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Abstract

The introduction of Magnetic Resonance (MR) Imaging in treatment planning
for radiotherapy of prostate cancer give rise to new challenges in defining the
treatment volume, or the target. Imaging with MR have several advantages,
especially better soft-tissue contrast, compared with the standard image modal-
ity, Computed Tomography (CT). The purpose of this project was to determine
how the target definition varies with the choice of image modality and the sys-
tematic differences between them. The purpose was also to determine how the
inter- and intra physician variability influences the delineation, depending on
which image modality that is used.

In the project, five physicians delineated the prostate gland on CT and MR im-
ages for nine patients. The physicians had no information of which image series
that was connected, and were thus delineating independent. After the delin-
eation, the CT and MR image series was set in the same geometrical coordinate
system in the treatment planning system Oncentra. The target delineations
were analysed by comparing the radial distances from the centre of mass in dif-
ferent directions, such as anterior, posterior, etc. The radial distances were later
used to evaluate the variability of the delineations and to determine the inter
and intra physician variability in different directions of the targets. ANOVA
was also preformed to determine if there is a significant difference between the
parameters, as the image modality and the image modalities influence on the
physicians delineations.

A model was made to investigate how the MR delineations differ from a CT
defined volume that 95% of the delineations cover, called the ideal CT delin-
eation. From this, the median deviation in different directions was analysed
and it was found that the median value of the MR delineations in different di-
rections was between -0.10-2.27 mm larger than the ideal CT delineation. The
fluctuations between the delineations was, however, large. The target volume
was larger for CT defined volumes in 87% of the cases, compared with MR
targets. The inter physician variability was found to be between 0.54-2.17 mm
for the CT based delineations and 0.68-2.08 mm for the MR based target de-
lineations. The intra physician variability was larger than the inter physician
variability, between 0.74-2.51 mm for CT based delineations and 0.85-1.45 mm
for MR based delineations. The median variability of the delineations were not
uniform around the target volume but were larger for example in the superior
and inferior directions and had its minimum in the posterior direction. The
ANOVA tests showed a significant difference between MR and CT based target
delineations, it also shows a relation between the delineating physician and the
image modality, meaning that the physicians are delineating different on CT
and MR images.

Target volumes defined on MR images are in general smaller than the CT defined
targets. The soft tissue contrast in MR images makes the delineating process
easier, however, the analysis of the variability in this project indicates that the
variations of MR based target delineations are larger than the CT based. The
large variation of the delineations implies that clinical tests should be made
to ensure a proper dose coverage before MR could be used as the only image
modality in radiotherapy treatment planning of prostate cancer.
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Sammanfattning

Introducerandet av bildtagning med Magnetresonsans (MR) i planeringen inför
str̊albehandling av prostatacancer ger upphov till nya utmaningar i att definiera
behandlingsvolymen, eller det s̊a kallade target. Bildtagning med MR har flera
fördelar, framför allt med en bättre mjukdelskontrast jämfört med datortomo-
grafi (CT) som är standard i planeringsflödet. Syftet med detta projekt var
att bestämma hur den definierade behandlingsvolymen varierar med valet av
bildtagningsmodalitet samt att undersöka systematiska skillnader mellan dem.
Syftet var ocks̊a att avgöra hur inter- och intra läkarvariationen för de definier-
ade targetvolymerna p̊averkas av valet av bildtagningsmodalitet.

Under projektet har fem läkare ritat ut prostatakörteln p̊a CT och MR-bilder
för nio patienter. Läkarna hade ingen information om vilka bildserier som hör
ihop och ritningarna är därmed oberoende av varandra. Efter utritningarna
var gjorda sattes CT och MR bilderna i samma geometriska koordinatsys-
tem i dosplaneringssystemet Oncentra. Targetritningarna analyserades genom
jämförelser av de radiella avst̊anden fr̊an masscentrum i olika riktningar, s̊asom
anterior, posterior, etc. De radiella avst̊anden användes senare för att utvärdera
variabiliteten hos targetritningarna och för att bestämma inter- och intra läkar-
variabiliteten i olika riktningar. Variansanalys gjordes ocks̊a med ANOVA-test
för att avgöra om det finns en signifikant skillnad mellan parametrar s̊asom
bildtagningsmodalitet och bildtagningsmodalitetens p̊averkan p̊a läkarnas utrit-
ningar.

För att undersöka hur de MR-baserade targetritningarna skiljer sig fr̊an den op-
timerade behandlingsvolymen skapades en modell där den ideala CT-definierade
volymen introducerades, definierad som en volym där 95 % av targetritningarna
täcks in. Fr̊an detta analyserades median variationen i olika riktningar och det
konstaterades att medianvärdet av de MR-definierade targetritningarna var mel-
lan -0.10-2.27 mm större än den ideala CT-utritningen. Variationerna mellan
targetritningarna var dock stor. Targetvolymen var större för CT- än för MR-
definierade targets i 87 % av fallen. Inter-läkarvariabiliteten var mellan 0.54
till 2.17 mm för CT baserade utritningar och 0.68-2.08 mm för MR baserade
targetritningar. Intra-läkarvariabiliteten var större än inter-läkarvariabiliteten
och var 0.74-2.51 mm för CT baserade utritningar och 0.85-1.45 mm för MR
baserade utritningar. Median variabiliteten var inte likformig kring hela tar-
getvolymen, utan var exempelvis som störst superiort och inferiort och som
minst posteriort. Variansanalysen visade en signifikant skillnad mellan MR och
CT baserade targetritningar, samt p̊a ett samband mellan utritande läkare och
bildtagningsmodalitet, vilket innebär att läkare ritar ut target olika p̊a CT och
MR-bilder.

MR gav generellt sett upphov till större variationer mellan olika targetritningar
än CT-baserad targetritning. Mjukdelskontrasten i MR-bilder gör targetritnin-
gen lättare, men med tanke p̊a de stora variationerna i utritningarna bör kliniska
tester göras innan MR kan användas som den enda bildtagningsmodaliteten för
planeringsflödet för str̊albehandling av prostatacancer.
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1 INTRODUCTION

1 Introduction

1.1 Cancer

Cancer is one of our time’s most common group of diseases, almost one third
of the public are diagnosed during their lifetime. Statistics shows that it is
generally equally common for men and women but that the types of cancer and
how it appear differs among the genders, ages and countries. In Sweden the most
common types are prostate cancer for men, with 30.6% of the incidences (new
diagnoses) for men, and breast cancer for women, with 30.4% of the incidences
for women [1].

All types of cancer have one thing in common, they all have an uncontrolled
cell growth. The origin is basically a failure in the nucleus of the cell from a
previous cell division. The malfunctioning cell nucleus, specifically in the DNA,
remains unrepairable and continues to propagate through cell division and will
consequently result in a tumour. There are two types of tumours, benign and
malignant, where only the malignant tumours are able to divide into daughter
tumours, metastases. Hence, only the malignant are defined as cancer.

Cancer is a group of diseases most common for the older part of the population.
The mortality rate in Sweden for all types of cancer is generally decreasing,
however for some diagnoses it is practically constant for the last decades [2].
For example, the mortality rate for prostate cancer been slowly decreasing for
the last ten years, even though the number of cancer incidences are increasing
(considering the last 20 years, since the last 10 years are to fluctuating to be able
to draw a conclusion) [1]. The mortality rate could be explained by introducing
opportunistic screenings 1 (PSA tests) and better optimized treatments.

The most common cancer treatments are surgery, chemotherapy and radiother-
apy. Since cancer is so common, the tools for diagnosis and treatments are
continuously improving. This thesis will focus on the improvements of treat-
ments on prostate cancer by external beam therapy, a type of radiotherapy.

1.2 Radiotherapy

Radiotherapy is one of the most common modalities for cancer treatments in
Sweden and it is a field were many improvements and optimizations are made.
The method is to use radiation to eliminate tumour cells while minimizing the
damage to healthy tissue. To manage this, the treatment is often divided into
fractions, where the total dose given to the patient is divided into many, often
daily, treatments with lower dose. By using fractionated doses, the healthy
tissue get time to recover between the fractions while the cancer cells will die.
The cancer cells do not have the same type of repair mechanisms as normal cells
and are therefore more sensitive to the treatment. Radiotherapy can be divided
into two main groups, internal therapy and external beam therapy. Internal
therapy is those types of radiotherapy where the radioactive source is placed
inside or next to the tumour. Examples of these treatments are brachytherapy
and isotope therapy.

1Opportunistic screening are tests offered to the patient on the initiative either by the
patient or by the responsible physician.
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1 INTRODUCTION

External beam therapy uses a linear accelerator (Linac) to accelerate elec-
trons onto a target where the electrons are converted to photons through the
bremsstrahlung process. The photons are then shielded with block collimators
and finally shaped with Multi Leaf Collimators (MLC). The MLCs are thin
tungsten leafs that forms the beam into a predefined shape in order to save
as much healthy tissue as possible. The volume (target) that is included in
the treatment is defined on Computed Tomography (CT) or Magnetic Reso-
nance (MR) images and from this, a simulation of the treatment is created.
Traditionally, the treatment is planned with so called forward planning, where
the treatment properties are defined directly in the Treatment Planning Sys-
tem (TPS). Different parameters are then adjusted manually to optimize the
treatment plan, for example the number of beams, the gantry- and collima-
tor angles and the field size and shape. A more modern approach is to use
inverse dose planning with techniques like Intensity Modulated Radiation Ther-
apy (IMRT) and Volumetric Modulated Arc Therapy (VMAT). In inverse dose
planning, the dose to the target is first set, and the treatment parameters are
then calculated and optimized by using constraints on targets and organs at
risk etc.

Figure 1: A multi-leaf collimator (MLC) from a Varian linear accelerator that is
used to shape the radiation beam. The MLC consists of thin tungsten leaves. (Image
courtesy of Varian Medical Systems, Inc. All rights reserved.)

The first method, IMRT, uses fields at multiple gantry angles where the fields are
built up by several sub-fields with various intensity. For a normal treatment of
prostate cancer, a total up to 70 sub-fields could be used. The VMAT method in
the other hand, uses a continuously radiating beam along with a rotating gantry.
The MLC positions are changing along with the gantry movement. Both IMRT
and VMAT are commonly used for radiotherapy treatments of prostate cancer,
since they make it possible to create conformal plans with well defined dose
coverage of the target volume without increasing the dose to healthy tissue [3].
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1 INTRODUCTION

A well defined dose coverage makes it possible to reduce the dose to organs
at risk, but is on the other hand introducing new challenges in defining the
target volume. The challenges are mainly to define a target volume that is large
enough to cover the whole tumour with a safety margin, but not include too
much healthy tissue. This demands more of imaging systems that is used during
the planning process.

1.3 Aim of the project

The aim of this project was to investigate how the target volume varies between
CT and MR based delineations for radiotherapy treatments of prostate cancer.
The purpose was to analyse CT and MR data from nine patients where five
physicians have defined the target volume in both sets of data. From this
data, the variation between the target volumes was analysed and their position,
shape and size relative to each other was determined. Their relative position
and volume should be analysed to determine if the variation could be described
as systematic differences. In addition, the difference between the inter and intra
observer variation in CT and MR based target delineations was investigated.
Matlab was used as a tool to investigate the target volumes relative size and
position. Before the start of the project, image data from CT and MR for nine
patients was prepared with target delineations done by five physicians.

In general, the purpose of this project was to investigate the behaviour of the tar-
get delineation on data from the two image modalities. If a consistent behaviour
of the delineation can be found this could lead to a change in the routines of the
prostate target delineation, for example to be able to decrease the margins of
the target volume or even open up to plan the treatment on MR images alone.
By this it is possible to reduce the side effects of the treatment.

3



2 TARGET DEFINITION AND TREATMENT PLANNING

2 Target definition and treatment planning

The preparations for radiotherapy treatment are comprehensive and time con-
suming. The first step is imaging, where the standard is to use CT as a base
and MR and/or Positron Emission Tomography (PET) as an extra source of
information. For treatments of prostate cancer it is common to use both CT
and MR in the treatment planning.

2.1 Imaging

Different image modalities are preferred in different situations, CT is the stan-
dard modality in the treatment planning process of radiotherapy. CT gives a
clear anatomical view of the patient and also contains electron density equiva-
lent information, that is used to simulate the absorbed dose to the tissues and
is thus an important key process in the treatment planning. When the tumours
are located in- or next to soft tissues, CT is inadequate and thus other image
modalities are preferred, such as MR. However, imaging with MR does not give
information of electron density information and could thus not be used directly
to simulate radiotherapy treatments. In addition, MR is inadequate when imag-
ing bone structures. The problem with bone imaging in MR and the lack of
electron density equivalent information is clearly a disadvantage for using MR
on its own in the treatment planning of radiotherapy [4].

However, several research groups are using techniques to estimate the electron
density information to plan on MR images alone. This is done in several ways,
for example Lee et al [5] are using CT images to define the Hounsfield units
(HU) for different types of tissues and transferring the corresponding electron
density values to the MR sequences. In similar manners was Jonsson et al [6]
assigning electron density values to different structures in the MR images.

The treatment planning images are acquired with the patients in specific pre-
determined positions in order to increase the setup accuracy at treatments. The
patient is often placed in immobilization devices designed for this purpose, and
the setup is documented using medical records, markings and tattoos on the
patients as well as with photographs.

2.2 Registration

When more than one image modality is used during the treatment planning, the
image series are merged into the same geometrical coordinate system in a process
called image registration. This can be done in various ways, the most common
one is to use automatic matching tools that uses intensity metrics to match
the image series together. This method works when the interesting structure is
fixed in relation to bony structures, for example in the brain. It is however not
always the best method for the pelvis region, for example prostate cancer where
the prostate gland can move in relation to the bone structures. The position of
the prostate gland in relation to bony structures depend on several factors; how
full the bladder is, the amount of gas in rectum etc. Therefore, another method
for prostate cancer treatments is commonly used, where internal gold markers
are inserted in the prostate. These markers are well visible on both CT and MR
images and is one of the most accurate registration methods [7].

4



2 TARGET DEFINITION AND TREATMENT PLANNING

The registration process introduce uncertainties in the treatment planning since
there always exists small geometric variations between the image modalities.
These variations originates from the patient set-up, due to organ- or patient
movements. These uncertainties in the registration results in systematic errors,
propagating through the whole treatment. It is thus of great importance that
the registration is optimized.

2.3 Target delineation

The target delineation takes place when the images are imported into the TPS
and a registration process (see above) have been done. The main task for the
physicians is to delineate the volume that should be covered in the treatment,
the target volume, and to delineate the organs at risk that should be avoided
in the treatment. An example of a target delineation is presented in figure 2
below.

Figure 2: CT (left) and MR (right) based target delineations for a treatment of
prostate cancer. The targets are defined on image series from a single patient and
delineated by the same physician. In the CT image is one of the gold markers, used
for the image registration, visible as a bright spot. The image to the left and the image
to the right shows however not exactly the same slice.

In clinical treatment plans of prostate cancer, the rectum and bladder are defined
as organs at risk. Since the images in the figures above is a part of the project
and not from an actual treatment plan are these organs not delineated. For
treatment plans of prostate cancer there are three parts of the prostate gland
that are challenging to delineate. These are the posterior separation of the
prostate gland and the rectum, the prostate apex (the inferior parts of the
prostate) and the prostate base (the superior parts towards the bladder). The
rectum is sensitive to radiation and is a known source of side effects of the
treatment.

The target volume have more than one definition, most commonly used is the
ICRU no. 50 definition [8] that for the case of external beam therapy divides
the definitions into three main volumes. The most common way is to first define
the Gross Tumour Volume (GTV), the tumour volume that is visible in at the
images, it could also include some lymph nodes where malignant cells have been
detected. The Clinical Target Volume (CTV) in the other hand is the volume
where an extra margin have been added to include tissue that probably contain
malignant cells, but that are not visible on the images. This extra margin takes
the type of tumour, size, location and cell tests into account when defined. The
CTV is used to ensure that the whole tumour is covered within the volume. In

5



3 UNCERTAINTIES IN RADIOTHERAPY

the treatment planning for radiotherapy, one more target definition is used, the
Planning Target Volume (PTV) that adds and extra margin to the CTV. This
extra margin covers the geometrical variations due to the shape and movement
of the CTV, the beam geometry, patient set-up etc. The PTV ensures that the
whole CTV will be covered during the whole treatment.

GTV

CTV

PTV

Figure 3: The definitions of the target volume from ICRU no 50.

Hereafter, the target volume will be referred as the CTV. When CT and MR
are used together in the planning process, it is common to make the target
delineation on the MR images due to the good soft tissue contrast. The target
delineation is afterwards transferred on to the CT images and then controlled
to ensure that the tumour is covered in the CT images as well.

3 Uncertainties in radiotherapy

The integration of MR into the radiotherapy work flow introduces both im-
provements for the delineation process along with uncertainties in the image
registration. This section will focus on the uncertainties in the radiotherapy
work flow and multiple image modalities in the planning process.

3.1 Uncertainties in the target definition

Multiple studies have shown that there is a difference of the target volume
depending on if it is delineated on CT or MR data. In general, the volumes
defined in MR images are considerably smaller than those defined in CT images
(see [9], [10], [11] and [12]).

The target volume delineated on CT images compared with the real prostate
volume is shown to be considerably larger according to Gao et al [13]. In
the study, images from the Visible Human Project (VHP) was compared with
prostate target delineations done on CT images. The authors found that the
delineated target volume on average was 30% larger than the real tumour volume
and that the target coverage was not uniformly larger. It was also found that
the physicians tend to include more tissue than necessary in the anterior parts
and at the same time tend to underestimate the target in the posterior parts
of the prostate. In average, only 84% of the gold standard target volume (the
optimal target) was included in the delineations, suggesting that the target is
underestimated in some parts and overestimated in other.

6



3 UNCERTAINTIES IN RADIOTHERAPY

3.2 Random and systematic errors

There are two types of errors that can be introduced in the planning process of
a radiotherapy treatment, random errors and systematic errors. Random errors
occurs for example at one treatment but does not affect the rest of the treat-
ments. The systematic errors, however, are those that occur during the planning
that effects the whole treatment. Examples of those errors are geometric errors
from the image registration and errors in the target delineation. Because of the
nature of these errors they are classified as the most serious types of errors ac-
cording to Njeh [14]. Njeh also explains the advantage of using a second image
modality, most commonly to use CT together with MR to increase the precision
of the target delineation due to the increase of soft tissue contrast in the MR
images. Using more than one image modality introduces uncertainties from the
geometrical variations that occurs in the registration process.

Several research groups, for example Rasch et al [15], Debois et al [12] and
Milosevic et al [16], states that the target volumes for treatments of prostate
cancer are often larger than necessary when the target delineation is done on
the CT images alone. This is especially seen around the prostate base and apex
(the upper and lower part of the prostate respectively). What the research
groups have seen is a larger difference of the mentioned areas between target
delineation done on CT images compared with delineations made on MR images.
The variations between the targets defined on CT and MR are not completely
homogeneous [12], which means that one cannot assume that a target delineation
made on a MR image series is directly transferable to a CT image set. This
also means that it is not possible to add an isotropic margin on the MR defined
target volume to ensure that the whole tumour will be treated.

The differences that occur in the target delineation are not only due to the
choice of image modality, but also on the human subjectivity of the physicians
that are defining the target volume. The variation of different physicians tar-
get delineation on the same data is called the interobserver variability and is
according to Milosevic et al [16] and Parker et al [17] smaller on MR defined
targets than on CT defined targets. Milosevic et al also states that there is
a risk that patients gets an insufficient treatment if MR is not used in target
delineation of prostate cancer. The research group found that the position of
the prostate apex often is more visible in the MR images, therefore there is a
risk that it is not covered in the CT defined target volumes.

7



4 STATISTICAL ANALYSIS

4 Statistical analysis

4.1 Analysis of variance

Hypothesis tests are used to get information of the tested sample, such as the
type of distribution or if the mean value of a sample exceeds a specific value
to name a few. One of the most common types of hypothesis tests are student
t-tests, that are used to test if the sample mean differs significantly from zero.
A paired t-test is used to test if two sample means are significantly different
from each other. These types of tests are important statistical tools to decide
if certain effects are statistically significant or not.

The t-test is a good tool for investigating the difference of two samples, when
there only exists one interesting parameter. For example, a t-test would be
sufficient to determine the difference between delineations on CT images done
by two different physicians on the same patient data. When the problem is more
complicated than this, and depends on more than one variable, other types of
statistical tests would be more sufficient. This could be that one want to deduce
if the choice of image modality is related to the difference between two physicians
delineations on the same patient data. For this example, another type of test,
Analysis of Variance (ANOVA), could be used. ANOVA tests if the difference
between two or more groups is significant. With tests like ANOVA, it is also
possible to investigate how groups within the test depends on each other, i.e if
there is a correlation between different depending variables in the test.

4.2 Error correction

There is however a drawback by doing several statistical tests, since the prob-
ability of type 1 and type 2 errors increases with the number of tests. Type 1
errors are the false positive results, for example that the test shows a signifi-
cance due to the test itself, not due to the sample data. Conversely, type 2 errors
represent the false negative results, i.e that a test shows a lack of significance.

The probability of getting a type 1 error, or in other words, that the result
incorrectly shows a significance is given by equation 1 below.

P [significant result(s)] = 1 − P [no significant results] = 1 − (1 − α)N (1)

Here, N is the number of tests, P the probability and α the significance level.
The risk of type 1 errors is quickly escalating with the number of tests, and
because of this, sometimes error correction methods are used when multiple
tests are made. One of the available corrections is the Bonferroni correction,
when the level of significance α is adjusted for the number of preformed tests.

α =
∑
i

αi

N
(2)

In equation 2, the number of tests is denoted as N , the total significance level
as α and for each test as αi. With the Bonferroni correction, the significance
level for each test is adjusted, while the total level is kept the same.

8



4 STATISTICAL ANALYSIS

4.3 Inter and intra observer variation

The inter and intra observer variability are measurements on how an observed
parameter varies in repeated observations. This gives a view on how stable a
measurement is, and which types of errors that are most frequent. The intra ob-
server variability shows how one single observer varies in repeated measurements
on the same data. The inter observer variability gives an idea how different ob-
servers gives slightly deviating results on the same data. For the case of target
delineation, like in this project, the observers are the delineating physicians,
and the measurements will thus be the target delineations. In other words, the
intra physician variability is a measure of how much a delineation of a single
physician will vary in between repeated delineations. In the same way, the inter
physician variability is defined as the variation between different delineations
done by several physicians on one patient case.

The model for estimating the intra and inter physician variability originates in
a one-way random effect ANOVA [18] and is used in Nyholm et al in [19] and
similarly in Remeijer et al [20]. The method is describing both variabilities
even though the physicians only delineate once on each of the image series.
In the analysis, the delineating physician is denoted as q, and the patient as
p. The total number of physicians and patients are denoted as NQ and NP

respectively. The radial distance from the centre of mass to the contour of the
target delineation for each patient and physician is denoted by xp,q.

x̄p,∗ =
1

NQ

NQ∑
q=1

xp,q (3)

To avoid anatomical differences between the patients, the mean value of the
radial distance is calculated for each patient (equation 3) and is then used to
create an anatomically corrected variable yp,q in equation 4.

yp,q = xp,q − x̄p,∗ (4)

The radial distance could theoretically be divided into two factors, one that only
depends on the delineating physician, wq and one part that depends on both
the patient and the delineating physician, zp,q.

yp,q = wq + zp,q (5)

The factor wq, that is only depending on the delineation physician, and the es-
timated standard deviation of it, sw, could thus be described as the interphysi-
cian variation, or the variation between different delineation done by several
physicians on the same image data. The intraphysician variation, that is the
variations of repeated delineations done by one physician, is then described by
the estimated standard deviation sz. These properties could be derived through
equation 6 and 7, where the variances (sz)2 and (sw)2 are derived.

(sz)2 =
1

(NQ − 1)(NP − 1)

NP∑
p=1

NQ∑
q=1

(yp,q − ȳ∗,q)2 (6)

In equation 6 above, the factor ȳ∗,q is describing the average radial distance
from the centre of mass for the delineation for a specific physician q. The ra-
dial distance yp,q is corrected from anatomical differences between the patients,
evaluated in equation 4. The total number of patients are denoted as NP and
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NQ is the number of physicians.

(sz)2 +NP (sw)2 =
NP

NQ − 1

NQ∑
q=1

(ȳ∗,q)2 (7)

By solving for the variance (sw)2, equation 7 leads to equation 8 below.

(sw)2 =

 1

NQ − 1

NQ∑
q=1

(ȳ∗,q)2

− (sz)2

NP
(8)

5 Method

5.1 Imaging, image registration and target delineation

The data for the project consisted initially of nine patients, with both CT and
MR image data. The data was unidentified and divided into 18 cases, where
each of the five physicians delineated the prostate gland. Since the physicians
did not have the information of which patient that was connected to which image
series, the target delineations were made completely independently. Normally,
CT is used as the main image modality, as previously mentioned, and the MR
images are used to get a better view of the soft tissue, in our case the prostate
gland. Usually, the target delineations are done on the MR images and then
transferred to the CT series, but in the case of this project, the delineations are
done on both image series and compared.

Figure 4: The structure of the data

The image series for each patient are connected to each other through image reg-
istration. As mentioned before, the image registration is connecting the image
series to the same geometrical coordinate system and could be done in various
ways. In this project, the registration was done in the TPS that is used at the
radiotherapy department in Ume̊a, Oncentra, using the gold markers as regis-
tration points. Each patient have three gold markers inserted in the prostate
gland that are visible on both of the image series and is thus used to make a
sufficient image registration. Different MR sequences was used for various pur-
poses in the project, a T1-weighted sequence was used for the registration and
a T2-weighted TSE sequence was used for the target delineation. Other types
of sequences are often used in the target delineation process as well.

10



5 METHOD

Figure 5: CT based target delineation in Oncentra Masterplan.

The registration files, as well as the image series and the target delineations,
are stored in the Digital Imaging and Communications in Medicine (DICOM)
format and contain information about the voxel size, slice orientation, patient
data and other important information. The image registration is stored in
matrices that contains both information of the slice rotation and the image
translation, in so called augmented matrices. An augmented matrix, M , consists
of a three-times-three matrix with the rotation information and a three-times-
one vector carrying informations of the translation of the slices, see equation 9
for an example.

M =


Rx 0 0 Tx
0 Ry 0 Ty
0 0 Rz Tz
0 0 0 1

 (9)

The augmented matrices were used to move the MR series into the geometrical
coordinate system of the CT series. To do this, an existing Matlab function was
used, that was originally built to handle other types of registrations than those
from Oncentra Masterplan.

A visual control of the image registrations was made before it was applied to
the target delineations. The target delineations are not connected to the image
series themselves but just set in the same original coordinate system, therefore
the position of the delineations must be transformed as well. A visual check of
the registration process of the delineations was also made afterwards.
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5.2 Radial distances from the centre of mass

In order to evaluate how the different target delineations varies between different
image modalities and physicians, the radial distances from the centre of mass
was studied. In figure 6 below, the radial distances from the centre of mass
is visualised for both the CT and MR based target delineations. The Centre
of Mass (CM) for each target delineation is calculated from values stored in
the DICOM information of the target, for example the slice position and voxel
size. Since every structure (target delineation) will give a specific CM, the mean
value for each patient is used. It may also deviate some between the CT and
MR delineations, therefore the CM from the CT delineations is used as a basis
for both cases, making comparisons between different delineations possible.
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(a) CT
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(b) MR

Figure 6: An example of the radial distance from the centre of mass for one patient,
(a) is the CT based delineation by one physician and (b) is the MR based delineation
by the same physician.
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The radial distance is calculated by translating the positions in the image from
pixel value to a distance in millimetres and finally in to spherical coordinates.
The result is then a graphical representation where each point represent the
polar angle θ, the azimuthal angle φ and the radial distance from the origin
(CM), see figure 7 below.
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Figure 7: The radial distances from the centre of mass, with different directions
of interest noted in the right image. The pixel values in the right figure shows the
distances from the centre of mass in millimetres. The directions of interest are left(L),
left posterior (LP), posterior (P), right posterior (RP), right (R), right anterior (RA),
anterior (A), left anterior (LA), superior (S) and inferior(I).

In figure 7 above, the radial distance is represented as the colouring of the plot.
The right image can be seen as a world map of the target, where the polar
angle θ can be seen as the colatitude of the target and the azimuthal angle φ
can be seen as the longitude. The circles in the right figure represents different
directions of the target, for example posterior, anterior and inferior that are
analysed.

Even though the radial distances give a visual view of how the target delineations
varies between different cases it is of great importance to be able to evaluate
this variation in more quantitative terms. This was done by calculating average
value of the radial distance over a solid angle of Ω=0.49 Sr in different directions,
as in Nyholm et al [19]. The directions that was analysed was the following;
left, left posterior, posterior, right posterior, right, left anterior, anterior, right
anterior, superior and inferior.

5.3 Statistical analysis

5.3.1 Ideal CT delineation

There exists no ”true” target, that is no volume that defines the CTV and nei-
ther exaggerates or underestimates the target volume. Therefore a new volume,
called the ideal CT delineation was defined. The ideal CT target is defined by
equation 10 to 11.

The average radial distance from the centre of mass for each patients CT delin-
eation is calculated by equation 10.

x̄CT
p,∗ =

1

NQ

∑
q∈Q

xCT
p,q (10)
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The average CT delineation for each patient is then used to calculate the ideal
CT delineation, which simply is the average delineation for each patient sub-
tracting two sigma, as in equation 11.

ICT
p = x̄CT

p,∗ − 2σp (11)

This is considered ”ideal” since it gives a measure of the volume that 95% of the
physicians CT based target delineations covers. Additionally CT based treat-
ment plans have been the standard for many years and with this way of defining
the target have the main part of the prostate cancers been cured. Because of
this reason, the definition in equation 11 is considered as the volume that the
delineation must cover for a safe treatment delivery. The ideal CT delineation is
used to estimate how the MR based target volumes varies in different directions
of interest. The difference between the MR based delineations and the ideal
CT delineation (equation 12) is a measure of the magnitude of the deviation
for each patient and physician and excludes the anatomical variations between
different patients, which are considerable.

x∆
p,q = xMR

p,q − ICT
p (12)

A negative value of the difference in equation 12 would mean that the MR
delineation is underestimated in that region. The probability of underestimating
the MR based target delineation is given in equation 13 below.

P (underestimating the target) =
number of negative cases

total number of cases
(13)

The probability calculation in equation 13 above gives a measure of how frequent
the MR delineations are underestimated in different regions of interest. Other
methods are however used to determine how the delineations varies between
different physicians, patient cases, image modalities and directions of interest,
which is explained in the next section

5.3.2 ANOVA tests

In order to investigate how our factors (patients, physicians, image modalities
and direction of investigation) are depending on each other, a series of ANOVA
tests was made in Matlab. First of all, a 4-way ANOVA test were made to
determine if there is a significant difference between any of our factors, and if
there exists some interaction effects between them. The 4-way ANOVA test was
set up in the following way:

Table 1: 4-way ANOVA

Patient Modality Physician Direction
Patient X1 X1*X2 X1*X3 X1*X4

Modality - X2 X2*X3 X2*X4
Physician - - X3 X3*X4
Direction - - - X4
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The test does not show in which of the cases there exists a significant difference
between different factors, it just says if one of the factors contain a group that
is significant different from one of the other. For example could the ANOVA
test say that the difference between image modality is significant, but does not
say that it is significance in every direction or for every physician. To determine
that must the test be divided into parts. It is, however interesting to see from
the beginning if a factor clearly not is significant so those tests can be excluded.

Therefore, a series of 3-way ANOVA tests were made, one for each direction of
interest to determine if there is a significant dependence between the patient
input, delineating physician and the image modality. The tests were carried out
in the following way:

Table 2: 3-way ANOVA

Patient Modality Physician
Patient X1 X1*X2 X1*X3

Modality - X2 X2*X3
Physician - - X3

Here, the parameters of the test are the patients, image modalities and the
delineating physician. Since it is repeated in all of the directions of interest,
the significance of the factors could be evaluated for each direction separately,
and thus get information of in which directions a significance could be detected
and not just if there is a direction where it is fulfilled. Since multiple test are
performed, the level of significance α must be corrected, in this case using a
Bonferroni correction.
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6 Results

6.1 Ideal CT delineation

The MR based delineations, normalized with the ideal CT delineations, are
presented in figure 9, 10 and 8. The data is presented in ten different directions
of interest, with a box plot for the MR delineations. The red line symbolizes the
median value for all of the MR delineations, and the dashed line shows where
the ideal CT delineation is. The boxes denotes the first and third quartile, that
is where 25% vs 75% of the data points are covered. Values that does not fit
within 1.5 of the interquartile range, that is the difference between the third
and the first quartile, are sorted out from the data and marked as outliers with
crosses in the box plots. The maximum and minimum of the data, without the
outliers, are then marked with the whiskers. The box plots are used since they
show the skewness of the data.

In figure 8, the normalized MR-delineations are showed in all of the directions
of interest. The delineations are visualized with the box plots and compared
with the ideal CT delineations, showed as the dotted line.
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Deviation of the MR based delineations and the ideal CT delineation

Figure 8: The deviation of the MR-delineations from the ideal CT-delineations in
all of the directions of interest. The dashed line visualises the ideal CT delineation
and the box plots the deviations of the MR based delineations from the ideal CT
delineation. The red line in the box plots is the medial MR deviation from the ideal
CT and the box covers the first and the third quartile of the data.

Even though figure 8 gives a view of the magnitude of the deviation for the
MR-based target volumes, a more visually intuitive representation is presented
in figure 9 and 10.

Figure 9 represents the deviation in the coronal plane and shows a relatively
uniform difference from the ideal CT delineation. It is clear that the difference
is larger superior and inferior, which probably has its origin in how the these
areas are defined.
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Superior

Inferior

Figure 9: The deviation between the MR- and the ideal CT target definition in the
coronal plane. The ideal CT delineation is the darker blue area and the lighter blue
is the median MR delineation. The box plots have the same properties as in figure 8
above.

The deviation in the horizontal plane, in figure 10 shows however a certain
skewness, especially in right anterior and left anterior. This lack of homogeneity
was tested by a simple paired t-test of the standard deviations of right anterior
and left anterior, which showed that the difference is not significant and may
therefore be reduced by adding more patient data.

Anterior

Posterior

Right anterior

Left posterior Right posterior

Left anterior

Left Right

Figure 10: The deviation between the MR- and ideal CT target definitions in the
horizontal plane. The ideal CT delineation is the green area and the median MR
delineation is the light red area.
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Table 3: Median, maximum and minimum deviation in millimetres from the ideal
CT delineation. The statistics is calculated in every direction of interest

Position Median Max Min
Left 0.86 5.19 -4.38
Left posterior 0.31 7.88 -6.49
Posterior -0.10 4.73 -3.66
Right posterior 0.67 6.64 -4.70
Right 1.26 3.98 -2.99
Left anterior 1.68 4.23 -3.78
Anterior 1.38 6.94 -7.01
Right anterior 0.24 5.83 -5.68
Superior 2.24 9.16 -2.36
Inferior 2.27 8.75 -3.37

From the figures above it is clear that the MR defined targets vary much be-
tween the delineations. To investigate how this variation is in relation to the
variation of CT based delineations, the same type of analysis was made for the
CT delineations. In figure 11 below is the MR delineations in figure 8 compared
with their respective CT delineation, that is xMR

p,q − ICT
p for MR and xCT

p,q − ICT
p

for CT.
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Figure 11: The deviation of both the MR-delineations (blue) and the CT-delineations
(red) from the ideal CT-delineations (red dashed line) in all of the directions of interest.
The box plots have the same properties as in figure 8 above.

From figure 11 above, a tendency of the CT based delineation to vary less than
the MR based could be observed, suggesting that the CT delineations are more
stable.

As seen in the figures above there are large variations between different target
delineations. Therefore, it is of interest to determine how much the delineations
varies and how often the MR targets are smaller than the ideal CT target. The
first question is already determined in figure 8-10. The second one could be
estimated by calculating the probability for MR delineations to be smaller than
the ideal CT delineations.

The probability for the MR delineation to be smaller than the ideal CT de-
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lineation is given in table 4 below. Note that the probability varies between
different physicians and since the number of cases is relatively small give one
small MR delineation a large effect on the probability. It is however notably
that the largest probability to get too small delineations on MR based target
definitions are in the posterior direction.

Table 4: The probability that the MR delineation will be smaller than the ideal CT
delineation, calculated from equation 13.

Position Probability

Left 0.3778
Left posterior 0.4889
Posterior 0.5111
Right posterior 0.3778
Right 0.2000
Left anterior 0.3333
Anterior 0.3778
Right anterior 0.4667
Superior 0.2222
Inferior 0.2000

The target volume was found to be larger on CT based targets than on MR
based targets in 87% of the cases. How the volumes are changing for each
patient visualised in figure 12 below. The average volume is calculated for each
patient and image modality in cm3 and is plotted against the standard deviation
of the delineations for each patient.
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Figure 12: The average target volume for each patient case, the blue dots are the
MR based delineations and the red are the CT based.

In figure 12 one can see that the CT delineations in general results in larger
target volumes, and also have a larger standard deviation. This means that
there is often larger variations between the target definitions for CT based target
volumes for different physicians, compared with those based on MR.
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6.2 Inter- and intra physician variation

The inter- and intra physician variation was determined by the analysis de-
scribed by equation 6 and 7. The idea was to describe how the variations are
depending on the image modality and the directions of interest and therefore
was the analysis done on the CT and MR delineations separately. In table 5
below are the inter- and intra physician variation showed.

Table 5: Inter- and intra physician variation (sw and sz ) for the CT- and MR- based
target delineations in different directions of interest. Difference between the CT and
MR based variations that is larger than The variations are in millimetres if nothing
else is noted.

Inter (sw) Intra(sz)
Position CT MR CT MR
Left 0.72 0.75 0.94 0.98
Left posterior 0.64 1.44 1.42 1.11
Posterior - 0.73 0.74 0.88
Right posterior 0.59 1.57 1.11 1.45
Right 0.74 0.70 1.17 1.43
Left anterior 0.73 1.28 0.96 1.67
Anterior 0.73 1.34 0.83 1.75
Right anterior 0.54 1.42 0.84 1.39
Superior 1.30 0.68 1.32 0.85
Inferior 2.17 2.08 2.51 1.38
Volume (cm3) 6.45 6.54 6.81 4.62

Table 5 above shows that the intra physician variation is larger than the inter
physician variation in most of the cases. This means that each physician varies
more when delineating on different patient images than the physicians differs
from each other. From the table it is also clear that both the inter- and intra
physician variation is larger for the MR- than for the CT based target delin-
eations. There is however a limit in the model that is used to evaluate the inter
physician variation (see equation 8). When the variability for each physician
is small enough will the model be unstable and thus will the second term in
equation 8 grow larger than the first term.

(sz)2

NP
>

 1

NQ − 1

NQ∑
q=1

(ȳ∗,q)2

 (14)

This gives a inter physician variation sw that is partly imaginary, or basi-
cally too small for the model to handle. This is why no value for the in-
ter physician variation for the CT based target delineations is presented in
the posterior direction. The average physician variation in this direction was
ȳ∗,q = [−0.23 0.27 0.12 0.06 −0.21] mm for each of the delineating physicians.

The inter and intra physician variability gives a measure of how much the physi-
cians varies, both as a group and as a single observer. It is however of some
importance to determine the magnitude of the variability among the physicians.
Thus are the maximum, minimum and median variability presented in table 6
below. The variabilities are calculated by first determine the standard devia-
tion of the physicians delineation for one patient and then by determining the
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maximum, minimum and median variability from that, see equation 15.

median,max,min [S[ȳp,q]q]p (15)

In equation 15 is ȳp,q the radial distance from the centre of mass, corrected
for anatomical differences between the patients, and S[ȳp,q]q is the standard
deviation for each delineating physician.

Table 6: The median, maximum and minimum observed variability for the CT and
MR based delineations for one patient. The variabilities are in millimetres if nothing
else is noted

CT MR
Position Median Max Min Median Max Min

Left 0.65 1.10 0.57 0.83 1.00 0.58
Left posterior 0.84 1.77 0.39 0.86 1.30 0.46
Posterior 0.51 0.86 0.37 0.66 1.10 0.36
Right posterior 0.75 1.25 0.58 1.20 1.63 0.67
Right 0.94 1.45 0.57 1.35 1.35 0.87
Left anterior 0.79 1.06 0.46 1.37 1.69 0.96
Anterior 0.63 0.95 0.49 1.59 1.70 0.97
Right anterior 0.70 0.90 0.43 1.09 1.49 0.88
Superior 1.12 1.41 0.57 0.69 0.86 0.63
Inferior 2.09 2.72 1.00 1.11 1.44 0.96
Volume (cm3) 6.47 6.77 3.22 3.47 5.87 2.61

As can be seen in table 6 above is the median variability larger for the MR based
delineations than for the CT based. The median variabilities are over all quite
small, especially in the posterior directions, including left- and right posterior.
Worth mentioning is the large difference in variability between the CT and MR
based delineations for the total volume.

6.3 ANOVA tests

The 4-way ANOVA test showed that there exists a significant difference for all
of the parameters, in at least one of the directions. Since ANOVA tests only say
if there exists some significance for any of the groups in a test and not for which
groups, is there a need to make divide the test into parts in order to investigate
if there exist a direction dependence. Therefore, a series of 3-way ANOVA tests
was made, one for each direction of interest. However, the 4-way ANOVA test
is of some interest, since if we could see that there is a lack of significance for
any of the parameters we could easily exclude that parameter in the next tests.

Previously it is defined that the directions of interest that have been tested are
ten different directions and thus was ten different 3-way ANOVA tests made.
Ten tests give rise to a risk for a type 1 error (false positive) to occur to be
40.13% at a significance level of 5%, calculated in equation 16.

(1 − (1 − 0.05))10 = 0.4013 = 40.13% (16)

The corresponding value for one test would be 5%. Because of this risk of type 1
errors was a Bonferroni correction done, meaning that the significance level for
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each test is changed from α = 0.05 to 0.05/10 = 0.005 where N is the number
of tests. The total significance level of the tests will still be α = 0.05.

The probability values from the 3-way ANOVA tests are presented in table 7,
where the non-significant values are highlighted in bold font .

Table 7: The 3-way ANOVA p-values rounded to three decimals, the non-significant
p-values are in bold font in the table. The data is Bonferroni corrected to α = 0.005 for
each test. Data that would be considered significant without the Bonferroni correction
is in italic font.

Position Patient Modality Physician Pat-Mod Pat-Phys Phys-Mod
Left 0.000 0.000 0.001 0.000 0.563 0.001
Left post 0.000 0.000 0.000 0.000 0.561 0.060
Posterior 0.000 0.000 0.041 0.000 0.839 0.004
Right post 0.000 0.000 0.000 0.011 0.970 0.035
Right 0.000 0.000 0.007 0.405 0.384 0.017
Left ant 0.000 0.000 0.000 0.079 0.520 0.005
Anterior 0.000 0.000 0.000 0.000 0.646 0.001
Right ant 0.000 0.000 0.001 0.000 0.740 0.000
Superior 0.000 0.000 0.000 0.000 0.967 0.025
Inferior 0.000 0.000 0.000 0.001 0.002 0.000

The 3-way ANOVA test shows a significant difference between the two image
modalities, CT and MR. As could be seen in figure 12 is the MR based target
definitions commonly smaller than then CT based, which describes the outcome
of the modality term in the test. The test also shows a significant difference
between the patients, probably due to the large anatomical difference between
the patients. The difference between the delineating physicians are significantly
in most of the cases, but in the posterior and right directions are no significance
achieved. The probabilities in these cases are however quite small, so by adding
extra data sets might these be found to be significant.

The interaction terms in table 7 shows how different parameters depends on each
other. The patient-modality term describes how the delineations for different
patients depends on the image modality. In the table it can be seen that in seven
cases out of ten could the interaction be proved significantly, meaning that there
is a dependence between the parameters. The patient-physician interaction
term shows in (almost) all of the cases a non-significant result, meaning that
there exist no significant interaction between the delineating physician and the
patient. The last interaction term is the physician-modality term, which might
be the most interesting one since it gives informations about if the delineating
physicians defines the target different depending on which image modalities it
is. This interaction could be found to be significant in six out of ten directions
of interest, and considering magnitude of the p-values of the non significant
directions (Left posterior, right posterior and right) it is possible that the rest
of the directions might be found significant if the data set is expanded.
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7 Discussion

7.1 Ideal CT delineation

The deviation of the MR- to the ideal CT targets in figure 8, 9 and 10 shows
a relatively large variation between the different patient cases. The expectancy
is that the MR delineations are larger than the ideal CT delineation, since the
ideal CT delineation is an estimation of the smallest target volume that should
be covered. A target volume smaller than the ideal CT delineation does not
mean that the total tumour volume is not covered, hence one could consider
the ideal CT delineation as an ”safe zone” where the whole tumour volume
most likely to be included. By underestimating this safe zone it is not clear if
the tumour volume is completely covered or not. Figure 8 to 10 shows that the
MR delineations relatively commonly are smaller than the ideal CT delineations
in some of the directions. For example, the MR delineations in the posterior
direction shows a tendency of underestimating compared with the safe zone in
approximately 51% of the cases, see table 4. In the same direction is the median
deviation for the MR delineation as small as −0.10 mm.

Even though the median values of the deviation between the MR- and ideal CT
delineations are relatively small are the variations between different patients and
physicians large. For example span the variation in the left posterior direction
from -6.49 mm to 7.88 mm, which gives a difference between the maximum and
minimum value of 14.37 mm. The smallest difference we find in the right direc-
tion which have a range from -2.99 mm to 3.98 mm which give a difference of
6.97 mm. Since the factor that is studied is the difference between the ideal CT
and the MR delineations are the anatomical differences between the patients
been corrected for. Thus is the variations due to how the physicians are de-
lineating, with influences from factors as education (if the physicians are more
used to delineate on CT or MR etc.), image quality and image registration.

The main question is what the probability there is for underestimating the MR
based target definitions compared with the safe zone, and if it is direction de-
pendent. The probability of underestimating the MR delineations are presented
in table 4, where it is clear that the largest probability of underestimation is
in the posterior direction. As mentioned before it is expected that the physi-
cians are careful when delineating in the posterior direction, when avoiding an
organ at risk that is the rectum. It is therefore not surprising that there is a
risk for the underestimating the delineation compared with the safe zone. The
probabilities in table 4 is nevertheless relatively unreliable since the number of
patients and physicians are small. The amount of delineations that are used for
the probability analysis is Np ·Nq = 5 · 9 = 45 in each direction.

The variation of the volumes, presented in figure 12, shows the average volume
and standard deviation for each patient and image modality. In general was
the average volumes found to be larger for the CT defined targets than for the
MR defined, along with a larger standard deviation. That the target volume
generally is larger for CT defined targets is expected, and it is argumentative to
assume that the variation between different physicians would be larger for the
CT defined targets as well, because of the lack of soft-tissue contrast in the CT
images. In total was 87% of the volumes of CT defined targets larger than the
MR defined targets, a result that coincides with previous studies, for example
in Roach et al [9], Rasch et al [10], Villeirs et al [11] and Debois et al [12].
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The tables 3-4 and figures 8-10 shows that the difference between the ideal CT
target and the MR delineations are not homogeneously varying over the target
volume. The variation of the target definition more critical in some directions
than others, for example are the apex (inferior) and rectum (posterior) known
regions where secondary effects from the treatment are common. Hence is it
important to neither over- nor underestimate the delineation in the inferior and
posterior direction. Gao et al [13] showed that the posterior area of the prostate
often are underestimated on CT based target delineations, to reduce the dose
the rectum. The anterior area in the CT based delineations are instead of-
ten overestimated, causing unnecessary dose to the bladder. These tendencies
can be detected in the analysis in table 3. For example is the median difference
between the MR delineations and the ideal CT delineation −0.10mm in the pos-
terior direction, which supports the theory of underestimating in the posterior
direction.

7.2 Inter- and intra physician variation

The model for inter- and intra physician variation is based on the fact that the
each physician only delineate once on each image material. This is done by
correcting the radial distances for anatomical differences between the patients
(see equation 4) but leads to a uncertainty i the model. The intra physician
variation, a measure of the difference in repeated delineations by one physician
on the same image material, gives an estimation of how any of the physicians
varies in between the patient cases. It does not give a representation of how
the different physicians variate between the cases, for example if one physicians
consequently defines a smaller target volume than another. That the physicians
defines the target in various ways is a known fact, originating in education,
habits etc. This weakness in the model could make the model to break down
when there is a large variation of the delineations as could be observed for the
inter physician variation on CT based delineation in the posterior direction.

In the posterior direction are the physicians careful when delineating, the physi-
cians try avoid giving the rectum to much dose since it is sensitive to radiation
and is a common issue with radiotherapy of prostate cancer. Since the CT based
delineations are the most common way of delineating the target it is not surpris-
ing that it is just for the CT delineating that the model proves to be insufficient.
The contradiction is that the soft tissue contrast is better on the MR images,
meaning that the visibility of the prostate gland is better. This should decrease
the variation of the delineation on the MR images, but both the inter- and intra
physician variability are larger on the MR based delineations, even in the pos-
terior direction (only determined for the intra physician variation). A possible
way of explaining this is that some of the physicians are more used to delineate
on CT images and some on MR images and that one part of the effect could be
a matter of education. Since radiotherapy is a quickly evolving area and that
the introduction of MR into the radiotherapy work flow is relatively new it is
probable that some part of the variation originates in this, especially since the
delineations were made three years ago. An interesting approach would be to in-
vestigate how the delineations would appear now, when both the image quality
of the MR images and the experience among the physicians are improved.

Interesting results could however be deduced from table 5. The intra physician
variability in the inferior area of the target is significantly larger on CT based de-
lineations, probably due to the increased soft-tissue contrast of the MR images.
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The inferior direction is, as mentioned before, difficult to delineate and since
the prostatic apex (lower part of the prostate) is easily missed in the target.
Milosevic et al [16] have previously shown that there is a potential underesti-
mation of the target volume for the prostatic apex, and that the use of MR in
the treatment planning would reduce the probability of underestimation. Table
6 supports this idea, by showing a remarkable lower median variability for the
MR based delineations in the inferior direction.

In the anterior direction is there a detectable increase of variability for MR
based delineation than for the CT based delineations, especially for the intra
physician variability possibly due to the vicinity of the pelvic bone which could
affect the MR image quality.

7.3 ANOVA

In seven out of ten 3-way ANOVA tests (table 7) is the patient-modality term
significant. This effect is not easily explained, but might be due differences
in the image qualities for different patient cases. Effects as motion artefacts
and errors in the image registration might influence this term. The test of the
inferior direction shows a surprising result for the patient-physician term. In all
other directions are the term clearly non-significant but in the inferior direction
it is. A theory is that it might be due the fact that the prostate is easier to
delineate on some of the patient data sets. The last interaction term is the most
interesting one, the physician-modality interaction. A theory is that some of
the physicians are more used to delineate on MR images and some are more
used to CT, depending on how they learnt to delineate. The fact that the term
is significant in six out of ten tests supports this theory and with a larger data
set may the rest be found to be significant as well.

7.4 General notes

The amount of patient data for the project was relatively small with nine pa-
tients and five physicians. The idea from the beginning was to enlarge the data
set, but there was not time enough to do that. The analysis is however made
in such way that the data set easily can be increased. The patient imaging,
as well as the delineations was made three years ago (in 2011) and general im-
provements of the image quality (optimization of the MR sequences), as well as
experience among the delineating physicians on MR have been improved since
then. The results are thus a measure of the situation in 2011 and may be
somewhat different now, an interesting point to have in mind.

There exists many uncertainties in the image registration, some of them might
have a small effect on the results. Some of the MR image series that was used for
the project had a relative poor image quality that made the image registration
process difficult. Internal gold markers was used for the image registration,
but the image quality made it difficult to distinguish the markers for some
of the cases. The use of two image modalities introduce an uncertainty since
the patient set up changes, this is usually not a problem for the pelvis region.
However, if a small rotation of the hips is made would this make the registration
process more difficult. A third source of uncertainty is the transfer of the image
registration matrices to the Matlab program that was used. In order to use
this program was the augmented registration matrices translated another type
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vector representation of the matrices, which introduce rounding errors. Since
every image registration was visually checked is this not a great error, but for
another project there would be an idea to use other type of image registration
programs. The image registration that was used is however the one that is
clinically used at the radiotherapy department in Ume̊a.

The method of calculating the radial distances from the centre of mass was
used in this project, but there exists other techniques. The used method is
however a simple way to evaluating the variations of the target delineations. An
improvement of the method would be to investigate more directions of interest,
such as the inferior-posterior and anterior-superior.

One last note, and probably one of the most important, is that the physicians
delineate the prostate different depending on with risk group the patient is
in. It is then probable that the physicians overestimates the target volume
in some directions to be sure to cover the whole tumour volume. A note to
further investigations is to divide the patients into test groups depending of the
diagnoses of the patients.

8 Conclusions

There exists a significant difference between MR and CT based target delin-
eations. The variations between different delineations are however large and the
variation is larger on MR defined targets. There are advantages and disadvan-
tages with both image modalities, but the use of MR based target delineations
for treatment of prostate cancer is justified due to the increased soft tissue con-
trast. This is an advantage, especially in the posterior and inferior directions
of the target. The use of MR in the radiotherapy work flow increases the op-
portunities of saving healthy tissue for the treatments of prostate cancer, and
reducing side effects for the rectum and bladder, which are two problem areas
of the treatment. Even though MR gives a better soft tissue contrast and thus
more visible structures in the images will this introduce further uncertainties
in the delineation process, since the structures can be misleading. The visible
structures in the CT images are few and results in few choices of what to include
in the target.

The statistical analysis showed an correlation between the image modality and
the delineating physician, leading to a possible need of education to reduce these
effects. The intra physician variability was also found to be larger than the inter
physician variability, meaning that a single physician varies more within different
cases than between the total group physicians.

The volume of MR based target delineations are smaller than the CT based
delineations in 87% of the cases, meaning that more healthy tissue can be spared
with MR in the treatment planning process. The risk of underestimating the
target is still a concern, where precautionary principles should be considered.
Before MR could be used as the only image modality for treatment planning of
prostate cancer should clinical tests be made, in order to ensure a proper dose
coverage. Since the variations are large along the total target volume could the
use of an extra margin be discussed as well as extra education for the delineating
physicians.
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