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ABSTRACT

About one in three individuals will develop cancer during their lives which makes
cancer a leading cause of death. Fortunately, advances in diagnosing and treat-
ing cancer in the last century have improved patient survival and treatment out-
come. Modern cancer treatment is based on three pillars. Radiotherapy, alongside
surgery and chemotherapy, is prescribed to almost every second cancer patient
as a single or combined treatment modality. As a local treatment technique,
radiotherapy uses ionizing radiation to treat the tumor. In this context, the term
dose is used as a surrogate for the tumor and healthy tissue cell damage induced
by the radiation. Although there are other types of ionizing radiation, such as
electron-, proton- and heavy ion-based ionizing radiation, photon-based external
radiotherapy is the main treatment modality with about 15’000 photon treatment
machines worldwide. The external application of photon-based radiotherapy pro-
vides cancer patients with a localized, non-invasive treatment method. However
during tumour irradiation, healthy tissue will also receive some dose, especially in
cases involving deep seated tumours. The resulting radiation induced toxicities
can greatly affect a patient’s prognosis and quality of life. As a combined result
of the advances in imaging, computation and the introduction of new machine
equipment in the last decades, treatment outcomes of external radiotherapy could
be improved and side effects reduced. Since the early 2000s, the C-arm clinical
linear accelerator (linac) has been the workhorse of photon-based radiotherapy.
With its multi-leaf collimator (MLC) it enables to efficiently shape the radiation
beam and to modulate its intensity, leading to improved healthy tissue spar-
ing. Today’s main treatment techniques for external, photon-based radiotherapy
treatments are three dimensional conformal radiotherapy, intensity modulated
radiotherapy (IMRT) and volumetric modulated arc therapy (VMAT). The in-
troduction of these techniques refined the quality of photon-based radiotherapy
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treatment plans by improving target coverage and dose conformity to the tumor
as well as reducing dose to healthy tissue and reducing delivery time. Building
on these advancements, the pre-clinical research technique dynamic trajectory
radiotherapy (DTRT) has been recently developed. DTRT extends VMAT by
dynamic table and dynamic collimator rotation during beam-on. DTRT indicates
a potential to improve the dosimetric plan quality. Healthy tissue can be spared
by avoiding critical organs in the beam path, while maintaining similar tumor
coverage and similar delivery times as VMAT. However, the term plan quality
is not limited to dosimetric plan quality. It is rather an overriding concept and
further includes robustness (to uncertainties on the planning, delivery and patient
side), plan complexity, deliverability of and planning protocols for the treatment
technique. With the aim to advance DTRT plan quality, each of these aspects
must be investigated.

The first study presented in this work, describes the development of a flexible
Monte Carlo based robustness tool, to calculate and evaluate the robustness of
treatment plans of different treatment techniques. With the intention to char-
acterize robustness of DTRT plans, this tool also enables the plan robustness
comparison with other treatment techniques.

The dynamic table rotation during delivery, specifically the gradient in gantry-
table rotation, is a main characteristic of DTRT. The second study investigates
DTRT plan quality, in terms of dosimetric plan quality, complexity, robustness,
deliverability and delivery time as a function of the freedom in the gantry-table
rotation gradient for three example cases in the brain and head and neck region.
Furthermore, it provides a path finding algorithm for the gantry-table paths of the
DTRT plans that includes a maximal user-specified freedom in the gantry-table
rotation gradient. The findings of this study are employed in the following studies
to generate DTRT plans with appropriate restrictions in the gantry-table rotation
gradient.

Head and neck cancer is one of the most complex treatment sites due to the

several organs at risk in close proximity to the tumor. The third study facilitates
DTRT treatment planning for this cancer entity. It provides and investigates a
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standardized but patient-specific DTRT treatment planning protocol, which is
used in the fourth study to generate the DTRT treatment plans.

The fourth study is a retrospective comparative study of 46 head and neck cases
to assess the dosimetric robustness of DTRT and VMAT plans. The impact of
different patient-setup and machine position related uncertainties are investigated.

Intra-fraction patient motion can influence the dosimetric plan quality and lead to
a difference between the planned and delivered dose. In the fifth and last study,
the technical feasibility and dosimetric performance of free-breathing gating as an
active motion mitigation strategy for DTRT is explored.

In conclusion, a tool to assess robustness was successfully developed and employed
to compare the robustness of different treatment techniques. DTRT plan quality
as a function of the freedom in the gantry-table rotation gradient was investigated,
first protocols to generate DTRT plans for head and neck cancer patients were
established and free-breathing gating for DTRT was successfully performed for
the first time. Together, these findings advance DTRT on the different fronts of
treatment plan quality and pave the way for a clinical implementation of DTRT
with the long-term goal of improving cancer care and treatment outcome for the
patients.
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ZUSAMMENFASSUNG

In den letzten Jahren haben sich Krebserkrankungen zu einer der haufigsten
Todesursachen entwickelt. Statistiken zeigen, dass etwa ein Drittel der Bevdlke-
rung im Laufe ihres Lebens an Krebs erkrankt. Moderne Therapieansitze gegen
Krebs stiitzen sich dabei auf drei Sdulen. Nebst der chirurgischen Intervention und
der Chemotherapie wird fast jedem zweiten Krebspatienten eine Strahlentherapie
als alleinige oder kombinierte Behandlungsmethode verschrieben. Als lokales The-
rapieverfahren nutzt die Strahlentherapie ionisierende Strahlung, um den Tumor
mit einer bestimmten Dosis zu bestrahlen und die Tumorzellen zu sterilisieren.
In diesem Zusammenhang wird der Begriff Dosis als Surrogat fiir die durch die
Strahlung verursachte Schadigung von Tumor- und gesunden Gewebezellen ver-
wendet. Unter den verschiedenen Strahlentherapieoptionen, einschliesslich Elek-
tronen, Protonen und schwere lonen, ist die externe Photonen-Strahlentherapie
die haufigste Behandlungsmethode mit weltweit etwa 15’000 Photonen-Strahlen-
therapie-Behandlungsgeraten. Sie wird extern angewendet und bietet eine nicht-
invasive, lokalisierte Behandlungsmethode fiir Krebspatienten. Bei der Bestrah-
lung des Tumors wird jedoch stets auch gesundes Gewebe mitbestrahlt, insbeson-
dere bei tiefsitzenden Tumoren. Dies fiihrt unweigerlich zu Nebenwirkungen, so-
genannten strahleninduzierten Toxizitdten, die die Lebensqualitdt der Patienten
erheblich beeintrachtigen kénnen. In den letzten Jahrzehnten konnten in Kom-
bination mit den Entwicklungen in der Bildgebung, der Computertechnik und
der Einfiihrung neuer Bestrahlungsgerite grosse Fortschritte bei den Behand-
lungsergebnissen und eine Reduzierung der Nebenwirkungen der Strahlenthera-
pie erzielt werden. Seit Anfang der 2000er Jahre hat sich der klinische C-arm
Linearbeschleuniger (Linac) als Hauptapplikationsgerét fiir die externe Photonen-
basierte Strahlentherapie etabliert. Mit Hilfe des Multilamellen-Kollimators (MLC)

ist er in der Lage, den Photonenstrahl effizient und prazise auf den Tumor zu
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formen und die Intensitdt der Strahlung zu modulieren. Die wichtigsten ex-
ternen, Photonen-basierten Behandlungstechniken sind heute die konforme 3D-
Strahlentherapie, die intensitdtsmodulierte Strahlentherapie (IMRT) und die vo-
lumetrisch modulierte Bogen-Therapie (VMAT). Mit Einfiihrung dieser Tech-
niken hat sich die Qualitdt der Photonenbestrahlung und damit die Planqualitat
verbessert. Neben Verbesserungen im Bereich der Tumor Dosis und ihrer Konfor-
mitdt ermdglichen diese Techniken die Dosis fiir gesundes Gewebe zu reduzieren
und zusitzlich die Behandlungsgenauigkeit und -dauer zu verbessern. Darauf
aufbauend, wurde in den letzten Jahren die pri-klinische Forschungstechnik Dy-
namic Trajectory Radiotherapy (DTRT) entwickelt. DTRT erweitert VMAT durch
die Einflihrung dynamischer Tisch und Kollimator Rotationen wahrend der Be-
strahlung. Dies bietet ein Verbesserungspotenzial im Bereich der dosimetrischen
Planqualitdt, d.h. eine bessere Schonung des gesunden Gewebes durch Vermei-
dung kritischer Organe im Strahlengang, bei gleichzeitiger Beibehaltung der Tu-
morabdeckung und 3hnlicher Bestrahlungszeiten wie VMAT. Der Begriff Plan-
qualitat ist jedoch nicht nur auf die dosimetrischen Aspekte beschriankt. Es han-
delt sich vielmehr um ein libergeordnetes Konzept, das zusitzlich Robustheit (in
Bezug auf Planungsunsicherheiten, Abstrahlungsunsicherheiten und patientenbe-
zogene Unsicherheiten), Plan-Komplexitit, Applizierbarkeit und standardisierte
Planungsprotokolle fiir die Behandlungstechnik umfasst. Zusammenfassend, um
die gesamte Planqualitdt von DTRT Plénen zu verbessern, bedarf es einer aus-
fihrlichen Untersuchung all dieser Aspekte.

Die erste Studie, die in dieser Arbeit vorgestellt wird, beschreibt die Entwick-
lung eines flexiblen Monte-Carlo basierten Tools zur Berechnung und Bewertung
der Robustheit von Behandlungsplanen verschiedener Bestrahlungstechniken. In
Bezug auf DTRT soll dieses Tool die Robustheit von DTRT-Plinen charak-
terisieren und den Vergleich mit anderen Behandlungstechniken ermdglichen.

Die dynamische Tischrotation wahrend der Bestrahlung ist eines der Haupt-
merkmale von DTRT. Die zweite Studie untersucht daher die Planqualitidt der
DTRT-Plane in Bezug auf die dosimetrische Planqualitat, die Komplexitat, die
Robustheit, die Applizierbarkeit und die Bestrahlungszeit als Funktion der Frei-
heit in dem Gradienten zwischen Gantry- und Tischrotation. Zusatzlich wird ein
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Pfadfindungsalgorithmus fiir die Gantry-Tisch Pfade der DTRT Plane vorgestellt,
der eine benutzerdefinierter Freiheit in dem Gantry-Tischrotationsgradienten re-
spektiert. Die Ergebnisse dieser Studie werden in den folgenden Studien ver-
wendet, um DTRT Behandlungspldne mit angemessenen Restriktionen beziiglich

Gantry-Tischrotationsgradienten zu generieren.

Kopf- und Hals-Tumore sind eine der komplexesten Behandlungsstellen aufgrund
der verschiedenen gesunden Organen in der N3he dieser Tumore. Die dritte Studie
erleichtert die DTRT-Behandlungsplanung fiir diese Krebsart, indem sie ein stan-
dardisiertes, aber patientenspezifisches DTRT Planungsprotokoll fiir Kopf und
Hals Krebspatienten bereitstellt und untersucht. Dieses Protokoll wird in der fol-
genden Studie angewandt, um die DTRT Behandlungsplane zu generieren.

Die vierte Studie prasentiert eine retrospektive Studie fiir 46 Kopf- und Hals-
Krebspatienten, um die dosimetrische Robustheit von DTRT und VMAT Be-
handlungsplane zu bewerten. Die Studie konzentriert sich auf die Untersuchung
und den Vergleich der Auswirkungen verschiedener Unsicherheiten beim Patien-
tensetup und der Genauigkeit von verschiedenen Maschinenkomponenten auf
DTRT und VMAT Behandlungsplane.

Intra-fraktionelle Patientenbewegungen beeinflussen die dosimetrische Planqua-
litdt und kdnnen zu Unterschieden zwischen der geplanten und der applizierten
Dosis fithren. In der fiinften und letzten Studie wird die technische Durch-
fiihrbarkeit und die dosimetrische Performance des Free-Breathing Gating als ak-
tive Strategie zur Minderung negativer Effekte der Patientenbewegung auf die
dosimetrische Planqualitat fiir DTRT untersucht.

Zusammenfassend wurde ein Tool zur Bewertung der Robustheit erfolgreich ent-
wickelt und angewandt, um die Robustheit verschiedener Behandlungstechniken
zu vergleichen. Weiter wurde die Qualitdt von DTRT Behandlungspléne in Ab-
hdngigkeit von der Freiheit in dem Gantry-Tischrotationsgradienten untersucht.
Erste Protokolle zur Erstellung von DTRT Behandlungsplanen fiir Kopf- und Hals-
Tumore wurden entwickelt und die Durchfiihrung von Free-Breathing Gating fiir
DTRT wurde erstmals erfolgreich getestet. Diese Ergebnisse bringen DTRT an
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den verschiedenen Fronten der Planqualitdt voran und ebnen den Weg fiir die
klinische Umsetzung von DTRT mit dem langfristigen Ziel, die externe Photonen-

basierte Krebsbehandlung und das Behandlungsergebnis fiir die Patienten zu
verbessern.
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INTRODUCTION

1.1 Cancer today

The term cancer describes a group of diseases in which abnormal cells proliferate
uncontrollably [1] and invade adjacent body parts or other organs [2]. With a
total number of 19.2 million new cancer cases worldwide in the year 2020, and
a total of 9.9 million cancer deaths, cancer is today's second leading cause of
death [3]. The global incidence of cancer is predicted to increase by 47% to 28.4
million cases by 2024 |4]. In Western Europe, the cancer burden is substantially
larger as compared to the world average. In 2020, the age-standardized incidence
rate (ASIR) for all cancer types, excluding non-melanoma skin cancer, was 296.9
for Western Europe as compared to 190.0 for the world average per 100'000.
Likewise, in Switzerland the ASIR is 317.6 |3]. Before the age of 70 years, more
than one out of five people in Switzerland fall ill from cancer resulting in 46’409
new cases and 17'192 deaths in the year 2019 [5].

The increasing cancer case rate can be partly explained by the developments
in imaging and early detection [6]. For instance, the introduction of screening
mammography for breast cancer is associated with a doubling of the number of
early-stage breast cancer in the United States from 112 to 234 incidences per
100'000 [7} 8]. Similarly for prostate cancer, introducing regular testing for PSA
levels led to an increase in prostate cancer incidence [9, [10]. On the bright side,
it is most likely that this early detection and diagnosis also improved the cancer

survival rates [11H13]. Figureshows, that for all illustrated cancer types, age-
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standardized five-year overall survival increased between the periods 1997-2001
and 2012-2016 |14, sometimes by more than 10 percentage points. However,

there are still cancer types, such as pancreatic cancer, presenting a low overall

survival.
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Figure 1.1: Age-standardized observed five-year overall survival in Switzerland for
two time periods (1997-2001 and 2012-2016).

To improve the chance of recovery, cancer is often treated using a multi-
disciplinary approach consisting of surgery, chemotherapy and radiotherapy [15-
7]. Approximately every second patient will receive radiotherapy during cancer
treatment [18] and in the future, similar to the incidence rates, the number of
cancer patients requiring radiotherapy is expected to increase [19]. Radiotherapy
can be delivered using various techniques. A typical distinction is made between
internal and external radiotherapy [20]. Internal radiotherapy refers to delivering
the radiation from the inside of the body. This is achieved by using radioactive lig-
uid treatment (radioisotope or radionuclide therapy) or using brachytherapy [21].
In brachytherapy a sealed radioactive source is used to administer radiation at
a short distance [20]. In external radiotherapy the radiation is delivered from

the "outside" of the patient. Different types of highly energetic particles (pho-
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tons, electrons, protons, or heavy ions) are produced using various accelerators

to deliver the radiation in external radiotherapy [22].

1.2 The principles of radiotherapy

Radiotherapy uses ionizing radiation to sterilize cancer cells. It can be described as
"targeted DNA damage" [23]. The DNA damage is induced by direct or indirect
ionizing radiation. Photon-based radiotherapy uses indirect ionizing radiation to
produce free radicals which in turn can ultimately damage the DNA of the cell.
Charged particle radiation, such as electrons or protons, can directly ionize atoms.
If the DNA damage is not repaired through DNA damage recognition and repair
pathways, the cell will not proliferate and die.

A surrogate for the radiation induced damage is the dose. The physical dose
is given in units of Gray (Gy) with 1 Gy = 1 ];—Ig. It is defined as the differential
of the mean energy absorbed by a unit mass element of a material and can be
measured using ionization chambers. In radiotherapy, it is customary to report
the dose to water [24]. The goal of radiotherapy is to deliver a lethal dose to the
tumor using ionizing radiation. However, to deliver the dose to tumors within the
body, healthy tissue usually receives also some dose and DNA damage can occur,
potentially leading to radiation-induced toxicities and treatment complications.

The response of the tumor and healthy tissue to the dose in terms of cell
damage, has a sigmoidal shape (figure[1.2)). Fortunately, in most cases the curve
for the tumor tissue, the tumor control probability (TCP), is located left of the one
for healthy tissue, the normal tissue complication probability (NTCP). Between
the curves there is the so-called therapeutic window [25} 26]. The goal is to deliver
a dose to the tumor sufficient enough to achieve a high TCP, while limiting the
NTCP to an acceptable level. Attention has to be paid for these probability curves.
The curves usually represent an average over multiple cases of the same tumor or
healthy tissue type and contain uncertainties (e.g., due to tissue heterogeneity).

Furthermore, there are also uncertainties regarding the dose axis, the accuracy

3
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requirements for the delivery of the absorbed dose are only within +5% [27].
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Figure 1.2: Schematic representation of tumor control probability, normal tissue
complication probability and therapeutic window.

To widen the therapeutic window, the full treatment is usually not applied
within one session but distributed over several treatment sessions. This principle is
called fractionation |28} 29] and describes the delivery of multiple sub-lethal doses,
usually in the order of 2 Gy. Fractionation exploits the better repair mechanisms
of healthy tissue cells as compared to tumor cells. Together, the multiple sub-
lethal damages accumulate and lead to sterilization of the cell or cell death of the

tumor cells, while they can be repaired in the healthy tissue cells.
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1.3 A brief overview of the evolution of radio-

therapy

From past to present

The journey of radiotherapy as a pillar of modern cancer treatments began in
1895, with the accidental discovery of Wilhelm Rdntgens "new kind of rays".
Unsure about their nature, he proceeded to call them X-rays 30} 31], the name
they are called by to this day. Shortly after, Henry Becquerel conducted research
on fluorescing minerals, and discovered the phenomenon of natural radioactivi-
ty [32]. His studies were further advanced by Marie and Pierre Curie, studying
radioactive elements. Awarded with two Nobel Prizes [33] |34], their research led
to the discovery of polonium and radium in 1898 and laid the foundation of our
understanding of radioactivity.

These discoveries quickly found their way into medicine. Only one year after
the discovery of X-rays, physicians applied them first for imaging purposes, thus
using them for the first diagnostic application [35} 36]. The therapeutic applica-
tion of X-rays followed shortly after: In 1899 the first cancer patient, a woman
with breast cancer, was treated by the physicians Grubb and Ludlam using X-rays,
ringing in the era of external radiotherapy |37, [38|.

In the following decades, the therapeutic application of ionizing radiation saw
the development of several new treatment modalities. On one hand, there were
discoveries and developments in the field of internal (interstitial) radiotherapy;
in 1903 brachytherapy was first used by Margareth Cleaves to treat cervical can-
cer [39]. In brachytherapy, a radioactive source is placed directly or in the near
proximity of the tumor. On the other hand, in external radiotherapy, the devel-
opments of devices to generate of high-energy X-rays in the 1910s allowed the
treatment of deep seated tumors. However, due to the severe side effects of

ionizing radiation, its clinical application remained at a low level [40, 41].
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Next to photon-based treatments, electron therapy emerged in the 1950s [42],
and proton therapy labeled as a "precision therapy" [43] was first applied in
1954 to treat a breast cancer patient. While pion therapy was already discussed
in 1961 [44] and subsequently applied to several hundred patients at the Paul
Scherrer Institute (PSI) in Switzerland, it remained a very specialized therapy
modality and was not applied to a wider range of patients. By contrast, in
the 1950s, the development of cobalt-60 machines introduced radiotherapy to
a greater public. Based on the work of Harold Johns [45], cobalt-60 machines
allowed the delivery of higher doses with improved accuracy.

The invention of the clinical computed tomography (CT) scanner by Godfrey
Hounsfield in 1967 revolutionized radiotherapy planning [46]. As the cost of
computing technology decreased in the following years, CT was applied more in
the clinical setting. Due to this switching from two dimensional radiographs to
the CT, the tumor and healthy organs could be delineated in three dimensions
and thus better considered during treatment planning [47].

In 1956, the medical linear accelerator was finally introduced by Edward Ginz-
ton and Henry Kaplan [48]. Together with the multi-leaf collimator (MLC,
1965) [49, 50|, this revolutionary machine enables modulating and efficiently
shaping the radiotherapy beam to conform the dose to difficult tumor shapes.
This allowed to reduce the dose to the healthy tissue and thus to decrease the
occurrence of radiation-induced side effects. The MLC facilitated and improved
three-dimensional conformal radiotherapy (3D-CRT) [51]. Combining the MLC
with advances in computer science, particularly computational optimization algo-
rithms, intensity modulated radiotherapy (IMRT) [52] was introduced. In IMRT,
the intensities of multiple treatment fields are optimized together to enable steeper
dose gradients, more homogeneous dose distributions in the tumor region, and
improved healthy tissue sparing. However, the application of multiple treatment
fields including the different shapes of the intensity modulated fields, can be time
consuming. Therefore, volumetric modulated arc therapy (VMAT) was intro-

duced in 2008. In the original paper, VMAT was called "IMRT in a single gantry

6
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arc", thus improving delivery time as compared to multiple IMRT fields .
Today VMAT s the state-of-the-art treatment technique due to combining effi-
cient delivery and the dosimetric benefits of IMRT over 3D-CRT. Nonetheless,
several treatments are still performed with 3D-CRT and IMRT. In figure [I.3] this
evolution of external photon-based radiotherapy is visualized: starting from 2D
planning based on radiographs, to 3D-CRT on CT images and finally reaching
IMRT/VMAT. With a wood-carved figure it is illustrated how the dose can be
shaped more precisely to account for tumor details and spare healthy tissue, by
including three dimensional information about the patient and tumor geometry

and beam shaping/modulation by means of the MLC.

Evolution of Radiotherapy

2D Planning 3D-CR

A 4

Time

Figure 1.3: Schematic representation of the evolution of photon-based external
radiotherapy, adapted from Schreiner and Rock Mackie, 1C3D, 2010.

The present - the linear accelerator

Since the early 2000's the linear accelerator (linac) is considered the workhorse in

radiotherapy [55]. In Switzerland there are currently approximately 85 linacs for
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patient treatment (figure [L.4)).

Figure 1.4: Distribution of MV therapy (blue), brachytherapy (orange) and proton
therapy (red) centers across Switzerland, adapted from [56]. The size of the circle
schematically represents the number of devices in the different places. Linacs are
categorized into the MV therapy group due to the enery range of the applied
radiation.

Figure|L.5]is a picture of a linac available at Bern University Hospital, Inselspi-
tal. From an electron gun mounted in the gantry (figure 1), the electrons are
accelerated using a wave guide to roughly mono-energetic electron beams with
mega-voltage (MV) energy. Using magnets, they are bent (commonly 270°) and
focused in the direction of the patient. The linac can be used in photon or electron
mode. For the photon mode, a target is placed in the beam path. The focused
electrons hit the target and produce MV Bremsstrahlung with a broad spectrum.
For the electron mode, there is no target in the beam path. The first shaping of
the beam is achieved by a tungsten primary collimator. Next, a flattening filter is

introduced to counter the mainly forward peaked angular distribution of the beam
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to produce a homogeneous field intensity over commonly used field widths in ra-
diotherapy treatments. Following the flattening filter, a dual ion chamber, called
monitor chamber, is mounted to control the to-be-delivered dose. The monitor
chamber measures the dose in so-called monitor units (MU) and thus enables
beam control. The monitor chamber is calibrated so that 1 MU corresponds to
1 cGy in a phantom under reference conditions [29]. Within the collimator (fig-
ure[L.5] 3), the second shaping of the beam is done by the secondary collimators,
two sets of jaws, perpendicular to each other, shape the beam into a rectangular
field. To enable further beam shaping, a MLC consisting of multiple 0.25-1 cm
thick (depending on the MLC model) tungsten leaf pairs that can move indepen-
dently are introduced (figure 4). It enables more conformal radiotherapy but
also allows to modulate the intensity of the beam. The secondary collimator jaws
and the MLC can be rotated around the beam axis.

The accelerator including the beam-defining system is mounted on a gantry.
The patient lies on the treatment table (figure 2) and the gantry can be
rotated around the patient. In addition, the table can be rotated to enable

additional beam directions.
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Figure 1.5: Linac (TrueBeam®, Varian, a Siemens Healthineers Company, Er-
langen, Germany) available at Bern University Hospital, Inselspital. The main
machine components are indicated by numbers: 1) gantry, including electron
gun, waveguide, magnets and target, 2) table, 3) collimator and 4) MLC.

To the future

The state-of-the-art technique, VMAT, involves a dynamic gantry rotation around
the patient to deliver the radiotherapy. However, during VMAT the machine is
usually restricted to one or a few coplanar plane(s) defined by the beam directions.
Modern linacs, as seen in figure also enable table or collimator rotation. In
pre-clinical research, it was demonstrated that table and collimator could be even
rotated dynamically during delivery 58]. The inclusion of non-coplanar beam
directions increases the degrees of freedom in treatment planning and organs-

at-risk (OARs) in the beam path can be avoided. This has the potential to
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improve the sparing of healthy tissue and the dose conformality to the target, as
compared to coplanar techniques [59-64]. Particularly, in the brain and head and
neck region, non-coplanar radiotherapy has been investigated in the past, due to
the increased collision-free space (between gantry and patient, and gantry and
treatment table).

In the clinical setting, these promising results lead to the introduction of
HyperArc™(Varian, a Siemens Healthineers Company, Erlangen, Germany), where
multiple non-coplanar (and sometimes partial) arcs are used to deliver radiation
mostly to brain tumors |65]. However, HyperArc employs a set of fixed non-
coplanar partial arcs. The potential of adapting the table angle specifically to
the patient is not fully used. There exists also dedicated systems, such as the
CyberKnife (Accuray, Sunnyvale, CA, USA) or the discontinued VERO (Brainlab,
Munich, Germany and Mitsubishi Heavy Industries, Tokyo, Japan), which are
specifically designed to employ non-coplanar beam angles. However, they are not
as widely available as the commonly used C-arm linacs [66, 67].

On the research side, the dosimetric benefits of non-coplanar radiotherapy
encouraged investigations to include more dynamic machine axis on standard
C-arm linacs. With the aim of improving dosimetric plan quality and efficient
delivery, dynamic trajectory radiotherapy (DTRT) has been developed [57, [61].
DTRT extends VMAT by dynamic table and dynamic collimator rotation during
beam-on, to efficiently bring together the benefits of intensity modulation and
non-coplanarity in combination with similar delivery times as VMAT. Next to
DTRT, there exist several other non-coplanar treatment techniques, which include
(dynamic) table and/or collimator rotation. A common distinction is made based
on the inclusion of the table rotation [68|: static non-coplanar VMAT refers to
VMAT with non-zero static table angles |65} 69, [70], coronal VMAT describes
arcs with dynamic table rotation but fixed or limited gantry rotation [71, [72],
and trajectory VMAT s characterized as VMAT with dynamic table and gantry
rotation[60} 73]. HyperArc and DTRT can be assigned to the first and last

group, respectively. While some of these approaches use geometrical information
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to determine the non-coplanar beam paths, by projecting the patient geometry in
the beam's eye view plane [59), [74] or using raytracing [75, [76], other approaches
include fluence [60, [77H79] or dosimetric [80] information.

The DTRT plans in this work are based on the workflow proposed by Fix et
al. [57] (figure[1.6). In short: Upon the acquirement of the CT and the structure
delineation, the target-OAR overlap in beam’'s eye view for every gantry-table
(GT) combination is determined to generate a GT map. The GT-map penalizes
regions where there is a great overlap of target and OARs. Next, collision and
restriction zones are excluded in the GT-map. On the GT-map, an A* path find-
ing [81], to determine the GT-path with the lowest cost for a full gantry rotation.
This process can be repeated on different GT-maps focusing on sparing of dif-
ferent OARs to obtain multiple paths. Next, A* path finding is performed on a
gantry-collimator (GC) map, which can for instance quantify the field width in the
leaf travel direction of a target-conformal and jaw-defined field for each position
along the previously determined GT-paths for all possible collimator rotations.
Other possibilities include path finding on a map that quantifies the area instead
of the field width or the collimator could be aligned with a user-defined axis (e.g.,
superior-inferior axis). Finally, intensity modulation optimization along the ob-
tained gantry-table-collimator (GTC) paths is performed to obtain the dynamic
trajectories. The intensity modulation optimization is followed by the calculation
of the dose distribution. This workflow allows for manual planner input at several
stages. Particularly, in step 2 (figure the selection of OARs to consider to
generate the GT-maps substantially impacts the resulting trajectories. Up to now,
there is no protocol for this approach proposing a standardized selection of OARs
to consider in the GT maps, the number of GTC paths, or consensus on how to
determine the collimator rotation. Likewise, apart from general dose limits, there
is no protocol for the intensity modulation optimization. Additional structures
need to be delineated and optimization objectives need to be specified to ensure
sparing of OARs, which might receive more dose with DTRT as compared to

VMAT due to the non-coplanar beam directions.
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Workflow to generate DTRT treatment plans

1) CT and 2) Target-OAR 3) Collision 4) Path finding 5) Path finding
delineation of overlap and restriction on GT map for on GC map to
target and determination zone full gantry determine

6) Intensity
modulation
optimization

along GTC
path

OARs sl for every - determination ~ rotation to ol collimator
position in GT obtain GT- rotation
map path

Figure 1.6: DTRT treatment planning as proposed by Fix et al. [57].

In figure a VMAT arc setup, a HyperArc partial arc setup, and DTRT
dynamic trajectory setup for a nasopharynx carcinoma case are visualized in a re-
search version of the Eclipse (Varian, a Siemens Healthineers Company, Erlangen,
Germany) treatment planning system. The red bands around patient phantom
indicate the arc/dynamic trajectories. The dynamic trajectories of the DTRT

plan are generated according to the approach of Fix et al. [57].

HyperArc

Figure 1.7: VMAT, HyperArc, and DTRT arc/trajectory setup for a nasopharynx
carcinoma case. The red bands around the patient indicate the arcs/dynamic
trajectories, the target is shown in red, the organs at risk are shown in different
colors.

Despite the encouraging dosimetric results and the technical feasibility for
delivery, DTRT has not yet been introduced in clinics and is still a research

technique.

1.4 Plan quality in radiotherapy

What makes a good radiotherapy treatment plan? To enable the evaluation of

treatment plans, the term plan quality needs to be defined in the context of
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radiotherapy.

To evaluate plan quality, the focus is usually on the dosimetric properties of
the plan. The voxelized three-dimensional dose distribution within the patient
of the treatment plan is assessed using dose metrics such as dose volume his-
tograms. To this end the dose distribution needs to be calculated. Dose calcula-
tion algorithms can be generally divided into three categories with the trade-off of
complexity vs. accuracy: correction-based, model-based, and Monte Carlo (MC)
simulations [82]. Correction-based algorithms use dose measurements in water
and apply corrections for tissue heterogeneity and surface curvature. Greatest
differences to the actual delivered dose are observed at beam borders and in-
homogeneous tissues. Model-based approaches, like convolution-superposition,
rely on pre-calculated dose kernels to calculate the dose distributions stemming
from the interactions of primary radiation particles. The most accurate, however
most complex, are MC simulations, simulating and taking into account individual
particle transport, different cross-section interactions, backscattering, and elec-
tronic disequilibrium in tissue inhomogeneities and interfaces. In clinical practice,
algorithms of the the second category and simplified MC methods are common,
balancing accuracy and computational efficiency. In our research group the Swiss
Monte Carlo Plan (SMCP) has been developed [83] 84]. It interfaces a research
version of a standard clinical treatment planning system. It is a user-friendly
MC framework for dose distribution calculations for for state-of-the-art treatment
techniques, as well as ones under current research [57, |58} [85]. In the studies
presented in this work, SMCP is employed for MC dose calculation.

However, even when using MC methods, there can be a discrepancy between
the planned and the delivered dose due to various uncertainties. There can be un-
certainties in the dose calculation algorithm, delivery uncertainties on the machine
side due to the limited accuracy of the treatment machine, as well as uncertainties
on the patient side due to variations in the patient anatomy and patient-setup dur-
ing the course of the treatment. Moreover, there is a knowledge gap connecting

the planned dose to a personalized prediction of the clinical outcome.
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Due to this reason, Hernandez et al. [86] defined plan quality in their work "as
the clinical suitability of the delivered dose distribution that can be realistically
expected from a treatment plan". They argue, that plan quality is a multi-faceted

topic and the dimension of plan quality is at least threefold:

e Dosimetric plan quality, assessed by dose metrics such as dose volume his-

tograms.

e Robustness, to dose calculation algorithm-, delivery-, machine- and patient-

related uncertainties.

e Complexity, with regard to machine movements and ability to deliver the

treatment plan as planned.

Also Kaplan et al. agree in their 2020 ESTRO survey, that complexity and ro-
bustness are closely interlinked with the plan quality [87]. Hansen et al. [38]
extend this definition by Deliverability of the treatment plan, as well as by Proto-
cols, i.e. the need for standardization in treatment planning and documentation.
They admit that there will always be cases where patient-specific customization is
needed, however this should be stated and documented. Plan quality is therefore
a complex, multi-faceted topic extending beyond the dosimetric aspects of the
planned dose distribution.

DTRT has the potential to improve or at least maintain plan quality with
regards to each of these points. On the one hand, it could be shown, that
DTRT has potential to improve the dosimetric plan quality by improving OAR
sparing while maintaining similar target coverage as compared to state-of-the-art
VMAT [57, 68]. DTRT has also be shown to efficiently combine non-coplanar
beam directions with intensity modulation, resulting in slightly increased but still
similar delivery times as VMAT [57]. On the other hand, profound robustness
investigations, or assessments of the DTRT plan complexity have not yet been
conducted. Furthermore, the current DTRT planning process proposed by Fix

et al. [57] is individual to each patient and protocols or standardized planning
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procedures have not been proposed and agreed upon. Additionally, there is no
strategy, especially no active motion management, to handle patient-motion such
as breathing during DTRT delivery. There are still many open questions for

investigation to improve plan quality on each of the before-mentioned fronts.

1.5 Uncertainties, robustness and motion

management

Uncertainties

In radiotherapy, there is a great variety of uncertainties which can impact the
treatment plan quality and thus the treatment outcome. As seen before, there
is usually a differentiation between uncertainties related to the patient (e.g., un-
certainties in setup [89], contouring [90, 91], motion [92-94], tumor and healthy
tissue biology [95]), uncertainties related to the machine (e.g., delivery uncer-
tainties [96) [97], miss-calibration [98, 99]) and uncertainties related to the dose
calculation algorithm [100]. The uncertainties on the patient side, particularly
setup and motion uncertainties are often described with the term geometric un-
certainties [101H103].

Usually, a radiotherapy treatment is administered in multiple fractions. Un-
certainties that vary (arbitrarily) in magnitude and direction over all fractions are
considered random, while systematic uncertainties occur in each fraction [104,
105]. As an example, a slightly different positioning of the patient on the treat-
ment table each fraction is considered a random uncertainty, whereas a contouring
uncertainty of the target is a systematic uncertainty, as this uncertainty is present
to the same extent in each fraction. It is important to note, that in this con-
text, the number of treatment fractions influences the classification in systematic
and random setup uncertainties. Random uncertainties are considered random

in standard fractionated treatments, while they become more systematic in hy-
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pofractionated treatments.

While some uncertainties result in a difference between the planned and the
delivered dose (e.g., a patient-setup or a machine calibration uncertainties), some
influence the treatment outcome (uncertainties in the dose response) and other
uncertainties can impact the treatment plan design. A contouring uncertainty
might lead to a different field setup for instance in tangential breast radiotherapy,
or a dose calculation algorithm uncertainty might deem a plan not acceptable due
to falsely breaching dose limits, leading to unnecessary re-planning.

What all uncertainties have in common is that they impact treatment plan
quality. In line with the IAEA report on accuracy requirements and uncertainties in
radiotherapy [104], to limit and mitigate the uncertainties to an acceptable level,
it is necessary to: first, identify uncertainties relevant to the specific radiotherapy
workflow and clinical setting and determine their magnitudes. Second, to assess
the impact of the uncertainties and third, to develop quality assurance (QA)
procedures, protocols and reporting systems to detect and mitigate the impact of
the uncertainties.

A robustness assessment enables quantification of the impact of an uncer-
tainty. This is particularly important when introducing a new treatment tech-
nique such as DTRT. Before introducing DTRT to the clinics, it needs to be
investigated, if the potential benefits in dosimetric plan quality are not lost in the
presence of common uncertainties.

The wide variety of available treatment techniques and machines, dose calcu-
lation algorithms in addition to inter-patient anatomical and biological variations,
do not generally allow for universal conclusions that relate a specific type of un-
certainty to a dosimetric or clinical outcome. It is therefore necessary to evaluate

the robustness of the individual treatment plan on a patient-specific level.
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Robustness

Radiotherapy plan quality strongly depends the robustness, more specifically, on
the dosimetric robustness, of the treatment plan to the before-mentioned uncer-
tainties. Historically, these uncertainties are dealt with using margins [106] and
to apply margins, the target needs to be specified. To this end, the international
commission on radiation units and measurements (ICRU) has standardized the
target definition [107} [108]. First, the gross target volume (GTV), the visible
tumor is contoured on the CT or MRI images. Second, the GTV is expanded to
the clinical target volume (CTV) to account for likely microscopic spread. This
volume is further expanded by a margin to the internal target volume (ITV) to
consider motion of the CTV. In the case of breathing motion, the ITV could be
defined as the sum of the CTV of all breathing phases. Lastly, to account for
setup uncertainties, the CTV or ITV is further expanded to the so-called planning
target volume (PTV), to ensure the entire treatment of the CTV in the presence
of uncertainties. The prescription of the treatment is usually based on the PTV.

There exist different approaches to determine the necessary margins, particu-
larly the one for the CTV-PTV expansion. Next to literature values, or observa-
tions from clinical practice, a formula has been introduced by van Herk [105] to
calculate the CTV-PTV margin (M). To cover the CTV for 90% of the patients

with 95% of the prescribed dose following margin needs to be selected.
M =255 +0.70, (1.1)

where ¥ is the quadratic sum of all systematic uncertainties and o is the quadratic
sum of all random uncertainties. Although this formula is based on several limita-
tions, such as assuming a rather spherical target or water equivalent densities, it
is commonly used in clinical practice. By assigning different weights to the uncer-
tainty types, systematic uncertainties are deemed more important than random

ones as random ones have the possibility to average out.
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On the downside, adding or increasing margins leads to an increase in the total
irradiated volume, particularly the high-dose volume. As per definition margins
also include healthy tissue, side effects and radiation-induced toxicities become
then more pronounced. The goal is therefore to select appropriate margins, and
shape the dose as conformal as possible to the the tumor plus the margin region
to minimize the side effects.

To select reasonable margins, the relevant uncertainties need to be identified
and their impact needs to be assessed. Apart from the above mentioned for-
mula or literature values, a robustness assessment can be conducted to determine
the necessary margins, or to test whether the selected margins are appropriate.
During a robustness assessment, the impact of the uncertainty on the planned
dose distribution or on the treatment outcome is assessed. In 1985, Goitein [109)]
proposed a method to calculate the uncertainty in the delivered dose, but there is
no consensus, on which uncertainties should be considered or how to summarize
treatment plan robustness. In 2021, Sterpin et al. [110] suggested different robust-
ness evaluation procedures to enable statistically consistent reporting, including
confidence levels. They propose different procedures to select and evaluate uncer-
tainties, however, they assume knowledge about the probability density functions
of the uncertainties. This knowledge is in general not given for any type of un-
certainty. To assess the impact of the uncertainties, the dose distribution can be
recalculated including the uncertainty. These robustness assessments are compu-
tationally expensive and not routinely done in clinical practice for photon-based
treatments. There are some approximations to reduce the computational bur-
den, such as the static dose cloud approximation [111} |112]. This approximation
suggests that the dose distribution can be shifted within the patient geometry ac-
cording to the uncertainty. However, not all uncertainties, can be approximated
by shifting the dose distribution (e.g., a MLC position uncertainty for a VMAT
plan). Moreover, in the case of more complex techniques, such as DTRT, it is not
clear how uncertainties impact the dosimetric plan quality, especially when they

occur in combination (e.g., a collimator rotation position uncertainty combined
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with a table rotation position uncertainty).

Usually, evaluation of the impact of the uncertainty is mainly focused on
target [105]. However, some OARs have precedence over target coverage (e.g.,
the brainstem or the spinal cord), or treatment technique decisions are based on
OAR sparing (e.g., the allocation of proton or photon treatment slots according
to the Landelijk Indicatie Protocol Protonentherapie [113]). It is therefore clear,
that a robustness assessment should also consider the robustness of OARs.

Summarizing above mentioned points, an ideal robustness assessment should
include the following aspects: First, flexible selection of the treatment technique;
Second, freedom in the selection of uncertainties; Third, evaluation the impact
of the uncertainty as accurately as possible; Fourth, consideration of target and
OAR robustness; Fifth, reasonably fast calculation and evaluation of the impact
of the uncertainty; and Sixth, be able to summarize robustness. This coincides
with the conclusion of the ESTRO 2020 survey [87], which further highlights the
need for commercial tools with these properties to evaluate the treatment plan

robustness.

Motion management

The term motion in radiotherapy commonly refers to intra-fraction patient mo-
tion, such as breathing, bladder filling/emptying or organ drifts during the treat-
ment delivery. There exists also inter-fraction patient motion, which describes
changes in the patient anatomy over the course of the treatment or differences
in patient-setup.

A frequently employed passive strategy to address the challenges posed by
motion is the introduction of margins [101, 105, 106]. As mentioned before, a
common approach is to construct an ITV to encompass the CTV, including all
its positions along the motion path based on pre-treatment imaging, to ensure
sufficient coverage of the CTV. Opposed to fixed margins, there exist also a

probabilistic margin approach that considers the motion as a random positioning
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uncertainty and the PTV-construction is based on the mean time-weighted tumor
position in the so-called mid-ventilation approach [114, [115]. However, both
approaches have two disadvantages, namely that they increase the irradiated high
dose volume leading to increased dose to OARs [114] and they cannot ensure
target dose coverage, particularly for motion including a target drift that exceeds
the margin.

To address these challenges, active motion mitigation strategies have been
developed [116]. These strategies directly relate to the principle to 'see what we
treat as we treat’ [117]. They can be categorized into two different approaches:
gating delivers the radiation only when the target is in a pre-defined window and
tracking moves the treatment table or the beam-defining parameters (e.g., MLC)
to counteract target motion and thus ensuring target coverage [100, [118H123].
The successful implementation of gating and tracking strategies however is de-
pendent on available machine equipment, accurate real-time motion monitoring,
fast processing of this monitoring signal and the treatment machines capability
to allow for triggering beam on/off or tracking. To apply active motion mitiga-
tion strategies for non-coplanar techniques such as DTRT, particularly with the
non-coplanar beam directions and the additional dynamic machine axis, several
questions arise. It is not clear if patient motion can be monitored for the (dy-
namic) non-coplanar table positions. Moreover, there is no information about
the capabilities of the treatment machine, about its mechanical accuracy and
its dosimetric performance for active motion mitigation strategies during DTRT

delivery.
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1.6 Aim and outline of the thesis

The aim of this thesis is to advance external radiotherapy, in particular, DTRT.
By addressing the open questions, challenges and needs mentioned before, with
a special focus on robustness and motion management, we aim to explore DTRT
plan quality beyond the dosimetric aspects of the planned dose distribution, with
the goal to bring DTRT closer to clinical implementation.

The core of this thesis consists of five studies published or submitted to peer-
reviewed journals. In the following, the aim and background of these five studies

are defined and discussed.

PAPER 1

The first study aims to develop a versatile robustness tool to calculate and eval-
uate the treatment plan robustness to a wide range of patient- and machine-
related uncertainties, individually and in combination. The tool is designed for
user-friendly operation. Likewise, a sophisticated code design and data-structure
permits the handling of large amounts of data in a multi-dimensional robustness
space to extract the desired robustness information, including the robustness sum-
mary by the novel robustness index. To ensure accurate calculation of the dose
distributions including the uncertainties, MC dose calculation, using the SMCP,
serves as the backbone for the robustness tool. The robustness tool is applicable
to a wide range of treatment techniques and used to evaluate and compare their
robustness.

Keywords: monte carlo, plan evaluation, robustness (to patient and machine-

related uncertainties)

PAPER 2

The dynamic table rotation is a main characteristic of DTRT. The question arises,

how this dynamic table rotation influences the different aspects of DTRT plan
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quality. In a comprehensive investigation, this study aims to assess the DTRT
plan quality as a function of the gantry-table rotation gradient, in terms of dosi-
metric plan quality, robustness, deliverability and delivery time. The findings of
this study regarding the gantry-table rotation gradient influence the DTRT treat-
ment plan generation which is used in the following studies.

Keywords: dynamic trajectory radiotherapy, non-coplanar radiotherapy, treat-

ment plan quality

PAPER 3

In the head and neck area, DTRT has a great potential to improve the dosimetric
plan quality. The collision-free space between patient and machine is larger in the
head and neck region compared to treatment sites located in the middle and lower
body region. DTRT can exploit these non-coplanar beam directions to improve
OAR sparing as compared to VMAT, while maintaining target coverage. This
study aims to establish DTRT path finding strategies, demonstrate deliverability
and dosimetric accuracy of DTRT plans on a standard C-arm linac and compare
DTRT to VMAT for common head and neck cancer cases on a publicly available
library of common head and neck cancer cases using an anthropomorphic phan-
tom.

Keywords: treatment planning, non-coplanar radiotherapy, head and neck can-
cer, VMAT, OAR sparing

PAPER 4

Robustness is an essential part of the treatment plan quality. The objective of
this study is to conduct a comprehensive analysis of the treatment plan robust-
ness to patient-setup and machine position uncertainties for DTRT and VMAT
plans for head and neck cancer using the previously developed robustness tool.
In this study, the impact of uncertainties on dosimetric endpoints, NTCP values,

and fulfilment of planning-goals is analyzed, to identify potential strengths and
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limitations of each technique.
Keywords: head and neck cancer, dynamic trajectory radiotherapy, VMAT, ro-

bustness, machine and setup uncertainties

PAPER 5

Motion management is an essential part of radiotherapy to ensure the delivery of
the planned dose. Free-breathing gating is an established motion management
strategy. However, in the context of DTRT several challenges related to the
specific capabilities of the machine to perform gating during DTRT delivery arise.
The aim of this work is therefore to assess the technical feasibility of gating during
DTRT delivery, and to evaluate mechanical accuracy and dosimetric performance
with and without gating.

Keywords: dynamic trajectory, gating, motion management
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LOEBNER ET AL.: MONTE CARLO BASED ROBUSTNESS TOOL

2.1 Abstract

Background

Evaluating plan robustness is a key step in radiotherapy.

Purpose

To develop a flexible Monte Carlo (MC)-based robustness calculation and eval-
uation tool to assess and quantify dosimetric robustness of intensity modulated
radiotherapy treatment plans by exploring the impact of systematic and random
uncertainties resulting from patient setup, patient anatomy changes, and mechan-
ical limitations of machine components.

Methods

The robustness tool consists of two parts: the first part includes automated MC
dose calculation of multiple user-defined uncertainty scenarios to populate a ro-
bustness space. An uncertainty scenario is defined by a certain combination of
uncertainties in patient setup, rigid intra-fraction motion and in mechanical steer-
ing of the following machine components: angles of gantry, collimator, table-yaw,
table-pitch, table-roll, translational positions of jaws, multi-leaf-collimator (MLC)
banks, and single MLC leaves. The Swiss Monte Carlo Plan (SMCP) is integrated
in this tool to serve as the backbone for the MC dose calculations incorporating
the uncertainties. The calculated dose distributions serve as input for the second
part of the tool, handling the quantitative evaluation of the dosimetric impact of
the uncertainties. A graphical user interface (GUI) is developed to simultaneously
evaluate the uncertainty scenarios according to user-specified conditions based on
dose-volume histogram (DVH) parameters, fast and exact gamma analysis, and
dose differences. Additionally, a robustness index (RI) is introduced with the aim
to simultaneously evaluate and condense dosimetric robustness against multiple
uncertainties into one number. The Rl is defined as the ratio of scenarios pass-
ing the conditions on the dose distributions. Weighting of the scenarios in the

robustness space is possible to consider their likelihood of occurrence. The robust-
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ness tool is applied on an intensity modulated radiotherapy (IMRT), a volumetric
modulated arc therapy (VMAT), a dynamic trajectory radiotherapy (DTRT) and
a dynamic mixed beam radiotherapy (DYMBER) plan for a brain case to eval-
uate the robustness to uncertainties of gantry-, table-, collimator angle, MLC,
and intra-fraction motion. Additionally, the robustness of the IMRT, VMAT and
DTRT plan against patient setup uncertainties are compared. The robustness
tool is validated by Delta4 measurements for scenarios including all uncertainty
types available.

Results

The robustness tool performs simultaneous calculation of uncertainty scenarios,
and the GUI enables their fast evaluation. For all evaluated plans and uncer-
tainties, the PTV margin prevented major clinical target volume (CTV) coverage
deterioration (maximum observed standard deviation of D98%cry was 1.3 Gy).
OARs close to the PTV experienced larger dosimetric deviations (maximum ob-
served standard deviation of D2%cpiasma Was 14.5 Gy. Robustness comparison
by Rl evaluation against patient setup uncertainties revealed better dosimetric ro-
bustness of the VMAT and DTRT plans as compared to the IMRT plan. Delta4
validation measurements agreed with calculations by >96% gamma-passing rate
(3%/2 mm).

Conclusions

The robustness tool was successfully implemented. Calculation and evaluation of
uncertainty scenarios with the robustness tool were demonstrated on a brain case.
Effects of patient and machine specific uncertainties and the combination thereof
on the dose distribution are evaluated in a user-friendly GUI to quantitatively

assess and compare treatment plans and their robustness.
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2.2 Introduction

A key step in the radiotherapy treatment workflow is the treatment plan eval-
uation both in terms of dose parameters and in terms of robustness [1]. In re-
cent years, evaluating robustness to uncertainties on the patient side (e.g., setup
uncertainty [2]) or in the mechanical accuracy of the treatment machine (e.g.,
multi-leaf-collimator (MLC) leaf positioning accuracy [3]) has become an essential
part of plan quality assessment [4].

To quantify the impact of an uncertainty on the plan robustness, its influence
on the dosimetric quality of the plan has to be determined. Due to interpatient
anatomical variations and the large variety of treatment techniques available, it
is difficult to make a general statement relating a specific type of uncertainty to
a dosimetric consequence.

Treatment plan robustness depends on the applied technique. Particularly, the
complexity of the techniques impedes the straightforward understanding of the
dosimetric impact of a type of uncertainty. Developments in intensity modulated
treatment techniques for C-arm treatment units aim to improve plan quality by
using increased degrees of freedom (DoF) and consequently increasing the plan
complexity for the novel techniques. Volumetric modulated arc therapy (VMAT)
increases the DoF by including dynamic gantry rotation as compared to intensity
modulated radiotherapy (IMRT) and has become standard of care of radiother-
apy [5H7]. Dynamic trajectory radiotherapy (DTRT), which extends VMAT by
dynamic table and collimator rotations during delivery, adds two additional DoF,
while ensuring acceptable delivery times [8, 9]. An additional DoF, and addi-
tional complexity, is introduced in mixed beam radiotherapy (MBRT [10]) and
dynamic MBRT (DYMBER [11]) by combining photon and electron beams to
use the radiation type specific advantages of sharp beam penumbra (photons),
and distal dose fall-off (electrons). Treatment plan robustness therefore depends

on the treatment technique. For instance, uncertainties in gantry position have
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different effects on the dose distribution for the dynamic gantry rotation in VMAT
as compared to the static gantry in IMRT and patient setup uncertainties have
different effects on photon treatment compared to electron treatments.

Usually, a differentiation between systematic and random uncertainties is
made [12]. Uncertainties in patient set-up have both systematic and random
components. On the machine side, systematic uncertainties such as calibration
errors, and intra-fraction uncertainties of each machine component, influence the
delivery accuracy and thus the delivered dose distribution. In recent years, the
study of machine logfiles has been a focus topic in research. Logfiles contain
time-resolved information of the machine status during delivery and are used to
calculate the fraction-specific uncertainty of the machine. In routine clinical prac-
tice, logfiles are used to monitor the performance of treatment machines, improve
efficiency in quality assurance (QA) workflows [13H17] and examine the robustness
of treatment plans [14} [17].

With this increasing variety and complexity in treatment techniques, it is not
sufficient anymore to assess e.g., MLC positioning uncertainty [18, (19] or un-
certainties in patient setup [2] alone. These investigated uncertainty scenarios
have to be extended to account for the added DoF of new techniques and the
uncertainties must be assessed in combination to achieve a more comprehensive
robustness assessment of a treatment plan. There is a need for simple and com-
prehensive calculation and evaluation tools of the dosimetric impact of all patient
and machine related uncertainties, including their interplay.

Therefore, this work aims to develop a robustness tool to evaluate the dosi-
metric robustness of treatment plans. The robustness tool will be applicable
to a wide range of treatment techniques and used to investigate the impact of
patient and machine component related uncertainties on the dose distribution
individually and in combination. To ensure the accurate calculation of the dose
distributions including the aforementioned uncertainties, Monte Carlo (MC) dose
calculation [20] using the Swiss Monte Carlo Plan (SMCP) [21] [22] will serve as
the backbone of this tool.
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Finally, following the idea of a plan quality index 23], we introduce a robust-
ness index (RI), which condenses dosimetric robustness to multiple uncertainties
into one number. This streamlines the robustness evaluation and robustness com-

parison of different treatment plans, for the considered uncertainties.
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2.3 Materials and Methods

The robustness tool consists of two components: the calculation and the eval-
uation part. In the calculation part, the dose distribution including the desired
uncertainties are calculated. In the evaluation part, the dosimetric impact of the
uncertainties on the dose distribution is assessed. Dose calculation uses SMCP on
a high-performance computing cluster for efficient calculation [21]. To evaluate
the dosimetric impact of the uncertainties, a GUI is developed. The workflow is

illustrated in figure 2.1}

PREPARATION distggsgons
_y dining \
*Treatment plan *Calculation of specified *Evaluation according to
*CT uncertainty scenarios in user-defined criteria
«Structure set robustness space (section 2.5)
«(Logfile) (section 2.4)

b 4 \ J
Figure 2.1: Workflow for the robustness tool. PREPARATION: The treat-
ment plan is created in a treatment planning system (TPS) based on the CT
and structure set. To include logfile and time resolved information, the cre-
ated treatment plan must be delivered first and the logfile recorded. Part 1,
CALCULATION: user defines the robustness space in terms of uncertainty
scenarios. Subsequently, the respective dose distributions incorporating the de-
sired uncertainties are calculated (see section 2.4). Part 2, EVALUATION:
Evaluation of the dose distributions of the robustness space (see section 2.5).

2.3.1 Terminology

To assess robustness of a treatment plan, a so-called robustness space is eval-
uated. The robustness space has the dimensionality N, related to the N un-
certainty types considered for the evaluation. The robustness space is spanned

up by N uncertainty axes a;, i € {1... N}, with z; uncertainty scenarios at

1 2 z

ng ,n5 ,...,n% along the axis a;. The location of a single scenario in the robust-
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I {1 .z}, . ze{l. .. .
ness space is given by nﬁl{ _ 7,“?,1} @€{l---2n}  Thys, each scenario represents

a combination of uncertainties. An uncertainty axis is characterized by the origin
of the considered uncertainty: It can be patient (e.g., setup, motion) or machine
(e.g., gantry uncertainty) related. The uncertainty axes and scenarios for calcula-
tion and evaluation are specified by the user of the robustness tool. A scenario is
associated with the dose distribution including the corresponding uncertainties. In
the centre of the robustness space, the reference scenario represents the nominal
plan with the planned dose distribution involving no uncertainty, the reference
CT, and the reference structure set. For example, the robustness space consid-
ering patient setup uncertainties with respective scenarios in longitudinal, lateral,
and vertical patient setup direction and their combination, has scenarios in three
dimensions.

The following uncertainty axes are implemented in the tool: patient setup un-
certainties (longitudinal, lateral, vertical, table rotation angle, table pitch angle,
table roll angle) are modelled by table translations and rotations. Further un-
certainty axes consider the mechanical accuracy of machine components (gantry
angle, collimator angle, MLC leaf positions, translational jaws position), monitor
units, and rigid three DoF intra-fraction patient motion in longitudinal, lateral,
and vertical direction. Additionally, the tool supports the re-calculation of the
plan on different CTs to account for anatomical changes. If requested, each sce-
nario has its own CT and structure set. Further not yet considered uncertainty

axes are easily integrated in the tool.

2.3.2 Data structure

Scenarios in the robustness space are structured according to two options: in
the Gridded Data (GD) option, where the scenarios are ordered in a regular
grid. Thus, the dose distributions of all possible combinations of the consid-
ered uncertainty axes are calculated: Together, the N uncertainty axes define a

set of 21 X 29 X ...X zy scenarios in the robustness space. The Spotted Data
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(SD) option requires the specification of each individual uncertainty scenario at

z€{l...z1},. ..,ze{l..
na17~ < HaN

‘ ZN}, for calculation of the respective dose distribution. The
SD option potentially limits the number of calculations and subsequent evalua-
tions, which becomes particularly useful to probe the robustness space, e.g., for

the most sensitive uncertainty axes.

2.3.3 Uncertainty type

The robustness tool enables to calculate and evaluate patient and machine related
uncertainties. For the purpose of patient related setup uncertainties, a Gaussian
distribution is used [12]. Thereby the mean and the standard deviation (sigma)
represents the systematic and the random component of the uncertainty. During
the Monte Carlo dose calculation, a shift is sampled from the Gaussian (mean,
sigma) and applied to the particle exiting the linac head. Thus, for each particle
exiting the linac head such a shift is applied following the Gaussian distribution.
As this distribution is applied on a particle-by-particle base, there is no need
to simulate several fractions for a specific setup uncertainty. The obtained dose
distribution directly accounts for the setup uncertainty distribution. This approach
saves substantial computational resources but assumes a sufficient number of
fractions (>10), as shown by van Herk et al. [24]. In the context of robust
optimization, the effect of number of fractions on the simulation of random setup
uncertainties and robustness has been investigated previously by Fredriksson [25].

For machine related uncertainties, the robustness tool models global system-
atic uncertainties by constant offsets in the respective machine components. To
simulate treatment plan and machine specific uncertainty combinations, informa-
tion of the machine logfile is used. To this end, the plan has to be delivered at
least once prior to application to record the logfile, which e.g., could be done
during pre-treatment quality assurance. In the logfile of a TrueBeam® (Varian
Medical Systems, Palo Alto, CA), the status of all machine components is logged

as expected and actual value during delivery at a rate of 50 Hz with absolute time
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stamp. The difference between expected and actual for each control-point can
be assigned as control-point specific local systematic uncertainty. The robust-
ness tool enables to consider and to scale these uncertainties for the subsequent
respective dose calculation.

The time-resolved machine logfile information can be further used to synchro-
nize a time-series of intrafraction patient-related motion (e.g., breathing) with

machine parameters.

2.3.4 Calculation

The reference treatment plan is generated with Eclipse™ (Varian Medical Sys-
tems, Palo Alto, CA), research version 15.6.99. An input file, defining the treat-
ment machine axis at all control points of the treatment for the nominal scenario,
is created. The user specifies the desired robustness space, and the input file
is automatically adapted accordingly using a python framework to serve as an
input for the subsequent calculation of the dose distributions of the scenarios
in the robustness space, using SMCP |21} |22, [26]. Calculation voxel size is
0.25%0.25%0.25 cm?. The statistical uncertainty of the Monte Carlo calculated
dose distributions presented in this work is <1.2% (one standard deviation). The

number of simulated primary particles per calculation is in the order of 10%.

2.3.5 Evaluation

Evaluation of the uncertainty scenarios dose distributions is performed according
to DV Hs, Gamma Passing Rate and Dose dif ferences. To provide a flexible
and user-friendly robustness evaluation of treatment plans, a GUI is developed.
The read-in of the input of the GUI, loading of the robustness space data (dose
distributions, CTs, structures), and the calculation of DVHs and gamma passing
rate is parallelized on the number of available CPU cores. The computer memory
required for the evaluation is roughly proportional to the size of the dose distri-

bution times the number of scenarios. The GUI is implemented in C++ utilizing
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the Qt toolkit [27] and has a dynamic structure.

The user of the robustness tool interactively defines the evaluation conditions
including thresholds for acceptance to evaluate the robustness of a scenario in
the robustness space. Possible conditions are based on Dx%, V2%, Dyecan oOf
gamma passing rate, evaluated for selected structures. To assess the “distance” of
the individual quantity to the specified acceptable threshold, a conditions meter

c is introduced as follows:

chr'rent - Qref
CcC =
Qacceptable - Qref

(2.1)

where ¢ is the ordinate for a given quantity @ (e.g., Dmean). Qcurrent and
Qrey are the parameter values for the current and reference scenario, respectively.
Qacceptable 15 the threshold for the parameter value used to determine if @ is
robust. For ¢>1 the scenario is not considered robust and for ¢<1 it is robust.
For ¢=0 the scenario fulfils the condition equally well as the reference scenario and
for ¢<0 the scenario achieves the condition better than the reference scenario.

The calculation of the gamma passing rate is based on the algorithm of Ju
et al. 28], which calculates the gamma without using a linear interpolator and
discretization of the search space (supplementary material Al). This has the
advantage that the time needed for calculating the gamma passing rate is inde-
pendent of the distance- and dose difference criteria and an exact gamma value
is calculated: the common limitation of lacking an infinite resolution grid is over-
come by calculating the gamma passing rate values of each reference dose point as
the closest geometric distance between this point to the hypersurface defined by
the evaluation dose distribution. Additionally, a maximal gamma threshold value,
representing the maximal difference in gamma value to the nominal scenario is
set, after which the calculation is automatically terminated to save calculation
time. The robustness tool employs a global gamma analysis with the reference
scenario set as the reference dose in each evaluation. The dose criterion is given

relative to a user-defined value. The default is the prescribed dose. Additionally,
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a low-dose threshold relative to the beforementioned value is used.
Visual evaluation of the difference between dose distributions of any scenar-
ios in the robustness space is conducted in three dimensions (lateral, sagittal,

coronal), with an adjustable dose difference threshold.

2.3.6 Interpolation between scenarios

Evaluation of the treatment plan robustness is not limited to the initially defined
uncertainty scenarios. The scenarios populating the robustness space serve as
sampling points, between which interpolation is applied. To this end, a metric
defining the distance d between two scenarios at b and ¢ in the robustness space

is specified as

d? = lij; <blmlq)2 (2.2)

with the uncertainty normalization M = (my,ms,...,my). The uncertainty

normalization is defined by default as
zZl 1
m; = <M) (2.3)

but is adjustable. The resulting distance is unitless. The evaluation quantity Q

can then be interpolated based on the nearest neighbours.

2.3.7 Robustness Index

To summarize the information of treatment plan robustness considering multiple
uncertainties, the Robustness Index (RI) is introduced. When all scenarios in
the robustness space are considered equally important, the Rl describes the frac-
tion of scenarios passing the conditions: RI = % , where N, is the number of
scenarios passing all robustness conditions and Ny;; is the number of all scenarios
in the present robustness space.

However, a greater distance to the location of the reference scenario, usually
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represents a decrease in the likelihood of occurrence of such a scenario. Therefore,

Np
a second option to calculate Rl is introduced, given by RI = % with
t=1 Wt
—_ 2 . . . .
Wy exp 2%‘. d; is the distance between the location of scenario ¢ and the reference
E

scenario in the robustness space and Rg is the evaluation range, the standard
deviation of this scenario distribution. The maximal value of the Rl is 100% (in the
weighted and unweighted case) and states that all scenarios pass the conditions.
In the unweighted case, a Rl of 10% means that 10% of the scenarios in the
robustness space pass the conditions. In the weighted case, a Rl of 10% describes
that the fraction of the summed weights of the passing scenarios is 10%. Thereby
the scenarios are weighted according to a Gaussian distribution G(1n = 0,0 = Rpg)
centred around the reference scenario (supplementary material A2). The mean
and standard deviation of a quantity ) evaluated on the whole robustness space

change to a weighted mean, pig = % and a weighted standard deviation,
t

2 ) 2
)y ith 2 — S weQy >, th—(Zt tht)
@ (0w 3, wf

distance factor from the reference as defined above and Q; is the value of the

where w; is the Gaussian weighted

quantity @) at scenario t.

2.3.8 Application and demonstration of the robustness tool

Application of the robustness tool and the GUI is demonstrated on different treat-
ment plans for a right sided brain case (figure[2.2), namely an IMRT, a VMAT, a
DTRT and a DYMBER plan (table . Prescribed dose is 60 Gy to 50% of the
PTV volume. The CTV-PTV margin is 0.5 cm. The respective plans are opti-
mized according to clinical goals applied in our institute. Application of the main
functionalities of the GUI are demonstrated on the DTRT plan. To conduct the
robustness comparison against uncertainties in patient setup of different treat-
ment techniques, application 1 to 6 (table[2.1)), are assessed. To demonstrate the
flexibility of the robustness tool in terms of different treatment techniques and

uncertainty scenarios, application 7 to 12 are investigated.
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Figure 2.2: Right sided glioblastoma brain case. The PTV is shown in red.

The robustness conditions are set to: 98% and D2% of the CTV are not
allowed to be reduced or increased by more than 1 Gy, respectively. Additionally,
D2% and mean dose are not allowed to be increased by more than 1 Gy for serial
and parallel OARs, respectively. The plan robustness is then quantified by the
RI: once for all scenarios weighted equally and once with Rg=0.5 to increase the

weight of the more likely scenarios.
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Table 2.1: Application situation of the robustness tool, demonstrated on dif-
ferent treatment techniques. Application 1-6 evaluate systematic and random
patient-setup uncertainty, application 7-12 evaluate different robustness spaces
for different treatment techniques.

#Application Treatment technique Description of uncertainty axes and Scenarios #Scenarios
Systematic patient setup uncertainty: Longitudinal,
1 IMRT lateral, and vertical direction modelled with 125
(3 fields) Gaussian distribution G(x,0), {p = —0.5,-0.2,0.0,0.2,0.5¢m}

Vaxes, and combinations of them

Random patient setup uncertainty: Longitudinal,
2 IMRT lateral, and vertical direction modelled with 125
(3 fields) Gaussian distribution G(0,0), {o = 0.0,0.1,0.2,0.3,0.5¢m}
Vaxes, and combinations of them

Systematic patient setup uncertainty: Longitudinal,
3 VMAT lateral, and vertical direction modelled with 125
(2 arcs) Gaussian distribution G(y,0), {p = —0.5,-0.2,0.0,0.2,0.5cm}
Yaxes, and combinations of them

Random patient setup uncertainty: Longitudinal,
4 VMAT lateral, and vertical direction modelled with 125
(2 arcs) Gaussian distribution G(0,0), {o = 0.0,0.1,0.2,0.3,0.5cm}
Vaxes, and combinations of them

Systematic patient setup uncertainty: Longitudinal,
5 DTRT lateral, and vertical direction modelled with 125
(3 trajectories) Gaussian distribution G(u,0), { = —0.5,-0.2,0.0,0.2,0.5¢m}
Yaxes, and combinations of them

Random patient setup uncertainty: Longitudinal,
6 DTRT lateral, and vertical direction modelled with 125
(3 trajectories) Gaussian distribution G(0,0), {o = 0.0,0.1,0.2,0.3,0.5cm}
Yaxes, and combinations of them

Global systematic uncertainty counter-moving jaws
X1&X2 and Y1&Y2,

7 IMRT {-1.0,-05, 0.0, 0.5, 1.0 cm}; 625
(3 fields) Globals systeamtic uncertainty leaf bank A&B,
{-0.1, -0.05, 0.0, 0.05, 0.1 cm},
and combinations of them
Global systematic uncertainty in gantry-, table-,
8 DTRT collimator angle 343
(3 trajectories) {-4.0, -2.0, -1.0, 0.0, 1.0, 2.0, 4.0°},
and combinations of them
DYMBER _Systematiclpatient setup uncertaintgf for eflectron
(3 photon trajectories & fields: Longltu_dmal, Iatgral, énd. vevF\caI direction,
9 p Ject modelled with Gaussian distribution G(y,0), 27
1 electron field 1 = —0.5,0.0,0.5},
(6.9, 12,15, 18, 22 MeV) Vaxes, and combinations of them
Rigid intra-fraction motion in
VMAT transversal and sagittal plane,
10 (2 arcs) Rotation amplitude of isocenter around dens axis 25
in transversal & sagittal plane, {0.0, 0.5, 1.0, 2.0, 3.0°}
and combinations of them
Global systematic collimator and table angle uncertainty
{-4.0, -2.0, -1.0, 0.0, 1.0, 2.0, 4.0};
11 VMAT Local systematic gantry uncertainty: mean absolute 245
(2 arcs) gantry logfile difference between expected and
actual scaled to {0.0, 1.0, 2.0, 3.0, 4.0°}
and combinations of them
Global systematic uncertainty in table and gantry angle {-1.0, 0.0, 1.0°};
Local systematic gantry uncertainty: mean absolute gantry logfile
12 VMAT difference between expected and actual scaled to {0.0, 1.0°}; 10
(2 arcs) Systematic and random lateral patient setup uncertainty:

modelled with Gaussian distribution G(y, o),
{p=-1.0,0.0,1.0cm; 0 = 0.0,0.5cm}
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2.3.9 Validation of the robustness tool

Extensive validation of the SMCP dose calculation framework has been conducted
in the past [8} 10} |11} |21} |26} |29]. This included validation of photon-based treat-
ment techniques such as IMRT, VMAT, DTRT, as well as mixed beam treatment
techniques, such as DYMBER. Measurements are conducted with the Delta4 de-
vice (ScandiDos, Uppsala, Sweden). First 10x10 cm? fields and 5x5 cm? fields at
different gantry angles (0°, 90°, 180°) are delivered and the measured dose is com-
pared to the calculation. Second, to validate the accuracy of the dose calculation
of selected scenarios (table in the robustness space of the VMAT plan for the
brain case (figure 2), the scenario are calculated with the robustness tool and the
corresponding XML files needed for delivery on a TrueBeam® (Varian Medical
Systems, Palo Alto, CA) in developer mode are created, the plans are delivered,
and the delivered dose is measured and compared against the calculation.

To validate the calculation of quantities @, e.g., DVH parameters such as
volume, Dz% and D,,cqn, the robustness tool calculations are compared to the
results of the corresponding Eclipse implementation. The dose distribution of the
reference VMAT plan is loaded into Eclipse and the DVH parameters for sev-
eral organs are compared to the evaluation returned by the robustness tool. The
gamma passing rate calculations of the robustness tool are validated against the
open-source gamma passing rate calculation of pymedphys 0.37.1, an implemen-
tation based on the work of Wendling et al. [30]: gamma passing rates of the
reference scenario of the VMAT plan and the scenarios in the robustness space
incorporating systematic setup uncertainties in lateral, longitudinal and vertical

direction between -0.5 to 0.5 cm, are calculated and compared.

54



MATERIALS AND METHODS

Table 2.2: Validation Scenarios 1-2: Validation of 10x10 ¢m? and 5x5 cm? open
fields at different gantry angles. Validation Scenarios 3-13: Specific uncertainty
scenarios for validation of the robustness space of the VMAT plan.

Validation Scenario

Description

1 10x10cm? fieldatgantryangle0®, 90°, 180°

2 5x5cm? fieldatgantryangle0°, 90°, 180°

3 Reference scenario (no uncertainty)

4 Systematic patient setup uncertainty of +1 cm in lateral, longitudinal and vertical direction
5 Systematic uncertainty of 1°in gantry

6 Systematic uncertainty of 1°in gantry and collimator

7 Systematic uncertainty of 1°in gantry, collimator, and table rotation

8 Systematic uncertainty of 1 mm for MLC leaf 40 in leafbank B

9 Systematic uncertainty of 3 cm in Jaw X1

10 Intra-fraction motion of 1 ¢cm in longitudinal direction during treatment
11 Systematic 10% more MU

12 Gantry logfile uncertainty scaled up by factor 10

13 Systematic gantry uncertainty of 1°combined with systematic patient setup

uncertainty of +1 cm in lateral, longitudinal and vertical direction
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2.4 Results

2.4.1 GUI for evaluation

Robustness evaluation with the GUI is shown in figure for the DTRT plan
table [2.1} application 8. The DVH viewer (figure number 1) represents the
DVH distributions of the selected structures over all scenarios in the robustness
space as DVH bands. The boundaries of the DVH bands correspond to the
scenarios which induce the maximal deviations in terms of dose distribution for
this structure. The reference DVH is indicated by a solid line and the DVH of the
current scenario is shown with a dashed line. In the axes selection window (figure
number 3), the user switches the uncertainty axes of the robustness space
to select a two-dimensional plane in the robustness space. The selected plane is
displayed in the robustness map (figure 2.3] number 2) in real time. Additionally,
the evaluation range is superimposed on the robustness map: in figure an
REg of 1.5 and standard metric, is chosen to emphasize the smaller uncertainties.
The evaluation range is visualized by the shaded area. The conditions meter for

the selected conditions set in the conditions list is shown on the bottom right of

figure
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Patient: Patient 1 Scenarios: ' TableGantryCollimator Set Metric
Table-Angle 133
=g it

e 133

40

0
Table-Angle []

xes Selection
Xy
Table-Angle
* Gantry-Angle
Collimator-Angle

Gamma Parameters
DTA[mm] 20 DoseA[%] 20 Threshold[%] 10 MaxGamma 2.0

Figure 2.3: Main GUI of the robustness evaluation tool. Top left, 1: DVH
Viewer with DVH bands of all scenarios of the robustness space of the DTRT
plan (table application 8), top right, 2: Robustness Map displaying 2D
plane of the robustness space and pop-up metric window to change the metric
if needed, bottom left, 3: Axes Selection window to select a plane in the ro-
bustness space for closer inspection, bottom left, 4: Speci fication of parameters
Gamma Passing Rate calculation, bottom right, 5: Conditions M eter for evalu-
ating structure specific conditions, 6&7: Opens pop-up windows: conditions list
(definition of robustness conditions), dose view (shows dose distribution and dose
difference) and statistics window (summarizes key quantities of the robustness
space).

Conditions List

The conditions from section are specified in the conditions list (figure
number 5 opens the conditions list seen in figure and are adjustable on the
fly according to the interest of the user. The following structures are part of
the evaluation: brain, brainstem, left and right eye (Eye I./r.), chiasma, left and

right lens (Lense I./r.), left and right optic nerve (N.opticus I./r.), left and right
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lacrimal glands (Lacrimal I./r.), CTV, and PTV.

Patient 1: TableGantryCollimator

Condition Dispenser

Parameter Value acceptif

7 Gamma Pass >

Defined Conditions

Brain D2 61.22 Gy acceptif <

d

q

Brainstem D2 23.43 Gy acceptif <

d

Eye . D2 4.52 Gy acceptif <

q

Eye_r. D2 11.74 Gy  acceptif

q

Chiasma D2 2298 Gy acceptif

4

Lense_[. D2 295Gy acceptif

q

Lense_r. D2 6.27 Gy acceptif

q

N.opticus_L. D2 493 Gy acceptif

q

N.opticus_r. D2 30.19 Gy acceptif

q

Brain Mean Dose 22.16 Gy  acceptif

q

Lacrimal_r. MeanDose 9.38 Gy  acceptif

q

Lacrimal_L MeanDose 2.20 Gy  acceptif

q

cTv D2 61.89 Gy acceptif

q

v D98 5838 Gy acceptif

q

Gamma Pass 100.00 %  acceptif 95

Evaluate

Figure 2.4: Conditions list opened by figure number 6. 1: Select structure,
2: Select parameter, 3: Add to evaluation.

Conditions meter

The conditions meter in figure number 5, displays how well the current

scenario is fulfilling the user-defined conditions. If all conditions are passed, the
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respective rectangle in the robustness map (figure[2.3] number 2) is marked green,
and red, if one condition is not fulfilled. To evaluate changes in the distance or
dose difference criteria in the calculation of gamma passing rate, the gamma
passing rate calculation needs to be restarted by ticking the red circle in the main

GUI window (figure [2.3) number 4).

Dose window

The dose window (figure displays the dose distributions of the selected sce-
nario (systematic uncertainty of one degree in table and gantry angle, figure
number[2.5)), the reference scenario (figure[2.5, number 2) and the dose difference
(figure number 3) superimposed on the respective CT. The dose difference
is always superimposed on the CT of the reference scenario and the structures
of the underlaying anatomy are visualized by their contours. The user explores
the dose distributions in the transversal, coronal, and sagittal plane by scrolling
through them, and switches from one plane to the other with the help of the
crosshairs. Additionally, an adjustable dose threshold is implemented to visualize

dose differences in a desired range.

59



LOEBNER ET AL.: MONTE CARLO BASED ROBUSTNESS TOOL

Dose [Gy] @ pos (1, 1,0) Difference [Gy]
Patient 1:TableGantryCollmator

Dose Difference Thresholds:
LowerThreshold 0.6 Gy
Upper Threshold  0.6| Gy

Ocnea T

- ) ,
lateral [cm] lateral [cm] lateral [cm]
Min =-4.2 Gy Max=3.4Gy Range = [-4.2, 3.4] Gy

View Control

Alpha: 050 Toad Reference Dose. ' Save Plots

axial [cm] 1528 © transversal  coronal  sagittal

Figure 2.5: The dose window (opened by figure number 6) displays dose
distributions superimposed on the CT. Structures are indicated by the fine lines
(PTV and CTV in red and orange here). 1: Dose of current scenario, 2: Ref-
erence dose, 3: Dose difference between reference and current dose, includes a
user-defined threshold to visualize relevant dose ranges, 4: View control to switch
through transversal, coronal, and sagittal plane. The red cross serves as a guide-
line when switching planes from transversal (shown here) to coronal or sagittal.
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Statistics window

Patient 1: TableGantryCollimator

Parameter Statistics Evaluation Range = 1.5
- CTV Min Max Mean Sigma
V95 [%] 94.0 100. 99.8
D2 [Gy] 8 64. 62.2
Min Dose [Gy] SR 57N 56.
Max Dose [Gy] 5 69. 66.
Mean Dose [Gy] .2 60. 60.
Median Dose [Gy] 59.8 60. 60.
7 86.

Gamma Pass [%] 54.
Volume [cm3] 166
D98 [Gy] 56.

Robustness Index 336 %

G b O W - 0P s O
(= e | A=)l (=) A=) (=] (=) (=
B O < = = 0 00 W 0

58.

Figure 2.6: Statistics window (opened by figure number 7) displays key
quantities and RI for all selected structures in the current evaluation range.

The statistics window, displayed in figure [2.6] summarizes dosimetric key quanti-
ties for all OARs. Additionally, the RI for the selected evaluation range is displayed
at the bottom.

Interpolation

A robustness map of SD and corresponding GD is shown in figure 2.7} Here only
some scenarios are available (shown as white dots). Green and red areas indicate
whether a scenario is considered robust and acceptable or not, respectively. Be-
tween the available scenarios the robustness map displays grey rectangles (figure
number 1). So far, no information on the robustness of these areas in the
robustness space is available. These empty spaces are filled by interpolation. Be-
sides interpolation, the zoom functionality is implemented in the GUI. It inspects

a single two-dimensional slice through the robustness space in greater detail. The
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zoom function increases the number of scenarios along the uncertainty axes of
this slice by a factor of two, thus leading to additional combinations of these un-
certainty axes in the selected plane and performs an interpolation on all inserted

scenarios. Interpolation and zooming, are implemented on a multithreaded basis.

Figure 2.7: 1: Robustness map of robustness space with SD, with scenarios at
every other combination (white dots), 2: Robustness map of robustness space
with GD, 3: Zoom functionality: doubles resolution of scenarios in this slice and
interpolates on all inserted scenarios.

2.4.2 Robustness evaluation of different treatment plans

The results of the applications 1-13 from table [2.1] are shown in table 2.3 The
default uncertainty normalization is chosen. Furthermore, the standard deviation
Y of the DI8%crv and D2%cry as well as the structure with the greatest
standard deviation in mean dose and in D2% are displayed. Rl is higher for a
weighted analysis (Rg = 1.5), compared to equal weighting of the scenarios. Due
to the Gaussian weighted evaluation method, Rl increases, since scenarios located
closer to the reference have more weight compared to scenarios located further
away from the reference scenario and they usually pass the conditions better.
Evaluating application 1 to 6, compares the robustness of different treatment
techniques to patient setup uncertainties. The RI indicates better dosimeteric
robustness to setup uncertainties for the VMAT and the DTRT plan as com-
pared to the IMRT plan. Assessing Rl and the standard deviation of D98%cry
and D2%cryv show, that the CTV-PTV margin compensates for the uncertain-
ties to maintain CTV coverage, but some of the OARs are strongly affected by

setup uncertainties, potentially leading to reject the plan completely when clinical
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constraints are no longer met.

In figure 2.8 the DVH bands of the robustness space including random setup
uncertainties of the IMRT, VMAT and DTRT plan, are shown. Especially the
OARs near the PTV experience a great variation in their dose, as seen by the

width of the DVH bands compared to the ones of PTV and CTV.

DVH comparison — Random patient setup uncertainties (0, , 0.0, 0.1, 0.2, 0.3, 0.5 cm)

100f 100

9
o
g

=

S

>

[

20 30 40
Dose [Gy]

Figure 2.8: DVH bands for the IMRT, VMAT and DTRT plan, including random
uncertainties (G(0,0,,,,.=0.0, 0.1, 0.2, 0.3, 0.5 cm)) in patient setup.
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Table 2.3: Evaluation of applications 1 to 12. Rl for all scenarios weighted equally
and Rg=1.5. Standard deviations for D98%cry and D2%cry and structure
with greatest standard deviation in mean dose and D2%. The calculation of
standard deviations is based on the default metric and Rg=1.5.

RI 5 of 5 of Structure with Structure with
#+Application, . RI ° ° greatest X for greatest ¥ for
D inti (all scenarios Rm 1.5 D98crv, D2crv, d D2%
escription equally weighted) (R 1.5) < [Gy] T[Gy] mean dose, o,
T [Gy] T [Gy]
1, IMRT Setup 0.8% 2.2% 1.3 0.5 Optic nerve r.: 8.8 Optic nerve r.: 15.1
(systematic)
2, IMRT Setup 9.6% 31.3% 0.1 0.1 Chiasma: 1.8 Eye r.: 2.4
(random) —
3, VMAT Setup 8.0% 12.5% 0.5 0.3 Optic nerve r.: 7.3 Optic nerve r.: 14.4
(systematic)
4 VMAT Setup 14.4% 49.5% 0.1 0.2 Chiasma: 2.2 Chiasma: 1.8
(random)
5, DTRT Setup 16.8% 23.2% 05 0.4 Optic nerve r.: 6.2 Chiasma: 14.5
(systematic)
6, DTRT Setup 5.6% 23.4% 0.1 0.1 Optic nerve r.: 0.8 Chiasma: 1.5
(random)
M7L~C'“/’”jaTws 21.0% 29.9% 17 17 PTV: 1.9 Lacrimal gland r.: 1.9
8, DTRT
Gantry, Table, 12.0% 33.5% 0.4 0.3 Lacrimal gland r.: 0.9 Optic nerve r.: 1.5
Collimator
9, DYMBER 25.9% 31.2% 0.9 0.7  Lacrimal gland r.: 0.4 PTV: 0.7
electron setup
10, VMAT
rigid intrafraction 16.0% 43.2% 0.2 0.8 Chiasma: 0.6 Optic nerve r.: 1.2
motion
“I'OZMEAT 5.1% 15.3% 0.2 0.2 Chiasma: 1.6 Lacrimal gland I.: 3.5
12, VMAT
systematic &
random patient 13.9% 16.9 0.1 0.2 Optic nerve r.: 1.6 Chiasma: 3.6
& machine

uncertainties

2.4.3 Validation

In table[2.4] the dose measurements of the selected scenarios (table[2.2)) are com-
pared against the calculation. For the gamma analysis, dose difference /distance
criteria of 2% (global)/1 mm for validation scenario 1-2 and 3% (global)/2 mm
for validation scenario 3-13, including a 20% low-dose threshold, are applied in
the evaluation for all measurements. All measurements agree with the calculation

of the robustness tool with a gamma passing rate of >96.4%.
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Table 2.4: Gamma Passing Rate evaluation of scenarios specified in table 1.
2% (global)/1 mm dose difference and distance criteria, including a 20% dose
threshold was applied to evaluate scenario 1-2. The clinical dose difference and
distance criteria, 3% (global)/2 mm, including a 20% dose threshold was applied
for the evaluation of scenario 3-13.

Validation Scenario = Gamma Passing Rate (2% global/1 mm)

1 Average 98.5%
2 Average 99.0%
Gamma Passing Rate Gamma Passing Rate
(3% global/2 mm) Arc1 (3% global/2 mm) Arc 2

3 97.8% 99.6%
4 98.7% 97.8%
5 97.0% 99.8%
6 96.4% 99.6%
7 97.0% 99.6%
8 97.2% 99.8%
9 98.7% 99.6%
10 99.8% 100.0%
11 97.4% 99.4%
12 99.0% 99.4%
13 99.4% 100.0%

In table the results of the Eclipse implementation to calculate volume,
Dx% and Diean agree with the calculation of the robustness tool (e.g., PTV
volume differentiates by 0.2%). For small structures greater differences (e.g.,
chiasma volume) occur. To validate the accuracy of the gamma passing rate cal-
culation, a total of 64 scenarios are evaluated (2% of prescribed dose /2mm, 20%
threshold). The results cover a range of 91% to 100% passing rate. The robust-
ness tool and pymedphys deviate by a maximum of 0.8%. However, pymedphys
needs substantially longer calculation time for the same number of CPU cores (on

average: 5 min as compared to 2 seconds for the robustness tool).
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Table 2.5: Comparison of the DVH parameter evaluation: Robustness tool (bold)

and Eclipse.

Brainstem Chiasma Body

PTV CTV Brain
Volume [cm?] 272.9 2724 166.4 1655 1479.5 1479.1 39.8 393 0.5 0.1 7599.6 75082

D2% [Gy] 63.3 625 622 621 61.8 613 287 277 273 241 59.8 59.9

D98% [Gy] 55.4 566 57.4 582 0.0 13 0.0 04 13.7 146 0.0 0.1
Diean [GY] 59.5 599 605 601 25.7 26.2 74 64 18.1 168 7.6 8.0
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2.5 Discussion

In this work, a novel robustness tool is developed and implemented to evaluate
the robustness of treatment plans of different techniques to patient and machine
related uncertainties. In contrast to usually applied robustness evaluation proce-
dures (e.g., evaluation limited to consider only setup uncertainties [2]), this tool
has a great flexibility in terms of accurately calculating and evaluating different
uncertainty scenarios and types (individually and in combination), in terms of
simultaneously evaluating multiple uncertainty scenarios according to various cri-
teria for the target and the OARs, and in terms of its applicability to different
treatment techniques.

Accurate dose calculation of uncertainty scenarios is ensured by employing
validated MC dose calculation with SMCP. It is necessary to simulate a sufficient
number of primary particles for each MC dose calculation to achieve a reason-
able statistical uncertainty [31] and hence reliable robustness results within the
statistical uncertainty of the Monte Carlo calculated dose distributions. As MC
dose calculations are usually computational expensive, the tool is constructed in
a modular way, and the dose calculation algorithm is interchangeable.

The robustness tool provides high flexibility to the user to enter specific sce-
narios for the robustness space. Owing to this flexibility in the calculation and
evaluation of the robustness space, the developed robustness tool efficiently over-
comes the restriction of standardised uncertainty scenarios — e.g., limited robust-
ness spaces, such as only considering MLC [32] or only patient setup [2, |33]
uncertainties. The user of the robustness tool defines the robustness space incor-
porating a variety of uncertainty types and their combinations. With the help of
this tool, the dosimetric impact of systematic and random uncertainties in patient
setup and uncertainties in the mechanical accuracy of machine components on
the reference scenario are quantified. The robustness tool offers the possibility

to simulate systematic and random setup uncertainties of Gaussian distributions.
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This reflects that e.g., the user can determine up to what level of uncertainty the
given treatment plan is robust for the conditions considered, which then trigger
e.g., an appropriate setup strategy. Additionally, it incorporates machine logfile
information for realistic fraction-specific modelling of the uncertainties in each
machine component, which has been determined to be a useful tool to assess
machine specific delivery uncertainties |17} [34H36]. The robustness tool therefore
permits comprehensive robustness evaluation adaptable to different use cases.

The flexibility to evaluate different treatment techniques, as for example de-
scribed by Quian et al. [35], is fundamental to the design of the robustness
tool. Owing to the availability of validated dose calculation for various treatment
techniques, robustness comparison of different treatment techniques, including
different radiation sources, is possible with the robustness tool. This has the
potential to redefine and restructure the treatment planning process to already
include robustness evaluation at the stage of appropriate treatment technique and
treatment plan selection.

The robustness tool assesses robustness according to multiple criteria. The
dosimetric impact of uncertainties on target and OARs is investigated visually and
quantitatively on a scenario-by-scenario base as well as in summary. The DVH
viewer with the DVH bands including all investigated scenarios, the robustness
maps and the RI contextualize the detailed evaluation according to dose-volume
parameters, dose difference and gamma passing rate of the individual scenarios.
The gamma passing rate calculation is successfully validated against pymedphys
and permits efficient assessment of the dosimetric impact of an uncertainty type.
Differences in DVH parameter calculation, especially for small structures arise due
to the different volume calculations and the dose value: the triangular meshes
are not constructed in the exact same way in the robustness tool and in Eclipse.
Furthermore, Eclipse interpolates the dose between the voxels for DVH calcula-
tion and the robustness tool does not. In literature more complex interpolation
methods, e.g., the polynomial chaos expansion [37] or (quasi-) Monte Carlo meth-

ods [38], as compared to our interpolation method are described, usually operating
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on the level of dose distributions. However, these methods assume, that the prob-
ability distribution function of the uncertainties is known beforehand, and that
the uncertainties are independent of each other. In general, the independence
of the uncertainties cannot be guaranteed and there is limited knowledge, espe-
cially about the cumulative probability distribution of several uncertainties. The
presented applications of the robustness tool confirm that restricting robustness
investigations on the target volume [12] gives a misleading picture of the plan ro-
bustness and simultaneous evaluation of dosimetric robustness on OARs is needed
for a comprehensive robustness analysis of a treatment plan.

The application of the robustness tool fits into existing evaluation strategies:
the flexibility in incorporating numerous uncertainty scenarios in the dose calcula-
tion and their evaluation makes it compatible with existing robustness approaches
such as the “good practice scenario selection” and the “statistically sound sce-
nario selection” evaluated by Sterpin et al. [39]. However, the tool extends these
strategies by considering new potential scenarios, various uncertainties, different
treatment techniques and flexible evaluation including the RI. The RI facilitates
the robustness evaluation, summarizes, and efficiently compares the robustness
of competing treatment plans and techniques for a given robustness space. Ro-
bustness evaluation is directly depending on the selected robustness space along
with the conditions as robustness acceptance criteria. The Rl is consequently
also depending on those settings. Robustness evaluation by means of Rl should
always be reported with information about robustness space and the robustness
conditions. Additionally, if the user of the robustness tool has knowledge about
the probability distribution of the scenarios, a confidence interval for the Rl can
be reported.

We understand that the full potential of the Rl only unfolds, when standardized
robustness spaces in terms of uncertainty axes, scenarios, and evaluation range,
as well as relevant evaluation conditions such as D98%, D2% or Djean for
the structures are defined. This standardization facilitates and streamlines the

comparison of RI of different robustness studies in various radiotherapy centres.
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Furthermore, the Rl has the potential to serve as a threshold action level for
replanning, discarding the plan or recommending specific QA tests.

The robustness tool is expected to play a key role in our group in the field of
robust optimization, the margin concept, and the implementation of new treat-
ment techniques. With the help of this tool, we aim to gain an understanding of
meaningful robust plan optimization by investigating treatment type specific cor-
relations between different uncertainties and by studying the sensitivity of a plan
to different uncertainty types. Additionally, with the tool there is the potential
to investigate the margin concept of target volumes and OARs towards flexible
margins [40]. Finally, the robustness of new treatment techniques is explorable in

order to facilitate their safe clinical implementation.
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2.6 Conclusion

In conclusion, by combining dose calculation of treatment plans using different
treatment techniques, including patient and machine related uncertainties, flexible
evaluation according to user-defined criteria, this robustness tool provides accu-
rate comprehensive robustness evaluation and fills the need for an overarching

robustness evaluation tool to determine plan quality.
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APPENDIX

2.9 Appendix

A1 Comparison of gamma passing rate calculation algorithms

The gamma passing rate calculation of two dose distributions by our tool and
by pymedphys open-source calculation is compared in figure[2.9] The pymedphys
algorithm uses an interpolation fraction to calculate the gamma passing rate. The
interpolation fraction is the fraction, which the gamma distance criteria is divided
into for interpolation. If a 2 mm distance criteria is chosen, and the interpolation
fraction is set to 10, the evaluation grid is consequently interpolated at a step
size of 0.2 mm. With increasing interpolation fraction, the gamma passing rate
asymptotically approaches the result of the robustness tool, however, on the cost
of increased calculation time. After calculation with 20 interpolation fractions,
the passing rates differed by less than 0.5%. The robustness tool does not need
interpolation fractions as it calculates the closest geometric distance between a
reference dose point and the hypersurface defined by the evaluation dose distri-

bution. Pymedphys approximates this distance by sampling this hypersurface.
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Gamma Passing Rate Calculation Time
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Figure 2.9: Gamma passing rate and calculation time as a function of interpo-
lation fraction for pymedphys (blue). Gamma passing rate calculation with the
robustness tool (red) is independent of the interpolation fraction and is shown as
reference.

A2 Robustness Index calculation

In figure the weight of the scenarios for an unweighted Rl and a weighted
RI are visualized. Here, we assume uncertainty scenarios in only one dimension
equally spaced at 0, 1, 2, 3, 4 and 5. The reference scenario is located at 0. Green
scenarios are considered robust, red scenarios are not robust. If the evaluation

range is set to 2, scenarios closer to the reference scenario receive a
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Figure 2.10: RI for scenarios at 0 to 5, when all scenarios are equally weighted
(black), and Rl with Rg=2 (blue).

higher weight (blue curve) in the calculation of the RI: in the illustrated exam-
ple, the Rl increases from 66%, in the unweighted, to 94%, in the weighted case.
This weighting is intended for situations in which scenarios closer to the refer-
ence scenario are more likely than those further from the reference scenario. For
these situations the weighted RI reflects this probability by means of a Gaussian

distribution (mean=0, sigma=Rp).
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LOEBNER ET AL.: IMPACT OF G-T ROTATION ON DTRT PLANS

3.1 Abstract

Background

To improve organ at risk (OAR) sparing, dynamic trajectory radiotherapy (DTRT)
extends VMAT by dynamic table and collimator rotation during beam-on. How-
ever, comprehensive investigations regarding the impact of the gantry-table (GT)
rotation gradient on the DTRT plan quality have not been conducted.

Purpose

To investigate the impact of a user-defined GT rotation gradient on plan quality
of DTRT plans in terms of dosimetric plan quality, dosimetric robustness, deliv-
erability, and delivery time.

Methods

The dynamic trajectories of DTRT are described by GT and gantry-collimator
paths. The GT path is determined by minimizing the overlap of OARs with plan-
ning target volume (PTV). This approach is extended to consider a GT rotation
gradient by means of a maximum gradient of the path (G,,4.) between two ad-
jacent control points (G=|Atable angle/Agantry angle|) and maximum absolute
change of G (AG n4z). Four DTRT plans are created with different maximum
G&AG: Graw&AGmmaes = 0.5&0.125 (DTRT-1), 1&0.125 (DTRT-2), 3&0.125
(DTRT-3) and 3&1(DTRT-4), including 3-4 dynamic trajectories, for three clin-
ically motivated cases in the head and neck and brain region (A, B and C). A
reference VMAT plan for each case is created. For all plans, plan quality is as-
sessed and compared. Dosimetric plan quality is evaluated by target coverage,
conformity, and OAR sparing. Dosimetric robustness is evaluated against sys-
tematic and random patient-setup uncertainties between +3 mm in the lateral,
longitudinal, and vertical directions, and machine uncertainties between +4° in
the dynamically rotating machine components (gantry, table, collimator rotation).
Delivery time is recorded. Deliverability and delivery accuracy on a TrueBeam are

assessed by logfile analysis for all plans and additionally verified by film measure-
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ments for one case. All dose calculations are Monte Carlo based.

Results

The extension of the DTRT planning process with user-defined G,,,4. &AG 42 to
investigate the impact of the GT rotation gradient on plan quality is successfully
demonstrated. With increasing G a0 & AG az, slight (case C, Dyean, parotidl. :Up
to -1 Gy), and substantial (case A, Dg 3cms, opticnerver.: UP to -9.3 Gy, case B,
Dinean,brain: Up to -4.7 Gy) improvements in OAR sparing are observed compared
to VMAT, while maintaining similar target coverage. All plans are delivered on the
TrueBeam. Expected and actual machine position values recorded in the logfiles
deviated by <0.2° for gantry, table and collimator rotation. The film measure-
ments agreed by >96% (2% global/2 mm Gamma passing rate) with the dose
calculation. With increasing G,4:&AG 4., delivery time is prolonged by <2
min/trajectory (DTRT-4) compared to VMAT and DTRT-1. The DTRT plans
for case A and B and the VMAT plan for case C plan reveal the best dosimetric
robustness for the considered uncertainties.

Conclusions

The impact of the GT rotation gradient on DTRT plan quality is comprehensively
investigated for three cases in the head and neck and brain region. Increasing
freedom in this gradient improves dosimetric plan quality at the cost of increased
delivery time for the investigated cases. No clear dependency of GT rotation

gradient on dosimetric robustness is observed.
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3.2 Introduction

To improve organ at risk (OAR) sparing and target coverage, research in inten-
sity modulated radiotherapy on C-arm linear accelerators (linacs) has explored
the possibility to increase the degrees of freedo (DoF) during treatment planning
and delivery compared to three-dimensional conformal radiotherapy. C-arm linacs
have the possibility to dynamically move multiple machine axes simultaneously:
volumetric modulated arc therapy (VMAT) combines multi-leaf collimation (by
means of the photon multi-leaf collimator, MLC) and dynamic gantry rotation to
efficiently deliver intensity modulated photon beams. VMAT has become standard
of care in radiotherapy [1-3]. For a typical VMAT plan, the beam directions reside
within a two-dimensional plane. Previous studies confirm however, that by deviat-
ing from this plane, improvements in dosimetric plan quality, particularly in OAR
sparing, are achievable [48]. Consequently, several treatment techniques em-
ploying non-coplanar beam directions have been developed, such as non-coplanar
partial VMAT arcs (e.g., Hyper Arc [9, |10]) or 47-IMRT [11414]. Moreover,
dedicated systems such as the CyberKnife® (Accuray, Sunnyvale, CA, USA) or
the discontinued VERO® (Brainlab, Munich, Germany and Mitsubishi Heavy In-
dustries, Tokyo, Japan) are explicitly developed to use non-coplanar beam angles.
However, these systems are not as widely available as C-arm linacs.

On the downside, non-coplanar treatment techniques present a challenge in
preventing collisions between gantry and table, as well as between gantry and
patient. Furthermore, diverging from the coplanar plane is usually connected
with increased delivery times, especially for 4m-IMRT [11} |15} [16] which can
negatively impact patient comfort. Hence, more efficient delivery is desired and
can be achieved by combining dynamic gantry and table rotation with intensity
modulation [17, [18]: Dynamic trajectory radiotherapy (DTRT) [19, 20] is an
extension of VMAT that involves dynamic table and collimator rotations during

delivery, allowing for treatment times similar to VMAT.
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A comprehensive assessment of the plan quality of DTRT compared to VMAT
requires the characterization of the dynamics of DTRT, particularly the gantry-
table (GT) rotations, and the evaluation of the following aspects of plan qua-
lity [21]:

e Dosimetric plan quality

Plan complexity

Dosimetric robustness

Deliverability

Delivery time

Dosimetric treatment plan comparisons considering different treatment sites
already indicated substantially improved sparing of OARs for DTRT as compared
to VMAT |18} [19]. With the added DoF and the associated increased complexity,
the dosimetric robustness of DTRT plans could be compromised. The number of
robustness studies including DTRT are limited, and usually focus on patient setup
uncertainties |22, 23]. Uncertainties in the now dynamically rotating machine
components have not been evaluated. A comprehensive robustness assessment
needs to additionally investigate how uncertainties in gantry, table, and collimator,
impact the dosimetric plan quality. To ensure deliverability, the treatment machine
must meet additional requirements compared to VMAT. Namely, the accurate
dynamic rotation of the treatment table and the collimator in combination with
the gantry rotation and MLC modulation needs to be verified. On the patient
side, the delivery time can impact patient comfort. Delivery time is therefore
another key quantity to assess when determining plan quality.

Finally, as DTRT trajectories are patient-specific and not limited to a specific
GT path, it is crucial to consider and characterize their dynamics when evaluat-
ing and comparing the plan quality. For this purpose, we extended the inhouse

developed DTRT planning process [19] to consider a user-specified GT rotation

85



LOEBNER ET AL.: IMPACT OF G-T ROTATION ON DTRT PLANS

gradient. In this work, the extended DTRT planning process is applied to gener-
ate DTRT plans with different GT rotation gradients for three clinically motivated
cases: two head and neck cases and one brain case. The VMAT and DTRT plans
were used to study the trade-offs between dosimetric plan quality, plan complex-
ity, dosimetric robustness, deliverability and delivery time as a function of the GT

rotation gradient.
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3.3 Materials and Methods

A GT rotation gradient is introduced to characterize the dynamics of DTRT
trajectories. The GT rotation gradient is defined as the ratio of the change in
table angle to the change in gantry angle between two adjacent control points of

the DTRT trajectory.

3.3.1 DTRT treatment planning process

To investigate the impact of the GT rotation gradient on plan quality, the under-
lying idea for the DTRT treatment planning process (TPP), described by Fix et
al. [19], is extended. In the following the TPP is summarized, and the extended
path finding is described in more detail (figure [3.1)).
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DTRT TPP

1) Target-OAR overlap 3.1) Initialize a tree of
determination for every paths at starting position

[OETIEN T € T 3.2) While the tree has
paths not reaching the
goal, select path with

2) Determination of lowest cost.

collision and restriction Else return path with
zones lowest cost

3.3) Determination of
valid neighbors for front

3) A* pathfinding on GT- point of selected path
map for full gantry

eneighbor not in
coll./restr. zone

eneighbor complies with
max. GT rotation
4) A* pathfinding on GC- gradient and its max.
map to determine change

collimator rotation .4
3.4) Branching of the

path to neighbors

rotation

*\When two paths share
a position, only keep
path with lower cost in
the tree

5) Intensity modulation
optimization along GTC
path

Figure 3.1: Steps of the DTRT TPP, with the path finding in detail shown on
the right.

The DTRT TPP is started by creation of the target-OAR overlap maps, based
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on the structure set (figure[3.1} 1). The target-OAR overlap in the beam's-eye-
view is determined geometrically for a set of 400 uniformly [24] distributed beam
directions defined by a gantry and table angle using an in-house software. First,
the 2D overlap of the projection is calculated. Second, the corresponding frac-
tional volume of target and OAR is determined using the mesh of the structures
and raytracing. The fractional volumes are weighted according to their depth

within the patient body (weight=e~®erth/22)

, which corresponds to an approx-
imation of the depth dose curve of a 6 MV photon beam in water, neglecting
build-up. Third the weighted fractional volume overlap is determined. OARs
located in front of the target are therefore penalized more than those located
behind. The weighted overlaps are then projected on a two-dimensional GT map
of gantry (x-axis) and table angles (y-axis), ranging from -180° to 180° and -90°
to 90°, respectively. Summed maps can be generated for multiple user-selected
OARs to emphasize the sparing of OAR groups (target-OARs overlap). The GT
map is interpolated to a resolution of r,=2° in gantry and r,=0.25° in table angle.
Beam directions in collision zones (between gantry-patient or GT), as well as CT
restriction zones (beam entering through the end of the CT), are excluded in the
GT maps (figure 3.1} 2). An A* algorithm [25] is employed to find the GT path
for a full gantry rotation in this map, which minimizes the target-OARs overlap
(figure 3). The A* algorithm is deterministic and provides the path with
the lowest cost on a given cost map. The GT path finding can be repeated on
different target-OAR overlap maps to obtain multiple paths. In a next step, the
dynamic collimator rotation is determined (figure 3.1} 4). To this end, a gantry-
collimator (GC) map is generated for the previously determined GT path using an
inhouse software: The GC map quantifies the width in the leaf travel direction of
a target-conformal and jaw-defined field for each position along the GT path and
all possible collimator rotations. On the GC map, an A* algorithm determines
the dynamic collimator rotation along the GT path with minimal summed field
width. This dynamic collimator rotation reduces potential leaf travel in the later

intensity modulation optimization.
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The resulting gantry-table-collimator (GTC) paths are transferred back into
a research version of Eclipse® embedded in the Aria 15.6 framework (Varian
Medical Systems, Palo Alto, CA, USA) via the Eclipse Scripting Application Pro-
gramming Interface (ESAPI). In Eclipse, the GTC paths are then defined by the
standard control point resolution for a full VMAT arc (178 control points). A
research version of the Eclipse photon optimizer is used to optimize the inten-
sity modulation and generate the treatment plan according to dosimetric clinical
guidelines (figure 3.1] 5).

The dose calculations in this work are Monte Carlo (MC) based using the
Swiss Monte Carlo Plan (SMCP) [26]. SMCP employs VMC++ [27] for the radi-
ation transport through the beam modifiers and the dose distribution calculation
within the patient. Calculation voxel size is 0.25%0.25*0.25 cm®. The number
of simulated primary particles per calculation is in the order of 108, leading to
an actual mean statistical uncertainty of <1.2% (one standard deviation) for the
voxels with dose values higher than 50% of the maximum dose for all presented
dose distributions.

To steer the path finding of the GT path, step 3 of the DTRT TPP is expanded
to consider user-defined limitations given by a maximal GT rotation gradient
Gmaz and its change AG,,q. between two adjacent positions of the GT path
along the gantry axis (pseudo code in Supplementary Material 0). G4, restricts
the steepness of the resulting path. The motivation to introduce G,,q; is to
control the maximal slow-down of the gantry rotation speed due to the table
rotation. Introducing G.,.q. gives the possibility of aiming for similar delivery times
as VMAT. AGqz limits the maximal directional change and enables granular
adjustment of the smoothness of the resulting path. Limiting unsmooth behavior
in the table rotation can increase machine durability and can reduce unwanted
patient motion during delivery.

GT path finding is performed in a three-dimensional map, where the third
dimension is used to consider the change in table angle and thus to enable finding

the optimal path under the additional restriction of AG,,q.. A position in this
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map is given by p; j x:

o ic [17[ = 360 4 1} corresponds to the gantry angle g; = —180+(i—1)xrg.

g
e jc [1,]’ = %?0 + 1} corresponds to the gantry angle t; = —90+(j—1)x*r.

o ke [1, K= MT% + 1} is an index whose value range defines the per-
missible table positions. The change in table angle Aty = (—Gpas * 79 +
(k — 1) % r¢) (Equation 1) between two adjacent positions along the GT
path is dependent on k.

Owing to the third dimension, the potential neighbors of each position can
be determined independently of the path finding while respecting the constraints
of Giae and AG ;. Each p; ;i has an associated cost ¢; ; (independent of
k, which refers to permissible table position at gantry-table position indexed by ¢
and 7). The cost corresponds to the target-OARs overlap for the respective beam
direction and is independent of index k, and thus the notation of this cost can
be reduced to ¢; j = ¢; j k.

~% is the GT path with index a for a full gantry rotation and consists of I
positions with the assigned labels (j{, 55, ..., j¢), which can be translated to the
respective table angle for each @ = 1,...,I. For a path, Aty can directly be
calculated by Atye =t;a  —t;e and index k' can be obtained by solving equation

1 for k. A path 4% needs to comply with the following restrictions for all i:

® All p; jo re of path v cannot be in a collision or restriction zone

G t]vz;7tjq+l G

o G, =|——"| <

3 gl_gl+1 — max
tia —t.a tia—t;a Atya Atga
J,_ J; J; J; k¢ 5

o AG; = |2 bt BiThha | | Sty S0 | Aq
gi—1—9i 9i—gi+1 gi—1—9i gi—Gi+1 | —

Additionally, an artificial start py and end position p;1 with no cost (cp =
cr+1 = 0) are introduced. Gantry and table angle and k are not defined for pg

and pr4+1. All p1 j, 1, neighbor py and pr41 neighbors all pr j, k,. Introducing
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an artificial start and end position enables finding the path with the optimal start
and end position on the map, without introducing a bias by an arbitrary selection
of the start and end table angle (figure [3.2)).

i=Il i=I+1

i=0 i=1 i=2 i=3

90°

Table Rotation Angle [°]
00
(@)

-90°

Gantry Angle [°]

Figure 3.2: Schematic representation to determine the neighbors of specific po-
sitions within the GT map. The resolution in table and gantry angle is adapted
for demonstration purpose. To the left and right side of the map, artificial start
and end positions are shown. The black encircled points have neighboring can-
didates that are exemplary shown in different colors: the neighbors of the red
points are displayed in orange, the orange points' neighbors are displayed in yel-
low, the yellow points’ neighbors are displayed in magenta, and the purple points
neighbor the magenta points. The blue and green cones represent the G,,,4. and
AG 4 restriction, respectively. The dashed half-circles indicate collision and
CT-restriction zones. Per definition, the AG,,4, restriction is only applicable
starting from i=2.

The path cost between two positions is given by the mean of the position
costs. The goal is to find the GT path v which has the minimal path cost
C.+ out of all paths A which comply with the above criteria. The optimization

problem reads as follows:
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I

. 1

find v *, such that C,, = glgix (; . 5 * (ci/yj; + ci/+1,j;/+1)> (3.1)
i

The A* algorithm starts at pg. From there, it establishes and iteratively
expands a tree of paths to find the path with the lowest cost for a full gantry
rotation. A priority queue is used to expand only the paths with the current lowest
path cost. The extended path finding considers the above-mentioned restrictions

at the stage of neighbor determination p w#  Of pi ja o prior to the path
i+1 i

15T
finding.

An essential feature of the A* algorithm to substantially improve efficiency
is the bookkeeping which enables discarding paths from the tree of paths when
two paths share a position (equal in all three coordinates). Only the path cor-
responding to the lower path cost is kept. The suspension of paths of higher
cost substantially reduces the number of paths that are expanded during the path

finding.

3.3.2 Clinically motivated cases

Three representative cases in the head and neck and brain region are investigated:
a nasopharynx case (A), a glioblastoma case (B), and a bilateral oropharynx case
(C) (figure3.3)). For each case, a coplanar VMAT plan is created as a reference
plan. To investigate the impact of the GT rotation gradient, four DTRT plans
conforming to different G4, &AG 4. are created for each case (table .

93



LOEBNER ET AL.: IMPACT OF G-T ROTATION ON DTRT PLANS

Figure 3.3: The investigated nasopharynx (A), glioblastoma (B) and bilateral
oropharynx case (C) are shown. The PTV is shown in red, the OARs are visualized
in different colors.

Table 3.1: G4z and AG,,4. specifications for the considered VMAT and DTRT
plans.

VMAT DTRT-1 DTRT-2 DTRT-3 DTRT-4
Gmaa 0 0.5 1 3 3
AGmax 0 0.125 0.125 0.125 1

A suitable set of optimization objectives is determined for each case to opti-
mize the VMAT and DTRT plans alike, aiming for similar target coverage between
the plans (Supplementary Material 1). VMAT and DTRT plans are optimized us-
ing the same optimizer (i.e., a research version of the Eclipse photon optimizer,
which allows for additional dynamic machine components, table and collimator
rotation, during the optimization).

In table the prescription, VMAT arc setup and DTRT strategy are de-
scribed for case A, B and C. The different dynamic trajectories focus on the
sparing of different OAR groups by considering the overlap of the target with
different OARSs. In cases, where the field width of the arc/dynamic trajectory in
the leaf travel direction would exceed 10 cm, field splitting is performed to en-

able more MLC leaf modulation. Field splitting is always performed in leaf-travel

94



MATERIALS AND METHODS

direction by dividing the field-of-view with an overlap of 2 cm in the center to
generate two arcs/dynamic trajectories. For cases A, B and C, the CTV-PTV
expansion is 0.3 cm, 0.5 cm and 0.5 cm, respectively. When a distance between

PTV to skin surface of 0.5 cm could not be maintained, the CTV-PTV expansion

is reduced accordingly.

Table 3.2: Prescription and VMAT and DTRT strategy for case A, B and C.

Treatment site  Prescription

VMAT strategy

DTRT strategy

50 Gy to 95%

Case A, of the PTV,
glioblastoma delivered in 25
fractions

60 Gy to 50%

Case B, of the PTV,
nasopharynx delivered in 30
fractions
50 Gy to 95%
Case C, of the PTV,
bilateral oropharynx  delivered in 25
fractions

3 arcs,

with rotated collimator
(45° and 90°) for the
second and third arc with
respect to the first arc

2 arcs,

with the second one
duplicated by means of
field splitting,

with rotated collimator for
the first arc (90°) with
respect to the second arc

2 arcs,

duplicated using field

splitting,

with rotated collimator for
(90°) with respect to each other

3 dynamic trajectories,

first: all OARs,

second: optic nerve,

third: chiasm

— second and third focus on sparing
of small important structures

2 dynamic trajectories, with the first
one being duplicated by 90°
collimator rotation,

first: brain — sparing healthy brain
tissue,

second: right optic nerve — due to its
proximity to the target

2 dynamic trajectories, which are
duplicated by field splitting,

first: brain, brainstem, parotids, and
oral cavity — OARs in the upper head
region,

second: pharynx, spinal cord — OARs
close to the PTV

3.3.3 Evaluation

Plan complexity

Plan complexity is evaluated using the average G and AG of the final paths,
as well as the modulation complexity score (MCS). The MCS was originally in-
troduced for IMRT |28|, and then extended to VMAT [29]. In this work, the
concept is applied to DTRT plans by transferring the definition of MCS along the
control points of the VMAT arc to the control points along the DTRT trajectory.

The MCS ranges from 0 to 1, with a higher score indicating a “less complex” plan.

Dosimetric plan quality

Dosimetric plan quality is assessed by three aspects:
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e evaluating target coverage, conformity and OAR sparing in terms of DVH

comparison

e comparing the Paddick Index [30] for the prescription isodose (PI) and for
50% of the prescription (PI5qy). The PI is given by: PI = %ﬁ’;}v, with
TV as target volume, PIV as prescription isodose volume and TVpyy as

target volume covered by prescription isodose

e assessing the low dose bath in the normal tissue (NT = Body — PTV') by

evaluating Vs gy N1, and Vig gy N1 for the respective plans [8].

Additionally, a comparison of the objective function values of the dose distri-
butions after optimization and final dose calculation for each case can be found

in the Supplementary Material 2.

Dosimetric robustness
A previously developed robustness tool [31] is used to assess the impact of patient-
and machine-related uncertainties on the dose distributions of the plans. On the
patient side, systematic patient-setup uncertainties (-0.3 cm, 0.0 cm, 0.3 cm),
the combination thereof, and random patient setup uncertainties sampled from
a Gaussian distribution (¢ = 0.0 cm and 0.3 cm) and the combination thereof
in longitudinal, lateral and vertical direction, are investigated. This leads to a
total of 3x3x3 - 1(nominal scenario) = 26 systematic and 2x2x2-1 = 7 random
patient-setup uncertainty scenarios per plan. On the machine side, systematic
uncertainties (-4°, -2°, -1°, 0°, 1°, 2°, 4°) in gantry, table and collimator rotation
and the combination thereof are investigated, leading to a total of 7x7x7-1 = 342
machine-related uncertainty scenarios per plan.

Patient-setup uncertainties are selected to include extreme cases observed in
clinical practice [32]. Furthermore, setup shifts up to 0.3 cm are often not cor-
rected for in clinical practice [33]. Machine uncertainties are selected to evaluate

miscalibration scenarios: systematic miscalibrations of the machine components
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are not visible in the machine logfiles. For DTRT, investigations of uncertainties

in these machine components are of particular interest, as:

e DTRT extends VMAT by the combination of dynamic rotations in these

machine components

e The beam direction is defined by both gantry and table angles, and the
effect of uncertainties in these components are difficult to predict due to

their dynamic movement

e The complexity of DTRT treatment plans obstructs how the combination
of uncertainties in the dynamic movement of gantry, table and collimator

affects the dosimetric plan quality

In this work, a plan is defined to be dosimetrically robust when D98% o7y of
the clinical target volume (CTV) is not decreased and D2%crv is not increased
by more than 1 Gy compared to the nominal scenario (no uncertainty). Addition-
ally, D2%gerisioar and Dmean,qraiielo AR are not increased by 1 Gy compared
to the nominal scenario. The robustness tool returns a robustness summary of all
uncertainty scenarios using the robustness index (RI). Rl is given by the fraction

of uncertainty scenarios passing the beforementioned criteria.

Deliverability and delivery accuracy

To demonstrate the deliverability of DTRT plans of different G0 &AG 4z,
all plans are translated into XML-files and delivered in Developer Mode on a
TrueBeam (Varian Medical Systems, Palo Alto, CA, USA).

It is first assessed whether the plans can be delivered collision and interlock
free. Second, a machine logfile analysis is then conducted to assess the accuracy
of the delivery with respect to G40 &AGmas. In the logfile, the expected and
actual machine positions of gantry angle, table rotation angle, collimator angle
and MLC are recorded at a rate of 50 Hz. The differences between expected

and actual are compared, and correlations between the differences and the re-
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spective machine component speed are investigated. Third, the accuracy of the
dose calculation for the extended TPP is verified by means of an end-to-end test
using film validation measurements for all DTRT plans of case A (Supplementary
Material 3).

Delivery time

The delivery time of a plan is extracted from the machine logfiles, defined as the

total beam-on time.
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3.4 Results

3.4.1 Path generation and complexity

In figure 3.4] the path costs of the target-OAR overlap maps of the different plans
are displayed. With increasing G4, and AG,,q. a greater reduction of the cost

is achieved as expected.
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Figure 3.4: A* path finding costs on the target-OAR overlap maps for the in-
vestigated cases A, B and C, normalized to the VMAT plan as reference. The
VMAT cost is calculated on each of the respective target-OAR overlap maps and
summed together.

In figure 3.5} the paths of the three dynamic trajectories of DTRT-1, 2, 3 and
4 are shown for case A. Increasing G,,q. enabled the A* algorithm to find paths
with greater GT rotation gradients: For instance, shortly after gantry angle = 0°,
path 1 and path 3 of DTRT-3 and DTRT-4 include a greater table rotation range
to avoid a high-cost region. By increasing AG,,q., the A* algorithm is free to
select a more “unsmooth” path, which is particularly seen around table = 60° and
gantry = -90° of the GT map of path 1 and 2. Furthermore, several direction

changes occur at the end of the path.
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Gantry-table path 1 Gantry-table path 2 Gantry-table path 3
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Gantry-Angle [°] Gan Gantry-Angle [°]

Figure 3.5: Target-OAR overlap maps with respective DTRT-1 to DTRT-4 paths
for case A. With increasing freedom in the GT rotation gradient, the cost for one
path is minimized more. In light grey collision zones (between gantry-patient or
GT) and in dark grey CT restriction zones are marked.

Regarding complexity (Supplementary Material 4), the average and maxi-
mal G&AG increased from DTRT-1 to DTRT-4 plans. The average G&AG
are 0.421&0.002, 0.778&0.003, 1.284&0.003 and 1.953&0.009 and the maxi-
mal G&AG are 0.58080.049, 1.083&0.077, 3.048&0.178 and 3.077&:0.499 for
DTRT-1 to DTRT-4, respectively. The logfile reported maximal G and AG val-
ues are slightly greater than specified in the path finding, which is explained by
rounding uncertainties and the internal machine translation of the XML plan-file

into the application of the plan. The median MCS decreases from VMAT to the
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DTRT plans (0.24 to 0.19+0.15).

3.4.2 Dosimetric plan quality and robustness

To analyze the dosimetric plan quality, first the DVHs are compared. In fig-
ure [3.6] DVHs of the plans for case A are shown. The greater freedom in the
GT rotation gradient is reflected in the DVH: while PTV coverage and homo-
geneity is similar between all plans, OAR sparing, particularly sparing of the op-
tic chiasm and the right optic nerve are improved substantially with increasing
Grmaz&AGmar (Do.osems opticnerver. -9-3 Gy). The DTRT-2 plan for case B
improves the OAR sparing the best: Dy g3cms opticnerver. ~1.6 GY, Do 03¢m3 eyel.
-6.0 Gy, Do .03cms,chiasm 11 GY, Dmean brain -4.7 Gy compared to VMAT (Sup-
plementary Material 5). Only slight improvements with increasing G 1,4 & AG 4z
are observed for the plans of case C (Dpean,parotiar. -1.0 Gy) at the cost of in-

creased mean dose (>5 Gy) to the brain. (Supplementary Material 6).
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Figure 3.6: DVH comparison of the VMAT and DTRT plans for case A. While
target coverage is comparable, increased OAR sparing for the OARs considered
in the target overlap maps is observed with increased GT rotation gradient.

The low dose bath in terms of Vig gy n7 is reduced for case A and case B
from VMAT to DTRT, but increases for case C. Except for case A, V5 gy nT

is increased with increasing G0 &AG 4. The conformity of the prescribed
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isodose line differs by maximum of 0.01, except for case A, where it decreases by
0.04 from VMAT to DTRT-1. Improved conformity for the 50% isodose line is
observed for the DTRT plans (table [3.3).

Table 3.3: Low dose bath Vigy v and Vipgy nr, and conformity (PI and

PI509,) comparison of the different treatment plans of case A, B and C. The best
values (smallest volume or greatest PI and Plsgy) are marked in bold.

VMAT DTRT-1 DTRT-2 DTRT-3 DTRT-4

Case A
Vpry 63.7 cm?
Viogy,NT [cm3] 801.1 639.7 608.8 574.8 619.5
Vigynr [cm®] 14692 15302 14924  1423.7  1477.9
PI 0.83 0.79 0.81 0.81 0.81
Plspy 0.25 0.30 0.31 0.31 0.31
Case B

VPTV 272.4 cm3

Viogy,NT [cm?®]  1520.4 1325.9 1260.8 1341.1 1371.3
Vsgy,NT [cm3] 1887.2 2057.4 2154.5 2325.6 2402.2
PI 0.48 0.49 0.49 0.49 0.49
Plxoy 0.41 0.48 0.48 0.49 0.49
Case C
Vpry 410.8 cm3
Viogy Nt [cm®]  2188.5  2409.7 3074.1 3248.6 3282.3
Vsgy,NT [cm3] 2897.8 4583.0 5310.6 5459.4 5383.2
PI 0.84 0.84 0.83 0.84 0.84
Pl 0.29 0.31 0.31 0.31 0.31

The dosimetric robustness (figure[3.7)) to patient setup uncertainties is similar
between all plans for all cases. Furthermore, there is no clear trend of dosimetric
robustness with respect to the GT rotation gradient. The DTRT plans of case A
and B are more robust to machine uncertainties than the VMAT plans. For case
C, dosimetric robustness to the investigated machine uncertainties decreases with

increasing freedom in the GT rotation gradient.
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Figure 3.7: Dosimetric robustness, expressed in terms of Rl and RI¢7y to random
and systematic patient setup uncertainties in lateral, longitudinal, and vertical
direction up to +0.3 cm, as well as systematic uncertainties in gantry, table and
collimator rotation between £1° and £4° for the plans of case A (A, left), case

B (B, middle) and case C (C, right).

When considering only the CTV robustness criteria (RIo7v ), the RIgry for
systematic (random) setup uncertainties for case A, B and C are >25% (100%),
100% (100%) and >40% (100%), respectively. The robustness of the CTV for
the VMAT plan of case C to systematic setup uncertainties is substantially worse
(40%) as compared to the DTRT plans (>88%). Regarding machine uncertainties
up to +4°, the CTV robustness of the plans for case A is little influenced and
have an RIgry >95%. The larger targets of case B and C have an Rlgry of
>71% and >24%. For uncertainties up to +1° Rlgry is 100% for all plans and

cases.

3.4.3 Deliverability

Logfile analysis & film measurements

The distributions of table rotation, gantry rotation and MLC position uncertain-
ties retrieved from the recorded logfiles are shown in figure The observed
increase of the average G and AG from DTRT-1 to DTRT-4 has no substantial

103



LOEBNER ET AL.: IMPACT OF G-T ROTATION ON DTRT PLANS

effect on the uncertainty distribution of the gantry, table and collimator rotation.
The average root-mean-square (RMS) uncertainty of the moving MLC leaves de-
creases with increasing G0 &AG 4. A correlation analysis of machine com-
ponent speed and uncertainty in the respective machine component is found in

the Supplementary Material 7.
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Figure 3.8: TrueBeam machine logfile analysis for the VMAT and DTRT plans.
Small offsets for table and collimator rotation, observed in the VMAT plans, are
not corrected, as they are within the precision limit of the respective machine
component.

The film measurements for the DTRT plans of case A agree with the respec-
tive dose calculations by >96% Gamma passing rate (Supplementary Material 3).
No substantial differences between the measurements of the DTRT-1 to DTRT-4

plans are observed.

Delivery time

With increasing G 42&AG 4., the mean time to deliver one arc/dynamic tra-
jectory increases by a factor of 2 from 1.05 to 2.1 min (figure . Of note
is that VMAT and DTRT-1 have similar delivery times. In our institution, the
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TrueBeam has a maximal gantry rotation and table rotation speed of 6°/s and
3°/s, respectively, leading to a G, of 0.5 (as in DTRT-1), so that the table

rotation does not slow down the delivery.

Delivery time

Delivery Time [min]
N N w
=} 5 =}

=
&

ax
1.0 i i

VMAT DTRT-1 DTRT-2 DTRT-3 DTRT-4

Figure 3.9: Delivery time per arc and dynamic trajectory of the VMAT and DTRT-
1 to DTRT-4 plans.
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3.5 Discussion

The impact of the GT rotation gradient on plan quality was comprehensively as-
sessed by evaluation of dosimetric plan quality, complexity, dosimetric robustness,
deliverability, and delivery time for three cases in the head and neck, and brain

region.

Path generation and complexity
With the extended DTRT TPP, the dynamics of DTRT can be characterized and
the user has more control of DTRT path generation. This developed approach has
three main benefits: Flirst, it provides a fast and optimal path finding solution on
a given cost map. For the presented cases, path finding took less than 4 min to
provide the path with the minimal cost [34]. Second, Gar and AG pq. enable
user control over the dynamics of the determined paths, tailoring DTRT plans to
machine and institution specific requirements. G4, controls delivery slow-down
due to the finite table rotation speed. AG,, .. regulates the smoothness of the
path and enables to avoid multiple disruptive directional changes in table rotation.
It is expected that a smoother path has a beneficial effect on the lifespan of the
machine components. Third, the developed approach is applicable to a variety
of path finding strategies and is not limited to a specific type of cost map (e.g.,
target-OAR overlap as presented in this work). The cost map is interchangeable
and could for instance also comprise dosimetric information for dosimetric guided
path finding [35]. However, approaches that include dosimetric information [36]
need considerably more computation time. The path finding would also include
the computationally expensive dose calculation or even intensity optimization.

G and AG complement the frequently used MCS, which has been related
to delivery accuracy |28, 37|, in characterizing the dynamics and complexity of
DTRT plans. While MCS decreases slightly from VMAT to DTRT-1 for the in-

vestigated cases, it does not decrease further with increasing G0 &AG 4z
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Dosimetric plan quality and robustness
The applied TPP in this work is sequential: first, target-OAR overlap maps gen-
eration and path finding, and second, the intensity optimization along the DTRT
path. Due to this sequential nature, the dosimetric plan quality does not neces-
sarily correlate with the decrease in path finding cost. Other approaches employ
simultaneous optimization of path and intensity modulation at the cost of in-
creased optimization times [38-40]. However, regarding dosimetric plan quality,
this work agrees with previous findings |19} 41]. The generated DTRT plans
of this work have the potential to substantially spare OARs as compared to the
VMAT reference plans, particularly the ones considered in the target-OAR over-
lap maps. Increasing G028 AG 4z, enables improved sparing for these OARs,
especially for case A and B. For case C, the DTRT plans also reduce dose to
OARs considered in the target-OAR overlap, but at the cost of increased mean
dose to the brain due to the large size and location of the target (lower head and
neck area). Little variation in the dose conformity to the target is observed [41],
with PI differing at most by 0.01, except for case A where the Pl decreased by
0.04 from VMAT to DTRT-1. However, Pl5yy is reduced for all cases from
VMAT to DTRT. Furthermore, concerns regarding an increased low dose bath
for non-coplanar delivery techniques [8] might not be justified, as for the DTRT
plans a reduction up to 3% of V5 Gy N7 casea, 28% of Vig Gy, NT,casea, and 17%
of Vio Gy, NT,caseB is achieved compared to the respective VMAT plans.
Previous robustness considerations for non-coplanar photon-based treatment
techniques are limited and have primarily focused on patient-setup uncertain-
ties [8] [22, 23] and on the evaluation of the target dose. In these previous stud-
ies, it is indicated that non-coplanar techniques, are equally or more robust than
coplanar VMAT. This work agrees by confirming that, except for case C, there is
no substantial difference in the dosimetric target robustness for the investigated
plans and setup uncertainties, regardless their GT rotation gradient. This work

further extends these investigations by evaluating the robustness of OAR sparing
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and the impact of uncertainties in gantry, table and collimator, on the planned
dose distribution. The investigated machine uncertainties are several magnitudes
larger than the uncertainties reported in the machine logfiles. However, system-
atic miscalibration of the treatment machines are not reported in the machine
logfiles. Miscalibrations might be only detectable during machine QA. Further-
more, they are chosen for exploratory purposes to simulate scenarios that surpass
the published machine tolerance limits [42]. On a different note, concerns about
the robustness to rotational setup uncertainties are addressed by interpreting the
table rotation uncertainty as patient-setup uncertainty. Plans of case A and B
with increased G0 &AG 4 show improved robustness to machine uncertain-
ties, which is linked to their lower low dose bath. The impact of the uncertainties
on the dose distribution happens on a smaller dose scale. The results of case C
confirm this explanation, as the VMAT plan has the smallest low dose bath and
the highest RI. The CTV robustness is hardly sensitive to random patient-setup
uncertainties up to 0.3 cm and to machine uncertainties up to 1°. The PTV
margin prevents a deterioration of the CTV dose in most cases. Of note is that in
a clinical DTRT delivery setting, patient and machine uncertainties would occur
together and a robustness evaluation would need to consider both uncertainty
types in combination. Furthermore, uncertainties in patient setup might be influ-

enced by the GT rotation gradient.

Deliverability and delivery time

This work focuses on plan deliverability, and all created plans have been delivered
interlock-free. Additionally, film measurements confirm the accuracy of the dose
calculation algorithm26 for the extended TPP and verify the accurate delivery
of the plans of different GT rotation gradient on the TrueBeam by means of an
end-to-end test. Analysis of the machine logfiles confirmed the results of previous
assessments [43]. Uncertainties in MLC leaf position are correlated to the leaf
speed. Additionally, strong correlations are observed between table/collimator

rotation uncertainty and rotation speed. However, an increase in G, &AG 00

108



DISCUSSION

is not accompanied by greater mean uncertainties in the respective machine com-
ponents for the investigated plans. The average RMS error for the moving MLC
leaves even decreases with increasing G4 &AG 1,4, and lower MCS. One pos-
sible explanation is that the MLC leaves have more time to achieve the desired
apertures when there is more table rotation, as the table rotation speed with 3°/s
can slow the treatment delivery down.

The delivery time increases with increasing GT rotation gradient for the in-
vestigated cases. However, by setting G4, to 0.5, the additional dynamic table
rotation does not slow the delivery down, while the plan quality still profits from
the dosimetric benefits of the non-coplanar beam directions. In the context of
overall treatment time, which includes the setup and positioning of the patient,

also the delivery times of the DTRT-2 trajectories are comparably small [44], |45].
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3.6 Conclusion

This work presents a method to generate DTRT plans with user-defined GT ro-
tation gradients. The impact of this gradient on plan quality is comprehensively
analyzed and the trade-offs between dosimetric plan quality, complexity, deliver-
ability, delivery time and dosimetric robustness are highlighted. A small increase
in this gradient, from VMAT to DTRT-1 (G/,4,=0.5), can already improve OAR
sparing due to the non-coplanar beam directions. Furthermore, smooth delivery
(by AG10::=0.125) and similar delivery times as VMAT are maintained. Increas-
ing the gradient and its change further shows no substantial improvements in
dosimetric plan quality. Considering that the GT rotation gradient can impact
patient comfort and machine durability, it is critical to have the option to limit G
and AG for clinical acceptable delivery times and smooth delivery. Finally, this
research confirms the feasibility of planning, accurately calculating, and delivering

DTRT plans of different GT rotation gradients.
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3.9 Appendix

Supplementary Material 0

Sf3d vector of point in 3d-masp. First cocrdinate refers to
gantry angle, sscond coordinate refers to table angle and
third coordinate refers teo changs in table angls.

/#3d vecteor.

S73d vactor.

3d-map = { H F//3d map consisting of & sst of 3d wectors
describing the map.

GCmax S/maximal sllowved gantry-table rotstion gradisnt betwsen
two adjacent points along & path.

ACmax F/maximal sllowed changa of gantry-tabls rotation gradisnt
between two adjacent peoints along s path.

frontier = PriorityQueue({}, sort to return pogition with lowest
path_coat)

frontier.add( i
came from = {}

came from( ] = Hone
get_cost( G P=0
path cost = {}

path cost| 1 =10

total path = {}

//Beturns neighbors of positicn in Jd-map.
def get_neighbors( '
neighbors = {}

For in 3d-map:
if get gantry angle( }= get_gantry angle| 1+
gantry angle resolution
if get_Cradient G{ 5 1< Gmax and
get_change of Gradient G(came from[ 15 "

1< ACmax:
neighbors. add( }
return neighbors

S/Reconstruct path from 2 given position in the 3Jd-map.
def reconstruct path(came from, 1=
total path = {}
while in came from:
= came from[ 1
total_path.add( 1
return total path.reverse(]

A#Path finding.
while frontier not empty:
= frontier.get()

if = g
total_path = reconstruct_path(came from, ]
continue

neighbors = get neighbors( }

for in neighbors:
tentative cost = path coat[ 1 + get_cost{ - ]

A /The first condition allows to expand the path finding to =11
neighbouring candidates, the sscond condition “overwritas™ a
path when a path up to this point with lower path cost is
Found.
if | not in path cost)

or (tentative cost £ path cost| 11:

path_costl 1 = tentative_cost

frontier.add|
came_from[ il =
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Supplementary Material 1

Table 3.4: Optimization objectives for case A, B and C. Priorities taken from
Eclipse Photon Optimizer v15.6.

Case A
Structure Objective Priority
CTV D100% > 50 Gy 110
PTV D0% < 50.75 Gy 110
D100% > 50 Gy 110
D100% > 47.5 Gy 300
D95% > 50 Gy 300
Brainstem D0% < 10 Gy 70
D37.3% < 7 Gy 60
Cochlea R/L D0% < 3 Gy 60
Eye L D0% < 16 Gy 70
D15.5% < 10 Gy 60
Eye R D0% < 7 Gy 60
D12.7% < 5 Gy 60
Lacrimal L D0% < 3 Gy 60
Lacrimal R D0% < 5 Gy 60
Optic Chiasm  D0% < 20 Gy 60
D6% < 15 Gy 60
D44.8% < 10 Gy 60
OpticN L D0% < 35 Gy 70
D8.7% < 30 Gy 60
D53.2% < 25 Gy 60
OpticN R D0% < 10 Gy 60
D24.8% < 7.5 Gy 60
Parotid L/R D0% < 5 Gy 60
Distance from
target border 0.25 cm,
Normal Tissue  Start Dose 99.0%, 70

End Dose 30.0%,
Fall-off 0.25
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Case B
Structure Objective Priority
CTV D100% > 60.0 Gy 100
PTV D0% < 60.40 Gy 120
D100% > 60.0 Gy 120
D98% > 57.0 Gy 300
Optic Chiasm  D0% < 13.81 Gy 80
D7.8% < 7.84 Gy 60
D42.2% < 41 Gy 50
Eye L D0% < 2.1 Gy 50
Eye R D0% < 3 Gy 50
Brain Dmean < 15 Gy 50
Brainstem D0% < 32.9 Gy 80
D5.6% < 4.7 Gy 70
Lacrimal L D0% < 3.0 Gy 50
Lacrimal R D0% < 4.5 Gy 50
Lense L/R D0% < 0.1 Gy 50
OpticN L D0% < 3.9 Gy 50
OpticN R D0% <14.2 Gy 70
D29.7% < 6.1 Gy 70
Distance from
target border 0.25 cm,
Normal Tissue  Start Dose 99.0%, 100

End Dose 30.0%,
Fall-off 0.25
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Case C
Structure Objective Priority
CTV D100% > 50 Gy 120
PTV D0% < 52.3 Gy 300
D100% > 50 Gy 300
D100% > 47.5 Gy 300
D95% > 50 Gy 300
Brain D0% < 30 Gy 80
Brainstem D0% < 14.0 Gy 80
Cochlea L D0% < 10 Gy 80
Cochlea R D0% < 5 Gy 80
Esophagus Dmean < 15 Gy 80
Eye L D0% < 8 Gy 80
Eye R D0% < 5 Gy 80
Hippocampus L/R  D37% < 5 Gy 90
LarynxGSL D0% < 50 Gy 60
Dmean < 25 Gy 80
Lense L/R D0% < 2 Gy 80
Lips D0% < 36.5 Gy 80
Dmean < 10 Gy 80
Mandible D0% < 50 Gy 30
Oral Cavity D85% < 20 Gy 80
Dmean < 30 Gy 80
Parotid L Dmean < 30 Gy 80
Parotid R Dmean < 0.1 Gy 80
Pharynx D24% < 49.6 Gy 80
D49% < 22 Gy 80
Dmean < 20 Gy 80
PRV Brainstem D0% < 16 Gy 80
PRV Spinal Cord D0% < 22 Gy 80
Submand R Dmean < 5 Gy 80
Distance from
target border 0.25 cm,
Normal Tissue Start Dose 99.0%, 100

End Dose 30.0%,
Fall-off 0.25

Supplementary Material 2

In figure the objective function values (OFVs) of the dose distributions after

optimization and final dose calculation are compared for each case. The objective
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function value is a calculated scalar quantity that represents the correspondence
of a dose distribution to treatment planning objectives, and is defined by dose-
volume, mean dose, and dose fall-off objectives. Case A and case B profit from
the increased freedom in the GT rotation gradient: the OFV is reduced by up to
72% compared to the worst performing plan (VMAT). Small improvements (7%
and 10%) from the worst performing DTRT plan (DTRT-1 and DTRT-1) to the
best performing DTRT plan (DTRT-4 and DTRT-2) are observed for case A and
B, respectively. No major improvements on the OFVs are visible for the plans of

case C with increasing GT rotation gradient.
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Figure 3.10: OFVs for case A (A), case B (B) and case C (C).

Supplementary Material 3

The accuracy of the dose calculation for the extended TPP is verified by means
of an End-To-End test using film validation measurements for all DTRT plans of
case A. To this end, two Gafchromic EBT-3 films (Ashland Advanced Materials,
Bridgewater, New Jersey, USA) are placed orthogonally into a cubic polymethyl
methacrylate (PMMA) phantom [1] for each plan measurement. The phantom
is placed on the treatment table and the DTRT plans are delivered. Using a

triple channel calibration [2], the film measurements are converted to absolute
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dose, evaluated using a one scan protocol |3] and are compared against the MC
dose calculation by means of 2D Gamma analysis (2% global / 2 mm with 10%
dose threshold). The film measurements for the DTRT plans of case A agree
with the respective dose calculations by >96% Gamma-passing-rate. No sub-
stantial differences between the measurements of the DTRT-1 to DTRT-4 plans

are observed.
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Coronal Sagittal

DTRT-1

DTRT-2

DTRT-3

DTRT-4

Figure 3.11: Film measurements of the coronal and sagittal plane of case A of
DTRT-1, DTRT-2, DTRT-3 and DTRT-4. The thick lines correspond to the
planned dose distribution and the thin lines correspond to the measurements.
The discrepancies at the vertical line in the center correspond to the slit in the
film, where the film of the coronal and sagittal plane intersected.
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Supplementary Material 4

The complexity assessed by G, AG and MCS of the VMAT and DTRT treatment

plans is visualized in figure [3.12
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Figure 3.12: Complexity assessed by G, AG and MCS for all generated plans of all
cases. For the boxplots: the median is depicted in orange, the notch defines me-
dians confidence interval, the box indicates the interquartile range (IQR, Q3-Q1),
whiskers extend to the last (first) datum less (greater) than Q3+1.5*IQR(Q1-
1.5*IQR). Outliers are marked with a plus sign.
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Figure 3.13: DVH comparison of the VMAT and DTRT plans of case B.

125



APPENDIX

Supplementary Material 6
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Figure 3.14: DVH comparison of the VMAT and DTRT plans of case C.
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The following correlations are observed over all DTRT plans and cases (figure
. Table, collimator, and MLC uncertainty correlate with the speed in the

respective machine component. A non-linear correlation between gantry rotation

speed and uncertainty is observed. For medium gantry speeds of approximately

+4°/s, the greatest uncertainties in gantry angle are observed.
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Gantry Rotation Velocity Uncertainty Correlatlon Table Rotation Velocity Uncertainty Correlation
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Figure 3.15: Machine component speed-uncertainty correlations: a non-linear
correlation between gantry rotation speed and gantry uncertainty is observed.
Strong correlation between table rotation speed, collimator rotation speed and
MLC speed and the respective uncertainty is observed. P-values are <10~
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BERTHOLET ET AL.: OAR SPARING WITH DTRT

4.1 Abstract

Background

Dynamic trajectory radiotherapy (DTRT) extends volumetric modulated arc ther-
apy (VMAT) with dynamic table and collimator rotation during beam-on. The
aim of the study is to establish DTRT path-fnding strategies, demonstrate deliv-
erability and dosimetric accuracy and compare DTRT to state-of-the-art VMAT
for common head and neck (HN) cancer cases.

Methods

A publicly available library of seven HN cases was created on an anthropomorphic
phantom with all relevant organs-at-risk (OARs) delineated. DTRT plans were
generated with beam incidences minimizing fractional target/OAR volume over-
lap and compared to VMAT. Deliverability and dosimetric validation was carried
out on the phantom.

Results

DTRT and VMAT had similar target coverage. For three locoregionally advanced
oropharyngeal carcinomas and one adenoid cystic carcinoma, mean dose to the
contralateral salivary glands, pharynx and oral cavity was reduced by 2.5, 1.7 and
3.1 Gy respectively on average with DTRT compared to VMAT. For a locally
recurrent nasopharyngeal carcinoma, D0.03 cc to the ipsilateral optic nerve was
above tolerance (54.0 Gy) for VMAT (54.8 Gy) but within tolerance for DTRT
(53.3 Gy). For a laryngeal carcinoma, DTRT resulted in higher dose than VMAT
to the pharynx and brachial plexus but lower dose to the upper oesophagus, thy-
roid gland and contralateral carotid artery. For a single vocal cord irradiation
case, DTRT spared most OARs better than VMAT. All plans were delivered suc-
cessfully on the phantom and dosimetric validation resulted in gamma passing
rates of 93.9% and 95.8% (2%/2 mm criteria, 10% dose threshold).
Conclusions

This study provides a proof of principle of DTRT for common HN cases with
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plans that were deliverable on a C-arm linac with high accuracy. The comparison

with VMAT indicates substantial OAR sparing could be achieved.
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4.2 Background

Radiation therapy plays an important role in the management of head and neck
(HN) cancer but is often challenging, especially for target volumes with complex
shapes overlapping with organs-at-risk (OARs). The introduction of intensity-
modulated radiotherapy (IMRT) has enabled clinically significant toxicity reduc-
tion through better dosimetric sparing of OARs [1] while volumetric modulated arc
therapy (VMAT) improved delivery efficiency with dynamic gantry rotation [2].

Non-coplanar radiotherapy can further improve OAR sparing [3] with, e.g., 47-
IMRT using up to 30 non-coplanar beams [4], non-coplanar VMAT with multiple
arcs at static non-coplanar table angles [5], or non-coplanar dynamic trajectory ra-
diotherapy (DTRT) with simultaneous gantry and table rotation during beam-on,
with [6H8] or without [9, [10] dynamic collimator rotation. The trade-of between
estimated delivery time and dosimetric plan quality was explored for nasopha-
ryngeal tumours finding non-coplanar dynamic trajectories to be dosimetrically
benefcial over coplanar techniques at the cost of longer, yet acceptable, delivery
times [11].

Despite encouraging dosimetric quality of DTRT plans and the promise of
deliverability on standard C-arm linacs [6, [12], it remains a research topic for
HN radiotherapy and is not yet clinically available. Nasopharyngeal and cranial
tumours have often been investigated owing to the large collision-free space |7} |11,
12| with statictable non-coplanar solutions already commercially available on C-
arm linacs |13} [14]. Large HN target volumes are often associated with high rates
of toxicity and could benefit from DTRT but these have a more caudal isocenter.
The resulting collision-free space is more restrictive than for nasopharyngeal or
cranial tumours and requires careful consideration for deliverability [15].

A practical approach to determine dynamic table paths is the use of geometric
criteria to minimize target/OAR overlap by combining gantry-table cost-maps of

various OARs in one map where a path-finding algorithm returns the path of
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lowest cost [0} 9]. However, for HN, there are many OARs that may overlap with
the target, and optimal OAR selection and/or weighting at the path-finding stage
remains unclear. Additionally, this provides only one path whereas multiple arcs
are recommended for VMAT |16 |17]. Selecting and grouping OARs in different
maps to generate more than one path for DTRT planning would enable to better
exploit the collision-free space.

The aim of this proof-of-principle study was to establish path-finding strate-
gies for DTRT of HN cases, evaluate OAR sparing compared to state-of-the-art
VMAT, and demonstrate DTRT deliverability and dosimetric accuracy. For this
purpose, a publicly available library covering all common HN cases was created

on an anthropomorphic phantom.
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4.3 Methods

Library of cases and clinical goals

The library of HN cancer cases was created on an axial computed tomography
(CT) scan of the Alderson phantom (Radiology Support Devices Inc., USA). The
phantom was immobilized in a 5-point thermoplastic mask (Posifx, civco Ra-
diotherapy Inc., USA) and scanned on a Philips Brilliance Big Bore CT-scanner
(Philips Healthcare, Amsterdam, The Netherlands) with 2 mm slices and 512x512
pixels in-plane resolution. All relevant OARs were delineated according to guide-
lines |18, [19]. Both hippocampi were additionally contoured [20].

Seven typical HN cases were identified, six of whom had elective nodal volumes
treated to 50.00 Gy in 2 Gy fractions. Sequential boost volumes are prescribed
a total of 66.00 Gy for any post-operative positive margin and nodal levels with
extranodular extension and to 70.00 Gy for non-operated primary tumour and
involved lymph nodes [21H28].

The clinical target volumes (CTV) were delineated on the phantom based on
commonly observed clinical cases and relevant guidelines [29-31]. Water density
was assigned to air in the CTVs or where tumour infiltration would replace bone.

Corresponding planning target volumes (PTV) were obtained by applying a
3 mm isotropic margin around the CTV, trimmed 3 mm from body contour ac-
cording to institutional practice. Plans for individual phases were normalized such
that PTV pg50,=100% of the prescribed dose. OAR clinical goals are summarized
in Additional file 1: table [32]. The hippocampus constraint was set at D4q9
<7.3 Gy [33]. All OARs were the same for these six cases.

The seventh case was an early stage glottic laryngeal carcinoma treated with
single vocal cord irradiation (SVCI) to 58.08 Gy in 16 fractions [34]. OAR de-
lineation and planning protocol are described elsewhere (VoiceS NCT04057209)
and summarized in Additional file 1: table [£.6]
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DTRT paths and VMAT arcs set-up

All treatment plans were created for 6 MV-fattened beam on a TrueBeam linac
(Varian Medical Systems) equipped with a 120-leaf Millennium multi-leaf colli-
mator (MLC) and a PerfectPitch 6-degree-of-freedom table.

DTRT plans were created based on Fix et al. [6]. In short, target and OAR
contours are exported from Eclipse (Varian, research version 15.6) to an in-house
path-finding software using the research Eclipse Scripting Application Program-
ming Interface (ESAPI). For each OAR, a gantry-table (GT) cost-map is gener-
ated quantifying the fractional target/OAR volume-overlap in beam'’s eye view
for each combination of gantry-table angle, accounting for the relative position
of the OAR with respect to the target. OAR maps are combined in a weighted
sum and exclusion zones are determined based on collision and CT-scan length
restrictions.

An A* path-finding algorithm is used to determine the GT-path of lowest
cost for a given range of gantry rotation. For the chosen GT-path, a collimator-
gantry (GC) map is created that quantifies field width in the x-direction. The
A* is used to the determine the GC-path of lowest cost, thereby reducing the
range of possible leaf-travel. The selected gantry-table-collimator (GTC)-paths
are imported back into Eclipse via ESAPI for intensity modulation optimization.

In this study, case-specific collision maps were determined based on a val-
idated virtual linac model using Blender |35} 36]. The model detects possible
collisions between the gantry and the table-top/table-stand and a patient model.
A reference point on the headrest and the plan isocenter coordinates are used to
estimate the table position in the room. An additional safety margin of 2 cm on
each component was used.

All DTRT paths covered a full gantry rotation with control points every 2°.
The A* algorithm was restricted to find GT and GC-paths with a maximum
gradient of 3° table/collimator rotation per degree gantry rotation and paths were
smoothed using a 10-points (20°) moving average to avoid abrupt table motion.

Different paths per plan were created by selecting different OARs to generate each
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map. Individual OAR-maps were equally weighted. To increase the degrees-of-
freedom at the intensity optimization stage, some paths were duplicated either by
field-splitting in the x-direction using the secondary collimator jaws or by applying
a constant 90° collimator offset to the A*-determined GC-path.

For each DTRT plan, a VMAT plan was created with the same number of
full arcs as GT-paths, the same field-splitting strategy, and collimator angle of 5
or 95°.

Intensity optimization and dose calculation

Research version of the Eclipse photon optimizer (PO) and the Anisotropic An-
alytical Algorithm (AAA) version 15.6 were used for intensity modulation opti-
mization and dose calculation with a 2.5 mm grid. Intermediate dose calculation
was used, "convergence mode" was on, and "aperture shape controller" set to
moderate [37].

A set of manual planning rules was designed to minimize planner bias (Ad-
ditional file 1), where the optimization objectives are found during interactive
planning, but only certain parameters can be changed. Each plan was optimized
once and then re-optimized without any manual interaction. Objective tweaking
and re-optimization without manual interaction was allowed if clinical goals were
nearly reached. After final dose calculation with AAA, plans were normalized. All

plans were optimized by the same planner.

Treatment technique comparison

Plans were reviewed for clinical acceptability by a radiation oncologist. PTV
coverage, homogeneity index (Hlgso,= Vgs%-V105% ), and Paddick conformity in-
dex (Clpagaick [38]) for each individual dose level were evaluated, but technique

comparison focused on OAR dose in the dose distributions for the combined plans.

Delivarability of DTRT plans

To demonstrate deliverability of DTRT, all plans were delivered in developer mode

138



METHODS

using xml files and machine log-files were recorded to evaluate mechanical accu-
racy and the possible correlation between speed and mechanical deviations for
each dynamic axis. Prior to delivery, the phantom was positioned on the True-
Beam PerfectPitch table with the thermoplastic mask. Orthogonal kV imaging
was used to adjust patient positioning with 5 degrees-of-freedom. Rotation was
not corrected because the dynamic table rotation is encoded for each control
point in the xml files and any correction would be overridden during delivery.

Dosimetric validation with film measurement was performed for one case as
described in Additional file 1: [39-42].

Recently, the Radiotherapy Treatment plannINg study Guidelines (RATING)
were proposed to evaluate the quality of planning studies and there reporting.

The guidelines were followed and the RATING score was calculated [43].
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4.4 Results

The seven HN cases are presented in Table The library consisting of the
Alderson CT-scan and structure-sets for each case is publicly available in DICOM
format on the BORIS repository (https://dx.doi.org/10.48350/159243).
OAR selection strategies for each case were determined empirically to obtain
DTRT paths covering the 4m-space while avoiding the most relevant OARs (Table
. Example GT-maps and paths are shown in Fig. With the corresponding
individual OAR GT-maps in Additional file 1: Fig. The process from con-
tour export to the in-house software to paths import in Eclipse currently takes

approximately 8-12 min for a 2-4 paths plan.
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Figure 4.1: Example GT-maps with A*-determined paths (red curve) in the path-
finder framework (left) and imported into Eclipse for the 50 Gy dose level of
HN2. Light grey areas indicate collision zones, dark grey areas indicate end-of-
CT restrictions. OAR selection for each map is detailed in Table [4.1] Individual
OAR maps are shown in Additional file 1.
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Each individual plan and dose distributions from all combined plans were con-
sidered clinically acceptable by a radiation oncologist. Target coverage were simi-
lar between DTRT and VMAT. For conventional fractionation (HN1-6) CIPaddick
were between 0.82 and 0.92 differing at most by 0.03 between DTRT and VMAT.
Hlgsy, were between 74.5% and 99.2% with a mean absolute difference of 3.2%
between DTRT and VMAT (VMAT being generally more homogeneous).

Target coverage in the dose distributions for the combined plans were similar
for the high dose volume but differences were observed for lower dose volumes
depending on the direction in which the elective volume extended the high dose
volume (Additional file 1: Fig. [4.7).
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Figure 4.2: Radar plots showing the difference in OAR dose compared to toler-
ance for HN 1-4 for VMAT (solid lines) and DTRT (dashed lines). Mean doses
are considered for the salivary glands, pharynx, oral cavity and larynx (top) and
near max doses are considered for the nervous system (bottom). Negative val-
ues indicate better sparing than tolerance. Positive values (grey shaded area)
indicate doses above tolerance. lIpsi: ipsilateral, Contr. contralateral, Submand:
Submandibular (gland), excl: excluding.

Dosimetric endpoints of the dose distributions for the combined plans are re-
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ported in Additional file 1: table and All plans had acceptable target
coverage and near-max dose. Mandatory clinical goals were fulfilled without com-
promising target coverage. For some OARs, the dose was above tolerance but
within accept-able deviations.

For the oropharyngeal cases and the ACC (HN1-4), challenging OARs were
the salivary and swallowing structures. Mean dose to the contralateral salivary
glands was on average 2.5 Gy lower for DTRT than for VMAT; it was on average
1.7 Gy and 3.1 Gy lower for the pharynx and oral cavity respectively (Fig. .
Dose to the auditory or optic structures was generally higher for DTRT than
VMAT (Additional file 1: table but at least 22 Gy below tolerance except
for the lenses where it was at least 0.4 Gy below the tolerance of Dy g3.c <6 Gy.
V7.3 @y to the hippocampi was higher for DTRT than for VMAT but remained
well below tolerance (maximum 28.5%). Dose volume histograms (DVHs) for
HN4 are shown in Fig. (top).
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Figure 4.3: DVHs for HN4 (top) for VMAT (solid line) and DTRT (dashed
line). Dose distribution from Eclipse and corresponding gamma maps (2%/2 mm,
threshold: 10% of maximum dose) comparing film dose to AAA-calculated dose
in Eclipse for DTRT for both dose levels (bottom).

For the nasopharyngeal case (HN5), challenging OARs were the optic and
visual structures. DVHs are shown in Fig. Near maximum dose to the
ipsilateral optic nerve was above tolerance (54.0 Gy) for VMAT (54.8 Gy) but
within tolerance for DTRT (53.3 Gy). Better OAR sparing for DTRT compared
to VMAT was achieved for most endpoints (Additional file 1: table [4.5)).

145



BERTHOLET ET AL.: OAR SPARING WITH DTRT
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Figure 4.4: DVHs plots for HN5, locally recurrent nasopharyngeal carcinoma.

DVHs for the laryngeal cases (HN6-7) are shown in Fig. For HN6, mean
dose to the pharynx was 10.4 Gy (DTRT) and 9.3 Gy (VMAT); it was 15.5 Gy
(DTRT) and 17.9 Gy (VMAT) for upper oesophagus. Dsqg to the contralateral
carotid PRV was 14.0 Gy (DTRT) and 15.0 Gy (VMAT). For the SVCI case,
HN7, the plan was normalized such that PTV pg79,=99% to fulfil the prescription
for both plans. Clpaagick and Hlgse, were 0.71 and 96.0% for DTRT and 0.77
and 96.8% for VMAT. DTRT achieved better OAR sparing than VMAT for most
OARs (Additional file 1: table [4.6)).

146



RESULTS

HNG - Stage II laryngeal carcinoma

100y 100
9ol PTV50 PTV70 90 PTV70
il
8of |\ 80
I
= 70—y 7
2| \\ \ 2
v 60|l \ v
g ol N\ g oo
2 soll Rt Y 3
2 soff st S 50
2 X g
% 40 ‘\\\\rvn‘:w\ % 40
o \\\ [
< 30 : R\ Thyroid < 30t
20 My 20
S
10 - \ 10
o "X o
0 10 20 30 0 50 60 70 80 10 20 30 40 50 60 70 80
Dose (Gy) Dose (Gy)
HN7 -Early stage glottic laryngeal carcinoma (single vocal cord irradiation, SVCI)
100
— war] ™V % —— VMAT
DTRT ——- DTRT
80
70 Contr. arytenoid 70
9 W\ Inf. Constrictor 9
b N Cricopharyng M
A N AN g o
3 N AL 3
S 50 N S 50 .
= A 2 Brachial Plexus
2 40 2 40 Contr. carotid
o | o
K] K]
< 30 < 30
20 Thyroid 20
10 10
oL Mid. Cor = \
0 10 20 50 60 70 30 20

30 40 20
Dose (Gy) Dose (Gy)

Figure 4.5: DVH plots for the laryngeal cases HN6 and HN7 (SVCI). Parallel
OARs are shown on the left, serials OARs are shown on the right.

All plans were successfully delivered on the Alderson phantom in developer
mode (Additional file 3: video). Delivery times, calculated from the machine
log-files, were on average 2.4 (range: 2.1-2.8) times longer for DTRT compared
to VMAT (Table . The mechanical accuracy for each moving component is
reported as the difference between expected and actual value in the machine log-
files in Table[4.2] There was a high correlation (Pearson’s correlation coefficient)
between speed and deviations for table and collimator angles, indicating that the
table and collimator tend to lag behind their respective expected position, however

correlation between speed and deviations was low for gantry angle.
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Table 4.2: Deviations between expected and actual angle/position for DTRT
deliveries

Correlation between

Axis Root-mean-square (RMS) difference  Maximum difference d and deviati
speed an leviation
Gantry angle (°) 0.02 0.13 0.16, p « 0.01
Table angle (°) 0.12 0.16 <-0.99, p « 0.01
Collimator angle (°) 0.03 0.17 <-0.99, p « 0.01
RMS deviation over all moving leaves
Mean RMS Max RMS
MLC leaves position (mm) 0.17 0.28

Figure[4.3]shows the results of the dosimetric validation for HN4. The gamma
passing rates (global 2% /2 mm, 10% dose threshold) were 93.9% and 95.8% with
failing pixels located mostly at the film border. The overall RATING score was
96%. RATING scores were verified during review. (Additional file 2)
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4.5 Discussion

This proof-of-principle study indicates substantially improved OAR sparing with
equivalent target coverage may be achieved for HN radiotherapy with DTRT com-
pared to VMAT. For three oropharyngeal carcinomas (HN1-3) and one adenoid
cystic carcinoma (HN4), the reduction in mean dose to the contralateral salivary
glands (2.5 Gy, average), pharynx (1.7 Gy), and oral cavity (3.1 Gy) has the po-
tential to reduce xerostomia and dysphagia, with a positive impact on quality of
life [44].

Few studies had previously investigated non-coplanar radiotherapy for HN
cases with bilateral elective nodal irradiation volumes. Krayenbuehl et al. [10]
reported improvement in OAR sparing of 2.9 Gy on average for parotid glands,
2.4 Gy for the oral mucosa and 6.9 Gy for the larynx using non-coplanar arcs
compared to 5-beam IMRT in ten patients. Gayen et al. [45] have found non-
coplanar VMAT to be advantageous over coplanar VMAT both in sequential
boost and simultaneous integrated boost techniques for sparing the shoulders
and improving target coverage in 22 patients. Subramanian et al. [5] compared
coplanar VMAT to multi-isocentric non-coplanar VMAT in 25 patients obtaining
average reductions in mean dose to the parotids, larynx, oral cavity and pharyngeal
muscle between 3 and 5 Gy. This improved sparing may be partly because non-
coplanar plans had 1.5-3 times as many arcs as coplanar ones whereas, in the
present study, DTRT and VMAT plans had the same number of arcs/paths.

For a nasopharyngeal case (HN5), DTRT resulted in lower dose to the optic
structures compared to VMAT. In particular, near-max dose to the ipsilateral optic
nerve was above tolerance for VMAT but within tolerance for DTRT, where the
dose-volume effect for radiation-induced optic neuropathy risk is rapidly increas-
ing [46]. Near-max dose to the lenses was slightly reduced with DTRT but above
tolerance for both plans. The volume of the ipsilateral hippocampus receiving
more than 7.3 Gy was 38.0% for VMAT and 30.5% for DTRT. Tolerance would
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have likely been exceeded for VMAT in a clinical setting where this OAR is gen-
erally not considered with an associated risk of neurocognitive impairment [33].
The hippocampus should be considered in the planning of nasopharyngeal cases
with both coplanar and non-coplanar techniques.

The dosimetric beneft of DTRT for stage Il laryngeal carcinoma (HN6) was
unclear with DTRT resulting in higher doses than VMAT for the pharynx and
brachial plexus but improved sparing for upper oesophagus, thyroid gland, and
contralateral carotid artery. A recent analysis found no difference in survival
for IMRT or 3D-conformal radiotherapy for early-stage laryngeal carcinoma but
toxicity was not reported [47]. For the more advanced SVCI technique in early
stage glottic cancer (HN7), DTRT resulted in improved sparing for most OARs
compared to VMAT. Historically, transoral surgery and standard radiotherapy have
been associated with comparable morbidity [48] 49] indicating that improved OAR
sparing with DTRT and SVCI could surpass surgery.

One possible limitation of this study is planner bias due to manual plan-
ning [43]. All VMAT plans were created for the purpose of this study using the
same number of arcs as DTRT paths and comparable field-splitting and colli-
mator angle offset strategies. To further mitigate planner bias during intensity
optimization, strict manual planning rules were set before planning commenced
(Additional file 1: A.l) and all plans were created by the same planner. Although
using the same optimization objectives for both plans could be perceived as bias
mitigation and would enable to compare the objective function value [11], this
would not allow to explore the true potential for OAR sparing of one technique
over the other. Automated planning is an attractive approach to mitigate bias [50]
but no suitable method is currently available for DTRT on our system.

To exploit the OAR sparing potential of DTRT, OAR grouping strategies to
obtain different non-coplanar paths were developed through trial-and-error. This
approach is a priori applicable to other geometry-based path-finding approaches |7}
9] but intensity modulation is not considered at the path-finding stage. Other

approaches use 47 fluence-based optimization to inform path-finding |11, 50, [51]
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or simultaneous path and intensity modulation optimization [52, 53| which may
further improve dosimetric plan quality. However, the two-step geometry-based
DTRT treatment planning process is less complex and compatible with Eclipse
making it potentially easier to implement clinically.

All DTRT paths were created using case-specific collision models automati-
cally generated on a virtual linac and patient model [35] to optimally yet safely
exploit the 4m-space around the patient. All plans were deliverable on the an-
thropomorphic phantom. The model could be refined using patient-specific body
contours and mensuration or surface scanning [15].

Deliverability and dosimetric accuracy of dynamic trajectory delivery was pre-
viously demonstrated in cubic or cylindrical phantoms [6, (12, |54] and on an
anthropomorphic prostate phantom [54] while Mueller et al. demonstrated de-
liverability of dynamic mixed beam radiotherapy (DYMBER), combining DTRT
with electron fields, on a head phantom [55]. Here, deliverability of DTRT for HN
was demonstrated with the full Alderson phantom on the table. Delivery times
were on average 2.4 times longer for DTRT than VMAT for the same number
of full gantry rotations but remain clinically acceptable. Mechanical accuracy of
the delivery was assessed as the deviations between expected and actual values in
machine log-files for all mechanical components, with root-mean-square (RMS)
deviation of 0.02°, 0.12° and 0.03° for the gantry, table and collimator angles
respectively. Film measurements resulted in gamma passing rates of 93.9% and
95.8% (2%/2 mm criteria, 10% dose threshold) confirming that DTRT is de-
liverable with high mechanical and dosimetric accuracy and clinically acceptable
delivery times.

There were several motivations to conduct this study on a phantom. First,
patient CTs do not always extend to the vertex restricting possible beam inci-
dences and preventing dose reporting in cut regions. Second, deliverability and
dosimetric validation could be performed directly on the phantom, therefore en-
abling comprehensive end-to-end testing. Finally, the anthropomorphic phantom

solution allowed to create a publicly available library of all common HN cases. The
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CT and contours can be directly used for in silico planning studies or users can
register the contours to their own Alderson phantom (available in many clinics)
for measurements. Given the anthropomorphism of the phantom, the proposed
DTRT planning strategy is expected to be applicable to real patients presenting
with similar target shapes and location to these available in the library. On the
other hand, it may be possible to favour sparing specific OARs on a case-by-case

basis.
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4.6 Conclusion

Tis study showed substantial improvement in OAR sparing for HN cancer ra-
diotherapy using DTRT compared to VMAT with plans that are deliverable on
standard linacs. Film measurements for one case showed good agreement with
the calculated dose. A publicly available library of all common HN cancer cases
was created and the treatment planning strategy applied on these cases can be
applied to similar cases in future clinical studies, therefore bringing DTRT closer

to clinical practice.
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4.12 Appendix

Manual planning rules

These rules apply to the use of the Eclipse photon optimizer (PO) (Varian Medical
Systems) [1]. The goal is to minimize planner bias while enabling to exploit
the OAR-sparing potential of each technique by determining objectives that are
challenging but nearly achievable
Before plan optimization
Before plan optimization, the user should choose the number of VMAT arcs or
DTRT paths and their associated collimator angle or dynamic collimator paths.
The user should decide if parameters such as jaw tracking, avoidance sectors
or avoidance structure are to be used. Setting such as convergence mode and
aperture shape controller should be clearly selected. In the present study, conver-
gence mode on and aperture shape controller was set to “moderate”. The dose
grid was set to 2.5 mm and automatic intermediate dose calculation was used at
the multi-resolution (MR) level 4.

Mandatory clinical goals and priorities should be agreed upon prior to opti-
mizations.
Starting objectives
The objectives in table [4.3] are set before the beginning of the optimization, and

it is not allowed to modify them during interactive optimization.
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Table 4.3: Optimization objectives for target coverage and conformity.

Organ Objective type Parameters Priority
Manual
- Distance f. target border = 0.25 cm
Normal Tissue Objective (NTO)  -Start dose = 99% 100

- End dose = 30%
- Fall-off = 0.25%

CTV Lower D10o% to Vigo% 200
PTV Lower D100% to Vieow 200
PTV Lower D100% to Vos% 200
PTV Upper Di1os5% to Voy 200
N | Ti

(g;‘:’y_P_'[?\S/“)e Upper D10o% to Vog 200

Optimization objectives for the OARs are also set before the optimization
based on the clinical goals (Table [4.4) but with a priority 0. For the phase 2 and
3 plans, the dose is reduced proportionately to the ratio of prescription dose (e.g.
32% for phase 2 delivering 16 Gy). The objectives in Table are presented
in order of priority. Only the spinal cord, brain stem and their respective PRVs
have higher priority than target coverage. For all other OARs, if the clinical
goals cannot be met, the dose should be reduced as much as possible. The PRV
margins were 5 and 3 mm isotropically for spinal cord and brain stem respectively.
Carotid arteries are only considered if outside the target volume with an isotropic

PRV margin of 5 mm.
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Table 4.4: Clinical goals and starting optimization objectives for OARs. Only the
dose can be modified manually during the interactive optimization phase.

Organ Clinical goal Opt. objective type Volume [%] Dose [Gy]
Spinal cord D0.03 cc < 45 Gy!  Upper 0 35
PRV spinal cord D0.03 cc < 48 Gy!  Upper 0 38
Brainstem D0.03 cc < 54 Gy!  Upper 0 43
PRV brainstem D0.03 cc < 54 Gy!  Upper 0 43
Hippocampus (R/L) V7.3 Gy < 40%2 Upper 35 7
Parotid gland (R/L) Dmean < 26 Gy* Mean 25/20
Pharynx Dmean < 45 Gy Mean 45
D50 Gy < 33% Upper 33 50
Larynx GSL Dmean < 35 Gy Mean 35
Cochlea (R/L) Dmax < 45 Gy Upper 0 35
Upper Oesophagus Dmean < 40 Gy Mean 40
Lips Dmean < 20 Gy Mean 20
Dmax < 30 Gy Upper 0 30
Oral cavity - PTV Dmean < 40 Gy* Mean 40
Mandible D2% < 70 Gy Upper 0 50
Brachial Plexus D0.03 cc < 66 Gy  Upper 0 50
Brain D0.03 cc < 65 Gy  Upper 0 50
Upper 0.1 40
Eye (R/L) D0.03 cc < 45 Gy  Upper 0 35
Dmean < 35 Gy Mean 35
Lachrymal gland (R/L) Dmean < 30 Gy Mean 30
Submandibular gland (R/L) Dmean < 35 Gy Mean 35
Lens (R/L) D0.03 cc < 6 Gy Upper 0 4
Optic chiasm D0.03 cc < 54 Gy  Upper 0 43
Optic nerve (R/L) D0.03 cc < 54 Gy  Upper 0 43
Inner ear (R/L) Dmean < 45 Gy Mean 22
Thyroid gland V 50 Gy < 60% Upper 60 50
Mean 35
PRV carotid (R/L) D50% < 5 Gy Upper 47 5
D30% < 10 Gy Upper 27 10
D10% < 15 Gy Upper 7 15

[ |

. higher priority than target coverage
: introduced for this study

: 20 Gy if only one gland can be spared. Keep below 30 Gy for at least one gland.
: Optimization is performed on oral cavity but plan evaluation is performed on oral cavity excluding PTV

Interactive optimization

Optimization is started in Eclipse with only the objectives of table [4.3] with non-

zero priority. No interaction is permitted until the PO reaches MR level 1, step

3/5. The user then pauses the optimization and sets a priority of 80 to all OAR

objectives. Exceptions are made for OARs that have a minimum dose objective

(Upper objective to 0% volume) and overlap with the PTV or for OARs with a

mean dose objective having a major overlap with the PTV. In this case, the dose

value is set to the prescription dose and the priority to 50.
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The user resumes the optimization and is allowed only to change the dose value
of the OAR objectives. The goal of these interactions is to fulfil the clinical goals
and to reduce the dose to the OARs as much as possible, i.e. the objectives must
contribute to the objective function value. After the intermediate dose calculation
at MR level 4, the user once again pauses the optimization and can make final
adjustments to the dose values of the OAR objectives. The user resumes the
optimization again until it completes. Final dose calculation is performed and the
user evaluates whether the clinical goals are fulfilled.

Tweaking the objective and re-optimization without manual interaction was
allowed if clinical goals were nearly reached. All plans were re-optimized without

any manual interaction and the plans were normalized.

Film measurement protocol

Film measurements were conducted in one end-to-end test on the Alderson phan-
tom. Two Gafchromic EBT3 films (Ashland Advanced Materials, Bridgewater,
NJ) were laser-cut to fit between the Alderson slabs closest to target isocenter.
The films were scanned 21 hours after irradiation on an Epson XL 10000 flatbed
scanner. The scanned films were corrected for lateral response artefact using a
one-dimensional linear correction function [2]. Triple channel calibration was used
to convert colour values to absolute dose [3]. Dose rescaling was applied accord-
ing to the one-scan protocol using two addition film strips [4]. The resulting dose
to the red channel was used for comparison with the corresponding 2D calculated
dose plane in Eclipse using gamma evaluation with a 2% (global)/2mm criterion

and a 10% dose threshold of the maximum dose [5].

DVH endpoints

Table reports clinical goals and DVH endpoints for HN1-6 treated with se-
quential boost techniques. Table reports clinical goals and DVH endpoints

for HN7, single vocal cord irradiation treated according to the VoiceS protocol
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(NCT04057209, available upon request). Endpoints above tolerance are shown
in red. As per institutional guidelines, these clinical goals are not mandatory but
the dose should be reduced as much possible and the following variations are

acceptable:

e Parotid glands: mean dose below 30 Gy for at least one gland,

Pharynx: mean dose below 55 Gy,

Oral cavity (excluding PTV): mean dose below 50 Gy,

Brachial plexus and brain: Dg g3cc below 70 Gy,

Mandible: Dyg below 75 Gy
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Table 4.5: DVH endpoints for HN1-6.

OAR Endpoint/goal [Gy/%] Dose [Gy] or volume [%] - VMAT / DTRT

HN1 HN2 HN3 HN4 HN5 HN6
Target
PTV70 D95% 70.0 Gy! 710 /710 705/707 703/701 NA NA 702 /703
PTV70 D5% < 749 Gy 739 /740 733/735 735/737 NA NA 731/ 729
PTV66 D95% > 66.0 Gy? NA 69.5 / 69.4 NA 66.5 / 66.4 66.0 / 65.9 NA
PTV66 DI8% > 62.7 Gy NA 68.6 /684 NA 66.2 /66.1 652/ 65.1 NA
PTV66 D5% < 70.6 Gy NA NA NA 68.6 / 68.6 69.1 /69.2 NA
PTV50 D95% > 50.0 Gy 515/528 51.1/504 505/511 51.6/524 624 /605 63.4 / 63.6
PTV50 D98% > 475 Gy 50.9 /519 50.4 /513 50.0/50.6 51.0/51.7 60.7/58.1 60.0 / 60.9
Salivary and swallowing
Contr. parotid Dmean < 26 263 /268 160/131 108/81 75/11 46/22 03/03
Ips. parotid Dmean < 26 28.1 /285 234/238 233/22  Resected 74/40 03/03
Contr. submand. Dmean < 35 204 /195 21.8/169 160/134 26/22  05/32 14/15
Ips. submand. Dmean < 35 NA Resected 314 /314 79/93 05/ 4.4 12 /12
Pharynx Dmean < 45 513/49.4 51.0/498 412/411 163/128 14/6.7 9.2/10.6
Oral cavity - PTV Dmean < 40 20.9/256 40.1/360 344/330 116/91 20/11.2 04/04
Larynx GSL Dmean < 35 31.6 /251 341/342 277/201 07/31 03/27 NA
Auditory and optical
Contr. cochlea DO0.03 cc < 45 65/118 35/86 18/43 39/23 12.0 /59 <01
Ips. cochlea D0.03 cc < 45 112 /186 43 /132 29/174 163 /155 9.7/97 <01
Contr. inner ear Dmean < 45 55/102 3.0/84 16 /39 31/20 9/42 <01
Ips. inner ear Dmean < 45 77/163 36/128 26/144 148/144 96/86 <01
Contr. eye D0.03 cc < 45 78/84 41/114 22/50 66/37  269/263 <01
Contr. eye Dmean < 35 32/6.1 18/6.8 1.2/35 23/21 12.9 /9.6 <01
Ips. eye D0.03 cc < 45 70/71 42/75 26/67 107/105 41.0/417 <01
Ips. eye Dmean < 35 20/47 18/43 13/43 31/58 145/128 <01
Contr. lachrymal Dmean < 30 1.9/58 1.2 /6.9 0.8/ 4.6 12 /11 114 /5.6 <0.1
Ips. lachrymal Dmean < 30 1.9/4.0 13/33 09/35 15/77 116 / 7.7 <01
Contr. lens D0.03 cc < 6 34 /54 1.8 /5.5 1.2/29 22/26 72 /64 <0.1
Ips. lens D0.03 cc < 6 30/47 18/36 13/34 27/44 82/72 <01
Optic chiasm D0.03 cc < 54 1.9/99 14/87 11/98 12/37 107/114 <01
Contr. optic nerve D0.03 cc < 54 21/109 16/104 13/60 13/31  314/202 <01
Ips. optic nerve D0.03 cc < 54 2.5 /110 1.8 /131 1.3 /10.2 18 /138 548 /533 <0.1
Nervous and circulatory
Spinal cord D0.03 cc < 45 36.5 /313 32.0/305 31.6/31.8 254/143 17.1/157 229 /234
PRV spinal cord D0.03 cc < 48 411/369 34/351 354/368 28/181 183 /168 27.6 / 26.7
Brainstem D0.03 cc < 54 19.8 /221 147 /225 16.9/199 19.0/113 25.8/22.0 02/02
PRV brainstem D0.03 cc < 54 20/262 164/255 189/227 211/132 269 /237 02/02
Brachial Plexus D0.03 cc < 66 68.3 /687 56.6 /558 52.6/536 14/141 03/3.0 35.7 / 39.2
Brain D0.03 cc < 65 326 /375 24.7/360 204/327 49.8/47.9 69.7/69.1 02/02
Contr. carotid PRV D50% < 5 NA NA 51/56 09/10 03/13 07/08
Contr. carotid PRV D30% < 10 NA NA 75/68 50/21 08/17 14/20
Contr. carotid PRV D10% < 15 NA NA 138 /121 117/38 147 /111 15.0 /13.5
Ips. carotid PRV D50% < 5 NA NA NA NA 0.4/6.2
Ips. carotid PRV D30% < 10 NA NA NA NA 09/38
Ips. carotid PRV D10% < 15 NA NA NA NA 14.7 / 14.2
Other structures
Contr. hippo. V7.3 Gy < 40 0/88 0/33 0/0 0/0 205 /3.4 0/0
Ips. hippo. V7.3 Gy < 40 0/34 0/285 0/222 0/69 38.0 /305 0/0
Upper oesophagus Dmean < 40 12.0 /144 143 /135 86/87 03/13 01/20 18.0 / 15.4
Mandible D2% < 70 722 /726 72.4/729 61.4/59.3 66.7/66.0 31.4/19.7 06/06
Lips Dmean < 20 19.8 /163 246 /219 178/149 80/63 11/6.4 02/02
Lips Dmax < 30 393 /352 715/745 305/282 17.6/230 26/17.0 04/04
Thyroid V50 Gy < 60 153 /201 185/269 31/51 0/0 0/0 147 /138

T within1/-2%, Z: within +/-2% for HN 4-5
Abbreviations: contr: contralateral, ips.: ipsilateral, submand.: submandibular gland. PRV: planning at risk volume.
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Table 4.6: Dosimetric endpoints for HN7 (single vocal cord irradiation)

PTV objective Deviation acceptable Dose [Gy]
VMAT / DTRT
D99% = 58.08 Gy > 55.176 Gy (95%) 56.34 / 56.34
D1% < 60.98 Gy < 62.15 Gy 61.52 / 61.34
D0.03cc < 62.15 Gy < 63.89 Gy 61.97 / 61.61
OAR Endpoint/ objective
Normal Tissue D0.03cc < 60.98 Gy (62.15 Gy acceptable) 54.96 / 55.15
Spinal cord* Dmax < 30 Gy 16.2 / 14.9
PRV spinal cord* Dmax < 35 Gy 18.4 /17.8
Contr. Vocal cord Dmean < 50 Gy 40.7 / 36.4
Larynx Dmean < 40 Gy 206 / 31.1
Contr. Arytenoid Dmean < 40 Gy 21.1 /133
Mid constrictor Dmean < 40 Gy 22 /4.0
Inf constrictor Dmean < 40 Gy 20.5 /138
Supra-larynx Dmean < 20 Gy 17.8 / 20.0
Cricophayngeal muscle Dmean < 40 Gy 23.4 /227
Brachial plexus* Dmax < 45 Gy 226 /16.9
Ipsi. Carotid Dmax < 30 Gy 26.4 /23 .2
Contr. carotid Dmax < 15 Gy 129 /117
Thyroid gland Dmean < 15 Gy 152/ 144

* mandatory goal
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Figure 4.6: Individual OAR GT-maps and map sum for each path for HN2. The

hippocampus R+L was included in both maps.
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Figure 4.7: Dose distribution for HN2. Where the elective nodal volume (PTV50)
extends the high dose volume (PTV66/70) in the axial direction, PTV50 re-
ceives more dose with VMAT than DTRT (cyan circle and arrow). On the con-
trary, where PTV50 extends PTV66/70 inferiorly, PTV50 receives more dose with
DTRT than VMAT (magenta circle and arrows).

RATING

The RATING guidelines for treatment planning studies [6] were followed and the

final score was 96%. The score sheet is attached below.
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. Applicable/ Answer
RATING score sheet Points relevant yes
Questions for the Introduction
The study aim formulated by research questions

Does the study have a concise and precise study aim, defined with a

1  restricted number of interconnected questions?
The motivation for the research questions

Has relevant up to date literature been included to support the need
2 forthe current study?
3 Does the study address an existing knowledge gap? 10

Questions for Materials and Methods
Is the global study design adequate for answering the posed research

4 questions? 10
Is the global study design described in sufficient detail for others to 5
5 interpret and reproduce the results?
Patient cohort
6  Are the inclusion and exclusion criteria of the patient cohort described? ! =
Is the clinical patient information of the cohort presented, including 1 O
7  disease type, site(s) and clinical staging?
8 Istheincluded number of patients stated, explained and justified? 1
Has there been consideration of the need for ethical and/or legal 5

9  approval for the study and if needed, is there a statement about this?
Imaging procedures

Have the scanning parameters been reported in sufficient detail (image
modalities, equipment model, slice thickness, voxel size, patient 1
10 position (e.g. head first, supine, etc.) etc.)?
Has the applied immobilisation equipment been described, (e.g. vendor
11 and type, standard settings, etc.) where relevant?
Treatment machine and settings

Have the treatment machine and relevant parameters been described

12 with sufficient detail (model, beam energy, MLC, etc.)? !

Have the monitor unit reference conditions been defined, where 1 O O
13  relevant?

Definition of targets and OARs

Has GTV definition been described in sufficient detail, with references 1 O O
14 if possible?

Has CTV definition been described in sufficient detail, with references if 1
15 possible?

Has the establishment of PTVs (or alternatively robustness settings)

1

16 been described in sufficient detail?
17 Have PTV sizes in the patient cohort been described? 1
Have OAR definitions been described in sufficient detail, with
18 references if possible?
Have PRV margins been described in sufficient detail, with references if
19 available?
Treatment planning system and dose calculation
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20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39
40

41

42

Have all applied dose calculation algorithms been described in

sufficient detail?
For any commercial software used, have the manufacturer, algorithms 1
and specific versions been stated?
Have all relevant user parameters and settings in the TPS been 1
reported, e.g. beams, dose grid, control point spacing?
Have all volumes been evaluated with the same
1
software/methodology?
Planning aims and optimisation
Are clear planning aims defined, including imposed hard constraints 5
and planning objectives (with or without soft constraints)?
Has the ranking of planning objectives (priorities) been described? 5
Is the dose prescription clearly defined? 10
Is there a narrative description of the applied optimisation process, 5
including the handling of all objectives with their ranking?
If manual intervention during or after optimisation is allowed, has this
been described?
Bias mitigation
Have enough study details been provided such that bias issues could be
noted?
Has bias been sufficiently mitigated to reliably answer the posed 10
research question?
Plan acceptability — minor and major protocol deviations
Was the procedure for assessment of plan acceptability well- 1
described?
Was the procedure for assessment of minor and major protocol
. . 1
deviations well described?
Plan (re-)normalisation for plan comparisons
Has plan (re-)normalisation been described sufficiently? 1
Dose-volume parameters for plan evaluation and comparison
Have sufficiently comprehensive dose-volume parameters been used
for plan evaluations and comparisons? 5
Population-mean DVHs
Has the algorithm for creating population-mean/median DVHs been 1 o O
reported?
Have the definitions of confidence intervals been included? 1 O ]
Plan evaluations by clinicians
Have clinicians scored plans to assess quality? 1 m} u]
Were plan comparisons by clinicians blinded? 1 0 u]
Predicted tumour control probability and normal tissue
complication probabilities for plan evaluation and comparison
Have any applied TCP models been described and referenced? 1 [} [}
Have any applied NTCP models been described and referenced? 1 m] a
Plan deliverability and complexity
Have methods used to assess plan deliverability and complexity been 1
described in sufficient detail?
Composite plan quality metrics
Is there a sufficient basis (e.g. in the literature) for any selected 1 O O

composite plan quality metrics?
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Is there an adequate description of the calculation of the composite

1 O [m]
43 plan quality metrics?
Planning and delivery times
Has tneasurement of planning times been described in sufficient 1
44 detail?
Has the establishment of delivery times been described in sufficient
1

45  detail?
Statistical analysis

Have proper statistical methods been used and described in sufficient
46  detail?
In case of multiple testing for research questions, has this been

. 1 [m] [m]
47 handled appropriately?
Questions for Results
Does the provided data contribute to (at least partly) answering all
aspects of the research questions, e.g. plan acceptability, dosimetric 10
48 quality, deliverability and planning and delivery times?
Dose distribution reporting
Are complete summaries of the dose distributions in the patient cohort 5
49 provided (low doses, high doses, OARs, PTV, patient, etc.)?
Are tables and figures optimised to clearly present the results
50 obtained? !
Have the answers to the research questions been illustrated for an 1
51 example patient by providing dose distributions, DVHs, etc.?
Plan acceptability reporting — minor and major protocol deviations
In case of treatment technique or planning technique comparisons, 1
52 was plan acceptability reported separately for each technique?
Has plan acceptability been reported in sufficient detail: how many
plans were acceptable, how many were not and for what reasons (e.g. 1
violation of hard constraints, violation of soft constraints, other
53 reasons)?
. . . . 1
54  Was there adequate reporting of minor and major protocol deviations?
Deliverability and complexity reporting
55 Has the deliverability of the plans been adequately reported? 1
Have plan deliverability and complexity been investigated in sufficient 1
56 detail in relation to the posed research questions?
Planning and delivery times reporting
Have planning and delivery times been adequately evaluated and 1
57 reported?
Patient-specific analyses reporting
Is there sufficient description of inter-patient variations in the results 1
58 presented?
Have outlier patients been reported and has any exclusion from 1
59 population analyses been sufficiently motivated and explained?
Statistical reporting
60 Are the p-values reported appropriately? 1 m} [}
61 Are there confidence intervals for the appropriate parameters? 1 ] m}

Questions for discussions
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Is there an overall interpretation of the data presented in the Results
62 section as to how the posed research questions are answered?
Comparison with literature

10

Has the study been sufficiently discussed in the context of existing

1
__ k8

63 literature? 5
Clinical and statistical significance
64  Does the discussion focus on statistically significant results? 1
Is the potential clinical significance of the results clearly discussed S
65 (assuming practical application would be feasible)?
Clinical applicability of the study
66 Is future the clinical applicability sufficiently discussed? 1
Study limitations
Has the impact of the study limitations on the provided answers to the 10
67 research questions been sufficiently discussed?
Future work
68 Has the potential future work arising from the study been discussed? 1
Questions for conclusions
Do the presented conclusions represent answers to the posed research s
69 questions?
70  Are the conclusions fully supported by the results? 5
71 Are the conclusions a fair summary of all results? 5
Questions for suppl Y
Supplementary materials
Is the information presented in the supplementary material of 1
72 sufficient relevance?
Is the presentation of the included information of sufficient quality, 1
73 including readability?
Has sufficient underlying data been made available or a willingness to
74 share data been indicated, within local data sharing restrictions? 5
RATING remarks
75 Is the RATING score added to the manuscript? 5
Is the accompanying question table added to the cover letter or the 1
76  supplementary material?
RATING score 96%
RATING fraction 195 of 203
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5.1 Abstract

Background and purpose

Dynamic trajectory radiotherapy (DTRT) has been shown to improve healthy
tissue sparing compared to volumetric arc therapy (VMAT). This study aimed
to assess and compare the robustness of DTRT and VMAT treatment-plans for
head and neck (H&N) cancer to patient-setup (PS) and machine-positioning un-
certainties.

Methods

The robustness of DTRT and VMAT plans previously created for 46 H&N cases,
prescribed 50-70 Gy to 95 % of the planning-target-volume, was assessed. For
this purpose, dose distributions were recalculated using Monte Carlo, including
uncertainties in PS (translation and rotation) and machine-positioning (gantry-,
table-, collimator-rotation and multi-leaf collimator (MLC)). Plan robustness was
evaluated by the uncertainties’ impact on normal tissue complication probabilities
(NTCP) for xerostomia and dysphagia and on dose-volume endpoints. Differ-
ences between DTRT and VMAT plan robustness were compared using Wilcoxon
matched-pair signed-rank test (o = 5%).

Results

Average NTCP for moderate-to-severe xerostomia and grade > Il dysphagia was
lower for DTRT than VMAT in the nominal scenario (0.5 %, p = 0.01; 2.1 %,
p < 0.01) and for all investigated uncertainties, except MLC positioning, where
the difference was not significant. Average differences compared to the nominal
scenario were < 3.5 Gy for rotational PS (< 3°) and machine-positioning (< 2°)
uncertainties, < 7 Gy for translational PS uncertainties (< 5 mm) and < 20 Gy
for MLC-positioning uncertainties (< 5 mm).

Conclusions

DTRT and VMAT plan robustness to the investigated uncertainties depended

on uncertainty direction and location of the structure-of-interest to the target.
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NTCP remained on average lower for DTRT than VMAT even when considering

uncertainties.
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5.2 Introduction

The treatment of loco-regionally advanced head and neck (H&N) cancer typically
necessitates a multi-disciplinary approach involving chemotherapy, surgery, and
radiation therapy (RT) [1]. This usually imposed toxicities such as xerostomia
and dysphagia |2, |3].

For this treatment site, intensity modulated RT (IMRT) improved dosimetric
sparing for organ-at-risk (OAR) adjacent to the target compared to 3D confor-
mal RT and reduced toxicities [4]. Volumetric modulated arc therapy (VMAT)
improved delivery efficiency compared to IMRT, by dynamic gantry rotation dur-
ing beam-on [5]. IMRT and VMAT are today’s state-of-the-art techniques for
H&N cancer [6]. Recent developments extended these techniques by incorpo-
rating additional degrees-of-freedom: The research technique dynamic trajectory
radiotherapy (DTRT) [7, 8] includes dynamic table and collimator rotation during
beam-on. Compared to VMAT, DTRT has been shown to improve OAR sparing,
while maintaining similar target coverage [9]. However, it was unclear if these
dosimetric advantages persist amid uncertainties.

Uncertainties in patient-setup [10} [11] or in the mechanical accuracy of the
beam defining machine components (such as gantry, table, collimator or multi-
leaf collimator, MLC) [12] influence the delivered dose distribution. Despite using
patient immobilization devices or patient-setup techniques (e.g., laser alignment,
image-guidance, or surface-monitoring), intrafraction motion and patient-setup
uncertainties persevered [13H15|. Kanakavelu et al. reported, that 35.2 %, 38.6
% and 4.8 % of their H&N cancer patients had setup uncertainties > 2 mm
in lateral, longitudinal, and vertical direction, respectively [13]. Moreover, setup
uncertainties < 3 mm were typically not corrected with daily image guidance
RT protocols [16]. On the machine side, logfile analysis has been employed
to study machine delivery uncertainties [17, |18]. Compared to patient-setup

uncertainties, these were generally small (sub-degree, sub-mm). Studies showed
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similar logfile-reported delivery uncertainties for DTRT and VMAT, indicating
maintained mechanical accuracy for DTRT |9, 19, [20]. However, logfiles are
insensitive to miscalibrations [21].

Patient-setup or machine-related uncertainties are included in planning target
volume (PTV) margin concepts, which are designed to ensure acceptable target
coverage for a majority of the patients, even under uncertainties. Margin concepts
were developed for IMRT/VMAT but their appropriateness for DTRT must be
validated, considering the use of additional beam directions and dynamic machine
axes compared to VMAT. The impact of patient-setup or machine miscalibration
uncertainties on DTRT plan quality should be comprehensively evaluated.

Robustness analysis to determine the uncertainties’ impact on the dose distri-
bution is common in proton therapy [22]. Data from photon treatment techniques
is more limited, generally only focusing on the impact of patient-setup uncertain-
ties on target coverage [23| [24]. However, uncertainties also impact OAR dose,
frequently neglected in robustness studies [25]. Normal tissue complication prob-
ability (NTCP) models are based on OAR dose metrics and are clinically relevant,
e.g. in the patient selection for proton- or photon-based treatments [26]. Un-
certainties therefore impact also the NTCP. A previous large plan comparison
for H&N cancer showed that DTRT improves OAR sparing for salivary glands
and swallowing structures compared to VMAT, resulting in statistically signifi-
cant lower NTCP for xerostomia and dysphagia [27]. However, the impact of
patient- or machine-related uncertainties on the dosimetric plan quality was not
investigated. Therefore, a comprehensive robustness assessment was needed to
conclusively compare DTRT and VMAT and assess the potential clinical impact
of uncertainties.

Consequently, the objective of this study was twofold: first, to conduct a
comprehensive robustness assessment of DTRT and VMAT plans for H&N cancer
cases, including the uncertainties’ impact on the dose to target and OARs and
on NTCP. Second, to compare the robustness of DTRT to VMAT plans, to

identify the potential strengths and limitations of each technique in the presence
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of uncertainties.
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5.3 Materials and Methods

Patient cohort and treatment plans

This robustness study was based on DTRT and VMAT plans previously cre-
ated for a treatment planning comparison for 46 patients with loco-regionally-
advanced oropharyngeal carcinoma (supplementary table [27], enrolled in
the UPFRONT-NECK trial (NCT02918955) between 12.2016 and 4.2022. The
patients provided informed consent. The robustness study extended the analysis
of the planning study by assessing the impact of uncertainties on the plan quality
to compare the robustness DTRT and VMAT plans.

The prescription was 50 Gy in 2 Gy fractions to the elective nodal volume and
up to 70 Gy in the sequential boost phases. The doses were calculated using the
Anisotropic Analytical Algorithm (AAA). The clinical target volume (CTV) and
all OARs (including those above the plane defined by the VMAT beam directions
(VMAT beam-plane)) were delineated following international guidelines [28] 29|
and were included in the robustness assessment. Planning target volumes (PTVs)
expanded the CTV by a 3 mm isotropic margin with a minimum 3 mm distance
from the body contour. This PTV design aligned with international recommenda-
tions [28|, accounting for our setup and IGRT technique (mask and CBCT) and
considered setup uncertainties observed at our hospital and in literature [13] |14}
16|. Further beam set-up and planning details are available in the supplementary
material. Fig. shows the dynamic trajectory/arc setup for one of the 46 cases
planned with DTRT/VMAT in three sequential phases.
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Figure 5.1: Dynamic trajectories (left) and arcs (right) for a H&N cancer case,
planned with three phases. The red bands indicated the dynamic trajectories of
the DTRT plans and VMAT arcs. The PTVs are shown in red, the OARs in other
colors.

Robustness analysis

For the present study, robustness analysis including patient-setup and machine
miscalibration uncertainties was performed with a previously developed robustness
tool [12] interfaced with the Swiss Monte Carlo Plan (SMCP) and using Monte
Carlo (MC) for dose calculation [30, |31] on a high-performance computing cluster.
The dose was recalculated with MC for the nominal scenario (no uncertainty,
without renormalization) and for each uncertainty scenario described below. The
statistical uncertainty was < 1.1 % for voxels with dose values higher than 50 %
of the maximum dose.

The considered patient-setup uncertainty scenarios included a random compo-
nent, to simulate intrafraction motion and inter-fraction setup uncertainties and
different systematic components to simulate systematic setup uncertainties.

The random uncertainties were sampled from a Gaussian distribution with o
of 2 mm in anterior-posterior (AP), superior-inferior (SI) and left-right (LR) di-
rection and o of 0.5° in pitch, yaw and roll [23] |24]. For each case and plan, one
uncertainty scenario including only random setup uncertainties was evaluated. Ad-

ditionally, uncertainty scenarios combining the random setup uncertainties with
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each of the following systematic uncertainties were considered: six systematic
translational setup uncertainties (2 mm, £3 mm, +5 mm) in SI, AP or LR
direction (6*3 uncertainty scenarios) and eight systematic rotational setup un-
certainties (£0.5°, £1.0°, £2.0°, £3.0°) in pitch, yaw and roll (8*3 uncertainty
scenarios).

The systematic uncertainties were based on literature but also included worst
case scenarios [13} |14} [32]. This resulted in 43 uncertainty scenarios for random
and systematic setup uncertainties per case and plan.

Furthermore, uncertainties in mechanical machine components were investi-
gated. DTRT extends state-of-the-art treatment techniques by the combination
of dynamic gantry, table and collimator rotation, along with MLC movement dur-
ing delivery. The combined dynamic movement of these machine components
increases the plan and delivery complexity compared to VMAT and makes it
difficult to predict the impact of an uncertainty in the mechanical accuracy of
these machine components on the dose distribution. It was therefore necessary
to investigate these uncertainties before introducing DTRT into the clinics. The
machine-related uncertainty scenarios included no random component, as previous
machine logfile analysis found minimal delivery uncertainties [9, [20] with negligible
impact on the dose distribution [12]. Miscalibrations were simulated by systematic
uncertainties [21} [33435]. Four systematic uncertainties (£1.0°, £2.0°) in gantry,
table and collimator angle (4*3 uncertainty scenarios) and twelve systematic un-
certainties (£0.2 mm, £0.5 mm, £1.0 mm, £2.0 mm, £3.0 mm, £5.0 mm) in
MLC position (12*1 uncertainty scenarios) were investigated.

MLC uncertainties were simulated by opening (positive)/closing (negative) all
leaves at all controlpoints of the treatment plan. Already closed leaves remained
unaffected by a negative uncertainty. This resulted in 24 uncertainty scenarios for
machine uncertainties per case and plan.

Over all cases, dose distributions for 6164 uncertainty scenarios were calcu-
lated using approximately 140.000 CPU hours. The robustness of the DTRT

and VMAT plans to the above-mentioned uncertainty scenarios was assessed and
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compared by quantifying the uncertainties’ impact on the fulfillment of treatment
planning-goals (supplementary table) and the NTCP for xerostomia and dyspha-
gia [36]. Additionally, a detailed robustness analysis of dose-volume endpoints for
target and OARs was conducted.

Differences in DTRT and VMAT plan robustness were compared using Wilcoxon
matched-pair signed rank test at 5 % significance level. Levene test with 5 % sig-
nificance level was conducted to test for equal variances in endpoint differences.

No correction for multiple testing was applied, exact p values were reported.
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5.4 Results

Robustness of planning-goals

DTRT met more planning-goals for OARs in the VMAT beam-plane were in
general better as compared to VMAT (Fig. [.2]and supplementary material). Es-
pecially, when considering no or only random patient-setup uncertainties, DTRT
plans fulfilled more planning-goals than VMAT plans. The difference was statisti-
cally significant for the oral cavity mean dose (p = 0.05): over all uncertainty sce-
narios and cases, the oral cavity mean-dose goal was respected for 2618 (DTRT)

compared to 2352 (VMAT) uncertainty scenarios.
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Figure 5.2: Number of DTRT (left facet, D) and VMAT (right facet, V) plans
fulfilling representative planning-goals for selected uncertainty scenarios related to
superior-inferior and roll patient-setup (top) and MLC position and table rotation
(bottom). Significant (o < 5 %) differences are indicated with a “"+" sign. (Dm,
mean dose; D2 and D98, dose to 2 % or 98 % of the structure volume; Dcc0.03,
near max dose with volume 0.03 cm?).
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Robustness of NTCP

The DTRT plans had significantly lower NTCP for moderate-to-severe xerostomia
and grade > Il dysphagia in both the nominal (0.5 and 2.1 percentage-points
lower, respectively) and uncertainty scenarios, compared to VMAT (Fig. [.3).
Mean NTCP values for DTRT and VMAT plans were within 0.8 percentage-points
of the nominal scenario values, except for uncertainty scenarios including MLC
positions uncertainties, which deteriorated NTCP substantially more (> 3.3 and >
5.6 percentage-points for moderate-to-severe xerostomia and grade > 2 dysphagia
for DTRT and VMAT alike). The rainbow color-code indicates consistent NTCP
order across cases, treatment technique and uncertainty scenarios. Similar trends
were observed for severe xerostomia and dysphagia grade > Ill (supplementary

material).
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Figure 5.3: NTCP values of the DTRT and VMAT plans for the nominal scenario
and representative uncertainty scenarios. Significant differences between DTRT
and VMAT are indicated by: a < 0.05 “+" and o < 0.01 “++4". There is no
significant difference in variance. Each of the rainbow colored dots corresponds
to a datapoint of a single case. The color-code identifies the plans for the same
case across the treatment techniques and uncertainty scenarios.

Detailed robustness analysis

The MC dose recalculation led to an average [minimum, maximum] PTV under-

dosage of 1.9 Gy [-0.1, 5.4] for DTRT and 1.9 Gy [0.5, 5.6] for VMAT, compared
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to the AAA dose calculation of the nominal scenario ( D95%prv70, p = 0.05).
Degradation of D98%crv 70 due to random patient-setup uncertainties was
not statistically significant (p > 0.43) for both DTRT and VMAT (Fig. [5.4). MLC
miscalibration uncertainties resulted in the largest average differences, with an av-
erage 5 Gy increase of D98%c 71y 709 for a 1 mm opening for DTRT and VMAT.
Statistically significant differences in robustness between DTRT and VMAT were
observed for systematic uncertainties (e.g. a 3 mm uncertainty in superior-

direction, p < 0.01).
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OAR robustness to the investigated dose-volume endpoints was depended on
the location of the OAR with respect to the VMAT beam plane (Fig. and
supplementary material). The differences in mean dose to OARs for the DTRT
and VMAT plans in the VMAT beam-plane caused by random patient-setup un-
certainties were within 0.8 Gy on the average. The difference between DTRT and
VMAT was not statistically significant, except for the contralateral submandibu-
lar gland, p < 0.01 (Fig. and supplementary material). For patient-setup
uncertainties, the largest differences were observed in the Sl direction: a 5 mm
systematic uncertainty in inferior direction increases the ipsilateral parotid mean
dose by 3.7 Gy [-5.2, 13.3] (DTRT) and 4.1 Gy [-5.7, 14.4] (VMAT, p < 0.01).
The nominal dose to OARs above the VMAT beam-plane was close to zero for
VMAT and significantly higher for DTRT: The mean dose to both eyes was on
average 2.8 Gy (p < 0.01) higher and D0.03 cc to both optic nerves was on
average 5.4 Gy (p < 0.01) higher. For all patient-setup uncertainty scenarios
the dose difference to the nominal scenario for above-mentioned OARs remained

below < 0.9 Gy (< 3.6 Gy) for VMAT (DTRT).
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Figure 5.5: Average difference with respect to the nominal scenario for DTRT
(left facet, D) and VMAT (right facet, V) for patient-setup and machine position
uncertainties. Depending on the uncertainty, different ranges for the differences
are given, with the largest one for MLC uncertainties and the smallest one for
table rotation uncertainties. Significant (o < 5 %) differences in robustness of
the dose-volume endpoints between DTRT and VMAT are indicated by a “+"
sign; significant (v < 5 %) differences in the variance of the DTRT and VMAT
robustness are indicated by a “*". OARs in the VMAT beam-plane are shown in
the upper part, followed by representative OARs above the VMAT beam-plane
and the brain stem and spinal cord. (Dm, mean dose; D2 and D98, dose to 2 %
or 98 % of the structure volume; Dcc0.03, near max dose with volume 0.03 cm?
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Gantry, table, and collimator angle uncertainties of +1° resulted in average
differences of < 0.7 Gy for all investigated OAR endpoints for both, DTRT and
VMAT. MLC uncertainties resulted in substantially increased (opening) or de-
creased (closing of the leaves) dose.

For OARs in the VMAT beam-plane, the variance in robustness was not sig-
nificantly different between DTRT and VMAT. For most OARs above the VMAT
beam-plane, except for the brain, the dose difference to the nominal scenario
varied for most uncertainty scenarios significantly (p < 0.05) between DTRT and
VMAT.

Two example cases, case (A) and (B) with a CTV50 of 406 cm? and 59 cm?,
are analyzed in Fig. For case (A), the DTRT plan met more planning-goals
than VMAT for the investigated uncertainties. The opposite was true for case
(B). The largest differences were observed for the oral cavity mean dose (case
A, 2.9 Gy lower for DTRT) and hippocampus D40% (case B, 7.2 Gy lower for
VMAT), indicated by white arrows.
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Figure 5.6: DVH and nominal dose distribution comparison of the DTRT and
VMAT plan for two example cases (A) and (B). Additionally, the dynamic tra-
jectory/arc setup is shown by the red bands around the patient. The solid DVH
lines represents the nominal scenario. The dashed line represents the uncertainty
scenario with only random setup uncertainties, and the DVH bands include all
random plus systematic patient-setup uncertainties. The arrows indicate the lo-
cation of the greatest differences in the dose distribution between the DTRT and
VMAT plan.

For both cases, DTRT had lower NTCP values than VMAT. The largest differ-
ences were observed for moderate to severe dry mouth and grade > Il dysphagia,
where the difference in NTCP was 1.7 and 3.5 percentage-points for case (A),
and 3.4 and 0.7 percentage-points for case (B). The largest difference in NTCP
robustness evaluated on all uncertainty scenarios was observed for grade > |l dys-
phagia and 1 mm MLC uncertainties, where the DTRT (VMAT) plans varied by
9.6 and 4.2 (9.3 and 3.7) percentage-points for case A and case B, respectively.
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5.5 Discussion

The present robustness analysis was the first study to systematically analyze
DTRT and VMAT plan robustness for a large cohort. Comparing their robust-
ness enabled to assess if the dosimetric and NTCP benefits of DTRT persisted in
the presence of uncertainties. The robustness analysis included three major novel
aspects: First, clinical relevance was investigated by assessing the impact of un-
certainties on planning-goals and NTCP for xerostomia and dysphagia. Second,
next to target also OAR robustness was evaluated. Third, alongside patient-setup,
machine-related uncertainties were investigated. This study substantially added
to our treatment plan comparison [27] by extending the evaluation from the nom-
inal to realistic uncertainty scenarios, recognizing robustness as an integral part
of plan quality [37].

For 46 H&N cases, DTRT and VMAT planning-goal robustness showed no
significant difference, except for oral cavity mean dose (favoring DTRT) and
hippocampus D40% (favoring VMAT). Generally, DTRT plans respected more
planning-goals compared to VMAT across all uncertainty scenarios except for
the CTV70 near max dose, brachial plexus and hippocampus. Planning-goal
robustness further depended on the structures location with respect to the VMAT
beam-plane: those above received only scattered dose with VMAT but could be in
the primary beam path for DTRT. Thus, uncertainties were likely to induce greater
absolute changes in dose in these regions for DTRT than for VMAT. Nonetheless,
doses to optical and auditory structures remained well below planning-goals, even
with uncertainties. This was not the case for the hippocampus; hence the use of
planning organ at risk volumes (PRVs) for DTRT is recommended. Structures in
the VMAT beam-plane (parotids, submandibular glands and oral cavity) benefited
from improved sparing with DTRT, facilitating planning-goal fulfillment. It should
be noted that cases meeting one planning-goal could differ from those meeting

another. Furthermore, the OAR planning-goals vary in importance and should only
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serve as an initial evaluation point, while focusing on the “as low as reasonably
achievable” (ALARA) principle [38].

While NTCP robustness has been mainly studied in the context of proton
therapy [39, |40], the present study confirmed and complemented these findings
with patient-setup and machine-related uncertainties for state-of-the-art VMAT
and novel DTRT photon-based treatments. Our results were in line with previous
findings [39]: patient- and machine-related uncertainties (except MLC uncertain-
ties) had little influence on the average NTCP (within 0.8 percentage-points on
average) over all patients. Importantly, DTRT had on average, lower NTCP than
VMAT for all considered uncertainty scenarios, except for MLC position uncertain-
ties, where predicted xerostomia for DTRT was slightly higher than for VMAT.
However, this difference was not statistically significant.

In the detailed investigation, we found that CTV coverage was lower when
calculated with MC than with AAA. Target coverage robustness was similar be-
tween DTRT and VMAT, indicating that the PTV design was appropriate for
DTRT. DTRT plans had steeper dose gradients in the VMAT beam-plane at the
cost of increased dose to OARs above it. Furthermore, a directional trend, espe-
cially for non-central structures, was observed. For instance, contralateral parotid
mean dose was more robust for DTRT with S| setup uncertainties but less for
uncertainties in AP direction, partially due to VMAT's steeper dose gradients in
the S| direction. The individual robustness analysis of the two cases highlighted
the robustness tool's [12] applicability to evaluate plan robustness prior to deliv-
ery. Moreover, in the clinic, it could serve as an independent dose calculation
for the generated plans. In such a case-by-case usage, also the combination of
uncertainties could be evaluated, similar to previous studies [12, [19]. In clini-
cal practice, patient-setup and machine uncertainties can occur simultaneously.
A comprehensive robustness assessment would therefore need to consider both
uncertainty types in combination.

In the uncertainty scenario selection, we included random and systematic

patient-setup uncertainties observed in clinical practice, as well as worst-case
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scenarios. The magnitudes of the patient-setup uncertainties were based on lit-
erature [13H16, [23] [24} |32]. Machine uncertainties (e.g., MLC position uncer-
tainty [21} |35]) were selected according to tolerance limits [41} |42], to investigate
the effect of realistic miscalibrations. For investigative purposes, additional un-
certainty scenarios beyond those limits that are commonly found in literature
were assessed but should be considered extreme scenarios [21, 33H35]. In a
clinical delivery setting, routine QA checks, as well as patient-specific QA are
performed [43], aiming to detect machine miscalibrations outside the tolerance
limits. Regarding dosimetric impact, we observed that rotational patient-setup
uncertainties (< 3°) had less impact than uncertainties in AP, Sl or LR (< 5 mm)
on the investigated endpoints. Similarly, uncertainties in the rotational machine
components of up to £2° had less impact, than the investigated uncertainties in
the MLC positions.

Apart from standard margins for the target, brainstem and spinal cord, no
specific robustness measures were taken in this study, which could be seen as
a limitation. While proton treatments are usually robustly optimized [44] 45|,
robust optimization for photon-based treatments is not state-of-the-art yet. In
future, patient- and machine-related uncertainties could be considered during
robust optimization. Additionally, because DTRT paths were based on individual
patient anatomy, robustness could be considered at the path-finding step of the
treatment planning process.

In conclusion, this study thoroughly analyzed the robustness of DTRT and
VMAT bplans for 46 H&N cancer cases and a large range of uncertainty scenarios.
Generally, no significant difference in planning-goal robustness between DTRT
and VMAT was observed for the investigated uncertainties. DTRT had signifi-
cantly lower NTCP for xerostomia and dysphagia than VMAT and this advantage

generally remained for the investigated uncertainties.
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5.10 Appendix

Patients characteristics

Table 5.1: Patients characteristics used in this study.

Age median (range) 62 (50-70)
Sex N (%)
M 30 (65.2)
F 16 (34.2)
HPV status N (%)
Positive 24 (52.5)
Negative 22 (47.8)
T stage N (%)
1 6 (13.0)
2 22 (47.8)
3 11 (23.9)
4a 7 (15.2)
N stage N (%)
1 5 (10.9)
2a 6 (13.0)
2b 26 (56.5)
2¢ 9 (19.6)
Primary tumor localization N (%)
Hypopharynx 5 (10.9)
Oropharynx 37 (80.4)
Larynx 4 (8.7)
Neck dissection N (%)
Yes 22 (47.8)
No 24 (52.2)
Baseline xerostomia N (%)
None 46 (100.0)
Mild 0 (0.0)
Moderate or severe 0 (0.0)
Baseline dysphagia N (%)
0-1 (solid food) 41 (89.1)
[l (soft food) 4 (8.7)
IV (liquid food or SV) 1(2.2)
PTV volume (cc) median (range)
Phase | (50 Gy) 416.77 (83.68 — 800.23)
Phase 11 (66 Gy, n = 15) 137.63 (77.38 — 222.67)
Phase Il (70 Gy, n = 31) 96.47 (19.23 - 402.70)
Phase |1l (70 Gy, n = 15) 74.01 (39.45 — 157.52)
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The patients were enrolled in the prospective clinical UPFRONT-NECK trial
(NTC02918955) [1].

Treatment planning process

DTRT and VMAT plans were created for a prescription dose of 50 Gy delivered
in 2 Gy fractions to the elective nodal volume, with sequential boost to 66 Gy for
nodal levels with extra nodular extension and to 70 Gy for non-operated primary
tumor and involved lymph nodes. DTRT plans were created using a geometric
based planning approach [2] with particular focus on sparing of OARs close to
the PTV including oral cavity and salivary glands.

DTRT and VMAT treatment plans were generated for a 6 MV-flattened beam
on a TrueBeam linac (Varian Medical Systems) equipped with a 120-leaf Millen-
nium MLC and a PerfectPitch 6-degree-of-freedom table. For DTRT and VMAT
plan generation, the planning procedure described in [3] is followed. In short:
DTRT plans include intensity modulation by the MLC, dynamic gantry, table,
and collimator rotation during beam-on. The gantry-table path minimizes the
fractional volume overlap, weighted according to a depth dose curve of a 6 MV
photon beam in water of selected OARs with the target in beam’s eye view. Details
of OAR selection for path-finding can be found in [3]|. Gantry-table-path-finding
accounts for restriction zones due to end of CT stack and case-specific collision
maps [4]. The dynamic collimator rotation minimizes the field width in leaf travel
direction along the gantry-table path. VMAT plans use the same number of arcs
as paths in the DTRT plans. Collimator angle for the VMAT plans were set to
5° or 95°. Depending on the size of the PTV, DTRT and VMAT treatment plans
with 2-4 arcs/dynamic trajectories were created. Field-splitting in leaf-travel di-
rection using the secondary collimator jaws (for large targets) or 90° collimator
rotation offset (for small targets) was applied to duplicate arcs/paths.

DTRT and VMAT plans were optimized by the same planner in Eclipse, using

the photon optimizer and the analytical anisotropic algorithm for intermediate and
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final dose calculation (Research version embedded in the Aria 15.6 framework,
Varian) following the manual planning guidelines to mitigate planner bias [3].
The plans were normalized to PTV pgs, = 100% of the prescription. The aim
was to obtain similar target coverage for DTRT and VMAT; techniques were
then compared based on OAR sparing and NTCP. All plans were reviewed by a
radiation oncologist for clinical acceptability, ensuring that target coverage and
mandatory OAR constraints of our internal guidelines were fulfilled. Based on the
nominal scenario (no uncertainties), the resulting plans are compared for OAR

sparing in a planning comparison study [5].
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Planning goals

Table 5.2: Planning-Goals

Organ

Goal

Spinal Cord
Brainstem
Hippocampus (l./r.)
Pharynx

Larynx GLS
Cochlea (I./r.)
Esophagus u.
Lips

Oral cavity - PTV
Mandible

Brachial Plexus
Brain

Eye (I./r.)

Lachrymal gland (l./r.)
Submandibular gland (1./r.)

Lens (I./r.)

Optic chiasm
Optic nerve (l./r.)
Inner ear (I./r.)
Thyroid

Dcc0.0345 Gy
Dcc0.0354 Gy
D40%<7.3 Gy
Dmean<45 Gy
D50Gy<33%
Dmean<35 Gy
Dcc0.03<45 Gy
Dmean<40 Gy
Dmean<20 Gy
Dmax<30%
Dmean<40 Gy
D2%<70 Gy
Dcc0.03<66 Gy
Dcc0.03<45 Gy
Dcc0.03<45 Gy
Dmean<35 Gy
Dmean<30 Gy
Dmean<35 Gy
Dcc0.03<6 Gy
Dcc0.03<54 Gy
Dcc0.03<54 Gy
Dmean<45 Gy
V50Gy<60%

Additionally, D98%> 68.6 Gy and D2%<74.9Gy are introduced for CTV70 to
evaluate target robustness. Spinal cord and brain stem including their planning
at risk volume (PRVs) had priority over the target planning goals during planning.

As the VMAT plans always respected the planning goals for optical and audi-

tory structures, and the hippocampus, they were considered mandatory planning
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goals during planning. The other planning goals were respected as good as pos-
sible and the dose was reduced as much as possible with particular focus on

reducing dose to oral cavity, pharynx and salivary glands.
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Robustness of NTCP

NTCP Values
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Figure 5.8: NTCP values of the DTRT and VMAT plans for the nominal scenario
and representative uncertainty scenarios for severe dry mouth and grade > Il
dysphagia. Significant differences between DTRT and VMAT are indicated by:
a<0.05 “4+" and a<0.01 “+4". There is no significant difference in variance.
Each of the “rainbow” colored dots corresponds to a datapoint of a single case.
The colorcode identifies the plans for the same case across the treatment tech-
niques and uncertainty scenarios.
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Robustness of OARs
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6.1 Abstract

Background

Dynamic trajectory radiotherapy (DTRT) extends state-of-the-art volumetric mod-
ulated arc therapy (VMAT) by dynamic table and collimator rotations during
beam-on. The effects of intrafraction motion during DTRT delivery are unknown,
especially regarding the possible interplay between patient and machine motion
with additional dynamic axes.

Purpose

To experimentally assess the technical feasibility and quantify the mechanical and
dosimetric accuracy of respiratory gating during DTRT delivery.

Methods

A DTRT and VMAT plan are created for a clinically motivated lung cancer case
and delivered to a dosimetric motion phantom (MP) placed on the table of a
TrueBeam system using Developer Mode. The MP reproduces four different 3D
motion traces. Gating is triggered using an external marker block, placed on the
MP. Mechanical accuracy and delivery time of the VMAT and DTRT deliveries
with and without gating are extracted from the logfiles. Dosimetric performance
is assessed by means of gamma evaluation (3% global/2 mm, 10% threshold).
Results

The DTRT and VMAT plans are successfully delivered with and without gating
for all motion traces. Mechanical accuracy is similar for all experiments with devi-
ations <0.14° (gantry angle), <0.15° (table angle),<0.09° (collimator angle) and
<0.08 mm (MLC leaf positions). For DTRT (VMAT), delivery times are 1.6-2.3
(1.6-2.5) times longer with than without gating for all motion traces except one,
where DTRT (VMAT) delivery is 5.0 (3.6) times longer due to a substantial un-
corrected baseline drift affecting only DTRT delivery. Gamma passing rates with
(without) gating for DTRT/VMAT were >96.7%/98.5% (<88.3%/84.8%). For
one VMAT arc without gating it was 99.6%.
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Conclusions

Gating is successfully applied during DTRT delivery on a TrueBeam system for
the first time. Mechanical accuracy is similar for VMAT and DTRT deliveries
with and without gating. Gating substantially improved dosimetric performance

for DTRT and VMAT.
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6.2 Introduction

Intensity modulated radiotherapy (IMRT) and volumetric modulated arc therapy
(VMAT) are considered state-of-the-art radiotherapy treatment techniques for
external radiation therapy with C-arm linear accelerators (linacs). Building on
the C-arm linacs potential to dynamically move multiple machine axes, previous
studies demonstrated the potential of non-coplanar radiotherapy [1] to improve
organ-at-risk (OAR) sparing and/or dose conformality to the target compared to
coplanar techniques by avoiding OARs in the beam path [2H6]. Efficient non-
coplanar delivery, such as in dynamic trajectory radiotherapy (DTRT, [2]), can
be obtained by combination of dynamic gantry and table rotation with intensity
modulation, with or without dynamic collimator rotation |7, (8].

Regardless of the chosen treatment technique, respiratory motion in the tho-
rax [9H13|] and abdomen requires motion management to mitigate the degradation
of the delivered dose distribution [14]. Motion management techniques include
breath-hold, free-breathing gating, or MLC or couch tracking [15].

Dedicated systems such as the CyberKnife® (Accuray, Sunnyvale, CA, USA)
or the discontinued VERO® (Brainlab, Munich, Germany and Mitsubishi Heavy
Industries, Tokyo, Japan) are specifically designed to make use of non-coplanar
beam angles with dynamic tumor tracking for motion mitigation [16, {17]. How-
ever, these systems are not as widely available as C-arm linacs where motion
mitigation strategies such as gating are applied in clinical practice [15]. Free-
breathing gating, however, imposes frequent beam-on/off switching, making it
potentially more difficult to deliver for dynamic techniques 18} [19]. To apply
free-breathing gating for DTRT, several challenges and questions need to be an-

swered:

e [s the machine capable of applying free-breathing gating DTRT for realistic

motion traces?
e Can the machine deliver the intended dynamic trajectory with sufficient
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mechanical accuracy despite gating events?
e What is the dosimetric accuracy of DTRT delivery with gating?

The aim of this work is therefore to investigate the technical feasibility of gat-
ing during DTRT delivery, with additional dynamic table and collimator rotation
compared to VMAT, and to evaluate mechanical accuracy, delivery time and
dosimetric performance of DTRT delivery with and without gating. Mechani-
cal accuracy and dosimetric performance for DTRT and VMAT deliveries with
and without gating are compared for one case and four patient-recorded motion

traces.
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6.3 Materials and Methods

6.3.1 Treatment planning and patient case

Free-breathing gating for DTRT is tested for a clinically motivated lung can-
cer case prescribed 60 Gy in 20 fractions to the median planning target volume
(PTV). The target has a volume of 190 cm3. The treatment planning process
of Fix et al. [2] is followed to generate a DTRT treatment plan with dynamic
gantry, table and collimator rotation during beam-on. The gantry-table path
minimizes the target-OAR (heart and spinal cord) overlap in the beam's eye view.
For collision prevention, an inhouse developed Blender [20] model of the motion
phantom is used [21]. Dynamic collimator rotation minimizes field width in the
leaf-travel direction. The obtained gantry-table-collimator path has 178 control
points corresponding to a 2° gantry control point resolution and is duplicated by
applying a 90° collimator angle offset on the second path. The DTRT treatment
plan thus consists of two paths, each covering a full gantry rotation and a table
rotation range of 56.4° (figure ‘ A). The paths are imported into Eclipse®
(Varian Medical Systems, Palo Alto, CA, USA) using the Eclipse Scripting Ap-
plication Programming Interface. For comparison, a VMAT plan with two partial
arcs covering a total range of 195° gantry rotation each with collimator angles of
2° and 88° is created (figure B). Both plans are optimized according to clin-
ical standards using a research version of the Eclipse Photon Optimizer and the
Analytical Anisotropic Algorithm (AAA) dose calculation algorithm v15.6. The
two DTRT trajectories deliver 373 MU and 369 MU with mean dose rates of 299
and 291 MU/min and the two VMAT arcs, deliver 369 MU and 213 MU with
nominal mean dose rates of 551, 313 MU/min. The resulting dose distributions
conform to clinical standards and have been accepted by a clinician.

For each plan, a verification plan is created for a cylindrical polymethyl-
methacrylate (PMMA) motion phantom representing the Deltad+ (ScandiDos,

Uppsala, Sweden) measurement device, and dose is recalculated on the motion
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phantom geometry (figure C). For DTRT, a verification plan without table
rotation is also created to distinguish the impact of potential table rotation er-
rors. On this plan, dynamic gantry and collimator rotation and MLC movement

is maintained.

Figure 6.1: DTRT trajectories (A), VMAT arcs (B) and motion phantom with
DTRT trajectories (C) for the lung cancer case. The PTV is shown in red, lungs
in blue, spinal cord in yellow, oesophagus in green, heart in white and the body
surface in translucent grey. The red bands indicate the beam incidences of the
DTRT and VMAT plan respectively.

6.3.2 Respiratory motion

Gating is tested for four different breathing motion traces of lung tumors from
a publicly available dataset recorded in patients [22] 23], denoted as: typical,
high frequency, left right and baseline shifts, given after the predominant motion
type. Each trace contains combined motion in superior-inferior, anterior-posterior,
and left-right directions. Gating is applied at end-exhale. The amplitude gating
windows are selected on the main motion axis (either superior-inferior or anterior-
posterior) with gating windows between 4 and 6 mm depending on the motion
trace. For the typical motion trace, two gating windows (2 and 4 mm) are tested

(supplementary material Al).

6.3.3 Experimental setup and plan delivery

The experimental setup is shown in figure For dosimetric verification, a

Deltad+ motion phantom is used. It has two orthogonal planes of 1069 p-type
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silicon diodes with a resolution of 5 mm at isocenter. The Delta4+ motion
phantom is positioned in the HexaMotion (ScandiDos) stage on the PerfectPitch
6-degree-of-freedom treatment table of the TrueBeam system (Varian). The mo-
tion stage can rigidly move the Deltad+ to reproduce the motion traces shown
in the supplementary material A1l. Amplitude gating is triggered using the three-
camera infrared-based Real-time Position Management respiratory gating system
(RPM, Varian) with the marker block on top of the phantom (figure [6.2).

Figure 6.2: Experimental setup of motion stage, Delta4+ and RPM Marker Block
on the treatment table.
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The DTRT and VMAT plans are delivered at the machine with and without
gating for all motion traces using Developer Mode. Developer Mode enables the
delivery of experimental treatment techniques, by use of XML files which describe
the plan. The gating latency of the TrueBeam system using the RPM signal has
been recently reported to be 84 ms for beam-on and 44 ms for beam-off [24].
Delivery is started approximately ten seconds after the motion stage is set in
motion. For each trajectory/arc, the motion trace is recycled until the MUs are

fully delivered.

6.3.4 Data analysis

Mechanical accuracy

During delivery, motion along all mechanical axes is interpolated between control-
points (every 2° gantry angle) by the TrueBeam superviser and machine logfiles
are collected to assess the mechanical accuracy as the deviation between actual
and expected machine positions for gantry, table and collimator angle and moving
MLC leaf positions in 20 ms intervals. Additionally, the MU delivery is assessed.
Delivery time, duty cycle (DC) and beam-holds are extracted from the logfiles

and compared for the deliveries with and without gating.

Dosimetric accuracy

Dosimetric accuracy of the deliveries with and without gating is assessed using
the Deltad+ motion phantom. For reference, dosimetric accuracy is also assessed
in the static case (no motion, without gating) for VMAT and for DTRT with and
without table rotation. Gamma passing rate (3% global/2 mm, 10% threshold)
and dose difference are used for evaluation following the patient specific quality as-
surance criteria recommended for IMRT measurement-based verification QA [25]
and MLC tracking [26].
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6.4 Results

Gating is successfully applied during DTRT and VMAT deliveries, with the gantry
(VMAT and DTRT), table (DTRT) and collimator (DTRT) automatically rotat-
ing back during beam-hold and resuming motion at beam-on, i.e., when enter-
ing the gating window (figure [6.3)). This correction is completed within <1 s.
Maximal overshooting due to gating-triggered beam-hold is <1.5° for the gantry
(VMAT and DTRT) and <0.2° for the table and <0.02° for the collimator ro-
tation. In the supplementary material A2 a recording of a DTRT delivery with
gating can be found. No loss of RPM signal is observed for the investigated
case and motion traces and the RPM block is accurately tracked (supplementary
material A3). The gantry-table (GT) and gantry-collimator (GC) path for the
DTRT delivery with and without gating during the "typical" motion trace agree
within £0.2° (supplementary material A4).
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Figure 6.3: Zoom in on TrueBeam logfile of a gated DTRT delivery. The “over-
shoot” and “rotating back” is indicated by arrows during beam-hold (grey). The
delivery is resumed when entering the gating window again.
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6.4.1 Mechanical accuracy

The mean root-mean-square (RMS) deviation between expected and actual po-
sition was below 0.1° for gantry, table and collimator rotation and 0.023 mm for
moving leaf position for all deliveries.

The mechanical deviation distributions are shown in figure[6.4] Greater varia-
tions (interquartile range) are observed for the deviations in table and collimator
angle for DTRT deliveries without gating than for the deliveries with gating.
Small systematic offsets for table/collimator angle observed in the delivery of
the VMAT plans are not corrected, as they are within the precision limit of the

machine component.
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Figure 6.4: Deviation (expected-actual positions) in gantry, table and collimator
angle and moving MLC leaf positions for DTRT (blue) and VMAT (green) delivery
with (full) and without (dashed) gating. Deviations are only computed when the
beam is on. The median is depicted in red, the notch defines the 95% confidence
interval of the median, the box extends to the interquartile range (IQR, Q3-Q1),
whiskers extend to the last (first) data point less (greater) than Q3+1.5*IQR(Q1-
1.5*IQR). Outliers are marked with the plus sign.

Delivery of the DTRT and VMAT plans takes 2.5 and 1.4 min without gating.
Of note, total gantry angle ranges are 720° for DTRT and 390° for VMAT. The
delivery time and number of beam-holds of the gated deliveries depend on the
gating window and motion traces: For the selected gating windows the total

delivery time increases for the gated DTRT (VMAT) delivery by a factor of 2.3
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(2.0) for lung typical with a 2 mm gating window and 3.4 (3.2) with a 1 mm
gating window, 1.6 (1.6) for predominantly left right and 2.3 (2.5) for baseline
shift motion trace. This led likewise to a decrease in the DC for the gated DTRT
(VMAT) deliveries to 43% (50%) for lung typical with a 2 mm gating window
and 29% (31%) with a £1 mm gating window, 63% (63%) for predominantly
left right and 43% (40%) for baseline shift motion trace. For the high frequency
motion trace, delivery time is increased by a factor of 5.0 (3.6), DC 20%, for
DTRT (VMAT) which corresponds to a DC of 20% (28%). This is because the
VMAT delivery is completed before reaching a baseline drift in the motion trace
which affects the duty cycle of the DTRT delivery (see supplementary material
A5). The number of beam-holds for DTRT (VMAT) deliveries are 173 (93) for
lung typical with a £1 mm gating window and 122 (54) with a £2 mm gating
window, 56 (31) for predominantly left right, 57 (38) for baseline shift and 358
(112) for the high frequency motion trace.

6.4.2 Dosimetric accuracy

Gamma passing rates are reported in table and supplementary material A6.
All gated deliveries achieve passing rates >95.0%, All deliveries without gating
result in passing rates <88.3%, except for one arc of one VMAT plan where it
was 99.6%. Gamma passing rates for the deliveries on static phantom are above
99.5% for static table plans and above 98.7% for DTRT deliveries. Figure [6.5
shows the Delta4+ measurement on one of the two orthogonal planes with dose
profiles for the DTRT delivery with and without gating with the lung typical

motion.
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Figure 6.5: Deviation (expected-actual positions) in gantry, table and collimator
angle and moving MLC leaf positions for DTRT (blue) and VMAT (green) delivery
with (full) and without (dashed) gating. Deviations are only computed when the
beam is on. The median is depicted in red, the notch defines the 95% confidence
interval of the median, the box extends to the interquartile range (IQR, Q3-Q1),
whiskers extend to the last (first) data point less (greater) than Q3+1.5*IQR(Q1-
1.5*%IQR). Outliers are marked with the plus sign.
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Table 6.1: Gamma passing rates (3% global dose difference / 2 mm distance,
10% threshold) for the DTRT (T1: first DTRT trajectory, T2: second DTRT
trajectory) and the VMAT (V1: first VMAT arc, V2: second VMAT arc) deliveries
with and without gating for the different motion traces. Values above 95% are
indicated in bold.

Motion Trace T1 T2 Al V2
Typical
Gating £1 mm 99.5 99.7 99.9 99.6
Gating 2 mm 99.5 97.1 993 99.8
No Gating 88.3 813 77.0 99.6

High frequency
Gating +1/-3 mm 99.7 979 985 99.8
No Gating 55.4  48.6 55.3 50.6
Baseline shift
Gating 3 mm 99.2 97.4 98.7 98.8
No Gating 843 821 728 76.9
Pred. left right
Gating 2 mm 96.7 98.0 99.3 99.1

No Gating 79.3 853 8438 76.2
No motion

No Gating 99.7 98.7 100.0 100.0
No motion

Static table 100.0 99.5 NA NA
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6.5 Discussion

Free-breathing gating is successfully applied during delivery of a DTRT treat-
ment plan for the first time, demonstrating its technical feasibility for this highly
complex and dynamic treatment technique on a standard C-arm linear accelerator.

For the investigated case and motion traces, the mechanical accuracy of the
TrueBeam system delivering a DTRT treatment plan gated by the RPM signal
is within sub-mm and sub-degree accuracy, similar to VMAT. When the beam is
held, the positions of certain machine components (such as gantry angle) may
overshoot the planned value. The machine, however, automatically corrects for
these overshoots during the beam hold within the physical machine limits (includ-
ing adaptation of the expected machine positions). The machine waits to resume
delivery as soon as all machine components are in the correct positions and the
signal of the RPM indicates that the target is within the gating window. Similar
deviations between gantry angle or MLC leaf positions are observed between the
VMAT and the DTRT deliveries, indicating that the addition of dynamic table
and collimator rotation does not influence the accuracy of these common dynamic
axes. The observed deviations are similar compared to previous logfile analyses |3,
27, [28]. For DTRT, it is worth noting, that the spread in the deviations of table
and collimator angle are lower with gating than without gating. This is probably
because the mechanical axes have time to go back to the expected position at the
beam hold and to accelerate when the beam is turned on again and MU output
is ramping-up. It has been observed that for continuous delivery, table and col-
limator rotation tend to slightly lag behind [3], whereas with gated delivery, lag
can be eliminated at each gating event. It has to be noted that this mechanical
accuracy evaluation is based on logfiles. These logfiles are not independent from
the treatment machine and accurate calibration and routine QA are essential [29]
and performed at our institute.

Dosimetric measurements for DTRT and VMAT showed that gating partially
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restores the planned dose distribution for common respiratory motion traces.
Residual motion during beam-on depends on the gating window with a trade-
off between residual motion and delivery time. In addition, the gating window
is defined for one direction of motion and substantial, uncorrelated, motion in
the other axes is still possible and will not trigger a beam hold. Despite these
effects, deliveries with gating had high dosimetric accuracy with gamma passing
rates >96.7%.

DTRT is currently a research technique and not available for patient treat-
ments. However, only commercially available and adequate [30] equipment,
widely employed during clinical PSQA, is used for the motion experiments. It
is important to test the treatment machine capability to apply gating for real
motion traces to test the technique for clinical practice |31, [32]. As in previous
studies on motion management system performance 23} [33|, we used four differ-
ent motion traces that are representative of common lung motion types [22} [23].
No loss of RPM signal is observed for the investigated case and motion traces,
despite the non-coplanar table positions during DTRT.

The dosimetric benefit of gating is directly related to the gating window and
motion trace, which in turn influence DC and thus the delivery time. In clinical
practice, the selection of the gating window and the PTV margins would be based
on balancing accurate tumor targeting, DC and PTV margins, considering the
inherent uncertainty of correlating the surface motion to the actual tumor motion.
The total delivery time without gating for DTRT and VMAT is 2.5 min and 1.4
min respectively, with VMAT having slightly more than half the gantry angle
range of the DTRT plan. With exception of the lung high frequency motion trace,
delivery time increased by up to a factor of 2.5 for the gated deliveries (VMAT
and DTRT), similar to the results of Chin et al. [19]. For the lung high frequency
motion trace, the delivery time increased by a factor of 5.0 for DTRT delivery
with gating compared to delivery without gating due to an uncorrected baseline
drift. For this motion trace, gating enabled dosimetric accuracy similar to the

other motion traces for both treatment techniques. Without gating, dosimetric
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accuracy is substantially lower to approximately 50% gamma passing rate. This
shows the need to monitor the motion during delivery and adapt in case of baseline
drift. A potential solution would be to interrupt treatment and apply set-up
correction as proposed in other gating studies [34].

Our results show that motion mitigation, e.g., free-breathing gating, is needed
to ensure that the favourable dose distributions achievable with DTRT [2| 3] are
accurately delivered to the patient in treatment sites affected by breathing motion.
In these cases, PSQA can also be performed with realistic motion traces or using

the motion recorded at 4DCT using the experimental setup proposed in this study.
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6.6 Conclusion

In this work, the technical feasibility of gating for DTRT on a TrueBeam is
successfully demonstrated for the first time. The mechanical accuracy in terms
of gantry, table and collimator angle and MLC leaf position is similar with and
without gating and to VMAT delivery for the investigated case and motion traces.
Comparable to VMAT, gating substantially improves the dosimetric plan quality,

at the cost of increased delivery time.
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6.9 Appendix
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Figure 6.6: Respiratory motion traces from Suh et al.1. The dashed lines represent
the amplitude gating window. Gating is applied at end-exhale only on the main
motion axis (either maxima of superior-inferior or minima of anterior-posterior,
indicated by the colour of the dashed line).

A2

Video material

In the supporting material, there is a video of a gated DTRT delivery during a

sinusoidal motion in anterior-posterior direction.

A3

RPM signal

To verify the accuracy of RPM Block tracking during DTRT, beam-on/-holds

patterns are compared for DTRT deliveries with and without table rotation for
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gating on a regular sinusoidal motion in superior-inferior and anterior-posterior
direction, respectively. The gating pattern is unaffected by table rotation as

shown in figure[6.7

Gating on Anterior-Posterior Gating on Superior-Inferior
—— Beam-on/-hold for DTRT with static table ——— Beam-on/-hold for DTRT with static table
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Figure 6.7: Beam-hold and beam-on (indicated by the green and black curve) for
gating of regular sinusoidal motion in anterior-posterior and superior-inferior direc-
tions for DTRT deliveries with a static and with a rotating table. For clarification,
the Monitor Units are shown in orange and increase if there is no beam-hold.
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Figure 6.8: Comparison of the GT and GC path of a DTRT delivery with and
without gating during the lung typical motion.
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A5 Lung high frequency motion trace
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Figure 6.9: Lung high frequency motion trace. The dashed lines represent the
amplitude gating window. The end of the VMAT and DTRT delivery with gating
is indicated, as well as the substantial baseline drift.
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A6 Dosimetric accuracy

Table 6.2: Gamma passing rates (2% global dose difference / 2 mm distance,
10% threshold) for the DTRT (T1: first DTRT trajectory, T2: second DTRT
trajectory) and the VMAT (V1: first VMAT arc, V2: second VMAT arc) deliveries
with and without gating for the different motion traces.

Motion Trace T1T T2 V1 V2
Typical

Gating =1 mm 96.3 90.7 96.0 98.6

Gating £2 mm 95.8 91.7 96.8 098.1

No Gating 80.2 76.6 68.9 96.7
High frequency

Gating +1/-3 mm 95.0 924 950 98.6

No Gating 446 402 447 38.0
Baseline shift

Gating £3 mm 96.8 92.6 96.7 97.4

No Gating 75.0 69.8 614 684
Pred. left right

Gating £2 mm 935 927 96.8 096.7

No Gating 69.4 79.4 77.0 683
No motion

No Gating 99.5 06.6 99.5 99.3
No motion

Static table 99.1 96.2 NA NA
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Table 6.3: Gamma passing rates (3% global dose difference / 1 mm distance,
10% threshold) for the DTRT (T1: first DTRT trajectory, T2: second DTRT
trajectory) and the VMAT (V1: first VMAT arc, V2: second VMAT arc) deliveries
with and without gating for the different motion traces.

Motion Trace T1T T2 V1 V2
Typical
Gating =1 mm 98.7 936 96.8 97.9
Gating +2 mm 97.6 922 97.2 98.2
No Gating 749 704 694 97.0
High frequency
Gating +1/-3 mm 97.7 93.7 975 098.2
No Gating 46.0 405 482 383
Baseline shift
Gating +3 mm 93.2 905 96.0 923
No Gating 75.6 70.6 62.1 641
Pred. left right
Gating 2 mm 93.7 922 96.6 94.4

No Gating 723 792 76.1 653
No motion

No Gating 948 929 96.0 096.1
No motion

Static table 947 94.2 NA NA
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The presented studies contribute to the advancement of external radiotherapy,
in particular, DTRT. They are oriented towards addressing the open questions
regarding the different aspects of DTRT plan quality |143], with a special focus
on robustness and motion management of DTRT.

One of the cornerstones of this thesis is the development of the robustness
tool and its application in the second and fourth study. It enabled to investi-
gate and to compare the robustness of different treatment plans using different
treatment techniques on an individual patient level as well as in a large-scale ro-
bustness study - an aspects of DTRT plan quality which has not been explored
before to this extent. The dynamic table rotation is a main characteristic of
DTRT. Based on the results of the second study, suitable parameters for the
gantry-table rotation gradient for the DTRT path generation were chosen in the
following studies, enabling a reasonable trade-off especially between dosimetric
plan quality and delivery time. In addition, this work presents a standardized but
nevertheless patient-specific protocol to generate DTRT treatment plans. The
presented protocol facilitates DTRT treatment planning, minimizes planner bias
and enabled the treatment planning for the large-scale robustness comparison of
DTRT and VMAT. Finally, this thesis investigated the dosimetric performance
and deliverability aspect of DTRT plan quality in the presence of intra-fraction
patient motion. In a world's first, the technical feasibility of free-breathing gating
for DTRT is demonstrated, thus providing an active motion management strategy

for this novel technique.
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While the context of each of the studies is explained and discussed in the
respective sections, the following discussion is a guide for the interpretation of
the studies within the context of this thesis and provides an outlook on their

prospective applications.

7.1 Robustness assessments in the clinical

context

As highlighted in the introduction, robustness is an integral part of radiother-
apy plan quality [1, 2]. While robustness assessments are common in proton
therapy [4} 5], they are scarce for photon-based treatment techniques. In-depth
robustness assessments as presented in this thesis of photon-based treatment
plans are usually not routinely conducted in daily clinical practice. Furthermore,
when performed, robustness assessments often focus solely on patient-setup un-
certainties and target robustness, with OAR robustness frequently overlooked or
addressed only through initial margins. The developed robustness tool presented
in the first study addresses these challenges. It enables a flexible selection of
patient- and machine-related uncertainty scenarios and allows to evaluate target
and OAR robustness. lts application in the subsequent studies brought about a
thorough robustness assessment of DTRT treatment plans, particularly regarding
the question if the dosimetric benefits of DTRT, when compared to state-of-
the-art VMAT, are not lost in the presence of uncertainties. This assessment
is a pre-requisite for the introduction of DTRT in the clinics. A shortcoming
of the developed tool is that biological uncertainties [6], imaging uncertainties
(e.g., imaging artefacts and range uncertainties [7]), and uncertainties related to
deformation due to patient-motion (e.g., breathing [8, |9]), can only be indirectly
considered. While the evaluation of dose distributions including such uncertainties
is possible, models to simulate these uncertainties are not implemented yet.

Some clinically employed treatment planning systems offer the possibility to
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perform a robustness assessment, usually focusing on systematic patient-setup or
range (in the case of proton-based treatments) uncertainties and do not include
random patient-setup or other types of uncertainties. This possibility is seldom
used in clinics due to the substantial computational burden involved to calculate
the multiple dose distributions of the treatment plan each including one of the
uncertainties. Rather a visual inspection of the dose distribution is conducted,
e.g., to assess the proximity of a high-dose region to an OAR. It is because of
this substantial computational burden that the presented robustness assessments
in this work have been performed on a high performance computing cluster.

In research there exists several approaches to reduce the computational bur-
den, usually at the cost of decreasing accuracy. One approach, which has also
been implemented and can be used in the developed robustness tool is to base the
robustness assessment on interpolating the desired dose quantities of a few uncer-
tainty scenarios to simulate additional uncertainty scenarios. Another approach,
already mentioned in the introduction, is the static dose cloud approximation |10,
11]. In the static dose cloud approximation, only one dose distribution is calcu-
lated and shifted/turned according to the uncertainty. The "improved static dose
cloud approximation" [11] additionally accounts for changed the patient surface
with respect to the beam incidence due to a patient-setup uncertainty. While
these two approximations are deemed sufficiently accurate for tumors in homo-
geneous density regions, e.g., in the pelvic region, they are not appropriate for
heterogeneous density regions, e.g., in the lung region [12, 13]. Furthermore,
the accuracy decreases with increasing level of the uncertainty. Moreover, not all
uncertainties can be simulated using this approximation, such as MLC leaf posi-
tion uncertainty or collimator rotation uncertainty. To circumvent these problems,
machine learning algorithms can be employed in the dose calculation. There exist
approaches which use deep-learning to either predict the dose distribution based
on CT, structure set and information about the treatment plan [14H17| or to
denoise computationally inexpensive MC dose distributions of high statistical un-

certainty |18]. To use these deep-learning techniques, the uncertainty could be
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directly included at the stage of dose prediction, by modifying the plan infor-
mation, shifting the CT or adapting the contours of the structures according to
the uncertainty. The machine-learning based dose prediction is usually performed
within less than a second and also denoising is performed within minutes |14
18|, thus, substantially reducing the calculation time for the calculation of the
dose distribution of the uncertainty scenarios. The developed robustness tool is
extendable to include these deep-learning techniques in the dose distribution cal-
culation step to reduce the computational cost. Building up on such extensions
or provided that there is enough computational power available to compute the
dose distributions of a large number of uncertainty scenarios, and assuming that
there is knowledge about the probability of how often and to which extent a type
of uncertainty occurs, the robustness assessment can be extended by confidence
intervals for relevant dose quantities as suggested in several studies [19} 20]. In-
cluding them in the robustness assessment, provides more information about the
likelihood of the impact of an uncertainty.

The robustness assessments presented in the studies of this thesis, lead to
the conclusion that even a sparse sampling of the robustness space allows for a
valuable overview of the dosimetric plan robustness. Routinely applied in clinical
practice, treatment planners or clinical personnel could be prompted in difficult
cases to consider additional measures, such as margins to spare critical organs
or extra imaging to increase patient-setup accuracy [21]. The application of the
tool in the presented studies makes it clear, that the impact of the investigated
uncertainties is non-negligible for photon-based treatments. Moreover, when the
dosimetric benefits of one treatment technique over the other are lost in the
presence of common uncertainties, they can impact clinical decisions (e.g., the
NTCP-based selection of the treatment technique [22] 23]). Hence, the findings
of our studies encourage robustness assessments, particularly before the introduc-
tion of novel treatment techniques and for critical cases where target or OAR
constraints are barely met.

A different approach to robustness is to include uncertainty scenarios directly
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at the optimization stage. Robust optimization [24], allows to generate treat-
ment plans which are robust to a pre-defined set of uncertainties. The dose is
usually optimized directly on the CTV instead of the PTV, including the uncer-
tainties [25]. Similar to robustness assessments, robust optimization is however
connected with increased computational burden due to the pre-calculation of the
beamlets for each uncertainty scenario. Up to now, robust optimization is only
common in clinical practice for proton-based treatments [26].

Lastly, we should bear in mind that evaluating treatment plan robustness is
a complex topic. In addition to a great variety of uncertainties, also different
endpoints can be evaluated. Taking up the idea of a summarizing plan quality
index [27], the robustness index introduced in the studies of this work condenses
robustness into one number, thus facilitating the robustness comparison of dif-
ferent treatment plans. Future clinical implementation of robustness assessments
will benefit from such index by streamlining the workflow to evaluate robustness

and to evaluate plan quality.

7.2 Paving the way for DTRT delivery in the
clinics

Up to this date, DTRT is still a research technique and has not been implemented
in clinics yet. Although, there are promising results regarding the dosimetric bene-
fits of DTRT [28H31] and DTRT is deliverable on the most commonly used treat-
ment devices for external photon-based radiotherapy, a standard C-arm linac [32]
(although only in a research mode called "Developer Mode"), several questions
regarding the different aspects of plan quality remain. In this thesis, particularly
in the second to fifth study, the author aimed to answer some of these questions,

with the goal to pave the way for a clinical implementation of DTRT.
In the second presented study, several aspects of plan quality have been investi-
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gated as a function of freedom in the gantry-table rotation gradient. For non-
coplanar treatments, such as DTRT, quickly the question of how to select the
non-coplanar paths to deliver the radiation, and how such selection influences
the plan quality, arises. In other words, these questions relate to the beam-angle
optimization problem [29| 133], with respect to the different aspects of plan qual-
ity. In the presented study, this problem is partly answered by providing a path
finding algorithm, that returns the optimal path on a given map under user-
defined restrictions in the gantry-table rotation gradient. This algorithm enables
the planner to consider restrictions related to delivery time, patient comfort and
machine durability at the path finding stage by restricting the gantry-table ro-
tation gradient and thus tailor the DTRT plan generation to the specific needs
of the patient and the clinic. For the implementation of non-coplanar treatment
techniques in the clinics, particularly the delivery efficiency has been identified
as an obstacle. Long delivery times lead to limited patient throughput and can
negatively impact patient comfort [29, 34, [35]. Furthermore, having control over
the path finding potentially enables to reduce table rotation-induced setup un-
certainties and increase machine durability: multiple directional changes in the
table rotation are avoided, by limiting the change in the gantry-table rotation
gradient. Another idea is to switch the gantry and table axis during path finding
in order to completely exclude back- and forth movement of the table for benefits
regarding patient comfort and machine durability and generate so-called coronal-
VMAT plans [29} 36]. On a different note, only dynamic trajectories with a full
gantry rotation are considered in the presented study. It can be speculated, that
partial arcs [37], might be beneficial dosimetrically and with regard to delivery ef-
ficiency. To find promising partial arcs, the developed algorithm can be employed
on a trimmed gantry-table map according to the desired gantry- or table-range.
Another approach is to extend the path finding algorithm to consider additional
constraint such as the maximal gantry or table rotation range.

In the third study, the need for standardized protocols as an integral part of

plan quality is answered [3]. These protocols minimize planner bias and facili-
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tate clinical implementation by aiming for consisting plan quality and thus help
to ensure patient safety. In the presented study, a protocol for the geometric
path finding approach of DTRT is presented and investigated. An OAR grouping
strategy, as well as manual planning rules for the intensity optimization are intro-
duced. The developed protocol paves the way to standardized DTRT treatment
planning by serving as a basis for the DTRT plan generation. Upon achieving
the minimal planning goals, the protocol recommends continuing the intensity
modulation optimization until no further improvements are possible. While the
developed protocol is specific to the head and neck treatment site, it can be ex-
tended and developed for other treatment sites as well. In the presented study,
the patient-machine collision space has been considered by including information
about potential collisions between machine and patient based on a generic pa-
tient model. However, this approach can be extended in the future by replacing
the generic patient model with patient-specific information from the CT or from
surface imaging of the patient. Surface imaging of the patient on the treatment
table further allows to obtain real-time information about potential collisions |38,
39] and therefore increase the safety of the patients upon a future clinical imple-
mentation of DTRT.

The robustness comparison of DTRT versus state-of-the-art VMAT for head
and neck cancer answers one of the remaining questions regarding DTRT plan
quality. The findings from the second and the fourth study result in the following
conclusion. Although there are statistically significant differences in robustness
between DTRT and VMAT, the dosimetric benefits of DTRT over VMAT are
mostly maintained in the presence of the investigated patient-setup and machine-
position uncertainties. Based on these studies, the author believes, that with
regard to robustness to the investigated uncertainties, DTRT can be employed in
the clinics for head and neck cancer with one exception: special attention needs
to be paid to structures outside the plane defined by the VMAT beam direc-
tions. In the fourth study it was shown, that these structures receive more dose

due to the non-coplanar beam directions. When uncertainties are considered,
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the respective dose limits can be breached. Due to this reason, we recommend
considering planning at risk volumes (PRVs), particularly for the hippocampus,
to mitigate the dosimetric impact of the uncertainties on these structures. A
shortcoming of the presented studies is the selection of uncertainty scenarios. Al-
though the most evident and commonly investigated uncertainties are considered
(i.e., patient-setup and machine position uncertainties), intra-fraction motion is
not discussed [40]. Bearing in mind that standard fixation devices include masks,
such motion is limited. However, to improve patient comfort, minimal mask so-
lutions are pursued [41]. In this context, volunteer studies [42] with "dry-runs",
where no radiation is delivered and only the machine movements are executed,
combined with surface imaging of the volunteer on the treatment table, provide a
solution to determine the extent of involuntary motion caused by the table rotation
of DTRT. Before implementing DTRT for other treatment sites, the respective
uncertainty scenarios should be identified (e.g, breathing-induced uncertainties in
the thorax region), their extent should be determined and their impact should be
assessed.

Historically, the potential of non-coplanar treatment techniques has been
mostly investigated for treatment sites in the brain or in the head and neck
region [30, |31, [34], mostly due to the large collision-free space. Nonetheless,
also other treatment sites can benefit from the improved healthy tissue sparing
of DTRT as compared to state-of-the-art treatment techniques. For these other
treatment sites, particularly in the thorax and pelvis region, new challenges arise:
intra-fraction motion is more pronounced as compared to the head and neck re-
gion [43, |44], and needs to be managed to ensure accurate dose delivery to the
tumor. As a world's first, the last study confirms the technical feasibility of gating
during DTRT delivery. In detail, the machine is able to accurately initiate gating
and resume delivery according to the gating signal. Dosimetric measurements
showed that gating for DTRT partially (depending on the gating window) re-
stores the planned dose distribution for patient-recorded respiratory motion traces,

with similar dosimetric performance as gating for VMAT. Two strong points of

256



ROBUSTNESS ASSESSMENTS IN THE CLINICAL CONTEXT

this study are the use of clinically available QA equipment and real-life patient-
recorded motion traces. The use of clinically available QA equipment facilitates
a future implementation of gating for DTRT in common radiotherapy centers,
as no additional measurement equipment or complicated measurement setup is
needed to verify the accuracy and performance of gating during DTRT delivery.
The patient-recorded motion traces confirm the feasibility of gating during DTRT
also for irregular motion traces. In this study a real-time position management
system (RPM) including a marker block was used to monitor the motion. In the
future, the RPM and the marker block can be replaced with surface monitoring
systems to monitor the patient motion to initiate gating to improve accuracy and
patient comfort. First experiments already confirmed the feasibility to monitor
moving surfaces during DTRT delivery [45]. Another motion mitigation strategy
is tracking. The potential of tracking during DTRT has not been investigated yet.
However, this approach faces additional challenges. On the one hand, tracking
using the treatment table [46] potentially counteracts the planned table rota-
tion and subsequently increases the risk of patient-machine collision. Moreover,
in DTRT, the table rotation defines the beam direction and is thus involved in
the intensity modulation of the beam. It is not clear, how tracking impacts the
resulting dose distribution. On the other hand, tracking using the MLC [47],
faces difficulties due to DTRTs dynamic rotation of the collimator which contin-
uously changes the orientation of the MLC leaves. Besides, the MLC would be
involved in both, intensity modulation and active motion compensation. MLC
tracking overrides the planned MLC pattern thus invalidating pre-treatment QA
measurements. However, perhaps the greatest obstacle on the way to clinical
implementation of tracking for DTRT and in general, and thus the key difference
to gating, is that tracking on a standard C-arm treatment machine is currently
not clinically available and, to the best of our knowledge, the different companies
developing linacs do not show an interest in pursuing developments towards the
implementation of tracking.

As a last point, to pave the way for DTRT to the clinics, the author wants to
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mention the need for routinely employable QA methods for DTRT. Particularly,
efficient pre-treatment and patient-specific QA methods are needed. There is the
trend to perform only logfile-based pre-treatment QA [48-50], however, logfiles
do not record miscalibrations of the respective machine components. Additionally,
it has been shown that the logfile reported machine positions do not necessar-
ily coincide with the actual machine positions [51]. For these reasons and to
gain experience with new treatment techniques, such as DTRT, fast, reliable and
measurement-based QA methods are preferred. There exist already several mea-
surement based QA approaches for DTRT. For instance, film measurements have
been used in the presented second and third and other studies [52, [53] to verify
the accurate DTRT delivery. Although they allow fine resolved measurements,
film measurements have the drawback of a delayed result. The films require time
between the measurement and the read-out for the radiation induced darkening
of the film to stabilize. Moreover, they are only usable once. In the first and last
study, the Deltad+ (ScandiDos, Uppsala, Sweden) is used as QA device. While
this measurement device provides a fast and reliable readout, attention needs
to be paid due to the increased collision risk with this device, especially when
mounted in the HexaMotion stage as in the last study. Furthermore, depending
on the gantry-table path of the DTRT plan, the non-coplanar angles lead to radi-
ation beaming through the electronics of the Delta4+. The attenuation through
these electronics is not well characterized so far and in the long run, this might
lead to problems regarding the functionality of this QA device. Summarizing
these points, the author concludes that new QA methods and devices need to be
designed and investigated with the goal to provide fast and reliable QA methods
for DTRT.

First patients

Finally, to treat first patients with DTRT, a promising indication is needed. The

presented and previous mentioned studies found in literature, focus mainly on
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clinically motivated cases in the brain or head and neck region. The motivation to
investigate the potential of DTRT for these treatment sites is two-fold. First, the
poor prognosis and the radiation related toxicities for state-of-the-art techniques
for these cancer entities |54} [55] are a motivation to employ a technique which
has the potential to spare more healthy tissue and thus to reduce the toxicities.
Second, these treatment sites offer an increased collision-free space as compared
to treatment sites located in the middle and lower body, thus allowing for more
non-coplanarity and thus more possibility to spare healthy tissue [29] [56| 57].
For these reasons, the author believes, that these cancer entities serve as a good

starting point for a clinical implementation of DTRT.

7.3 On the future of DTRT

The research presented in this thesis focuses on advancing DTRT. So far, in all
investigated aspects, DTRT seems promising. The question is now, how can
DTRT be advanced further, beyond the scope of the investigations conducted in
this thesis? What can the future bring for DTRT?

Plan generation

A first point that comes to mind is the geometric-based treatment planning ap-
proach of DTRT. The dosimetric plan quality might profit from a dosimetrically
motivated planning approach [58, [59]. While geometric considerations of target-
OAR overlap have the advantage of providing computationally cheap and intuitive
solutions for the gantry-table paths, first investigations regarding dosimetrically
motivated approaches [60] showed promising results. However, we do not expect
a paradigm change with regard to the dosimetric plan quality to the current geo-
metrically motivated approach, due to the already observed high dosimetric plan
quality. Nonetheless, the dosimetric approach can facilitate the implementation

of planning protocols. Dosimetric approaches have the flexibility to include new
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planning objectives on the fly, instead of defining fixed OAR grouping strategies.
However, dosimetrically motivated approaches come at the cost of a substantial
computational burden as mentioned before. Furthermore, they require the defini-
tion of a metric which includes the dosimetric information to quantify promising
beam directions.

Another point to advance the DTRT plan generation, is to include robust
optimization strategies in the DTRT planning process. While conventional robust
optimization usually considers only the intensity optimization [24, |26], the DTRT
paths can be also robustly optimized, similarly to uncertainty incorporated beam
angle optimization [61]. To this end, the map on which the gantry-table path is
found, would already include uncertainties. For both geometric and dosimetric
path finding approaches multiple maps would be generated before path finding,
with each map including a different uncertainty. The dimensionality during path
finding would therefore be extended by the number of maps.

In contrast to the first points, the author wants to mention, that reducing
complexity or improving delivery efficiency of DTRT is also considered an ad-
vancement. In this context, the design of class solutions for the trajectories,
similarly to HyperArc [62], is promising. Instead of patient-specific gantry-table
paths, treatment site-specific paths can be designed, which have the additional
advantage of reducing the risk of collisions when including appropriate safety
margins. Another approach to reduce complexity is avoiding the dynamic table
rotation, while maintaining the dosimetric benefits from the non-coplanar beam-
angles. In colli-DTRT, multiple static non-coplanar partial arcs with dynamic
collimator rotation are used to deliver the radiation and first results even show
reduced delivery times as compared to DTRT [63].

As a last point regarding advancing DTRT plan generation, the author wants
to comment on the "hot-topic" of adaptive radiotherapy [64]. Over the course
of the treatment, there can be changes in the patient anatomy stemming from
tumor shrinkage, weight loss or emptying/filling of organs such as the bladder

or rectum [65H67]. Adaptive radiotherapy aims to account for these changes.
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Compared to VMAT, DTRT includes the additional dynamic table and collimator
rotation. The corresponding additional steps in the current DTRT treatment
planning process (see figure[1.6]), are patient anatomy specific. It might therefore
be beneficial to involve table and collimator rotation in the adaptive radiotherapy
workflow. Based on repeat CTs, new gantry-table and gantry-collimator maps
can be generated and new adapted gantry-table and/or gantry-collimator paths

can be found.

Increasing the degrees of freedom

DTRT is based on the idea of increasing the degrees of freedom in treatment plan
generation to improve the dosimetric plan quality, in particular by adding dynamic
table and collimator rotation compared to VMAT. The author wants to ask the
question of what can be included to improve DTRT plan quality and increase the
freedom in DTRT treatment planning?

Next to dynamically rotating the table, table translations can be included.
First investigations showed promising results with regard to collision risk pre-
vention, increasing delivery efficiency and improving dosimetric plan quality [53].
Apart from including additional movements of different machine components in
the treatment planning, different radiation types can be added. In dynamic mixed
beam radiotherapy (DYMBER) [52], DTRT is extended by electron fields. A fur-
ther extension with electron and proton beams to triple beam radiotherapy (TriB-
Rt) [68] is also possible for DTRT. Beyond machine equipment and radiation
type, the time- and space-component of the treatment plan can be explored. In
temporally feathered radiotherapy [69], the tissue biology is exploited. By using
different iso-curative plans to deliver the radiation to the tumor and spare differ-
ent OARs in each session, this technique offers the OARs more regeneration time,
thus reducing healthy tissue damage. Similarly in spatiotemporal fractionated ra-
diotherapy [70], the biological dose to the healthy tissue is lowered, by treating

different metastasis in each treatment fraction. For these treatment techniques,
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DTRT has the advantage to provide different gantry-table paths for each treat-
ment fraction, to feather different OARs, spare healthy tissue or to treat different

parts of the tumor.

Motion management

DTRT also has the potential to further develop in the field of motion manage-
ment. In this context, the author wants to take up the topic of tracking again.
As previously discussed, there are several challenges to implementing tracking for
this technique. However, there is the possibility to make use of one of the "free"
machine components for tracking. Similar to the principles of the CyberKnife or
VERO, where the linac head can tilt to account for motion, the pitch and roll
possibilities of the treatment table can be used to mitigate small intra-fraction
motions. However to apply such strategies, studies need to verify the patients
compatibility with these tracking techniques and that no additional setup uncer-
tainties are introduced because of these tracking movements. Another possibility
is to make use of the dynamic collimator rotation. Instead of aiming for minimiza-
tion of potential leaf travel as in this thesis [28], the collimator can be rotated
to align with the principle motion axis [71], thus facilitating MLC tracking.
Recent advances in surface monitoring can also further advance DTRT. Gating
or tracking could be triggered by a surface monitoring signal. Currently available
kV or MV based motion monitoring methods on a standard C-arm linac [72,
73] cannot be straightforwardly employed for DTRT. Gantry-mounted, fully ex-
tended kV or MV systems substantially reduce the collision-free space between
patient-machine and machine-machine, thus limiting the capabilities of DTRT.
Even when there is enough room for kV or MV imaging, the image quality might
be reduced due to the increased path length of the imaging beam through the
patient [74]. Therefore, surface monitoring techniques are promising candidates
to further advance DTRT in the context of gating or tracking. Moreover, surface

monitoring allows to detect anatomy deformations such as weight loss without
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the need for repeat CT or MRI [75]. Upon the implementation of action levels
regarding the observed deformations, re-planning or plan adaptation can be trig-

gered.

The author believes that the design of appropriate QA methods, reliable colli-
sion prevention, and additional analysis of more extensive planning studies and
feasibility studies on motion management, similar to the ones presented in this
thesis, are a pre-requisite to the introduction of DTRT in clinics. Furthermore, a
successful outcome of volunteer studies confirming the volunteers tolerance with
the DTRT machine movements is needed. Based on these future investigations,
the author is convinced, that the implementation of DTRT to treat patients, po-
tentially with one of the indications mentioned before, will be a two step process.
First, incorporating only one dynamic machine axis additional to VMAT presents
the opportunity to gain experience with a "light" version of DTRT, thereby ren-
dering colli-DTRT [63] a promising candidate for study and application. In a
second step, based on the clinical experiences of the "light" version of DTRT,

the transition to DTRT plans including dynamic table rotation can be suggested.
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CONCLUDING REMARKS

This work advances DTRT by addressing open questions about DTRT plan quality
beyond the dosimetric aspects of the planned dose distribution. While the dosi-
metric benefits and deliverability of DTRT have been demonstrated previously
for several indications, this work confirms them and expands on them. This work
focuses especially on exploring DTRT robustness and managing motion during
DTRT delivery.

The developed MC-based robustness tool allows to perform in-depth robust-
ness assessments of different treatment techniques to a great variety of uncertain-
ties. The tool enabled the comparison of DTRT with state-of-the-art techniques
like VMAT in the following studies. Furthermore, based on the extended gantry-
table path finding algorithm, DTRT plans with user-specified restrictions in the
gantry-table rotation gradient can be generated. This offers greater control to
the planner to tailor the treatment plan to the patient’s and clinic's needs. It
further enabled to investigate DTRT plan quality according to the freedom in
this key characteristic, the gantry-table rotation gradient, and find an appropriate
trade-off between dosimetric plan quality, complexity, deliverability, delivery time
and robustness for the subsequent studies. Next to these investigations, a plan-
ning protocol was introduced for the head and neck treatment site, which can be
extended in future to other treatment sites. It improves DTRT plan quality by
standardizing DTRT treatment planning and reducing planner bias. The protocol
further allowed to perform the large-scale robustness study between DTRT and

VMAT. The findings from this robustness study underline that robustness is an
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integral part of photon-based radiotherapy treatment plan quality. The robust-
ness assessments also demonstrated, that DTRT is affected in a similar manner
by the investigated patient and machine related uncertainties as VMAT, except
for organs located outside the VMAT beam-plane, defined by the coplanar beam
directions of the VMAT arc. The non-coplanar beam directions of DTRT can
result in increased dose to these organs as compared to VMAT. In combination
with uncertainties, this can lead to exceeding the respective dose limits of these
organs. Therefore, they need to be considered carefully during planning, possi-
bly by extra margins and PRVs for sensitive OARs (e.g., for the hippocampus).
Nonetheless, it is important to note that the dosimetric benefits of DTRT of
lower NTCP values for dysphagia and xerostomia compared to VMAT are main-
tained, even in the presence of the investigated uncertainties. With our study on
motion management, we demonstrated in a world's first that gating is feasible for
DTRT and successfully mitigates the detrimental effects of breathing motion on
the planned dose distribution. This study served as a proof of concept study, and
while it successfully showed the potential of this motion management strategy for
DTRT, more cases need to be explored, to confirm the feasibility and dosimetric

benefits for a larger cohort.

In conclusion, the outcomes of this work provide comprehensive answers and in-
sights to the various aspects of DTRT plan quality. These findings are a substan-
tial step forward, advancing and positioning DTRT as a next-generation treat-
ment technique for external photon-based radiotherapy treatments. The author

is curious what the future might hold for DTRT.
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