
Diplomarbeit

Influence of Dose-Volume and
Clinical Parameters on

Patient-Reported Skin Toxicities
in Breast Cancer Radiotherapy

zur Erlangung des akademischen Grades

Diplom-Ingenieurin

im Rahmen des Studiums

Technische Physik

eingereicht von

Alice Arnold
Matrikelnummer: 11901966

ausgeführt am Atominstitut
der Fakultät für Physik der Technischen Universität Wien
(in Zusammenarbeit mit der Medizinischen Universität Wien)

Betreuung
Betreuer: Priv.-Doz. Mag. Peter Kueß, PhD
Mitwirkung: Priv.-Doz. Mag. Barbara Knäusl, PhD Priv.-Doz. Gerd Heilemann, MSc PhD

Wien, 23.10.2025

(Unterschrift Verfasserin) (Unterschrift Betreuer)





Abstract

Radiation-induced skin toxicities are one of the most common side effects that occur dur-
ing radiotherapy for the treatment of breast cancer. This study investigated the influence
of dose-volume metrics and clinical parameters on Patient Reported Outcome (PRO) of
the following toxicities: skin dryness, itching, radiation skin reaction, skin darkening, and
breast swelling and tenderness. The PROs were collected on a 5-point scale for acute
and long-term side effects up to 24 months after treatment.

The analysis aimed to compare the severity of PROs and the change from the individ-
ual baseline of a patient for skin toxicities. The cohort included 1,138 patients, who were
treated with radiotherapy during 2020–2024 at the Department of Radiation Oncology at
the Medical University of Vienna / General Hospital of Vienna. The treatment techniques
included the following three photon based external beam radiation techniques: Three-
Dimensional Conformal Radiation Therapy (3D-CRT), Intensity-Modulated Radiation
Therapy (IMRT), and Volumetric Modulated Arc Therapy (VMAT). These techniques
differ in beam number, orientation and modulation, which may influence skin dose and
PROs. An additional dose (boost) given to the surgical site, where the tumor was re-
moved, was also considered as there was a recent transition from a sequential boost (SQB)
to a simultaneous integrated boost (SIB). The treatment integration of those two boost
methods differ, as the SIB is included during the main treatment, whereas the SQB is
administered afterwards.

In Experiment 1, the severity of PROs was analyzed using a Kruskal-Wallis test, fol-
lowed by a Dunn’s Post-hoc test. The analysis compared groups defined by the treatment
technique (3D-CRT, IMRT, or VMAT) and boost method (no-boost, SIB or SQB). In
Experiment 2, logistic regression was used to examine the influence of dose-volume met-
rics and clinical factors (age, systemic therapies, prior surgery and treatment laterality)
on the worsening of acute side effects from baseline before treatment. An event of wors-
ening was defined as an increase from baseline of two or more points. In Experiment
3 the long-term side effects from 6, 9, 12, and 24 months after the completion of the
radiotherapy were investigated with the same predictors and event definition as before
using a Cox proportional hazards model.

Experiment 1 revealed that the most common reported score for acute skin toxicities
was 2 (mild) across all groups. Severe (4) and very severe (5) PRO were mostly below
15% and 5% respectively. Overall more severe patient-reported skin toxicities were ob-
served in groups treated with a SQB. Further logistic regression analysis in Experiment 2
revealed that a larger high-dose skin volume was associated with more worsening events
in acute side effects, while higher age reduced this risk. For long-term effects, which were
investigated in Experiment 3 no significant predictor could be found across all toxicity
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items.

Assessing and aiming to minimize high-dose skin volumes during treatment planning
could be beneficial in reducing acute radiation-induced toxicity. The relationship be-
tween high-dose skin volumes and skin toxicity was less pronounced than expected, as
no correlation with late toxicities was observed for V40Gy.
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Zusammenfassung

Strahlungsinduzierte Hautnebenwirkung zählen zu den häufigsten Nebenwirkungen, die
bei der Behandlung von Brustkrebs mit Strahlentherapie auftreten. Die Hautdosis sowie
weitere klinische Faktoren können diese Nebenwirkungen beeinflussen. In dieser Studie
wurde der Einfluss von Dosis-Volumen Metriken sowie klinischen Parametern auf die
Nebenwirkungen, welche von Patientinnen und Patienten auf einer 5-stufigen Punkteskala
berichtet wurden, untersucht. Dabei wurden folgende fünf Nebenwirkungen mitein-
bezogen: Trockenheit der Haut, Juckreiz, Hautverbrennung nach einer Bestrahlung,
ungewöhnliche Verdunkelung der Haut und Schwellung oder Druckempfindlichkeit der
Brust.

Die Analyse zielte darauf ab, den Schweregrad der berichteten Nebenwirkungen und
die Veränderung gegenüber dem individuellen Ausgangswert für akute und langfristige
Toxizitäten zu vergleichen. Die Kohorte umfasste 1,138 Patientinnen und Patienten,
welche zwischen 2020 und 2024 an der Universitätsklinik für Radioonkologie der Medi-
zinischen Universität Wien / Allgemeines Krankhenhaus Wien strahlentherapeutisch be-
handelt wurden. Die Behandlungstechniken umfassten dabei folgende drei photonen-
basierte Teletherapien: Dreidimensionale Konformale Strahlentherapie (3D-CRT), In-
tensitätsmodulierte Strahlentherapie (IMRT) und Volumen- Intensitätsmodulierte Be-
strahlung (VMAT). Diese Techniken unterscheiden sich durch die Anzahl, Form und
Ausrichtung der Bestrahlungsfelder, wodurch die Hautdosis unterschiedlich ausfällt. Eine
zusätzliche Strahlendosis auf das Tumorbett (Boost) kann als Teil der Bestrahlung erfol-
gen. Die Technik dieses Boosts wurde während der Beobachtungsperiode von einem
Sequenziellen Boost (SQB) zu einem Simultan Integriertem Boost (SIB) umgestellt.
Ein SIB wird integriert während der Hauptbestrahlung durchgeführt, wogegen ein SQB
erst nach der Hauptbestrahlung erfolgt und die Beehandlungsdauer um eine Woche ver-
längert. Der Effekt der unterschiedlichen Bestrahlungs- und Boostmethoden wurde in
dieser Arbeit untersucht.

Im 1. Experiment wurde der Schweregrad der akuten Nebenwirkungen in den Kombi-
nationen aus Technik- und Boostgruppen mittels eines Kruskal-Wallis-Tests untersucht,
gefolgt von einem Dunn Post-hoc Test. Im 2. Experiment wurde die Verschlechterung
der akuten Nebenwirkungen mit den individuellen Ausgangswerten der Patienten ver-
glichen. Hierbei wurde für die Verschlechterung ein Event eingeführt, welches einer
Verschlechterung um zwei oder mehr Punkte entsprach. Mittels logistischer Regression-
sanalyse wurden signifikante Faktoren identifiziert. Folgende klinische Faktoren wurden
dabei als Prädiktoren einbezogen: das Alter zu Therapiebeginn, systemische Therapien
(Chemotherapie und Hormontherapie), vorangegangene Operationen sowie die Behand-
lungsseite. In Experiment 3 wurden die langfristigen Nebenwirkungen 6, 9, 12 und 24
Monate nach Abschluss der Strahlentherapie mit denselben Prädiktoren und gleicher
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Eventdefinition wie in Experiment 2 unter Verwendung eines Cox-Proportional-Hazards-
Modells untersucht.

Der am häufigsten berichtete Wert für akute Hauttoxizitäten war 2 (wenig), während
hingegen starke (4) und sehr starke (5) Nebenwirkungen meist unter 15% bzw. 5% lagen.
Insgesamt wurden schwerwiegendere Nebenwirkungen in Gruppen mit SQB beobachtet.
Die logistische Regressionsanalyse ergab, dass ein größeres mit Hoch-Dosis bestrahltes
Hautvolumen mit mehr akuten Events verbunden war, während das Risiko für Events
mit zunehmendem Alter abnahm. In den Langzeitnebenwirkungen konnten in den meis-
ten Fällen keine signifikanten Prädiktoren für die Nebenwirkungen festgestellt werden.

Durch das Einbeziehen der Hoch-Dosis Hautvolumina in der Behandlungsplanung kön-
nte das Risiko für akute Nebenwirkungen gesenkt werden. Der Zusammenhang zwischen
dem Hoch-Dosis Volumen und Hauptnebenwirkungen war weniger ausgeprägt als er-
wartet, da für V40Gy keine Korrelation mit den Nebenwirkungen beobachtet wurde.
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1 Introduction

1 Introduction

Breast cancer is the most common cancer in women, with a global estimate of 2.3 million
diagnosed cases and 670 000 deaths in 2022 [1]. Although breast cancer can also occur
in men, they represent only about 1% of all treated cases [2]. Breast cancer diagnosis
rates are higher in countries with a higher Human Development Index (HDI) compared
to countries with a lower one. In regions with a very high HDI 1 in 12 women will be
diagnosed with breast cancer during their life compared to regions with a low HDI where
it is 1 in 27 [1]. Among women, breast cancer has an incidence rate of 43.4 per 100 000
— more than twice that of the next most common cancers [3]. Therefore the treatment
of breast cancer remains one of the major challenges in modern healthcare, requiring
continuous investigation of clinical and technical aspects to improve patient outcomes.

Treatment is based on factors like the cancer subtype, spreading outside of the breast
tissue and individual factors. It is usually a combination of of surgery, radiotherapy and
medication, such as chemotherapy, hormone therapy or antibody therapy [1]. In the US,
around 95% of patients undergo surgery [4]. Globally it is estimated that radiation ther-
apy should be used in 87% of cases according to treatment guidelines [5]. Two surgical
options are available for patients: a breast-conserving lumpectomy, in which only the
cancerous tissue is removed, and a mastectomy, in which the entire breast is surgically
removed. The selection of the appropriate option is determined by the characteristics
of the tumor. Following the surgical procedure, the presence of microscopic cancer cells
remains a possibility. In order to reduce the probability of recurrence, radiotherapy treat-
ment is administered [1]. The typical timeline for breast cancer therapy, with a focus on
radiotherapy, is shown in the figure 1.1. In some cases, adjuvant therapies extend beyond
radiation therapy.

Figure 1.1: Timeline of breast cancer treatment at the Department of Radiation Oncology
for patients who received radiotherapy. Systemic therapies and boost doses are
administered when clinically indicated.

A defining characteristic of cancer cells is their higher rate of division and growth com-
pared to normal cells in the body. In addition, the malignant cells possess the ability
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1 Introduction

to invade surrounding tissue and to spread to distant sites, a process known as metasta-
sis. Radiation therapy is one of the most commonly used treatments to counteract this
behavior. It involves depositing high-energy radiation from photons, electrons, or ions
in the target tissue. This damages the DNA strands and leads to cell death. Although
cancer cells are more susceptible to radiation damage than normal cells, minimizing ra-
diation exposure to normal tissue is important because toxicities can occur [6]. One of
the ways to minimize side effects from radiation on normal tissue is to split therapy into
fractions over several weeks [7].

One of the main adverse effects associated with radiotherapy is the occurrence of acute
radiation-induced skin reactions. The majority of patients, up to 95%, experience alter-
ations in the skin. Severe reactions have been shown to impact the progression of the
therapy and the quality of life [8]. Skin reactions can be grouped into acute adverse
effects, which occur directly after the radiotherapy and late adverse effects which occur
and last for weeks or months after completion of the treatment. The adverse skin reac-
tions include reddening, itching, dry skin and changing of the skin structure [9].

In the past, clinician reported outcomes were primarily used to determine the side
effects of radiation therapy. Recently, PROs have become increasingly used to determine
side effects and their impact on the quality of life. With PROs it is possible to cap-
ture the patients experience and symptoms beyond clinical grading [10]. At the Medical
University of Vienna the side effects are recorded using paper-based questionnaires com-
pleted in the clinic after the radiation therapy sessions, or electronically from home after
completion of the treatment [11].

This study aimed to examine skin-related side effects following a radiation therapy.
The studied side effects were reported by breast cancer patients from the Department of
Radiation Oncology at Medical University of Vienna / General Hospital of Vienna. The
influence of the absorbed skin dose on the side effects was studied. Further the impact
of the following three treatment techniques: Three-Dimensional Conformal Radiation
Therapy (3D-CRT), Intensity Modulated Radiation Therapy (IMRT), and Volumentric
Modulated Arc Therapy (VMAT) (for definition see chapter 2.5) and the application of a
higher dose to the tumor bed, called boost, was examined. These aspects are particularly
interesting, since during the last four years two new radiotherapy treatment techniques
were introduced and the boost method was changed from a sequential to a simultaneous
integrated one in that time period. These changes were implemented to improve treat-
ment quality as well as efficiency. The skin dose has not been systematically analyzed in
this context at the Department of Radiation Oncology, as the skin is not automatically
delineated as a structure in the Treatment Planning System (TPS).

One major task of this study was the transfer of patient data from the clinical database
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1 Introduction

to the research database for the generation of the skin structure in the Computed To-
mography (CT) based 3D patient model and subsequent calculation of skin dose-volume
metrics. Since data from more than 1,500 patients were included for transfer, an au-
tomated solution for exporting and importing the data between the databases had to
be developed. As the data was used for research purposes, pseudonymization of patient
information, such as the removal of personal identifiers, was implemented during the
transfer process.

The differences in side effects between the baseline time-point at the day of the first
fraction and immediately after radiation therapy were compared. Additionally, the re-
lationship between skin dose and side effects was examined. It was assumed that the
high-dose range is more relevant to side effects than the low-dose range. The influence of
clinical confounders, such as concomitant therapies, age, and laterality, was investigated.

This thesis is structured as outlined below:

Section 2 introduces the physical, technological, and medical background in radiother-
apy. It first explains the fundamentals of interactions of ionizing radiation with matter,
which form the basic concepts of absorbed dose and dose distribution. Further, this
section describes the principles of treatment planning and the different modalities used
in breast cancer treatment. The statistical corrections employed for the experiments are
described in the following subsections. Finally, an overview of the reported medical in-
formation about the patient cohort is provided.
Section 3 describes the treatment regimens applied. It also introduces the PRO from the
Common Terminology Criteria for Adverse Events (CTCAE)-PRO catalog that was used
to record the skin-related side effects. Further, the section outlines how patient data was
transferred from the clinical to the research database, how skin structures were gener-
ated, and how dose-volume metrics were extracted. The three experiments are described:
Experiment 1 investigated the influence of treatment techniques and boost methods on
the acute side effects. Experiment 2 examined the correlations between acute patient-
reported outcomes and dose-volume metrics. In Experiment 3 the long-term side effects
dependency on dose-volume metrics and clinical confounders was analyzed.
Section 4 presents the results of the study, beginning with data curation and descriptive
analyses of the patient cohort, followed by the results of the three experiments.
In section 5, the results of the previous section are discussed and compared with findings
in the literature.
Finally, Section 6 provides a summary and an outlook on future challenges.
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2 Physical, Technological and Medical Background

2 Physical, Technological and Medical Background

2.1 Interaction of ionizing radiation

When high-energy particles pass through a medium, they interact with its atoms and
transfer energy. The amount of energy deposited depends on the energy of the incom-
ing particles and whether they carry charge. Neutral particles, such as neutrons and
photons (X-rays and γ-rays), are classified as indirect ionizing radiation. Through their
interaction with matter, they can produce directly ionizing particles. In contrast, charged
particles such as protons, electrons, or heavier particles like α-particles are classified as
directly ionizing radiation, because they can ionize directly via collision, given their ki-
netic energy is high enough. The energy of the incoming charged particle is transferred
in steps, resulting in an ionized track through the medium. Sometimes, this interaction
leads to an ejected electron with enough energy to ionize, resulting in an ionization cas-
cade [12].

In the following, this chapter will focus on the interactions of photons with matter,
as this thesis evaluates treatment data of patients that were irradiated with photon ra-
diation therapy. When a mono-energetic photon beam passes through a medium with a
thickness of x, the beams intensity I(x) is attenuated as in equation 2.1 where I(0) is
the initial intensity of the beam and µ the linear attenuation coefficient, which depends
on the atomic number Z of the medium and the photon energy hν [13].

I(x) = I(0)e−µx (2.1)

There are five different ways which photons and matter can interact:

• Photo disintegration
• Coherent (Rayleigh) scattering
• Photo electric effect
• Compton effect (incoherent scattering)
• Pair production

Of the various types of scattering, only the photoelectric effect, pair production, and
Compton effect are relevant for the energy ranges used in radiotherapy and will be dis-
cussed below. The energies used in radiotherapy lie below the threshold for photodisinte-
gration to occur. In contrast, for coherent scattering to be a significant interaction path,
the energy is required to be very low, which is not the case in radiotherapy [12]. The
dominant regions for the cross sections of the three main effects are displayed in figure 2.2.
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2 Physical, Technological and Medical Background

Figure 2.1: Schematic illustration of the three main interaction processes of photons with
matter in radiotherapy. Illustration adapted from Choppin [15].

Photo electric effect: In the photoelectric effect, the photon has enough energy to eject
a bound shell electron from an atom. The energy of the ejected electron E is the dif-
ference between the energy of the photon hν and the energy of the K-shell electron Ek:
E = hν − Ek [13].

Pair production: During pair production, the photon interacts with the Coulomb field
of a nucleus, converting its energy into an electron-positron pair. The combined kinetic
energy of the created pair is equal to EKIN = hν− 2mec

2. For this process to occur, the
photon must have a minimum energy of 1.02MeV, which corresponds to twice the rest
energy of an electron [13].

Compton effect: In the Compton effect a photon with a certain energy interacts with a
quasi-free electron. During this interaction the energy of the photon hν has to be larger
than the binding energy of the electron. Part of the photon’s energy is transferred to the
electron, and it is scattered at angle θ [14].

During radiotherapy treatment the treatment machine’s photons interact in a cascade
of different ways before the dose is deposited inside the patient [17]. The main types of
interactions are illustrated in the figure 2.3 below.
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2 Physical, Technological and Medical Background

Figure 2.2: Dominant cross sections for the three main photon-matter interactions
(photoelectric effect τ , Compton effect σ, and pair production κ) as functions
of the photon energy hν and the atomic number Z of the material. Figure
taken from Evans [16].

2.2 Depth dose distribution of high-energy photons in water

For X-ray beams in water the maximum percentage depth dose is reached after the initial
dose build-up, and afterwards the absorbed dose decreases, as shown in figure 2.4. The
depth at which the maximum dose is reached depends on the energy and can range from
a few millimeters for 4MV to 5 cm for 25MV. For low-energy beams, the maximum is
very close to the surface. This dose build-up effect for higher energies can be used in
therapy to spare the skin [18].

The dose buildup is explained by secondary electrons being ejected when a high-energy
photon beam interacts with matter. These electrons travel a short distance before de-
positing most of their energy. As the photon beam penetrates deeper, the initial number
of electrons set in motion increases, leading to a rising dose with depth. However, since
the photon fluence gradually decreases due to attenuation, the production of new elec-
trons decreases as well. The balance of these two effects creates a region of increasing
dose, which reaches a maximum, after which the dose falls off [18].

The absorbed radiation dose is defined as the average energy deposited in a material
of mass dm:
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2 Physical, Technological and Medical Background

Figure 2.3: Interactions of a photon beam as it travels from the treatment head through
the patient. Figure from Ahnesjö [17].
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2 Physical, Technological and Medical Background

Figure 2.4: Depth dose distribution for the central beam axis for photon and 60Co beams
at different energies. Figure from Khan [12].

D =
dE

dm
(2.2)

This quantity is expressed in units of Gray (Gy) [19]. However, it is almost never
possible to measure the absorbed dose of a patient during radiation therapy. Therefore,
dose distribution data is collected using water phantoms, as their absorption properties
resemble those of soft tissue closely. This data is then used as the basis for dose calculation
in the treatment planning process, which is described in chapter 2.4 [18].

2.3 Radiotherapy - concept and workflow components

Radiation therapy is one of the three pillars for cancer treatment and is applied in about
half of all cancer cases [20]. The two main modalities of radiation therapy applied to-
day to treat cancer are external beam radiation therapy and brachytherapy. During
brachytherapy, radioactive material is placed inside the body via tubes for a short time
period or seeds are implanted permanently [21]. External beam radiotherapy can be
administered either by photons, electrons, protons or carbon-ions.

In external beam therapy using photons, with a typical energy of 4–18MeV [22], the tu-
mor is irradiated with high-energy photons accelerated with a Linear Accelerator (Linac)
[13]. In the Linac a particle source at the end of a vacuum tube produces electrons,
which are accelerated by electromagnetic waves in a straight trajectory. These electrons
can be used for treatment or they collide with a target, producing X-ray photons that
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2 Physical, Technological and Medical Background

are then used to irradiate the patient during treatment [13].

Protons are accelerated to energies between 70 and 250MeV using cyclotrons or syn-
chrotrons, and then used for treatment. Due to their characteristic energy deposition
profile, protons offer clinical advantages over photons, particularly in sparing healthy
tissue. However, proton therapy is less widely available and more costly. Consequently,
the vast majority of cancer patients are treated with photons [22].

2.3.1 Target concepts

For radiotherapy treatment, usually three primary target volumes are delineated (see
figure 2.5). These are defined independently of the treatment modality employed. The
first is the Gross Tumor Volume (GTV), representing the visible and imageable extent
of the tumor. The GTV is needed for Tumor-Node-Metastasis (TNM) staging, which is
explained in chapter 2.6. The second is the Clinical Target Volume (CTV), which encom-
passes the GTV along with the surrounding region where microscopic disease spread may
be present. The final volume is defined as the Planning Target Volume (PTV), which is
understood as an expansion of the CTV to account for uncertainties in treatment plan-
ning and delivery. These uncertainties can arise from both internal and external factors.
Internal uncertainties are caused by physiological motion, such as breathing, which can
alter the shape, size and position of the CTV. External uncertainties, results from varia-
tions in the patient setup between treatment fractions and from mechanical instabilities
of used equipment, such as sagging of the treatment couch [23].

Figure 2.5: Illustration of the three main target volumes: GTV, CTV, PTV.
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2 Physical, Technological and Medical Background

2.3.2 Pre-treatment workflow

The treatment workflow is a multistep procedure, which is depicted in figure 2.6. It begins
with a physician’s diagnosis and decision to treat with radiotherapy. Next, anatomical
patient data is acquired through imaging with CT or other modalities [14].

The quantitative volumetric information of the patient is derived from CT imaging.
These CT scans are used to generate a three-dimensional model of the patient, within
which the PTV and the Organs At Risk (OAR) are delineated. The treatment plan is
developed based on this 3D model, which includes calculations of beam attenuation [24].

Then, the planning processes for the treatment of radiotherapy begins by choosing the
energy of the beams and the arrangement of the beams with the aim of delivering the
prescribed dose to the target volume while sparing the surrounding OAR. For intensity-
modulated treatment (see chapter 2.5.2), the weights of the beam segments are optimized
to meet the constraints (dose limits) for OAR and to fulfill the dose prescription for the
PTV. The treatment plan is evaluated, for example by analyzing the Dose-Volume His-
tograms (DVH). If the clinical goals or dose constraints are not met, the plan is adapted.
Once the therapy plan fulfills all criteria, it is approved by the treating physician. The
verification of the treatment plan can be performed either by an independent dose cal-
culation or by measurements on the treatment machine [14].

The total prescribed dose, usually between 30 and 70Gy, is delivered in fractions of
2Gy, which corresponds to what is known as convectional fractionation. Splitting the
total prescribed dose into fractions optimizes killing cancer cells while reducing toxicity
to normal tissue. Typically, the irradiation of the fractions occurs over a period of 3–7
weeks, with five fractions per week [7].
A shorter treatment time with a higher single dose per fraction is referred to as hypofrac-
tionation. If the treatment is extended and the single doses per fraction are lower, this
is referred to as hyperfractionation. For certain types of cancer, such as breast cancer,
hypofractionation can be beneficial in some cases [7].

2.4 Dose calculation

In order to deliver the prescribed dose to the tumor, it is important to accurately calcu-
late the deposited dose in the patient. This energy absorbed by the tissue is calculated
using dose calculation algorithms. Ensuring that these calculation algorithms are both
quick and accurate is crucial for guaranteeing timely and suitable treatment. There
are three types of dose calculation algorithms: 1) factor-based, 2) model-based, and 3)
principle-based (Monte Carlo (MC)) [25].
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Figure 2.6: Treatment workflow. Figure from IAEA [14].
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Factor-based dose calculation algorithms are among the earliest methods used for dose
calculation in patients. These algorithms use measured data from water phantoms as ba-
sis. This data is then corrected using factors to account for the difference between water
and patient tissue. The dose from the beam is measured at multiple settings (e.g., beam
size, depth, and distance) within the phantom. To calculate the patient dose, correction
factors are applied to these measured doses to account for different tissue densities in
organs and curved surfaces. The simplest and fastest method to account for inhomo-
geneities is the 1D correction method, which only considers the beam’s depth. However,
this method does not take lateral scattering into consideration, so it is not very accurate.
A slightly more advanced approach is the 3D correction method, which uses CT scans of
patients. Factors-based algorithms are sometimes used to quickly check the calculated
doses from other calculation methods. They are only used to get a rough estimate of
whether the calculated doses are correct. The factor based method is not very accurate,
especially for higher photon energies over 6MV, since it does not model electron trans-
port and scattering effects well [25].

Model-based algorithms are widely used by commercially available treatment planning
systems, as they provide more accurate data than factor-based algorithms within a rea-
sonable computation time. These algorithms use the energy fluence of the primary pho-
tons from the treatment machine. This energy is split into two components: Total
Energy Released per unit MAss (TERMA) and the kernel. TERMA describes the en-
ergy released through interaction with tissue by primary photons from the Linac. The
kernel represents how the energy spreads and is deposited around the interaction point of
the primary photons by scattered photons and electrons. The total dose is calculated by
summing the contributions from all interaction points. This is mathematically achieved
through the convolution of TERMA T (r⃗ ′) and all dose kernels k(|r⃗ − r⃗ ′|, E′):

D(r⃗) =

�
dE′

�
d3r⃗ ′T (r⃗ ′, E′)k(|r⃗ − r⃗ ′|, E′) (2.3)

TERMA T (r⃗ ′) depends on the linear photon absorption coefficient µ, the mediums den-
sity ρ and the energy fluence of the primary photons Ψ as follows:

T (r⃗ ′) =
µ

ρ
(r⃗ ′) ·Ψ(r⃗ ′) (2.4)

There are three main types of model-based algorithms. Pencil Beam Convolution (PBC)
uses, as the name suggests, a pencil-shaped kernel, assuming that most of the scattering
occurs along the beam direction. It is the fastest method, but not the most accurate
for heterogeneous tissues. The second method is the Anisotropic Analytic Algorithm,
an improved version of the PBC that includes lateral scattering. The kernel shape and
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characteristics are derived from MC simulations. The third method is the Collapsed
Cone Convolution. There the kernels are cone-shaped and radiate from the interaction
point. This method is the most accurate of the three, but it is also the slowest. It is
used by TPSs such as Oncentra MasterPlan (Nucletron, Inc., Columbia, MD, USA) and
RayStation (RaySearch Laboratories AB, Stockholm, Sweden) [25].

Monte Carlo algorithms are the most detailed approach for dose calculation because
they are based on the individual paths of photons and electrons passing through tissue.
The MC algorithm is usually split into two steps: the beam simulation before entering the
patient and the beam transport through the patient. The algorithm models the physical
processes involved in transporting the beam through the patient. The accuracy of the
calculation depends on precise information about the machine geometry and the number
of particles used. A higher number of particles reduces statistical noise, but increases
computation time. MC algorithms were long considered primarily as a benchmark for
other calculation methods. However, recent improvements in computational power have
made them increasingly feasible for routine clinical use [25].

2.5 Treatment concepts and techniques

The following section will describe the treatment concepts of Irradiation of the Whole
Breast (WBI), Partial Breast Irradiation (PBI) and both boost methods, Simultaneous
Integrated Boost (SIB) and Sequential Boost (SQB). Then three treatment techniques
of external beam radiation therapy will be discussed in more detail: 3D-CRT, IMRT and
VMAT.

In PBI the treatment dose is delivered to the tumor bed with an additional margin
of 1–2 cm, whereas in WBI the full breast on side of the tumor is irradiated. With PBI
the normal breast tissue is spared [26]. A boost dose is given to the tumor bed, where the
malignant tissue has been surgically removed, in certain clinical situations. The purpose
of this additional dose is to reduce the likelihood of an early recurrence, since most local
recurrences tend to occur near the original tumor site [27]. SQB are delivered after the
main treatment course is completed, whereas SIB are delivered simultaneously with the
fractions of the main treatment. Therefore SQB extends the treatment duration.

2.5.1 Three-Dimensional Conformal Radiation Therapy

In the 1980s, the integration of CT imaging into radiation-based cancer therapy allowed
to plan treatments based on three-dimensional data of both tumors and surrounding
healthy structures [28]. This advancement led to the development of three-dimensional
conformal radiotherapy (3D-CRT), in which radiation beams are shaped to match the
target’s outline and delivered with uniform intensity. However, 3D-CRT has limitations
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in sparing critical structures in complex cases, especially when OAR are located near
or within concave target volumes. The treatment is forward planned, which means that
beam parameters are defined and can be adjusted manually. From these parameters, the
dose distribution within the patient is then calculated [28].

2.5.2 Intensity-Modulated Radiation Therapy

In contrast, Intensity-Modulated Radiation Therapy (IMRT) varies the beam intensity
across the field. Each beam is separated into beamlets with varying intensity levels.
This allows for increased dose delivery to the tumor while minimizing exposure to nearby
healthy tissue. In contrast to the forward planned 3D-CRT, IMRT uses inverse planning.
Here, the dose distribution is specified first and the required beam intensities to achieve
this distribution are determined by solving an integral equation. Unlike the generally
convex dose distribution achieved with 3D-CRT, IMRT can also produce concave dose
patterns that better conform to irregular tumor shapes. However, IMRTs low-dose re-
gions are more spread out, due to a higher number of irradiation fields compared to
3D-CRT, which may lead to increased exposure of surrounding tissue [28].

2.5.3 Volumetric modulated arc therapy

In 2007, volumetric modulated arc therapy was first introduced. It is a type of IMRT in
which the gantry is rotated around the patient, in contrast to the fixed angles used in
IMRT and 3D-CRT. The dose is continuously delivered in 1-2 arcs [28]. Compared to the
static beam techniques more skin volume is exposed to low radiation doses for VMAT.

2.6 Associated clinical parameters

To describe the breast cancer patient cohort, several clinical and pathological parameters
were reported: age at therapy start, tumor grading, staging (including pathological T,
N, and M categories as outlined below), morphology, receptor status, and Ki-67 expres-
sion. Treatment-related factors such as chemotherapy, antibody therapy, and hormone
therapy will also be included. These factors can influence the occurrence and severity of
side effects, they will be taken into account as potential confounders in the analysis.

The grade represents the tumor’s potential for aggressiveness. Grades range from 1
to 3, with lower grades indicating less aggressive behavior than higher grades. The grade
score is determined by factors such as the level of proliferation, differentiation, and shape
of the tumor cells [29].

The TNM staging system is a worldwide system used to classify the anatomical extent
of cancer [30]. Since the first published edition in 1977, it has been updated multiple
times. The staging in this work is based on the 8th edition of the TNM staging system
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[31], which was published in 2017.

There are two different staging methods: clinical and pathological. Pathological stag-
ing is based on removed tissue, whereas clinical staging uses tests or scans only [32].

The Tumor (T) stage describes the size and extent of the tumor. The scale ranges
from T1 to T4, these groups can be divided into subgroups. Stages T1–T3 only describe
the size. T1 describes a tumor with a maximum size of 2 cm, while T3 indicates a tumor
bigger than 5 cm across. Stage T4 describes the spread of the tumor to nearby structures,
such as the chest wall or skin. This includes Tis (DCIS), which describes pre-invasive
breast cancer (ductal carcinoma in situ), in which cancer cells are confined to the breast
ducts and have not spread to surrounding tissue [32].

The Node (N) stage indicates whether cancer cells have spread to the lymph nodes.
The classifications range from pN0 to pN3. PN0 indicates that there are no cancer cells
or only isolated cancer cell clusters with a diameter less than 0.2mm in nearby nodes.
From pN1 to pN3, the size of the cancerous tissue in the lymph nodes, as well as the
number of affected lymph nodes, increases [32].

The Metastasis (M) stage indicates whether the cancer has spread to other parts of
the body, such as the brain, lungs, liver, or bones. At the M0 stage, there is no indi-
cation that the cancer has spread beyond the original site. In the M1 stage, there are
pathologically confirmed cancer clusters larger than 0.2mm that have spread to different
parts of the body [32].

Breast cancer is classified according to the presence of hormone receptors, including the
Estrogen Receptor (ER), Progesterone Receptor (PGR), and Human Epidermal Growth
Factor Receptor 2 (HER2). These receptors are proteins that bind the corresponding
hormones and stimulate cell growth. Unlike the TNM staging, the status of these hor-
mone receptors is either positive, meaning the cells express the receptors, or negative,
meaning they do not. This classification is clinically important because such tumors can
be effectively treated with the appropriate therapy [33].

Ki-67 is a protein found in the cell nucleus, and its score is used to determine cell
proliferation and to predict response to chemotherapy. Ki-67 is assessed by staining the
cells. The Ki-67 score measures the percentage of cells that are positively stained [34].

In most cases additional therapies, such as chemotherapy, hormone therapy or antibody
therapy are administered alongside radiotherapy, which can influence the occurrence and
severity of skin related side effects from radiotherapy. These therapies can be adminis-
tered in two ways, neoadjuvantly, prior to surgery or adjuvantly, after surgery.
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2.7 Statistical corrections for multiple testing

In statistical analysis the significance level α corresponds to the probability of falsely re-
jecting a true null hypothesis. With the conventional choice of α=0.05, one would expect
one false positive among 20 tested hypotheses. To account for the increased risk of error
in multiple testing, the significance levels can be adjusted using the Bonferroni method.
In the Bonferroni correction, the significance level, α, is divided by the number of tests
(n) performed. Alternatively, to obtain the adjusted p-values, the original p-value is
multiplied by n [35].

A less conservative method than the Bonferroni method is the Benjamini-Hochberg
procedure, where all p-values are ordered according to from smallest to largest. To
obtain the corrected p-values the original p-values are multiplied with the total number
of tests n and dividing by their rank r :

pcorrected = p · n
r

(2.5)

The largest p-value remains unchanged,the second largest turns into pcorreceted = p· n
n−1

[36]. A significant difference under the Bonferroni correction is also significant under
Benjamini-Hochberg, since Bonferroni is always equal to or stricter than Benjamini-
Hochberg.
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3 Material and Methods

3.1 Study cohort curation

3.1.1 Inclusion and exclusion criteria

This study included patients from the Department of Radiation Oncology at the Medical
University of Vienna / General hospital of Vienna who underwent radiotherapy treatment
for breast cancer with curative intent from 2020 to 2024 and participated in the Patient
Experience Data in Radiation Oncology (PEDRO) study (study number: EK 2184/2019)
[11]. The following treatments were included in this thesis:

• Whole breast irradiation
• Partial breast irradiation
• Tumor bed boost: patients with and without boost irradiation
• Lymph node irradiation: patients with and without lymph node irradiation

Patients treated with palliative intent, where the aim is symptom relief rather than
cure, and patients who underwent mastectomy and therefore, whose thoracic wall was
irradiated during radiotherapy were excluded from this analysis.

3.1.2 Dose prescription, treatment scheme and techniques

At the Department of Radiation Oncology two treatment fractionation schemes are ap-
plied for breast cancer patients: ultra-hypofractionated irradiation applying 26Gy in
five fractions and moderate hypofractionated (40.05Gy in 15 fractions). For this study,
the patients receiving the ultrahypofractionated treatment scheme were excluded. All
patients classified with an increased risk received an additional dose to the tumor bed.
This boost dose was either prescribed simultaneously in 15×3.2Gy (SIB) or subsequently
in 4×2.5Gy (SQB). A SIB did not change the number of fractions, whereas a SQB con-
sisted of four additional fractions conducted after the 15 fractions of the main treatment
were completed. The combinations of the different treatment schemes are displayed in
the table 3.1 below. It includes the dose per fraction and the overall treatment dose.

Three different radiotherapy techniques, as described in chapter 2.5, were used for the
selected patient collective: 3D-CRT, IMRT, and VMAT. In addition to radiotherapy,
patients received various systemic therapies according to their individual needs. These
included chemotherapy, hormone therapy, and antibody therapy.

Patients were categorized based on the treatment technique that accounted for the
majority of delivered fractions. If the technique changed during treatment, only the
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Treatment scheme Dose [Gy] and fraction Total dose [Gy]
Ultrahypofractionated 5.2× 5 fx 26
Ultrahypofractionated + SQB 5.2× 5 fx + 2× 5 fx 36 (26+10)
Moderate hypo-fractionated 2.67× 15 fx 40.05
Moderate hypo-fractionated + SQB 2.67× 15 fx + 2.5× 4 fx 50.05 (40.05+10)
Moderate hypo-fractionated SIB 3.2× 15 fx 48

Table 3.1: Treatment schemes including the fraction (fx) wise and total dose prescription.

dominant technique was considered; the boost method could differ from the main treat-
ment technique but was not considered for categorization purposes. Information on the
fraction number and technique were exported from MOSAIQ (Elekta AB, Stockholm,
Sweden), the electronic record and verify system used at the Department of Radiation
Oncology.

3.2 Patient-reported outcome measures

3.2.1 Survey schedule and item selection

Before the start of the radiotherapy each patient was asked wether they would like to
participate in the PEDRO study. The base line fill-out of the survey happened on the day
of the first radiotherapy treatment fraction, after the surgery and potentially systemic
therapies, but before the first fraction was administered. The survey was filled out once a
week during ongoing radiotherapy. After the completion of the radiotherapy treatment,
PRO surveys were filled out in regular time intervals of 3, 6, 9, 12 and 24 months and
subsequently once a year via a web application [11].

The survey questions followed the Patient-Reported Outcomes version of the Common
Terminology Criteria for Adverse Events (PRO-CTCAE) catalog, which is a standardized
tool used to evaluate symptomatic toxicities by self-report on therapy-related symptoms
in cancer patients for clinical trials. The PRO-CTCAE catalog consists of 124 items
which cover 78 different symptoms.

The items characterize frequency, severity, and presence or absence of toxicities in-
cluding discomfort (pain, nausea, and fatigue) or skin reactions (swelling, blushing, and
changes in skin structure). The answering scale depends on the question, it can be binary
(1 yes, 2 no) or a scale ranging from 1–5 or 1–6 (1 not at all, 2 mild, 3 moderate, 4 severe,
5 very severe, 6 not relevant) [37]. This study focused on the following 5 items related to
skin reactions: skin dryness, itching, radiation skin reaction, skin darkening, and breast
swelling and tenderness. The survey questions of these 5 items are displayed in table 3.2.
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Item Category Question Answer scale

25_1 Skin dryness During the last 7 days: How DRY was your skin
in the WORST CASE?

1–5

28_1 Itching During the last 7 days: How STRONG was your
ITCHING in the WORST CASE?

1–5

36_2 Radiation skin
reaction

During the last 7 days: How pronounced were
your SUNBURN-LIKE SKIN CHANGES AF-
TER EXPOSURE in the WORST CASE?

1–6

37_1 Skin darkening During the last 7 days: Have you had an UN-
USUAL DARKENING IN YOUR SKIN?

1–2

72_1 Breast swelling
and tenderness

During the last 7 days: How STRONG was your
BREAST SWELLING OR PRESSURE SENSI-
TIVITY in the WORST CASE?

1–5

Table 3.2: Skin-related items from the PRO-CTCAE.

3.2.2 Event definition

For each patient, the change in the PROs was calculated as the difference between the
reported severity of each skin side effect item at baseline and at a later follow-up time
after completion of the radiotherapy treatment. A positive value indicated an increase
in severity, whereas a negative value indicated an improvement.

For each PRO item, a binary event variable was introduced. An event was defined as
an increase of at least two points in the PRO item score between baseline and follow-
up. In contrast to a difference of only 1, this definition suppresses noise more effectively.
Item 37_1 (skin darkening) was an exception, because it was a binary item. A worsening
of one score point was defined as an event because a worsening of two scores was not
possible. With the introduction of events, the uncertainty about whether identical scores
correspond to equivalent experiences or clinical outcomes across patients is reduced.

3.3 Data preprocessing and dose extraction

The patient data was available in the database of the clinical treatment planning sys-
tem RayStation (Raysearch, Stockholm, Sweden). To generate the skin structure mask
and export the corresponding dose data, the patient data had to be transferred to the
research version of the Raystation TPS first. For this purpose, an automated pipeline
was developed using scripts that run either inside RayStation or externally.

Recently treated patients were still available in the RayStation clinical database, while
older ones were already stored in another database for long-term storage. In the first
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step, patient data was exported from the clinical database to a hard drive in Digital
Imaging and Communications in Medicine (DICOM) format, the standard format used
internationally for medical imaging data [38]. A folder was created for each patient. All
cases, examinations, treatment plans, and beam sets were looped through and the data
was exported. Using the Pydicom [39] library on an eternal computer, patient-specific
study instance UIDs and series instance UIDs were extracted for each patient. These
unique identifiers (UIDs) were necessary for the automated import. This process had to
be done outside the AKH workstations, as Pydicom was not available there.

The patient data was pseudonymized by replacing the patient name with a study code
in the form of "PedroMamma00001", with increasing ending numbers. The pseudonymized
patient data was then imported into the RayStation research database. To improve effi-
ciency, both data export and import were performed in parallel using multiple RayStation
instances simultaneously.

In the research database, an additional script, which was developed during my previous
project work at the Department of Radiation Oncology, automatically generated the skin
structure mask and updated the dose data. The skin thickness was set to 2mm, as this is
the average thickness in the body [40]. Dose-volume metrics were calculated by summing
up the irradiated doses from each fraction within the patient structure. Information
on the delivered fractions were obtained from the oncology information system MOSAIQ
(Elekta AB, Stockholm, Sweden), as RayStation only stores the treatment plan and NOT
the details on what was delivered. Changes or interruptions during the treatment are
therefore not reflected in RayStation. Dose-volume metrics of the skin were derived by
in-house developed scripts for the following dose-levels: 10Gy, 20Gy, 30Gy and 40Gy.
The pipeline is illustrated in figure 3.1.
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Figure 3.1: Patient export and import process including the export of the skin dose data.

3.4 Experiments

3.4.1 Experiment 1: Influence of irradiation technique and treatment scheme on
the acute side effects

To study the severity of acute side effects, the PRO answers from the day of the last
fraction were compared to the baseline values for groups combined by technique and
wether patients received a boost or not. When the treatment included a boost irradiation,
the boost method (SIB or SQB) was specified. The analysis only considered patients who
completed all radiotherapy fractions. Incomplete irradiations would result in lower doses
to the target and OAR than the prescription, which in turn could lead to under-reporting
of the severity of the side effects. Following eight groups were analyzed:

• 3D-no boost 1

• 3D-SQB
• IMRT-no boost
• IMRT-SIB
• IMRT-SQB
• VMAT-no boost
• VMAT-SIB
• VMAT-SQB

1When used in combination with a boost method, 3D-CRT is shortened to 3D.
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PBI was excluded from the main analysis because it involves a smaller total irradiated
volume and therefor also a smaller irradiated skin volume compared to WBI. Unlike
WBI, the peripheral regions of the breast are not treated in PBI, which potentially leads
to fewer skin side effects. In addition, PBI was not evenly distributed across all treat-
ment techniques and boost methods. Including these cases in the main analysis would
therefore introduce bias, as PBI represented an additional influencing factor. For this
reason, PBI is discussed separately in chapter 4.2.2 of the results.

The differences for the acute skin related side effects were analyzed by performing
a Kruskal-Wallis test using Phython’s SciPy package [41] for each of the five question
items. This method was chosen since the PRO answering scale is non-continuous and
not distributed normally. When a significant difference was found between groups, the
groups were compared pair by pair using a Post-hoc Dunn test to see which groups differ
significantly from each other.

With seven groups (IMRT-SIB was excluded due to small group size; see chapter 4.2.1)
and a pairwise comparison, n equaled 21 in this experiment. This causes the Bonferroni
significance level to decrease from 0.05 to 0.0024. The p-values were corrected with a
second method: the Benjamini-Hochberg procedure [36]. This was implemented to de-
tect more subtle effects, which could be disregarded by the Bonferroni method.

3.4.2 Experiment 2: Correlation between acute PRO and dose-volume parameter

This experiment aimed to investigate the relationship between irradiated skin volume
and acute side effects. Instead of the severity the dichotomized worsening event variable
was used. It also examined how other factors, such as age, systemic therapies, and prior
surgery, influenced these side effects.

Multivariate logistic regression analysis was performed, as this model is suitable for as-
sessing the binary outcome of worsening or non-worsening before and after the treatment
for each of the 5 PRO items. The predictors included were: the skin volume which re-
ceived 40Gy (V40Gy) and the patients age as continuous variables, and laterality, surgery,
chemotherapy, and hormone therapy as binary variables (coded as 1 = yes, 0 = no or 1 =
right, 0 = left). These clinical predictors were selected in consultation with a physician.
All statistical analyses were performed in Python using the "statsmodels" package [42].

Prior to the logistic regression analysis, a Spearman correlation test was performed to
determine the correlation strength between skin volumes of different dose levels (10Gy,
20Gy, 30Gy, and 40Gy) and side effects. Since these dose parameters are correlated
only one should be used for further analysis.
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For this experiment, patients who reported side effects of a score of 4 (severe) or 5
(very severe) at baseline were excluded to avoid a bias not related to the radiotherapy
treatment. Unlike in Experiment 1, unfinished therapies with less than the foreseen 15 or
19 fractions (without or with a boost) were included, as the lower dose that was received
by the skin was directly included as dose-volume metrics in the analysis. Further, patients
who were treated bilaterally were excluded for this analysis and Experiment 3.

N was equal to 6 , as it corresponded to the number of predictors used in the logistic
regression. Therefore the corrected significance level was 0.0083.

3.4.3 Experiment 3: Long-term side effects

The predictors for late side effect worsening were investigated using Cox proportional
hazards models. The definition of an event was the same as in Experiment 2 : the wors-
ening of the PRO score of two or more from the baseline was defined as an event. For
the long-term toxicities the included follow-up time points were: 6, 9, 12, and 24 months.
The 3 month follow-up time was excluded, as acute side effects may still be present at
that time and influence the PRO score. The definition of acute adverse effects is the
occurrence of those up to three months after the radiotherapy, while toxicities occurring
after that time period are classified as long-term toxicities. The distinction between the
two is based on different physiological mechanisms [43].

Before conducting the statistical analysis, the number of completed questionnaires was
reviewed to assess the amount of available data. The analysis also examined how many
patients stopped participation or missed interim surveys. The exclusion criteria for this
analysis were the same as in Experiment 2.

The probability of event free survival was visualized with Kaplan-Meier curves. Both
the Cox proportional hazards modeling and the Kaplan-Meier curves were carried out in
Python using the lifelines library [44]. N was equal to 6 , as the same predictors were
used as in Experiment 2. Therefore, the significance level was 0.0083.
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4 Results

4.1 Data curation of the patient cohort

From August 2020 to October 2024, 1,523 breast cancer patients received radiotherapy
treatment at the Department of Radiation Oncology. Of this patient cohort, 1,480 pa-
tients were successfully transferred from the database of the clinical TPS to the database
of the research system. For 1,466 of the successfully transferred patients a skin structure
could be generated. Ultimately, the dose could be exported for 1,380 patients. This
group included all breast cancer patients independently of the treatment scheme, mod-
erate and ultrahypofractionated patients.

The slowest step in this process was exporting data from the clinical or long-term stor-
age database. The duration of the export of 50 patients was recorded twice. Depending
on the amount of patient data, the execution time varied. The first export run of 50
patients took 95 minutes, which resulted in an average time of 1 minute and 54 seconds
per patient. The second run took 130 minutes which corresponds to an average of 2
minutes and 36 seconds per patient. During the import to the research database, the
batches of 50 patients took 35 minutes and 72 minutes.

4.2 Descriptive results

4.2.1 Patient cohort

The patient cohort for analysis included a total of 1,138 patients. As expected for breast
cancer, the cohort consisted predominantly of females, with a very small proportion of
males. Left- and right-sided cases were nearly equally distributed, with 566 cases on the
left and 548 cases on the right side. In addition, 24 patients were treated on both sides.
While the majority of patients underwent surgery prior to radiotherapy, a subgroup (less
than 10%) received radiotherapy without surgery. Most patients received whole-breast
irradiation (WBI), while approximately 10% received partial breast irradiation (PBI).
However, patients who received PBI were not evenly represented among the technique
subgroups. Only patients without the need for a boost irradiation received PBI with one
exception. The PBI distribution shares ranges between 8% and 32% for the subgroups.
In the 3D-CRT group, PBI treatment accounted for 32%, in the VMAT group for 20%,
and in IMRT group for just 6%. This reflects the fact that, once the treatment tech-
nique shifted from 3D-CRT, VMAT offered greater advantages for PBI than IMRT did.
The combination of IMRT and PBI was only used for a short intermediate period. The
distribution of PBI is shown in table 4.3.

Approximately 40% of patients received chemotherapy. Two types of chemotherapy
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Technique PBI count Total patient count Percentage

3D-no boost 62 195 32%
IMRT-no boost 10 129 8%
VMAT-no boost 31 142 22%
VMAT-SIB 1 138 <1%

Table 4.3: Distribution of PBI. Groups that are not listed were treated with WBI only.

were administered: neoadjuvant and adjuvant. More than 65% of patients received hor-
mone therapy, while fewer than 5% received antibody therapy. Figure 4.1 summarizes
the information on the patient cohort.

The composition of the patient cohort by radiation technique and boost method is sum-
marized in the following table 4.4. The three treatment technique groups were similar
in size, with 447 3D-CRT patients, 329 IMRT patients, and 362 VMAT patients. In
contrast, the distribution of the different boost methods was uneven. The SIB group,
with 176 patients, was significantly smaller than the other two groups: 487 patients in
the SQB group and 475 patients in the no-boost group.
The resulting subgroups (defined by the combination of treatment technique and boost)
ranged from 36 to 246 patients. As expected, there were no patients in the 3D-SIB
subgroup, since SIB was technically not feasible with 3D-CRT and was only introduced
after the 3D-CRT technique became outdated. The smallest non-empty subgroup was
IMRT-SIB, with 36 patients, which reflects the short time this combination was in use.
Due to the small size, this group was excluded from Experiment 1.

3D-CRT IMRT VMAT Total

SIB 0 36 140 176
SQB 246 163 78 487
No-boost 201 130 144 475
Total 447 329 362 1138

Table 4.4: Matrix of the patient cohort with treatment technique and boost method.

During the inclusion period for this study (August 2020 to October 2024), the treat-
ment techniques and the boost method changed. Initially, all patients were treated with
3D-CRT. VMAT was introduced in August 2021, followed by IMRT around six months
later, which gradually replaced 3D-CRT. Between June and August 2023, VMAT increas-
ingly replaced IMRT, and by September 2024, VMAT was the only treatment technique
used. These changes are depicted in figure 4.2.
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The boost method also changed from SQB to SIB during this time period. SIB was
first introduced in September 2023 and completely replaced the SQB by February 2024.
The shift to SIB was mainly due to its efficiency, as it enables the boost dose to be
delivered during the main treatment, thereby reducing the overall therapy duration. The
amount of patients who did not receive a boost stayed almost constant. The figure 4.3
shows the changes in the boost method over the observed four years.
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Figure 4.1: Demographic, clinical and treatment characteristics of the patient cohort with
n=1,138.The patients listed under Unknown at stage N correspond to patients
who did not undergo surgery prior to radiotherapy, as classification of the
N-stage can only be made in the course of surgery.
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Figure 4.2: Monthly distribution of the treatment techniques for breast cancer patients.

Figure 4.3: Monthly distribution of the boost method for breast cancer patients.
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4.2.2 Whole versus partial breast irradiation

Figure 4.4 shows the volumes which were irradiated with 10Gy for WBI + PBI compared
to WBI alone. The plot on the left shows both irradiation concepts, whereas PBI are ex-
cluded from the right plot. A double distribution becomes apparent in the three no-boost
groups when WBI and PBI are grouped together. This effect is most pronounced in the
3D-no boost group, where the inclusion of 62 additional PBI cases introduced a cluster
of lower volume values. The lower part of the distribution are predominantly the PBI
patients, while the higher volume values are mainly associated with WBI patients. The
skin volume irradiated with 10Gy averaged 72 (±30) cm³ for WBI and only 42 (±23) cm³
for PBI in the 3D-no boost group. Since PBI patients received a lower average skin dose,
less side effects were expected, these patients were excluded from further analysis.

Figure 4.4: Comparison of volumes which received 10Gy for partial and whole breast
irradiation.

4.2.3 Boost versus No-Boost Comparison

The distribution of changes in the PRO skin side effects with and without a boost were
compared. The analysis included 655 patients in the boost group and 363 patients in
the group without a boost. The boost group included patients who received either SQB
(482) or SIB (173) treatments. Note that the treatment course for SQB patients was
approximately one week longer. Further only patients who completed the full treatment
course were included in the cohort. Patients treated with PBI were excluded for this
analysis.
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For each of the 5 skin items a histogram plot with the changes between the baseline
and after the completion of the radiotherapy treatment are displayed in figure 4.5. The
height of the histograms represent the percentage of patients from the boost or no-boost
group who reported worsening, improvement or no change from baseline. Across all items
the majority of patients reported no or slight changes from baseline -1 to +1. Overall, a
tendency towards worsening can be observed, rather than improvement, which is consis-
tent with expectation. There was a difference between the two groups: patients in the
boost group reported worsening more frequently than patients in the no-boost group.
For the improvements the trend was reversed, as more patients treated without a boost
reported improvements more often (negative values).

For the items 36_2 (radiation skin reaction) and 72_1 (swelling and tenderness) the
distribution differed from the other items in that they were centered between 0 and +1
rather than around 0. In particular for item 36_2, the most common change was a
worsening of +1 for both the boost and no-boost group, with 30% and 32% .
The biggest difference between the boost and no-boost group can be seen in the plot for
item 37_1 (skin darkening). Here 42% of boost patients reported a worsening compared
to 28% in the no-boost group. As this was a binary item, the response option were
limited to yes or no.
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Figure 4.5: Change from baseline at the last fraction for the boost and no-boost treatment
groups.

4.3 Experiment 1: Influence of irradiation technique and treatment
scheme on the acute side effects

980 patients from the main cohort were included in the analysis of acute side effects for
different treatment techniques and boost methods.

The table 4.5 lists the average PRO scores for all reported skin related side effect items.
The most severe effects were observed for item 36_2 - radiation skin reaction, where the
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mean of the reported scores after the last fraction ranged from 2.05–2.78. When compar-
ing treatment technique-boost method groups, on average, the side effects were lowest
in the no-boost groups across items. The VMAT-SIB group also reported similarly low
side effects, whereas the groups with a SQB reported higher scores. When only VMAT
plans were considered in the comparison between SIB and SQB, thereby eliminating the
influence of different planning techniques, no significant difference was observed between
the two boost methods, even though the boost volume received a higher fraction dose in
the SIB.

At baseline, there were almost no significant differences between the groups, with an
exception for item 25_1 (skin dryness), which is discussed in detail in section 4.3.1.
In general baseline toxicities were lower compared to after the last fraction, with mean
changes ranging from 0.03–1.31. The only exception is the 3D-no boost group for item
25_1, where a decrease from baseline to after the last fraction was observed.

The results of the individual items are described in the following sub-chapters which
are structured as follows: The figures 4.6-4.10 show the frequencies of the reported scores
per group at baseline and after the last fraction. The responses within each group were
normalized to 100% for simpler comparison. Subsequent to the plots for each of the items
is a table (4.6, 4.7, 4.8, 4.9, 4.10) containing the calculated raw p-values, the Benjamini-
Hochberg corrected p-values, and the Bonferroni corrected p-values for all 21 pair-wise
group comparisons.

Technique 25_1 28_1 36_2 37_1 72_1
3D-no boost 2.11 (0.98) 1.82 (1.04) 2.15 (1.08) 24.2% 1.95 (0.95)
3D-SQB 2.29 (1.08) 2.19 (1.15) 2.68 (1.24) 48.9% 2.28 (1.08)
IMRT-no boost 1.94 (0.92) 1.90 (1.00) 2.37 (1.07) 35.3% 2.06 (0.90)
IMRT-SQB 2.31 (1.05) 2.36 (1.21) 2.78 (1.10) 49.4% 2.38 (1.13)
VMAT-no boost 2.03 (0.99) 1.69 (0.98) 2.05 (0.95) 23.6% 1.95 (0.99)
VMAT-SIB 2.04 (1.09) 1.80 (0.92) 2.36 (1.04) 29.2% 2.13 (0.95)
VMAT-SQB 2.35 (1.18) 2.05 (0.97) 2.40 (1.12) 44.2% 2.09 (0.95)

Table 4.5: Overview of all acute skin side effect after the last fraction. Reporting mean and
standard deviation in brackets for the all items excluding 37_1. Item 37_1 had
a binary answer score: whether or not patients experienced skin darkening. The
reported percentage corresponds to the number of patients who answered "yes".
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4.3.1 Skin dryness (25_1)

The baseline of the PRO for dryness of the skin is shown in the first plot of figure 4.6. For
all groups between 35% and 49% of patients reported no skin dryness (score = 1) before
radiotherapy treatment, indicating more than 50% of patients experienced mild (score =
2) to very severe skin dryness (score = 5). This pattern differed from all other assessed
PRO-CTCAE items, where the majority of patients did not experience side effects at
baseline.

Further, 5 pairwise group comparisons showed significant differences for skin dryness
at baseline. In contrast, for all other items no statistical significant differences were ob-
served with one exception. For item 28_1 one pairwise difference was observed, which is
in more detail in chapter 4.3.2. For item 25_1, a significant difference under Bonferroni
correction could be only observed between 3D-SQB and VMAT-SIB.
In the VMAT-SIB group, 47% of patients reported no dryness (score = 1), compared to
only 35% in the 3D-SQB group. On the other hand, for higher severity levels (scores
2–5), a higher percentage of patients reported these levels in the 3D-SQB group than in
the VMAT-SIB group.

The severity of skin dryness after the completion of the radiotherapy treatment is
shown in the second plot of figure 4.6. Compared to the baseline the percentage that
reported no skin dryness was reduced after radiotherapy across all groups. The IMRT-
SQB group showed the greatest change, with the percentage of patients with score 1
severity falling from 40% to 23%. The increase to score 4 was especially large in the two
VMAT boost groups, tripling from 5% to 15% for VMAT-SQB and increasing almost ten-
fold from 0.7% to 6.6% for VMAT-SIB, corresponding to an increase from 1 to 9 patients.

The two groups with the highest percentage of patients, who reported no dryness were
IMRT-no boost and VMAT-SIB, both with 36%. The main differences between those two
groups were observed at scores 3 and 4. In the IMRT-no boost group, 19% of patients
reported a score of 3 and 2% a score of 4, whereas in the VMAT-SIB group 11% reported
a score of 3 and 7% a score of 4.

The highest levels of skin dryness were found in the VMAT-SIB and VMAT-SQB
group, where around 5% reported the maximum severity (score = 5). In contrast, the
lowest proportion of severe skin dryness was reported in the 3D-no boost group, with
only 1.5%. No significant difference could be found between the VMAT-SQB and the
VMAT-SIB group. This may be due to the smaller group size, as only responses of
77 patients were included in VMAT-SQB compared to at least 138 responses for all
other groups. Overall, significant differences between groups were limited, with only four
pairwise treatment group comparisons showing a statistically significant difference, which
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is shown in table 4.6.
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Figure 4.6: Normalized PRO frequencies for Item 25_1 at baseline and after treatment.
Brackets above the histograms connect groups with significant differences after
correction.
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Compared techniques Raw p BH p Bonf p
3D-no boost vs 3D-SQB 0.1222 0.2333 1.0000
3D-no boost vs IMRT-no boost 0.1946 0.3405 1.0000
3D-no boost vs IMRT-SQB 0.0985 0.2067 1.0000
3D-no boost vs VMAT-no boost 0.4617 0.6464 1.0000
3D-no boost vs VMAT-SIB 0.2959 0.4439 1.0000
3D-no boost vs VMAT-SQB 0.2181 0.3523 1.0000
3D-SQB vs IMRT-no boost 0.0031 0.0312 0.0661 *
3D-SQB vs IMRT-SQB 0.7929 0.8824 1.0000
3D-SQB vs VMAT-no boost 0.0225 0.0676 0.4733
3D-SQB vs VMAT-SIB 0.0059 0.0312 0.1246 *
3D-SQB vs VMAT-SQB 0.9411 0.9411 1.0000
IMRT-no boost vs IMRT-SQB 0.0031 0.0312 0.0652 *
IMRT-no boost vs VMAT-no boost 0.6007 0.7884 1.0000
IMRT-no boost vs VMAT-SIB 0.7712 0.8824 1.0000
IMRT-no boost vs VMAT-SQB 0.0201 0.0676 0.4214
IMRT-SQB vs VMAT-no boost 0.0194 0.0676 0.4081
IMRT-SQB vs VMAT-SIB 0.0057 0.0312 0.1206 *
IMRT-SQB vs VMAT-SQB 0.9024 0.9411 1.0000
VMAT-no boost vs VMAT-SIB 0.7984 0.8824 1.0000
VMAT-no boost vs VMAT-SQB 0.0677 0.1579 0.8219
VMAT-SIB vs VMAT-SQB 0.0330 0.0867 0.6937

Table 4.6: Raw and corrected p-values from the Post-hoc Dunn test for Item 25_1. An
asterisk indicates a significant result under the Benjamini-Hochberg correction,
and two asterisks indicate a significant result under the Bonferroni correction.
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4.3.2 Itching (28_1)

In figure 4.7 the baseline for itching (item 28_1) is displayed. The proportion of pa-
tients reporting no itching varied between groups, ranging from 57%, in the IMRT-SQB
group, to 73%, in the VMAT-SIB group. Across all the groups mild itching (score=2)
was reported between 15%–26%, with VMAT-SQB reporting the lowest percentage and
IMRT-no boost group the highest. Taken together, baseline scores of 1 and 2 represented
between 80% and 90% of patients in each treatment group. Overall the only significant
difference between groups could be found between IMRT-SQB and VMAT-no boost, were
the severity before the radiotherapy treatment was significantly higher in the IMRT-SQB
group.

In general, the percentage of patients who reported itching (scores 2–5) after the final
treatment increased compared to baseline. For the VMAT-no boost group, the percent-
age of patients who reported no itching remained above 50%. The increase was especially
strong for the VMAT-SQB group, where the percentage for experiencing itching increased
from 27% to 67%. The changes from baseline after the treatment for itching were stronger
than those for skin dryness (25_1).

The groups with the least severe itching were all no-boost groups and VMAT-SIB.
The VMAT-SIB distribution was very similar to the IMRT-no boost distribution, with
a maximum difference of 2.5 in the percentages of the scores. No significant differences
were observed between any combinations of these four groups from the Post-hoc Dunn
test. The results of the statistical tests are listed in table 4.7.

More severe itching scores were observed in all SQB groups. Statistically significant
differences were found, when comparing the 3D-no boost group with both the 3D-SQB
and the IMRT-SQB. Further significant differences were observed when comparing the
VMAT-SIB group with the 3D-SQB and IMRT-SQB. All reported differences remained
significant after applying the Bonferroni correction.
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Figure 4.7: Normalized PRO frequencies for Item 28_1 at baseline and after treatment.
Brackets above the histograms connect groups with significant differences after
correction.
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Compared techniques Raw p BH p Bonf p
3D-no boost vs 3D-SQB 0.0011 0.0039 0.0233 **
3D-no boost vs IMRT-no boost 0.3870 0.4515 1.0000
3D-no boost vs IMRT-SQB <0.0001 0.0002 0.0003 **
3D-no boost vs VMAT-no boost 0.3137 0.3875 1.0000
3D-no boost vs VMAT-SIB 0.8693 0.8693 1.0000
3D-no boost vs VMAT-SQB 0.0396 0.0832 0.8320
3D-SQB vs IMRT-no boost 0.0302 0.0704 0.6332
3D-SQB vs IMRT-SQB 0.1338 0.2007 1.0000
3D-SQB vs VMAT-no boost <0.0001 0.0002 0.0006 **
3D-SQB vs VMAT-SIB 0.0019 0.0057 0.0400 **
3D-SQB vs VMAT-SQB 0.6626 0.6957 1.0000
IMRT-no boost vs IMRT-SQB 0.0011 0.0039 0.0227 **
IMRT-no boost vs VMAT-no boost 0.0705 0.1233 1.0000
IMRT-no boost vs VMAT-SIB 0.4769 0.5271 1.0000
IMRT-no boost vs VMAT-SQB 0.2047 0.2865 1.0000
IMRT-SQB vs VMAT-no boost <0.0001 <0.0001 <0.0001 **
IMRT-SQB vs VMAT-SIB <0.0001 0.0002 0.0006 **
IMRT-SQB vs VMAT-SQB 0.1308 0.2007 1.0000
VMAT-no boost vs VMAT-SIB 0.2416 0.3170 1.0000
VMAT-no boost vs VMAT-SQB 0.0042 0.0111 0.0889 *
VMAT-SIB vs VMAT-SQB 0.0538 0.1028 1.0000

Table 4.7: Raw and corrected p-values from the Post-hoc Dunn test for Item 28_1. An
asterisk indicates a significant result under the Benjamini-Hochberg correction,
and two asterisks indicate a significant result under the Bonferroni correction.

4.3.3 Radiation skin reaction (36_2)

At baseline, almost all scores fell into the categories "not at all" (score 1) or "moderate"
(score 3), as shown in figure 4.8. The proportion reporting score 1 ranged from 73% to
81% across groups before treatment, with no statistically significant differences observed
between them.

Following completion of treatment, the PRO score distribution changed a lot compared
to baseline (figure 4.8) and all score levels (1–5) were represented to a non-negligible ex-
tent. The proportion of patients reporting no radiation skin reaction decreased from
70%–80% at baseline to a maximum of 30% post-treatment, and for the IMRT-SQB
group, only 11% remained in this category. Scores 2 (mild) and 3 (moderate) together
accounted for more than half of the patient responses in all groups. The highest per-
centages of very severe side effects were observed in the SQB groups, where 6%–8% of
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patients reported the maximum score. Further statistically significant differences between
the groups were observed for 8 group pairings after treatment completion.

Compared techniques Raw p BH p Bonf p
3D-no boost vs 3D-SQB <0.0001 0.0001 0.0004**
3D-no boost vs IMRT-no boost 0.0830 0.1225 1.0000
3D-no boost vs IMRT-SQB <0.0001 <0.0001 <0.0001 **
3D-no boost vs VMAT-no boost 0.5372 0.6267 1.0000
3D-no boost vs VMAT-SIB 0.0627 0.1013 1.0000
3D-no boost vs VMAT-SQB 0.0875 0.1225 1.0000
3D-SQB vs IMRT-no boost 0.0295 0.0516 0.6191
3D-SQB vs IMRT-SQB 0.2213 0.2733 1.0000
3D-SQB vs VMAT-no boost <0.0001 <0.0001 <0.0001**
3D-SQB vs VMAT-SIB 0.0273 0.0516 0.5741
3D-SQB vs VMAT-SQB 0.0961 0.1261 1.0000
IMRT-no boost vs IMRT-SQB 0.0023 0.0081 0.0489 **
IMRT-no boost vs VMAT-no boost 0.0239 0.0516 0.5016
IMRT-no boost vs VMAT-SIB 0.9503 0.9503 1.0000
IMRT-no boost vs VMAT-SQB 0.8592 0.9436 1.0000
IMRT-SQB vs VMAT-no boost <0.0001 <0.0001 <0.0001**
IMRT-SQB vs VMAT-SIB 0.0019 0.0081 0.0406 *
IMRT-SQB vs VMAT-SQB 0.0136 0.0407 0.2849 *
VMAT-no boost vs VMAT-SIB 0.0166 0.0436 0.3486 *
VMAT-no boost vs VMAT-SQB 0.0289 0.0516 0.6069
VMAT-SIB vs VMAT-SQB 0.8987 0.9436 1.0000

Table 4.8: Raw and corrected p-values from the Post-hoc Dunn test for Item 36_2. An
asterisk indicates a significant result under the Benjamini-Hochberg correction,
and two asterisks indicate a significant result under the Bonferroni correction.
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Figure 4.8: Normalized PRO frequencies for Item 36_2 at baseline and after treatment.
Brackets above the histograms connect groups with significant differences after
correction.
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4.3.4 Skin darkening (37_1)

Figure 4.8 shows the baseline of the PRO for skin darkening. This item is unique because
the answer metric was binary: whether or not patients observed unusual darkening of
their skin. Before radiotherapy, nearly all patients reported that they did not observe
skin darkening. Across all groups, the highest percentage for "yes" (score = 2) was 4%
for the VMAT-SQB group. In the IMRT-no boost group all patients reported no skin
darkening. Similar to question 36_2 (radiation reaction), no significant differences were
observed at baseline, so all groups were the same.

After completion of radiotherapy, the PRO scores changed, as shown in figure 4.8. Skin
darkening was reported by 24%–49% of patients in the groups. The groups that reported
the lowest proportion of skin darkening were VMAT-no boost, 3D-no boost, and VMAT-
SIB, with less than 30% reporting skin darkening. The IMRT-no boost group reported a
slightly higher percentage, with 35% reporting skin darkening. However, there were no
statistically significant differences between the four groups.

In the remaining three groups, all of which were SQB groups, skin darkening was ob-
served more often, with 45%–55% of patients reported the side effect. Excluding VMAT-
SQB, significant differences were observed in each pairing between the four lower skin
darkening groups and the two remaining SQB groups. This means that skin darkening
occurred more frequently in patients treated with SQB than those treated with SIB or
without a boost.
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Figure 4.9: Normalized PRO frequencies for Item 37_1 at baseline and after treatment.
Brackets above the histograms connect groups with significant differences after
correction.
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Compared techniques Raw p BH p Bonf p
3D-no boost vs 3D-SQB <0.0001 0.0001 <0.0001**
3D-no boost vs IMRT-no boost 0.0749 0.1211 1.0000
3D-no boost vs IMRT-SQB <0.0001 <0.0001 <0.0003**
3D-no boost vs VMAT-no boost 0.9302 0.9302 1.0000
3D-no boost vs VMAT-SIB 0.4060 0.5015 1.0000
3D-no boost vs VMAT-SQB 0.0046 0.0121 0.0970 *
3D-SQB vs IMRT-no boost 0.0127 0.0297 0.2676 *
3D-SQB vs IMRT-SQB 0.9269 0.9302 1.0000
3D-SQB vs VMAT-no boost <0.0001 0.0001 0.0001 **
3D-SQB vs VMAT-SIB 0.0002 0.0007 0.0034 **
3D-SQB vs VMAT-SQB 0.4549 0.5028 1.0000
IMRT-no boost vs IMRT-SQB 0.0163 0.0342 0.3421 *
IMRT-no boost vs VMAT-no boost 0.0696 0.1211 1.0000
IMRT-no boost vs VMAT-SIB 0.3165 0.4431 1.0000
IMRT-no boost vs VMAT-SQB 0.2123 0.3184 1.0000
IMRT-SQB vs VMAT-no boost <0.0001 <0.0001 0.0004 **
IMRT-SQB vs VMAT-SIB 0.0003 0.0012 0.0072 **
IMRT-SQB vs VMAT-SQB 0.4369 0.5028 1.0000
VMAT-no boost vs VMAT-SIB 0.3712 0.4872 1.0000
VMAT-no boost vs VMAT-SQB 0.0045 0.0121 0.0939 *
VMAT-SIB vs VMAT-SQB 0.0306 0.0584 0.6428

Table 4.9: Raw and corrected p-values from the Post-hoc Dunn test for Item 37_1. An
asterisk indicates a significant result under the Benjamini-Hochberg correction,
and two asterisks indicate a significant result under the Bonferroni correction.

4.3.5 Breast swelling and tenderness (72_1)

Before the first radiotherapy treatment, the majority of patients reported no swelling or
tenderness in the breast. Over 50% of patients in each group reported a score of 1, as
can be seen in figure 4.10. Higher severity scores (3-5) combined reached a maximum of
10% among all groups. No significant differences were observed at baseline.

Figure 4.10 shows that the severity of breast swelling and tenderness changed after
the last treatment. Compared to baseline, when over half of the patients in each group
reported no swelling or tenderness, the percentage of score 1 fell below 40% for all groups.
By the last treatment, the most common score was 2 (mild). Reports of higher severity
scores (3–5) increased from a maximum of 10% at baseline to over 20% across all groups.

The group with the highest proportion of patients who reported a score of 1 after treat-
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ment was the VMAT-no boost group, at 39%, followed closely by the 3D-no boost group,
at 38%. The group in which the most patients experienced swelling and tenderness to
some degree (scores 2–5) was the IMRT-SQB group, with only 24% reporting a score of 1.

Compared to the previous two items, there are fewer significant differences between the
groups, only four cases. One significant difference to point out is between the 3D-no boost
and 3D-SQB, where swelling was reported as more severe for the SBQ treatment.

Compared techniques Raw p BH p Bonf p
3D-no boost vs 3D-SQB 0.0041 0.0216 0.0862 *
3D-no boost vs IMRT-no boost 0.3017 0.4084 1.0000
3D-no boost vs IMRT-SQB 0.0009 0.0093 0.0186 **
3D-no boost vs VMAT-no boost 0.8451 0.8874 1.0000
3D-no boost vs VMAT-SIB 0.1083 0.2293 1.0000
3D-no boost vs VMAT-SQB 0.3112 0.4084 1.0000
3D-SQB vs IMRT-no boost 0.1092 0.2293 1.0000
3D-SQB vs IMRT-SQB 0.4333 0.5353 1.0000
3D-SQB vs VMAT-no boost 0.0035 0.0216 0.0732 *
3D-SQB vs VMAT-SIB 0.2858 0.4084 1.0000
3D-SQB vs VMAT-SQB 0.2084 0.3978 1.0000
IMRT-no boost vs IMRT-SQB 0.0321 0.1350 0.6749
IMRT-no boost vs VMAT-no boost 0.2388 0.4059 1.0000
IMRT-no boost vs VMAT-SIB 0.6030 0.7035 1.0000
IMRT-no boost vs VMAT-SQB 0.9199 0.9199 1.0000
IMRT-SQB vs VMAT-no boost 0.0008 0.0093 0.0163 **
IMRT-SQB vs VMAT-SIB 0.0955 0.2293 1.0000
IMRT-SQB vs VMAT-SQB 0.0780 0.2293 1.0000
VMAT-no boost vs VMAT-SIB 0.0841 0.2293 1.0000
VMAT-no boost vs VMAT-SQB 0.2513 0.4059 1.0000
VMAT-SIB vs VMAT-SQB 0.7231 0.7992 1.0000

Table 4.10: Raw and corrected p-values from the Post-hoc Dunn test for Item 72_1. An
asterisk indicates a significant result under the Benjamini-Hochberg correction,
and two asterisks indicate a significant result under the Bonferroni correction.
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Figure 4.10: Normalized PRO frequencies for Item 72_1 at baseline and after treatment.
Brackets above the histograms connect groups with significant differences
after correction.
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4.4 Experiment 2: Correlation between acute PRO and dose-volume
parameter

To determine the typical skin doses, the skin volumes irradiated with 10Gy, 20Gy,
30Gy, and 40Gy were compared for the combination of treatment techniques and boost
methods. The distribution of skin volumes is illustrated using violin plots, where the
width of the plot represents the frequency of observations. As the plots in figure 4.11
show, the irradiated skin volume for the low-dose of 10Gy were similar for 3D-CRT and
IMRT techniques with the mean volumes ranging between 72 (±31) cm3–93 (±25) cm3.
However, higher irradiated skin volumes were observed in the VMAT groups with mean
volumes over 100 cm3. In the medium dose ranges of 20Gy and 30Gy, little differences
were observed between the groups. However, in the high-dose range of 40Gy, higher
irradiated skin volumes were seen for the patients who received a boost dose. Patients
with larger irradiated skin volumes were observed for the SQB compared to the SIB
treatment plans. It should be noted however, that the IMRT-SIB group was much
smaller, with only 36 patients. All mean skin volumes are displayed in table 4.11

Figure 4.11: Skin dose volumes for all treatment technique-boost method groups ranging
from V10Gy–V40Gy.
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V10Gy

[cm3]
V20Gy

[cm3]
V30Gy

[cm3]
V40Gy

[cm3]

Technique - boost Mean SD Mean SD Mean SD Mean SD
3D-no boost 72.1 30.6 59.4 30.4 45.6 27.1 0.9 1.3
3D-SQB 93.1 25.3 80.5 20.3 67.5 15.9 10.0 5.8
IMRT-no boost 80.9 23.3 69.5 20.6 59.1 18.9 1.0 1.5
IMRT-SQB 86.2 24.6 75.5 20.1 66.7 17.4 10.2 6.3
IMRT-SIB 74.6 14.9 66.9 13.4 58.3 12.7 4.0 2.2
VMAT-no boost 100.2 43.2 71.6 34.8 49.3 28.1 2.2 4.3
VMAT-SQB 133.5 25.2 98.3 18.5 70.9 15.8 7.5 4.1
VMAT-SIB 112.3 28.4 87.5 21.1 66.4 16.5 4.1 4.8

Table 4.11: Mean skin volumes of treatment technique-boost method.

V40Gy was selected for further analysis to evaluate its impact on worsening events of side
effects, as high-dose volumes have been selected as metrics for investigation of skin side
effects in the literature [45] [46]. Spearman’s correlation analysis revealed the strongest
association between side effect severity and skin volume receiving 40Gy (V40Gy), although
the correlations were weak, with correlation coefficients ranging from 0.14–0.24 (see table
4.12).

25_1 28_1 36_2 37_1 72_1
ρ p ρ p ρ p ρ p ρ p

V10Gy 0.073 0.020 0.022 0.481 0.137 <0.001 0.112 <0.001 0.074 0.017
V20Gy 0.087 0.005 0.044 0.159 0.175 <0.001 0.133 <0.001 0.090 0.004
V30Gy 0.112 <0.001 0.074 0.017 0.238 <0.001 0.167 <0.001 0.115 <0.001
V40Gy 0.138 <0.001 0.187 <0.001 0.243 <0.001 0.184 <0.001 0.140 <0.001

Table 4.12: Spearman’s correlation between radiation-induced skin toxicities and V10Gy,
V20Gy, V30Gy, and V40Gy. The highest correlation factors ρ between the dose
level and item score is marked in blue

The cohort sizes varied between 920 and 1,031 patients across the different PRO items.
A larger number of patients were excluded from 25_1 due to baseline scores of 4 (severe)
or 5 (very severe) (see previous results chapter on skin dryness). As the table 4.13 shows,
the number of events with a difference of two or more was less compared to events defined
with having a difference of one or more. For Δ ≥ 2 the observed events were 28%–38%
of the events for Δ ≥ 1.
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Events for Δ ≥1 Events for Δ ≥ 2 Cohort size
25_1 322 91 920
28_1 410 156 979
36_2 636 318 1031
37_1 355 - 1000
72_1 518 174 1013

Table 4.13: Number of events depending on the event definition.

In general, the volume of skin receiving 40Gy was consistently associated with a higher
likelihood of worsening of acute side effects, as odds ratios were greater than 1 for all
items. As can be seen from figure 4.12, this was significant for the following three items:
itching (28_1), radiation skin reaction (36_2), and skin darkening (37_1). The odds
ratio for these three items ranged between 1.055–1.060, meaning the risk of worsening
events increased by 5.5%–6%, respectively, for every additional 1 cm3 of V40Gy. No sig-
nificant association between V40Gy could be detected for breast swelling with Δ ≥ 2.
However, it was significant for the less strict event definition with Δ ≥ 1.

Age was a significant covariate for all PRO items. However, in contrast to the irradi-
ated skin volume, the odds ratio was always less than one. Meaning that older patients
reported less acute worsening of skin side effects.
All other clinical factors, including surgery, chemotherapy, hormone therapy, and later-
ality, showed no significant association with any of the PRO items. The data for the
logistic regression are shown in table 4.14
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Figure 4.12: Odds ratio including confidence intervals (95%) of the predictors for each of
the five skin side effects items. Red triangles indicate significant predictors.
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OR 2.5% 97.5% p OR 2.5% 97.5% p
25_1 28_1

V40Gy 1.016 0.981 0.022 0.378 1.060 1.033 1.088 <0.001
Age 0.971 0.962 0.981 <0.001 0.973 0.965 0.981 <0.001
Hormone therapy 0.961 0.579 1.595 0.878 0.913 0.605 1.379 0.666
Chemo therapy 0.641 0.375 1.098 0.105 0.565 0.367 0.870 0.010
Surgery 0.614 0.333 1.132 0.118 0.786 0.462 1.337 0.374
Laterality 0.897 0.588 1.367 0.612 0.935 0.663 1.320 0.704

36_2 37_1
V40Gy 1.055 1.031 1.079 <0.001 1.057 1.033 1.081 <0.001
Age 0.983 0.976 0.989 <0.001 0.976 0.970 0.983 <0.001
Hormone therapy 1.008 0.733 1.386 0.961 0.929 0.679 1.271 0.646
Chemo therapy 0.671 0.482 0.933 0.018 0.818 0.593 1.130 0.223
Surgery 0.981 0.636 1.514 0.932 1.585 1.008 2.492 0.046
Laterality 1.074 0.823 1.402 0.597 1.297 0.995 1.689 0.054

72_1
V40Gy 1.033 1.006 1.060 0.015
Age 0.973 0.966 0.981 <0.001
Hormone therapy 1.333 0.900 1.974 0.151
Chemo therapy 0.968 0.652 1.437 0.871
Surgery 0.713 0.428 1.190 0.196
Laterality 0.791 0.570 1.097 0.161

Table 4.14: Analysis results of logistic regression. Significant p-values are formatted bold.

4.5 Experiment 3: Long-term side effects

Patient responses from the PRO survey were almost complete at baseline and after treat-
ment completion, with only 2 missed responses at baseline. These two patient were ex-
cluded for the analysis, since no baseline comparison was possible. The largest dropout
occurred at the three-month time point, with more than one-third of patients stopping to
fill out the survey at any later time point. This was partly because follow-up responses
after treatment completions were not collected until November 2021.
From 3 to 12 months, the response rate remained stable, though some patients missed
interim survey responses. The number of responses was higher at 9 months with 561
than it was at 6 months with 548. At the 24 month follow-up however, the response rate
dropped strongly due to a large number of patients who had not reached the two-year
follow-up point after treatment at the time of data collection on August 18th 2025. Pa-
tients who dropped or were pending were right censored in the Cox proportional hazards
analysis.
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Figure 4.13: Number of PRO responses over time. A "Missed" response is categorized,
when a patient missed one or more follow-ups, but responded at a later time.
The status "Pending" was classified when a patient had not reached the
specified time point after treatment. "Drop outs" did not respond at any
later time and are displayed at the time of withdrawal. They are excluded
from further follow-up statistics.

The Cox proportional hazards model did not reveal any influence of V40Gy on the wors-
ening of long-term side effects. Further, with the exception of age for two items and the
laterality for one item, all other predictors (hormone therapy, chemotherapy and prior
surgery) were not significant. Age was significant in the following two items: 37_1 skin
darkening and 72_1 breast swelling and tenderness both with hazard ratios smaller than
1, indicating a reduced risk of skin toxicity worsening for late effects with older age. Lat-
erality was a significant predictor for 36_2 (radiation skin reaction) with a hazard ratio
of 0.54, indicating a protective effect of sunburn like changes for left sided treatment.
The results of the predictors are shown in table 4.15 and visually displayed in figure 4.14.

The probability of complication-free survival from long-term skin side effects decreased
for all items at each follow-up period. Overall, the probability of no worsening from
baseline after two years was between 85% and 93%, where the highest probability was
observed for itching and the lowest corresponded to breast swelling and tenderness. The
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HR 2.5% 97.5% p HR 2.5% 97.5% p
25_1 28_1

V40Gy 1.01 0.98 1.04 0.415 1.01 0.98 1.05 0.486
Age 0.98 0.96 1.00 0.016 0.98 0.96 0.99 0.014
Hormone therapy 1.13 0.71 1.79 0.602 1.42 0.81 2.48 0.224
Chemo therapy 0.82 0.52 1.31 0.409 0.92 0.54 1.59 0.775
Surgery 1.10 0.58 2.10 0.772 0.92 0.43 1.94 0.822
Laterality 1.05 0.72 1.53 0.786 0.81 0.52 1.27 0.360

36_2 37_1
V40Gy 1.02 0.99 1.05 0.181 0.98 0.95 1.01 0.200
Age 0.99 0.98 1.01 0.445 0.96 0.94 0.97 <0.001
Hormone therapy 1.18 0.75 1.85 0.447 1.31 0.85 2.01 0.222
Chemo therapy 1.05 0.67 1.65 0.836 1.23 0.81 1.88 0.335
Surgery 0.63 0.36 1.11 0.111 0.95 0.52 1.74 0.872
Laterality 0.54 0.37 0.81 0.003 0.92 0.64 1.31 0.636

72_1
V40Gy 1.01 0.98 1.03 0.601
Age 0.97 0.96 0.99 <0.001
Hormone therapy 0.88 0.62 1.25 0.469
Chemo therapy 1.20 0.83 1.72 0.333
Surgery 1.17 0.68 2.02 0.567
Laterality 0.95 0.70 1.29 0.740

Table 4.15: Predictive factors associated with long-term radiation skin reactions.

Kaplan-Meier curves of skin dryness and radiation skin reaction were almost identical,
with the difference in probability being less than 1%. The largest drop in the probability
of no worsening was observed for breast swelling and tenderness at the six month follow-
up. Figure 4.15 shows the Kaplan-Meier curves.
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Figure 4.14: Hazard ratio including confidence intervals (95%) of the predictors for each of
the five skin side effect items. Red triangles indicate significant predictors.
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Figure 4.15: Probability of no worsening from baseline for long-term side effects. 25_1
was off-set by +0.0005 for better visibly.
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5 Discussion

The following section discusses the main findings of the three experiments in relation to
previous studies. Experiment 1 compared the severity of radiation-induced side effects of
the different treatment techniques and boost methods. Experiments 2 and 3 focused on
the correlation of dose-volume parameters and clinical predictors with worsening events
for acute and long-term side effects.

In Experiment 1 higher mean scores for VMAT-SQB than VMAT-SIB were recorded
for 4 of the 5 items, however, no significant difference could be detected. It should be
noted that the VMAT-SQB group was smaller than the others, with 77 patients while
the other groups ranged between 109–243. This trend was in line with expectations, as
previous studies have shown that skin toxicity may be reduced by using SIB rather than
SQB [47]. This indicates that switching from SQB to SIB did not result in worsening
of skin side effects, despite the higher dose per fraction of the boost volume in the SIB
method.
The SIB method represents a more comprehensive planning approach. This may provide
better control of dose homogeneity [48] [49], thereby mitigating some of the toxicity de-
spite the higher per-fraction dose. Treatment for SQB patients lasted for one week longer
than for patients treated with SIB. The additional week of irradiation meant an extended
period of radiation exposure to the skin, which may contribute to higher severity of acute
skin reactions.

A shorter radiotherapy treatment duration as in SIB could be beneficial for both pa-
tients and clinical workflow. A reduced treatment duration is more convenient for patients
because they do not have to come to the clinic as often. This may limit the period during
which they experience decreases in quality of life and increases in distress, as these effects
have been shown to occur during radiotherapy treatment and returned to baseline levels
after completion [50]. From the clinic’s perspective, shortening the treatment time by
one week can increase the capacity to treat patients.

The PRO baseline severity of skin dryness was much higher than for any other ana-
lyzed item. The high baseline combined with significant differences between the treat-
ment technique-boost method groups limited the ability to isolate the effects of radiation
therapy on the skin. The elevated baseline might be due to effects of prior treatment,
such as chemotherapy, which was received by one third of patients. 30% of chemotherapy
was administered adjuvantly, 4–8 weeks prior to radiotherapy.
An increase in patient-reported skin dryness following chemotherapy has been observed
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by Kang et al., which persisted up to six months after treatment completion [51] 2. The
study found an association between measured changes of the skin, such as water content,
and the reported side effects. The period during which increased dryness was observed
overlapped with the time-frame of the radiotherapy in the present study. Therefore, this
pre-existing side effects could have influenced the reported acute skin dryness observed
during this study and may be one contributing factor to the elevated baseline.

In Experiment 2 V40Gy turned out to be a significant predictor for worsening events
of acute adverse effects as expected. A larger irradiated high-dose skin volume (V40Gy)
increased the probability of experiencing worsening of skin related adverse effects. This
could be observed for 3 of the 5 items, namely itching, radiation skin reaction, and skin
darkening. When a less strict event definition of worsening of Δ ≥ 1 is implemented,
V40Gy was additionally observed as a significant predictor for item 72_1 (breast swelling
and tenderness). Compared to the other items, worsening of breast swelling might be a
more subtle effect, as the significance was not observed for Δ ≥ 2.

In this study the probability of worsening events was reduced with an increase in age.
However, the literature on the influence of age on radiotherapy related skin reactions is
inconsistent. One study found that younger patients were at higher risk of developing
more severe skin reactions [52], while others studies reported no significant association
between patient age and acute skin toxicity [53] [54]. In contrast, an increased risk of
developing more severe skin side effects with higher age was observed as well [55].

In Experiment 3 the deaths of patients were not included as this information was not
available. Reasons for a drop out of the experiment could be due to death of the patient,
which then could be adjusted for in the model.
Contrary to expectation laterality was found to be a significant protective factor of late
radiation skin reactions (item 36_2) for left-sided treatment. One possible explanation
for this observation might be that left-sided irradiation was administered during deep
inspiration breath hold with the aim of reducing the dose to the heart by increasing the
distance from the PTV to the heart [56]. In contrast, right-sided irradiation occurred
during free breathing. DIBH may therefore have resulted in a closer match between
planned and delivered doses, reducing dose hot spots and lowering the risk of side ef-
fects. However, it should be noted that this association was observed only for item 36_2,
while no effect of laterality was found for all other items in both the acute and late setting.

In this study, no significant association was observed between V40Gy and long-term

2Inconsistencies were observed in the reported percentages of skin dryness when comparing the values
presented in the text with those shown in the corresponding table in the cited study. For the purposes
of this analysis, the values in the text were assumed to be correct. However, it should be noted that
using the values from the table would not change the outcome or interpretation of the findings.
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patient-reported skin events. However, previous research has identified similar dose–volume
parameters of the skin as predictors of late toxicity. For example, Cichetti et al. [57]
found that both V20Gy (50% of the prescribed dose) and V42Gy (105%) were independently
associated with late adverse skin reactions in a cohort over 1,000 patients.

This analysis used a similar dose-volume parameter, as V40Gy corresponds to 100% of
the prescribed dose for treatment without a boost, 80% with SQB and 83% with an SIB.
The absence of the V40Gy as a significant predictor may therefore be related to the gener-
ally mild average acute skin reactions reported by patients, which could have limited the
progression to late effects. Additionally a smaller number of long-term events and the
loss of follow-ups may have reduced the statistical power to detect subtle associations.
It is also possible that medium-dose volumes, such as V20Gy as reported by DeRose et al.
[58], might better reflect the relevant skin exposure. Finally, biological processes after
the acute phase might outweigh the initial high-dose volume influence observed for acute
reactions.

The doses and corresponding irradiated volumes were based on the treatment plan;
however, the actual absorbed doses were not measured. The accuracy to which those
match depend on several factors, such as the calculation method used during planning
and positioning of the patient. Skin doses are particularly difficult to calculate due to
the curved surface on the breast. A tolerance of up to 27% between measured and TPS
calculated skin doses have been reported by Court et al. [59]. When comparing measured
doses with prescribed ones, the study by Toossi et al. [60] found the skin dose was lower
in 81% and higher in 19% at different points on the skin, where hotspots can occur,
which could lead to adverse skin reactions. Furthermore, this study focused only on skin
dose and related dose effects. While other organs at risk during radiotherapy for breast
cancer, such as the heart and lungs were not included in the analysis even though they
receive non-negligible radiation exposure during treatment [61].

Further this study relied on PROs only, and no clinical grading was assessed, which
can differ. There is evidence that clinicians reported lower severity of all skin symptoms
compared to patients [62]. A limited number of five skin items were assessed during
this study. One of the side effects not included was moist desquamation, in which the
skin thins and looses its integrity. Further the knowledge about skin treatments such as
creams and dressings after or prior to treatment and how well patients adhered to the
prescribed application were not available.
Previous research has shown mixed results regarding the effectiveness of topical creams
in preventing and treating radiation-induced skin reactions. While some studies report
that general skincare and the use of anti-inflammatory cremes may reduce irritation,
overall results remain inconsistent [63] [64]. Wound dressings that keep the skin moist,
have shown supportive effects on healing, but no single treatment has been shown to be
consistently effective [64]. In this study, further confounding factors such as BMI, tumor
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size, breast size, and genetic factors were not evaluated. Previous studies have identified
these variables as predictors of acute skin reactions after radiotherapy, with higher BMI
and a breast size being associated with an increased risk of developing those reactions
[55]. Further genetic factors have shown to influence the severity of radiation-induced
skin reactions in breast cancer patients [65].

During the study period, both the treatment technique (3D-CRT to IMRT and VMAT)
and the boost method (SQB to SIB) changed over time, however this temporal shift
factor could not be modeled and was therefore not accounted for in the analysis. In
Experiment 2 and Experiment 3 the ordinal PROs (scores 1–5) were dichotomized to
indicate occurrence of worsening events. This approach, however, reduces the granularity
of the information.

Minor variations in how participants interpreted the survey questions and answer scores
cannot be ruled out. Although guidance was provided at the beginning of the study,
compliance with these instructions was not monitored during the survey. This especially
effected Experiment 1, where absolute scores were reported.

A further limitation was the different follow-up time after treatment start on the last
fraction. For treatment plans without a boost or a SIB the last fraction follow-up was 4
weeks after the first fraction. For patients, who received a SQB, however, the last fraction
and the survey follow-up were conducted one week later. In this case skin toxicities from
the main treatment had already had one more week to to build up or subside.
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The aim of this thesis was to identify dosimetric and other confounding factors that
influence the skin related side effects experienced by patients treated with radiotherapy
for breast cancer at the Department of Radiation Oncology at the Medical University of
Vienna / General Hospital of Vienna.

The most common response in all PRO items for acute skin toxicities was mild (score = 2)
in all investigated combinations of treatment techniques and boost methods. The fre-
quency of severe (score = 4) was at a maximum of 21%, while for most groups it remained
below 15%. The frequency of score 5 (very severe) was below 6% for all items and groups,
with only four exceptions of the 28 cases (4 items with a 5-score answering scale × 7
groups).

Overall, the multivariate logistic regression analysis demonstrated that V40Gy is a con-
sistent predictor of worsening acute side effects, while age acts as a mitigation factor. The
remaining clinical variables (chemotherapy, hormone therapy, prior surgery and lateral-
ity) showed no systematic influence. In future treatment planning, segmenting the skin
and trying to minimize high-dose skin volumes might be considered, as it could poten-
tially reduce the occurrence of radiation-induced skin effects for breast cancer patients.
Further, it may be beneficial to analyze the volumes associated with a significantly higher
increase of skin toxicities in order to identify potential volume thresholds that could be
incorporated into treatment planning and optimization. Such limits could be applied
generally across all techniques or specifically for techniques, associated with a higher risk
of more severe side effects.

As further analysis, the discrete pointwise dose-volume metrics could be replaced with
continuous full DVH curves. This would enable a more holistic picture than the analysis
of selective dose values. Further, instead of DVHs, Dose-Surface Histograms (DSHs)
could be used for the analysis of skin toxicity, as the skin is an almost two-dimensional
surface. The surface dose could provide a representation compared to volumetric ap-
proaches to study surface effects in the skin. A formalism for the computation of the
DSH has been proposed by Palma and Cella [66] for improved modeling of radiation-
induced skin reaction.

For both acute and long-term effects, the analysis of predictors, as performed in Ex-
periment 2 and Experiment 3, could be extended by dividing the data into the different
treatment groups. This could include comparisons between groups with least and most
severe toxicities, for example a no-boost group and a SQB group. In Experiment 2 item
36_2 (radiation skin reaction) would be suitable for a more treatment specific regression
model, as a high number of worsening events (318) was observed.
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Future analyses of long-term side effects would be valuable since some patients in the
cohort have not yet reached the follow-up time of 2 years. At the time this study was
conducted, 285 patients had reached the final follow-up time, while 239 had not.

In a next step, radiomic features, which are quantitative measures extracted from
medical images, could be considered as data metrics to identify factors that influence
the severity or worsening of radiation-induced skin toxicities. A similar approach was
demonstrated in a study by Feng et al. [67], where a machine learning model was
developed to predict acute radiation skin reactions for breast cancer patients prior to
radiotherapy based on radiomic features, clinical, and dosimetric data. Their results
suggested that radiomic features contributed substantially to predictive outcome, while
adding dosimetric values did not significantly improve the model’s performance.
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Acronyms

3D-CRT Three-Dimensional Conformal Radiation Therapy.

CT Computed Tomography.

CTCAE Common Terminology Criteria for Adverse Events.

CTV Clinical Target Volume.

DSHs Dose-Surface Histograms.

DVH Dose-Volume Histograms.

ER Estrogen Receptor.

GTV Gross Tumor Volume.

HDI Human Development Index.

HER2 Human Epidermal Growth Factor Receptor 2.

IMRT Intensity Modulated Radiation Therapy.

Linac Linear Accelerator.

MC Monte Carlo.

OAR Organs At Risk.

PBC Pencil Beam Convolution.

PBI Partial Breast Irradiation.

PEDRO Patient Experience Data in Radiation Oncology.

PGR Progesterone Receptor.

PRO Patient Reported Outcome.

PTV Planning Target Volume.

SIB Simultaneous Integrated Boost.
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SQB Sequential Boost.

TERMA Total Energy Released per unit MAss.

TNM Tumor-Node-Metastasis.

TPS Treatment Planning System.

VMAT Volumentric Modulated Arc Therapy.

WBI Irradiation of the Whole Breast.
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