The applied

models are currently used for patient selection for proton therapy in the Netherlands.

It is not optimal to use NTCP models for scenarios outside their scope,
especially when there is a large difference in the dose distributions such as the case is
for IMPT vs. photons. This was confirmed by our experience with the
Mortality EDIC model investigated in study III. This model was based on one patient
cohort with different dose characteristics than ours; especially the heart dose was
clearly higher. The NTCP for 2-year mortality based on EDIC seemed to be driven
mainly by the mean lung dose in our cohort, and compared to the Mortality Heart
model (which has been externally validated), the estimated median 2-year mortality
was 10-13 percentage points lower. Despite the uncertainties, NTCP values can give
an impression of the magnitude of the clinical relevance of differences in dose

distributions, and we have used them as a complement to dose-volume parameters.

5.6.2 Autoplanning

The script for automated IMPT planning developed for paper V is a rather simple
approach to autoplanning. More iterations could give a result closer to a Pareto-
optimal plan for each patient. In the current implementation, there is one round of
lowering OAR objectives that were achieved in the previous round of optimization,
because this indicates further room for improvement without compromising other
objectives. This could instead have been a loop where the objectives were lowered in
consecutive rounds until the achieved dose was higher than, or within a pre-defined
threshold from, the objective. A more sophisticated but also much more complicated
approach would be to push OAR doses as low as possible without losing target

coverage or robustness.
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The strength of the applied method is simplicity and speed. Because only 2-3
rounds of optimization were performed per plan, a Monte Carlo dose calculation
algorithm could be used for the whole process, giving better initial indications of
possible doses than preliminary, fast pencil beam calculations. Importantly, the
method was feasible to implement in the limited time available for the last study of
the thesis and gave robust plans with favorable dose distributions compared to

previous publications.

5.6.3 Proton therapy optimization

Different settings and machine parameters can have a large impact on the proton
therapy treatment plans. The manually created plans in paper IV and the
automatically generated plans in paper V cannot be directly compared. In paper IV, a
generic IBA beam model provided in RayStation v. 8B was used, with energy range
100-226 MeV/A and sigma of spot sizes in air at isocenter 3.7-7.2 mm. Range
shifters of 4 or 7.5 cm were required for all patients. In paper V, a beam model with
energy range 70-227 MeV/A (closer to the Varian ProBeam 360 system that will be
installed at HUH) was used. Because of the lower energies available, a 4 cm range
shifter was needed for around half the patients only, allowing more conformal dose
distributions. This is an example of differences that makes comparing and evaluating

different proton therapy studies, also clinical studies, challenging.

5.6.4 Planner bias

Planner bias refers to prejudice (conscious or unconscious) of the treatment planner in
favor of one of the investigated techniques. Automated planning is a powerful tool to
reduce bias, which was a main motivation for its use in papers IIl and V. To achieve
the best results the autoplanning system should be configured or trained using
representative cases and planned according to procedure. E.g., training a RapidPlan
model with only FB plans and using it for both FB and DIBH could lead to
systematically higher doses than achievable in the DIBH plans. In the RapidPlan
models created in paper II, there were both FB and DIBH plans in the library (the

same technique as for clinical treatment was used). When the clinical routine changes
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and more patients are treated with DIBH, updating the model to reflect the new

routine should be considered.

In paper IV where the plans were manually created, the three different plans
were created in the same order for all patients. This introduces a high risk of planner
bias because the objectives used and dose values obtained in the SFUD plan were
always known when creating the other plans. For example, if the planner found that
OAR doses could be pushed lower in the IMPT plan than the SFUD plan for the first
patients, they could unconsciously try harder to lower doses in the IMPT plans for
later patients as well. Without autoplanning available, planner bias could have been

reduced by varying which technique was planned first for each patient.

5.7 Strengths

The prospective data collection for this thesis has several benefits. A representative
patient population can be expected when all LA-NSCLC patients receiving
radiotherapy during three years were invited to participate. All data including
repeated delineations by the treatment planners and oncologist were collected within
the same time period, avoiding uncertainty that could be introduced if this was done
retrospectively when practice or guidelines could have changed. The repeat CTs
taken during treatment were important as they allowed evaluation of the validity of
the result during treatment and to get an impression of the inter-fraction robustness of

the investigated techniques.

5.7.1 Number of patients

The number of patients in each paper varied because patients were included during
the PhD period. More patients were therefore available for the studies performed last
(papers II and V). Each study had enough patients to answer the research questions.
Study II required most patients because both a library of training plans for
knowledge-based model creation and an independent validation group were needed.
Compared to other treatment planning studies, the number of included patients
particularly in study III and V was fairly high. This was made possible by

autoplanning; creating 82 IMPT plans for study V would for example not have been
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feasible with manual treatment planning. The proton plans used in study IV were
manually created as part of a master thesis before we had autoplanning available, and

15 patients with 3 plans each required substantial planning time.
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6. Conclusions

This thesis has shown a potential to improve current standard radiotherapy of LA-

NSCLC by reducing OAR doses and the risk of complications.

The developed iCE system for automated treatment planning enabled
generation of deliverable MCO-based plans that reduced heart and esophagus doses
compared to manual planning. Using iCE plans for RapidPlan training, automatic
MCO could be exploited in a clinic without routine access to this system. Reduction
of heart and esophagus doses in the output plans from RapidPlan trained with iCE
plans compared to with manual plans highlights the importance of high-quality
training data in machine learning based treatment planning. Implementation of
autoplanning for both IMRT and IMPT was essential to ensure efficient, bias-free

treatment planning for comparisons of DIBH and FB.

DIBH consistently reduced lung doses and risk of RP compared to FB in both
IMRT and IMPT. In IMRT, the heart dose was also lower with DIBH for most
patients, except for patients with tumor in the right lower lung where DIBH could
push the heart closer to the target volume. Inter-fraction robustness was similar for
DIBH and FB plans despite smaller target volumes with DIBH.

Comparing different optimization techniques for PBS-PT, IMPT gave the best
compromise between target coverage robustness and OAR sparing and was preferred
over SFUD and 4D robust IMPT. Comparison of IMPT with IMRT showed far
lower OAR doses with IMPT, both for FB and DIBH. Dose differences between
IMPT and IMRT were much larger than differences between FB and DIBH.

Autoplanning and DIBH are fairly easy to implement and is or will soon be
routinely used in the clinic at HUH as a result of this work. Proton therapy is costly,
technically challenging (at least in a start-up phase) and less available but has the
potential to substantially reduce OAR doses compared to photon therapy. This

potential should first be explored in clinical studies.

In conclusion, this thesis has provided tools, knowledge and experience that

have improved clinical practice in radiotherapy of LA-NSCLC at HUH.
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7. Future perspectives

There are several opportunities for further improvement in treatment of LA-NSCLC.
In combination with other treatment advances, the techniques investigated in this

thesis might have more potential than shown so far.

One particularly interesting area to investigate is the combination of proton
therapy with immunotherapy. The PACIFIC trial on Durvalumab after chemotherapy
and photon radiotherapy of LA-NSCLC reported unprecedented levels of survival
and has changed standard of care [9]. Still, a 5-year overall survival of only 42.9%
shows room for further improvement. Preliminary evidence suggests that the
radiotherapy dose distribution is linked to lymphopenia, which could be a predictor
for poorer progression free survival after chemoradiotherapy combined with
immunotherapy in LA-NSCLC [80-82]. IMPT can spare immune cells by irradiating
less circulating blood, in particular due to the drastic reduction of lung and heart
volume receiving low radiation doses, and this could increase the effect of
immunotherapy. DIBH also reduces the estimated dose to immune cells compared to
FB and could therefore improve the effect of immunotherapy in combination with

both IMRT and IMPT.

While immunotherapy has improved systemic control in LA-NSCLC, frequent
intrathoracic progression is a concern that calls for improvement of the localized
radiotherapy treatment [83]. The possibility of radiation dose escalation was
investigated in the RTOG 0617 trial, which reported worse overall survival in the
high dose arm (74 Gy) than the low dose arm (60 Gy) [10]. This has in part been
explained by an increase in heart dose; heart Vsgy and Viogy were both important
predictors of patient survival. IMPT in particular, but also DIBH in IMRT, can reduce
dose to heart and other OARs compared to standard FB IMRT and might enable safe
dose escalation. However, high doses in small volumes of normal tissue inside or
close to the target volume would still be a concern. Novel techniques such as linear
energy transfer optimization of proton therapy could be explored to limit such

adverse effects [84].
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Both for lung cancer and many other diagnoses, the use of autoplanning has
increased rapidly in the last years. Still, allocating the resources necessary for setting
up and implementing autoplanning is a major barrier. Most centers depend on
solutions from their commercial TPS provider, and these vary both in terms of
resource requirements and quality of the resulting plans. There is a large potential for
more sharing of models, scripts etc., preferably accompanied by further
standardization of imaging, delineation and treatment planning protocols. For
example, future clinical study protocols could include an autoplanning model that
would ensure homogeneous plan quality and prioritizations across participating
centers. Autoplanning is also a great tool to standardize and streamline both manual
objective selection and model based selection of patients for photon vs. proton

therapy.

On a local scale, a proton therapy center is opening in Bergen in 2025, with
one clinical gantry and one reserved for research. The goal of the health authorities is
for 80% of the patients to be included in clinical trials [85], and good capacity is
expected in the first years. This will hopefully open opportunities for Norwegian LA-
NSCLC patients to participate in clinical trials on proton therapy. These are sorely

needed, as there is currently little data on outcomes especially after IMPT.
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