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Abstract

Heikkilä, Annele
Dosimetric Effects of Patient Rotations in Treatment of a Breast Cancer Patient
using Volumetric Modulated Arc Therapy
Master’s thesis
Department of Physics, University of Jyväskylä, 2021, 85 pages

In this Master’s Thesis project, the effect of patient rotations on the dose distribution
in Volumetric Modulated Arc Therapy (VMAT) treatment of a left-sided breast
cancer patient was studied. The objective of radiation therapy is to kill cancer cells
while sparing the healthy tissue. With the VMAT technique, the acquired dose
distribution is conformal to the treatment target. Thus, one has to pay special
attention to the patient set-up to ensure that the target is covered by an adequate
dose and the surrounding organs are spared optimally from the effects of radiation.

Modern radiotherapy treatment machines can be equipped with robotic treatment
couches which enable compensating rotational set-up errors. The aim of this thesis
was to find out how rotations affect the planned dose distribution, in which cases
the set-up errors should be corrected using the robotic couch and if one group of
patients is more sensitive to rotations than the others.

The impact of rotations on the dose distribution was studied by rotating the
planning CT stacks of 20 breast cancer patients by angles up to ±3◦ around three
perpendicular axes. The dose distribution produced by the original treatment plan
was calculated for the rotated CT image stacks. Dose-volume parameters, which
describe the dose distribution of the treatment target and surrounding organs, were
determined for the original and rotated images and analysed both from statistical
and clinical perspective.

The results indicate that rotational set-up errors of ±1◦ can have statistically and
clinically significant effects on the dose to the cubic centimeter of the heart receiving
the largest dose. Additionally, rotations by ±2◦ can cause significant degradation on
several dose-volume parameter values. Thus, it is recommended that rotations by
±1◦ or more are corrected. No patient group was found significantly more sensitive
to the effect of rotations than the others.

Key words: medical physics, radiotherapy, VMAT, breast cancer, set-up errors
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Tiivistelmä

Heikkilä, Annele
Potilaan kiertojen merkitys annosjakaumalle rintasyöpäpotilaan kaarimoduloidussa
sädehoidossa
Pro gradu -tutkielma
Fysiikan laitos, Jyväskylän yliopisto, 2021, 85 pages

Tässä pro gradu -työssä tutkittiin potilaan kiertojen vaikutusta kaarimoduloidulla
sädehoidolla hoidettavan vasemman puolen rintasyöpäpotilaan annosjakaumaan.
Sädehoidon tarkoitus on tappaa syöpäsolut tervekudosta säästäen. VMAT-tekniikalla
saadaan aikaan tarkasti hoitokohteen muotoinen annosjakauma, minkä takia potilaan
asetteluun täytyy kiinnittää erityistä huomiota, jotta hoitokohde saa riittävän suuren
säteilyannoksen ja hoitokohdetta ympäröivät elimet säästyvät optimaalisesti säteilyn
aiheuttamilta haitoilta.

Useat modernit sädehoitolaitteet on varustettu hoitopöydillä, jotka mahdollis-
tavat potilaan kiertojen korjaamisen. Tutkielman tarkoituksena oli selvittää, miten
potilaan kierrot vaikuttavat annosjakaumaan, missä tilanteissa kiertoja kannattaisi
kompensoida hoitopöydän kierroilla ja onko jokin potilasryhmä erityisen herkkä
kiertojen vaikutuksille.

Kiertojen merkitystä annosjakaumaan tutkittiin kiertämällä 20 rintasyöpäpo-
tilaan annossuunnittelu-CT-kuvia ±3◦ asti kolmen toisiaan vastaan kohtisuoran
akselin ympäri. Alkuperäisen sädehoitosuunnitelman tuottama annosjakauma laske-
tettiin kierretyille CT-kuvapakoille. Alkuperäisestä ja kierretystä annosjakaumasta
määritettiin annostilavuusparametreja, jotka kuvaavat hoitokohteen ja sitä ympä-
röivien elimien annosjakaumaa. Parametreja analysoitiin tilastollisesta ja kliinisestä
näkökulmasta.

Tulosten perusteella jopa ±1◦ kierroilla voi olla tilastollisesti ja kliinisesti mer-
kittäviä vaikutuksia suurimpaan annokseen yhdelle kuutiosenttimetrille sydämessä.
Lisäksi ±2◦ kierrot voivat vaikuttaa negatiivisesti useiden annos-tilavuusparametrien
arvoihin. Tämän takia ±1◦ ja sitä suurempien kiertojen korjaamista suositellaan.
Mikään potilasryhmä ei ollut merkittävästi herkempi kiertojen vaikutuksille kuin
muut.

Avainsanat: lääketieteellinen fysiikka, sädehoito, VMAT, rintasyöpä, asetteluvirheet
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Abbreviations

CT – Computed tomography. An imaging method in which a three-dimensional
image is constructed out of two-dimensional X-ray projection images acquired from
different angles.
CTV – Clinical target volume. A volume including GTV and a margin to cover the
sub-clinical parts of the tumour and potential routes of spread. See GTV.
DIBH – Deep inspiration breath hold. A radiotherapy technique in which the patient
fills their lungs with air and holds their breath during the treatment. Reduces the
radiation dose to the heart.
DICOM – Digital Imaging and Communications in Medicine. The international
standard for medical imaging data storage and exchange.
DVH – Dose-volume histogram. A histogram, which expresses how large volume of
a given organ receives a certain radiation dose.
GTV – Gross tumour volume. The part of the tumour that can be seen in radiological
images or observed clinically.
IGRT – Image-guided radiotherapy. A method that uses imaging before radiotherapy
treatment to localize the target volume accurately.
IMRT – Intensity modulated radiotherapy. A radiotherapy technique in which the
intensity of radiation within the beam is modulated using MLC. See MLC.
LAD – Left anterior descending artery. A vessel that supplies blood to the heart
muscle and the muscular wall separating the ventricles.
MLC – Multileaf collimator. A set of narrow radiation absorbing dynamic leaves
which is used to shape the radiotherapy treatment field.
MU – Monitor unit. The unit of dose measured by the monitor chambers of a linear
accelerator.
OAR – Organ-at-risk. An organ that is sensitive to radiation damage and is in close
proximity of the radiotherapy target volume.
PTV – Planning target volume. A volume including CTV and a margin to cover
organ movement, inaccuracy of the radiotherapy treatment machine and set-up errors.
See CTV.
VMAT – Volumetric modulated arc therapy. A radiotherapy technique in which
the dose is delivered continuously while the gantry rotates around the isocentre.



10

Voxel – A volume element, a three-dimensional pixel.
3D-CRT – Three-dimensional conformal radiation therapy. A radiotherapy tech-
nique which utilizes three-dimensional imaging data in treatment planning to create
dose distributions that conform to the tumour shape. The dose is delivered using
static homogeneous fields from different directions.
6DoF couch – Six degrees of freedom couch. A robotic treatment couch that allows
translational movements in three perpendicular directions and rotational corrections
around three perpendicular axes.
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1 Introduction

Breast cancer is the most common cancer in female with approximately two million
diagnoses worldwide [1] and five thousand diagnoses in Finland in 2018 [2]. The
prognosis of breast cancer in Finland is good: the age-standardized survival ratio five
years after diagnosis was 91% in 2016-2018 [2]. The standard treatment of breast
cancer includes radiotherapy.

The aim of radiotherapy is to destroy the tumour utilizing the biological effects
of ionizing radiation. Radiotherapy also has harmful effects on the normal tissue
surrounding the tumour site. Volumetric modulated arc therapy (VMAT) is a
radiotherapy technique which shapes the radiation dose distribution precisely to the
tumour shape. In VMAT, radiation is delivered continuously from different angles as
the treatment machine rotates around the patient. A multi-leaf collimator, a set of
narrow dynamic leaves made of a radiation absorbing material, is used to shape the
treatment field. The technique allows delivery of homogeneous dose to the tumour
and effective shielding of the critical organs.

Since VMAT treatment results in a conformal dose distribution, correct positioning
of the patient and accurate tumour localization is crucial. Accurate patient set-
up ensures that the whole tumour is covered by the prescribed dose and that the
surrounding tissues are spared effectively. The patient set-up is verified by imaging
the patient on the treatment couch before each treatment and comparing the image
to the radiotherapy planning image. Set-up errors are corrected by movements of a
robotic treatment couch, which traditionally allows translational movements in three
dimensions. Recently, six degrees of freedom (6DoF) treatment couches, which also
enable rotational corrections around three perpendicular axes, have been introduced.

Studies have shown that rotational set-up errors of 1-2◦ occur frequently in
radiotherapy of breast cancer [3, 4]. In tangential radiation therapy techniques,
rotational set-up errors may not affect the dose distribution in a clinically significant
way [5]. However, there are indications that VMAT may be more sensitive to set-up
errors than tangential radiotherapy techniques [6]. Rotational set-up errors have
shown to degrade the dose distribution in VMAT treatment of brain and prostate
tumours [7–9].

This study aims to investigate the effect of rotational set-up errors on the dose
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distribution in VMAT treatment of breast cancer. Patient rotations up to 3◦ around
three perpendicular axes are simulated and variations in dose distributions of the
treatment target and critical surrounding organs are studied. The simulations are
conducted using the CT-images and radiotherapy plans of 20 patients that have
received VMAT treatment of left breast and supraclavicular lymph nodes at the
Central Finland Central Hospital. The objective is to determine how large rotations
cause significant changes in the dose distribution and thus require rotational correction
by the 6DoF couch. The results will be used when planning the clinical practice in
Hospital Nova of Central Finland.

Theoretical background on radiation therapy and breast cancer is reviewed in
sections 2 and 3. A summary of recent studies on the research field is given in section
4, followed by the research aim of this study in section 5. Simulations and statistical
analysis are presented in section 6 and results in section 7. The results are discussed
in section 8, and the thesis is concluded in section 9.
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2 Radiotherapy

X-rays were discovered by Willhelm Röntgen in 1895, and soon after that, the
biological effects of radiation were observed. Only a few years later, cancer patients
were treated using radiotherapy for the first time. Low energy X-rays from X-ray
tubes were used in external radiotherapy treatments for several decades. [10]

Linear accelerators were first used to deliver radiotherapy in 1952 [10]. Since
that, radiotherapy has developed remarkably due to innovations such as CT-based
planning, intensity modulation, three-dimensional image guidance and arc treatment.
The advancements have improved the treatment accuracy and reduced the negative
effects to the surrounding organs. This section focuses on the basics of radiotherapy
and radiotherapy techniques.

2.1 Linear accelerator

Radiotherapy is delivered using a linear accelerator, briefly linac, which can produce
electron and photon radiation with typical energies ranging from 4 MeV to 25 MeV.
Electron radiation is only used for superficial targets due to the rapid attenuation of
electrons in tissue, whereas photon radiation is used in a more versatile manner. [11]

In the linac (Figure 2), electrons are first emitted from a heated filament cathode
and accelerated to the anode, from which they drift to the accelerator tube. The
accelerator tube is divided into chambers by circular discs or diaphragms and
evacuated into vacuum. The electrons are accelerated in the tube by either traveling
or standing microwaves that are produced either by a magnetron or a klystron. [11,
12]

Magnetron and klystron both receive high-voltage pulses from a modulator that
is powered by a DC power supply, and generate microwaves with frequency of
approximately 3 GHz. The magnetron acts as a high-power oscillator. The klystron
is essentially a microwave amplifier that is powered by a low-power oscillator. [11,
12]

The electrons are steered towards a target by bending magnets, which bend
the beam by 270◦, for example. The clinical photon beam is produced by letting
the accelerated electrons hit the target, which absorbs the electrons and emits
photon radiation. The energy spectrum of the radiation (Figure 1) has a continuous
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contribution from brehmsstrahlung and a discrete contribution from characteristic
radiation. Brehmsstrahlung is emitted when the electrons decelerate, and the
characteristic peaks are produced when the excited states of the target material,
induced by the electrons hitting the target, relax. A clinical electron beam is obtained
if the target is substituted by a scattering foil, which does not absorb the electrons,
but makes the beam wider and more uniform.

Figure 1. Two different X-ray spectra [13]. The higher the acceleration voltage,
the higher the maximum energy of the beam. Increasing acceleration voltage
also increases the number of photons, because more brehmsstrahlung is emitted
when the decelerating electrons have higher energy.

The radiation is collimated into a permanent-sized conical field, or a beam, by
a primary collimator and flattened by a flattening filter to obtain a uniform dose
distribution perpendicular to the central axis of the beam. The beam traverses
through an ionization chamber that monitors the dose during treatment. Usually two
separate chambers are used to secure patient safety in case one of the chambers fails.
After that, the beam is collimated into a rectangular field by secondary collimator
jaws, which are perpendicular to each other. Last, the beam passes through multi-leaf
collimators (MLC), which consist of up to 60 pairs of movable leaves that can be
used to shape the field in a versatile manner. [11, 12]

The clinical beam is focused on the patient through a gantry (Figure 3), which
can rotate 360◦ around the treatment table. The intersection point of the gantry
rotation axis and beam line is called the isocentre.
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Figure 2. An illustration of the units of a linear accelerator for photon beam
production. Figure adapted from [11].

Figure 3. A Varian TrueBeam linear accelerator at Hospital Nova of Central
Finland. The gantry is parked directly above the treatment table.
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2.2 Photon interactions

Photons interact with matter in different ways including Compton scattering, photo-
electric effect and pair production. Different photon interactions are dominant at
different energy ranges and materials with different atomic numbers (Figure 4).

Figure 4. Different photon interactions are dominant at different energy and
atomic number ranges [11].

Compton scattering is the dominant photon interaction in tissue at the energy
range from 26 keV to 30 MeV, which covers radiotherapy as well as radiation-based
imaging techniques. In Compton scattering, the photon scatters from an outer-shell
electron, causing ionization and donating a fraction of its energy to the electron. [14]

In photoelectric effect, a photon donates all of its energy to an inner-shell electron.
A fraction of the energy is spent to overcome the binding energy and the rest is
transferred to kinetic energy of the electron. A vacancy is left behind and filled by
an outer-shell electron. The shell transition of the outer-shell electron is followed
by emission of a characteristic X-ray or a so-called Auger electron, an outer-shell
electron receiving the transition energy. [14]

Pair production can take place when the photon has energy higher than twice
the electron rest mass, 1.022 MeV. In pair production, the photon interacts with
the electric field of a nucleus and produces an electron-positron pair. The positron
annihilates fast with a close-lying electron, followed by emission of two 0.511 MeV
photons. [14]
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A photon beam is attenuated exponentially in medium. The reduction of the
original intensity I0 in a material with linear attenuation coefficient µ is described
by the Beer-Lambert law:

I = I0e
−

∫
µ(x)dx, (1)

where I is the measured intensity and x the distance that the beam has traversed in
the medium. The attenuation coefficient µ depends on the energy of the radiation
and the atomic number and density of the medium.

2.3 Radiation effects on tissue

High-energy electrons produced by photon interactions ionize molecules in tissue.
The electrons can interact with important biologic macromolecules, such as DNA,
either directly or indirectly. Direct interaction means that an electron ionizes the
macromolecule directly. In indirect interaction, the electron ionizes water molecules
creating a mobile and reactive free radical, which causes chemical changes in the
macromolecule, e.g. breaks a strand in DNA. The changes in the macromolecules
can lead to biological effects to the cell, including delays and other problems in
cell division, apoptosis, which is a sort of a programmed cell death, and mutations.
However, in most cases, the cell is able to repair itself. [10, 11]

The severity and likelihood of radiation induced damage in tissue are affected by
radiation-related factors and tissue-related factors. Radiation-related factors include
the absorbed dose, dose rate and radiation type and energy, whereas tissue-related
factors include characteristics of the tissue and the ongoing phase of cell cycle during
irradiation. [10]

The radiation damage to an organ also depends on the physiology of the organ.
Organs can be divided into two categories: serial and parallel organs. All organs
consist of small sub-units. In serial organs, like the spinal cord, a large radiation dose
to only a few sub-units can make the whole organ lose function. In contrast, parallel
organs, such as liver, can remain functional after radiation damage to a large volume
of the organ, and they lose function only after a certain fraction of the sub-units is
damaged. [15]

Radiation effects can be divided into two groups, stochastic and deterministic
effects. Stochastic effects, such as cancer and genetic effects, result from low doses.
The probability of a stochastic effect increases with increasing dose, and there is no
threshold dose for it. Larger dose does typically not make the effect more severe. [14]

Deterministic effects, such as skin erythema, fibrosis and organ dysfunction, are
caused by high doses usually originating from radiation accidents and irradiation
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of normal tissue during radiotherapy. They have a threshold dose, above which the
effect is almost certain to appear. The severity of the effect increases with increasing
dose. [14]

Radiation therapy is given in fractions, which reduces the complications to the
surrounding organs while allowing a higher dose to the target. The benefits of
fractionation are explained by the five R’s of radiobiology [11, 16]:

Repair: Normal tissue has time to repair damage between fractions. Tumour
cells don’t have as good repair mechanisms.

Redistribution: Tumour cells redistribute into different phases of the cell cycle
between fractions. Some of the phases are more radiosensitive than others, and most
likely each tumour cell will be in a radiosensitive phase during some of the fractions.

Reoxygenation: Since tumours grow fast and in a chaotic way, they have no
proper blood circulation in them. The cells in the middle of the tumour suffer from
lack of oxygen, stop going through the usual cell cycle and stay in a certain phase
of the cycle that may be insensitive to radiation. In fractionated radiotherapy, the
outermost cells of the tumour are killed during every fraction, allowing blood flow to
a new layer of tumour cells. These reoxygenated cells start to go through the normal
cell cycle and redistribute.

Repopulation: Early reacting tissue responds to the cell killing by cell repopulation
towards the end of treatment, which decreases the side effects of radiotherapy.

Radiosensitivity: Different cells have different radiosensitivities, and in general,
cells that divide more often are more radiosensitive. Tumour cells divide fast, and
are often more radiosensitive than normal tissue.

The probability of deterministic effects to the tumor and normal tissue follow
similar sigmoid-shaped dose-response curve (Figure 5). For the tumour, the dose-
response curve expresses the tumour control probability (TCP) using a certain dose.
For normal tissue, the curve expresses the normal tissue complication probability
(NTCP) after a certain dose. The overall benefits and risks of radiotherapy are
quantified by the probability of uncomplicated cure (PUC), which is defined as

PUC = TCP (1 −NTCP ). (2)

Typically, radiotherapy planning aims at NTCP < 0.05 and TCP > 0.5. The difficulty
of radiotherapy treatment is quantified by therapeutic ratio, which is defined as the
ratio of TCP and NTCP at NTCP = 0.05. The larger the therapeutic ratio, the
more probable it is to control the tumour without normal tissue complications. [11,
17]
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Figure 5. Dose response curves for the tumour and normal tissue and PUC
curve [17].

2.4 CT imaging

In order to focus the radiation beam correctly, CT imaging is needed. In addition,
the CT images are used in radiotherapy planning and dose calculation. CT-imaging
utilizes a CT scanner (Figure 6) to produce axial cross section images of the patient.

In order to form the cross section images, projections from several different
directions are acquired by targeting an X-ray beam into the target volume and
measuring the attenuation of the radiation. During image acquisition, an X-ray tube
and a detector rotate in a fixed orbit, while the patient is moved through the gantry.
This results effectively into a spiral path from the patient’s point of view. [18]

The X-rays are produced by the X-ray tube, where a current is fed into a filament
cathode, which warms up and emits electrons. The electrons are accelerated towards
an anode with typical voltages ranging from 80 kV to 140 kV [14], where they
ionize and excite atoms, scatter and decelerate, emitting a spectrum consisting of
characteristic peaks and continuous brehmsstrahhlung. A fraction of the emitted
X-rays spreads out of the X-ray tube through a thin window to primary and secondary
collimators that collimate the beam into a fan-shaped beam. [18]
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Figure 6. A Siemens Somatom Confidence CT scanner used for radiotherapy
treatment planning at Hospital Nova of Central Finland. The scanner has laser
pointers that point to the scanner isocentre. The isocentre coordinates are
tattooed to the patient skin, and during treatment, the marks are used to align
the isocentre of the treatment plan in the patient to the linac isocentre, which is
also marked by lasers.

The intensity of radiation that passes the patient is measured by a detector system.
Traditional CT scanners utilize an array of scintillation detectors. Scintillating
material converts incoming high-energy photons into light, which is transformed into
an electrical signal by a photodiode. [19]

The cross section images are reconstructed by calculating the gray value of
each pixel, which is proportional to the linear attenuation coefficient µ, from the
one-dimensional attenuation projections, also called X-ray sums. One efficient way
of reconstruction is the filtered back-projection algorithm. In the algorithm, the
projections from each scanned angle are summed up, which results in a transversal
slice image where tissues of different composition can be distinguished (Figure 7).
The projection images are filtered before summation to make the image less blurry.
[18]

Another group of effective reconstruction algorithms is iterative reconstruction.
Iterative reconstruction algorithms find the pixel values by comparing calculated
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values to measured values and repeating the process until predefined optimization
criteria are met. An example of iterative reconstruction algorithm is algebraic
reconstruction, which begins with assigning each pixel a gray value. Based on the
assumed pixel values, X-ray sums are computed and compared to the real measured
X-ray sums. The pixel values are corrected based on the results of the comparison,
and X-ray sums are calculated again. The process is repeated until the difference
between computed and measured X-ray sums satisfies the optimization goals. [20]

Figure 7. The principle of filtered back-projection algorithm. An object
containing inhomogeneities with different electron densities is scanned from
different angles (A). The attenuation values measured at each angle are divided
evenly along the ray paths (B) and finally, the back-projections are summed up
(C). [21]

In the resulting image, tissues are separated by different values on the Hounsfield
scale. The Hounsfield unit (HU) value at (x,y,z) is defined as

HU(x,y,z) = 1000µ(x,y,z) − µw
µw

, (3)

where µ(x,y,z) is the linear attenuation coefficient at the image coordinates (x,y,z)
and µw is the linear attenuation coefficient of water. In water, HU = 0, and in air,
HU = -1000 because the linear attenuation coefficient of air is approximately zero.
[14]

Electron density (ED), required for dose distribution calculation in radiotherapy
planning, is related to HU by a calibration curve shown in Figure 8. The bi-linearity
of the calibration curve results from changes in effective atomic number between
soft tissue and bone. The ED-HU calibration curve is determined separately for
each CT scanner used for radiotherapy planning. A phantom with inserts that have
known electron densities is scanned, and the HU value corresponding to each electron
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density is acquired from the scan. [12, 22]

Figure 8. An HU-to-ED calibration curve. [22]

2.5 Radiotherapy treatment planning

Radiotherapy treatment planning has two conflicting goals: to prescribe sufficiently
high dose for tumour control and to spare healthy tissue from radiation damage.
The planning consists of determining the target volume from the planning CT image,
setting dose limits for the close-lying critical organs and finding the suitable treatment
technique and field arrangement.

There are several different volume definitions that are important in treatment
planning (Figure 9) [11]:

Gross tumor volume (GTV): The part of the tumor that can be seen in e.g.
CT-images or observed clinically.

Clinical target volume (CTV): A volume including GTV and a margin to cover
the sub-clinical, not observable, parts of the tumor and potential routes of spread.

Planning target volume (PTV): A volume including CTV and a margin to cover
organ movement, inaccuracy of the treatment machine and set-up errors.

Organ-at-risk (OAR): An organ that is sensitive to radiation damage and usually
in close proximity of the target volume.
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Figure 9. Planning target volume (red), clinical target volume (yellow) and
organs-at-risk – contralateral breast (purple), lungs (orange), heart (red), left
anterior descending artery (beige) and spinal cord (orange) – drawn on a CT
slice of a breast cancer patient.

Planning techniques can be divided in two cathegories: forward and inverse
planning. In forward planning, treatment fields are first set up manually, and
next, the dose distribution is calculated. If the dose distribution does not satisfy
the treatment goals, the fields are modified and the calculation repeated until the
dose distribution is satisfactory. In inverse planning, limits for the dose-volumetric
parameters are set and after that, an optimization process is carried out to find fields
that satisfy the goals.

2.6 Treatment field and dose distribution

The radiotherapy treatment field can be square, rectangular, circle or irregularly
shaped. The shape is determined by collimators and MLC. The intensity of the field
decreases quadratically as a function of distance, which is called the inverse-square
law.

The dose delivered to patient is quantified by the absorbed dose, which measures
the amount of absorbed energy per mass unit. The unit of absorbed dose is Gray,
1 Gy = 1 J/kg. The monitor chamber of a linac measures the dose delivered to
the patient in monitor units (MUs). Usually the monitor chamber is calibrated for
photon radiation so that 1 MU corresponds to 10 mGy delivered to a water phantom
at the depth of 10 cm at beam central axis with field size 10 cm × 10 cm and SSD
= 100 cm [11].

Radiation dose distributions are measured in tissue-equivalent phantoms, which
consist usually of water or tissue-equivalent plastic. The phantom either has a
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detector array installed inside it or a construction that allows a small detector to be
inserted in several locations in it. [12]

Percentage depth dose (PDD) curve is a way to quantify the depth dose dis-
tribution. It is defined as the relative absorbed dose along the axis of the beam,
normalized to the maximum dose. A typical PDD from photon irradiation in tissue
is shown in Figure 10. PDD increases from surface dose at z = 0 until the maximum
dose at z = zmax is reached. The depth of the dose maximum, zmax, is determined
primarily by beam energy. Typical values of zmax for photon irradiation are 1 cm
at 6 MeV and 3.5 cm at 18 MeV. The region between z = 0 and z = zmax is called
the buildup region. At typical radiotherapy energies (4 MeV – 25 MeV), the surface
dose is much smaller than the maximum dose, which spares the skin from radiation
damage. The skin-sparing effect is due to the relatively long range of electrons and
positrons in tissue; photons donate energy at a constant rate after entering the tissue,
but the high-energy electrons and positrons liberated by photons have a longer range,
and start depositing energy to the tissue only after certain depth. After zmax, the
dose decreases exponentially with depth. [11, 12]

Figure 10. PDD curves in water at energies ranging from 4 MeV to 25 MeV
and Co-60 X-rays (1.3 MeV). The depth of the dose maximum zmax increases
with increasing energy. [11, p. 182]

Off-axis ratio describes the dose profile orthogonal to beam axis at a given depth.
Off-axis ratio can be normalized to the central axis dose at zmax or to the maximum
dose at the depth were it is measured. The photon beam produced by the linac
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is usually flattened by a flattening filter, which results in almost flat, symmetric
off-axis ratio (Figure 11). [11]

Figure 11. Off-axis ratios for a photon beam with field size 20 cm × 20 cm at
different depths (1.5 cm, 10 cm and 20 cm). The curves are normalized to the
central axis dose at zmax = 1.5 cm. [23]

Figure 12. Isodose chart for a 4 MeV photon
beam [12].

The dose distribution is often rep-
resented as isodose curves, curves con-
necting points with equal dose. Iso-
dose curves are normalized with re-
spect to the maximum dose at zmax
or the dose at isocentre. A typical
isodose chart is shown in Figure 12.
[11]

A dose-volume histogram (DVH)
expresses how large volume of a struc-
ture (target volume or organ-at-rist)
receives a certain dose. There are two
kinds of DVHs, direct and cumula-
tive DVHs, out of which cumulative
DVHs are normally used. In a direct
DVH, relative volume receiving a cer-
tain dose is plotted against dose. In
a cumulative DVH, which is obtained
by integrating the direct DVH, rela-
tive volume receiving at least a certain
dose level is plotted against dose. The
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drawback of DVHs is that they contain no information about dose to specific locations
inside a structure. [11]

A B

Figure 13. Ideal (A) and realistic (B) cumulative DVH. Ideally, the critical
structure receives zero dose and the target is fully covered by the prescribed dose.
[11]

In practice, the dose distributions are computed by advanced dose calculation
algorithms, such as the Analytical Anisotropic Algorithm (AAA) offered by Varian
Oncology Systems. AAA is a two-stage photon dose calculation model, which consists
of parameter configuration and the actual dose calculation. The configuration is done
by computing parameters, such as photon fluence, energy spectrum and scattering
properties, by Monte Carlo simulation and adjusting them to match the beam data
obtained at the particular radiotherapy unit. In the actual dose calculation, the
beam is divided into small pencil beams and dose is first calculated for each pencil
beam independently by convolution of fluence, energy deposition density function
and scatter kernel. The CT image of the patient is split into a grid of voxels and the
dose to each voxel is calculated by summing up the contributions from each pencil
beam. [24]

AAA enables analytical convolution, which is faster and more effective than
numerical convolution. The algorithm considers tissue heterogeneity in each direction
separately, and therefore it is in good agreement with measured phantom dose
distributions [24]. AAA is not as accurate around inhomogeneities as algorithms
based on Monte Carlo calculations or coupled linear Boltzmann transport equation
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(LBTE) solvers [25, 26].

2.7 Radiotherapy techniques

Radiation therapy has come far from the original simple beam arrangements with wide
open fields. Improvements in three-dimensional imaging modalities have allowed
the development of three-dimensional conformal radiotherapy (3D-CRT), which
utilises the imaging data to shape the field closely to the form of the treatment
target. Traditional 3D-CRT is delivered by static homogeneous fields from different
directions. The fields are often shaped by MLC. 3D-CRT is the base of intensity
modulated radiotherapy (IMRT, section 2.7.1) and volumetric modulated arc therapy
(VMAT, section 2.7.2). [12]

Three-dimensional imaging also allows improved target localization in the form of
image-guided radiotherapy (IGRT, section 2.7.3). Robotic couches, including three
and six degrees of freedom couches (section 2.7.4), play a crucial role in IGRT, as
they can be used to translate the patient to the correct location.

2.7.1 Intensity modulated radiotherapy (IMRT)

Intensity modulated radiotherapy (IMRT) is a radiotherapy technique featuring
multiple fields with different intensities. In IMRT, the radiation beam is treated
as a group of tiny pencil beams. The intensity is modulated within the beam by
weighting the pencil beams by different weights. In practice, this is done by blocking
different pencil beams by the MLC at different points in time. The most traditional
static-gantry IMRT techniques are step-and-shoot IMRT, in which the MLC does
not move while radiation is delivered, and sliding window IMRT, in which the MLC
moves during dose delivery. [27]

IMRT results in a more conformal dose distribution and steeper dose gradient at
the edge of PTV than traditional 3D-CRT (Figure 14) [28, 29]. IMRT also allows
simultaneously integrated boost (SIB), which is a simultaneously delivered high-dose
booster to a certain part of the target volume. The drawback of IMRT is that it
delivers low dose to an increased volume of normal tissue compared to 3D-CRT,
which increases the patient’s risk of developing radiation-induced secondary cancer.
[27]
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Figure 14. Dose distributions obtained by (A) three-dimensional conformal
radiotherapy (3D-CRT) and (B) intensity-modulated radiotherapy (IMRT) treat-
ment plans [30]. The IMRT plan delivers lower dose to the normal tissues than
the 3D-CRT plan.

2.7.2 Volumetric modulated arc therapy (VMAT)

Volumetric modulated arc therapy (VMAT) is an advanced version of IMRT. In
VMAT, the gantry rotates continuously around the treatment isocentre during
treatment delivery. The radiation output is modulated by dynamic MLC, gantry
rotation speed and dose rate. VMAT is faster than fixed-gantry IMRT, because
the whole PTV can be covered in one 360◦ rotation. Often, two or more arcs are
used in order to increase the homogeneity and conformity of the dose distribution.
[27] VMAT plans are more homogeneous and conformal than IMRT plans, and, for
example in breast cancer treatments, save the heart and the ipsilateral lung better
than stationary-field IMRT plans (Figure 15) [31, 32].

Figure 15. Dose distributions of IMRT using four stationary fields (left) and
VMAT (right) [33]. The VMAT plan delivers high dose to smaller volume of the
heart and ipsilateral lung than the IMRT plan.

Inverse treatment planning is utilized in VMAT treatment planning. This means
that the planning software is given plan objectives that restrict the dose volume
histogram curves for the target volume and OARs. After that, an optimization
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algorithm calculates the treatment fields that fulfill the plan objectives the best.
During optimization, a treatment field is described by several sub-fields at control
points, which are distributed evenly along the arc. The number of control points
increases towards the end of the optimization process. [27]

2.7.3 Image-guided radiotherapy (IGRT)

Image-guided radiotherapy (IGRT) is a method that uses imaging to improve the
accuracy of radiotherapy treatment delivery. In IGRT, the patient is imaged on the
treatment table before each treatment. The image is compared to the planning CT
image and possible set-up errors are corrected by moving the treatment table or
adjusting the patient position (Figure 16).

Figure 16. An illustration of the principle of IGRT. A translational set-up error
is corrected by 2 mm and 3 mm couch shifts in x- and y-directions, respectively
(A). A rotational set-up error between the planning CT image and the on-board
image is corrected by a 3◦ couch rotation (B).
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Cone-beam computed tomography (CBCT) is an accurate three-dimensional
imaging technique used for IGRT. It is a kilovoltage CT system integrated with
the linear accelerator. In practice, an X-ray tube and detector are installed in
rectractable arms opposite to each other and perpendicular to the treatment beam
(Figure 17). The X-ray beam is cone-shaped and the detector is two-dimensional,
which allows multiple slices to be imaged during a single full-circle rotation around
the patient. [11]

Figure 17. The CBCT system of a Varian iX linac at Central Finland Central
Hospital (figure from the picture archive of the Radiotherapy Unit).

2.7.4 6DoF-couch

A robotic treatment couch is an essential part of the IGRT system. Conventional
treatment couches allow translational movements in three directions. More recently,
six degrees of freedom (6DoF) couches have been introduced. 6DoF couches allow
translational corrections in three directions and rotational corrections around the
treatment isocentre in pitch, yaw and roll.
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Figure 18. Varian PerfectPitch 6 degrees of freedom couch [34].

The 6DoF couch, combined with patient fixation, may reduce set-up errors and
improve target positioning. If fixation devices are not used, the patient’s tissues may
drift towards the lower side of the tilted couch. [35] 6DoF couches are especially useful
in treatments which have high doses per fraction, because in those treatments, set-up
errors during individual fractions have a large impact on the total dose distribution.
A good example is stereotactic treatment of head and neck, in which 6DoF couch
has been shown beneficial [7, 36].

2.8 DICOM

Digital Imaging and Communications in Medicine (DICOM), also known as the ISO
12052 standard, is the international standard that describes how medical imaging
data should be stored and exchanged. DICOM enables transfer of imaging data
between different devices from various manufacturers. DICOM is used in all kinds
of medical imaging applications, including CT-imaging, PET-imaging, cardiology
and X-ray imaging. The copyright of the DICOM standard is owned by National
Electrical Manufacturers Association (NEMA). [37]

A DICOM data object contains attributes, such as patient ID and name, infor-
mation about the imaging equipment, information about the image position and
orientation and globally unique identifiers (UIDs) that specify the study, image series
and frame of reference. One of the attributes contains the pixel data. The structure
of the data object, which is illustrated in Figure 19, ensures that the patient name
and ID can never be separated from the image data. [37]

Devices that support DICOM have conformance statements that state which
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parts of the standard the devices support in terms of service-object pair (SOP)
classes. A SOP class consists of a service, such as store, and an object, such as a CT
image. An example of a SOP class is CT image storage. DICOM images are stored
in a picture archiving and communication system (PACS). [37]

Radiotherapy planning CT-images are usually stored in DICOM format as a series
of DICOM data objects, each containing a transversal slice image. The contours of
the associated structures, such as PTV, OARs, body and treatment table, are stored
in a RT structure object.

Filename

FileSize

StudyInstanceUID

SeriesInstanceUID

SOPInstanceUID

XRayTubeCurrent

PatientName

PatientID

SliceLocation

SliceThickness

PixelSpacing

PixelData

Unique for each study

Unique for each image stack

Unique for each image slice

Figure 19. An illustration of a DICOM object containing a slice of a CT image.
In reality, the data object has more attributes than those depicted in the figure.
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3 Radiotherapy of breast cancer

Breast cancer is the most common cancer in female in Finland with 4934 annual
cases in 2018, that is, 177 diagnoses per 100 000 women. The average age at the
time of diagnosis is 60 years. Breast cancer is very rare in people under 30 years of
age. Approximately 15-35 men are diagnosed with breast cancer per year in Finland.
The prognosis is rather good: the age-standardized survival ratio five years after
diagnosis was 91% in 2016-2018. [2]

Breast cancer is normally treated by removing the tumour by surgery and
postoperative radiotherapy. Often, the tumour can be removed with sufficient
normal tissue margin while conserving the breast. In some cases, especially with
large tumours, the whole breast has to be removed, which is called mastectomy.
Other treatment ways include cytostatic treatment and hormonal medication. [38]

Special considerations in radiotherapy of breast cancer include the effect of the
arm position on the shape and position of the breast and breast deformations during
the treatment period. Breast cancer patients are usually treated lying on their back,
arms fixed above head by a breast board. Even small changes in the arm position
affect the location of the treatment target, which often extends to the collarbone or
armpit area. Sometimes the breast swells as a side effect of radiotherapy, and may
reach out of PTV. The changes in the shape of the breast are not considered in this
study.

The most common route of spread of breast cancer is the regional lymph nodes
including infra- and supraclavicular, axillary and internal mammary lymph nodes
(Figure 20). Often, one or more of the lymph node chains is included in the treatment
target to reduce the risk of cancer spread through the lymph nodes.
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Figure 20. Regional lymph nodes of the breast, armpit and collarbone area
[39].

Traditionally, a breast cancer patient is prescribed a total dose of 50 Gy in 25
fractions. Nowadays, a fractionation scheme of 40 Gy in 15 fractions is becoming more
common. [40, 41] The dose coverage and homogeneity of the target and shielding of
the heart, especially the left anterior descending artery (LAD), and the lungs are
prioritised in the radiotherapy treatment planning. Some clinically used planning
objectives for the target coverage and dose maxima are presented in Table 1.

Table 1. Planning objectives for the dose-volumetric parameters of the PTV
and CTV in treatment of left-sided breast cancer and supraclavicular lymph
nodes.

Target volume Planning objective
PTV V95% > 90 % – 95 % [40, 42]

Dmax(1cm3) < 107 % (= 42.85 Gy) [42]
CTV V95% > 95 % (estimated from [41])

Dmin > 90 % (= 36.06 Gy) [41]

In addition to the heart and the lungs, there are several crucial organs lying close to
the treatment area in breast radiotherapy: contralateral breast, spinal cord, thyroid,
brachial plexus and humeral head (Figure 21). The types of deterministic radiation
damage to the critical organs and the planning objectives for them in treatment of
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left-sided radiotherapy are listed in Table 2. In addition to the deterministic damage,
the radiation dose to the critical organs increases the risk to develop a secondary
cancer.

Figure 21. A 3D model of the PTV (red) and critical organs of a breast cancer
patient: lungs (orange), heart (red), contralateral breast (pink), medulla (light
blue), thyroid (dark blue), brachial plexus (green) and humeral head (grey).

Table 2. Types of deterministic radiation damage to the relevant critical
organs in radiotherapy of breast cancer [10, 43] and planning objectives for
left-sided treatment including the supraclavicular lymph nodes with 15 × 2.67
Gy fractionation.

Organ Type of damage Planning objective
Heart Cardiomyopathy, acute pericarditis Mean < 4 Gy [42]

Max < 40 Gy [41]
LAD Stenosis, coronary artery disease Mean < 10 Gy [44]

Dmax(1cm3) < 20 Gy [42]
Lung Pneumonitis, fibrosis Left: mean < 16 Gy [41]

Left: V5Gy< 60% [42]
Left: V20Gy< 20% [42]
Right: mean < 2.5 Gy [45]

Breast (right) Swelling Mean < 3 Gy (estimated from [46])
Spinal cord Pain, paralysis Max < 25 Gy [42]
Brachial plexus Paralysis of the arm Max < 42 Gy [41]
Thyroid Hypothyroidism, hyperthyroidism Mean < 20 Gy (estimated from [47])
Humeral head Cartilage degradation V15Gy< 50% [42]
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A breast cancer patient is often treated in moderate deep inspiration breath hold
(mDIBH), where the patient fills approximately 80 % of their lungs with air and
holds their breath during the treatment. The expansion of the lungs pulls the heart
away from the target volume, which reduces the radiation dose to the heart (Figure
22). In VMAT treatment of the left breast, the mean heart doses and maximum
LAD doses are in average 33% - 35% and 24% - 54% lower in DIBH than in free
breathing, respectively [48, 49].

A common way to monitor the breath hold is a real-time position management
system (Varian Medical Systems, Palo Alto, California), which consists of an infrared
light, infrared camera and infrared-reflective block, which is positioned on the
patient’s chest. The light is targeted on the block, and the camera tracks the
motion of the block which moves in the rhythm of the patient breath. Other DIBH
monitoring methods include active breathing control systems, which monitor the air
flow to the respiratory system, and optical surface tracking systems. [50]

Figure 22. A CT slice of a breast cancer patient in free breathing (left) and
DIBH (right). In DIBH, the chest wall is pulled further from the heart and the
thoracic diaphragm pulls the heart lower. Thus, tangential fields, which are
favourable in breast cancer treatments, do not cover as large a part of the heart.
[51]
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4 Literature review

A few studies about set-up errors in radiotherapy of breast cancer featuring different
radiotherapy techniques have been conducted. Dosimetric effects of set-up errors in
tangential radiotherapy techniques have been studied by Harron, E. et al. [5] and van
Mourik, A. et al. [52], among others. Harron, E. et al. found out that a transversal
set-up error of 5 mm or a rotational set-up error of 2◦ does not cause more than
5 % change in the fraction of volume receiving at least 95 % and less than 107 %
of the prescribed dose. Van Mourik, A. et al. compared tangential field techniques
with different levels of intensity modulation to each other, and found out that the
more intensity modulation was used, the more sensitive the dose distribution was
to changes in breast shape. On the other hand, planning techniques with less or no
intensity modulation were more sensitive to patient translational set-up errors.

With the possibility to correct rotational set-up errors with modern treatment
tables and VMAT treatment becoming more common, studying rotational set-up
errors has become actual. Jain, P. et al. [4] studied ten patients receiving radiotherapy
for breast cancer, each with 9-14 fractions. They found inter-fraction rotational
errors over 2◦ around x-axis in 29.2% of fractions, around y-axis in 15.1% of fractions
and around z-axis in 1.9% of fractions. Betgen, A. et al. [3] studied the set-up
errors in DIBH treatment of nineteen left-sided breast cancer patients and found out
that rotational set-up errors before set-up correction had systematic and random
errors between 0.75◦ and 1.56◦. Dosimetric effects of rotational errors alone were not
examined in either of the studies.

Zhao, Y. et al. [6] simulated translational set-up errors in radiotherapy treatment
of left breast and studied the dosimetric impact using forward-planned intensity
modulated radiation therapy (FIMRT) and VMAT. The target coverage of VMAT
was found more sensitive to translational set-up errors of 5 mm or more than FIMRT.

Prentou, G. et al. [7] researched the dosimetric effect of rotational set-up errors
in Volumetric Modulated Arc Therapy Stereotactic Radiation Surgery (VMAT-SRS)
for multiple brain metastases, and discovered that 0.5◦ - 2◦ set-up errors can have a
significant effect on the dose distribution. Clinically unacceptable dose distributions
were obtained in some cases even after 0.5◦ rotations. Small tumours far from the
isocentre were more sensitive to rotational set-up errors than relatively large tumours
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close to the isocentre. Similar results were obtained by Selvan, K. T. et al. [8].
Chiesa, S. et al. [9] studied rotational set-up errors and their dosimetric effects

in VMAT treatment of prostate patient with simultaneously integrated boost (SIB).
They found errors over 2◦ in 7% of patient scans. The rotations had no significant
effect on prostate coverage, but they did have a significant impact on seminal vesicles
coverage. Out of OARs, femoral heads were sensitive to rotations in yaw and rectum
was sensitive to rotations in pitch. The dosimetric sensitivity was explained by
distance from isocentre and elongated shape.

No research about dosimetric sensitivity to rotational set-up errors in breast
VMAT has been done to my best knowledge. Based on [7], the sensitivity of breast
cancer treatments should not be as high as in the case of brain metastases, because
the PTV and relevant OARs in radiotherapy of the breast are significantly larger
than those in radiotherapy of the brain.
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5 Research aim
The aim of this thesis is to find out whether the dose distribution generated by the
VMAT treatment of breast and supraclavicular lymph nodes is sensitive to rotational
set-up errors. Patient rotations are simulated and variations in dose distributions
of CTV, PTV and OARs – including heart, left anterior descending artery (LAD),
lungs, opposite breast, spinal cord, thyroid, left brachial plexus and left shoulder
joint – are studied. Rotational set-up errors up to 3◦ around the isocentre in pitch,
yaw and roll are simulated. More specifically, the objective is to determine, how
large rotations cause significant changes in the dose distribution and thus require
rotational correction by the 6DoF couch.

Further, it is studied whether patients who have undergone mastectomy are more
sensitive to the degrading effect of rotations than patients who have undergone
conservative surgery. Additionally, the impact of rotations on patients whose PTV
contains the internal mammary lymph node chain is compared to the impact of
rotations on patients whose PTV does not include it.
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6 Methods

6.1 Patients and treatment plans

CT image data and radiotherapy treatment plans of 20 breast cancer patients were
retrospectively collected for the study. The patients had undergone VMAT treament
of left breast and supraclavicular lymph nodes at the Central Finland Central Hospital.
The image data was pseudonymised for the study. The study was approved by the
ethical committee of Central Finland Healthcare District.

The radiotherapy treatments were delivered in 15 fractions of 2.67 Gy each,
resulting in a total dose of 40.05 Gy. All patients were treated using DIBH. Ten
patients had gone through mastectomy and another ten patients had undergone
conserving surgery prior to radiotherapy treatment. The internal mammary lymph
nodes were included in the PTV in radiotherapy plans of 12 patients. Including the
internal mammary lymph node chain in the target results in a PTV that is curved
towards the ipsilateral lung next to the sternum (Figure 23).

(a) (b)

Figure 23. Axial CT slices of two breast cancer patients. One of them had
had conservative surgery and did not have their internal mammary lymph nodes
treated (a), while the other had undergone mastectomy and had their internal
mammary lymph nodes treated (b). PTV’s are delineated in red.

The planning CT-images were acquired in DIBH using a Biograph mCT scanner
(Siemens Healthineers, Erlangen, Germany). CTV and PTV were contoured on
the images by oncologists and critical organs by radiographers. The radiotherapy
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plans were generated by medical physicists. The plans were made using the Eclipse
treatment planning system (Varian Medical Systems, Palo Alto, California, USA).

The isocentre of the treatment plan was set approximately to the mass centre of
the PTV. The treatment plans were made using one arc from behind the patient’s
back around her left side to an angle approximately tangential to the treatment
area and another arc in the opposite direction (Figure 24). Both arcs covered an
angle of approximately 250◦. The collimator angles were usually set to 5◦ and 355◦.
The plans were optimised using the Photon Optimizer (Varian Medical Systems,
Palo Alto, California, USA) aiming to reach the planning objectives presented in
Tables 1 and 2 and follow the ALARA (As Low As Reasonably Achievable) principle.
The first priority of the dose optimisation was target coverage. Second, the dose to
the heart and the lungs, and third, the dose to other OARs was minimised. The
treatment planning system utilises the Analytical Anisotropic Algorithm with 2.5
mm grid for dose calculation (see section 2.6). The plans were normalised to the
mean dose of the target.

Figure 24. The arc arrangement of a VMAT treatment plan of a breast cancer
patient.
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6.2 Image data processing

Rotations of the patient by angles ranging from -3◦ to 3◦ with 1◦ increment by pitch,
yaw and roll around the treatment isocentre were simulated (Figure 25). Pitch means
rotation around the axis from the patient’s left to right (positive rotation backward
and negative forward), yaw means rotation around the axis from the patient’s back to
chest (positive rotation to patient’s right and negative left) and roll means rotation
around the axis from the patient’s feet to head (positive rotation to patient’s left and
negative to right). First, the planning CT image and the associated radiotherapy
plan were exported from Eclipse in DICOM format. The data was read in and
rotated using a Matlab script (Figure 26).

Figure 25. Illustration of the rotation axes and directions. PTV is marked in
orange.

The slice thickness of the image data, that is, the pixel spacing in z-direction,
was 2 mm, while the pixel spacing in x- and y-direction was 0.9766 mm. The built-in
function of Matlab that was used to rotate the stack assumed equal pixel spacing in
every direction. Thus, a slice with interpolated gray values was added in-between
every slice in the original image matrix. The resulting effective pixel spacing in
z-direction was 1 mm, which was 2.4 % larger than the pixel spacing in x- and
y-directions. The difference between pixel spacings in different directions caused a
small distortion in the rotated image but it was visually verified that the distortion
was negligible in rotations by small angles.

The rotated image data was imported back to Eclipse, where the original CT
planning image with the accompanying structure set was registered to the rotated
image. Effectively, this rotated the structures so that they matched the rotated
image. The original RT plan was calculated for the rotated images, and the resulting
DVHs were saved in text-files. Dose-volume parameters were selected from the DVHs
by an Excel code for statistical analysis. Figures 27 illustrates the general data
processing workflow.
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Raw data in DICOM format, 
each file contains one slice

Read pixel values in 2D 
arrays [dicomread]

Read attributes
[dicominfo] 

SliceLocation

Order the 2D arrays after
slice location

Combine the slices in a 3D 
array

Interpolate additional slices
in-between the slices to 

obtain approximately even
pixel spacing

IsocenterPosition

Rotate around isocentre:
- Padd the 3D array so that

the isocentre lies at the
centre [padarray]

- Rotate the array around
the centre [imrotate3]

- Crop the rotated image 
back into original size

Update the attributes:
- Create unique SeriesInstanceUID [dicomuid]
- Create unique StudyInstanceUID
- Create unique SOPInstanceUID
- Create unique FrameOfReferenceUID
- Update SliceLocation
- Update ImagePositionPatient
- Update InstanceNumber

Write the rotated image 
data in DICOM format

[dicomwrite]

Figure 26. The workflow of the code used for rotating the image data. Matlab
built-in functions utilized in the respective stages of the code are written in
square brackets.
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CT stack Structure setRT plan

Find 
isocentre

Rotate around
isocentre

Register structures to 
rotated image

Calculate dose
distribution

Pick up parameters
from DVH

Original data

Matlab

Eclipse

Excel

Data

Figure 27. Image data processing workflow. The colours of the boxes indicate
which program was used in each step.

6.3 Statistical analysis

The effect of rotations on the dose distribution of the target volume and the OARs
was studied by analysing the changes in 20 dose-volume parameters (Table 3). V95%

is defined as the percentage volume of the target receiving at least 95% of the
prescribed dose and VXGy as the percentage volume of an OAR receiving a dose
of X Gy or more. Dmin(1 cm3) is defined as the maximum dose received by the 1
cm3 volume that received the smallest dose and Dmax(1 cm3) as the minimum dose
received by the 1 cm3 volume that received the largest dose. Outer skin margins of 3
mm were subtracted from CTV and PTV in accordance with the clinical practice to
exclude the build-up region.

Statistical analysis was conducted using SPSS software (v. 26, IBM, Armonk, New
York, USA). The dose-volume parameters were tested for normality by the Shapiro-
Wilk test. As all parameters were not found normally distributed, non-parametric
tests were used in the analysis of all parameters for consistency.

Friedman test, a non-parametric test that uses ranks to find overall differences
between related samples, was conducted for each parameter to see whether the rota-
tions caused any significant differences in the parameter values. Pairwise differences
between the parameters calculated for the original image and the rotated images
were examined using Wilcoxon signed-rank test, which is a non-parametric test that
is used to compare two related samples or repeated measurements on the same
population. Exact two-tailed significance was used because the effect of rotation on
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the parameter value could be either positive or negative. The significance level was
chosen as p < 0.05.

Table 3. DVH parameters included in the analysis. VX%/YGy is defined as the
percentage volume receiving at least X % of the prescribed dose or at least Y
Gy. Dmin(1 cm3) is defined as the maximum dose received by the 1 cm3 volume
that received the smallest dose and Dmax(1 cm3) as the minimum dose received
by the 1 cm3 volume that received the largest dose.

Structure Parameter [unit]
CTV–skin V95% [%]

Dmin(1 cm3) [Gy]
Dmax(1 cm3) [Gy]

PTV–skin V95% [%]
Dmin(1 cm3) [Gy]
Dmax(1 cm3) [Gy]

Heart mean dose [Gy]
Dmax(1 cm3) [Gy]

LAD mean dose [Gy]
Dmax(1 cm3) [Gy]

Left lung mean dose [Gy]
V20Gy[%]
V5Gy[%]

Right lung mean dose [Gy]
Right breast mean dose [Gy]

V2Gy[%]
Brachial plexus Dmax(1 cm3) [Gy]
Medulla Dmax(1 cm3) [Gy]
Thyroid mean dose [Gy]
Left humeral head V15Gy[%]

The effects of rotations on the dose distribution in different patient groups were
compared using Mann-Whitney U test, which is a non-parametric test used for
comparing two independent samples. Patients who had undergone mastectomy
were compared to patients who had undergone conservative surgery, and patients
whose PTV included the internal mammary lymph nodes (IMLN) were compared
to patients whose PTV did not include them. The aim was to find out whether a
specific group of patients was particularly sensitive to rotations.



49

7 Results
The differences in parameter values before and after rotations were analysed both from
a statistical and clinical perspective. The change in a parameter value was considered
clinically significant if the change was statistically significant (p < 0.05) and the
median absolute change was more than 5 pp, 2 Gy for a target DVH parameter or 1
Gy for a normal tissue DVH parameter. Throughout the whole section, all parameter
values are expressed as median(25th percentile, 75th percentile).

The Friedman test found statistically significant (p < 0.001) overall differences
between parameter values calculated for images rotated around different axes by
different magnitudes in every dose-volume parameter that was analyzed. The effects
of the rotations ranging from −3◦ to +3◦ are summarized in the tables in Appendix
A, and detailed tables about the absolute changes in each parameter are presented
in Appendix B. The original average DVH curves and average DVH curves after the
rotations that had the largest impact on the dose distribution are shown in Appendix
C. The effect of rotations on the individual parameters is discussed in the following
subsections.
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7.1 The effect of rotations on CTV and PTV

The dose distribution of the target volumes, CTV and PTV, was quantified by
V95%, Dmin(1 cm3) and Dmax(1 cm3). The effect of rotations on the parameters
are presented in Figure 28 and Appendix B, Table 11. Wilcoxon signed-ranks
test revealed statistically significant degradation in PTV V95% after all simulated
rotational errors. The largest effect was observed after rotations by −3◦ pitch and
yaw, when PTV V95% of 9 and 8 patients out of 20, dropped below 90%, which was
used as the limit of clinical acceptance [40, 42]. Additionally, 18 out of 20 patients
had originally PTV V95% below 95%, the planning objective [40, 42]. However, the
changes could not be viewed as clinically significant, because the median change was
less than 5 pp.

In CTV V95%, significant reduction (p < 0.05) was observed after rotations
by ±1◦ in 15 out of 18 cases of rotational errors. The changes in CTV V95% were
smaller than in PTV V95% (Appendix C, Figures 32a and 32b). The 25th percentile
of CTV V95% decreased from 95.23% to less than 95%, which was considered as the
limit of acceptable CTV coverage [41], after rotations by ±1◦ or more. That is, the
target coverage of more than 25% of the patients turned into unacceptable after any
rotational set-up errors. However, the median percentage change was at most –0.78
pp, which cannot be considered as clinically significant.

PTV Dmin(1 cm3) decreased significantly after all simulated rotational errors.
Median changes larger than 2 Gy occurred after rotations by ±2◦ or more around
each of the three axes. Significant degradation (p < 0.05) in CTV Dmin(1 cm3) was
observed after -1◦ roll and all positive rotations. The median changes were less than
1 Gy after all rotations, and thus the effects of rotations up to ±3◦ on the parameter
value were not considered as clinically significant. The minor effects of rotations
on CTV V95% and CTV Dmin(1 cm3) indicate that the reduction of PTV coverage
mostly takes place at the edges of PTV and that the 3-5 mm margin that is added
to CTV to produce PTV is sufficient to cover patient rotations.

Dmax(1 cm3) was approximately equal for CTV and PTV regardless of rotation.
There was a significant increase in Dmax(1 cm3) after positive rotations by yaw
and roll and after negative rotations by pitch (p < 0.05). Originally, the value of
Dmax(1 cm3) exceeded 42.85 Gy, the planning objective [42], in 15 and 16 patients
out of 20 for PTV and CTV, respectively. The number of patients with Dmax(1
cm3) higher than 42.85 Gy was raised after all rotations that increased the dose
maxima significantly. However, the median changes remained below 1 Gy, and thus
the changes were not considered as clinically significant.
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(a) PTV-skin V95% (b) CTV-skin V95%

(c) PTV-skin Dmin(1 cm3) (d) CTV-skin Dmin(1 cm3)

(e) PTV-skin Dmax(1 cm3) (f) CTV-skin Dmax(1 cm3)

Figure 28. The effect of rotations on the percent volume of the target that
received at least 95 % of the prescribed dose (V95%), the maximum dose received
by the cubic centimeter that received the smallest dose (Dmin(1 cm3)) of the
target and the minimum dose received by the cubic centimeter of the target
that received the maximum dose (Dmin(1 cm3)). The top and bottom of the
box denote the first and third quartile, respectively, and the line inside the box
denotes the median value of the parameter. Medians of data sets that differ
significantly from the original are denoted by asterisks (p < 0.05). The whiskers
show the minimum and maximum values of the data set. For clarity, 17, 0, 17,
56, 13 and 11 data points were discarded as outliers from figures a, b, c, d, e and
f, respectively.
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7.2 The effect of rotations on the OARs

The dose distributions of the heart and left anterior descending artery (LAD) were
both quantified by the mean dose and Dmax(1 cm3). According to the Wilcoxon
signed-ranks test, statistically significant degradation took place in the parameter
values after rotations by positive pitch, positive yaw and negative roll (Figure 29
and Appendix B, Table 12).

The changes in the mean dose of the heart could not be considered clinically
significant. The largest median change, +0.23 Gy, took place after rotation by +3◦

pitch. After rotations by ≥ 2◦ pitch and −3◦ roll, the parameter value exceeded the
planning objective, 4 Gy [42], in 3 out of 20 patients. The impact of rotations on
Dmax(1 cm3) of the heart was larger than on the mean dose. Clinically significant
increase in Dmax(1 cm3) took place after rotations by ≥ 1◦ pitch, 3◦ yaw and ≤ −2◦

roll. The largest value of Dmax(1 cm3), 32.9 Gy, was obtained in one patient after
rotation by +3◦ pitch. Thus, it is probable that the maximum point dose in a typical
patient will not exceed the planning objective presented in literature, 40 Gy [41],
after rotations up to ±3◦.

Clinically significant change in the mean dose of LAD was caused by rotation by
≥ 2◦ pitch. The mean dose increased to more than 10 Gy, which is considered as
the upper limit of an acceptable dose [44], in three patients after +3◦ pitch. Again,
Dmax(1 cm3) of LAD was more sensitive to rotations than the mean dose. Dmax(1
cm3) changed significantly after rotations by ≥ 2◦ pitch and exceeded the planning
objective, 20 Gy [42], in two patients after the rotation by +3◦ pitch.

The effects of rotations on the lungs were evaluated by analysing the mean doses
of the both lungs and the percentage volumes of the left lung covered by at least
5 Gy and 20 Gy (V5Gy and V20Gy). Wilcoxon test found statistically significant
increase in the dose distribution of the left lung after rotations by negative pitch,
positive yaw and positive roll. The mean dose of the right lung was increased in a
statistically significant way after rotations by negative yaw and roll. The changes in
the dose distributions were small and clinically insignificant (Figure 30, Appendix B,
Table 13 and Appendix C, Figure 34).

The dose-volume parameters of the left lung increased after rotations by negative
pitch, positive yaw and positive roll. The mean dose of the left lung did not increase
to 16 Gy, the limit of acceptable dose [41], in any patient. V5Gy of two patients out
of 20 was originally larger than 60 %, the clinical planning objective [42], and the
number of patients exceeding the planning objective increased to five after rotations
by ≤ −2◦ pitch, ≥ 2◦ yaw and ≥ 2◦ roll. Originally, two patients out of 20 received
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V20Gy > 20 % [42], and the number of patients whose V20Gy exceeded 20 % was not
increased by rotations.

(a) Heart mean dose (b) Heart Dmax(1 cm3)

(c) LAD mean dose (d) LAD Dmax(1 cm3)

Figure 29. The effect of rotations on the mean dose and minimum dose received
by the cubic centimeter that received the largest dose (Dmax(1 cm3)) of the
heart and the left anterior descending artery (LAD). The top and bottom of
the box denote the first and third quartile, respectively, and the line inside the
box denotes the median value of the parameter. Medians of data sets that differ
significantly from the original are denoted by asterisks (p < 0.05). The whiskers
show the minimum and maximum values of the data set. For clarity, 0, 2, 19 and
19 data points were discarded as outliers from figures a, b, c and d, respectively.
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The mean dose of the right lung increased significantly (p < 0.05) after rotations
by negative yaw and roll. Originally, the mean dose was higher than 2.5 Gy, the
planning objective [45], in six patients out of 20. The number of patients with a
mean dose higher than 2.5 Gy increased to nine after the rotation by −3◦ yaw.

The effect of rotations on the right breast was studied by analysing the mean
dose and the percentage volume receiving 2 Gy or more (V2Gy). Both parameter
values increased significantly (p < 0.05) after rotations by negative yaw and roll
(Figures 31a and 31b and Appendix B, Table 14). Originally, only one of the 20
patients fulfilled the planning objective of mean dose < 3 Gy [46]. The changes in
the mean dose were not clinically significant. Clinically significant degradation in
V2Gy occurred after −3◦ roll.

According to Wilcoxon signed-ranks test, Dmax(1 cm3) of the spinal cord was
affected negatively after rotations by negative pitch, negative yaw and positive roll
(Figure 31c and Appendix B, Table 14). The changes were not clinically significant.
The planning objective for the dose distribution of the spinal cord was maximum
point dose < 25 Gy [42]. Considering that the value of Dmax(1 cm3) did not exceed
21 Gy in any patient after any simulated rotational set-up error, it is likely that the
maximum point dose remained below 25 Gy in all patients as well.

Significant increase (p < 0.05) due to rotations on Dmax(1 cm3) of the left brachial
plexus was observed after rotations by positive pitch, positive yaw and –3◦ roll
(Figure 31d and Appendix B, Table 14). Clinically significant changes were not
observed after rotations up to ±3◦.

According to Wilcoxon signed-ranks test, pitch ≥ 2◦, negative yaw and positive
roll had a significant effect (p < 0.05) on the thyroid mean dose (Figure 31e and
Appendix B, Table 14). Clinically significant changes occurred after yaw ≤ −2◦ and
roll +3◦. Originally, the planning objective, 20 Gy [47], was exceeded in two out of 20
patients, and the number of patients who did not meet the objective increased to five,
seven and four after the rotations by yaw −2◦, yaw −3◦ and roll +3◦, respectively.

Wilcoxon test found significant increase (p < 0.05) in V15Gy of the left humeral
head after pitch ≥ 1◦, yaw ≤ −2◦ and roll ≤ −1◦ (Figure 31f and Appendix B, Table
14). The effect of rotations by ≥ 2◦ pitch were considered as clinically significant.
Rotations by +2◦ and +3◦ pitch made the parameter value of two and three patients,
respectively, exceed 50 %, the planning objective [42].
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(a) Left lung mean dose (b) Right lung mean dose

(c) Left lung V5Gy (d) Left lung V20Gy

Figure 30. The effect of rotations on the mean doses received by the both
lungs and the percentage volumes of the left lung that received more than 5 Gy
and 20 Gy (V5Gy and V20Gy). The top and bottom of the box denote the first
and third quartile, respectively, and the line inside the box denotes the median
value of the parameter. Medians of data sets that differ significantly from the
original are denoted by asterisks (p < 0.05). The whiskers show the minimum
and maximum values of the data set.



56

(a) Right breast mean dose (b) Right breast V2Gy

(c) Spinal cord Dmax(1 cm3) (d) Left brachial plexus Dmax(1 cm3)

(e) Thyroid mean dose (f) Left humeral head V15Gy

Figure 31. The effect of rotations on the OARs. Dmax(1 cm3) stands for the
minimum dose received by the cubic centimeter that received the largest dose
and VXGy stands for the percentage volume receiving at least X Gy. The top and
bottom of the box denote the first and third quartile, respectively, and the line
inside the box denotes the median value of the parameter. Medians of data sets
that differ significantly from the original are denoted by asterisks (p < 0.05). The
whiskers show the minimum and maximum values of the data set. For clarity, 32
and 18 data points were discarded as outliers from figures d and e, respectively.



57

7.3 The effect of mastectomy on the patient’s sensitivity to
rotations

Mann-Whitney test revealed some significant differences (p < 0.05) in the effect of
rotation on the target coverage and dose maxima between patients who had undergone
mastectomy and patients who had undergone conservative surgery. Patients who
had undergone mastectomy were slightly more sensitive to loss of PTV coverage at
±3◦ pitch and increased dose maxima at roll ≥ 2◦ than patients who had undergone
conservative surgery (Table 4). On the other hand, patients that had undergone
conservative surgery were more sensitive to reduction in CTV Dmin(1 cm3) and PTV
Dmin(1 cm3) after certain rotations. Overall, there were few statistically significant
differences.

Table 4. Comparison of the dosimetric effects of rotations on the PTV and
CTV dose-volume parameter values of patients that had undergone mastectomy
(N = 10) and patients that had undergone conservative surgery (N = 10). Only
the case with the largest difference in the effect of rotation between the two
patient groups is reported for each parameter. Values are expressed as median
(25th percentile, 75th percentile) and value pairs with significant difference (p
<0.05) among them are marked by asterisks.

Parameter Rotation Mastectomy Cons. surgery
CTV–skin Dmax(1 cm3) roll +3◦ +0.72(+0.29, +0.85) Gy* +0.20(+0.00, +0.40) Gy*
CTV–skin Dmin(1 cm3) roll +3◦ –0.17(–0.47, –0.04) Gy* –0.62(–0.85, –0.42) Gy*
CTV–skin V95% yaw –3◦ –0.88(–1.58, –0.22) pp –0.45(–1.04, –0.31) pp
PTV–skin Dmax(1 cm3) roll +3◦ +0.68(+0.28, +0.84) Gy* +0.24(+0.02, +0.39) Gy*
PTV–skin Dmin(1 cm3) roll +3◦ –4.19(–5.97, –3.45) Gy* –7.56(–8.53, –6.36) Gy*
PTV–skin V95% pitch –3◦ –3.34(–3.76, –3.05) pp* –2.42(–3.11, –1.66) pp*

In Table 5, the effects of rotations on the dose-volume parameters of the OARs of
patients who had undergone mastectomy are compared to those of patients who had
undergone conservative surgery. In the DVH parameters of the LAD, contralateral
lung, spinal cord, ipsilateral brachial plexus and thyroid, there were no significant
differences after any simulated rotational set-up error. In addition, the statistically
significant differences, which occurred after certain rotations in the DVH parameters
of the heart, ipsilateral lung, contralateral breast and ipsilateral humeral head, were
so small and rare that they are considered as clinically insignificant.

Patients who had undergone mastectomy experienced higher increase in all
analysed parameters after certain rotations except the mean dose and V2Gy of the
right breast and Dmax(1 cm3) of the left brachial plexus than patients who had
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undergone conservative surgery. However, the difference between the median changes
was statistically significant only in few cases.

Table 5. Comparison of the dosimetric effects of rotations on the critical organ
DVH parameter values of patients that had undergone mastectomy (N = 10) and
patients that had undergone conservative surgery (N = 10). Only the case with
the largest difference in the effect of rotation between the two patient groups is
reported for each parameter, and only rotations with degrading effects on the
parameter value are considered. Values are expressed as median (25th percentile,
75th percentile) and value pairs with significant difference (p < 0.05) among
them are marked by asterisks.

Parameter Rotation Mastectomy Cons. surgery
Heart mean dose pitch +3◦ +0.30(+0.19, +0.38) Gy +0.20(+0.14, +0.44) Gy
Heart Dmax(1 cm3) pitch +3◦ +8.49(+3.64, +9.33) Gy +5.35(+3.26, +6.72) Gy
LAD mean dose pitch +3◦ +2.12(+1.34, +2.79) Gy +0.98(+0.46, +2.71) Gy
LAD Dmax(1 cm3) pitch +3◦ +2.80(+1.63, +5.69) Gy +1.62(+1.18, +6.42) Gy
Left lung mean dose yaw +3◦ +0.20(+0.16, +0.27) Gy* +0.12(–0.03, +0.16) Gy*
Right lung mean dose yaw −2◦ +0.12(+0.09, +0.13) Gy +0.10(+0.07, +0.12) Gy

roll −1◦ +0.08(+0.04, +0.09) Gy +0.06(+0.04, +0.09) Gy
Left lung V5Gy yaw +3◦ +1.38(+1.09, +1.63) pp +0.71(+0.45, +1.67) pp
Left lung V20Gy yaw +3◦ +0.36(+0.22, +0.58) pp* +0.05(–0.28, +0.32) pp*
Right breast mean dose roll −3◦ +0.87(+0.72, +1.08) Gy +0.98(+0.78, +1.17) Gy
Right breast V2Gy roll −3◦ +5.11(+3.68, +6.53) pp +6.30(+5.04, +9.19) pp
Spinal cord Dmax(1 cm3) yaw −3◦ +1.35(+0.83, +1.49) Gy +0.66(+0.55, +1.00) Gy
Brachial plexus Dmax(1 cm3) roll +3◦ +0.02(–0.21, +0.26) Gy +0.40(–0.10, +0.65) Gy
Thyroid mean dose pitch +3◦ +0.82(+0.10, +1.40) Gy +0.36(–0.85, +1.46) Gy
Humeral head V15Gy yaw −3◦ +4.18(+2.13, +5.59) pp* +1.10(+0.38, +2.45) pp*

7.4 The effect of including the internal mammary lymph
node chain in the PTV on the patient’s sensitivity to
rotations

Mann-Whitney test found significant differences (p < 0.05) between the effect of
rotations on patients whose PTV included the IMLN and patients whose PTV did
not include them in all analysed target DVH parameters except PTV Dmin(1 cm3)
and V95%. The largest differences in the median changes are shown in Table 6. After
certain rotations, patients whose PTV included the IMLN experienced larger increase
in the dose maxima than patients whose PTV did not include the IMLN. On the
other hand, patients whose IMLN was not included in the PTV were more sensitive
to decrease in the Dmin(1 cm3) and V95% of the CTV.
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Table 6. Comparison of the dosimetric effects of rotations on the PTV and
CTV dose-volume parameter values of patients whose PTV included the internal
mammary lymph nodes (N = 12) and patients whose did not include them (N =
8). Only the case with the largest difference in the effect of rotation between
the two patient groups is reported for each parameter. Values are expressed
as median (25th percentile, 75th percentile) and value pairs with significant
difference (p <0.05) among them are marked by asterisks. Percentage point is
denoted by pp.

Parameter Rotation IMLN included IMLN not included
CTV-skin Dmax(1 cm3) roll +3◦ +0.72(+0.40, +0.82) Gy* +0.14(–0.05, +0.24) Gy*
CTV-skin Dmin(1 cm3) yaw +1◦ –0.13(–0.33, +0.02) Gy* –0.46(–2.94, –0.25) Gy*
CTV-skin V95% roll –3◦ –0.03(–0.51, +0.22) pp –0.66(–1.68, –0.01) pp
PTV-skin Dmax(1 cm3) roll +3◦ +0.68(+0.36, +0.81) Gy* +0.19(–0.02, +0.29) Gy*
PTV-skin Dmin(1 cm3) roll +3◦ –5.30(–6.60, –3.65) Gy –7.17(–8.34, –5.26) Gy
PTV-skin V95% pitch –3◦ –3.24(–3.44, –2.24) pp –2.71(–3.93, –1.84) pp

The effect of whether the internal mammary lymph nodes were included in the
patient’s PTV on the dose distribution of the OARs is demonstrated in Table 7.
According to the Mann-Whitney test, there were no significant differences between
the median changes caused by rotations on the DVH parameter values of LAD, left
lung, spinal cord and left humeral head. Furthermore, the statistically significant
differences, which occurred after certain rotations in the dose-volume parameters of
the heart, right lung, right breast, left brachial plexus and thyroid, were so small
that they are considered as clinically insignificant.

Patients with PTV which included the IMLN were more sensitive to degradation
in the DVH parameters of the heart and lungs than patients whose PTV did not
include the IMLN. The reason for this is the hooked shape of the target near the
heart and left lung if the PTV is delineated to include the IMLN (Figure 23). On the
other hand, patients without IMLN in their PTVs experienced larger degradation in
the dose distribution of the spinal cord and the left humeral head. In the thyroid
and left brachial plexus, it depended on the direction and axis of rotation, whether
patients whose PTV included the IMLN or patients whose PTV did not include
the IMLN were more sensitive to degradation in the dose distribution. Overall, the
differences were statistically significant only in few cases.
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Table 7. Comparison of the dosimetric effect of rotations on the critical organ
DVH parameter values of patients whose PTV included internal mammary lymph
nodes (N = 12) and patients whose did not (N = 8). Only the case with the largest
difference in the effect of rotations between the two patient groups is reported for
each parameter. Only rotations with degrading effects on the parameter value in
at least one of the groups are considered. Values are expressed as median (25th
percentile, 75th percentile) and value pairs with significant difference (p < 0.05)
among them are marked by asterisks.

Parameter Rotation IMLN included IMLN not included
Heart mean dose pitch +3◦ +0.34(+0.20, +0.44) Gy +0.18(+0.10, +0.27) Gy
Heart Dmax(1 cm3) pitch +3◦ +7.30(+3.95, +9.17) Gy +5.35(+2.70, +7.96) Gy
LAD mean dose pitch +3◦ +2.00(+0.78, +2.66) Gy +1.30(+0.43, +2.79) Gy
LAD Dmax(1 cm3) pitch +3◦ +2.19(+1.34, +4.13) Gy +4.22(+0.94, +7.35) Gy
Left lung mean dose yaw +3◦ +0.19(+0.16, +0.27) Gy +0.12(+0.01, +0.23) Gy
Right lung mean dose yaw −3◦ +0.20(+0.16, +0.23) Gy* +0.12(+0.07, +0.19) Gy*

roll −3◦ +0.28(+0.24, +0.35) Gy* +0.20(+0.11, +0.24) Gy*
Left lung V5Gy yaw +3◦ +1.38(+1.01, +1.60) pp +0.71(+0.29, +1.68) pp
Left lung V20Gy yaw +3◦ +0.33(+0.20, +0.60) pp +0.05(–0.16, +0.49) pp
Right breast mean dose roll −3◦ +0.98(+0.82, +1.11) Gy +0.84(+0.60, +1.05) Gy
Right breast V2Gy roll −3◦ +4.56(+3.31, +7.21) pp* +6.34(+5.82, +9.72) pp*
Spinal cord Dmax(1 cm3) roll +3◦ +0.16(–0.12, +0.81) Gy +0.57(+0.01, +0.78) Gy
Brachial plexus Dmax(1 cm3) roll +3◦ –0.09(–0.30, +0.18) Gy* +0.50(+0.10, +0.64) Gy*
Thyroid mean dose pitch +3◦ +1.16(+0.28, +1.49) Gy* –0.04(–0.62, +0.42) Gy*
Humeral head V15Gy pitch +3◦ +7.28(+4.69, +13.02) pp +9.12(+6.93, +10.15) pp
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8 Discussion

In this study, rotations of 20 breast cancer patients treated using Volumetric Modu-
lated Arc Therapy were simulated up to ±3◦ in pitch, yaw and roll, and the resulting
changes in the dose-volume parameters were analysed. Based on the results of the
analysis, even rotations by ±1◦ had a clinically significant degrading effect on one of
the dose-volume parameters (Appendix A). The change in a parameter value was
considered clinically significant if the median change was larger than 5 pp, 2 Gy for
a target DVH parameter or 1 Gy for a normal tissue parameter.

Rotations by ±1◦ did not have a clinically significant effect on the dose-volume
parameters of the target volumes, PTV and CTV. Dmin(1 cm3) of PTV was degraded
in a clinically significant way after rotations by ±2◦ or more. The changes in the
CTV coverage were not clinically significant, which indicates that the 3-5 mm margin
that is added to CTV to produce PTV is sufficient to cover patient rotations up to
±3◦. However, since the PTV coverage was reduced significantly after rotations by
±2◦ or more, the margin might not be enough to ensure good CTV coverage if other
origins of positioning uncertainty, such as breast swelling and breast displacement
with respect to the body, were present in addition to the rotational set-up error.

Statistically significant effects of rotations were observed in all critical organs
after certain rotations. The DVH parameters of the lungs and the mean dose received
by the heart experienced the smallest absolute changes. The largest absolute increase
occurred in Dmax(1 cm3) of heart and LAD, mean dose of LAD and thyroid and
V15Gy of left humeral head. Clinically significant degradation occurred after rotations
of ±1◦ or more in Dmax(1 cm3) of the heart and after rotations of ±2◦ or more in the
dose distributions of LAD, left humeral head and thyroid. V2Gy of the right breast
was affected significantly by rotations of ±3◦. Rotations up to ±3◦ did not cause
clinically significant degradation in the dose distribution of the lungs, spinal cord, left
brachial plexus and the mean doses of the heart and the right breast. The rotation
axis, magnitude and direction had a large impact on whether the dose distribution
of a certain organ was degraded, improved or not changed.

Based on the effect of rotations on the dose distribution of the heart and LAD, it
seems that a smaller and more irregular organ, such as the LAD, experiences larger
absolute change in the mean dose after rotations than a larger organ with a simple
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shape, such as the heart, even though they are quite similarly located with respect
to the target volume (Appendix C, Figure 33). The same effect was observed in
[7, 9]. Furthermore, Dmax(1 cm3) is more sensitive to rotations than the mean dose.
The reason to this is that dosimetric changes in a small fraction of the organ volume
lying the closest to the target volume do not have a large impact on the mean dose.
Dmax(1 cm3), in turn, is affected by changes in a small volume by definition.

Rotations by ±2◦ or more around each axis caused clinically significant degrada-
tion in the Dmin(1 cm3) of PTV and several DVH parameters of the OARs (Appendix
A). The rotational set-up error of +1◦ pitch had a significant negative effect on
Dmax(1 cm3) of the heart. Since it may be difficult to keep track of which set-up
errors should be compensated in everyday clinical practice if different magnitudes of
rotation are specified for different axes, it is recommended that rotations by ±1◦ or
more around any axis are corrected.

Contrary to expectations, patients whose PTV included the internal mammary
lymph nodes seemed to be approximately as sensitive to rotations as patients whose
PTV did not include them. Whether the patient had undergone mastectomy or
conservative surgery did not appear to have remarkable overall effect on the impact
of rotations on the dose distribution either. There were small statistically significant
differences between the patient groups in some parameters after certain rotations.
However, the differences were not considered as clinically significant. Overall, no
patient group was found significantly more sensitive to rotations than others.

In [5], it was reported that rotational set-up errors by roll ±2◦ or less did not
cause more than 5 % change in V95% of the target volume in a typical breast cancer
patient treated using tangential fields. This study suggest that VMAT treatment
would not have greater effect on V95% than tangential field treatment, because less
than 25 % of patients treated using VMAT experienced more than 3 % reduction
in V95% after ±2◦ rotations around any axis. As expected, the effect of rotations
on the treatment target was not as large in the treatment of breast cancer as in
the treatment of multiple brain tumours [7, 8], because the target of breast cancer
treatment was larger than the brain metastases.

The limitations of the study include relatively small sample size and simplified
study design. The results could be made more reliable if more patients were included
in the study. More realistic study design would be one that analysed changes in
the dose distribution after realistic rotational set-up errors, which include random
interfraction set-up errors and superpositions of rotations around different axes or
superpositions of rotations and translations. In addition, the effects of breast swelling,
changes in the patient’s arm position and different stages of the breath cycle on the
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dose distribution were out of the scope of the study.
In this study, it was assumed that the rotational set-up error was the same

throughout all fractions. That is, only systematic set-up errors were studied. System-
atic errors that last through all 15 fractions are rare but possible if the patient is tense
during the planning CT scan and relaxes during treatment fractions, for example.
The simulations present the worst case scenario of rotational errors, providing an
upper limit for the effect of rotations up to ±3◦.
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9 Conclusions
In this Master’s thesis project, the effect of patient rotations on the dose distribution
in VMAT treatment of left breast and supraclavicular lymph nodes was studied.
The aim was to study which rotational set-up errors cause significant effects on
the dose distribution of the treatment target and normal tissue, and thus require
compensation by the robotic treatment couch. Additionally, the objective was to
find out whether there was a group of patients whose dose distribution was more
sensitive to rotations. The planning CT scans and radiotherapy treatment plans of
20 patients were included in the study. Rotations by −3◦...+3◦ in pitch, yaw and roll
were simulated, dose distributions produced by the original treatment plans were
calculated and changes in the dose-volume parameters were analysed.

Statistically significant degradation (p < 0.05) was observed in the dose dis-
tribution of the target and all organs-at-risk after rotational set-up errors of ±1◦

or more. Set-up errors of ±2◦ or more affected PTV Dmin(1 cm3) and the dose
distributions of LAD, left humeral head and thyroid in a clinically significant way.
In addition, rotations by ±1◦ or more had a clinically significant effect on Dmax(1
cm3) of the heart. Whether the patient had undergone mastectomy or conservative
surgery did not appear to affect the sensitivity of the dose distribution to rotations.
Significant differences between patients whose PTV included the internal mammary
lymph nodes and patients whose PTV did not include them were not found either.
Based on the results, it is recommended that rotational set-up errors of ±1◦ or
more are compensated using the treatment couch when irradiating the breast and
supraclavicular lymph node area.
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Appendices

A Summary of the effect of rotations on DVH parameters

Table 8. Summary of the effects of pitch on the dose-volume parameters.
Red = clinically significant change
Orange = statistically significant change (p < 0.05)
Green = positive change or no significant change

Parameter \Angle –3◦ –2◦ –1◦ +1◦ +2◦ +3◦

PTV–skin V95%
CTV–skin V95%
PTV–skin min1cc
CTV–skin min1cc
PTV–skin D1cc
CTV–skin D1cc
Heart mean dose
Heart D1cc
LAD mean dose
LAD D1cc
Left lung mean dose
Right lung mean dose
Left lung V5Gy
Left lung V20Gy
Right breast mean dose
Right breast V2Gy
Spinal cord D1cc
Brachial plexus D1cc
Thyroid mean dose
Left humeral head V15Gy
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Table 9. Summary of the effects of yaw on the dose-volume parameters.
Red = clinically significant change
Orange = statistically significant change (p < 0.05)
Green = positive change or no significant change

Parameter \Angle –3◦ –2◦ –1◦ +1◦ +2◦ +3◦

PTV–skin V95%
CTV–skin V95%
PTV–skin min1cc
CTV–skin min1cc
PTV–skin D1cc
CTV–skin D1cc
Heart mean dose
Heart D1cc
LAD mean dose
LAD D1cc
Left lung mean dose
Right lung mean dose
Left lung V5Gy
Left lung V20Gy
Right breast mean dose
Right breast V2Gy
Spinal cord D1cc
Brachial plexus D1cc
Thyroid mean dose
Left humeral head V15Gy
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Table 10. Summary of the effects of roll on the dose-volume parameters.
Red = clinically significant change
Orange = statistically significant change (p < 0.05)
Green = positive change or no significant change

Parameter \Angle –3◦ –2◦ –1◦ +1◦ +2◦ +3◦

PTV–skin V95%
CTV–skin V95%
PTV–skin min1cc
CTV–skin min1cc
PTV–skin D1cc
CTV–skin D1cc
Heart mean dose
Heart D1cc
LAD mean dose
LAD D1cc
Left lung mean dose
Right lung mean dose
Left lung V5Gy
Left lung V20Gy
Right breast mean dose
Right breast V2Gy
Spinal cord D1cc
Brachial plexus D1cc
Thyroid mean dose
Left humeral head V15Gy
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77

B Changes in DVH parameter values after rotations

Table 11. Absolute change in the values of PTV and CTV dose-volume
parameters caused by a certain rotation. Values are expressed as median (25th
percentile, 75the percentile). Percentage point is denoted by pp. Asterisks
indicate statistically significant difference between the parameter value before
and after rotation (p < 0.05).

Parameter and
original value Pitch Yaw Roll
PTV–skin V95% 1◦ –0.67(–1.03, –0.32) pp* –0.31(–0.84, +0.05) pp* –0.50(–1.15, –0.32) pp*
93.50(92.96, 94.43)% –1◦ –0.41(–0.79, –0.16) pp* –0.61(–0.97, –0.38) pp* –0.28(–0.73, –0.07) pp*

2◦ –1.53(–1.81, –0.94) pp* –0.80(–1.23, –0.47) pp* –1.15(–1.74, –0.74) pp*
–2◦ –1.69(–2.12, –1.18) pp* –1.64(–2.07, –1.23) pp* –0.63(–1.29, –0.36) pp*
3◦ –2.58(–2.76, –1.63) pp* –1.40(–1.90, –0.89) pp* –1.86(–2.82, –1.42) pp*
–3◦ –3.12(–3.54, –2.22) pp* –2.63(–3.84, –2.14) pp* –1.19(–2.22, –0.84) pp*

CTV–skin V95% 1◦ –0.45(–0.74, –0.13) pp* –0.32(–0.56, –0.02) pp* –0.36(–0.86, –0.07) pp*
95.54(95.23, 96.90)% –1◦ –0.15(–0.35, +0.04) pp –0.32(–0.56, –0.22) pp* –0.21(–0.48, +0.02) pp*

2◦ –0.51(–0.84, –0.30) pp* –0.38(–0.56, –0.04) pp* –0.56(–1.01, –0.34) pp*
–2◦ –0.21(–0.42, –0.02) pp* –0.44(–0.92, –0.36) pp* –0.16(–0.46, +0.17) pp
3◦ –0.64(–1.08, –0.16) pp* –0.34(–0.88, –0.05) pp* –0.78(–1.32, –0.45) pp*
–3◦ –0.28(–0.80, +0.04) pp* –0.57(–1.51, –0.27) pp* –0.16(–0.79, +0.09) pp

PTV–skin Dmin(1 cm3) 1◦ –0.43(–0.54, –0.12) Gy* –0.82(–1.09, –0.45) Gy* –0.68(–1.71, –0.56) Gy*
34.21(33.97, 34.72) Gy –1◦ –0.77(–1.26, –0.34) Gy* –0.42(–0.63, –0.10) Gy* –0.24(–0.43, +0.07) Gy*

2◦ –1.09(–1.74, –0.50) Gy* –2.40(–3.13, –1.18) Gy* –2.74(–4.33, –1.59) Gy*
–2◦ –2.86(–3.77, –1.61) Gy* –0.95(–1.95, –0.67) Gy* –0.70(–1.28, –0.24) Gy*
3◦ –2.65(–4.20, –1.90) Gy* –6.48(–7.47, –3.87) Gy* –6.02(–7.57, –4.01) Gy*
–3◦ –6.12(–7.06, –4.50) Gy* –2.39(–4.81, –1.80) Gy* –2.09(–3.16, –1.07) Gy*

CTV–skin Dmin(1 cm3) 1◦ –0.28(–0.58, –0.16) Gy* –0.28(–0.46, –0.06) Gy* –0.25(–0.36, +0.03) Gy*
35.06(34.78, 35.57) Gy –1◦ –0.22(–0.36, +0.08) Gy –0.22(–0.28, +0.07) Gy –0.13(–0.30, –0.01) Gy*

2◦ –0.27(–0.44, –0.13) Gy* –0.32(–0.47, –0.16) Gy* –0.41(–0.48, –0.03) Gy*
–2◦ –0.27(–0.36, –0.11) Gy –0.23(–0.31, –0.04) Gy –0.09(–0.13, +0.03) Gy
3◦ –0.23(–0.65, –0.09) Gy* –0.35(–0.51, –0.21) Gy* –0.46(–0.64, –0.11) Gy*
–3◦ –0.23(–0.41, +0.05) Gy –0.11(–0.33, +0.04) Gy –0.05(–0.35, +0.14) Gy

PTV–skin Dmax(1 cm3) 1◦ +0.00(–0.07, +0.05) Gy +0.08(–0.01, +0.13) Gy* +0.09(+0.02, +0.21) Gy*
42.65(42.41, 42.90) Gy –1◦ +0.12(+0.05, +0.20) Gy* +0.03(–0.03, +0.10) Gy +0.01(–0.08, +0.08) Gy

2◦ –0.01(–0.13, +0.04) Gy +0.17(+0.05, +0.21) Gy* +0.21(+0.04, +0.34) Gy*
–2◦ +0.24(+0.09, +0.35) Gy* +0.04(–0.07, +0.17) Gy –0.02(–0.08, +0.09) Gy
3◦ –0.01(–0.15, +0.07) Gy +0.25(+0.12, +0.37) Gy* +0.36(+0.17, +0.71) Gy*
–3◦ +0.37(+0.12, +0.52) Gy* +0.06(–0.09, +0.25) Gy +0.00(–0.11, +0.19) Gy

CTV–skin Dmax(1 cm3) 1◦ –0.01(–0.07, +0.05) Gy +0.08(+0.01, +0.11) Gy* +0.10(+0.02, +0.22) Gy*
42.62(42.39, 42.82) Gy –1◦ +0.12(+0.07, +0.21) Gy* +0.00(–0.04, +0.08) Gy +0.02(–0.06, +0.06) Gy

2◦ –0.03(–0.14, +0.05) Gy +0.18(+0.08, +0.22) Gy* +0.20(+0.02, +0.35) Gy*
–2◦ +0.24(+0.12, +0.38) Gy* +0.00(–0.07, +0.11) Gy +0.02(–0.09, +0.08) Gy
3◦ –0.04(–0.20, +0.09) Gy +0.25(+0.15, +0.38) Gy* +0.34(+0.12, +0.75) Gy*
–3◦ +0.37(+0.16, +0.57) Gy* +0.03(–0.08, +0.21) Gy +0.04(–0.12, +0.12) Gy
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Table 12. Absolute change caused in the values of heart and LAD dose-volume
parameters by a certain rotation. Values are expressed as median (25th quartile,
75th quartile). Percentage point is denoted by pp. Asterisks indicate statistically
significant difference between the parameter value before and after rotation (p <
0.05).

Parameter and
original value Pitch Yaw Roll
Heart mean dose 1◦ +0.04(+0.04, +0.11) Gy* +0.00(–0.03, +0.00) Gy –0.07(–0.11, –0.04) Gy*
2.84(2.29, 3.26) Gy –1◦ –0.08(–0.11, –0.04) Gy* +0.00(–0.04, +0.04) Gy +0.04(+0.02, +0.08) Gy*

2◦ +0.13(+0.09, +0.23) Gy* +0.00(–0.04, +0.01) Gy –0.12(–0.15, –0.08) Gy*
–2◦ –0.12(–0.16, –0.08) Gy* +0.00(–0.04, +0.04) Gy +0.13(+0.06, +0.20) Gy*
3◦ +0.23(+0.16, +0.42) Gy* +0.00(–0.04, +0.04) Gy –0.16(–0.20, –0.11) Gy*
–3◦ –0.18(–0.20, –0.12) Gy* +0.01(–0.03, +0.08) Gy +0.21(+0.12, +0.31) Gy*

Heart Dmax(1 cm3) 1◦ +1.45(+0.84, +2.47) Gy* +0.27(+0.11, +0.66) Gy* –1.14(–1.75, –0.59) Gy*
11.58(8.85, 16.70) Gy –1◦ –1.53(–2.55, –0.84) Gy* –0.24(–0.51, +0.08) Gy* +0.96(+0.50, +1.45) Gy*

2◦ +3.42(+2.06, +5.28) Gy* +0.75(+0.35, +1.38) Gy* –1.87(–2.39, –0.92) Gy*
–2◦ –2.36(–4.46, –1.49) Gy* –0.32(–0.94, +0.18) Gy* +2.05(+1.01, +3.36) Gy*
3◦ +5.94(+3.58, +8.50) Gy* +1.26(+0.64, +2.43) Gy* –2.53(–3.34, –1.24) Gy*
–3◦ –3.27(–5.80, –1.88) Gy* –0.36(–1.34, +0.44) Gy +3.37(+1.76, +5.35) Gy*

LAD mean dose 1◦ +0.38(+0.12, +0.63) Gy* +0.16(+0.08, +0.31) Gy* –0.20(–0.31, –0.09) Gy*
5.35(4.36, 6.69) Gy –1◦ –0.33(–0.45, –0.11) Gy* –0.14(–0.26, –0.08) Gy* +0.17(+0.07, +0.36) Gy*

2◦ +0.98(+0.33, +1.44) Gy* +0.22(+0.05, +0.45) Gy* –0.34(–0.55, –0.14) Gy*
–2◦ –0.60(–0.74, –0.21) Gy* –0.16(–0.31, –0.05) Gy* +0.37(+0.13, +0.75) Gy*
3◦ +1.80(+0.64, +2.66) Gy* +0.38(+0.14, +0.80) Gy* –0.46(–0.71, –0.18) Gy*
–3◦ –0.79(–0.96, –0.29) Gy* –0.20(–0.48, –0.09) Gy* +0.55(+0.21, +1.16) Gy*

LAD Dmax(1 cm3) 1◦ +0.57(+0.16, +1.30) Gy* +0.19(+0.10, +0.58) Gy* –0.31(–0.61, –0.15) Gy*
7.17(6.07, 9.71) Gy –1◦ –0.47(–0.97, –0.24) Gy* –0.30(–0.57, –0.16) Gy* +0.20(+0.09, +0.68) Gy*

2◦ +1.30(+0.57, +3.11) Gy* +0.30(+0.05, +0.97) Gy* –0.47(–1.10, –0.27) Gy*
–2◦ –0.78(–1.74, –0.45) Gy* –0.36(–0.67, –0.12) Gy* +0.49(+0.23, +1.41) Gy*
3◦ +2.53(+1.34, +5.78) Gy* +0.45(+0.19, +1.66) Gy* –0.62(–1.52, –0.36) Gy*
–3◦ –1.03(–2.17, –0.59) Gy* –0.46(–0.97, –0.17) Gy* +0.80(+0.45, +2.26) Gy*



79

Table 13. Absolute change caused in the lung dose-volume parameters by a
certain rotation. Values are expressed as median ± interquartile range. Percent-
age point is denoted by pp. Asterisks indicate statistically significant difference
between the parameter value before and after rotation (p < 0.05).

Parameter and
original value Pitch Yaw Roll
Left lung mean dose 1◦ –0.04(–0.11, +0.00) Gy* +0.08(+0.04, +0.08) Gy* +0.04(+0.04, +0.08) Gy
9.61(8.87, 10.33) Gy –1◦ +0.04(+0.01, +0.09) Gy* –0.04(–0.07, +0.00) Gy* –0.04(–0.08, –0.04) Gy*

2◦ –0.06(–0.16, –0.02) Gy* +0.12(+0.05, +0.16) Gy* +0.12(+0.08, +0.16) Gy*
–2◦ +0.10(+0.05, +0.16) Gy* –0.08(–0.14, +0.00) Gy* –0.08(–0.15, –0.08) Gy*
3◦ –0.10(–0.23, –0.04) Gy* +0.16(+0.12, +0.26) Gy* +0.16(+0.15, +0.24) Gy*
–3◦ +0.16(+0.07, +0.21) Gy* –0.10(–0.20, –0.03) Gy* –0.12(–0.23, –0.08) Gy*

Right lung mean dose 1◦ +0.00(+0.00, +0.00) Gy –0.04(–0.08, –0.04) Gy* –0.08(–0.08, –0.04) Gy*
2.14(1.51, 2.74) Gy –1◦ +0.00(+0.00, +0.00) Gy* +0.04(+0.04, +0.08) Gy* +0.08(+0.04, +0.08) Gy*

2◦ +0.00(+0.00, +0.00) Gy –0.12(–0.15, –0.08) Gy* –0.16(–0.19, –0.12) Gy*
–2◦ +0.00(–0.01, +0.00) Gy* +0.12(+0.08, +0.12) Gy* +0.16(+0.11, +0.19) Gy*
3◦ +0.00(+0.00, +0.01) Gy –0.16(–0.20, –0.12) Gy* –0.24(–0.24, –0.16) Gy*
–3◦ +0.00(–0.02, +0.00) Gy +0.17(+0.12, +0.20) Gy* +0.24(+0.17, +0.31) Gy*

Left lung V5Gy 1◦ –0.25(–0.51, –0.17) pp* +0.42(+0.29, +0.55) pp* +0.61(+0.41, +0.85) pp*
51.66(46.17, 58.29)% –1◦ +0.23(+0.16, +0.50) pp* –0.42(–0.61, –0.29) pp* –0.65(–0.94, –0.42) pp*

2◦ –0.48(–0.89, –0.34) pp* +0.79(+0.49, +1.06) pp* +1.27(+0.85, +1.89) pp*
–2◦ +0.46(+0.33, +0.90) pp* –0.78(–0.99, –0.57) pp* –1.24(–1.76, –0.86) pp*
3◦ –0.69(–1.31, –0.52) pp* +1.20(+0.70, +1.60) pp* +1.92(+1.28, +2.83) pp*
–3◦ +0.70(+0.49, +1.36) pp* –1.16(–1.45, –0.83) pp* –1.79(–2.55, –1.28) pp*

Left lung V20Gy 1◦ –0.08(–0.22, +0.01) pp* +0.12(+0.00, +0.20) pp +0.07(–0.09, +0.14) pp
16.40(14.21, 18.66)% –1◦ +0.10(–0.01, +0.22) pp* –0.01(–0.16, +0.05) pp –0.04(–0.15, +0.05) pp

2◦ –0.16(–0.38, –0.02) pp* +0.15(–0.02, +0.35) pp* +0.14(–0.12, +0.28) pp
–2◦ +0.19(+0.02, +0.37) pp* –0.03(–0.28, +0.12) pp –0.09(–0.26, +0.09) pp
3◦ –0.27(–0.50, –0.07) pp* +0.22(+0.02, +0.55) pp* +0.20(–0.14, +0.45) pp
–3◦ +0.27(+0.06, +0.53) pp* –0.04(–0.41, +0.20) pp –0.14(–0.36, +0.15) pp
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Table 14. Absolute change caused in the values of right breast, spinal cord,
left brachial plexus, thyroid and left humeral head dose-volume parameters by a
certain rotation. Values are expressed as median (25th quartile, 75th quartile).
Percentage point is denoted by pp. Asterisks indicate statistically significant
difference between the parameter value before and after rotation (p < 0.05).

Parameter and
original value Pitch Yaw Roll
Right breast mean dose 1◦ –0.04(–0.07, +0.00) Gy* –0.12(–0.17, –0.08) Gy* –0.26(–0.39, –0.20) Gy*
4.17(3.54, 5.72) Gy –1◦ –0.04(–0.08, –0.01) Gy* +0.07(+0.01, +0.12) Gy* +0.24(+0.20, +0.32) Gy*

2◦ +0.00(–0.04, +0.04) Gy –0.24(–0.30, –0.12) Gy* –0.53(–0.67, –0.37) Gy*
–2◦ –0.08(–0.15, –0.04) Gy* +0.16(+0.12, +0.27) Gy* +0.60(+0.48, +0.67) Gy*
3◦ +0.01(–0.03, +0.08) Gy –0.32(–0.42, –0.20) Gy* –0.71(–0.92, –0.50) Gy*
–3◦ –0.10(–0.13, –0.04) Gy* +0.28(+0.20, +0.40) Gy* +0.94(+0.77, +1.08) Gy*

Right breast V2Gy 1◦ –0.36(–0.87, +0.02) pp* –1.38(–1.70, –0.74) pp* –2.54(–3.16, –1.64) pp*
72.21(49.88, 84.03)% –1◦ –0.37(–0.78, +0.01) pp* +0.64(–0.01, +0.94) pp* +1.58(+1.25, +2.31) pp*

2◦ –0.21(–0.57, –0.02) pp* –2.09(–3.10, –1.42) pp* –4.79(–6.14, –3.27) pp*
–2◦ –0.68(–1.10, +0.03) pp* +1.26(+0.59, +1.79) pp* +3.64(+2.88, +4.62) pp*
3◦ –0.08(–0.53, +0.05) pp –2.85(–4.50, –1.69) pp* –6.92(–8.84, –4.37) pp*
–3◦ –0.56(–1.13, +0.00) pp* +2.27(+1.36, +3.48) pp* +5.83(+4.14, +7.55) pp*

Spinal cord Dmax(1 cm3) 1◦ –0.11(–0.19, –0.02) Gy* –0.36(–0.45, –0.26) Gy* +0.13(–0.03, +0.24) Gy*
15.55(11.89, 17.52) Gy –1◦ +0.04(–0.02, +0.17) Gy* +0.30(+0.22, +0.46) Gy* –0.15(–0.25, –0.03) Gy*

2◦ –0.19(–0.34, –0.03) Gy* –0.75(–0.85, –0.54) Gy* +0.25(–0.05, +0.56) Gy*
–2◦ +0.11(+0.03, +0.35) Gy* +0.61(+0.42, +0.94) Gy* –0.31(–0.48, –0.07) Gy*
3◦ –0.28(–0.51, +0.01) Gy* –1.07(–1.25, –0.80) Gy* +0.32(–0.08, +0.78) Gy*
–3◦ +0.17(+0.04, +0.57) Gy* +0.85(+0.64, +1.41) Gy* –0.40(–0.73, –0.19) Gy*

Brachial plexus Dmax(1 cm3) 1◦ +0.16(+0.09, +0.21) Gy* +0.22(+0.19, +0.25) Gy* +0.01(–0.07, +0.13) Gy
40.81(40.45, 41.04) Gy –1◦ –0.07(–0.13, +0.00) Gy* –0.16(–0.22, –0.14) Gy* +0.05(–0.03, +0.10) Gy

2◦ +0.33(+0.16, +0.45) Gy* +0.45(+0.38, +0.55) Gy* +0.02(–0.07, +0.33) Gy
–2◦ –0.19(–0.29, –0.02) Gy* –0.34(–0.42, –0.22) Gy* +0.09(–0.04, +0.17) Gy
3◦ +0.43(+0.22, +0.67) Gy* +0.65(+0.56, +0.86) Gy* +0.05(–0.12, +0.54) Gy
–3◦ –0.29(–0.43, –0.09) Gy* –0.51(–0.62, –0.35) Gy* +0.14(–0.05, +0.23) Gy*

Thyroid mean dose 1◦ +0.10(–0.03, +0.36) Gy –0.64(–0.99, –0.36) Gy* +0.30(+0.12, +0.55) Gy*
16.27(14.24, 18.45) Gy –1◦ –0.06(–0.35, +0.04) Gy +0.62(+0.37, +0.86) Gy* –0.28(–0.56, –0.12) Gy*

2◦ +0.30(+0.01, +0.89) Gy* –1.32(–1.96, –0.83) Gy* +0.60(+0.21, +1.20) Gy*
–2◦ –0.08(–0.75, +0.22) Gy +1.38(+0.76, +1.78) Gy* –0.54(–1.12, –0.19) Gy*
3◦ +0.50(–0.08, +1.42) Gy* –1.98(–2.67, –1.15) Gy* +1.02(+0.41, +1.83) Gy*
–3◦ –0.18(–1.13, +0.31) Gy +1.96(+1.06, +2.58) Gy* –0.70(–1.65, –0.22) Gy*

Left humeral head V15Gy 1◦ +2.58(+1.37, +3.63) pp* –0.13(–1.17, +0.12) pp –0.36(–0.90, –0.12) pp*
16.14(2.76, 30.15)% –1◦ –2.59(–3.71, –1.07) pp* +0.22(–0.20, +1.29) pp +0.46(+0.16, +1.24) pp*

2◦ +5.31(+2.56, +6.46) pp* –0.78(–2.73, –0.26) pp* –0.65(–1.54, –0.21) pp*
–2◦ –4.31(–5.74, –1.40) pp* +1.53(+0.86, +2.99) pp* +0.94(+0.40, +2.83) pp*
3◦ +8.03(+4.86, +10.36) pp* –0.88(–3.54, –0.29) pp* –0.92(–2.18, –0.28) pp*
–3◦ –6.26(–8.96, –1.69) pp* +2.21(+0.72, +5.09) pp* +1.43(+0.62, +4.93) pp*
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(a) PTV-skin, dose coverage
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(b) CTV-skin, dose coverage
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(c) PTV–skin, dose maxima

41.2 41.4 41.6 41.8 42 42.2 42.4 42.6 42.8

Dose [Gy]

2

4

6

8

10

12

14

16

V
o

lu
m

e
 [

%
]

original

pitch +3°

yaw -3°

roll +3°

(d) CTV–skin, dose maxima

Figure 32. The average curves of the PTV–skin and CTV–skin DVHs of all
patients. The shoulders and tails of the original average DVH and average DVHs
after the rotations around each of the three axes that affected the dose coverage
the most are plotted.
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(a) Heart
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(b) LAD

Figure 33. The average curves of heart and LAD DVHs of all patients. The
original average DVH and average DVHs after the rotations around each of the
three axes that increased the dose to the heart the most are plotted.
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(a) Left lung
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(b) Right lung

Figure 34. The average curves of DVHs of the lungs of all patients. The
original average DVH and average DVHs after the rotations around each of the
three axes that increased the dose to the corresponding lung the most are plotted.



83

0 5 10 15 20 25 30

Dose [Gy]

10

20

30

40

50

60

70

80

90

100

V
o

lu
m

e
 [

%
]

original

pitch -3°

yaw -3°

roll -3°

Figure 35. The average of right breast DVHs of all patients. The original
average DVH and average DVHs after the rotations around each of the three
axes that increased the dose to the right breast the most are plotted.
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Figure 36. The average of spinal cord DVHs of all patients. The original
average DVH and average DVHs after the rotations around each of the three
axes that increased the dose maxima to the spinal cord the most are plotted.
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Figure 37. The average of brachial plexus DVHs of all patients. The original
average DVH and average DVHs after the rotations around each of the three
axes that increased the dose maxima to the brachial plexus the most are plotted.
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Figure 38. The average of thyroid DVHs of all patients. The original average
DVH and average DVHs after the rotations around each of the three axes that
increased the dose to the thyroid the most are plotted.
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Figure 39. The average of left humeral head DVHs of all patients. The
original average DVH and average DVHs after the rotations around each of the
three axes that increased the dose to the humeral head the most are plotted.
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