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Popular scientific summary in Swedish

Det finns olika stralterapitekniker som anvinds for att behandla cancer. Extern stralbehan-
dling ir den vanligaste formen av stralterapi. Syftet med extern stralbehandling ér att doda
eller bromsa cancercellens tillvixt genom att inducera stralskador i DNA, som kommer
paverka deras mekanismer och leda till doden. Den effekt uppnas nir héga doser lever-
eras tll tuméren. Problemet som uppstar vid anvindning av den hir metoden ir att man
inducerar stralskador #ven i friska celler, som har allmint en bittre reparationsférméga och
overlever. Bestrilning av friska vivnader har alltid varit ett huvudproblem {ér cancer i urin-
blasan. Blascancer dr bland de hardaste urologiska sjukdomarna att behandla med stralterapi
pa grund av kontinuerlig variation i urinblasan. For att ta hiinsyn till plétsliga volymforin-
dringar anvinds stora behandlingsmarginaler for att sikerstilla tickning av behandlingsom-
radet. Forutom detta ir blasan beligen i bickenomradet dir radiokiinsliga organ befinner
sig. Leverera hoga doser till dessa organ kan ge upphov till olika bieffekter.

Men i dagens lige forbittras tekniken kontinuerligt, stralterapi har blivit mer personlig, nog-
grannare och effektivare. En ny online adaptiva metod for behandling av blascancer har
utvecklats dir artificiell intelligens utnyttjas for att anpassa behandling till dagens anatomi.
Innan behandlingsstart kommer patienten {or datortomografi, bildtagning som behévs for
att avgrinsa urinblasan och rita andra organ i riskzonen som riskerar att fa for hoga doser.
Bilder med definierad struktur anvinds for att generera en behandlingsplan. Vid behan-
dlingstillfillet sker ytterligare en biltagning. I den bildtagningen kommer artificiell intelli-
gens att rita om tidigare strukturen. Direfter, borjar systemet generera tva olika plan. Den
enda planen ir beriknad med avseende pa dagens anatomi. Den andra planen #r berik-
nad och optimerad till dagens anatomi. Planen som ir bist ér vald for behandlingen. Det
tillvigagangssittet gér det mojligt att minska behandlingsmarginalerna och skona friska viv-
nader som omger blasan. Dessutom, den absorberade dosen till organ i riskzonen kan ocksa
minimeras.

Innan behandlingen pabérjas maste planen verifieras. Detta gors for att sikerstilla att dos-
fordelningen i tumoren stimmer dverens med likarnas ordination. Traditionellt gors veri-
fiering genom att leverera plan till ett fantom som kommer berikna skillnaden i den plan-
erade dosen och den levererade dosen. Om inga avvikelser uppticks blir planen godkind
for behandling. Med den nya online adaptiva metoden ir det inte mojligt att avbryta redan
paborjat behandlingen och verifiera den nya genererade planen. Dirfor utférs planverifier-
ing med hjilp av oberoende dosberikningsprogramvara.

I detta examensarbete utférdes en retrospektiv studie av sex urinblascancer patienter som
behandlades med online adaptiva metod dir de tva olika generade adaptiva planer (min-
skade marginaler) jimfordes med varandra och med det konventionella sittet (med stora
marginaler). Resultatet visade att behandlingsmarginalerna kan reduceras 33-55 procent
och behilla behandlingsvolymens tickning med hinsyn till att planen ir beriknad och opti-
merad till dagens anatomi. Den oberoende dosberikningsprogram har ocksa validerats med
fantommiitningar, vilket innebir att det dr ett palitligt verktyg for planverifiering.



Abstract

Purpose: In 2019 Varian Ethos™ linear accelerator (Varian Medical Systems, CA, USA)
with integrated artificial intelligence (Al) was installed at Herlev Hospital, Copenhagen,
Denmark, enabling online adaptive radiotherapy (0ART) e.g for bladder cancer patients
with a large margin reduction. The Al utilizes so called influencers for initial delineation
of the targets and organs at risks (OAR) using reference planning computed tomography
(CT) images as a guide. The system generates two plans for the treatment, of which one is
re-calculated (scheduled plan) and the other is re-optimized (adapted plan) on the anatomy
of the day. Moreover, this treatment approach makes traditional phantom based quality as-
surance (QA) unavailable. This project was focused on three aims; the reduction of target
volume achieved utilizing oART approach instead of conventional image-guided radiation
therapy (IGRT); quality analysis of the adapted and scheduled plans; validation of a a com-
mercial solution for an integrated independent dose calculation.

Materials and Methods: In total 6 bladder cancer patients, treated with oART, were in-
cluded in the study. Volumetric and dosimetric analysis were performed retrospectively for
102 adapted and scheduled plans in terms of target coverage and absorbed dose to OAR,
such as Bowel Bag and Rectum. The results were compared to corresponding conventional
IGRT plans with regular margins used in the clinic. Additionally, effect of bladder volume
variations on absorbed dose to OAR was investigated. Conformity index (CI) and homo-
geneity index (HI) were computed and compared for adapted and scheduled plans.

Furthermore, 54 adapted plans were automatically transferred to Mobius Adapt (Varian
Medical Systems, CA, USA) for verification. Global gamma indexes were calculated using
the following criteria : 8%/3 mm, 3%/2 mm and 2%/2 mm, 10% threshold. Results from
Mobius Adapt calculations were compared to measured local gamma indexes 8%/2 mm, 20%
threshold with Delta*+ phantom (Scandidos, Upsalla, Sweden ).

Results: oART enabled 13 %- 59 % planning target volume (PTV) reduction compared to
the conventional approach for the studied patients. For scheduled plans, the results revealed
an impact on absorbed dose to Bowel Bag (R%> 0.7) for cases with large bladder volume
variations (median (Q9) >155 ¢m®, interquartile range (/QR) >60 ¢m?®) during the course
treatment, but not to Rectum (R?< 0.8). Whereas smaller bladder volume variations (Qg
< 100cm?, IQR< 80 cm?®) did not affect the dose received neither to Bowel Bag or Rec-
tum (R2< 0.4, R%< 0.2). A statistically significant improvement in homogeneity (p< 0.05,
two patients p= 0.81, p= 0.42) and conformity (p< 0.05) was obtained in the adapted plans
compared to the scheduled. No significant difference (p= 0.82, others p < 0.001) was ob-
served between Delta*+ local gamma index 8%/2 mm and Mobius Adapt 3%/3 mm.

Conclusion: Adaptation had significant impact on absorbed dose to OAR for all studied
patients enabling target coverage, while reducing the PTV volume . An independent dose
calculation with Mobius Adapt has been validated for dose verification during oART, where
traditional phantom-based approaches are not available.
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Introduction Daria Badika

Part I

Introduction

Our bodies are formed out of cells that grow and divide. Sometimes during these processes
genetic changes can occur, that may lead to uncontrolled cell division. Cancer is a general
term used for many types of diseases that can arise in any part of the body due to these
genetic changes. An example is bladder cancer, which according to the "World Health Or-
ganisation” is the 10th most common cancer type worldwide [1]. The type of treatment
used for bladder cancer depends on the tumor’s clinical stage, size, the grade of growth and
patient’s overall condition. Historically, bladder cancer has been the most difficult genitouri-
nary malignancy to manage, while also conserving the patients quality of life [2].

External beam radiotherapy is often used as a part of the treatment and is given in several
fractions over a certain time. Today’s margins for the treatment are based on statistics ob-
tained from an extensive population and are used to cover rapid changes in bladder volume
and shape. This causes side effects and possible further future complications. However,
with improving technologies, it is possible to make radiotherapy of bladder cancer more
individualized.

Some studies have shown possibilities to decrease the treated volume by 40% compared to
conventional methods by introducing an individual library of three plans based on the blad-
der size [3]. Recently, a commercial system was developed and released with the solution to
upgrade radiotherapy into online adaptive radiotherapy (0ART) with help of artificial intel-
ligence (Al) integrated in the system. The system modifies the treatment plan based on the
anatomy of the day using cone beam CT (CBCT) as a base for online adaptation.

In this study, Al-driven and CBCT-based oART of bladder cancer was investigated, with a

focus on the following three aims:

1. to calculate the reduction of the planning target volume, and investigate effects on the
surrounding healthy tissues,

2. to analyze quality of plans generated during online adaptive workflow,

3. to validate the integrated software for independent dose calculation of 0ART plans.

Page 1
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Part 11

Background

1 Urinary bladder cancer

Urinary bladder is located in the pelvic area just above and behind the pubic zone.
Bladder is a muscular sac that stores urine and
controls urination. In men the bladder is situated
in front of the rectum, while women have the
bladder positioned in front of the uterus. The
size of the organ varies throughout the day de-
pending on the volume of urine stored.

Worldwide, bladder cancer ranks as the 10th
most common malignancy [1]. It can be clas-
sified in two stages: non-invasive or muscle-
invasive. The main treatment goal for both is
to prevent recurrence and progression of the Figure 1: Transverse magnetic resonance image
disease. The tumor is surgically removed us-  of a male patient with invasive bladder tumor
ing cytoscopy, leaving the bladder intact. In marked red.

some cases different treatment approaches, such

as chemotherapy and/or radiotherapy are prescribed.

2 External Beam Radiotherapy of Bladder cancer

Today, external beam radiotherapy (EBRT) is an essential component in cancer treatments
due to its survival benefits. Recent advances in technology enable the use of different types
of radiation sources like photons, electrons and protons for a better efficacy. The main goal
of this method is to use ionizing radiation to induce damage in the tumor cell’s DNA.

EBRT uses high energy ionizing particles produced in radiotherapy machines — linear ac-
celerators. Usually bladder cancer patients are treated with photons. The purpose of the
treatment is to deliver high doses to the tumor to maximize the tumor control probability
and to minimize the normal tissue complication probability [4]. The radiation dose that is
delivered to the tumor is measured in Gray (Gy), which is a unit of absorbed radiation that
equals to absorbed energy expressed in joule per kilogram of matter 1 Gy= 1 J/kg.

At Herlev Hospital, Copenhagen, Denmark, urinary bladder cancer is treated with a total
prescribed dose of 64 Gy. If disease is present in lymph nodes, the area gets a prescribed
dose of 50 Gy. The treatment is usually divided into 32 fractions given once a day 5 times
a week, which helps to minimize the toxicity to the surrounding tissues. Patients with a low
survival expectancy might receive higher doses per fraction over a shorter period.

Page 2
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To deliver an EBRT treatment at Herlev Hospital, patients undergo computer tomography
(CT) and magnetic resonance (MR) image acquisition for organ volume delineation. This
process is followed by creating personalized treatment plan, which has to be approved and
verified.

2.1 Volume Delineation and Margins

The first step in the treatment planning process is delineation and definition of different
organs using acquired C'T images. There are three main volumes to be considered in radio-
therapy planning: gross tumor volume (GTV), clinical target volume (CTV) and planning
target volume (PTV) [5] . The volume representing the macroscopic visible position and
extent of the malignant growth is GTV, marked red in Figure 2| This volume demonstrates
the extent of the tissue with the highest density of the tumor cells.

CTV describes the extent of the possible tumor deposits concealed in the images, shown with
pink contours in Figure 2. Usually CTV represents the whole bladder volume with some
margins. If there is a lesion in lymph nodes or a known risk of spread, the area will be defined
as another C'TV and have a different dose prescription than the bladder. To ensure that the
CTV receives the prescribed dose, population based margins are added to the structure,
leading to an increased morbidity of the healthy tissues surrounding the bladder [6]. This
volume is referred to as PTV, which is highlighted blue in Figure

Figure 2: Transverse C'T image slice with delineated GTV, CTV, PTV and organs at risk in a muscle
invasive bladder cancer patient including lymph nodes in the treating site.

Herlev Hospital’s conventional bladder protocol applies isotropic 11 mm CTV-PTV mar-
gins, except in cranio- caudal direction, where 18 mm is added. These margins help to
account for high distensibility of bladder consisting of inter- and intra-fractional variations
[7] . The CTV-PTV margins used for oART are smaller compared to the conventional
protocol, as oART eliminates inter-fractional motion. At Herlev Hospital, the adaptive
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CTV-PTV margins are patient specific. They are calculated based on the inter-fractional
variations during the first four treatment fractions.

Organs at risk (OAR) may significantly influence the treatment planning and/or prescribed
dose [8]. Normal tissues have distinctive structural organizations divided into parallel and
serial subunits. Exceeding tolerance dose level for some of these structures can lead to dif-
ferent side effects. For bladder cancer patients, the OAR are bowel bag, rectum and femoral
head. Over irradiation of bowel bag and rectum may cause gastro-intestinal toxicity, which
in its turn gives rise to bleeding and faecal incontinence [9, [10]. Risk to develop avascular
necrosis is higher when large doses are delivered to the femoral head, making the bones
more fragile [11].

2.2 Treatment Planning System and Delivery

Bladder cancer patients are commonly treated with intensity- modulated radiation ther-
apy (IMRT) or volumetric modulated arc therapy (VMAT). The main purpose of IMRT
and VMAT is to produce non-uniform absorbed dose distributions by varying intensities
and directions within preset beams of a treatment plan. Modulation of the beams is con-
trolled by multileaf collimator (ML.C). The main difference between these two approaches is
the continuous arc-shaped rotation of the linear accelerator head around the patient during
’beam—on’ in VMAT, compared to the static gantry placement in IMRT. The advantage of
using these methods is improved dose conformity to the target while minimizing exposure
to the surrounding OAR. [12].

IMRT and VMAT treatment planning uses an iterative approach to calculate required in-
tensity for each beam by so called "inverse treatment planning" (ITP). The starting point in
ITP is assigning desired dose to clinical constraints with different priorities by user. Dose
constraints are converted into objective functions used for optimization of the beam shapes
with appropriate intensities, dose rate and gantry rotation to accomplish stated goals. The
end result of the treatment planning will be a compromise between the dose delivered to the
target and the sparing of OAR. In some cases an OAR structure is adjacent to a CTV-PTV
structure creating an overlap. To resolve this problem, a prioritization hierarchy, defined in
the stated guidelines, is followed under control of both the physician and medical physicist.

Prescribed radiation dose is delivered in monitor units (MU), calculated by the treatment
planning system (TPS). Asymmetrical large targets require a higher number of MU creating
more complex plans, resulting in a higher number of treatment fields or arcs [13]. For
smaller symmetrical targets generated plans have reduced complexity, with generally lower

MU.

In contrast TPS in 0ART is fully automated requiring minimum manual input. Ethos (de-
scribed later in section TPS utilizes Intelligent Optimization Engine (IOE) algorithm
in the optimization process [14]. IOE is used in many steps in oART. For instance in dose
preview, interactive dose optimizer allows the user to evaluate effect of potential trade-offs
and adjust order of clinical goals if needed before plan generation. During automated plan-
ning generation, IOE translates stated clinical goals into objective functions, which helps
to control optimization. The system also examines and resolves independently structure
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overlap if present. Furthermore, IOE starts optimization process by meeting appropriate
requirements for both goal functions and its’ stated priority. At the end of the automated
planning, IOE suggests a variety of IMRT and VMAT plans for given clinical goals.

2.3 Conventional Workflow

At Herlev Hospital, in a conventional workflow (Figure |3 for bladder cancer patients, target
and OARs are delineated using both CT- and MR- images. The plan generated in Eclipse
TPS (described in section is identical for all fractions scheduled for the patient. If the
patients anatomy considerably changes ex. weight loss, alternation in tumor size and etc.
a re-planning is needed. For this purpose new CT-images have to be acquired and a new
treatment plan has to be created.

Before clinical delivery a generated treatment plans is needed to be approved and verified.
This process is called patient specific quality assurance (PSQA) and discussed in more details
in section 41

The positioning of the patient on-couch is facilitated by external markers and knee support.
The radiation therapy technologists ensure correct target position every day by acquiring
a cone-beam CT (CBCT) at each fraction. If necessary the on-couch correction can be
implemented to re-position the target before treatment delivery using automatic soft-tissue
match between acquired CBCT and planning C'T-images. Thereafter the patient is treated.
This treatment approach is called image-guided radiotherapy (IGRT).

Target and Plan
OAR |:> generation in |::> PSQA |:> - cqu;:iEm |:>
delineation Eclipse TPS 4

Figure 8: Representation of the conventional workflow at Herlev Hospital. The first step in the process starts
with target and OAR delineation. The next two steps are : treatment plan generation in Eclipse TPS
(generated plan applied at each fraction), followed by PSQA. Before treatment delivery CBCT is acquired to
ensure correct positioning.

2.4 Online Adaptive Workflow For The Ethos System

The novel approach to oART ,designed to deliver adaptive treatment within 15 minutes,
was introduced in 2019, with the launch of Ethos™ therapy (Varian Medical Systems, CA,
USA). Ethos is a linear accelerator with a closed bore, equipped with double stacked MLC,
with no secondary jaws and field size limited to 28 cm x 28 cm. The machine has a 6 MV
flattening filter free beam including pre-configured beam data and a dose rate of up to 800
MU/min (if dose is defined as 1 Gy in d,,4, at a source to surface distance of 100 cm) [14].

The Ethos system is an Al-driven machine with contouring capabilities that is able to use
CBCT acquired images for auto-generation of fully re-optimized plans on the anatomy of
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the day. In Ethos workflow plan genera-
tion starts with initial off-couch plan based
on the clinical constrains and physician’s
intent. This plan is then adapted in re-
sponse to patient’s anatomical changes dur-
ing on-couch generation using CBCT and
synthetic CT described further.

Figure 4: Ethos linear accelerator with a closed bore
design and implemented Al system introduced in
2019 enabling a novel CBCT-based approach to

oART [17].

2.4.1 Off-couch plan Generation

In adaptive workflow off-couch plan so-called reference plan is generated first in Ethos TPS

(Figure |5| marked red).

Template
selection, target
and OAR
delineation

Treatment
PSQA - delivery

{Reference plan)

propagation

Adapted plan

Figure 5: Representation of online adaptive workflow for the Ethos system at Herlev Hospital. The workflow
is divided into two parts: off-couch and on-couch plan generation. Firstly, the system generates off-couch
reference plan. After CBCT acquisitions the AI algorithms segment and propagate target and OAR. Based on
this anatomy two plans are generated: scheduled and adapted. Selected plan is thereafter verified, approved,
and delivered.

The user starts with selecting the appropriate template from a library of different templates
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in the system, with already pre-clinical objectives and dose constraints. The choice of the
template depends on the treatment site capturing physician’s intentions. CT-images are
uploaded into the system for target and OAR contouring followed by generation of the
reference plan. The IOE generates a set of 5 plans. These plans that have different beam
geometries for the selected template: 7, 9 or 12 fields IMRT, and 2- or 8- arc VMAT. The
number of fields and arcs are dependent on the geometrical complexity of the target. IMRT
plans generated in Ethos TPS have predefined angles.

Generated IMRT and VMAT plans are later compared to each other with regards to the
fulfillment of defined goals and OAR sparing. The reference plan that is the most favorable
for the treatment is selected and authorized. This plan serves as the foundation during on-
couch adaptation (Figure [5| marked blue).

2.4.2 On-couch plan generation

The second part of adaptive workflow consists of on-couch adaptation, PSQA and treatment

delivery (Figure [5| marked blue).

On-couch adaptation starts with patient positioning and CBCT acquisition. As CBCT-
image acquisition has been approved, the Al algorithms start segmentation of the organ
structures, which influence the shape of the target on the daily CBCT. These structures are
called “influences”. They have the closest proximity to the target and the biggest impact on
the shape of common clinical target structures, and can be edited by the user when needed
[14]. For bladder cancer patients the influencers are rectum and bladder predefined by the
system as they steer both target- and OAR deformation.

KVCBCT 28201 Session 28 Coronal = KVCBCT_28a01 Session 28 Coronal =
] 2714

l'}

|2'\~’1

190

136.34cm +10.45¢cm b I36.34cm +10.45cm

(a) Re-calculated scheduled plan. A reference plan re-calculated on (b) Re-optimized adapted plan by IOE. A new generated plan
anatomy of the day leads to partial PTV coverage adapted on anatomy of the day, with full PTV coverage

Figure 6: Dose color-wash on axial CT slice, fraction 28 of a bladder cancer patent treated with oART,
demonstrating the PTV high dose coverage for scheduled and adapted (68) plan generated on Ethos TPS

on-couch.

As soon as influencer contours are accepted, Al starts to utilize structure guided deformation
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algorithm by propagating the CTV structure on the CBCT using planning CT and deriving
the PTV from the propagated CTV. As with influencers, the user can manually edit prop-
agated and derived structures if so needed. Once new target and OAR contours have been
approved, two plans are automatically generated for review (Figure [6); the scheduled plan
(Figure is the reference plan generated off-couch has re-calculated dose distribution on
the anatomy of the day, and the adapted plan (Figure [6b) which is re-optimized by IOE on
the anatomy of the day. Dose distribution of the new’ generated plans is calculated using
synthetic CT, which the system generates by deforming the planning CT into daily CBCT.

3 Evaluation of Plan Quality

Dose volume histogram (DVH) is a fundamental tool to determine the optimal plan. It is a
simple way to evaluate plan quality by distributing 8D dose values, calculated in TPS, into
a graphical 2D format. C'T images consist of voxels, containing information about received
dose and arranged into different dose bins. By defining a specific dose of desired bin one
can extract voxels that receive this dose. This is how a DVH is created.

In addition to DVH metrics, quantities, such as conformity index (CI) and homogeneity
index (HI) are used to further evaluate treatment plans. HI characterizes absorbed dose ho-
mogeneity distribution within the PTV. While CI characterizes the quality of conformation
of absorbed dose within the PTV.

4 Patient Specific Quality Assurance

PSQA is an important part of EBRT. The main purpose of a quality assurance (QA) pro-
gram is to reduce the likelihood of systematic errors and ensure the accuracy of the delivered
absorbed dose. It aims to reveal errors in machine performance, plan selection, by compar-
ing the difference between the planned and delivered dose distributions.

Traditionally, PSQA workflow relies on phantom-based measurements of treatment plan
delivery. To verify the treatment plan, using this approach, and avoid possible errors, the
plan has to be re-calculated on an artificial data set of a phantom, instead of the actual CT
scan [15)]. This re-calculated, so called QA plan, is delivered to a phantom. Gamma eval-
uation is the most commonly used analysis technique and unites percentile dose difference
and distance to agreement (DTA) into one metric [16}[17]. The gamma analysis is com-
monly applied to a given range of the dose distribution, excluding points below a certain

dose threshold.

Moreover, there are two different gamma method calculations, that are called global and
local. The global gamma usually normalizes the percentile dose difference for each point to
the maximum planned dose [18]. The local gamma utilizes a similar technique, except that
it uses expected dose at each point instead of maximum planned dose. Thus, gamma in-
dexes obtained for global gamma will always be higher than for local, which was observed by
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Ozturk N. et al [19]]. The most widely used gamma criteria is 3%/3 mm with 10% threshold
as recommended by TG-119 [20} 21}, [22]].

However, the conventional phantom-based verification method of QA plans is time con-
suming as it requires phantom positioning and delivery of the QA plan. Some studies have
also shown that measured gamma passing rate is dependent on the total number of MU
required to deliver the prescribed dose, which is also one of the other parameters defin-
ing plan complexity mentioned in section 123, 24] . In oART there is no possibility
to interrupt the treatment session to perform plan verification. After patients position has
been validated with CBCT acquisition, the treatment has to be delivered directly to mini-
mize intra-fractional variations. Online adaptation with the Ethos system uses a commercial
software, Mobius Adapt (Varian Medical Systems, CA, USA), for automatic secondary inde-
pendent dose calculation. Absorbed dose is calculated utilizing the patient’s CT-data set and
are compared to the planned dose calculated in Ethos TPS. The evaluation of the plan is
similar to the conventional phantom measurements, where gamma index is obtained. Cal-
culations are performed using C'T delineated structures, which enables comparison of dose
differences between target and OAR.
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Part 111
Materials and Methods

5 Volumetric and Dosimetric Analysis

All plans generated for bladder cancer patients treated with both conventional treatment
margins and oART were based on clinical constraints used at the Division of Radiotherapy
in the Department of Oncology at Herlev Hospital. The dose constraints are presented in

Table

Table 1: Dose constraints with relative priority for treatment planning of bladder cancer patients at Herlev’s
hospital, Copenhagen, Denmark.

Priority Structure Constraints

Dyyar <107 %
1 PTV-64 Gy Doy > 60.8 Gy

1 PTV-50 Gy  Dggy > 47.5 Gy
V5()Gy <25%
2 Rectum Viogy < 50%
3
2 Bowel Bag Vi36y < 300 cm

Vg()Gy < 600 cm®

2 FemoralHead D,yur <52 Gy

In total, the study includes 102 sessions for 6 patients. Gender, treatment site and number of
adaptive sessions are presented in Table 2] Conventional IGRT plans with regular margins
(see section were generated at the beginning of the treatment for all patients. The
target and OAR were delineated manually by the oncologist for both IGRT and off-couch
reference plans. For the on-couch adaptation, the delineation was driven by the Al in the
Ethos TPS system and corrected manually by the users online. All the adaptive sessions were
exported from Ethos TPS and imported into Eclipse TPS. Each session included: scheduled
and adapted plans, adapted structure set and dose distribution calculated with Acuros-XB®.
PTVg4 Gy was extracted for all adapted plans and the volume reduction compared to the
IGRT approach was calculated.

Data for volume of the target, receiving at least 95 % of the prescribed dose, was extracted
for all plans using Eclipse scripting: for obowel bag (bowel bag excluding rectum and blad-
der) the volume receiving V45 iy and Vg Gy and for rectum the volume receiving Vs gy
and V40 Gy. Achieved absorbed dose values were compared between the IGRT, reference,
scheduled and adapted plans. Correlation between bladder volume variations and absorbed
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dose to OAR for adaptive sessions was investigated as well.

Table 2: Patients included in the study, corresponding gender, treating site and number of adaptive sessions.

Patient Gender Target # adaptive sessions
1 M Bladder + lymph nodes+prostate 25
2 F Bladder 16
3 M Bladder + lymph nodes 25
4 M Bladder + lymph nodes+prostate 8
5 F Bladder 6
6 M Bladder (hernia) 29

The CI index was calculated according to the International Commission on Radiation Units and

Measurements 62, equation (1| [13].

TV

Cl = T (1)

TV is the volume covered by the Vg; 9y isodose [13]. Ideal CI equals to 1, indicating high
achieved conformity in the target, whereas lower values indicate partial target coverage. Val-
ues greater than 1, demonstrate larger irradiated volume than PTV volume [25].

For IMRT treatment plans International Commission on Radiation Units and Measurements 83
recommends to use equation |2 to calculate HI [26].

_ Doy — Dogy

HI (2)

Ds0y

Where Dg ¢ represents the maximum absorbed dose by 2 % of the target volume, Dgg v is
the minimum absorbed dose by 987% of target volume and Djqy is the median absorbed
dose by 50 % of the volume. Ideal homogeneity in the target is achieved when the HI value
is equal to 0. Higher HI values show the opposite i.e an heterogeneous distribution in the
target.

Calculated CI and HI values for all studied plans were compared. Statistical analysis was
performed between adapted and scheduled plans values.

6 PSQA measurements

At Herlev Hospital, all treatment plans including plans generated during adaptive sessions
are verified with Mobius Adapt software. To validate this approach, in total 74 adaptive
IMRT plans (Table [8) were re-generated for conventional QA plan delivery to the Delta*+
phantom (Figure [7). The QA device combines a total of 1069 diodes distributed into two
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orthogonal planes inside a cylindrical PMMA phantom. A special algorithm for interpola-
tion estimates doses, at points where no detectors are present [127].

54 Delta* pre-treatment plans were generated in Eclipse using analytical anisotropic algo-
rithm algorithm to estimate the expected delivered dose on an artificial C'T scan of the QA
device. These plans were delivered from gantry angles according to the clinical plan set-up

(Table [3)).

Re-calculated QA plans were exported to the
Delta*+ software for comparison of the mea-
sured dose distribution with the TPS predicted
dose distribution using 3%/2mm local gamma,
10 % threshold. In accordance with clinical rou-
tine, plans that had a measured local gamma
passing rate higher than 90 7% were considered
to be acceptable.

Furthermore, 20 verification plans were gener-

Figure 7: Representation of Delta*+ phantom ~ ated with another measuring geometry, where all

(ScandiDos, Uppsala, Sweden) positioned on the ~ fields were grouped at 45° gantry angle. The rea-
couch for plan delivery son for this change is based on the position of the

detector plates in Delta*+ phantom. They can lie
parallel to clinical treatment fields causing loss of spatial information, which can give rise to
misleading gamma measurements. Plans with 12 fields have 8 fields aligned with Delta *+
detector boards at 0°, 90° and 270 °. Plans that have 9 fields will have only one gantry angle
aligned with Delta 4+, at 0°, whilst plans consisting of 7 fields have none of the fields that are
parallel to Delta 4+ detector plates.

Table 3: Generated and measured QA plans for 6 studied patients with corresponding target volume from
the panning CT and number of fields. Measured QA plan geometry was changed only for two patients:
Patient 8 and Patient 6.

# QA plans  # QA plans

Patient clinical set up 450 set up Target volume [cc]  # of fields
1 7 - 1140 12
2 14 - 172 7
3 14 14 974 12
4 8 - 749 12
5 3 - 286 9
6 6 6 675 7

Mobius Adapt (Figure |8)) is a dose computational platform where no beam measurements
are required. The software uses collapsed cone convolution algorithm to calculate treatment
planning (TP) dose distribution using patient’s CT data-set. DICOM RT files from the 74
adapted IMRT plans were measured with Delta*+ phantom, were exported to Mobius Adapt
for independent dose calculation. After dose computation, the system applies 3%/3mm
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global gamma evaluation with a 20 % threshold at Herlev Hospital. Measured Delta*+ values
were compared to calculated Mobius Adapt.

Plan Check for: Threshold
Passing Rate Criteria Reference Dose ::s: TPS Voxels M3D Voxels
Patient ID: 996% v 3.0%/3mm 68 Gy (Max Dose) 6.8 Gy 2mm, 3 mm, 3 mm 3amm
Plan Name:
IMRT Bladder RT Transverse Gamma Transverse Isodose Goronal Gamma Goronal Isodose Sagittal Gamma Sagittal Isodose
Intent Revision 4,
Transverse Plane at 0 cm from Isocenter Vertical Dose Profile

Plan Check

Lk DVH Graph

&

4 Target Coverage

= DVH Limits

& 3D Gamma

*% Beam Information

® ROI Overview

% Notes & Approvals

Q@ Patient List

-1L18am >
WTPS Dose 64.29 Gy | &
BM3D Dose” 66.36 Gy |4

Patient Coordinate System {cm)

CT Table Height determined by lowest non-zero dose in RTDOSE DICOM: 11.9 cm; CT couch 0 25 so 5

Figure 8: Represeniation of Mobius Adapt sofiware. The figure shows transverse synthetic C'T slice exported
from adaptive session of bladder cancer patient. In the upper right corner patent’s information can be found
including fraction details. In the lower right corner different features can be viewed, such as DVH, target
coverage and beam information. Gamma passing rate together with corresponding criterion showed in the
upper middle of the figure. On the figures right one can see vertical dose profile that compares instantly
calculated dose in Mobius Adapt to calculated Ethos dose.

Calculated QA plans were considered to be clinically acceptable if the gamma passing rate
was higher than 95 %. Furthermore, additional gamma evaluations were conducted with
the following criteria 8%/2mm and 2%/2mm to evaluate sensitivity correlations between
measurement- and calculation-based QA.

7 Statistical Analysis

IBM SPSS Statistics software for Mac, Version 26.0 was used for statistical analysis of data.
Obtained CI and HI values for adapted and scheduled plans did not follow normal distri-
bution, meaning it was not possible to run a parametric test. The same was applied for
measured and calculated gamma indexes. Since data samples are paired but are not nor-
mally distributed the Wilcoxon signed rank test was applied. The significance level was set
to 0.05 and the null hypothesis assumed that there was no significant difference between
investigated values [28]].
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Part IV
Results

8 PTV Volume Reduction

The PTV volume for the IGRT and adaptive sessions, second quartile (Qg¢) which is a PTV
median value (more details in section [9), first (Q;) and third (Qg) quartiles, interquartile

range (IQR) as well as calculated PTV reduction achieved with adaptation, can be observed
in Table |4, Patient 8 had the largest PTV volume reduced, while Patient 6 had the lowest.

Table 4: Extracted PTV volumes of the conventional IGRT plans, calculated Qg , Q1, Qs, IQR for adaptive
sessions including PTV volume reduction compared to the IGRT plan.

IGRT Adaptive Adaptive Adaptive Adaptive Adaptive
PTV [cc] PTVy, [cc] PTVg[cc] PTVgg[ec] PTVigr [cc]  Reduction [%]
Patient 1 ~ 708.9 438.8 459.2 545.5 86.3 38
Patient 2 3124 173.4 161.9 179.1 17.2 44
Patient 3  678.3 279.5 255.6 339.7 84.0 59
Patient4  457.2 297.3 283.1 308.9 25.9 35
Patient 5  4386.0 293.6 256.7 308.4 51.7 33
Patient 6  756.6 655.9 596.9 724.9 128 13
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9 Volumetric and Dosimetric Results

In this section volumetric and dosimetric results are presented. Monitored bladder volume
variations shown in Figure [9), PTV coverage in Figure absorbed dose in obowel bag in
Figure and rectum in Figure[12h] Figures include off-couch reference values
obtained from the plan calculated on the planning CT, marked bright green. IGRT values
with conventional margins marked dark green. Adaptive sessions consisting of adapted and
scheduled values marked blacked respective blue. The distribution of data is presented with
box and whisker plots known as five number summary plot. Qy is a lower part of the box
defining 25 percentile. Qg is an upper part of the box defining 75" percentile. The size of
the box is defined as IQR. It is a distance between 75%- and 25" percentile. Qg is a drawn
line (marked pink) inside the box illustrates median as 50 percentile. Whiskers are the two
lines extended outside of the box to the largest and smallest value from the data set withing
the following interval [Q; — 1.5 - IQR; Qg + 1.5 - IQR] [29]. All observed values outside
of the given interval are considered as outliers (marked red). Tables in Appendix[A] contain
more detailed information of corresponding figures with Qg, Q1, Qg and IQR.

9.1 CTV variations

CTV variations

550 T \
[ Adaptive sessions
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500 O IGRT
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450 HI— Median . i
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£ 350 | ) |
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1 | |
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150 - o :
i
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Figure 9: Variation of CTV volume for off- couch reference plans, IGRT plans with conventional margins
and on- couch generated scheduled and adapted plans with corresponding median and outliers.
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Figure [9) shows bladder volume variations along the treatment duration as well as values of
corresponding IGRT and off-couch reference plan. Patient 1,3,4 and 6 have larger bladder
variations (Q9> 155 cm?®, IQR> 60 cm?, Appendix @ Table |8) in comparison to Patient 2
and 5 (Q9< 100 cm?, IQR < 80 em?, Appendix @ Table [8) (Figure @) Delineated CTV
volumes on IGRT plan (dark green line) are positioned above the off- couch reference CTV
volume (bright green light).

9.2 PTYV coverage
Figure (10| displays PTV coverage distribution for oART and IGRT plans. The off-couch

reference, on-couch adaptive and IGRT plans present a good target coverage within Herlev’s
clinical dose constraints (> 99 % of the prescribed dose). On the contrary, the scheduled plans
for all patients and all fractions do not fulfill the clinical constraints (< 99 % ), with a very
poor target coverage for Patient 1 and 6.

PTV coverage
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Patient 1 Patient2 Patient3 Patient4 Patient5 Patient6

Figure 10: Achieved PTV coverage for off- couch reference plans, IGRT plans with conventional margins
and on-couch generated scheduled and adapted plans with corresponding median and outliers.

9.3 oBowel Bag V4; Gy and V3o iy

Volume of obowel bag receiving V45 Gy and Vg gy is illustrated in figure . The dose
delivered to the obowel bag is higher for the IGRT plans compared to all the other plans.
The median obowel bag V45 ¢y and Vg gy values for on-couch adapted plans are closer to
the off-couch reference plan values for Patient 1, 2 and 3. For the Patient 4 and 6, the online

Page 16



Results

Daria Badika

adaptive values are higher than the reference values. For Patient 5, the adaptive values are
lower than the reference value. The scheduled plans have similar or lower V45 ¢y and Vg gy
compared to the reference value.
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(b) V45 Gy achieved volume in oBowel Bag.

Figure 11: Achieved volume V3 gy and V45 Gy in obowel bag for off- couch reference plan,
corresponding conventional IGRT plan and on- couch generated scheduled and adapted plans with

corresponding median and outliers.
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9.4 Rectum V;( ¢y and Vycy

Obtained results for rectum V0 gy and V4 gy are provided in Figure V50 6y and Vyo gy
off-couch reference plan values are lower than the IGRT values for all patients, except Pa-

tient 5- Vy gy (Figure[12a). The adapted median values for V5 gy are similar or lower than
the reference plan median values for all studied patients, except Patient 1 (Figure |12b)).
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(b) V50 gy achieved volume in rectum.

Figure 12: Achieved volume V4 Gy and V50 Gy in rectum for off- couch reference plan,
corresponding conventional IGRT plan and on- couch generated scheduled and adapted plans with
corresponding median and outliers

The scheduled plans have similar medium values as adapted plans, but with a larger spread
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of data (see Q1 and Qg in Appendix @ Table [12]). For V49 Gy the adaptive sessions can not

achieved a better sparing of rectum than the reference plans for all patients, except Patient

2 (Figure |12a).
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10 Correlation Results

Figure [13| has collection of scatter plots belonging to Patient 2 and Patient 3. Remaining 4
patients are presented in Appendix Bl In these plots, correlation coeflicient was determined
for obowel bag and rectum as a function of bladder volume variation.
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Figure 13: Variations of absorbed dose in different OAR as a function of bladder volume changes, in Patient
2 and Patient 3.

According to the Figure and Figure there is no correlation between bladder vol-
ume variations and absorbed dose to rectum, for both adapted and scheduled plans for all
patients (Appendix B). Patient 2 (Figure and Patients 4, 5, 6 (Appendix [B) showed the
same tendency for obowel bag, for both scheduled and adapted plans. In contrast Patient 1
(Appendix [B) and Patient 3 (Figure demonstrated decreased dose to obowel bag with

increased bladder volume for scheduled plans. This was not observed in adapted plans.
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11 Conformity and Homogeneity Indexes Results

Calculated values for CI and HI for IGRT, off-couch reference plan, on-couch generated
scheduled and adapted plans are plotted in Figure[I4]and Figure[l5|respectively . All IGRT
and off-couch reference plans have CI equals 1. Online generated on-couch adapted plans
have CI calculated values closer to 1 than the scheduled plans, except Patient 2.

Conformity Index
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Figure 14: Calculated CI for off-couch reference plan, corresponding conventional IGRT plan, on-couch
generated scheduled and adapted plans.

There are larger variations of the data for scheduled plans, taking into account that some
of the obtain CI median values for Patient 1, 3 and 6 are lower than 1. Patient 6 have all
calculated CI values for scheduled plans lower than off-couch reference.

In Figure [15{determined HI for off-couch reference plans are lower than or equal to IGRT
plans, except for Patient 4. HI values for adapted plans are closer to both IGRT and off-
couch reference plan, compared to scheduled plans. Less spread of the data is noticed in
adaptive data relative to scheduled data.
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Figure 15: Calculated HI for off-couch reference plan, corresponding conventional IGRT plan, on-couch
generated scheduled and adapted plans.

Paired Wilcoxon signed rank test was performed to determine if there was a statistical sig-
nificant difference between calculated adaptive and scheduled CI and HI (Table |).

Table 5: Paired Wilcoxon signed rank test of calculated CI and HI values performed between adapted and

scheduled plans.
n pcr PHI
Patient 1 25 0.81 <0.001
Patient 2 17 042 <0.001
Patient 3 26 0.008 <0.001
Patient4 8  0.021  0.008
Patient5 6  0.028 0.018
Patient 6 30 <0.001 <0.001

As it can be seen in Table [5| there is significant difference between adapted and schedule HI
values. The same is valid for CI values, except Patient 1 and Patient 2.
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12 PSQA results

Figure represents gamma passing rate for 54 measured with Delta* phantom online
adapted plans as a function of MU/Gy. There is an indication of decrease in gamma passing
rate with increasing MU/Gy.
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Figure 16: Delta* gamma passing rate measured with 8%/2mm criteria for 54 measured adapted plans.
Plans with gamma passing rate higher than acceptance level ar 90 % considered to be verified.

Figure |17|illustrates distribution of gamma index for 74 studied plans. The figure demon-
strates measured local gamma passing rate with Delta*+ phantom 8%/2 mm, threshold 20 %
, and calculated global gamma passing rate with Mobius Adapt plans, where different criteria
were applied: 3%/3 mm, 3%/2 mm, 2%/2 mm, threshold 10%.

According to the Figure all measured QA plans with Delta* had lower gamma pass-
ing rates, than calculated Mobius Adapt for all criteria, excluding Patient 2. Higher Delta*
gamma passing rates were achieved for Patient 8 and Patient 4 at measured gantry angle of
45°. Mobius Adapt calculated gamma gave the highest gamma passing rate for 3%/3 mm
criteria , the lowest for 2%/2 mm and 8%/2 mm in between.

Page 23



Results

Daria Badika

Mobius Adapt and Delta* + gamma passing rates
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Figure 17: Gamma passing rate variations for Delta*+ phantom 8%/2 mm and Mobius Adapt software
8%/2 mm, 2%/2 mm. Measured Delta*+ and calculated Mobius Adapt plans with gamma passing rate higher
that 90% and 90% respectively considered to be verified.

Paired Wilcoxon ranked test was used to investigate the difference between Delta*+ mea-
sured gamma passing rates and calculated Mobius Adapt ( Table [6).

Table 6: Paired Wilcoxon ranked test between measured local gamma with Delta*+ phantom 8%/2 mm and

calculated global gamma with Mobius Adapt for for 8%/8 mm, 8%/2 mm, 2%/2 mm.

P

Mobius 3D Mobius 3D Mobius 3D

" 8%/8mm  8%/2mm  2%/2 mm
Patient1 7 0.018 0.018 0.018
Patient2 14  0.513 0.023 0.001
Patient3 14  0.001 0.001 0.001
Patient4 8  0.008 0.008 0.008
Patient5 8 0.066 0.066 0.109
Patient6 6  0.028 0.028 0.028

There is a significant difference between measured Delta*+ and calculated Mobius Adapt
values. Except for Patient 2 for Mobius Adapt 3%/3 mm and Patient 3 (all Mobius Adapt
criteria), where no significant difference was observed.
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Paired Wilcoxon ranked test was also applied after irradiation of Delta®+ at 45° gantry an-
gle and calculated Mobius Adapt. Tables [7] displays no significant difference between 45°
Delta*+ measurements and Mobius Adapt 8%/8 mm, whether there is a significant differ-
ence between other criteria.

Table 7: Paired Wilcoxon ranked test for measured local gamma with Delta*+ at 45° gantry angle 8%/2
mm and calculated global gamma with Mobius Adapt for for 8%/8 mm, 8%/2 mm, 2%/2 mm .

p
Mobius 3D Mobius 3D Mobius 3D

"8%/8mm  8%/2mm  2%/2 mm
Patient3 14  0.937 0.012 0.001
Patient 6 6 0.750 0.028 0.028
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Part V

Discussion

13 Volumetric and Dosimetric Discussion

In this study a retrospective analysis of plan quality was performed for the 6 patients treated
with a novel oART approach, using implemented Al system and CBCT to generate plan of
the day. This technique decreases CTV-PTV margins compared to the non-adapted con-
ventional IGRT CTV-PTV margins, as inter-fractional variations are eliminated. More-
over, anatomical changes of the treated patient are monitored, making it possible to adapt
the treatment plan according to these changes.

For the 6 patients studied the results showed that PTV volume was reduced by 13%-59% us-
ing oART relative to corresponding non-adapted conventional IGRT plans (Table [4). Pa-
tient specific margins in oART are calculated based on the four first fractions of bladder
inter-fractional variations. As a consequence of CTV-PTV margin reduction, the majority
of the scheduled plans had PTV coverage lower than 95 % (Table [10). Patient 6 had her-
nia, which caused very unusual bladder variations, therefore smaller margin reduction was
obtained for this patient, only 13 %.

Furthermore, daily plan generation based on anatomy of the day, allows determination of
the actual delivered dose to the target and OAR. Obtained results for bladder variations
have confirmed that bladder filling can change drastically from day to day. For conven-
tional radiotherapy of bladder cancer, the margins are population based, accounting for
intra- and inter-fractional bladder variations, while enlarging the treated area and deliv-
ering higher absorbed dose to radiosensitive organs, such as obowel bag and rectum [9} [10].
Moreover, obowel bag and rectum are movable organs, their size and position also changes
daily. Therefore, DVH from the initially generated plans cannot be trusted, since they are
based on a single CT acquisition at a specific point in time [30].

According to the results (Figure[J) the delineated bladder volume for the off-couch reference
plan was lower in contrast to corresponding conventional IGRT plan for all patients. This
difference is seen because in the conventional workflow, the bladder volume is a combination
of the manual delineation by the physician on both MR- and CT-images. In the Ethos online
adaptive workflow the manual delineation is done only on the CT-images before generation
of the off-couch reference plan. During the oART, delineation is Al driven and can be
adjusted manually by users.

Investigating the effect of oART on absorbed dose to OAR showed that the dose was de-

pendent on the treating site and extension of the CTV-PTV. In general, if patient had only
bladder defined as CTV-PTYV, greater OAR sparing was achieved with oART compared to

corresponding conventional IGRT plan. oART was not as effective in dose paring to the
OAR for patients with elective area and/or prostate prostate included in the CTV-PTV.

For obowel bag, the absorbed dose was higher if elective area was included in the target
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compared to the absence of elective area. This was observed in Patients 1, 3, 4 with lymph
nodes embedded into CTV-PTV (Table [L1).. The larger the treated area, the higher dose
to the obowel bag was delivered. Moreover, inter-fractional variations were also greater
for Patients 1, 3 and 6 JQR> 69 cm?, Appendix @ Table [8) compared to other patients
(IQR< 29 cm?, Appendix@Table . Patients with stable bladder and without lymph nodes
included in the PTV, achieved greater sparing of obowel bag in adaptive treatment. Patient
6 with hernia had very large CTV-PTV extension, which contributed to higher doses to the
obowel bag.

Correlation computations of bladder volume and absorbed dose to obowel bag using adap-
tation, showed an impact for scheduled plans for patients with large inter-fractional varia-
tions (Table [13). When bladder volume increased, volume of the obowel bag receiving 45
Gy or 30 Gy decreased. This effect was observed, because scheduled plans were only re-
calculated on anatomy of the day. The system applied the off-couch reference plan without
re-optimization. Therefore, when bladder volume increased, the obowel bag was moved
further away from the initial bladder volume delineation and from the re-calculated dose.
Consequently, if the bladder was smaller on the reference C'T, but larger on daily anatomy,
the obowel bag received a smaller dose. For patients with smaller inter-fractional variations
this trend was not observed. Moreover, there was no correlation between bladder volume
variations and received dose to obowel bag for adapted plans, because in this case the system
did a complete re-optimization of the plan based on daily anatomy.

For V0 cy and V4 gy rectum dose, the results differed between each other. It was demon-
strated that for adaptive sessions, greater rectum dose was spared for V5 ¢y than for Vg gy
compared to the off-couch reference plan.

It appeared that the absorbed dose to rectum for Vo gy was target dependent, as part of the
rectum was in the high dose area. For patients that had a larger bladder in general and larger
volume variations, the absorbed dose to rectum 50 Gy was higher as rectum was located
closer to the CTV-PTV. This was seen in Patient 3 and Patient 6. Moreover, each patient
physiology also affected V50 gy absorbed dose. Some people have rectum located very close
to the bladder, even if the bladder size and variations are small, the V50 ¢y becomes relatively
higher than if no rectum was inside the CTV-PTV, which was the case with Patient 5. Patient
1 and Patient 4 had prostate included in the PTV. Prostate is located in front of rectum and
below bladder, reaching the middle part of the rectum. Therefore, for these patients a larger
part of rectum was inside the CTV-PTV, which contributed to an increased V5 ¢y .

Adaptive sessions did not achieve a better rectum sparing than the off-couch reference plan,
except for Patient 2 with smallest PTV. For V¢ iy the dose was more dependent on config-
uration of the beam angle and plan. If the patient had more complex PTV volume, which
generated a more complex plan, the dose to the rectum was higher relative to patients with
less complex plans.

Computation of CI demonstrated that adaptive sessions had higher CI calculated values
than corresponding IGRT or off-couch reference plans. The possible explanation might
be related to Al algorithms that perform dose computation. Unfortunately no details are
provided how the algorithms works, but it seems that TV on adapted plans were enlarged
compared to off-couch treated volume. Thus all calculated values were greater 1. Scheduled
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plans were not re-optimized, which affected TV as it was not adapted to patients inter-
fractional variations, hence the calculated values were distributed above and under 1.

The HI values were similar between corresponding IGRT, off-couch and on-couch adapted
plans. Scheduled plans were not re-optimized, which affected heterogeneity inside the tar-
get.

14 PSQA

Earlier studies have demonstrated a high degree of plan complexity affects the gamma pass-
ing rate [24]. As discussed earlier in section in IMRT plan complexity is related to
several parameters that include the total number of MUs and target size.

Overall, measured Delta*+ gamma passing rates, with fields arranged as in treatment plan,
was lower than calculated Mobius Adapt gamma passing rates. Results in Figure[16]showed a
dependency between MUs required to deliver prescribed dose and measured gamma passing
rate values. Patient 2 and Patient 8, with lowest number of MU/Gy and smallest CTV-PTV
volume (only bladder was treated, Table|2|and Table[3)) have obtained highest gamma values
in contrast to patients with higher MU/Gy and larger treated volume (Table[2]and Table[3).
This is especially noticeable in Patient 1, with largest treated area due to several targets
included in the treatment as well as highest number of MU/Gy (Table[3). Quite low gamma
passing rate for Patient 6 can be explained by the presence of hernia, that forces the bladder
to fall into scrotum, giving rise to a more complex treatment plan generation. Measured
gamma passing rate for other patients (Patient 4 and Patient 5) had shown the same tendency
as for patient 1. The result was dependent on the MU/Gy and planned target volume.
These results corresponds with the previous studies that evaluated relationship between the
treatment sites, the total number of MUs and passing rate [23].

When the treatment fields were collapsed to 45° gantry angle, the gamma passing rate be-
came significantly higher. Indicating that previously obtained low values were associated
with Delta*+ geometrical factors. As Delta*+ detector plates align with treating fields as dis-
cussed in section [0} it causes loss of spatial information for correct gamma passing rate esti-
mation. Which explains considerable low gamma for patient 1, 8 and 4 and higher gamma
passing rate values for Patient 2 and 5. When the phantom was irradiated at 45° gantry
angle, geometrical factors were eliminated, in this case detector plates were not aligned with
treating fields. Consequently, the values became considerably higher and agreed with cal-
culated passing rate in Mobius Adapt. Based on this results, it was adequate to approve
treatment plans what had low measured gamma passing rate.

Varying gamma criteria in Mobius Adapt had shown that the passing rate decreased with
stricter criteria. The lowest calculated gamma passing rate was achieved with 2%/2 mm,
highest with 3%/8 mm and 8%/2 mm gave results in between. Paired Wilcoxon ranked
test illustrated that there was significant difference between measured and calculated gamma
passing rate. With exception for some patients, as their measured and calculated gamma
rates were in agreeance. For plans, with treatment fields grouped at gantry angle of 45°
similar results were observed. The statistical test showed no significant difference between
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measured gamma passing rate with Delta *+ and Mobius Adapt 8%/8 mm, when Delta 4+
geometrical uncertainty was taken into account. These results indicate 3%/3 mm criteria
as the most appropriate for clinical use, since it is comparable to Delta *+ measurements.
However, additional measurements can be performed where plans with incorporated known
errors can be used to investigate the sensitivity of the independent dose calculation software.
Therefore, it is advisable for the clinics to perform additional plan verification with Delta *+
phantom for a more complex treatment plans that have both high number of MU/Gy and
larger treating sites.
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Part VI

Conclusion

The results of the study show that online adaptation with Ethos for bladder cancer patients
decrease CTV-PTV margins based on patients inter-fractional bladder variations. For the
studied patients margins decreased by 13%- 597%. Absorbed dose to OAR in oART was PTV
dependent, but generally improved for most patients compared to corresponding conven-
tional IGRT plans. A statistical significant improvement in homogeneity was observed in
adapted plans compared to scheduled. However, adaptive CI were still higher than IGRT
due to on-couch and off-couch algorithms performance.

An independent dose calculation software Mobius Adapt was used for verification of adaptive
sessions and validated with Delta*+ phantom-based measurements.

To conclude, there are evident benefits of 0ART used for bladder cancer patient because
it provides reduction of CTV-PTV margins, lower doses to healthy tissues while enabling
target coverage.
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Part VII

Appendix

A Volumetric and Dosimetric Data

Table 8: CTV volume variations for adaptive sessions median values (Qg), first quartile (Q1), third quartile
(Qs) and interquartile ranges (IQR).

Qo Q1 Qs IOR
Patient 1 265.8 249.4 326.0 77.3
Patient 2 70.6 68.6 78.0 94
Patient 3 1565.3 144.5 213.6 069.1
Patient 4 152.6 138.2 155.8 17.6
Patient 5 99.05 79.2 108.0 28.9
Patient 6 269.9 239.6 299.7 60.1

Table 9: Achieved PTV coverage median values (Qq), first quartile (Q1), third quartile (Qg) and
interquartile ranges (IQR) for adapted (to the left) and scheduled plans (to the right).

Adapted Q9 (O Qs IOR Scheduled Q9 Q) Qs IQR
Patient 1  99.8 99.8 99.8 0.0 Patient 1  92.6 84.1 94.7 10.6
Patient 2 100.0 100.0 100 0.0 Patient2 98.0 95.8 99.2 34
Patient3 99.9 99.9 100 0.1 Patient3 99.7 93.8 99.9 6.2
Patient4 100.0 99.6 100 0.4 Patient4 90.8 88.2 94.6 64
Patient 5 100.0 99.9 100 0.1 Patient 5 93.8 91.5 96.7 5.2
Patient6  99.9 999 100 0.1 Patient6 79.7 71.2 82.5 11.3

Table 10: Achieved obowel bag V456, median values (Q), first quartile (Q1), third quartile (Q3) and
interquartile ranges (IQR) for adapted (to the left) and scheduled plans (to the right).

Adapted Qg9 (O Q3 IOQR Scheduled Qg 01 QO3 IQR
Patient 1 3833.1 316.9 348.9 32 Patient 1  827.2 295.1 354.3 59.2
Patient 2 26.5 244 32 7.6 Patient2  23.0 203 322 11.9
Patient 3 866.2 346.9 372.5 25.5 Patient 3 880.8 3843.3 387.8 44.6
Patient4 281.7 271.7 286.5 14.8 Patient4 243.9 241.5 249.5 8.0
Patient 5 116.6 103.2 128.0 24.8 Patient 5 145.2 1382.4 152.7 204
Patient 6 187.7 172.4 197.2 24.8 Patient 6 132.9 120.9 144.35 234
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Table 11: Achieved obowel bag V3oc, median values (Q), first quartile (Q1), third quartile (Qs) and
interquartile ranges (IQR) for adapted (to the left) and scheduled plans (to the right).

Adapted Qo 0 Qs IQR Scheduled Q9 01 0Os IQR
Patient 1 433.9 415 457 42 Patient 1  418.5 390 354.3 62.6
Patient2 61.4 585 664 7.9 Patient 2  57.0 52.7 71.8 19.1
Patient 3 570.4 566.3 611.5 45.3 Patient 8 577.0 539.3 592.05 52.8
Patient4 396.1 388.7 402.8 14.1 Patient4 3835.8 328.2 3423 14.1
Patient 5 186.6 166,1 195.9 29.8 Patient 5 233.6 217.4 2529 29.8
Patient 6 382.2 272.4 348.8 76.4 Patient 6 252.8 238.1 276.1 38

Table 12: Achieved rectum Vsoc, median values (Q9), first quartile (Q1), third quartile (Q3) and
interquartile ranges (IQR) for adapted (to the left) and scheduled plans (to the right).

Adapted Q¢ (O Qs IQR Scheduled Q9 Q; Qs IQOR
Patient 1 16.9 16.2 18.2 2 Patient 1 14.5 12.7 18.6 5.9
Patient2 0.0 0.0 0.0 0.0 Patient2 0.0 0.0 0.0 0.0
Patient3 04 0.2 0.7 0.5 Patient 3 1.2 06 31 26
Patient4 11.0 9.6 12.6 3.0 Patient4 15.2 13.2 18.7 54
Patients5 7.8 5.7 9.3 3.7 Patient5 8.1 53 128 7.3
Patient6 0.7 0.0 1.2 1.2 Patient 6 0.0 0.0 0.0 0.0

Table 13: Achieved rectum VoG, median values (Q9), first quartile (Q1), third quartile (Q3) and
interquartile ranges (IQR) for adapted (to the left) and scheduled plans (to the right).

Adapted Q¢ (O Qs IQR Scheduled Q9 0O Qs IOR
Patient 1 29.6 27.4 30.5 3.1 Patient 1  26.7 21.4 27.8 6.4
Patient2 2.5 1.1 4.6 3.5 Patient2 34 23 6.2 34
Patient 3 19.4 14.7 24.6 9.9 Patient 8 22.3 19.2 26.3 7.2
Patient 4 26.4 253 323 7.0 Patient 4 38.5 34.2 48.9 14.7
Patient 5 19.3 15.7 20.4 4.8 Patient 5 19.8 15.6 24.3 8.7
Patient6 6.8 54 9.2 3.8 Patient6 0.0 238.1 0.1 0.1
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B Correlation Figures
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Figure 18: Correlation plots for bladder volume variations VS absorbed dose to OAR for different clinical
constraints for scheduled and adapted plans for Patient 1. Top left corner PTV coverage([18d] top right corner

obowel bag and at the bottom rectum
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Figure 19: Correlation plots for bladder volume variations VS absorbed dose to OAR for different clinical
constraints for scheduled and adapted plans for Patient 2. Top left corner PTV coverage|19a} top right corner

obowel bag and at the bottom rectum
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Figure 20: Correlation plots for bladder volume variations VS absorbed dose to OAR for different clinical
constraints for scheduled and adapted plans for Patient 8. Top left corner PTV coverage|20a} top right corner

obowel bag and at the bottom rectum
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Figure 21: Correlation plots for bladder volume variations VS absorbed dose to OAR for different clinical
constraints for scheduled and adapted plans for Patient 4. Top left corner PTV coverage|21a) top right corner

obowel bag and at the bottom rectum
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Figure 22: Correlation plots for bladder volume variations VS absorbed dose to OAR for different clinical
constraints for scheduled and adapted plans for Patient 5. Top left corner PTV coverage|22a) top right corner

obowel bag and at the bottom rectum
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Figure 23: Correlation plots for bladder volume variations VS absorbed dose to OAR for different clinical
constraints for scheduled and adapted plans for Patient 6. Top left corner PTV coverage|23a) top right corner

obowel bag and at the bottom rectum
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C (I and HI Data

Table 14: Calculated CI median values (Q9), first quartile (Q1), third quartile (Qg) and interquartile ranges
(IQR) for adapted (to the left) and scheduled plans (to the right).

Adapted

Q9

Q1

Qs IOR

Patient 1
Patient 2
Patient 3
Patient 4
Patient 5
Patient 6

1.08
1.25
1.09
1.08
1.16
1.16

1.08
1.24
1.08
1.08
1.15
1.15

1.09 0.013
1.26 0.016
1.11 0.025
1.09 0.018
1.19 0.030
1.18 0.032

Table 15: Calculated HI median values (Qg), first quartile (Q1), third quartile (Qg) and interquartile

Scheduled Q9 Q) Qs IQR
Patient1  1.04 1.00 1.18 0.013
Patient2 1.23 1.15 1.27 0.016
Patient3 1.35 1.05 1.45 0.025
Patient4 1.00 0.97 1.06 0.018
Patient 5 1.31 1.27 1.48 0.030
Patient 6 0.83 0.72 0.91 0.082

ranges (IQR) for adapted (to the left) and scheduled plans (to the right).

Adapted Qo 0 Qs IQR Scheduled Q9 01 Qs IQR
Patient 1  0.050 0.048 0.051 0.003 Patient 1 ~ 0.022 0.020 0.024 0.004
Patient 2 0.025 0.023 0.027 0.004 Patient2 0.075 0.053 0.131 0.078
Patient 3 0.049 0.047 0.058 0.157 Patient 3 0.068 1.05 0.058 0.094
Patient4 0.061 1.08 1.09 0.017 Patient4  0.19 0971 1.06 0.085
Patient 5 0.034 0.029 0.034 0.005 Patient 5 0.26 0.137 0.334 0.19
Patient 6 0.032 0.030 0.086 0.006 Patient 6 0.44 0.857 0.715 0.34
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D PSQA Data

Table 16: Median (Qq), first quartile (Q1), third quartile (Qs) and and interquartile ranges (IQR) for
Delta*+ phantom measurements and Mobius Adapt different criteria for patient 1

Patient 1
Qe Q1 Qs IQR
Delta*+ 8%/2mm 84.8 84.0 93.7 9.8
Mobius 3D 38%/3mm 99.7 99.7 99.8 0.1
Mobius 3D 38%/2mm 99.5 99.3 99.5 0.2
Mobius 3D 2%/2mm 96.1 95.8 964 0.6

Table 17: Median (Qg), first quartile (Q1), third quartile (Qg) and and interquartile ranges (IQR) for
Delta*+ phantom measurements and Mobius Adapt different criteria for patient 2

Patient 2
Qe Q1 Qs IOQR
Delta*+ 8%/2mm 99.8 99.8 100 0.2
Mobius 3D 38%/3mm 99.9 99.7 100 0.3
Mobius 3D 3%/2mm 99.5 99.3 99.6 0.3
Mobius 3D 2%/2mm 97.5 97.3 97.9 0.6

Table 18: Median (Qq), first quartile (Q1), third quartile (Qs) and and interquartile ranges (IQR) for
Delta*+ phantom measurements and Mobius Adapt different criteria for patient 8

Patient 3
Qy QO Qs IQR
Delta*+ 8%/2mm  94.83 932 957 2.5
Mobius 8D 8%/3mm 99.8 99.7 99.9 0.2
Mobius 8D 8%/2mm 99.4 99.4 99.6 0.2
Mobius 3D 2%/2mm 97.8 97.7 98.0 0.3
45° Delta? 3%/8mm  99.8 99.6 100.0 0.4

Table 19: Median (Qq), first quartile (Q1), third quartile (Qs) and and interquartile ranges (IQR) for
Delta*+ phantom measurements and Mobius Adapt different criteria for patient 4

Patient 4
0, 01 05 IOR
Delta*+ 3%/2mm  92.7 91.6 93.4 2.15
Mobius 3D 38%/3mm 99.7 99.7 99.8 0.1
Mobius 3D 38%/2mm 99.2 99.0 99.5 0.5
Mobius 8D 2%/2mm 96.6 96.1 97.2 1.1
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Table 20: Median (Qg), first quartile (Q1), third quartile (Qg) and and interquartile ranges (IQR) for
Delta*+ phantom measurements and Mobius Adapt different criteria for patient 5

Patient 5
Qe Q1 Qs IOQR
Delta*+ 3%/2mm  98.4 98.2 98.7 0.5
Mobius 8D 8%/3mm 99.8 99.8 99.9 0.1
Mobius 8D 8%/2mm 99.6 99.5 99.7 0.2
Mobius 8D 2%/2mm 99.6 99.5 99.7 0.2

Table 21: Median (Qg), first quartile (Q1), third quartile (Qg) and and interquartile ranges (IQR) for
Delta* + phantom measurements and Mobius Adapt different criteria for patient 6

Patient 6
Qe Q1 Qs IQR
Delta*+ 8%/2mm 84.8 84.0 93.8 9.8
Mobius 8D 3%/3mm 99.7 99.7 99.8 0.1
Mobius 3D 38%/2mm 99.4 99.3 99.5 0.2
Mobius 8D 2%/2mm 96.1 95.8 96.4 0.6
45° Delta*+ 8%/8mm 99.5 99.3 99.6 0.3
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