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Abstract  
 
Background 
Semi-automated segmentation using deformable registration of atlases consisting of pre-
segmented patient images can facilitate the tedious task of delineating structures and 
organs in patients subjected to radiotherapy planning. However, a generic atlas based on a 
single patient may not function well enough due to the anatomical variation between 
patients. Fusion of segmentation proposals from multiple atlases has the potential to 
provide a better segmentation due to a more complete representation of the anatomical 
variation.  
Purpose 
The main goal of the present study was to investigate potential operator timesavings from 
use of atlas-based segmentation compared to manual segmentation of patients with 
prostate cancer. It was also anticipated that, and evaluated if, the use of semi-automated 
segmentation workflows would reduce the operator dependent variations in delineation. 
Materials and Methods 
A commercial atlas-based segmentation software (VelocityAI from Nucletron AB) was used 
with several atlases of consistently, protocol based, delineated CT images to create 
multiple-atlas segmentation proposals through deformable registration. The atlas that was 
considered most representative was selected to construct single generic atlas segmentation 
proposals. For fusion of the multiple-atlas segmentations an in-house developed 
algorithm, which includes information of local registration success was used in a MATLAB-
environment [1]. The algorithm used weighted distance map calculations where weights 
represent probabilities of improving the segmentation results. Based on results from 
Sjöberg and Ahnesjö the probabilities were estimated using the cross correlation image 
similarity measure evaluated over a region within a certain distance from the 
segmentation. 

10 patients were included in the study. Each patient was delineated three times, (a) 
manually by the radiation oncologist, (b) with a generic single-atlas segmentation and (c) 
with a fusion of multiple-atlas segmentations. For the methods (b) and (c) the radiation 
oncologist corrected the proposed segmentations blindly without using the result from 
method (a) as reference. The total number of atlases used for case (c) was 15. The operator 
time spent by the radiation oncologist was recorded separately for each method. In 
addition a grading was used to score how helpful the segmentation proposals were for the 
delineations. The Dice Similarity Coefficient, the Hausdorff distance and the segmented 
volumes were used to evaluate the similarity between the delineated structures and organs. 
Results  
An average time reduction of 26% was found when the radiation oncologist corrected the 
multiple atlas-based segmentation proposals as compared to manual segmentations. Due 
to more accurate segmentations and more time saved, segmentation with fused multiple-
atlases (c) was superior to the generic single-atlas (b) method, which showed a time 
reduction of 17%. Hints of an affected intra- and inter-operator variability were seen.  
Conclusions 
Atlas-based segmentation saves time for the radiation oncologist but the segmentation 
proposals always need editing to be approved for dose planning. The atlases, the fusion of 
these and the software implementation needs to be improved for optimal results and to 
extend the clinically usefulness. 
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Sammanfattning  
 

Bakgrund 
Den tidskrävande uppgiften att manuellt definiera strukturer och organ hos patienter som 
planeras inför strålbehandling kan underlättas genom semi-automatisk segmentering med 
deformerbar registrering av atlaser bestående av försegmenterade patienter. Däremot kan 
inte en generell atlas baserad på en enda patient täcka de anatomiska variationer som finns 
mellan patienter. Fusionering av segmenteringsförslag från ett flertal atlaser har 
potentialen att hantera de anatomiska variationerna bättre och därmed ge en bättre 
segmentering. 
Syfte 
Studiens huvudsyfte var att undersöka hur mycket tid som kan sparas för operatören om 
atlasbaserad segmentering används istället för manuell segmentering av patienter med 
prostatacancer. Ett annat syfte med projektet var att bedöma huruvida arbetsflöden med 
semiautomatisk segmentering kan minska de operatörsberoende variationerna i 
definitionen av organ och strukturer. 
Material och metoder 
För att skapa segmenteringar med deformerbara registreringar av multipla atlaser 
användes en kommersiellt tillgänglig segmenterings-programvara (VelocityAI från 
Nucletron AB) tillsammans med ett flertal atlaser bestående av strukturer som definierats 
konsekvent utifrån CT-studier enligt ett förbestämt protokoll. Den atlas som ansågs mest 
representativ för normala patienter valdes att användas för att generera de generella 
segmenteringsförslagen från en enda atlas. För att fusionera de multipla segmenteringarna 
användes en forskningsbaserad, lokalt utvecklad algoritm i programvaran MATLAB [1]. 
Denna algoritm utnyttjar viktade distansmappar där viktfaktorerna representerar 
sannolikhet för bättre segmenteringsresultat. Baserat på resultat från Sjöberg och Ahnesjö 
uppskattades dessa sannolikheter med korskorrelerat bildlikhetsmått över en region som 
täckte segmenteringsområdet med en viss marginal. 

10 patienter inkluderades i studien. Varje patient fick sina strukturer och organ 
definierade tre gånger, (a) manuellt av onkologen, (b) med en segmentering från en 
generell enskild atlas och (c) med en fusionering av flera atlassegmenteringar. För 
metoderna (b) och (c) så korrigerade onkologen segmenteringsförslagen blint utan att 
använda resultaten från metod (a) som referens. Totalt användes 15 atlaser i (c). För varje 
enskild metod noterades tidsåtgången för onkologen och en betygsättning gjordes för att 
bedöma hur hjälpsamt segmenteringsförslaget varit vid definieringen av patientens 
strukturer och organ. Som utvärderingsmetoder användes Dice similaritetskoefficient, 
Hausdorff-avståndet och segmentens volymer. 
Resultat  
När onkologen redigerade det fusionerade, multipla, atlasbaserade segmenteringsförslaget 
(c) jämfört med att rita manuellt blev den genomsnittliga tidsbesparingen 26 %. Denna 
metod gav bättre noggrannhet och större tidsbesparing jämfört med att endast använda en 
generell atlas (b) som resulterade i en genomsnittlig tidsbesparing på 17 %. Tecken på att 
de operatörsberoende variationerna påverkas kunde ses. 
Slutsatser 
Tid kan sparas för onkologerna om atlas-baserad segmentering används, även om 
segmenteringsförslagen alltid behöver editeras innan de blir godkända för dosplanering. 
Atlaserna, fusioneringen av dem samt mjukvarans implementering behöver förbättras för 
att nå optimala resultat och för att öka den kliniska användbarheten. 
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Short medical English – Swedish dictionary 
Prostate Prostata (Blåshalskörtel) 
Urethra Urinrör 
Tissue Vävnad 
Rectum Ändtarm 
Urinary bladder Urinblåsa 
Seminal vesicles Vesiklar (sädesblåsor) 
Lymph node regions Lymfkörtelregionerna 
Penis bulb  Penisrot 
Small intestine Tunntarm 
Semen Sädesvätska 
Intestines Tarmar 
Mucosa Slemhinna 
Feces 
Pubic symphysis 
Femoral head 

Avföring 
Blygdbensfogen 
Höftledskula 

 

List of abbreviations  
3DCRT Three Dimensional Conformal Radiotherapy 
IMRT Intensity Modulated Radiotherapy 
IMAT Intensity Modulated Arc Therapy 
VMAT Volumetric Modulated Arc Therapy 
CT Computerized Tomography 
LINAC 
MLC 

LINear ACcelerator 
Multi Leaf Collimator 

HU Hounsfield Unit 
MRI Magnetic Resonance Imaging 
PET  Position Emission Tomography 
TPS Treatment Planning System 
RS Registration Software 
ROI Region Of Interest 
OAR Organ At Risk 
DVH Dose Volume Histogram 
DICOM 
PACS 

Digital Imaging and Communications in Medicine 
Picture Archiving and Communication System 

 

Frequently used terms  
Atlas An atlas incorporates the locations and shapes of anatomical 

structures and the spatial relationships between them 
Delineation/Segmentation Drawing contours defining organs and regions of interest in a 

patient image set. 
Registration Mapping the coordinate space of an atlas to that of a new 

patient in an anatomically correct way. 
Structures Anatomical areas of interest that are not organs. 
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1. Introduction 

1.1. Prostate cancer 
All forms of cancer stem from the cell types in the human body. Normal cells grow 

and divide to form new cells as the body needs them. When normal cells grow old, or get 
damaged, they enter apoptosis (programmed cell death) and are most often replaced by 
new cells in a controlled way. When this process fails and new cells are formed without 
control a new mass of tissue is formed which is called a tumour. Prostate cell growth can be 
benign (not cancer) or malignant (cancer) and most men experience at least one of these 
prostate enlargements if they reach the age of 65 [2]. Men younger than 40 very seldom 
show any signs of prostate growth. Benign growth is very common and is rarely a threat to 
life but the growth of prostate cells squeezes the urethra, which prevents normal flow of 
urine. Malignant cell growth or cancer may be life threatening due to the risk of cancer 
cells spreading and damaging different parts of the body causing a weakening of the 
immune system and finally organ failure. 

The reasons why prostate cancer occurs is not clear, but since men who loose their 
ability to produce the hormone testosterone at young age never get this disease, it can be 
concluded that prostate cancer in some way is linked to this hormone. Studies have also 
shown that men with different race, food intake, lifestyle and family history have varying 
risks of developing prostate cancer. An example is that prostate cancer is much more 
common in the Western world than in Asia. 

 
Figure 1.  Top: The prostate and nearby organs. Bottom: The inside of the prostate showing urethra, rectum 
and bladder. (Source: National Cancer Institute, What you need to know about™ Prostate Cancer, Artist: 
Alan Hoofring 2005) 

During the last decades the number of men diagnosed with prostate cancer has 
increased. This is partly due to the fact that today people die at older ages and partly due to 
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the increase of screening and tests made on men with trouble emptying their bladder. In 
Sweden about 9,000 new cases are diagnosed every year [3] and many of these patients 
undergo radiotherapy. Surgery or hormone treatments are two other methods to treat 
prostate cancer, as well as no treatment at all for slowly growing tumours in elderly men. 
Combinations of the different treatment modalities with hormones are common. What 
type of treatment is suitable for each patient depends on the stage and other factors (like 
age, patients condition, comorbidities etc.) as well as personal preferences. 

1.2. Radiotherapy 
The basis for radiotherapy is the fact that, if the DNA of the malignant cells is 

damaged to a certain degree they will stop proliferating and eventually die through 
apoptosis or necrosis. The absorbed dose from irradiation of a tumour can not be limited 
to the cancer cells only. Normal tissue is always close to the tumour and will be damaged to 
some extent. In order to minimize this damage it is crucial to concentrate the dose to the 
tumour as much as possible. Malignant cells have reduced capabilities of repairing DNA 
damages compared to normal cells. This is one of the reasons why radiotherapy is 
successful as a treatment for malignancies. 

For delivery of radiotherapy brachytherapy or external beam therapy techniques are 
used. Brachytherapy means that radioactive sources are placed inside or in close contact 
with the tumour. In external beam therapy one or multiple beams of radiation are directed 
towards the tumour, or target, from outside of the patient. The external photon beams 
originate from an external source, usually a linear accelerator (LINAC), and the shape of 
each field is defined by a multi-leaf collimator (MLC) to fit the projection of the tumour.  
The MLC which is located in the treatment head of the gantry, which is the in-treatment-
room part of the LINAC, blocks the parts of the field that are outside the tumour in order 
to shield the surrounding normal tissues. 

Different types of radiation can cause more damage locally, or penetrate deeper into 
the patient, depending on their mass and charge. Photons are used for most treatments but 
electrons, protons and light ions are also available. The damage is inflicted to the DNA in 
the cells when the ionizing radiation deposits all or part of its kinetic energy to the 
molecules in, or in the vicinity of, the DNA-strands through different interaction processes, 
which can cause strand breaks that the DNA might not be able to repair.   

 
Figure 2.  A multi-leaf collimator (MLC) from a Varian linear accelerator that shapes the radiation field. An 
MLC consists of a number of computer controlled tungsten leaves controlled by individual motors that 
ensures that the primary radiation is directed towards the target. (Image courtesy of Varian Medical Systems, 
Inc. All rights reserved) 
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The ability of normal cells to repair radiation damage more efficiently than tumour 

cells can be utilized therapeutically by dividing the dose given to the patient into a number 
of fractions. This means that a large fraction of the tumour cells are irradiated during their 
sensitive phase of the cell cycle. A typical fractionation schedule for a patient with prostate 
cancer might for example include 39 daily doses (a fraction) of 2.0 Gy during 5 days per 
week resulting in a total of 78 Gy in 8 weeks. The fractionation is optimized to be tolerated 
by the normal healthy cells within and around the prostate and still damage enough of the 
malignant cells to sterilize them. 

1.2.1. Techniques for external photon beam radiotherapy 
In order to concentrate the absorbed dose to the tumour multiple static fields (usually 

no more than 8) are applied from different gantry angles around the patient. This 
treatment method is known as three-dimensional conformal radiotherapy (3DCRT) and is 
the conventional radiotherapy technique most commonly used today.  

Intensity Modulated Radiotherapy (IMRT) [4] is a modern and more advanced 
version of 3DCRT that conceptually divides each field into many “beamlets” that can be 
fluence modulated independently of all other beamlets. The IMRT planning and delivery 
technique offers many degrees of freedom to shape dose distributions for photon beam 
irradiation by superimposing fields with varying amount of segments, shapes and dose 
rates. IMRT techniques like tomotherapy (moving patient through a rotating fan beam 
with binary MLC) and LINACs mounted on robotic arms are available but mainstream 
IMRT is delivered with a LINAC for cone beam delivery with an MLC. Here a number of 
fixed gantry angles and two modes of fluence modulation are generally used. Delivery of 
the multiple field segments were the MLC leaves do not move during irradiation is called 
step-and-shoot IMRT, while modulation by moving the leaves (and also varying their 
speed) during irradiation is known as dynamic or sliding window IMRT. IMRT adapts the 
distribution of higher dose levels to the three dimensional shape of the tumour with great 
accuracy and the technique is very efficient especially when the target region is irregularly 
shaped with concavities. It has been shown [5] that IMRT gives a moderate reduction of 
post-treatment bowel and urinary complications compared to 3DCRT when treating 
patients with prostate cancer. 

A further development of IMRT is the Intensity Modulated Arc Therapy (IMAT) [6] 
which delivers photon irradiation treatment in an arc manner. Here a continuous cone 
beam is shaped with a dynamic MLC during simultaneous gantry rotation and irradiation. 
The technique is similar to the sliding-window IMRT with the addition that the radiation 
beam is rotating around the patient, with variable speed and dose-rate, without ever being 
switched off for one or multiple gantry revolutions around the patient. This increased 
number of beam angles compared with IMRT optimises the dose coverage to the target 
further sparing the normal tissues from high doses. The delivery of each dose-fraction 
using IMAT are also significantly faster than IMRT. The original acronym for this 
treatment delivery technique is IMAT but different manufactures have other names for it 
e.g. VMAT from Elekta and RapidARC from Varian. Arc therapy can still be considered as 
an emerging technology subject to changes during its implementation, hence the variation 
of treatment names. 

The development of modulated radiotherapy has been of great importance for the 
treatment of patients with prostate cancer that has spread to the adjacent lymph node 
regions. Such a spread results in a very large target, which is impossible to treat with 
3DCRT due to high doses to the intestines that expose the patients to a high risk of severe 
side effects.  
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1.3. Treatment planning 
Before delivering radiotherapy to a patient the treatment must be planned and 

verified such that all the necessary treatment parameters can be determined and 
controlled. The planning process starts with fixation of the patient in a position that can be 
maintained and reproduced throughout the entire treatment process. Then a 3D 
computerized tomography (CT) examination is done. The CT examination yields an image 
set (transversal image slices of the patient) in which a radiation oncologist can delineate 
the target volume (tumour volume with margins) and the critical regions of interest (ROI). 
Thus the image set is segmented. Every CT-slice has a thickness making every image pixel 
represent a volume element, a voxel. The voxels contain certain values, Hounsfield Units 
(HU), which represent the x-ray attenuation of the voxels visualized with a predefined 
grey scale. The HU are used for calculating attenuation, scatter, energy deposition and 
absorbed dose of radiation. 

There are diagnostic imaging methods that are more tumour specific than CT such as 
magnetic resonance imaging (MRI) and positron emission tomography (PET). These 
modalities are often used along with the CT-images for more exact tumour and ROI 
delineation. The CT image set is however always needed because it contains the radio-
density information. 

Depending on the external beam radiation delivery techniques to be used, different 
treatment-planning methods are available in the treatment planning system (TPS). When 
planning for 3DCRT the conventional forward planning method is applied, while the more 
resent and more computer power demanding inverse planning is used for IMRT/IMAT. 
Forward planning is a manual, iterative process. The first step involves beam modelling 
where all necessary beam parameters are defined. These parameters include type and 
energy of the radiation along with the beam geometry covering: number of beams, their 
angles of incidence, MLC settings etc. In a second step the computer calculates a 3D dose 
distribution in the patient and the dose distribution inside the delineated ROIs is reviewed 
regarding dose coverage to the target region and for tolerable doses to the sensitive ROIs. 
The third step is to modify the plan in order to further optimize the dose distributions. This 
three-step loop is repeated until a satisfactory result is achieved. 

Manual optimisation used for 3DCRT planning is not possible for IMRT due to the 
complexity of the treatment. Hence computer-based optimisation algorithms need to be 
used where the desired dose limitations to the ROIs are specified through a number of 
constraints and objectives. The optimisation algorithm built into the TPS then adjusts the 
fluence and the other beam parameters to get an optimal result. Some helpful start 
conditions and adjustments to the optimisation criteria might be needed if the result is not 
satisfactory which makes inverse planning an iterative process as well.  

Since new patients admitted for radiotherapy have malignant and growing tumours 
the aim should be to get started with the treatment as soon as possible. Therefore it is 
important to rationalize and minimize workloads for all steps in the radiotherapy process. 
Atlas-based segmentation could be useful for reducing the time of the planning process, as 
well as increasing inter-operator segmentation consistency.  

1.4. Aim of the report 
The purpose of this project was to investigate possible timesavings using a 

commercial atlas-based segmentation tool with deformable registration. This tool was used 
for ROI segmentation on prostate patients due for radiotherapy at the Uppsala Oncology 
clinic. The reduction in time that was achieved with atlas-based segmentation was assessed 
in relation to traditional manual segmentation. However, deformable registration of a 
specific patient using a single generic atlas can yield inferior results due to large 
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anatomical differences between the atlas and the actual patient. This can be improved by 
fusing the segmentation results from several different atlases representing the anatomical 
variation between patients. This was done using a research tool, developed in Uppsala and 
implemented in MATLAB environment [1]. Further reduction in time for segmentation 
was measured and compared to single atlas segmentation. The results of the different 
segmentation methods were also used to study the consistency and variation in segmented 
ROIs between the methods used. This was done by comparing the volumes and locations of 
the segmented organs and structures in the image sets along with an assessment from the 
radiation oncologist who edited the segmentation proposals.  

A similar project aiming at evaluating head and neck segmentation was conducted in 
parallel with this project. Collaboration was hence possible.  
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2. Background 
During treatment planning the TPS calculates the dose distribution over the entire 

imaged volume including the delineated ROIs where the dose distributions can be 
presented as dose-volume histograms (DVH).  

It would be highly desirable to have all irradiated structures and organs for every 
patient delineated for studies of dose-response and side effects. This is however considered 
not to be worthwhile for a relatively modest gain of information. Another reason for not 
doing this, and the reason why the possible gain is modest, is the great inter-observer 
variability in segmentation and therefore the dose-response results become less reliable. If 
these inter-observer variabilities could be reduced along with a reduced workload for 
delineating ROIs, a good platform for future cancer treatment research can be established.    

2.1. Atlas-based segmentation 
As described by Rohlfing et al. [7] “an atlas incorporates the locations and shapes of 

anatomical structures, and the spatial relationships between them”. Theoretically this 
means that if an atlas were perfectly applied to an image set of a new patient one would get 
a correct segmentation automatically, which would reduce the workload significantly in all 
medical disciplines were segmented images are of interest. This is why much research long 
has been devoted to image segmentation. One problem with the atlas-based method of 
delineating ROIs is to make a perfect registration, which will be further discussed in 
section 2.2. 

Atlas-based segmentation is applicable to other related areas of radiotherapy like 
Image Guided Radiotherapy (IGRT) [8] and respiratory-gated radiotherapy [9]. Here the 
atlas is made up of previously segmented images of the same patient that is going to be 
segmented. 

2.1.1. Use of single vs. multiple atlases 
The simplest version of atlas-based segmentation is to use a single atlas. Such an atlas 

should be carefully chosen so that all the ROIs and the spatial relationship between them 
are as generic as possible. The problem with this approach is that deformable registration 
algorithms are not perfect, and that there is a considerable inter- and intra-patient 
anatomical variability. Especially for the region of interest in this study, the pelvic region, 
these variations can be huge since the organs can vary in size, shape and position due to 
the degree of filling in bladder, intestines and rectum. 

The likelihood of segmentation success increases for an atlas that is very similar to 
the patient. Since a generic atlas will never be similar enough to every new patient there is 
an inherent limit on how well the auto-segmentation will perform. The intuitive solution to 
this problem is to use multiple atlases to cover as many of the anatomical variations as 
possible and make fusions or selections based on similarities between the patient and the 
registered atlases. An evaluation method of the similarity between the atlases and the 
patient and the segmentation results is then needed. Algorithms for this process along with 
new/improved registration algorithms are the main focus of the research field of atlas-
based segmentation. 

During this project single and multiple atlas-based registration approaches were 
compared side by side. 



Christoffer Granberg  Clinical evaluation of atlas- 
  based segmentation 
  for radiotherapy of 
  prostate tumours 
 

7 

2.2. Registration 
When using atlas-based segmentation the idea is to map the coordinate space of the 

atlas to that of the new patient to link anatomical equivalent points, a process called image 
registration. The registration of every image point, x, in an atlas image, called moving 
image, M(x) to a patient image, called fixed image, F(x) defines a geometrical 
transformation T(x) of all the real numbers in three dimensions. This transformation is 
mathematically described as T(x): ℝ3 à ℝ3 which is a set of vectors between the 
corresponding voxels in the two images. Registration algorithms are in general iteratively 
designed to strive for the maximum similarity between the fixed and moving image. The 
similarity can be quantified by a similarity measure SIM and the registration can then be 
formulated as an optimization problem, i.e. max

T (x )
SIM F(x),M (T (x))( ) . 

Using T(x) the ROIs from the atlas D(x) can be transformed into a new set of ROIs 
I(x) for the patient images by D(T(x))=I(x).  

This general description of the registration/segmentation process is the same for all 
registration algorithms but the difference between them is how the transformation is 
derived and what similarity measure used.  

2.2.1. Similarity Registration 
The first step in the registration process is usually to apply a similarity registration 

algorithm that yields the appropriate translation, rotation and scaling of the atlas. To apply 
the segments from the atlas to the new patient after this step will usually not render a 
sufficient result for atlas based segmentation, but the application of this registration gives 
a good starting position for the deformable registration. 

2.2.2. Deformable Registration 
In order to be accurate, any registration-based segmentation method requires a 

registration algorithm that can compensate not only for different pose and size, but also for 
shape differences between the organs and structures of patients and atlases. This can be 
done with deformable registration algorithms. These make use of the similarities between 
the deformed atlases and the patient image, for example intensity differences, when 
calculating the spatial transformation. Some algorithms use the HU-units or image 
intensities directly since they are assumed to be similar [10] while others that can register 
images from different modalities (MR-images, PET-images etc.) to CT-images use the 
relative change in the image values and displacements to relate image intensities [11]. The 
final registration is in all cases obtained through iteration with respect to similarities 
between images. 
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Figure 3.  An example of an atlas patient applied to a new patient pre-registration. The ROIs are not 

activated. 

 
Figure 4.  An example of the registration process between a new patient and an atlas. The ROIs are not 

activated. 
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2.3. VelocityAI 
The registration software (RS) used in this project was VelocityAI (provided by 

Nucletron AB) in which both similarity and deformable registrations can be made. Atlases 
delineated in a different software (TPS) were imported to the RS along with the new 
patient images. The softwares use the Digital Imaging and Communications in Medicine 
(DICOM) standard to facilitate data transfer between different systems.  

VelocityAI has a built in segmentation tool for the pelvic region that uses a Model-
based segmentation algorithm. This is a competitive method to atlas-based segmentation 
that applies standard shapes of a number of ROIs to a new patient image set and as a 
second step tries to match the contours of these ROIs, using constraints restricting its size, 
symmetry and smoothness, to contours in the CT-images defined as a gradient of HU [12]. 
The main difference to atlas-based segmentation is that this method never utilise any 
information of the areas between the contours of these ROIs. Model-based segmentation 
has shown good preliminary results and because of the extensive movements of the organs 
in the pelvic region, it might be a good method for organs with well-defined edges in the 
CT-images. However, ROIs with well-defined edges can usually be delineated manually in 
a short period of time without large inter-observer variation. Most tedious to delineate are 
larger irregularly shaped structures or organs, which are hard to discriminate in CT-
images, such as lymph node regions. 

VelocityAI uses the basis-spline (B-spline) method [13] for deformable registrations. 
It utilizes an equally spaced grid of control points over the entire three-dimensional image 
set for both the atlas and the patient. On these points calculations are made in the same 
way as for the image points, denoted x in the registration description in section 2.2, and 
the displacement vector field is calculated by a linear combination of the B-spline basis 
functions centred at the control points. The distances between the control points are larger 
than the size of a voxel, but since the displacement vector field is continuous every voxel of 
the fixed image has a corresponding point in the deformed atlas image. An advantage of 
the B-spline algorithm is that it is inter-modality applicable. This is possible since the B-
spine representation of the displacement vector field is applicable with arbitrary similarity 
measures. This is very useful when segmenting the pelvic region since information about 
the location of the prostate is often MRI-based.  
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3. Material and methods 

3.1. The atlases 
All algorithms for semi-automatic segmentation face the same problem with anatomical 
variations between patients and it is therefore critical to find a representative atlas. When 
multiple atlases are used the database of these should cover as many of the anatomical 
variations as possible. 
For this project an atlas database was established containing 15 prostate patient image sets 
consistently segmented by the involved radiation oncologist into targets, organs at risk 
(OAR) and other ROIs. This database was used for the atlas fusion studies. The radiation 
oncologist also selected one of the atlases in the database as a generic atlas for single-atlas 
segmentation and all atlases were imported to the RS. Since the same radiation oncologist 
segmented all atlases, the project was independent of any built-in, pre-defined atlases and 
the atlases were consistently delineated according to current protocols. The 15 patients 
included in the atlas database were randomly chosen. This number of patients was simply 
assumed to ensure a good coverage of anatomical variation. This assumption was 
evaluated by using the 10 new study patients as atlases and re-segmenting a sample of 
these with a leave-one-out method.  

3.1.1. Selecting the atlases 
The atlases used in this project were all patients previously treated with external 

beam radiotherapy with IMRT or VMAT technique at the radiotherapy department of 
Uppsala University hospital. The reason for selecting patients treated with these 
techniques for the atlas database was that they all had the lymph node regions and small 
intestine contoured. To make sure the atlases were segmented in the same way as the new 
patients, the radiation oncologist edited the existing volumes and added missing ROIs 
according to a general clinical protocol [14]. The radiation oncologist also selected the atlas 
to be used as the generic single-atlas based on how representative all the ROIs and their 
positions were according to her experience (15 years in radiation oncology). All atlases and 
new patients in the project were segmented as shown in Figure 5 to include the volumes 
below. 
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Figure 5.  Example of how the ROIs look in a 3D view when segmented in the TPS. ROIs: 1. Rectum, 2. 
Seminal vesicles, 3. Lymph node regions, 4. Small intestine, 5. Urinary bladder, 6. Penis bulb, 7. Prostate 

gland. 

 
• Prostate: The function of the prostate is to store and secrete the male semen but also 

to produce about 30% of this fluid. A normal, healthy prostate has approximately 
the size of a walnut and is the main target for prostate cancer treatments. It is also 
the origin of the prostate cancer cells that might spread to the surrounding organs 
and tissues. 

• Rectum: The final straight part of the intestines before the anus is called rectum. 
This is an OAR during radiotherapy of prostate cancer because it is located in the 
direct vicinity of the target. The most sensitive part of the rectum is the mucosa and 
since it is very hard to distinguish from the rest of the rectum in CT images, the 
entire rectum is usually considered to be as sensitive as the mucosa. A high dose to 
the rectum causing necrosis may result in side effects like inflammations and 
bleedings that are of great inconvenience. The worst-case scenario is radiation 
induced puncture, which is hazardous and can be life threatening. The rectum is a 
temporary storage site for feces hence its size can vary considerably, which also 
changes the position of the prostate and the seminal vesicles.  

• Urine bladder: Also an OAR since the prostate is situated directly below the bladder. 
Sometimes, depending on anatomy and the amount of filling, part of the bladder 
might be located in front of the prostate making it impossible for the radiation to 
reach the target without passing through it. Radiation induced side effects in the 
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bladder mucosa cause a constant bladder-irritation making affected patients feel 
like they have to urinate when in fact there is just a small amount of urine in their 
bladder. Extensive radiation induced necrosis may cause bleedings in the bladder. 
Just as with the rectum, the size of the bladder varies a lot with the amount of 
filling.  

• Seminal vesicles: Located at the top of the prostate and reaching a couple of 
centimeters behind the urinary bladder the two seminal vesicles produce about 60% 
of the seminal fluid. Prostate cancer cells are often spread to the base of the seminal 
vesicles making these glands (or at least the base of them) a common target for 
radiation treatment. 

• Lymph node regions: The lymphatic system runs through the entire body and is a 
major part of the immune system at the same time as it drains the body of the fluid 
that has been pushed out of the blood vessels. When cancer cells from the prostate 
spread to the lymphatic system they first reach the presacral lymph node regions 
and follow the lymphatic flow towards the heart. Because of this the presacral lymph 
node regions between the prostate and the promotorium is a common target when 
treating lymphatic invasive prostate cancer. The lymph node regions may be 
irradiated with adjuvant intent if the patient has high risk of invasive cancer.   

• Penis bulb: The base of the penis is slightly enlarged and is called the bulb. Side 
effects from radiotherapy to the bulb may cause pain for the patients. Erection 
problems might also be a side effect but studies have yet to verify this. 

• Small intestine: For invasive prostate cancer the lymph node regions are treated 
with external beam irradiation. It is then impossible to avoid irradiation of the small 
intestine that is located on the ventral side of the presacral lymph node regions, 
thereby qualifying it as an OAR.  

3.2. Methods 

3.2.1. Description of the workflow 
At Uppsala University hospital CT-studies of every new patient is imported to the TPS 

(Oncentra, Nucletron AB) before dose planning. For every new patient selected for this 
study the dose planner attached a timing- and grading protocol, see Appendix, to the 
patient chart given to the radiation oncologist. When the radiation oncologist later 
manually delineated the image set, the time spent on each of the ROIs was recorded. The 
time for reading journals and studying previous X-rays and PET- or MRI-scans was not 
recorded. A grading (described in section 3.4.5) of how easy or difficult it was to segment 
was also scored for each ROI in the protocol sheet. 

The next step was to export the patient’s CT images from the TPS via an USB-drive to 
the workstation with the RS containing all the atlases. The registration between the patient 
CT and every individual atlas was done in two steps, first a similarity and then a 
deformable registration, after which the ROIs from the atlas could be transferred to the 
patient. The transformations for both the similarity and the deformable registration were 
only computed for a selected region of interest containing all the ROIs to improve the 
results and reduce the computation workload. The work in the RS resulted in segmentation 
proposals from every atlas ready for fusion and the proposal corresponding to the single 
generic atlas was finished.  

The fusion of the multiple-atlas segmentations required all the deformed atlases, 
along with their ROIs, to be exported to a workstation prepared with MATLAB and the in-
house developed algorithm for similarity analysis [1]. Here a region around each ROI in 
every atlas was compared with the corresponding region in the patient’s image set with a 
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cross-correlation technique (see section 3.3). Depending on the degree of similarity the 
ROI was assigned a weight factor. All the ROIs were fused together with respect to the 
weight factors to form the multiple atlas segmentation proposal of the patient. 

Both the single and multi-atlas derived segmentation proposals were individually 
presented blindly (in randomly chosen order) to the radiation oncologist for review and 
final editing. A time lag of at least a week after the manual segmentation of the patient in 
order was used to reduce bias from fresh memories of the previous segmentation of the 
patient. The time spent on review and edit was recorded in a new protocol (see Appendix) 
along with a grading of how helpful the segmentation proposal was during editing. The 
radiation oncologist was not informed if the proposal was made with multiple-atlases or a 
single-atlas as to minimize bias. Another week after the first segmentation proposal had 
been edited the second segmentation proposal was presented for review and final editing 
in the same way. 

When both segmentation proposals had been reviewed and edited, the work for the 
radiation oncologist with the particular patient was finished. After this step the recorded 
time along with the ROIs size and positions were evaluated with the methods described in 
section 3.4. The workflow is illustrated in Figure 6. 

A total of 10 patients were included in this study. 
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Figure 6.  Illustration of the workflow.  

3.2.2. Work in VelocityAI 
Since the software VelocityAI was not developed for multiple-atlas segmentations the 

registration step required extensive manual handling. All the registrations between a new 
patient and every atlas had to be done individually with some initial translational and 
rotational editing (because of the differences is CT-study lengths and positions) to get 
reasonably good starting conditions for the similarity registrations. Every individual 
registration including the initial editing and export of the ROIs and deformed atlas CT took 
about 8 minutes which for the whole registration process for one patient with 15 atlases, 
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required a total of about 2 hoursi. However, if the method of atlas-based segmentation 
were shown to be successful the process could be automated in the software and thereby 
reducing the segmentation time significantly. 

3.3. Fusion of atlases 
Using multiple atlases means that a database of atlases is available but how the 

atlases are used can differ significantly. There exist mainly two different multiple atlas 
segmentation methods. 

 
• The ROIs from a single atlas in the population of atlases are used for 

segmentation based on similarity measures to patient images or other criteria. 
• The segmentation is made with ROIs from multiple atlases fused together 

(label fusion). Different strategies can be used for the fusion step. 
  
The easiest way to fuse the ROIs from the registrations would be to calculate a mean 

of all the ROIs. However, since no registration algorithms are perfect the transformation 
may lead to a difference in the resulting ROIs depending on how similar the patient is to 
the atlas before the registration. Due to this fact a weighted mean of each ROI was used 
and the weight factors for each ROI were dependent on the similarity, between the patient 
image and the transformed atlas image, in a certain region. 

Since the registrations in this project were made between CT images (intra-modality) 
one expected a linear relationship between voxel intensities for corresponding ROIs. In 
this case the cross correlation coefficient, CC, (also know as Pearsons r) [15] was an 
appropriate similarity measure, which has also been shown in previous studies. 
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where F(x) is the fixed image (atlas) and and M(x) is the moving image (patient) (see 

section 2.2.). N is the number of voxels belonging to a chosen evaluation region. Previous 
results [1] have shown that the selection of this region can be more important than the 
similarity measure used. Based on this work the evaluation regions were set to cover a 
region 50 mm outside the contour of each ROI, including the ROI itself.   

During this project all the polygon ROIs were transformed into corresponding binary 
ROIs using a point-in-polygon algorithm. The ROIs were then represented as Euclidean 

                                                   
i This was the time spent using a computer with a Windows XP operating system, an Intel Core2 

processor operating at 997 MHz and with 3 GB of random access memory 



Christoffer Granberg  Clinical evaluation of atlas- 
  based segmentation 
  for radiotherapy of 
  prostate tumours 
 

16 

distance maps, where each voxel in every image-slice was labeled with the shortest 
Euclidean distance to the boundary of the binary ROI as illustrated in Figure 7. The 
distances inside the ROIs in the distance maps were set negative and the ROI contour is 
defined by the iso-level value of zero. 

 
Figure 7.  Example of a distance map where the contour voxels of the ROI are labeled with the value 0 and 

the voxels inside or outside the ROI are labeled with values equal to their distance to the contour. 

The distance maps D(x) that represented the ROIs of every atlas-based segmentation 
proposal were linearly combined to construct a weighed mean segmentation  
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where L is the number of atlases and wl is the similarity based weight factor 

proportional to the probability that it will improve the weighed result above a certain base 
level. An illustration of how these weight factors were obtained is shown in Figure 8. 

According to the assumption by Sjöberg et al. [1] that there is an approximately linear 
relation between the segmentation quality measure DSC (described in 3.4.1) of the 
deformable registered atlas ROIs and the similarity measure CC their relation is given by 

 
DSC = k !CC +m       (5) 
 
where DSC  is the expectation value of DSC with the standard deviation s. A normal 

distribution probability density function can be used along with (5) to relate DSC with CC 
like 
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The previously mentioned weight factors, wl, were obtained by defining them as the 

probability that the segmentation l is better than a certain base level DSCbase  
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which by evaluating the integrals using Gauss error function yields 
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To fulfill the probability statement in (7) it is required that X à ∞. Since DSC is 

defined in the interval [0,1] this is not physically relevant. However, by letting X à ∞ 
truncation is avoided and no need to conserve a physically correct model is motivated by 
the renormalisation in (4). In (8) this simplifies the first term inside the brackets to equal 
unity. By insertion of the best similarity measure found between the patient image set and 
the deformed atlases in (5) DSC  could be estimated. Using this to replace DSCbase in (7) 
eliminates the parameter, m, and results in 
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In principle k and s in (9) could be obtained for every individual ROI through a 

separate learning phase using a large number of consistently, protocol based, segmented 
image sets and a leave-one-out method. However, the limited resources of this study and 
expectations of small enhancements did not allow this. Since initial tests, with parameters 
derived by Sjöberg for the prostate gland applied to all ROIs, showed fusion segmentation 
results similar to mean values for most ROIs. Therefore arbitrary general values of k and s 
were used. A fusion with this method that is similar to averaging all the ROIs would be 
obtained by setting the parameters k to a very small value and s to a large value. To 
strongly correlate large weight factors with good similarities and small weight factors to 
bad similarities, k was set to the value 10 and assuming a small standard deviation s was 
set to 0.5. These parameters were evaluated as k and s in (5) were obtained for each ROI 
after all patients in the study were segmented through comparing CC to DSC. 
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Figure 8.  Illustration of the workflow producing the weighted ROIs. 

3.4. Evaluation methods 
A couple of evaluation methods were used to evaluate whether semi-automated atlas-

based segmentation is beneficial and to evaluate the quality of the results. Some of the 
methods are simple and directly conclusive while other methods require further analysis 
and considerations. Programming in MATLAB was required to develop some of the 
evaluation tools and for importing the clinical test data correctly.  

3.4.1. Dice Similarity Coefficient 
First of all a measure of how well the manually delineated ROIs coincides with the 

atlas-based segmentation proposals is needed, before and after editing. The Dice 
Similarity Coefficient (DSC) [16] was used to quantify the similarity between different 
segmentations of a ROI. This method has previously been shown to be a powerful tool for 
evaluation of segmentations [13, 17-19]. DSC is a measure of the spatial overlap between 
one ROI and another ranging from 0 to 1, where 0 means no overlap and 1 equals a perfect 
match.   
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Figure 9.  Area A (left) and B (middle) together with their overlapping area C (left).  

The DSC for the example given in Figure 9 is given by 
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where A, B are the areas of the two independent regions and C are their overlapping 

area. ∩  represent the intersection. 
As described by Zijdenboss et al [20] the DSC is sensitive to differences in both size 

and location. As an example, if two ROIs with the same size and shape overlap with half of 
their volume this results in a DSC of 0.5 while a ROI that completely overlaps a smaller 
ROI of half its size yields a DSC of 0.67. This example shows that two ROIs of different size 
in the same location are considered more similar than two ROIs of the same size but 
located offset from each other. 

The DSC was calculated for the clinical data on the number of elements/voxels 
contained in every ROI.  

Also for the multiple atlas cases the DSC were evaluated with respect to the similarity 
measure between the manually contoured ROIs and their representative atlas-based 
suggestions from every individual registration. This gave results on how well the fusion 
algorithm worked as DSC could be expressed as a function of the similarity measure. 

3.4.2. Hausdorff distance 
Since the DSC gives a measure of the overall segmentation result for each specific 

ROI an evaluation method for detailed segmentation accuracy is a good complement. The 
Hausdorff distance suggested by the German mathematician Felix Hausdorff is a suitable 
complementary measure as it defines the largest minimum distance between two contours. 
Given two contours A and B, for each point on contour A the minimal distance is calculated 
to every point on B and the largest value of these distances, call it a, is saved. This 
procedure is then repeated but now calculating the minimum distances from each point of 
B to every point on A and the largest minimum distance, call it b, is compared to the 
previously calculated a. This is done because the Hausdorff distance is not symmetric and 
is represented by the longest of the two distances a and b [21]. This example is illustrated 
in Figure 10. 

The Hausdorff distance calculated between two ROIs was only done in the transversal 
CT-slices where both ROIs were present i.e. not in three dimensions. The largest of these 
individual distances was defined as the Hausdorff distance between the two ROIs. There 
were two reasons for only investigating the Hausdorff distance in the transversal slices.   
These were the only slices where the radiation oncologist edited the ROIs and hence the 
most relevant. Also supporting this investigation is the fact that a CT image set has slice 
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thicknesses of 3 mm, hence an inferior spatial resolution in the cranial-caudal (head-to-
toe) direction.  

The average Hausdorff distances were also calculated between the ROIs to get a more 
general distance value determining the differences between the ROIs. This value was the 
mean value of the Hausdorff distances between the ROIs in every transversal image slice 
they are both present.  

 
Figure 10.  Example of the Hausdorff distances (a and b) between the contours A and B. Here the Hausdorff 

distance between the contours are b since it is longer than a. 

3.4.3. Volumes 
A third evaluation was to determine the volumes of the manually, automatically 

segmented and edited ROIs. These could be extracted from both the TPS and the RS but, 
since the two systems gave slightly different results, the volumes from the RS were used to 
ensure consistency. 

The two previously described evaluation methods give a good measure of the overlap 
and relative positions of the ROIs. However, these measures are not as illustrative as they 
can be without information about the actual volume of the organ or tissue. A DSC and a 
Hausdorff distance of a particular magnitude can indicate a good segmentation result for a 
large organ while the same value can mean a poor result for a small organ. Hence the 
volumes of the ROIs render important complementary information. 

3.4.4. Time 
The main objective with this project was to investigate how much time the radiation 

oncologist might be able to save by using atlas-based semi-automatic segmentation. To 
evaluate this, the radiation oncologist recorded the manual contouring time as well as the 
time for editing of each individual ROI for every patient and documented this on separate 
scoring protocols. This gave a local and global measure of the segmentation success to be 
further analysed together with the other evaluation methods.  

The time for studying medical records, MRI and PET images was omitted from the 
time scoring to avoid speed up bias. This was assumed to be a factor of importance since 
the radiation oncologist might recognise the patient and remember the previous 
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delineation. To reduce this bias further there was always a minimum of one week between 
each of the three segmentation occasions for every patient. 

3.4.5. Grading 
The anatomy of each patient can be very different. Quantitative measures are 

objective ways of evaluating the information received, but they do not reflect all the 
qualitative aspects of the different methods. To get a measure of how difficult the radiation 
oncologist experienced the segmentation, a grading scale was used for each of the ROIs. It 
was a simple scale from 1 to 3 (hard to easy) in order to evaluate for which cases and ROIs 
the atlas-based segmentation could be extra useful. 

Since implementation of a semi-automated atlas-based segmentation tool at a 
radiotherapy clinic would mainly affect the work for the radiation oncologists, an 
evaluation scale for the usefulness of the segmentation proposals was used. This was also a 
simple scale with the range of 1 to 3 (not at all, a little, very much) grading how helpful the 
auto-segmentations were for the radiation oncologist. These gradings were done without 
any aid from the previous manual segmentations.  

3.4.6. Mouse-clicks 
As the last post on the protocols attached to each patient the radiation oncologist 

documented how many mouse-clicks were needed for the manual segmentations or the 
editings of pre-segmented ROIs. A preinstalled software on the TPS workstation counted 
the number of clicks and this part of the project was done to study changes of the radiation 
oncologist’s delineation technique.  

3.4.7. Graphical 
To discover if ROIs (or parts of ROIs) might suffer problems with atlas-based 

segmentation a graphical presentation is superior even though the results can never be 
expressed in numerical values. Screenshots of patient images with ROIs from all 
segmentation proposals show the geometrical uncertainties. Visual inspection of the 
manual and atlas-based segmentations (both edited and unedited) also gives a hint of any 
tendencies of the radiation oncologist to become influenced by the segmentation proposals 
while editing them. These tendencies might lead to a reduction of inter-operator 
variabilities if these methods are implemented in the clinic. 
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4. Results 
The results presented in the following two sections are separated into results 

recorded by the radiation oncologist and results based on computer evaluations. These 
results are averaged over the patient population and the individual time, DSC, Hausdorff 
and volume results for every patient are found in the Appendix. Since the fusion of the 
multiple-atlas seminal vesicles only succeeded for two of the ten patients the results 
regarding this ROI have a large uncertainty, which should be kept in mind in the following 
sections.  

4.1. Radiation oncologist results 
First the results presented are obtained from the protocols filled out by the radiation 

oncologist during the project. 

4.1.1. Time 
The average time spent on manually segmenting and editing atlas-based 

segmentation proposals are shown in Table 1. The timesavings are also visualized in Figure 
11 as pieces removed from the total manual segmentation time resulting in shorter atlas-
based segmentation times. The results show that both atlas-based methods give 
timesavings on average and the multiple-atlas method is superior to the generic single-
atlas method. 

Table 1.  Average times and timesavings for each individual ROI and a whole patient averaged over 10 
patients. Negative values of gain mean increased time. 

Timing      

Volume 
Manual 

[s] 
Editing of Single 

Atlas [s] Gain [s] 
Editing of Multiple 

Atlases [s] Gain [s] 
Prostate 245.16 232.48 12.68 244.84 0.32 
Urinary bladder 184.76 166.13 18.63 158.41 26.35 
Rectum 173.4 175.34 -1.94 139 34.4 
Seminal vesicles 148.17 115.24 32.93 146.73 1.44 
Lymph node regions 1023.07 791.23 231.84 672.71 350.36 
Small intestine 551.74 438.11 113.63 357.41 194.33 
Penis bulb 64.06 63.67 0.39 46.14 17.92 
TOTAL 2390.36 1982.2 408.16 1765.24 625.12 

Volume 
Manual 
[min] 

Editing of Single 
Atlas [min] 

Gain 
[min] 

Editing of Multiple 
Atlases [min] 

Gain 
[min] 

TOTAL 39.84 33.04 6.80 29.42 10.42 

   
Gain 
[%]  

Gain 
[%] 

   17.08  26.15 
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Figure 11.   Pie charts visualizing the average manual and atlas-based segmentation times. The average total 
manual segmentation time of 39.8 minutes represents a full pie and segments removed show timesavings 
using atlas-based segmentation. “Other ROIs” are: rectum, urinary bladder, seminal vesicles and the penis 

bulb. 

4.1.2. Grading 
The grading made by the radiation oncologist regarding the experienced usefulness of 

the segmentation proposals and the difficulty of the manual segmentation is presented in 
Table 2. As can be seen atlas-based segmentation is more helpful for some ROIs than for 
others. Especially organs that are easy to delineate were rarely helpful at all. 

Table 2.  Grading of difficulty and usefulness during segmentation and editing of 10 patients. 

 How easy was the 
segmentation? How much did the Auto-segmentation help? Grading 

Volume 

Manual Editing of Single Atlas Editing of Multiple Atlases 

Easy Normal Hard 
Not at 

all A little 
Very 
much 

Not at 
all A little 

Very 
much 

Prostate   5 5 9 1   9   1 
Urinary bladder 9 1   10     9 1   
Rectum 7 3   9 1   8 2   
Seminal vesicles 2 6 2 10     10     
Lymph node regions   10     4 6   2 8 
Small intestine   10     5 5   2 8 
Penis bulb   6 4 4 4 2 2 8   
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4.1.3. Mouse-clicks 
In Table 3 the average amount of mouse-clicks during segmentation and editing is 

presented along with their differences and the number of mouse-clicks per second (click-
rate). Here it is clear that on average more clicks are used for manual segmentation 
compared to editing of atlas-based segmentation proposals. 

Table 3.  Differences in the number of mouse-clicks to complete manual and atlas-based segmentation 
averaged over 10 patients.  

Clicks         

Volume 
Manual 
[click] 

Click rate 
[click/s] 

Editing of 
Single 
Atlas 

[click] 
Click rate 
[click/s] 

Gain 
[click] 

Editing of 
Multiple 
Atlases 
[click] 

Click rate 
[click/s] 

Gain 
[click] 

Prostate 111 0.45 79 0.34 31 118 0.48 -7 
Urinary 
bladder 105 0.57 51 0.31 54 48 0.30 57 
Rectum 84 0.48 65 0.37 19 55 0.39 29 
Seminal 
vesicles 149 1.01 89 0.77 60 118 0.81 31 
Lymph node 
regions 889 0.87 382 0.48 507 341 0.51 548 
Small 
intestine 563 1.02 156 0.36 406 116 0.32 447 
Penis bulb 25 0.39 27 0.42 -2 16 0.35 9 
TOTAL 1924 0.81 848 0.43 1076 811 0.46 1113 
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4.2. Accuracy results 
Using the manually segmented ROIs as reference the accuracy of the edited and 

unedited atlas-based ROIs could be obtained. The results are average values and in the 
graphs one standard deviation for all ROIs are presented as error-bars. 

4.2.1. Dice Similarity Coefficient 
The average DSC between the manually segmented and atlas-based delineated ROIs 

(both edited and unedited) are presented in Figure 12. Since the RS offered the possibility 
to segment the prostate, urinary bladder and rectum using model-based segmentation, this 
was also done and the results are compared with the atlas-based results in Figure 13. In 
both figures the DSC between the manual and edited atlas-based proposals give a hint of 
the best spatial overlap achievable for one radiation oncologist. It is also seen that in 
general multiple-atlas segmentation proposals are slightly more accurate than single-atlas 
segmentation proposals even if both need editing.  

 
Figure 12.  DSC between manual and atlas-based segmentation. 

 
Figure 13.  DSC between manual, atlas- and model-based segmentation. The remarkably large variations of 

the Model-based urinary bladder segmentations resulted in a large standard deviation and error-bars 
reaching beyond DSC = 1 which is physically irrelevant.  

Four of the patients included in this study were previously manually segmented by 
other radiation oncologists. Hence, some of these ROIs were compared to the 
corresponding ROIs delineated in this study using the DSC. The results can be seen in 
Figure 14. However, these results can only be seen as a visualization of segmentation 
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consistency since other radiation oncologists may have used a different segmentation 
protocol at the time. It was clear that the lymph node regions and the seminal vesicles were 
contoured according to a different protocol and this gave consistent but low resulting 
DSCs. 

 

Figure 14.  DSC between previously manual segmentations and the manual and edited ROIs in the study. 
Only one of the extra patients had the seminal vesicles delineated hence no error-bars. 

4.2.2. Hausdorff distance 
The Hausdorff distances and the mean Hausdorff distances averaged over 10 patients 

can be seen in Figures 15 and 16. Here the comparison between manual and edited atlas-
based segmentation show distances approaching the limits of what precision can be 
achieved by one radiation oncologist. The Hausdorff distances show that in general the 
multiple-atlas segmentation proposals have better accuracy than the single-atlas 
segmentation proposals. This is best visible in the mean Hausdorff distance results. 

 

Figure 15.  The Hausdorff distances between manual and atlas-based segmentation. 
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Figure 16.  The mean Hausdorff distances between manual and atlas-based segmentation. 

4.2.3. Volumes 
The volumes of most of the ROIs in the pelvic region have a large inter- and intra-

patient variability. Hence, average volumes would not give much information and would 
have large uncertainties. Instead the average ratios in volume are presented in Table 4, and 
the volumes in the manual, edited and unedited atlas-based segmentations of every 
individual patient are presented in the Appendix. The volume ratios show that in general 
the single-atlas proposals are larger than the manual ROIs and the multiple-atlas 
proposals are smaller than the manual ROIs, both before and after editing.  

Table 4.  Ratios of ROI volumes between manual and atlas-based proposals. 

Volume      

Volume 

Ratio 
Single 

Atlas to 
Manual 

Ratio Edit 
of Single 
Atlas to 
Manual 

Ratio 
Multiple 

Atlases to 
Manual 

Ratio Edit of 
Multiple 

Atlases to 
Manual 

Ratio Model-
Based to 
Manual 

Prostate 2.26 0.99 0.89 0.90 1.90 
Urinary bladder 0.47 1.01 0.89 1.01 0.93 
Rectum 1.11 1.05 0.77 0.98 2.37 
Seminal vesicles 1.48 1.06 0.05 0.90  
Lymph node regions 1.26 1.06 0.82 0.95  
Small intestine 1.25 1.11 0.78 0.92  
Penis bulb 1.20 1.07 0.63 1.01  

 
The average volume ratios between the edited and unedited atlas-based proposals, 

seen in Table 5, show the volumetric changes made while editing the ROIs which 
complements the previous results in the determination of the auto-segmentation accuracy. 

Table 5.  Ratios of ROI volumes between edited and unedited atlas-based proposals.  

Volume   

Volume 

Ratio Edit of 
Single Atlas to 

Single Atlas 

Ratio Edit of 
Multiple Atlases to 

Multiple Atlases 
Prostate 0.55 1.29 
Urinary bladder 2.91 1.43 
Rectum 0.99 1.32 
Seminal vesicles 0.89 19.67 
Lymph node regions 0.87 1.19 
Small intestine 0.90 1.20 
Penis bulb 0.96 1.69 
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4.2.4. Graphical 
Graphical presentations of the segmentation proposals from every individual atlas, 

the fused atlases and the generic single atlas are shown in Figures 17 and 18 for the 
prostate and lymph node regions of one patient. The manual segmentation and edited atlas 
based proposals are also presented in these figures. As can be seen in the figures there is 
poor accuracy for the individual single-atlas segmentation proposals. This is particularly 
pronounced for the top of the prostate. 

 
Figure 17.  Visualization of the different segmentations for one patient’s prostate. The segmentations are: 
manual (white), individual 15 atlases (orange), single generic atlas (green), fused multiple atlases (purple), 

edited single atlas (blue) and edited fused multiple atlases (red). 

 
Figure 18.  Visualization of the different segmentations of one patients lymph node regions. The 

segmentations are: manual (white), individual 15 atlases (orange), single generic atlas (green), fused multiple 
atlases (purple), edited single atlas (blue) and edited fused multiple atlases (red). 
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4.3. Fusion evaluation 
An evaluation of the correlation between the similarity measure (Cross Correlation) 

and the DSC for every ROI of every atlas to the patients of the study is shown in Figure 19. 
In the figure a linear fit to the data was made and the equations are presented. From these 
results it is clear that the ROIs have different relations between DSC and CC and the linear 
relations are weak, which differ from the strong linear relation and standard deviation 
assumed in 3.3. 

 

Figure 19.  DSC as a function of the similarity measure CC for all ROIs of every atlas and patient included in 
the study. The linear fit equation and the standard deviation of this is also presented. 
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The parameters obtained in Figure 19 were used to re-segment four of the patients 
and their average DSC results are seen in Figure 20 along with the expansion of the atlas-
database to 24 atlases using a leave-one-out method (15 atlases plus 9 segmented 
patients). Neither the increasing amount of atlases nor the new parameters improved the 
results or their standard deviations. 

 

Figure 20.  DSC between manual and atlas-based segmentation using a single, 15 and 24 atlases. The 
results are averaged over four patients and the error-bars represent one standard deviation. op = old 

parameters and np = new parameters.  
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5. Discussion 
Both atlas-based segmentation methods investigated in this study resulted in a 

reduction of the segmentation time. This was so even if many of the atlas-based proposals 
needed major editing. For the lymph node regions and the small intestine particularly good 
results were found as most of the atlas-based proposals only needed minor editing. Since 
these ROIs are the most time consuming to delineate most time was saved here. Fused 
multiple-atlases turned out to be advantageous to a single generic atlas. This study was 
based on the segmentation times of a very experienced radiation oncologist and there 
might be large differences in segmentation times for less experienced radiation 
oncologists. 

The accuracy measures showed that on average most atlas-based proposals were 
reasonable but all needed editing. Most of the ROIs did not get good gradings from the 
radiation oncologist, mainly because manual delineation often is quick and easy, but also 
because of poor segmentation proposals. This shows that for some ROIs the atlas-based 
segmentation proposals need to have higher accuracy than other ROIs to be helpful for the 
radiation oncologist. DSC, Hausdorff and ROI volumes together gave a good picture of the 
segmentation accuracy results, which was confirmed in the visual inspections. The DSC for 
the atlas-based segmentation proposals might seem poor and even though articles have 
been published with better results, some authors have come to the conclusion that DSC > 
0.7 is excellent [20] although this is strongly dependent on the shape and volume of the 
ROI. The long Hausdorff distances for the lymph node regions and the small intestine was 
caused by the ROIs being large and that they were segmented to end in different image 
slices of the patients. This resulted in Hausdorff distance measures between non-
corresponding contour points, which were impossible for the evaluation tool to control. An 
example of this is displayed in Figure 21. 

 
Figure 21.  Examples of when the Hausdorff measure fails and gives non-relevant distance measures. Left: 

The last image-slice of the blue lymph node regions ROI are compared to the corresponding red ROI 
reaching three more image-slices. Right: A similar situation for small intestine ROIs. The Hausdorff distance 

in these cases do not result in a distance between two corresponding points. This effect is only seen in the 
ROIs that do not have a well-defined segmentation end.  

For ROIs that are volumetrically small like the seminal vesicles and the penis bulb the 
atlas-based methods struggle with inter-patient anatomical variations and diffuse 
gradients in the CT-images. This together with the fact that the prostate can move about 8 
mm in the anterior-posterior direction for every patient and since the seminal vesicles are 
located directly posteriorly of the prostate makes this organ very hard for auto-
segmentation with useful accuracy. The results confirm this since only two fusions of the 
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seminal vesicles succeeded, however with low accuracy, while the other eight resulted in 
zero-volume ROIs.  

The study of mouse-clicks showed a reduced time of actual contouring since the 
editing times for the ROIs were shorter than the manual segmentation times and the 
amount of mouse-clicks was reduced. This was expected since part of the editing process 
was to scroll through the CT image-set and simply review the atlas-based segmentation 
proposals. This explicitly indicates a change of the way the radiation oncologist had to 
work and the TPS needs to have effective tools for editing and not only for direct manual 
segmentation. 

Since the patient and atlas images in this study were exported from the TPS, which do 
not use the full-resolution images stored in the Picture Archiving and Communication 
System (PACS), image details are lost before registrations. It was never investigated but it 
could be advantageous to do a preliminary segmentation using fully resolved images from 
the PACS for later editing in the TPS. 

5.1. Time 
At Uppsala University hospital approximately 150-180 new patients are treated 

annually for prostate cancer with external beam radiotherapy. About 25% of these patients 
are treated with IMRT or VMAT. Assuming the same manual segmentation time and 
editing time as in this study for all radiation oncologists for this patient group, the fused 
multiple-atlas timesaving will give an annual timesaving of approximately 6-7.5 hours. 
Assuming approximately half of the 9,000 prostate cancers that are discovered each year 
in Sweden are treated with external beam radiotherapy and 25% of these get IMRT/VMAT 
treatment with the same ROIs delineated as in this study the annual Swedish timesaving 
can accumulate to about 190 hours. This is a considerable amount of time for a single 
patient group. What should also be kept in mind is that the small intestine and lymph node 
regions, which were the two ROIs with the largest gains in this study, probably give as good 
results when planning for other cancers in the area e.g. cervical and rectal cancer etc. Atlas 
databases would of course have to be established for these diseases too due to differences 
in anatomy and paths of metastases. The possible timesavings when using atlas-based 
segmentation will probably be of even further interest as the amount of patients with 
prostate cancer receiving IMRT- or VMAT-treatments will increase for treating lymphatic 
relapse and for study purposes. Addition of ROIs that are part of the skeleton like the 
femoral heads, the pubic symphysis and the pubic bone-marrow to the segmentation 
protocols would provide even further possibilities to study dose-response and to make sure 
dose-hotspots are avoided. This would make the manual segmentation even more time 
consuming but since bony regions show very good accuracy during registrations these will 
probably be efficiently segmented using atlas-based methods resulting in further total 
timesavings per patient. Since necrosis has occurred in the pubic symphysis after IMRT 
treatments incorporating this ROI in the segmentation protocols is motivated. 

At Uppsala University hospital patients may get external beam treatments using both 
photons and protons. These beam modalities use different patient fixations and hence two 
different planning-CTs of the same patient are needed. This also results in twice as many 
manual segmentations needed where deformable registration might be of assistance for 
intra-patient transferring of ROIs from one of the image sets to the other. This needs 
further evaluation and probably an enhancement of the proton CT-images that are at the 
moment made with inferior quality than the CT-images for the photon treatment planning.   

During this project, producing a multiple-atlas segmentation proposal was done in a 
few hours due to the manual data preparation, which is definitely not justified by the 
timesaving of about 10 minutes during segmentation in the TPS. With the algorithms 
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optimally integrated into the software only a couple of actions are needed to run the 
calculations in the background. 

 

5.2. Multi-atlas vs. Single-atlas 
Since no patient is identical to the other one could expect that multiple-atlas-based 

segmentation would be the better approach, especially if weight factors dependent on 
similarity measures were used. This assumption was strengthened by the results even if the 
differences observed between the two atlas-based methods were moderate. The relative 
success of the single-atlas method is due to a careful choice of the generic single atlas with 
good anatomical coverage and registration success compared to the other atlases. The lack 
of accurate individual single atlas segmentations throughout the database, in their turn, 
gave the fusion process very poor starting conditions. Secondly the assumed values of 
parameters k and s for the fusion method of multiple-atlas segmentations differed from the 
values obtained and presented in Figure 19, which also showed a variability of the 
parameters between the ROIs. This affected the resulting fusion, as the similarity measures 
of the ROIs corresponding to the weight factors do not have a strong linear correlation to 
spatial ROI overlap. This propagated as an increased uncertainty of the segmentation 
proposals from the fused multiple-atlases. Consequently, the fusion quality was weakened 
and optimal segmentation results were not obtained. The parameter values obtained in 
this result are only based on the work of one single radiation oncologist. Hence, these are 
merely an indication of the true values that need to be determined in a larger study 
including more radiation oncologists and atlases. These more accurate parameters could 
then be used to evaluate if CC is a suitable similarity measure and if it really has a linear 
relationship with the spatial overlap of ROIs. However, even with these shortcomings the 
multiple-atlas method was advantageous to the generic single-atlas method. 

The multiple-atlas method showed for most ROIs better DSC and Hausdorff values 
than the generic single-atlas method. These slightly better accuracies together with the 
radiation oncologist gradings support the resulting larger timesavings.  

The volume measures of the ROIs in the manual and atlas-based segmentations 
(edited and unedited) show that in general fused multiple-atlas ROI volumes are smaller 
than the manual ROI volumes, even after edit. The initially smaller volumes from the 
unedited segmentation proposals are due to averaging, even if weighted, of individual atlas 
segmentation proposals reducing the effect of ROI extremities. 

5.3. Multi-atlas vs. Model based  
The comparison of these two segmentation models was not completely investigated 

due to the limited time the radiation oncologist was able to spend on this project. However, 
the accuracy results (DSC and volumes) showed that model-based segmentation proposals 
were very good when delineating ROIs that are clearly visible in CT-images like the urinary 
bladder. For ROIs that are more diffuse but still visible, model-based segmentation 
proposals showed similar results as atlas-based segmentation proposals. The RS supported 
model-based segmentation of the urinary bladder, prostate, rectum and femoral heads but 
none of these ROIs is particularly time consuming to delineate manually. The model-based 
algorithms are not designed to segment ROIs that are very diffuse (e.g. the lymph node 
regions and small intestine) with good results due to the underlying methods of the 
algorithms. Since ROIs of this type are the hardest and most time consuming to segment 
and suffer from most inter-operator variability, model-based segmentation is not likely to 
be a good method to save segmentation time in patients with lymphatic invasive prostate 
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cancer. A combination of model-based and atlas-based segmentation would however 
probably yield good total results. 

5.4. The atlases 
Besides the image registration, the basis for atlas-based segmentation is of course the 

atlases themselves. The atlases in the database must be accurately and consistently 
delineated according to protocols. Several radiation oncologists should be involved to 
minimise the influence of individual preferences. Since image registration algorithms are 
not perfect one still has to depend on the atlases that can allow for inter- and intra-patient 
anatomical variations. Since the registration of many atlases to a patient image-set, and the 
fusion of the segmentations require extensive calculations and data processing, there is a 
computational restriction of how large the atlas database can be. Therefore the atlases in 
the database need to be optimized. 

The results presented in Figure 20 suggest that 15 atlases are enough since the 
segmentation accuracy results did not improve using 24 atlases. However, the minimum 
number of atlases needed in the database is difficult to evaluate from results of the present 
work since the true relationship between the ROI spatial overlap and image similarities for 
each ROI is unknown. Since CC is a similarity measure for the entire ROI including a 
margin, perhaps another measure of image similarity is needed that takes local similarities 
into consideration. The number of atlases needed to cover all the inter- and intra-patient 
ROI variations, resulting in increased registration success, could however be reduced by 
introducing routines before acquiring the dose-planning CT-images and treatment. 
Routines to control flexible organs like the urinary bladder and rectum are essential since 
their filling affects the position and size of the prostate, vesicles and small intestine. 
Controlling the filling of the urinary bladder and the rectum would provide less intra-
patient movement of the prostate and the seminal vesicles for example. During CT-imaging 
filling the urinary bladder with contrast-substance would result in a more visible border 
between the top of the prostate and the bottom of the urinary bladder which is a problem 
area during image registration as can be seen in the visual results. It is important to note 
that a strict routine like this during the entire process of radiotherapy ensures that the 
doses to the ROIs are actually given in the same way as planned, which would increase the 
quality of dose-response studies significantly. To practically achieve consistently filled 
urinary bladder and rectum is unfortunately very hard since we are dealing with real 
patients and not phantoms but to a certain degree it should be possible. Imaging systems 
on the LINACS can be used for IGRT but this method only aim at ensuring the planned 
dose is given to the target. This technique together with good routines would, however, 
improve the accuracy of the entire planned dose distribution. 

5.5. Inter- and intra-observer variabilities 
The fact that the edited ROI volumes still remain either smaller or bigger than the 

manually segmented ROIs shows a tendency of the radiation oncologist to get influenced 
by the proposals when editing them. This tendency was also seen in the visual inspection of 
the edited atlas-based segmentation proposals, which was also supported by the maximum 
obtainable DSC and Hausdorff results. This suggests that segmentation variations are 
operator caused for reasons like personal preferences, experience and stress. Reduction of 
inter-operator variability using semi-automated segmentation methods needs to be 
studied further and with more radiation oncologists included for a more decisive 
conclusion. Depending on the experience of the radiation oncologists there might also be 
significant differences in how much they will follow the segmentation proposals. 
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6. Conclusions 
Semi-automated atlas-based segmentations will on average save time for the 

radiation oncologists compared to manually segmenting each patient. This is shown even if 
the segmentation proposals need to be extensively edited. Segmentation proposals based 
on the multiple-atlases are generally superior to generic single-atlas segmentation 
proposals, both in timesavings and accuracy. 

Even more time can be saved for the radiation oncologists since the amount of 
patients increase every year with new and improved diagnostic tools. Also ROIs with the 
largest gain in this study, like the small intestine and lymph node regions, will probably 
give as good results when planning for other cancers in the area e.g. cervical and rectal 
cancer etc. 

 Since single-atlas segmentation shows less accurate results than segmentation using 
multiple-atlases the choice of method might seem simple. However, much work on the 
atlases by multiple radiation oncologists needs to be done to provide consensus guidelines 
that ensure accuracy and consistency. This work should preferably be done by national or 
international collaborative groups. Along with this, extensive work on implementation is 
needed for multiple-atlas registrations and fusion of segmentations.  

Since clinical implementation of a software like this would lead to a changed way of 
working (editing ROIs instead of segmenting them from scratch) for the radiation 
oncologist, as shown by the mouse-click study, the TPS tools need to be specifically 
designed for this type of work. 

Fusion of multiple-atlas segmentations using weight factors based on similarity 
measures between a patient image and deformed atlas images is a useful method. 
However, the relation between spatial ROI overlap and the similarities between the regions 
needs to be further investigated and refined using the input of more radiation oncologists 
to provide optimized fusion results. Using CC as similarity measure might not be the 
optimal solution either. 

For enhanced registration results and for dose-response study purposes control of 
rectum and urinary bladder filling during image acquisition and treatment would help 
much. Injecting contrast-substance into the bladder before image acquisition is however 
practically possible and this would really help during both registration and manual 
segmentation. 

This study has covered patient segmentations but segmenting image-sets of new 
patients is however not the only area were image registration tools are applicable. The 
usefulness may be applied to IGRT, when fusing images from different modalities and 
when adding multiple dose plans. Needless to say, image registration has a number of 
applications in the field of radiotherapy. 

Signs of a reduced inter- and intra-observer variations were shown but studies of this 
involving additional radiation oncologist are needed to actually prove this effect.  

 
Since the results from a similar evaluation project done for the Head & Neck cancer 

patient group [22] also showed significant timesavings, atlas-based segmentation can turn 
out to be a valuable tool. 



Christoffer Granberg  Clinical evaluation of atlas- 
  based segmentation 
  for radiotherapy of 
  prostate tumours 
 

36 

 



Christoffer Granberg  Clinical evaluation of atlas- 
  based segmentation 
  for radiotherapy of 
  prostate tumours 
 

37 

7. Acknowledgments 
I would like to devote this section of my thesis work report to sincerely thank the 

people who were in any way involved in this project.  
Thank you: Anders Montelius for being an excellent supervisor and for giving me so much 
of your time for discussions, support, guidance and sharing your experience with me. Silvia 
Johansson for your time and effort that you put into the segmentation, timing and grading 
during this project along with your assistance through all my questions. Carl Sjöberg for 
letting me use your reseach tools and for patiently taking your time teaching me everything 
about them. Anders Ahnesjö for your expertise, enthusiasm and scientific input to this 
study as well as the presentations, making them as good as they could have been. Ulf 
Isacsson for sharing your clinical experience and the data, advises and encouragement you 
have given me. Lars Klessen and Nucletron for providing me with the registration software 
VelocityAI and the support I needed for that. Elizabeth Morhed for your answers to my 
questions and the help you have provided at the clinic. All the personnel I have met at 
Akademiska sjukhuset, I’ve had a great time during my thesis work thanks to you! 
 
I want to send out a special thank you to my brother in arms during this project Martin 
Lundmark. Thank you for the great amount of hours we spent at the “bunker” together. I 
really enjoyed working with you my friend. 
 
Last but not least I also want to thank Heikki Tölli for being the examiner of this thesis 
work.  
 
 
Christoffer Granberg 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Christoffer Granberg  Clinical evaluation of atlas- 
  based segmentation 
  for radiotherapy of 
  prostate tumours 
 

38 

8. References 
 
[1] Carl Sjöberg and Anders Ahnesjö, Evaluation of atlas-based segmentation using 
probabilistic weighted distance maps, manuscript, Uppsala University, 2011. 

 
[2] National Cancer Institute, U.S. National Institutes of Health, http://www.cancer.gov 
 
[3] The Swedish Cancer Society, http://www.cancerfonden.se 
 
[4] Anders Ahnesjö, Björn Hårdemark, Ulf Isacsson and Anders Montelius, The IMRT 
information process – mastering the degrees of freedom in external beam therapy, 
Physics in Medicine and Biology 51, 2006  
 
[5] J. E. Bekelman, N. Mitra, J. Efstathiou, K. Liao, R. Sunderland, D. N. Yeboa, K. 
Armstong, Comparative Effectiveness of Intensity Modulated (IMRT) versus 3D Conformal 
(CRT) Radiotherapy for Non-metastatic Prostate Cancer, Abstract submitted to and study 
presented at the 52nd Annual Meeting of the American Society for Radiation Oncology 
(ASTRO), 2010  
 
[6] Cedric Yu and Grace Tang, Intensity-modulated arc therapy: principles, technologies 
and clinical implementations, Physics in Medicine and Biology 56, 2011 
 
[7] Torsten Rohlfing, Robert Brandt, Randolf Menzel, Daniel B. Russakoff, and Calvin R. 
Maurer, Jr., Que Vadis, Atlas-Based Segmentation?, The Handbook of Medical Image 
Analysis: Segmentation and Registration Models, Kluwer, 2005. 
 
[8] Timothy Fox, Calvin Huntzinger, Peter Johnstone, Tomi Ogunleye and Eric Elder, 
Performance evaluation of an automated image registration algorithm using an integrated 
kilovoltage imaging and guidance system, Journal of applied medical physics, volume 7, 
number 1, winter 2006. 
 
[9] Iris E. van Dam, John R. van Sörnsen de Koste, Gerard G. Hanna, Rebecca Muirhead, 
Ben J. Slotman, Suresh Senan, Improving target delineation on 4-dimensional CT scans 
in stage I NSCLC using a deformable registration tool, Radiotherapy and Oncology 96, p. 
67-72, 2010. 
 
[10] Xavier Pennec, Pascal Cachier and Nicholas Ayache, Understanding the “Demon’s 
Algorithm”: 3D Non-Rigid registration by Gradient Descent, 2nd International Conference 
on Medical Image Computing and Computer-Assisted Intervention (MICCAI’99), LNCS 
1679, 1999.   
 
[11] Ben Glocker, Nikos Komodakis, Nikos Paragios, Georgios Tziritas and Nassir Navab, 
Inter and Intra-Modal Deformable Registration: Continuous Deformations Meet Efficient 
Optimal Linear Programming, Information Processing in Medical Imaging: Proceedings of 
the 20th international conference, 2007.  
 
[12] Tim McInerney and Demetri Terzopoulos, Deformable Models in Medical Image 
Analysis: A Survey, Handbook of Medical Image Processing and Analysis, I. Bankman 
(ed.), Academic Press, San Diego, Ch. 8, p.127-145, 2000.  



Christoffer Granberg  Clinical evaluation of atlas- 
  based segmentation 
  for radiotherapy of 
  prostate tumours 
 

39 

 
[13] Iris E. van Dam, John R. van Sörnsen de Koste, Gerard G. Hanna, Rebecca Muirhead, 
Ben J. Slotman and Suresh Senan, Improving target delineation on 4-dimensional CT 
scans in stage I NSCLC using a deformable registration tool, Radiotherapy and Oncology 
96, 67–72, 2010. 
 
[14] Colleen A. F. Lawton, Jeff Michalski, Issam El-Naqa, Mark K. Buyyounouski, W. 
Robert Lee, Cynthia Menard, Elizabeth O’Mera, Seth A. Rosenthal, Mark Ritter and 
Michael Seider, RTOG GU Radiation Oncology Specialists Reach Consensus on Pelvic 
Lymph Node Volumes for High-Risk Prostate Cancer, Int. J. Radiation Oncology Biol. 
Phys., Vol. 74, No.2, p. 383-387, 2009. 
 
[15] S. Klimenko, G. Mitselmakher, A. Sazonov, A cross-correlation technique in wavelet 
domain for detection of stochastic gravitational waves, arXiv:gr-qc/0208007 v1, 
University of Florida, 2002. 
 
[16] Lee R. Dice, Measures of the Amount of Ecologic Association Between Species, 
Ecology, Volume 26, No. 3, p. 297-302, July 1945. 
 
[17] K. G. Baum, E. Schreyer, S. Totterman, J. Farber, J. Tamez-Peña and P. González, 
Application of the Dice Similarity Coefficient (DSC) for Failure Detection of a Fully-
Automated Atlas Based Knee MRI Segmentation Method. International Society for 
Magnetic Resonance in Medicine (ISMRM) and European Society for Magnetic Resonance 
in Medicine and Biology (ESMRMB) Joint annual meeting, 2010. 
 
[18] Liza J. Stapleford, Joshua D. Lawson, Charles Perkins, Scott Edelman, Lawrence 
Davis, Mark W. McDonald, Anthony Waller, Eduard Schreibmann and Tim Fox, 
Evaluation of Automatic Atlas-Based Lymph Node Segmentation for Head-and-Neck 
Cancer, Int. J. Radiation Oncology Biol. Phys., Vol. 77, No. 3. p.959-966, 2010. 
 
[19] Simon K. Warfield, Kelly H. Zou and William M. Wells, Simultaneous Truth and 
Performance Level Estimation (STAPLE): An Algorithm for the Validation of Image 
Segmentation, IEEE Trans Med Imaging, 23(7): p. 903-921, 2004 
 
[20] Alex. P. Zijdenbos, Benoit M. Dawant, Richard A. Margolin and Andrew C. Palmer, 
Morphometric Analysis of White Matter Lesions in MR Images: Method and Validation, 
IEEE Transactions on Medical Imaging, Volume 13, No. 4, December 1994. 
 
[21] Guido Gerig, Matthieu Jomier and Miranda Chakos, Valmet: A New Validation Tool 
for Assessing and Improving 3D Object Segmentation, Lecture Notes in Computer 
Science, Volume 2208/2001, p. 516-523, 2001. 
 
[22] Martin Lundmark, Clinical Evaluation of Atlas-Based Segmentation for 
Radiotherapy of Head and Neck Tumours, Master of Science Thesis in Medical Radiation 
Physics, Umeå University, 2011.



Christoffer Granberg                    Clinical evaluation of atlas- 
  based segmentation 
  for radiotherapy of  
  prostate tumours 
 

 I 

9. Appendix 

9.1. Evaluation protocols 
Figure 1.  The evaluation protocols used during manual segmentation and editing of atlas-based 

segmentation proposals to record time, mouse-clicks and grading.  
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9.2. Time 

Table 1.  Timing results for all individual patients. When the multiple-atlas proposals did not include the 
segmentation of the seminal vesicles the editing time was set equal to the manual segmentation time which 

illustrates no time gain or loss.  

Timing Patient 1      

Volume Manual [s] 
Editing of Single 

Atlas [s] Gain [s] 
Editing of Multiple 

Atlases [s] Gain [s] 
Prostate 241.3 165.4 75.9 252.4 -11.1 
Urinary bladder 135.3 232.3 -97 183.8 -48.5 
Rectum 244 215.4 28.6 192.7 51.3 
Seminal vesicles 104.6 150.9 -46.3 97.5 7.1 
Lymph node regions 718.6 1147 -428.4 315.3 403.3 
Small intestine 379.8 541.8 -162 323.9 55.9 
Penis bulb 121.2 60.5 60.7 15.8 105.4 
TOTAL 1944.8 2513.3 -568.5 1381.4 563.4 
Timing Patient 2      

Volume Manual [s] 
Editing of Single 

Atlas [s] Gain [s] 
Editing of Multiple 

Atlases [s] Gain [s] 
Prostate 191 313.9 -122.9 208.2 -17.2 
Urinary bladder 204.7 203.9 0.8 184.2 20.5 
Rectum 194.7 239.6 -44.9 172.1 22.6 
Seminal vesicles 133.4 214 -80.6 133.4 0 
Lymph node regions 898.2 1206.9 -308.7 550.7 347.5 
Small intestine 483.2 799.2 -316 390.7 92.5 
Penis bulb 38.3 89.2 -50.9 46.5 -8.2 
TOTAL 2143.5 3066.7 -923.2 1685.8 457.7 
Timing Patient 3      

Volume Manual [s] 
Editing of Single 

Atlas [s] Gain [s] 
Editing of Multiple 

Atlases [s] Gain [s] 
Prostate 260.6 341.2 -80.6 534 -273.4 
Urinary bladder 211.2 248.5 -37.3 211.3 -0.1 
Rectum 207.8 213.4 -5.6 178.1 29.7 
Seminal vesicles 131.8 167.2 -35.4 131.8 0 
Lymph node regions 764.7 753.4 11.3 848.1 -83.4 
Small intestine 410.2 389.2 21 594.1 -183.9 
Penis bulb 57.3 60.4 -3.1 60.8 -3.5 
TOTAL 2043.6 2173.3 -129.7 2558.2 -514.6 
Timing Patient 4      

Volume Manual [s] 
Editing of Single 

Atlas [s] Gain [s] 
Editing of Multiple 

Atlases [s] Gain [s] 
Prostate 275.5 145.1 130.4 110.3 165.2 
Urinary bladder 107.5 126.9 -19.4 87.4 20.1 
Rectum 114.6 158.9 -44.3 120.6 -6 
Seminal vesicles 110.7 113.2 -2.5 103.4 7.3 
Lymph node regions 743.7 682.5 61.2 687.7 56 
Small intestine 220.2 371.2 -151 243.2 -23 
Penis bulb 59.6 43.3 16.3 37.3 22.3 
TOTAL 1631.8 1641.1 -9.3 1389.9 241.9 
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Timing Patient 5      

Volume Manual [s] 
Editing of Single 

Atlas [s] Gain [s] 
Editing of Multiple 

Atlases [s] Gain [s] 
Prostate 138.2 208.4 -70.2 347.1 -208.9 
Urinary bladder 175.9 129.2 46.7 118.9 57 
Rectum 136.3 261.5 -125.2 91.9 44.4 
Seminal vesicles 122.4 109.2 13.2 122.4 0 
Lymph node regions 841.6 880.2 -38.6 945.8 -104.2 
Small intestine 528.8 420.2 108.6 422.7 106.1 
Penis bulb 79.9 73.7 6.2 46.8 33.1 
TOTAL 2023.1 2082.4 -59.3 2095.6 -72.5 
Timing Patient 6      

Volume Manual [s] 
Editing of Single 

Atlas [s] Gain [s] 
Editing of Multiple 

Atlases [s] Gain [s] 
Prostate 214.6 154.5 60.1 175.7 38.9 
Urinary bladder 197.9 154.8 43.1 141.9 56 
Rectum 155.9 130.9 25 110.4 45.5 
Seminal vesicles 111.8 58.7 53.1 111.8 0 
Lymph node regions 1137.4 639.4 498 872.8 264.6 
Small intestine 700.7 373.2 327.5 350.9 349.8 
Penis bulb 61.9 50.6 11.3 51.9 10 
TOTAL 2580.2 1562.1 1018.1 1815.4 764.8 
Timing Patient 7      

Volume Manual [s] 
Editing of Single 

Atlas [s] Gain [s] 
Editing of Multiple 

Atlases [s] Gain [s] 
Prostate 415.9 427.7 -11.8 160 255.9 
Urinary bladder 150.5 107.6 42.9 127.9 22.6 
Rectum 155.2 137.1 18.1 100.9 54.3 
Seminal vesicles 140.2 65.8 74.4 140.2 0 
Lymph node regions 1928.7 694.8 1233.9 623.9 1304.8 
Small intestine 737.3 303.1 434.2 286.5 450.8 
Penis bulb 50.9 78.5 -27.6 48.9 2 
TOTAL 3578.7 1814.6 1764.1 1488.3 2090.4 
Timing Patient 8      

Volume Manual [s] 
Editing of Single 

Atlas [s] Gain [s] 
Editing of Multiple 

Atlases [s] Gain [s] 
Prostate 269 214.1 54.9 319.7 -50.7 
Urinary bladder 274.9 224.7 50.2 214.2 60.7 
Rectum 142 128.3 13.7 125.6 16.4 
Seminal vesicles 292.7 120.8 171.9 292.7 0 
Lymph node regions 1058.2 625.1 433.1 633.8 424.4 
Small intestine 778.2 444.7 333.5 331.2 447 
Penis bulb 65.6 91.4 -25.8 61.2 4.4 
TOTAL 2880.6 1849.1 1031.5 1978.4 902.2 
Timing Patient 9      

Volume Manual [s] 
Editing of Single 

Atlas [s] Gain [s] 
Editing of Multiple 

Atlases [s] Gain [s] 
Prostate 229.3 220.9 8.4 133.2 96.1 
Urinary bladder 138.6 96.9 41.7 106.9 31.7 
Rectum 188.7 157.6 31.1 154 34.7 
Seminal vesicles 172.4 72.8 99.6 172.4 0 
Lymph node regions 1059.5 669.2 390.3 670.9 388.6 
Small intestine 637.6 365.7 271.9 280.7 356.9 
Penis bulb 53.1 38.3 14.8 43.3 9.8 
TOTAL 2479.2 1621.4 857.8 1561.4 917.8 
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Timing Patient 10      

Volume Manual [s] 
Editing of Single 

Atlas [s] Gain [s] 
Editing of Multiple 

Atlases [s] Gain [s] 
Prostate 216.2 133.6 82.6 207.8 8.4 
Urinary bladder 251.1 136.5 114.6 207.6 43.5 
Rectum 194.8 110.7 84.1 143.7 51.1 
Seminal vesicles 161.7 79.8 81.9 161.7 0 
Lymph node regions 1080.1 613.8 466.3 578.1 502 
Small intestine 641.4 372.8 268.6 350.2 291.2 
Penis bulb 52.8 50.8 2 48.9 3.9 
TOTAL 2598.1 1498 1100.1 1698 900.1 
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9.3. Dice Similarity Coefficient 
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Figure 2.  DSC results for all individual patients. 
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9.4. Hausdorff distances 
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Figure 3.  Hausdorff distance results for all individual patients. 
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Figure 4.  Mean Hausdorff distance results for all individual patients. 



Christoffer Granberg  Clinical evaluation of atlas- 
  based segmentation 
  for radiotherapy of  
  prostate tumours 
 

 XIII 

9.5. Volumes 

Table 2.  The ROI volumes extracted from the RS for all patients in the manual and atlas-based 
segmentations (both edited and unedited). Hyphens (-) show mark that no segmentation proposal was 

obtained or that the radiation oncologist did not delineate the ROI. 

Volume Patient 1       

Volume 
Manual 
[cm^3] 

Single 
Atlas 

[cm^3] 
Edit of Single 
Atlas [cm^3] 

Multiple 
Atlases 
[cm^3] 

Edit of 
Multiple 

Atlases [cm^3] 
Model-based 

[cm^3] 
Prostate 38.6 69 33.1 30.7 31.7 46.4 
Urinary bladder 62.3 41.8 58.6 73.2 56.2 32.9 
Rectum 72 65.4 70.8 45.2 54.3 115.5 
Seminal vesicles 12.7 10.1 10.5 1 9  
Lymph node regions 445.1 389 441.2 272.8 339.1  
Small intestine 1841.3 1883.3 1876 911.9 1365.3  
Penis bulb 4.7 5.9 4.5 3.3 3.5  
Volume Patient 2       

Volume 
Manual 
[cm^3] 

Single 
Atlas 

[cm^3] 
Edit of Single 
Atlas [cm^3] 

Multiple 
Atlases 
[cm^3] 

Edit of 
Multiple 

Atlases [cm^3] 
Model-based 

[cm^3] 
Prostate 22.7 61.8 17.7 23.3 12.8 - 
Urinary bladder 197 78.2 201 123.3 193 - 
Rectum 49.9 57 50.7 37.6 50 - 
Seminal vesicles 12.5 12.8 13.6 - 14.4  
Lymph node regions 310 349.8 336.2 239.9 275.8  
Small intestine 952.9 1282.1 1323.8 816.7 950.3  
Penis bulb 4 4.4 3.8 2.6 4.8  
Volume Patient 3       

Volume 
Manual 
[cm^3] 

Single 
Atlas 

[cm^3] 
Edit of Single 
Atlas [cm^3] 

Multiple 
Atlases 
[cm^3] 

Edit of 
Multiple 

Atlases [cm^3] 
Model-based 

[cm^3] 
Prostate 39 55.7 40.2 24 38.7 56.6 
Urinary bladder 197.4 58.3 196.3 143.7 198.1 210.3 
Rectum 53.2 47.7 55.8 30.9 54.4 123.7 
Seminal vesicles 10.4 12.4 10.3 - 7.9  
Lymph node regions 267.9 352.2 312.6 223 304.4  
Small intestine 1016 1434.3 1295 910.2 1085.9  
Penis bulb 7 5.7 6.2 2.7 6.4  
Volume Patient 4       

Volume 
Manual 
[cm^3] 

Single 
Atlas 

[cm^3] 
Edit of Single 
Atlas [cm^3] 

Multiple 
Atlases 
[cm^3] 

Edit of 
Multiple 

Atlases [cm^3] 
Model-based 

[cm^3] 
Prostate 24 39.2 20.4 21.2 22 - 
Urinary bladder 70.4 45.3 73 78 83.1 - 
Rectum 38.2 55.1 37 43.7 39.9 - 
Seminal vesicles 10.3 9.8 9 0.3 9.1  
Lymph node regions 270.5 359.5 321.3 232.1 276.9  
Small intestine 1190.9 1683.1 1500.4 999.2 1269.8  
Penis bulb 2.9 4.8 4.3 2.2 3.3  
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Volume Patient 5       

Volume 
Manual 
[cm^3] 

Single 
Atlas 

[cm^3] 
Edit of Single 
Atlas [cm^3] 

Multiple 
Atlases 
[cm^3] 

Edit of 
Multiple 

Atlases [cm^3] 
Model-based 

[cm^3] 
Prostate 38.6 41.1 34.7 18 29.3 35.5 
Urinary bladder 78.4 45.1 73.4 101.4 72.3 5.2 
Rectum 33.6 40.3 37.6 27.2 34.1 201.8 
Seminal vesicles 6.7 12.5 8.2 - -  
Lymph node regions 263.2 327.6 288.7 211.8 267  
Small intestine 1376.3 1445.4 1458.6 934.2 1324.6  
Penis bulb 3.9 3.7 4.7 1.9 3.4  
Volume Patient 6       

Volume 
Manual 
[cm^3] 

Single 
Atlas 

[cm^3] 
Edit of Single 
Atlas [cm^3] 

Multiple 
Atlases 
[cm^3] 

Edit of 
Multiple 

Atlases [cm^3] 
Model-based 

[cm^3] 
Prostate 11.4 64 15.7 21.9 11.1 42 
Urinary bladder 296.2 77.4 304 141.1 298.9 315 
Rectum 25.3 38.4 36.1 27 32.9 59.8 
Seminal vesicles 2.5 10.8 4 - -  
Lymph node regions 225.7 298.6 228.4 176.3 209.7  
Small intestine 1012.2 1293.4 1128.7 785.6 876.4  
Penis bulb 3.5 2.7 3.8 1.8 2.9  
Volume Patient 7       

Volume 
Manual 
[cm^3] 

Single 
Atlas 

[cm^3] 
Edit of Single 
Atlas [cm^3] 

Multiple 
Atlases 
[cm^3] 

Edit of 
Multiple 

Atlases [cm^3] 
Model-based 

[cm^3] 
Prostate 33 47.4 30.4 19.7 30.4 50.4 
Urinary bladder 76.5 48.2 81.2 90.5 84.2 85.3 
Rectum 45.5 56.4 42.6 32.8 39.2 95.9 
Seminal vesicles 11.1 9.9 8.5 - 8  
Lymph node regions 252.6 317.8 275.7 217.5 235.1  
Small intestine 1136.1 1269.4 1102.5 821.2 918.8  
Penis bulb 2.1 4.7 2.7 2.7 4  
Volume Patient 8       

Volume 
Manual 
[cm^3] 

Single 
Atlas 

[cm^3] 
Edit of Single 
Atlas [cm^3] 

Multiple 
Atlases 
[cm^3] 

Edit of 
Multiple 

Atlases [cm^3] 
Model-based 

[cm^3] 
Prostate 64.7 63.5 63.2 19.8 64.1 48.7 
Urinary bladder 128.7 71.2 135.1 118.9 130.9 217.1 
Rectum 64.9 43.7 66.4 32.9 59.7 82.3 
Seminal vesicles 19.6 12.5 23.6 - -  
Lymph node regions 346.9 335.7 338.6 222.5 299.6  
Small intestine 966.3 1127.1 958.1 707.5 859.2  
Penis bulb 3.5 4.2 3.6 1.9 3.1  
Volume Patient 9       

Volume 
Manual 
[cm^3] 

Single 
Atlas 

[cm^3] 
Edit of Single 
Atlas [cm^3] 

Multiple 
Atlases 
[cm^3] 

Edit of 
Multiple 

Atlases [cm^3] 
Model-based 

[cm^3] 
Prostate 19 56.3 19.7 21.2 19.2 56.2 
Urinary bladder 92.2 53 90.8 103 91.3 81.9 
Rectum 55.3 49.6 54.4 42.5 51.5 88.6 
Seminal vesicles 7.6 12.2 8.7 - 7.8  
Lymph node regions 279.2 318.9 261.8 219.2 262.4  
Small intestine 1445.3 1541.1 1694.4 1116 1313.6  
Penis bulb 4.8 4.7 4.9 2.7 3.5  
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Volume Patient 10       

Volume 
Manual 
[cm^3] 

Single 
Atlas 

[cm^3] 
Edit of Single 
Atlas [cm^3] 

Multiple 
Atlases 
[cm^3] 

Edit of 
Multiple 

Atlases [cm^3] 
Model-based 

[cm^3] 
Prostate 17.7 52.8 20.2 20.4 17.9 47.6 
Urinary bladder 455.3 49.1 455 123.2 462 470 
Rectum 37.5 45 37.3 28.8 37.2 62.1 
Seminal vesicles 10.2 15.3 9.1 - 10.4  
Lymph node regions 191.4 388.3 205.6 231.5 198.6  
Small intestine 713.2 1178.3 613.5 739.2 635.5  
Penis bulb 3.8 3.8 3.1 1.5 3.5  



 

 

 


