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Abstract 
 
The main objective of radiation therapy is to obtain the highest possible probability of tumor 

cure while minimizing adverse reactions in healthy tissues. A crucial step in the treatment 

process is to determine the location and extent of the primary tumor and its loco regional 

lymphatic spread in relation to adjacent radiosensitive anatomical structures and organs at 

risk. These volumes must also be accurately delineated with respect to external anatomic 

reference points, preferably on surrounding bony structures. At the same time, it is essential to 

have the best possible physical and radiobiological knowledge about the radiation 

responsiveness of the target tissues and organs at risk in order to achieve a more accurate 

optimization of the treatment outcome. 

A computerized whole body Atlas has therefore been developed to serve as a dynamic 

database, with systematically integrated knowledge, comprising all necessary physical and 

radiobiological information about common target volumes and normal tissues. The Atlas also 

contains a database of segmented organs and a lymph node topography, which was based on 

the Visible Human dataset, to form standard reference geometry of organ systems. The 

reference knowledgebase and the standard organ dataset can be utilized for Atlas-based image 

processing and analysis in radiation therapy planning and for biological optimization of the 

treatment outcome. Atlas-based segmentation procedures were utilized to transform the 

reference organ dataset of the Atlas into the geometry of individual patients. The anatomic 

organs and target volumes of the database can be converted by elastic transformation into 

those of the individual patient for final treatment planning. Furthermore, a database of 

reference treatment plans was started by implementing state-of-the-art biologically based 

radiation therapy planning techniques such as conformal, intensity modulated, and 

radiobiologically optimized treatment planning. 

The computerized Atlas can be viewed as a central framework that contains different forms of 

optimal treatment plans linked to all the essential information needed in treatment planning, 

which can be adapted to a given patient, in order to speed up treatment plan convergence. The 

Atlas also offers a platform to synthesize the results of imaging studies through its advanced 

geometric transformation and segmentation procedures. The whole body Atlas is anticipated 

to become a physical and biological knowledgebase that can facilitate, speed up and increase 

the accuracy in radiation therapy planning and treatment optimization. 

 

Keywords: 3D whole body atlas, lymph node topography, matching transformation, radiation therapy 

planning, radiobiological optimization, segmentation, target volume definition. 

 



Development of a whole body atlas for radiation therapy planning and treatment optimization vi 

Included Publications 

 
This thesis is based on the following publications, which are referred to in the text by their 

Roman numerals: 

 

I. Qatarneh S.M., Crafoord J., Kramer E.L., Maguire Jr. G.Q., Brahme A., Noz M.E. and 

Hyödynmaa S. “A Whole Body Atlas for Segmentation and Delineation of Organs for 

Radiation Therapy Planning”, Nuclear Instruments and Methods in Physics Research, 

A471: 160-164, 2001. 

 

II. Qatarneh S.M., Noz M.E., Hyödynmaa S., Maguire Jr. G.Q., Kramer E.L., Crafoord J., 

“Evaluation of a Segmentation Procedure to Delineate Organs for Use in Construction of a 

Radiation Therapy Planning Atlas”, International Journal of Medical Informatics, 69: 39-

55, 2003. 

 

III. Kiricuta I.C., Qatarneh S.M., Brahme A., “Pelvic Lymph Node Topography Based on the 

Dataset of the Visible Human Male”, The 4th International Symposium on Target Volume 

Definition in Radiation Oncology, in: Kiricuta I.C. (Ed.), The Lymphatic System: New 

Developments in Oncology and IMRT. Limburg, p. 139-154, 2004. 

 

IV. Qatarneh S.M., Kiricuta I.C., Brahme A., Tiede U., Lind B.K. “3D Atlas of Lymph Node 

Topography Based on the Visible Human Dataset”, The Anatomical Record (Part B: The 

New Anatomist), In press 2006. 

 

V. Qatarneh S.M., Kiricuta I.C., Brahme A., Noz M.E., Ferriera B., Kim W.C., Lind B.K., 

“Lymph Node Atlas-Based Target Volume Definition for Biologically Optimized Radiation 

Therapy Planning”, to be submitted. 

 

 

 

 

 

• All previously published papers were reproduced with permission from the publishers. 

 



Development of a whole body atlas for radiation therapy planning and treatment optimization vii

Contents 
 

Abstract ..................................................................................................................................... v 

List of Publications.................................................................................................................. vi 

1. Introduction ...................................................................................................................... 1 

2. Radiation Therapy Planning ........................................................................................... 4 
2.1. 3D Conformal Radiation Therapy (3DCRT) ......................................................................... 4 
2.2. Intensity Modulated Radiation Therapy (IMRT)................................................................... 5 
2.3. Biologically Optimized Radiation Therapy and the BIO-ART Approach............................. 5 
2.4. The Need for a Whole Body Atlas for Radiation Therapy Planning ..................................... 7 

2.4.1. The Purpose of a Whole Body Atlas .................................................................................... 8 

3. Components of the Whole Body Atlas Database ......................................................... 10 
3.1. The Database Structure ........................................................................................................ 10 
3.2. Organ Definitions................................................................................................................. 11 
3.3. Radiation Interactions Data and Physical Parameters.......................................................... 13 
3.4. Radiobiological Data ........................................................................................................... 13 
3.5. Tumor Sites and Staging...................................................................................................... 16 
3.6. Potential Tumor Spread ....................................................................................................... 17 
3.7. Target Volumes and Organs at Risk .................................................................................... 17 
3.8. Anatomical Reference Points............................................................................................... 18 
3.9. Image Analysis and Processing Parameters......................................................................... 19 
3.10. Dose and Fractionation Scheme........................................................................................... 19 
3.11. Radiation Therapy Techniques and Treatment Plans........................................................... 20 

4. Atlas-Based Segmentation Methods ............................................................................. 21 
4.1. Introduction.......................................................................................................................... 21 
4.2. Segmentation........................................................................................................................ 21 
4.3. Atlas-based Segmentation Procedure................................................................................... 23 

4.3.1. Image Transformation (Matching and Fusion) ................................................................. 23 
4.3.2. Deformable Models (Active Contour Models)................................................................... 24 
4.3.3. Advantages of Atlas-Based Segmentation.......................................................................... 27 

5. Atlas of Lymph Node Topography ............................................................................... 29 
5.1. Lymphatic Tumor Spread .................................................................................................... 29 
5.2. Lymphatic System Datasets ................................................................................................. 29 
5.3. Mapping the Lymph Node Topography on the Microtome Dataset .................................... 31 
5.4. The Topographical Distribution of Lymph Nodes............................................................... 32 
5.5. Construction of the 3D Lymph Node Atlas ......................................................................... 35 

 



Development of a whole body atlas for radiation therapy planning and treatment optimization viii 

6. Atlas-Based Radiation Therapy Planning and Treatment Optimization ................. 37 
6.1. Lymph Atlas Transformation to Patients ............................................................................. 38 

6.1.1. Registration by Maximization of Mutual Information ....................................................... 38 
6.1.2. Landmark-based polynomial Transformation ................................................................... 40 

6.2. Lymph Atlas-based Target Volume Definition in Treatment Planning............................... 40 
6.2.1. Head and Neck................................................................................................................... 41 
6.2.2. Lung ................................................................................................................................... 42 
6.2.3. Prostate.............................................................................................................................. 43 

7. Conclusions ..................................................................................................................... 45 

Acknowledgements................................................................................................................. 46 

References ............................................................................................................................... 48 

 



Development of a whole body atlas for radiation therapy planning and treatment optimization 1

1. Introduction 

Cancer generally originates as a mutation or genetic alteration in a tissue cell, which leads to 

changes in the chromosomes and genes encoding the behavior of the cell. Most mutations are 

rather harmless since they just cause the cell to become less functional and die. However, 

there is a probability that the cell loses its control over the reproduction machinery causing it 

to divide regardless of internal or external signaling, which may create large numbers of 

mutant cells. A tumor consists of abnormal and genetically unstable cells which eventually 

may invade surrounding tissues and spread through the lymphatic or vascular systems and 

form metastases in other organs. If the process of invasion has already started when the 

patient had the first diagnosis, surgical removal of the primary tumor may not generally result 

in a permanent cure and other treatment modalities like radiation therapy and/or 

chemotherapy maybe needed. Some cancer cells are more vulnerable to damage by radiation 

than healthy tissue due to their high reproduction rate and lack of cell cycle control while 

others are not, for example, due to a reduced tissue oxygenation or gene amplification. 

 

The main objective of radiation therapy is to provide the best possible tumor control while 

avoiding adverse reactions in healthy tissues by delivering a high absorbed dose to the tumor 

and as low dose as possible to organs at risk and the surrounding healthy tissues. Radiation 

therapy is going through a rapid pace of development in its techniques and equipments, which 

is accompanied by marked developments in treatment planning systems and three-

dimensional (3D) diagnostics. As a result, the gain in treatment outcome has increased 

substantially to make radiation therapy the treatment of choice for most patients, sometimes in 

combination with surgery or chemotherapy, to eradicate the tumor and its spread in order to 

maximize the quality of life for the patient. 

The dynamic improvements in radiation therapy led to a continuous quest for accurate 

knowledge about the tumor’s three-dimensional (3D) geometry and location, the microscopic 

spread of the disease and the precise location of neighboring critical organs. Additionally, 

large amount of data regarding the physics of radiation interactions, radiation biology, 

anatomy, histology, pharmacology and genomics may be required to label tumors, organs and 

tissues in order to identify their sensitivity to radiation so that a truly individual optimization 

of the treatment could be achieved. 
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For this quest for knowledge, the principal objective of this thesis is at first to develop and 

construct an efficient knowledgebase in the form of a whole body Atlas database, which 

contains a reference anatomical geometry of standardized segmented organs, such as the 

lymph node topography, that are linked to all the related necessary information with regard to 

radiation therapy planning and optimization. Secondly, to develop, implement and evaluate a 

flexible software framework that contains advanced image processing techniques and 

procedures that can be applied on the reference organ datasets in the database in order to 

individualize the organ definitions for each patient specifically. Third, to test and demonstrate 

the clinical applicability of the Atlas, by utilizing its knowledgebase and Atlas-based 

procedures, on clinical cases for treatment planning and for biological treatment optimization. 

 

In the following section, a background about major milestones in the latest developments of 

radiation therapy planning is given. The need for a whole body Atlas in radiation therapy 

planning is also discussed. In section 3, the structure of the whole body Atlas is outlined and 

the major components of its databases are described. The theory behind Atlas-based image 

processing procedures for adapting the Atlas to individual patients is discussed in section 4. 

The new 3D lymph node topography dataset, which has been constructed to form an essential 

part of the standard man geometry in the whole body Atlas database is described in section 5. 

Finally, the clinical implementation of the Atlas knowledgebase, with particular emphasis on 

its lymph node topography, is discussed in section 6. 

 

The present thesis is based upon five papers. The first two publications introduce and evaluate 

the Atlas-based image processing procedures that are suitable for delineation of organs in 

radiation therapy planning, while the last three papers describe the development, construction, 

and the implementation of the 3D atlas of lymph node topography in treatment planning to 

achieve a detailed and more accurate target volume definition. 

 

In Paper I, an Atlas based segmentation procedure is presented as a solution to the problem of 

adapting the reference organ dataset in the whole body Atlas to individual patients. An image 

segmentation algorithm was developed and an image transformation technique was 

implemented to achieve the desired solution. 

 

In Paper II, the semi-automatic segmentation procedure is evaluated by analyzing its 

applicability on different organs. Statistical analysis is performed on the results obtained by 
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applying the semi-automatic procedure and the results obtained by implementing the most 

common segmentation procedure (i.e., manual organ delineation). A detailed comparison 

study was performed regarding the accuracy and the efficiency of the two methods. Other 

semi-automatic segmentation methods were also considered and their limitations were 

discussed. 

 

Paper III presents a study of pelvic lymph node distribution in the newly developed lymph 

node topography in comparison with other current atlases of lymphatic regions. The 

lymphatic distribution in other anatomical regions was discussed in other publications 

(Kiricuta et al., 2004, Qatarneh et al., 2004). The comparison studies proved to be useful for 

accurate identification, mapping and construction of the complete lymph node atlas.  

 

Paper IV introduces the 3D lymph node topography atlas which is based on the microtome 

images of the Visible Human Anatomical (VHA) dataset. A thorough description of the 

identification, mapping and development procedures of the 3D lymphatic atlas is given. The 

resultant lymphatic data was illustrated, quantified and compared to currently available 

lymphatic datasets. 

 

In Paper V, a procedure that illustrates the possibility and the applicability of transforming 

and adapting the lymph atlas dataset to the patient dataset is introduced. The purpose of the 

procedure is to obtain a more detailed definition of the target volumes in treatment planning. 

An advanced 3D image transformation technique was developed and another was 

implemented to achieve that objective. The clinical implementation of the Atlas 

knowledgebase and the lymph node topography was tested on three different clinical cases. 
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2. Radiation Therapy Planning 

The introduction of state-of-the-art principles, such as inverse planning, intensity modulation 

and biological optimization, made treatment planning an essential dynamic area of 

development in radiation therapy. The conventional approach in radiation therapy planning 

has been to adjust the incident beams configuration in the treatment planning system 

manually until a suitable dose distribution is gradually reached. This is a very time-consuming 

trial and error process, which involves exploring many possibilities. There is also little chance 

of arriving at the optimum treatment plan by such a process that is mainly based on empirical 

knowledge. The failure of conventional techniques to control tumors may be attributed to a 

number of factors including variation in the radiation sensitivity, inaccuracies in tumor 

coverage, and the inability to apply optimum tumor dose due to the limitations of 

conventional techniques to adequately exclude normal tissues. Therefore, new radiation 

therapy techniques have been developed and implemented in modern practice to conform the 

therapeutic dose to the tumor. 

2.1. 3D Conformal Radiation Therapy (3DCRT) 

3DCRT aims to wrap the spatial 

distribution of the prescribed radiation 

dose (i.e., therapeutic beam) to the 

precise three-dimensional (3D) 

configuration of the tumor volume. That 

is usually achieved, to a limited extent, 

by shaping the radiation beam from the 

Beam’s-Eye-View (BEV) to the 

dimensions of the tumor thus 

minimizing the dose to the surrounding 

healthy tissue (Goitein 1983).  

The BEV is a projection of the patient’s 

anatomy in a plane perpendicular to the 

beam’s axis with the focus of projection 

equal to the focus of the beam (Figure 

1). The BEV could be displayed as a 
Figure 1 The BEV image is generated by setting the 
eye point to the beam source while setting the focus 
point to the isocenter. 
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perspective view of stacked contours from the beam’s source position, which shows precisely 

the structures that are covered by the beam. The BEV image is generated by setting the eye 

point to the beam source while setting the focus point to the isocenter. That view will also 

determine the optimal direction of beam entry and can also provide a measurement of the 

irradiated normal tissue volume. In practice, the achievable degree of conformity with 

3DCRT has been found to vary greatly as a function of tumor site, extent of disease, the 

locations and nature of normal critical anatomical structures and, of course, physical and 

technological limitations of the treatment planning methods. 

2.2. Intensity Modulated Radiation Therapy (IMRT) 

Intensity Modulated Radiation Therapy (IMRT) employs the geometrical field shaping of 

3DCRT together with the modulation of the fluence intensity across the geometrically shaped 

field. The incident beam fluence is varied across the field aperture for each beam. The beam 

intensity is made to be proportional to the target thickness as assessed from a BEV as the 

beam is angled around the patient. Where the target is “thickest”, the beam intensity is at its 

greatest; where it is at its thinnest, the intensity is at its lowest. Determining the optimum 

beam fluence, therefore, is an integral component of IMRT. IMRT has the potential of 

achieving a much higher degree of target conformity, especially for performing complex dose 

distributions such as concave dose profiles. It is therefore considered a more complex and 

more effective technique than 3DCRT. The central planning problem of IMRT is to calculate 

the deliverable modulated beam fluence profiles that will give the best possible dose 

distribution to the defined target volume (i.e., tumor) and to the critical structures. This is 

referred to as the “inverse problem” for treatment planning in radiation therapy. In Inverse 

Planning, introduced by Brahme (2000), the ideal set of intensity modulated beams is 

generated from the desired dose prescription and/or the biological objectives of the treatment. 

2.3. Biologically Optimized Radiation Therapy and the BIO-ART Approach 

Radiation therapy can be optimized to provide the highest possible tumor control while 

keeping the morbidity in healthy normal tissues as low as possible. Biologically Optimized 

Radiation Therapy (BORT) can be an essential tool for tumor eradication while preserving 

normal tissue function (Brahme 1999, 2000). 

The quality of an IMRT treatment can be described by biological objective functions, which 

are utilized to achieve a biologically optimal clinical objective of the treatment (Brahme 2000, 

Löf 2000). Those functions include specific radiobiological constraints and parameters, which 
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are based on knowledge of the dose response relations for tumors and surrounding normal 

tissues, to account for the radiobiological sensitivity of tumors and organs at risk.  

The outcome of the treatment can be quantified as the difference between the probability of 

benefit due to local tumor control (PB) and the joint probability of injury due to normal tissue 

complication and local tumor control (PB∩I). Uncomplicated tumor control can be defined as: 

P+ = PB - PB∩I. In biological treatment optimization, a maximum P+ is sought in order to 

achieve a high probability of complication free treatment control (Figure 2). A dose escalation 

should give a higher probability of local control. If the irradiation volume is reduced, it is 

possible to achieve a dose escalation with less probability of serious complications. If the 

normal tissue complication curve can be modified by using new techniques, a dose escalation 

can be made possible without complication. 
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Figure 2 P+ is the probability of complication free tumor control. The 
uncomplicated tumor control is defined as: P+ = PB - PB∩I. The plot of P+ 
demonstrates the optimal dose with respect to tumor control without toxicity. 
e development of radiation therapy is to measure the tumor responsiveness, in 

ging the tumor twice during the initial phase of the treatment using modern PET-

n Emission Tomography - Computed Tomography) imaging. Such BIologically 

3 Dimensional in vivo predictive Assay-based Radiation Therapy is sometimes 

as the BIO-ART method (Brahme 2003). Following the BIO-ART approach, 

dulated dose delivery can be combined with real-time PET-CT tumor imaging for 
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accurate in vivo dose delivery monitoring by photonuclear or nuclear-nuclear reactions using 

scanned photon or light ion beams, respectively. To achieve maximum therapeutic benefit, the 

BIO-ART approach utilizes both biologically optimized treatment planning and adaptive 

planning to take into account the patient’s true individual radiation response regarding 

radiation resistance, dose delivery and planning errors as well as functional properties of the 

tumor such as its growth rate and degree of hypoxia. 

2.4. The Need for a Whole Body Atlas for Radiation Therapy Planning 

An anatomic atlas is an annotated representation of anatomy in a 3D coordinate system, which 

is built from one or more representations of the body. Anatomical atlases serve as standard 

templates on which other anatomical maps can be overlaid by utilizing registration, warping 

(i.e., matching) and segmentation algorithms. 

A variety of brain atlases have been developed to match brain images that are obtained from 

different imaging modalities (Talairach 1988, Greitz 1991, Thompson 2000, Toga 2000). 

Deformable brain atlases can serve as adaptable brain templates that may be individualized to 

reflect the anatomy of a patient’s brain. A deformable whole body atlas, on the other hand, is 

more difficult to develop and is still not available partly due to the non-rigid and the complex 

dynamic nature of the body below the neck (Paper I, Thurfjell 1998).  

It is a known fact today that each organ has different physical properties as well as different 

biological sensitivity to radiation but the current Radiation Therapy Planning (RTP) systems 

lack that essential information about the organs to be treated. Modern RTP systems 

incorporate physical and biological optimization modules, which demand manual interaction 

to provide the physical and the biological data. 

In order to achieve accurate beam alignment and treatment planning, it is necessary to 

perform precise delineation of all relevant anatomical structures and to obtain sufficient 

information about their biological response characteristics (Brahme 1988, 2003). An essential 

part of the RTP procedure involves defining the anatomical structures of the treatment, such 

as the target volume (i.e., tumor and its loco-lymphatic spread) and the healthy Organs At 

Risk (OAR). Three dimensional image volume datasets, such as Computed Tomography (CT) 

and Magnetic Resonance (MR) images, are employed in the RTP process to obtain a clear 

definition of the anatomical volumes.  All volumes related to radiation therapy are constructed 

from a series of contours that represent the outline of the structure in tomographic planes that 

intersect the volumes. The delineation process is performed manually by drawing contours 

around the target volume and the OAR on a large number of CT or MR images. In order to 
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achieve clear definition of the volumes at hand, CT slices should be obtained over a 

longitudinal extent larger than the extent of the disease and the voxel dimensions should be 

kept as small as possible.  However, that further complicates the contouring task in treatment 

planning, as a particular organ or tissue could intersect more slices, necessitating more 

contours. This task may take several hours for a conformal treatment, when not only the target 

but also all neighboring healthy organs have to be drawn in all patients’ images. This makes 

the definition of volumes of interest one of the most tedious and time consuming tasks in the 

RTP process. Furthermore, it is not a trivial task to accurately define structures of interest on 

medical images by visual inspection alone without using dedicated software applications to 

complement visual diagnosis. Due to the fact that anatomical structures vary considerably 

from one individual to another, a fixed atlas has obvious limitations and hence a deformable 

atlas is needed to adapt to different structures of different patients. 

2.4.1. The Purpose of a Whole Body Atlas 

The purpose of constructing a whole body Atlas is to speed up, optimize and increase the 

accuracy of the treatment planning process. The Atlas can serve as a database of radiation 

treatment plans, radiation transport data, radiobiological response data, organs at risk, tumor 

staging and many other parameters that are needed for radiation treatment optimization. The 

Atlas, in addition, contains standardized segmented organs forming a reference or standard 

man, which would then be converted by elastic transformation into the exact anatomic organs 

of an individual patient for final treatment planning. Different organs, from a reference 

dataset, have been segmented to create a reference organ data set, which was then stored in 

the whole body Atlas database, to form the standard man geometry. The Atlas also includes 

relevant information about characteristics of radiation physics (e.g., photon energy, 

interaction properties) and radiobiological parameters such as dose response data, the 

spreading ability of tumors, tumor suppressor genes, cell cycle control, DNA repair genes, 

and oxygenation. Radiobiological information about various structures can be obtained if 

different organs and structures in the body were isolated and identified, while the precise 

physical data may be obtained from conventional CT or MR images. This would then allow 

utilizing the whole body Atlas for: 

1. Finding physical and radiobiological parameters for physical- and radiobiological- 

optimization of the treatment outcome in radiation therapy. 

2. Identification of ideal anatomic reference points for optimal organ transformation (i.e., 

Atlas-Patient matching). 
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3. Storing essential information about body tissues with regard to anatomy, histology, 

common genetic mutations, etc for different target sites. 

4. Forming a knowledgebase of standard lymph node topography to precisely define 

different lymphatic regions and their probabilities of cancerous spread. 

5. Building up a database of suitable treatment plans for different stages of the disease with 

the associated probabilities of complication free cure, in order to facilitate selection of the 

most suitable treatment technique for a given patient. 

6. Evaluation and validation of different treatment techniques using the whole library of 

radiation treatment plans for different cancer stages and for different patients. 

7. Accumulation of patient specific data in a compact global Atlas form. 

A whole body Atlas can serve in the radiation therapy planning process as an efficient 

framework to synthesize the results of imaging studies while providing essential information 

about the organs to be treated. Having the Atlas, internal structures in the body were isolated, 

identified and then connected to the relevant radiobiological data, which can be used for 

calculating optimized dose distributions.  

The Atlas can also be utilized to convert the anatomy of standard man geometry into 

individual patients, which can speed up contouring to build up a fast map of each specific 

patient. This can support the human operator to accurately define the anatomical structures of 

interest, hence achieving higher quality and less operator dependent planning. Advanced 

geometric transformations together with the organ Atlas may also be used to match functional 

and anatomical images. The matched images together with advanced 3D-visualization 

techniques can be used for an accurate definition of the target (i.e. primary tumor and its 

cancerous spread) and risk areas that need advanced 3D-dose planning. Furthermore, the 

geometric transformations may be used to reformat pre-calculated optimized dose plans from 

the Atlas to the individual patient's geometry. The whole body Atlas database can be viewed a 

central framework that contains different forms of optimal plans linked to all the essential and 

detailed information, about physical properties, biological sensitivity of organs and tumor 

staging, in order to speed up treatment plan convergence. The Atlas knowledgebase can be 

adapted to a given patient, to achieve true individualization of the treatment that is based on 

patient-specific detailed information. Moreover, the global database can be used for follow-up 

and for comparing the results that are achieved from treatment of different patients as well as 

for evaluating treatment techniques. The recently acquired as well as the accumulated data in 

the Atlas can also serve as a tool for medical training, education and research. 
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3. Components of the Whole Body Atlas Database  

3.1. The Database Structure 

For the purpose of radiation therapy planning and treatment optimization, a reliable whole 

body Atlas database should include detailed information about each tumor site as well as 

contain parameters associated with the involved organ or tissue and those at risk. Today, the 

data in the whole body Atlas database can be divided into six main categories: 

1. A knowledgebase of reference organ definitions, standard lymphatic topography, 

anatomical reference points and medical image processing parameters. 

2. Tumor sites and staging, potential risk regions and probability of tumor spread. 

3. Radiation physics quantities for different beams (i.e., photon, electron, neutron, and light 

ion) such as energy, stopping power, and interaction properties. 

4. Radiobiological response parameters, which are derived from different radiobiological 

models, for normal tissue and different tumor sites. 

5. Treatment plans of different degrees of sophistication (e.g., uniform beams, 3DCRT, 

IMRT, BORT, BIO-ART). 

6. Histology, oxygenation, and genomic data (e.g., tumor suppressor-, cell cycle control-, 

and DNA repair genes). 

An extensive whole body Atlas database that comprises these categories was developed for 

physical and biological optimization of radiation therapy. The database was structured by 

following a relational approach, since many independent data files, of different formats, 

contain related as well as overlapping data. The database content was clearly structured and 

described in order to simply locate data by utilizing flags or identifiers to access the data 

stored in the server. The database structure was designed to include the necessary related data 

for tumors, involved organs or lymphatics, and organs at risk, which is relevant for radiation 

therapy. A database engine (Oracle) together with the Standardized Query Language (SQL), 

were utilized to achieve a high level of recall, communication and detailed response of 

queries. While developing the Atlas database, efficiency, flexibility, usability and possibility 

of future updates were taken into consideration to account for future developments. The 

knowledgebase contains representative anatomical organs labeled with several definitions and 

parameters that are related to radiation therapy, which could be retrieved from the whole body 

Atlas database to standardize and facilitate radiation treatment planning and optimization. For 

example, a reference Atlas organ together with its relevant labels of radiobiological and 

physical definitions can be retrieved, processed and transformed to the patient image. That 
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would then allow delineating the patient organ, which will be automatically labeled by up-to-

date information regarding its biology, physics, definition of the target volumes, potential risk 

regions, organs at risk, and any other required data for radiation therapy planning and 

biological optimization. As a result, the database can become the core of information, on 

which the treatment planning procedures are based, and a biological knowledgebase for 

different radiation therapy optimization procedures and techniques. A schematic 

representation of the structure of the Atlas database is shown in Figure 3. 

The categories that outline the structure of the whole body Atlas database are: 

3.2. Organ Definitions 

The Visible Human Project (VHP) dataset of optical-microtome, CT and Magnetic Resonance 

(MR) images is a library that represents a complete dataset of adult male and female cadavers 

(Spitzer 1998, Spitzer 1996). The dataset has attracted scientific attention to be used as a 

standard human geometry in research and medicine (Aldridge 1999, Schiemann 1996). The 

Visible Human CT and Anatomical datasets (VHCT/VHA) were utilized to represent the 

Atlas reference dataset in this work. The main 47 organs were identified and delineated on the 

VHCT dataset to create reference man geometry in the Atlas database. The standard organs 

were utilized for the purposes of Atlas-patient matching and Atlas-based segmentation in 

Papers I and II. The VHA dataset was used for the purpose of lymph node localization and 

definition for building three-dimensional lymph node topography, as described in Papers III 

and IV, which was then utilized in Paper V for Atlas-based target volume definition in 

treatment planning. The use of the standard organs and lymph system geometry in Atlas-

based image processing and treatment planning is further discussed in sections  4,  5 and  6.  
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3.3. Radiation Interactions Data and Physical Parameters 

The interactions data, which consist of the mean excitation energy, attenuation factors, 

collision and radiative stopping powers and scattering power, were assigned to each organ for 

the energy values 0.5-50 MV. The data of each of the main 47 organs were associated with 

each organ’s tissue type. Tissues were classified according to their physical characteristics 

such as its physical density, their average values of (Z/A), and their element composition 

(e.g., Oxygen, Hydrogen, Carbon, etc.). The photon and electron interactions data in healthy 

adult tissue were accumulated from the International Commission on Radiation Units (ICRU) 

protocols (ICRU 46, 1992).  Retrieval of the quantitative and qualitative data for all body 

organs and tissues can be performed through interfaces that are developed for that purpose. 

An interface for retrieval of radiation physics and interactions data of different tissues is 

shown in Figure 4a. 

3.4. Radiobiological Data 

Risk organs, which can experience early reactions or late tissue complications, and tumors of 

different types and stages, were labeled by their radiobiological sensitivity to radiation in the 

database.  Radiation biology parameters have been obtained or calculated for external x-ray 

beams, electrons, and for light ions. Radiobiological data is LET dependent and hence it 

differs for each radiation modality. The data is categorized according to the two main 

radiobiological modeling categories, response models and cell survival models. 

Each organ or tumor-stage is assigned to quantitative and qualitative data that describes its 

type, radiation modality and its end point. The quantitative data is based on the two response 

models Poisson and Binomial radiobiological models. The dose value at which 50% of tumor 

cells are controlled (D50) and the normalized slope of the dose response relation (γ) are 

assigned to each organ and tumor (Brahme 1984, Lind 1999, 2001). The cell survival models 

considered are the linear, the Linear Quadratic (LQ), and the Repairable Conditionally 

Repairable (RCR) survival models. The linear quadratic model includes two important 

radiobiological parameters that describe the linear portion (α) and the quadratic portion (β) of 

the cell survival curve on a logarithmic scale. The value (α/β) characterizes the shoulder of 

the dose response relation and therefore characterizes the cells from a radiobiological point of 

view. Quantitatively, α/β is the dose value at which the linear damage contribution equals the 

quadratic contribution. In practice, the value of α/β = 10 Gy for tumors and early normal 

tissue reactions and α/β = 3 Gy for late normal tissue complications. The standard dose of 2 
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Gy per fraction was considered in the calculations. For light ion therapy, the survival data for 

different LET values and various cell lines has been retrieved from several publications. The 

data was used to calculate the optimal radiobiological parameters in the RCR survival model 

(Lind 2003).  

According to the seriality model, an organ reacts to radiation differently according to the 

organization of its sub-functional units. A serial organ, such as the spinal cord, has an 

organization of serial sub-functional units, which makes it more sensitive to radiation damage 

since damage to any of its units would impose damage to the whole functionality of the organ.  

On the other hand, a parallel organ like the lung is not as vulnerable because radiation damage 

to a sub-functional unit in such an organ would not cause major functionality fault to the units 

that are organized parallel to that unit. An organ that has its sub-functional units organized 

both serially and in parallel is defined as a mixed organ such as the liver. Each organ is 

assigned a value (s) that represents its degree of seriality. 

The values of the radiobiological response parameters such as D50, γ  and s are required for 

biological optimization of the treatment. The outcome of a biologically optimized treatment 

can be quantified if the probability of benefit due to local tumor control and the probability of 

injury due to normal tissue complication are calculated based on these radiobiological 

parameters. The survival data and the parameters of the response-, the survival-, and the 

seriality models were stored in the Atlas database and can be retrieved via interfaces that are 

developed for that purpose, such as the one shown in Figure 4b. For example, the 

radiobiological parameters in the database were used for biologically optimized treatment 

planning of a Head & Neck, lung and prostate tumor sites (cf. Paper V). 
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Figure 4 The whole body Atlas database consists of the necessary data that labels
organs/tissues and tumors by their a) Ph sical properties and b) Radiobiological
parameters for the purpose of radiation th apy planning and optimization. 
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3.5. Tumor Sites and Staging 

Prior to making a decision on a 

ent strategy, the type of tumor, 

igin and loco-regional spread are 

investigated. The treatment may 

engage visible tumors as well as 

tissues where microscopic spread of 

the disease is believed to be present 

such as regional lymph nodes as 

shown in Figure 5 and discussed in 

Paper IV and Paper V. It is 

treatm

its or

detail in 

portant to base the investigation and 

ent on a standard classification sy

tem. The TNM is an internat

ewly detected cases of cancer (AJCC 1

ost significant prognostic factor and it d

• The extent and size of the primary tum

• Absence or presence of the disease in 

• Absence or presence of distant metast

The main tumor sites and the relevant T

tissue in the whole body Atlas database, 

of tumor sites in radiation treatment plan

Breast tumor site, which is retrieved from

Table 1 The TN

im

treatm

staging sys

n

m

TUMO

Stage Tumor (T) 

T4 

T4 

 

IIIB 

T4 

IIIC Any T 

IV Any T 

• T4: Tumor of any size 
• N0: No regional lymph

 

Figure 5 In radiation therapy, the treatment should include
tissues where microscopic spread of the disease is believed 
to be present. 
stem such as the TNM (Tumor, Node, Metastases) 

ionally accepted system for staging of all forms of 

997). The TNM-stage is, for many tumor sites, the 

escribes: 

or (T). 

the regional lymph nodes (N). 

asis in the surrounding tissue (M). 

NM-stages are connected to the involved organ or 

which could be accessed to achieve fast assessment 

ning mple of the TNM staging data for the 

 the Atlas database, is shown in Table 1. 

M s g for Breast cancer. 

. An exa

tagin

R SITE: BREAST 

Node (N) Metastasis (M) 

N0 M0 

N1 M0 

N2 M0 

N0 M0 

Any N M1 

with direct extension to the chest wall or skin. 
 node metastasis. M0: No distant metastasis. 
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3.6. Potential Tumor Spread 

The lym  is a major contributor to the tumor’s cascade of metastases in 

neighboring and distant tissu

reading path of tumors, depending on their site or 

 planning of the treatment. This information can be 

ly constructed lymph node atlas, which can guide the 

ight represent potential risk regions (cf. 

aphy forms an essential component of the whole body 

r  5 and used for defining potential microscopic 

me definition for treatment planning in chapter  6 (cf. 

RU 71- 2004). The target volume concept 

 RTP and in medical 

a TV), the Internal 

(i.e., Gross 

Tumor Volume- GTV) toge se that must be eliminated. 

The whole volume must receive suf

Internal Target Volume (IT ts the ncompa  together with an 

Internal Margin (IM) that comp ates for expe  movements and variations in size, shape 

and position of the CTV during treatment.  internal varia  and movements are 

basically physiological (e.g., iration, hear ent organs) and are 

defined in relation to an internal reference point and its corresponding coordinate system. 

Those variations c ld ot depend on 

uncertainties in beam  the definition 

to account for uncertainties in patient positioning and therapeutic beam alignment during RTP 

phatic system

es (Weiss and Ward 1990, Gershenwald and Fidler 2002). 

Information about the most likely sp

location, is vital for assessment and

obtained with the assistance of the new

observer to neighboring lymph node stations that m

Papers III, IV). The lymph node topogr

Atlas database and it is introduced in chapte

spread of the disease in the target volu

Paper V). 

3.7. Target Volumes and Organ

One of the most crucial tasks in Radiation Therapy Planning (RTP) is to determine the exact 

location of the target volume to be treated with respect to all organs at risk (OAR). 

The definitions of target volumes should be consistent with the standard definitions in the 

international protocols that were set by the Nordic Association of Clinical Physicists (NACP) 

s at Risk 

and ICRU (Aaltonen 1997, ICRU 62- 1999, IC

itself has been continuously reviewed to reflect the latest developments in

im ging. The definitions were classified as the Clinical Target Volume (C

Target Volume (ITV), and the Planning Target Volume (PTV), which are essentially based on 

the following definitions as illustrated in Figure 6: 

Clinical Target Volume (CTV) is a purely clinical-anatomical concept which defines a tissue 

volume that contains a demonstrable extent and location of the malignant growth 

ther with sub-clinical malignant disea

ficient dose to achieve radical therapy. 

V) represen volume e ssing the CTV

ens cted

The tions

resp t beat, fillings of differ

ou  be affected by the patient day-to-day setup and they do n

geometry. A Set-up Margin (SM) is usually introduced in
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and s. The Set-up Margin is referenced in the external 

 

 

 throughout all treatment session

coordinate system. 

Planning Target Volume (PTV) is a purely geometrical concept used for treatment planning. 

It is defined to select appropriate beam sizes and beam arrangements to ensure that the 

prescribed dose is actually delivered to the CTV. 

The Atlas database includes flags to detailed definitions of standard target volumes and 

potential risk areas of loco regional lymphatics around the target volume. The standard 

organs, which were defined in the whole body Atlas reference man geometry, represent the 

involved organs and the organs at risk, which can be accessed through the database as 

described in the organ definitions component of the database and presented in Papers I-II. 
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(lung). 

Figure 6 The importance of following precise target volume definitions, recommended by 
NACP and ICRU, of CTV, ITV, PTV and setup margins to deliver maximum dose to the 
breast tumor and its microscopic spread and avoiding toxicity to an organ at risk 
.8. Anatomical Reference Points 

s-patient matching involves defining the corresponding reference points (i.e., landmarks) 

he patient image that correspond to the standard physiological landmarks of the Atlas. 

rence points or landmarks can be categorized as absolute points that correspond to 

dard physiological reference points and relative points that have geometrical or 

omical relation to the standard absolute points (Crafoord 2000, Kimiaei 1999). 
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Fixed anatomic reference points, which are used for radiation therapy alignment, could also 

be considered as landmarks for the purpose of Atlas-patient transformation (Aaltonen, 1997). 

 landmarks that have geometrical relevance 

set 

nd stored in the database. The reference points could then be accessed and loaded for 

atching, Atlas-based segmentation, and treatment planning. In Paper V, the defined 

ference points on the Atlas were used, for example, to match the thorax and the pelvis 

tandard datasets to patients for Atlas-based treatment planning. 

3.9. Image Analysis and Processing Parameters 

age matching and segmentation applications are essential part of the development process 

f a deformable body Atlas. The Atlas-based segmentation procedure is discussed in section  4 

nd implemented in Paper I. The implementation of the Atlas-based segmentation procedure 

n different reference organs from the VHMCT dataset showed that the optimal segmentation 

arameters are organ dependent. Optimal parameters for each organ can be obtained directly 

nd applied in image processing to achieve fast and accurate processing. The organ-specific 

alues for image processing and segmentation were obtained and stored in the Atlas database. 

These parameters can then be accessed, re-used or fine-tuned to achieve optimal and fast 

segm

3.10. Dose and Fractionation Scheme 

Radiation therapy planning invol ining the appropriate dosage for the respective 

ts to the 

neighboring critical normal tissue. The recommended dose prescription to the target volumes 

An example of fixed internal and external anatomic landmarks is illustrated in Figure 6. The 

internal reference landmark, located at the anterior center point of vertebrae in Figure 6, is an 

absolute reference point for example. Any selected

with this absolute point are considered relative landmarks, such as the furthest two points 

(left/right) on the rib cage that are aligned with the vertebrae point. 

The landmarks in the Atlas database were placed at physiological points that could be easily 

recognizable by any observer in the reference Atlas dataset (cf. Paper II). Around 400 

reference physiological points and standard landmarks were defined on the standard data

a

m

re

s

Im

o

a

o

p

a

v

entation of CT cross sections in different patients (cf. Paper II). 

ves determ

target volumes including the fractionation scheme and the total dose and treatment time for 

each TNM-stage of tumor sites. The fractionation schedule is an important factor for the 

therapeutic outcome and it defines how the dose delivery is distributed over a period of time. 

The whole body Atlas database includes recommended dose prescription to different tumor 

sites and their loco-regional lymphatic spread as well as the dose constrain
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and the dose constraint values for critical normal tissue can only be considered as suggestions 

that should be modified according to each patient specifically. The database will also contain 

quantitative data about maximum, minimum, and total dose that can be applied to each organ 

or tumor in addition to conventional and optimized fractionation schedule for different 

tumors. 

3.11. Radiation Therapy Techniques and Treatment Plans 

ning techniques is given in 

chapter  2. Several treatment plans were produced and stored in a radiation therapy planning 

sys  The database contains identifiers 

ts in the database were 

also utilized to match the lymph atlas datasets with the patients’ CT datasets. Furthermore, the 

rad as database were utilized in the plans to label 

The treatment technique defines the number of beams and their configuration or angles of 

incidence as well as the beam’s quality or the particle type and its energy. The collimation 

technique, or the method of intensity modulation in case of IMRT, which is used to shape the 

therapeutic beam to conform to the target volume is also an important factor in the treatment 

technique. Radiation therapy plans were categorized in the database into conformal, intensity 

modulated, physically optimized, biologically optimized and BIO-ART (Brahme 1992, 2000, 

2003). A background about the major radiation therapy plan

tem for typical cases in the thorax, abdomen and pelvis.

to locate all the produced physically and biologically optimized plans in the treatment 

planning server. Biologically optimized radiation treatment plans for head and neck, lung, and 

prostate cancer are discussed in chapter  6 (cf. Paper V). 

During the treatment planning process, most of the relevant data and parameters that were 

required for target volume definition, treatment planning and optimization were retrieved 

from the whole body Atlas database. For example, the lymph atlas topography was utilized 

for the selection and the delineation of lymphatic stations, which represent potential risk 

regions (i.e., microscopic spread of the disease) in order to minimize the error and 

divergences in the definition of the target volume. The reference poin

iobiological response parameters in the Atl

the target volume and all healthy organs at risk with the radiobiological sensitivity in order to 

perform biological optimization of the treatment. The target volume and the staging 

knowledgebase of definitions was consulted to have a clear understanding of each tumor’s 

TNM-stage and the definitions of the clinical, internal and planning target volumes. 

In summary, the whole body Atlas database can provide essential knowledge in order to 

standardize treatment planning on one hand and to minimize divergences and errors while 

implementing different tasks in treatment planning on the other hand. 
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4. Atlas-Based Segmentation Methods 

4.1. Introduction 

The tremendous pace of development in medical imaging has revolutionized our ability to 

investigate the structure and function of organs and tissues composing the body using fully 

3D  non-radiation based 

tions in radiation therapy planning. 

ensity and proximity to 

 tomographic techniques. Computed Tomography (CT), and

techniques such as Magnetic Resonance Imaging (MRI), and Ultrasound (US) are usually 

employed to obtain structural features of the anatomy while Positron Emission Tomography 

(PET) and Single-Photon Emission Computed Tomography (SPECT) which employ 

radiolabeled pharmaceuticals and ligands as well as Magnetic Resonance Spectroscopy 

(MRS) are utilized to obtain functional information about organs and tissues. All these 3D 

techniques share the same property that the data can be collected continuously, in the form of 

a time stamped list. For viewing, this volume of data must be mathematically reconstructed 

into segments, commonly called slices, which are projected along one of the three orthogonal 

planes (axial, sagittal, coronal) resulting in a series of volume elements (voxels) which have 

finite dimensions. CT has the advantage over other imaging modalities in that the data 

obtained gives strict geometrical information about anatomical structures as well as tissue 

density information that is necessary for dose calcula

However, partial-volume artifacts can be observed in CT images because anatomical 

structures do not generally intersect the slice section at right angles. For example, a single 

voxel can have one end in soft tissue and the other end in bone. As a result, the reconstructed 

voxel would have an intermediate tissue density value that did not correspond to any real 

tissue. The enormous amount of anatomical and functional information in high resolution 

medical images can not be effectively utilized by visual inspection alone. Traditional 

visualization techniques are usually insufficient tools for investigating medical image data 

obtained by CT, MRI, US, PET, SPECT, PET-CT and any other combination of the imaging 

modalities. An essential task in the radiation therapy planning process is the definition of 

target volumes and surrounding healthy organs by image segmentation. 

4.2. Segmentation 

Segmentation is defined as dividing a volume into objects with distinct features, such as 

defining individual organs on a medical image dataset. Humans perform these tasks by visual 

inspection using complex analysis of size, shape, location, texture, int
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surrounding structures. Segmentation can be performed manually on individual image slices 

consuming given the large number of 

data sets required. Automatic segmentation techniques have to be applied in the process to 

guide the expert’s eye to regions of interest that are not visually captured. Thus, segmentation 

nakis 2001). 

Per entation using a computer has proven to be difficult due to both 

the trem and the variation in image quality. Spatial 

by a knowledgeable expert but it is tedious and time 

is performed automatically, whenever possible, or semi-automatically since some manual 

intervention is required in most segmentation applications. Image segmentation approaches 

can be widely classified into one of three groups: edge-based, region-based and classification. 

Edge-based techniques exploit between-region differences between features while region-

based techniques exploit within-region similarities between features. Classification techniques 

assign class labels to each individual pixel or voxel based on feature values. 

The simplest segmentation scheme is thresholding in which the intensity of each voxel (i.e., 

3D pixel) is compared with one or more user-defined thresholds. If the voxel falls within the 

selected intensity range, it is classified as part of the given tissue type. The threshold 

technique is limited by the fact that it is binary since each voxel is classified either as within 

or outside the tissue. Also, the threshold classification is very sensitive to changes in threshold 

values. Having a low value, for example, will classify surrounding tissues of different tissue 

type as part of the given tissue while having a high threshold value will exclude voxels that 

are part of the tissue of interest. 

Region-based segmentation techniques utilize texture-based methods and region growing 

techniques to group similar voxels together in order to define an object’s volume. Texture-

based methods are pattern recognition schemes. In region growing, a “seed” voxel is selected, 

which is known to be a part of the object of interest. The six closest neighboring voxels are 

then examined to see if they are similar to the seed. If one or more are similar enough to meet 

the acceptance criteria (i.e., within the specified threshold range), they are considered to be 

part of the object and serve as seeds themselves for comparison of neighboring voxels. This 

process is iterated recursively to grow the object until no more voxels can be found, which 

satisfy the acceptance criteria. Region growing is very sensitive to changes in acceptance 

criteria. Suboptimal parameter selection can cause “segmentation leakage” forcing the region 

growing algorithm to leak from bone to nearby tissue for example (Mazo

forming automatic segm

endous variability of object shapes 

resolution, noise, acquisition artifacts, low contrast and poorly defined boundaries in medical 

images made automatic segmentation one of the most challenging image processing 

applications. Therefore, optimal segmentation can never be achieved by using grey -level 
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information alone and a priori knowledge has to be utilized in the process. Ultimately, low 

level image processing algorithms have to be applied together with higher level techniques 

such as deformable models or Atlas-based methods in order to achieve better segmentation. 

4.3. Atlas-based Segmentation Procedure 

In radiation therapy planning, the aims of the segmentation process can be stated as: 

1. To provide a clear identification of the target volumes, organs at risk and other regions of 

interest for evaluating the tumor cure and the probability of normal tissue complication 

using radiobiological models (Brahme 1988). 

2. To allocate the right radiobiological response parameters and radiation transport 

valuated in Paper II. 

re also 

quantities to the relevant organs in the patient for treatment planning.  

3. To provide a 3D visualization and projection of different organs and target volumes for 

determining suitable beam directions in tumors eye view and selecting the internal target 

volume and set-up margins in beams eye view (Aaltonen 1997, Goitein 1983). 

In order to achieve efficient segmentation, two image processing methods, namely image 

warping and image segmentation by deformable models, were employed to form a two step 

segmentation procedure for the developed whole body Atlas. The segmentation procedure 

was introduced in Paper I and e

4.3.1. Image Transformation (Matching and Fusion) 

Image matching and registration techniques are utilized to determine a geometrical 

transformation that maps one image into another with a certain degree of accuracy. When 

registration (i.e., matching) is performed, the pixels in one view of an object, in a multi-

dimensional image, are aligned with the corresponding pixels in another view of that object in 

another image. It is assumed that the images have similar features that can be rotated, 

translated or elastically deformed. These types of registration algorithms generally either 

require identification of corresponding points, lines, and/or surfaces in the two volumes to be 

fused (Meyer 1995); or employ volume techniques based on voxel intensities or employ 

statistical methods derived from voxel intensities (Maes 1997, Meyer 1997). They a

divided between automatic and interactive methods (Pfluger 2000). 

In image analysis applications, matching techniques can solve the problem of mapping several 

images of the same object that are taken with different imaging modalities, or taken at 

different time instances. In medical applications, that can be applied to fuse two images into 

one image (i.e., image fusion), which integrates important information to compare anatomical 
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structures in different imaging modalities (e.g., CT/MR, CT/PET, MR/PET). It can also be 

applied to map a digital atlas model into a patient for atlas-guided image analysis. 

Atlas-patient matching involves the deformation, rotation or translation of one standard image 

set into another image set.  Therefore, an essential part of a deformable atlas is its ability and 

app corresponding anatomical features on 

eveloped 

mat

loaded and the corresponding physiological points are selected on a given patient image, 

Tha lues of the matrix, 

poly

affin effects of 

n the slice which outlines a particular 

struct

pre-segmentation process. It was only utilized in this procedure to obtain a suitable initial 

echnique (Widrow 1973), 

licability to perform registration or matching of the 

both image sets. In the present Atlas-based segmentation procedure, a set of locally d

software modules were employed for the purpose of setting landmarks, contouring and 

ching the organ outline (Maguire 1991, Noz 1988, 1993). After the Atlas landmarks are 

linear regression analysis is performed on both the reference images and the patient images. 

t is followed by a Gauss Jordan matrix inversion to find the eigenva

which form the transformation coefficients (Maguire 1991). Either first or second order 

nomials are used, depending on the severity of the transformation to produce a full non-

e (warping) transformation. The linear regression is used to minimize the 

mismatched pairs. The transformation coefficients - the eigenvalues - are then used together 

with a re-sampling technique to determine the new coordinates for each pixel in the slice to be 

moved. The alteration achieved by the application of the algorithm may be performed on 

either the slices themselves or on a contour drawn o

ure (cf. Paper II). The matching technique in the whole body Atlas was considered a 

organ outline that could be refined using active contour model. 

4.3.2. Deformable Models (Active Contour Models) 

To address the difficulties experienced by using conventional segmentation techniques, 

deformable models have been studied and implemented, in this work, for medical image 

segmentation with promising results. 

Deformable models are curves or surfaces defined within the image domain that can 

progressively move and deform changing their shape in an effort to define the structure of 

interest in the image. The idea of deforming a template for extracting image structures dates 

back to the early 70’s with the introduction of the “rubber mask” t

and the spring-loaded templates (Fischler 1973). Active contour models are forms of the 

general technique of matching a deformable model to an image using energy minimization 

(Kass 1988, Terzopoulos 1988).   
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Active contour models, commonly called “Snakes”, have attracted extensive research and 

have been widely used, in different forms, for segmentation of non-rigid objects in a wide 

E E v s ds E v s ds E v s= + +∫ ∫     (1) 

range of applications. For general reviews on the applications of active contour models in 

medical image analysis, for example, the reader is referred to (McInerney 1996, Singh 1998, 

Xu 2000). 

Active contours provide a low-level mechanism, which seeks appropriate local minima in the 

image rather than searching for a global solution.  The contour needs to be initiated on the 

image and left to actively deform in the image plane while minimizing its energy moving into 

alignment with the nearest salient feature while maintaining a certain degree of smoothness. 

The image is considered as a potential or an energy surface on top of which the contour keeps 

slithering like a snake, and hence the name, seeking valleys of low energy. An active contour 

moves under the influence of internal forces that are defined within the curve itself to 

maintain internal shapes constraints, such as smoothness, while being attracted to image 

features, such as edges, by the influence of image forces, which are computed from the image 

itself. 

The position of a snake can be represented parametrically by, v(s) = (x(s), y(s)), where v(s) is 

the curve of the snake, x and y are the co-ordinate functions, and s ∈ [0,1] is the curve’s arc 

length. 

The total energy of the snake Etotal
 can then be given in terms of three basic energy functions 

(Kass 1988, Poon 1997): 

1 1

0 0
internal edge region( ( )). ( ( )). ( ( ))total

The energy functions correspond to the forces that control active contour models, which are 

internal and image forces. The internal energy of the snake model can be written as:  

2 2
1 2| ( ) | | ( ) |internalE v s v sω ω= +        (2) 

where v’(s) and v”(s) indicate the first and second derivatives of v(s) respectively.  The 

internal energy contains a first-order term controlled by ω1, and a second-order term 

controlled by ω2.  The values of these two terms (elasticity parameters) determine the extent 

to which the snake can stretch or bend at any point along its length.  The first-order term 

introduces “tension”, while the second-order term produces “stiffness”. 

By processing a raw image of in

′ ′

tensity I(x,y), edges can be found with a gradient-based 

weighted energy function.  Having: 

′
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3 | ( , ) |edgeE I x yω= − ∇          (3) 

This energy produces a force that drives the snake towards pixel locations with large image 

gradients when Eedge is minimized.  

The active contour model, which was implemented in this work, has been adapted for optimal 

performance on medical images by incorporating region information analysis together with 

the Greedy algorithm (Poon 1997, Williams 1992). The Greedy algorithm computes the total 

energy for the current location (i.e., one vertex and each of its neighbors). The location having 

the smallest value is chosen as the new position and so on. The region energy is derived from 

the analysis of the pixel intensities in the region defined by the contour. If there are N 

contours, the image is segmented into N+1 regions. 

Defining ni as the number of pixels in the ith region, D as the mean CT-number value (H.U.) 

of the CT image, iD as the mean CT-number value of the ith region, j
iD as the CT-number of 

the jth pixel in the ith region, then: 

2 2

0
( )ib i

i
S n D D

=

= −∑          (4) 

and, 

N

2 2( )j
iw iS D D= −∑∑         (5) 

Where 2S  = between reg

0 1

in

i j= =

ion, and = within region variance. The region-based energy is 

given by (Poon 1997), 

N

b  2
wS

2 2
4region w bE Sω= S          (6) 

h level 

automatic control that cause t  image. 

Those mechanisms can be manual; administered by a user, or semi-automatic; by employing 

i.e., an initial contour) 

Region energy minimization occurs when 2
wS  is minimised and 2

bS is maximised. 

However, active contours suffer from initialization sensitivity and lack of hig

he snake to latch to undesirable features in the

Nevertheless, active contours do not try to solve the entire problem of finding salient image 

features; they rely on other initialization mechanisms to place them near a desired solution.  

an image processing technique. The work presented in this thesis adopts the latter approach, 

in an Atlas based segmentation procedure, by utilizing an image matching algorithm that 

serves as an automatic initialization technique to create a snake’s seed (

that is then refined using active contours. The performance of the segmentation procedure 
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was evaluated by per e, shape 

complexity, and proximity to surrounding structures (cf. Paper II). 

ontour on two different CT 

y (top) and a bladder (bottom). The Atlas organ contour 

forming statistical analysis on delineated organs of different siz

Figure 7 demonstrates the propagation process of an active c

datasets to delineate a patient’s kidne

was transformed from the Atlas database into the patient dataset (black). The active contour is 

then initiated and propagated under the influence of its internal forces and down the image 

forces to find the true organ outline. 

 

Figure 7 The propagati p) and a 
bladder (bottom) under s. a) The 
transformed Atlas organ (i.e., black: kidney and bladder), b) The intermediate state of contour’s 

te 
at the end of the propagation process. 

4.3.3. Advantages of Atlas-Based Segmentation 

This two step segmentation technique was the preferable choice over other segmentation 

rg in the body. 

on of an active contour (snake) towards the boundary of a kidney (to
the influence of the internal snake forces and the image intensity force

propagation (white) and c) The final sta when the organ boundary was outlined by the active contour 

methods that have been proposed due to its applicability to all o ans and tissues 

Several matching techniques together with threshold-based segmentation technique have been 

utilized for automatic Atlas-based segmentation of bony structures (Ehrhardt 2001). A fully 

automatic segmentation procedure, however, is difficult to implement on many organs due to 

their anatomical variations and their shape complexity. In addition, the low attenuation 

difference between soft tissues in the body makes automatic segmentation a non-trivial task to 

implement (Boes 1995). 

Deformable models offer robustness to both image noise and boundary gaps because they are 

designed to constrain extracted boundaries of the target object to be smooth while 

incorporating prior information about the object shape.  Moreover, they allow integrating 
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boundary elements into a coherent and consistent mathematical description. Since deformable 

models are implemented on the continuum, the resulting boundary representation can achieve 

n of different organs. The implemented Atlas-based 

segmentation procedure utilizes both image matching and active contour algorithms (cf. 

Paper I). The reference organs, tissues and the standard landmarks have been defined on the 

reference Visible Human dataset and stored in the Atlas database. Reference organs (e.g., 

liver, lung, spinal cord) were then transformed from the Atlas to patients by utilizing the 

matching transformation technique. Afterwards, the active contour technique is initiated to 

refine the outlines so that it fits the patient’s organ. The evaluation of the segmentation results 

showed that such an Atlas-based procedure can provide satisfactory results for delineation of 

different body organs (cf. Paper II). By implementing Atlas-based segmentation, one can 

obtain initial starting treatment plans to speed up the treatment planning cycle and reduce 

observer-related planning errors. Such a solution can be of importance where the plan can be 

complicated, such as IMRT and biologically and physically optimized treatment planning 

sub-pixel accuracy. This is a highly desirable property for medical imaging analysis and 

applications. Other segmentation techniques can suffer “segmentation leakage” due to a lack 

of ability to fill gaps in soft organs’ walls (Mazonakis 2001). 

In summary, a segmentation procedure that offers a robust solution has been introduced and 

implemented for precise delineatio

(Brahme 1999, 2003). 

 



Development of a whole body atlas for radiation therapy planning and treatment optimization 29

5. Atlas of Lymph Node Topography  

The lymphatic system consists of many fine vessels which traverse several groups of lymph 

nodes and transport the lymph into the venous system. The lymphatic network was first 

described by Aselli in 1622 and comprehensively represented and described by Rouviére 

 the lymphatic system contributes to the tumor’s cascade of metastases 

(Weiss and Ward 1990, Gershenwald and Fidler 2002, Padera 2002). If the dissemination of 

the primary tumor and the cascade of lymphatic metastases have already started, surgical 

removal of the primary tumor will not generally result in cure. Due to the fact that tumor 

metastases are resistant to conventional chemotherapy, another treatment modality, such as 

radiation therapy, can be used alone or in combination with the other treatment modalities to 

target the lymphatic metastases and its loco-regional spread. However, defining the risk 

regions for treatment, which represent the lymphatic dissemination and microscopic 

involvement, is difficult because current imaging techniques cannot detect the microscopic 

spread of the disease. A lymphatic atlas can be utilized for visualization of the 3D lymphatic 

distribution to assist in localizing risk regions such as possible cascades of microscopic 

lymphatic spread as a result of the dissemination of the primary tumor.  

5.2. Lymphatic System Datasets 

Despite the recent developments of atlases and guidelines focusing on definitions of 

lymphatic regions, a comprehensive and detailed description of the 3D nodal distribution is 

(Rouviére 1948). The lymphatic system drains into a specific lymph node center, namely the 

sentinel lymph node, which is one or a group of nodes that appear to be the primary site of 

metastases (Cabanas 1977). Anatomical information about the lymphatic topography and 

distribution of nodal stations can be represented in the form of a lymph node atlas. The 

developed lymph node atlas, presented here, fills the gap on a detailed definition of discrete 

nodal locations and provides a 3D visualization and exploration tool, which could be useful to 

standardize and facilitate defining the target volume and risk regions for staging and treatment 

of cancer. 

5.1. Lymphatic Tumor Spread 

Tumor cells disseminate through the lymphatic and vascular systems, which have numerous 

connections, leading to formation of metastases in the surrounding organs or tissues. Recent 

studies show that the major cause of death from cancer is the dissemination of cells from the 

primary tumor and that
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lacking. The anatomical information available today about the distribution and location of 

studies, nodal dissection, and modern 

odality to define the target volume for treatment, such as in radiation therapy 

(Grégoire 2003, Kiricuta 2001, Levendag 2004, Martinez-Monge 1999; Nowak 1999, Richter 

and

the rather high axial 

of data that is far superior 

odality. 

normal lymph nodes originates from histological 

imaging modalities. CT, MR, US, and PET imaging modalities provide valuable diagnostic 

information about tumor staging and its lymphatic spread (Ahuja and Ying 2002, Brahme 

2003, Gubnic 2002, Van den Brekel 2000). Despite the tremendous improvement in current 

imaging techniques, the detection of normal or malignant lymph nodes remains a challenge 

due to the large variability in lymph node characteristics and the variation in imaging quality.  

Comprehensive atlases of lymph node topography are necessary tools to provide a detailed 

description of the lymphatic distribution in relation to other organs and structures. The nodal 

distribution in the current atlases has been built by compiling different data from histological 

and imaging studies, as well as from conventional atlas books of human anatomy (Rouviére 

1948). Most atlases represent the compiled data on CT cross sections since CT is the preferred 

imaging m

 Feyerabend, 1991, Wijers 1999). 

Histological and imaging studies have been successful in obtaining a large amount of data 

about the nodal distribution, but that data has not been fully compiled into one atlas. Various 

atlases rely on different sources of data such as histological or imaging studies and/or 

anatomical text books. Many nodal groups are not present in the available atlases due to the 

lack of information in the data source upon which the atlas was based. For example, a large 

number of lymph nodes have a diameter of 1-3 mm, but such data is missing from imaging 

studies because the majority of these nodes are undetectable by current imaging methods. The 

Visible Human Anatomical (VHMA) dataset opens up new possibilities to study the location, 

size and cross sectional distribution of normal lymph nodes. Utilizing the VHMA dataset for 

the purpose of lymph node localization provides several advantages: 

1. The images display anatomical information of the whole body that can be compared to 

histological studies of lymph node localization. 

2. The data provide undisturbed anatomical information, relatively, compared to surgical 

dissection, which generally disturbs the spatial distribution of lymph nodes. 

3. The high resolution of each cross section (0.33 mm/pixel) and 

resolution (1 mm) of the dataset provided quality and continuity 

to any other conventional medical imaging m

4. The dataset’s high color quality and its high resolution allow retrieval of anatomical 

information that could not be obtained by using grey scale imaging modalities. 
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Therefore, the VHMA dataset was considered a reference man and utilized as the main source 

of data to construct a standard 3D lymph node topography for the whole body Atlas database. 

5.3. Mapping the Lymph Node Topography on the Microtome Dataset 

The high resolution images of the microtome VHMA dataset were inspected thoroughly to 

identify possible lymph nodes in each cross section. A priori knowledge about the location 

and shape of the nodes has proven to be useful for accurate node identification. The 

identification process followed general criteria based on current clinical and pathological data 

as well as on visual inspection with analysis of size/axial diameter, shape/pattern, nodal 

boundary definition, color information, location and proximity to surrounding structures. The 

main characteristics of the majority of the detected normal lymph nodes, as identified on the 

VHMA images, are given in Table 2. Various lymph nodes obey these main characteristics 

but several other nodes that have different features and/or color information were also 

observed as illustrated in Figures 3, 4 and 5 of Paper IV. 

Table 2 The main features of the localized lymph nodes in the VHMA dataset. 

Feature Normal Node Characteristics 

Size or Axial diameter 
H&N and Chest: 2-38 mm. 

Abdomen: 2-20 mm. Pelvis: 2-30 mm. 

Shape and Pattern Compact and elliptic. 

Nodal boundary Ill-defined or “blurry” borders. 

Color information Dense or bright red and pink color 

Proximity to adjacent tissue 

Near vascular structures (veins and arteries). 

Surrounding veins sometimes. 

Completely or partially embedded in fat. 

 

Around 1200 normal lymph nodes were identified in the microtome VHMA dataset. The 

nodal groups were verified by comparing the results we obtained to current data that is 

Fey s in the 

slic

200 each slice to create nodal contours. 

sec llustrations 

provided in the literature or current nodal atlases (Martinez-Monge 1999, Richter and 

erabend 1991, Rouviére 1948). The spatial distribution of the VHMA lymph node

Head and Neck, Chest and Pelvis was also compared with the data found in the corresponding 

es in the Visible Human Female Anatomical (VHFA) dataset (Qatarneh 2004, Kiricuta 

4). The localized nodes were carefully delineated in 

The distribution of the lymph node topography has been described in a conventional cross-

tional lymphatic atlas book, to be published, which contains a series of 2D i
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describing the spatial distribution of the main lymph nodes in the H&N, Thorax, Abdomen 

and Pelvis (Kiricuta 2006). Figure 6 of Paper IV shows an illustration describing the 

distribution of few cervical lymph nodes in the Cross-sectional Atlas of Lymph Node 

Top

ongside the jugular veins. The H&N 

nodes were 02).  

The lymph nodes in the Thorax form two main groups; the parietal group which comprised 

parasternal, intercostal and superior diaphragmatic nodes, and the visceral nodal group which 

consisted of nodes that were spread in the ante ments of the 

mediastinum. Axi  comprised the b capular, central and 

apical nodal groups that were scattered in the n the axilla. A 

detailed anatomical description of the lympha  in the H&N 

and Thorax, represented as color-coded me 1999, 

Robbins 2002 04). Th des in different 

levels or locations for the H&N and the Tho

he Abdomen was the most lymph node-dense and rich volume among the four main regions, 

ography book (cf. Paper IV). 

5.4. The Topographical Distribution of Lymph Nodes  

A description about the distribution of the identified lymph node stations in the VHMA 

dataset is summarized here with regard to anatomical landmarks in the H&N, Thorax, 

Abdomen and Pelvis. 

The H&N lymph nodes were clustered in groups which could be distinguished according to 

their location. Five nodal groups formed the so-called pericervical circle, which contained the 

occipital, mastoid, parotid, submandibular and submental groups in addition to other isolated 

nodes that were classified as facial and retropharyngeal groups. The cervical chain nodes were 

situated within the anterior and lateral areas of the neck al

 classified by their levels according to Robbins classification (Robbins 20

rior, middle and posterior compart

llary lymph nodes rachial, pectoral, subs

 cellulo-adipose tissue withi

tic distribution and classification

nodes in this atlas, can be found in (So

, Lengelé 2003, Kiricuta 20 e numbers of the localized no

rax regions are given in Table 3. 

T

where the number of lymph nodes could be estimated at around 500 nodes. The mesenterial 

nodes alone, localized within the mesenteric fat, accounted for 200 nodes approximately. A 

large group of nodes were identified on the anterior surface of the abdominal aorta (i.e., pre-

aortic nodes) and two chains of nodes were situated on the left and right sides of the 

abdominal aorta (i.e., lateral aortic nodes). Several nodes were also found around the stomach 

(i.e., perigastric nodes) and around the pancreas. 

The Pelvic nodes were clustered in regions along the aorta and its main branches (i.e., the 

iliaca-communis, interna and externa) and along the obturator nerve (cf. Paper III). The 

external and internal iliac nodes were grouped around the corresponding iliac vessels. Over 
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the common iliac vessel, two groups could be identified; a lateral group lying along the 

vessels, and a medial group lying in the angle between the joining vessels. The obturator 

nodes were located in an area bounded inferiorly by the obturator nerve, while the sacral 

nodes are situated around the lateral and median sacral arteries. The inguinal nodes, which 

constitute one of the most important lymphatic centers in the body, were the largest among 

oth nal. A description of the 

is are given in Table 4. The cross-sectional range of the VHMA images 

ide 

r delineation of 

mulated lymph node data from the VHMA 

er pelvic nodes and they were located within the inguinal ca

lymphatic distribution in the abdomen and pelvis can be found in (UAMS 1999, Lengelé 

2003) and in Paper III.  The numbers of the identified nodes in selected locations in the 

Abdomen and the Pelv

for the H&N, Thorax, Abdomen and Pelvis regions, is given in tables 3 and 4. 

The VHMA dataset resolution limited detail to anatomical structures or composition that is 

equal to or larger than 2mm. It was possible to visualize lymph nodes as small as 2 mm in 

diameter in the VHMA dataset, hence the axial diameter range of the localized lymph nodes is 

between 2 and 38 mm. 

The 3D nodal atlas defines individual lymph nodes and discrete nodal stations, which prov

detailed knowledge about the boundaries of different nodal groups. It is a known fact, 

however, that there is inter-individual anatomic variation of the lymphatic system as in all 

organ systems. The topographical variability in lymph node distribution was qualitatively 

described in Rouviére’s seminal work (Rouviére 1948). The anatomic variation within a 

population of 35 patients, for example, was documented in a population-based atlas of head 

and neck lymph nodes (Poon 2004). Nevertheless, lymph nodes were not randomly scattered 

but were clustered within expected confined regions, which was the basis of the existing 

lymphatic classification relative to their location. They are surrounded or grouped within 

well-defined anatomical structures that can serve as important landmarks fo

lymph node regions. For example, lymph nodes could be clustered along blood vessels (e.g., 

internal iliac) or canals (e.g., inguinal canal) or confined within surrounding organs (e.g., 

mediastinal nodes) or within compartments of tissue (e.g., axillary adipose tissue) and could 

be surrounded by anatomical landmarks, such as bone or muscle. 

There is a broad variability in the literature regarding the numbers of lymph nodes in different 

body regions (Berg 1955, UAMS 1999, Lengelé 2003). It is a known fact that the number of 

nodes varies in different individuals but the accu

dataset could serve as a reference lymphatic dataset which could be compared to other 

reported lymph data in the literature or to future lymphatic studies. 
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5.5.  

en the ntifi process was 

pleted, the node was delineated by 

 the VHMA dataset. The resultant 

r

etric del  t

tion odel was r truc

peri sed nodal tours. A gh 

odel was obtained by 

axi ber 

lygon  c

quali of 

o

i-realistic 3D 

visualization (cf. Paper IV). The 3D 

v metric model was built for all the 

delineated normal nodes in addition to some 

neighboring main structures to serve as 

landmarks showing the nodes proxim

surrounding organs. The volumetric models 

of the lym  

the H&N, Thorax, and Pelvis are shown in 

Figures 7 and 8 of Paper IV.  

A complete digital simulation of the 

lym hatic bution requires a detailed 

t p s

body organs, which would provide a 

description of the relationship  the ph 

nodes relative to the adjacen ans. The 

real challenge, however, was the 

construction of a volume m l fr
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Verification of Nodal Topography 

Comparison of Nodal groups 
with current atlas data 
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Slice animation: Follow n
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ode 
ion on surrounding slices 
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3D Surface Topography of 
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Integration into the 
VOXEL-MAN Atlas 

Figure 8 Steps in the construction procedure 
of the 3D lymph n hode atlas topograp y. 
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VHMA dataset that allows interactive exploration of organs and lymph nodes with semi-

rea graphy atlas was integrated in the 

N (Tiede 1996, Schiemann 1997). 

ed by 

ages of the VHMA dataset to produce 

sues, nerve he VOXEL-

 volumes linked to a knowledgebase containing 

olumes 

 the VHMA dataset at a reduced cross-section 

ymphat t from the 

., 0.33 rating the 

AN requi d tching the 

stem of the VO MAN. Furthermore, the 

ted to create a digital format of nodal volumes 

EL-M XEL-

topog urrounding 

gure 9. 

VOXE ualization 

ive to the adjacent organs with a nearly 

to apply

., axial, sagittal, coronal). The user can also 

speci lipping 

es and to . Relevant 

lymph nodes location and level can be queried 

 lymph he digital 

V).  The lymph node spa rly viewed 

d lymph node arison to a high 

0. 

to the reference organ dataset in the standard 

e (Qatarneh 2003). The purpose of the lymph 

 lymphatic risk regions, by providing detailed 

te 

in the clinical target volume for treatment 

listic visualization. Therefore, the 3D lymph node topo

existing volume-based digital atlas VOXEL-MA

The VOXEL-MAN atlas is a volume-based 

utilizing detailed segmentation of the cross-sectional im

3D anatomical structures such as organs, tis

MAN is based on a two layer model of image

descriptive anatomical knowledge about the v

The VOXEL-MAN atlas was constructed from

resolution (i.e., 1 mm/pixel), while the 3D l

same dataset at full cross-section resolution (i.e

lymph node topography into the VOXEL-M

lymphatic topography into the coordinate sy

lymph node polygonal surfaces were re-genera

that is consistent with the volumes in the VOX

MAN atlas with the incorporated lymph node 

organs, tissues and blood vessels is shown in Fi

Integration of the 3D lymphatic atlas into the 

and exploration of nodal topography relat

photorealistic quality. It allows the observer 

and compose arbitrary anatomical views (e.g

remove parts of the tissue layer by layer or 

planes, to facilitate access to the lymph nod

descriptive anatomical information about the 

directly to obtain a clear description of the

volumetric model (cf. Paper I

interactive digital atlas that was creat

s and blood vessels. T

(Höhne 1995). 

ic topography atlas was buil

 mm/pixel). Therefore, incorpo

red registration an  ma

XEL-

AN atlas. A 3D view from the VO

raphy in reference to the s

L-MAN atlas offers a 3D vis

 rotation at any degree, magnification, 

fy a section of the body, using c

 inner structures of interest

atic spatial distribution in t

tial distribution can be clea

 atlas in compin the VOXEL-MAN atlas with the integrate

resolution CT volume, as illustrated in Figure 1

The lymph node topography has been added 

man geometry of the whole body Atlas databas

node atlas is to standardize the definition of

anatomical knowledge about the 3D lymphatic

the lymphatic volumes that can be considered 

(Chao 2002; Grégoire 2003; Kiricuta, 2001).  

 distribution in these regions, in order to loca
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6. Atlas-Based Radiation Therapy Planning and Treatment 

Optimization 

The main objective of radiation therapy is to provide the maximum tumor control while 

avoiding adverse reactions in healthy tissues by delivering a high absorbed dose to the tumor 

and as low dose as possible to the surrounding healthy organs. Most current therapeutic 

approaches, in radiation therapy, consider the primary tumor and its regional lymphatic spread 

as a single clinical entity, defined as the clinical target volume, which should receive the 

nt factor for determining the stage of 

maximum absorbed dose to be controlled. Precise delineation of the target volume and all 

relevant anatomical structures is necessary for accurate beam alignment and biologically 

optimized treatment planning (Brahme 1988, 2001). This can be achieved when the exact 

location and size of the target volume, which includes the primary tumor and the involved 

loco-regional lymph nodes, are predefined in relation to adjacent radiosensitive anatomical 

structures or organs at risk. A 3D visualization and projection of the tumor volume and organs 

at risk can assist in determining suitable beam directions to target tumors and in selecting the 

target volume and its margins in the beams eye-view (Aaltonen 1997, Goiten 1983). 

Due to the fact that the lymphatic spread is an importa

the disease and the local extension of the tumor spread, it is essential to consider the 

lymphatic involvement when determining the target volume in conformal radiation therapy 

(Kiricuta 2001). However, defining the risk regions for treatment, which represent the 

lymphatic dissemination and microscopic involvement, is difficult because current imaging 

techniques can not detect the microscopic spread of the disease. 

Lymphatic atlases could be of importance as a complimentary visualization and exploration 

tools together with diagnostic tools and imaging modalities to achieve better definition of the 

loco-regional lymph clusters (i.e., risk regions) for treatment or staging in radiation therapy. 

The accumulated data in the 3D lymph node atlas offers detailed knowledge about the 

lymphatic distribution, which can assist in defining risk regions to achieve more accurate 

targeting and reduce radiation related-toxicity. 

Transformation of the lymphatic information from the lymph node atlas into the patient’s 

anatomy can assist in defining the clinical target volume to facilitate and standardize radiation 

treatment planning by minimizing the divergences in the definition of the target volume (cf. 

Paper V).  
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6.1. Lymph Atlas Transformation to Patients 

grating a lymph nodInte e atlas in treatment planning can be an essential task to obtain detailed 

information about the lymphatic distribution, which is based on precise anatomical knowledge 

 

d will be 

ployed to obtain 

 of this study, a registration technique that is 

. An affine transform component was developed to find the spatial mapping of 

points from an image space to points in another image space. An affine transformation of 

vector A = [x y z]T can consist of translation, rotation and scaling: 

and not on experience alone, for precise delineation of the microscopic extension of the tumor 

spread. Such data is a prerequisite to achieve more accurate tumor staging for biologically 

optimized treatment planning (Brahme 2003). Atlas-patient matching involves the 

deformation, rotation or translation of the Atlas standard image set into the patient image set. 

Therefore, an essential part of a deformable Atlas is its ability and applicability to perform 

registration or matching of the corresponding anatomical features on both image datasets. 

Radiation treatment planning can be supported by utilizing different imaging modalities, 

which can be facilitated when some form of multimodality image registration is used. A 

general discussion about image matching and registration is handled in section  4. 

In this work, the lymph node topography was utilized by integrating the VHMA dataset and 

the patient dataset by implementing advanced registration techniques to match both datasets 

(Viola and Wells 1997, Noz 2001). The microtome VHMA dataset that contains the 

predefined lymph nodes was used as the reference lymph node atlas in this study an

referred to as the lymph atlas dataset. 

The registration of the lymph atlas and the patient datasets provided the complimentary 

information about the lymphatic distribution. Prior to the target volume definition in the 

treatment planning process, transformation techniques were utilized to transform the VHMA 

dataset into the patient dataset. The transformation was considered a pre-delineation process 

to facilitate contouring the lymphatic regions in the patient dataset. It was em

a suitable initial lymphatic-region outline that could be refined manually, if required, to fit the 

patient’s anatomy. For that purpose, two registration techniques were implemented to 

transform the reference lymphatic geometry to patients. 

6.1.1. Registration by Maximization of Mutual Information 

For the purpose of the Head and Neck portion

based on maximization of mutual information was developed to find the spatial mapping that 

will bring the VHCT dataset into alignment with the lymph atlas dataset. 

The main two modules in a registration algorithm are the transform and the metric 

components
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A' =

 the 

lly aligned. 

information they contain about each 

others is maximal. 

For t ph atlas dataset (i.e., 

HCT datasets. The 

 Paper V. 

 RSA + t 

Where, R is a 3x3 orthogonal rotation matrix. 

S = diag(sx, sy , sz) is scaling matrix in x, y, and z directions. 

t = [tx ty  tz]T is translation vector. 

A robust metric component, based on Mutual Information (MI), was developed to provide a 

measure of how well the image sets are matched. The MI concept is derived from information 

theory, which measures the statistical dependence between two random variables or the 

amount of information that one variable contains about the other (Pluim 2003). Registration 

of images by utilizing the mutual information metric applies the MI concept to measure

statistical dependence or information redundancy between the image intensities of 

corresponding voxels in both image datasets (Viola and Wells 1997, Maes 1997). This 

information redundancy is assumed to be maximal if the images are geometrica

For two images A and B, mutual information I can be defined as 

I (A,B) = H(B) - H(B|A) 

Where H(B) is the probability distribution of intensity values in image B, which is estimated 

by counting the number of times each intensity value occurs in the image divided by the total 

number of occurrences. 

The conditional probability distribution H(B|A) is based on the conditional probabilities 

p(b|a), which is the probability that there is an intensity value b in image B given that the 

corresponding voxel in image A has an intensity value a.  

Therefore, I (A,B) is the amount by which the uncertainty about image B decreases when A is 

known; or the amount of information A contains about B. It is mutual information because it 

is also the amount of information image B contains about image A since A and B can be 

interchanged. Registration is achieved by maximizing mutual information; that is when the 

images are aligned in such a way that the amount of 

he purpose of testing the procedure’s applicability on the lym

VHMA dataset with predefined lymph nodes) for matching and treatment planning, the affine 

transformation module, based on maximizing mutual information as described above, was 

implemented to register the H&N section of the lymph atlas and the V

affine transformation technique includes translations, rotations and scaling and was often 

sufficient to align images that show small changes in object shape since both datasets are of 

the same specimen but require alignment and scaling. The transformation of both datasets is 

illustrated on two corresponding H&N cross sections in Figure 1 of
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6.1.2. Landmark-based polynomial Transformation 

hnique, which was implemented in Paper I and 

to include three-dimensional 3D 

orniak 2003). For the thorax and the pelvis studies in this 

nts, as defined in the whole 

atching axial slices from the volume datasets. 

intensity modulated treatment plans, with five equidistant photon 

ical target volume (CTV) comprises 

ed in the whole body Atlas database, are in accordance with the 

 assumes a more 

The 2D landmark-based image registration tec

Paper II and presented in section  4, has been extended 

registration methods (Noz 2001, G

thesis, the 3D polynomial transformation method was used to produce a full transformation of 

the lymph atlas dataset (i.e., VHMA dataset with predefined lymph nodes) into the patient 

datasets. Due to the fact that this transformation is non-affine, it has more degrees of freedom 

to allow line lengths and angles to change, straight lines to become curved and does not 

preserve parallelism. This is necessary to allow elastic deformations of the atlas to match the 

patient’s anatomy (cf. Paper V). 

The landmark-based polynomial transformation of the lymph-atlas pelvic dataset into the 

patient CT dataset is illustrated in Figure 2 of Paper V. The selected reference points (i.e., 

landmark pairs) were placed at corresponding physiological poi

body Atlas database, on m

6.2. Lymph Atlas-based Target Volume Definition in Treatment Planning 

Biologically optimized 

beams, were developed for a Nasopharynx, lung, and prostate cancer patients based on the 

Visible Human dataset and the integrated lymph Atlas topography. Throughout the treatment 

planning of the three tumor sites, the definition of the clin

the primary gross tumor volume (GTV) and the loco-regional involved lymph nodes plus a 

margin of 1 cm to contain volumes that may engage potential microscopic spread. An internal 

target volume (ITV) was defined by adding an internal margin of about 5 mm to the CTV in 

order to compensate for expected physiological movements and variations in size, shape and 

position of the CTV in relation to external reference points. The definitions of the target 

volumes, as defin

recommendations of the NACP and the ICRU reports (Aaltonen 1997, ICRU 62- 1999, ICRU 

71- 2004). Radiobiological parameters of different tissues were used in this study for 

radiobiological optimization of the treatment. The radiobiological parameters, which were 

retrieved from the whole body Atlas database, are based on published data or reasonable 

estimates where no solid patient data was available (Emami 1991, Ågren 1995). The treatment 

plans of the three clinical cases were biologically optimized and an estimate of the probability 

of complication-free tumor control (P+) was obtained based on knowledge of the dose 

response relations for tumors and surrounding normal tissues. The evaluation
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accur chieve the highest possible 

l stations on the patient dataset would not provide neither 

rise the lymph nodes 

and possible presence of lymph vessels or connections, were delineated on the transformed 

lym set. 

ate delineation of the target volumes and organs at risk to a

tumor control and the minimum probability of damage to surrounding organs. 

The major challenge in this study is to transform the lymph atlas topography to the patient’s 

anatomy given that there is a broad inter-individual variability in the lymphatic system. By 

transforming the atlas images with the predefined lymph nodes, the anatomy of the Atlas is 

deformed to get as close as possible to the anatomy of the patient. With the assistance of the 

predefined lymph nodes on the lymph atlas dataset, the nodes are grouped together to form 

lymphatic stations, which are then imposed on the patient dataset. Figure 11 illustrates the 

transformed lymph atlas topography superimposed on a CT volume dataset. However, the 

superimposition of discrete noda

useful nor satisfactory results for two reasons; at first, there is high degree of uncertainty in 

the location of individual lymph nodes due to the inter-individual variability in the 

lymphatics, and secondly the true lymphatic definition includes lymphatic regions rather than 

individual lymph nodes. Therefore, the lymphatic regions, which comp

ph atlas dataset by utilizing the predefined lymph node atlas topography on the data

Figure 12 illustrates the delineated mediastinal, axillary and internal mammary lymphatic 

regions on a thoracic cross section of the lymph atlas dataset. The defined lymphatic regions 

were then superimposed, and refined when necessary, on the patient dataset.  The involved 

lymph nodes and those which represent potential microscopic spread were always irradiated 

and received the prescribed dose in the three treatment plans (cf. Paper V). 

6.2.1. Head and Neck 

An imaginary H&N clinical case, which involves a patient geometry of a Nasopharynx tumor, 

involved lymphatics and microscopic spread to lymphatics, has been defined on the VHCT 

dataset to test the possibility and the applicability of the transformation and the planning 

procedure. The definition of the Clinical Target Volume (CTV) includes the Gross Target 

Volume (GTV), which comprises the primary tumor and several sites of metastases in the 

H&N level II, III and V lymph nodes, plus a margin of 1 cm to contain potential microscopic 

spread (Som 1999, Robbins 2002). The loco-regional involved lymph nodes include three 

deep cervical level II lymph nodes, five deep inferior jugular level III nodes and three upper 

accessory level V lymph nodes on the right side and one site of metastases in two deep 

cervical level II nodes on the left side. It was assumed that the microscopic spread of the 

disease involves the H&N levels II, III, IV and V lymph nodes on both sides. 
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The GTV in the H&N received the prescribed therapeutic dose of 80 Gy. The ITV and the 

microscopic spread in the four H&N lymphatic regions received a therapeutic dose of 70 Gy 

tinal lymph node 

stations received more than 50Gy, which is in the range of the recommended dose of 75% of 

the p ng clinical case received less than 

or more, which is more than 75% of the prescribed dose to the CTV as recommended. The 

organs at risk in the H&N clinical case received less than the minimum tolerable dose. The 

probability of benefit due to local control of the Nasopharynx tumor and the involved lymph 

nodes (PB) is 68% and the probability of injury due to normal tissue complication (PI) is 18%. 

The total outcome of treatment or the probability to achieve complication free treatment 

control (P+) is 50%. The H&N treatment plan for Nasopharynx cancer is shown on the 

transformed lymph atlas dataset in Figure 13. 

6.2.2. Lung 

The CTV definition covers the primary gross tumor (i.e., Non-small cell lung carcinoma) with 

a margin of 1 cm to cover possible microscopic spread around the tumor.  The gross tumor 

spreads to involve the left-sided hilar, interlobar, lobar, segmental, and sub-segmental 

mediastinal lymph nodes (i.e., Mediastinal nodal stations: 10-14), which are included in the 

CTV definition. The microscopic spread to the lymphatics comprises the upper paratracheal, 

pre-vascular and retrotracheal, lower paratracheal and azygos, subaortic, subcarnial and 

paraesophageal mediastinal lymph nodes (i.e., Mediastinal nodal stations: 2-5, 7, 8). The 

regional thoracic nodal stations in the mediastinum are illustrated in Figure 12. 

The GTV in the lung clinical case received 80 Gy, which is more than the prescribed 

therapeutic dose. The microscopic spread of the disease to the medias

rescribed dose to the GTV. The organs at risk in the lu

the tolerable dose. 

The lymph atlas based treatment plan of the lung case was compared to a treatment plan made 

on the same patient by an experienced physician and medical physicist. In the latter plan (i.e., 

Non-lymph atlas based plan), the physician delineated the lymphatic regions without using 

the lymph node atlas, and hence the target volume definition was based on experience and 

previous knowledge only. The treatment outcome resulting from the optimized dose 

distribution with and without using the lymph atlas for target volume definition is compared 

in Table 5. 
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Table 5 The probability parameters of the two treatment plans of the lung case. 

Probability 
Parameter 

Lymph Atlas-Based Dose 
Distribution and Lymph 

Atlas-Based Target 
Volume Definition (%) 

Non Lymph Atlas-Based 
Dose Distribution and 

Lymph Atlas-Based Target 
Volume Definition (%) 

P+ 55.1 46.8 
PB 68.6 59.9 
PI 13.5 13.2 

PB, GT 89.9 89.1 
PB, LN 76.3 67.2 
PI, SC 0.1 0.1 
PI, HT 2.2 2.4 
PI, LL 6.1 6.2 
PI, RL 0.2 0.1 
PI, ES 0.3 0.7 

Abbreviations: GT = gross tumor; LN = microscopic lymph spread; SC = spinal 
cord; HT = heart; LL = left lung; RL: right lung; ES = Esophagus. 

 
The probability of tumor and microscopic spread control and the probability of injury to 

selected risk organs were computed assuming that the potential risk regions were defined 

correctly in the atlas based plan. The probability values in Table 5 imply that the dose 

distribution obtained from the reference lung treatment plan (i.e., lymph atlas-based plan) can 

produce better treatment outcome than the dose distribution that was optimized for non-lymph 

atlas based target volume definition. Although the probabilities of injury are almost the same, 

the total probability of tumor control in the reference plan is 8.7% higher than that of the non-

lymph atlas based plan. That is mainly due to the increased probability of controlling the 

microscopic spread to lymph nodes which is 9% higher. This result can be explained as an 

improvement in lymph node delineation when the complimentary knowledge in the lymph 

node atlas was utilized. The treatment plan for the lung cancer patient is presented on the 

transformed lymph atlas and the patient datasets in Figure 14. 

6.2.3. Prostate 

The definition of the CTV consists of the prostate and the seminal vesicle plus a margin of 1 

cm to contain potential microscopic spread. The CTV definition also contains few sites of 

metastases in two left internal iliac nodes and one right external iliac lymph node. The 

microscopic spread of the disease involves all pararectal and mesorectal nodes, all internal 

and external iliac nodes on both sides and few inferior common iliac nodes. 

The prostate GTV received the prescribed therapeutic dose of 70-80 Gy. The microscopic 

spread volume comprising the potential lymphatic regions received a therapeutic dose of 60-

70 Gy, which is more than 75% of the prescribed dose to the GTV as recommended. The 
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organs at r dose. The 

probability of benefit due to tat  lymph nodes 

is 95% and th ty al tis .4%. The total 

outcome of treatment or the p omp control is 93%. 

The probability of nefit due to loc trol of the microscopic spread to lymph regions is 

96%. The PI values for the bladder, the small bowel and the rect e 0.1%, 0.1% and 0.6% 

respectively. The treatment plan for the prostate cancer patient is presented on the 

transformed lym patient datasets in Figure 15. 

The purpose of using the lymph atlas in treatment planning was to improve and standardize 

the definition of hatic risk regions, by providing detailed anatomical knowledge about 

the lymphati es that can 

be considered ode atlas offers concrete 

isk in the prostate clinical case received less than the minimum tolerable 

 local control of the pros

of injury due to norm

robability to achieve c

e tumor and the involved

sue complication is 2

lication free treatment 

e probabili

 be al con

um ar

ph atlas and the 

 lymp

c distribution in these regions, in order to locate the lymphatic volum

 in the clinical target volume for treatment. The lymph n

anatomical knowledge about the precise distribution of discrete nodal locations, which is 

essential information to achieve close-to-optimal target volume definition in radiation therapy 

planning in order to reduce the probability of recurrence in the lymphatics. 
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7. Conclusions 

This thesis presents the development of a software framework in the form of a computerized 

whole body Atlas. More specifically, the major results and developments include: 

• A dynamic knowledgebase that comprises physical and radiobiological parameters, about 

common target volumes and normal tissues, as well as all essential information that is 

needed in radiation therapy planning and treatment optimization. 

• Development, implementation and evaluation of Atlas-based image processing techniques 

 A database for storing treatment plans for various treatment techniques, target sites and 

stages, scored in terms of the achievable complication free cure for selection of the 

optimal technique for a given tumor. 

 

and procedures that can be applied on the reference organ datasets, which can be adapted 

to a given patient, in order to speed up treatment planning. 

• The clinical applicability of the Atlas is tested and demonstrated by utilizing its 

knowledgebase and Atlas-based procedures on clinical cases for treatment planning and 

biological treatment optimization. 

• A systematic database of reference anatomical geometry and detailed lymph node 

topography linked to different forms of optimal treatment plans. 

•
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Figure 9 The integrated lymph node topography in the VOXEL-MAN atlas. Lymph nodes were 
erentiated by color for each nodal group to demonstrate their topographical distributions, locations 
 levels in reference to neighboring organs and blood vessels. 
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Figure 11
volum ph 
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 An illustration showing the transformed lymph node atlas topography superimposed on a 
etric CT reconstruction (Courtesy of Siemens). Axillary, mediastinal and abdominal lym

nodes are confined within the expected regions but with high degree of uncertainty due to the inter
iability in the exact discrete location of lymph nodes. 
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Figure 13 The Head & Neck cancer treatment plan. The dose distribution on a) coronal and b-d) axial 
views of the lymph atlas head & neck dataset. The GTV (white contour), the ITV (black), the defined 
ly red, light blue, green contours) are shown. Yellow 
regions in the coronal view represent level VI, mediastinal and axillary lymphatic regions. The organs 

 
contours).  T

at risk are defined in b) parotid gland (pink) and TM joint (orange), c) mandible (pink) and spinal cord 
(orange), and d) larynx (pink). The pre-defined individual lymph nodes are also shown (yellow

he five beams configuration is illustrated in b. 

 
(a) 

 

mphatic regions in levels II,III, IV and V (blue, 

(b) 
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Figure 14 The lung cancer treatment plan. The dose distribution on a) a coronal view of the patient 
Thorax dataset. The GTV (white contour), the ITV including the involved mediastinal lymphatic 
regions (light blue contour). b) A transformed VHMA cross section showing the involved mediastinal 
lymphatic regions in the ITV. The non involved axillary lymphatic regions are illustrated (Level I: 
yellow, Level II: red, Level III: orange). c) A cross section from the patient dataset showing the 
primary tumor and organs at risk (esophagus, spinal cord: black contour). 
 

 
(a) 

 

 
(b) 

 

 
(c) 
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Figure 15 The pelvis treatment plan for a prostate cancer patient. The dose distribution on a) a coronal 
view of the transformed VHMA dataset. The GTV (white contour), the ITV including the involved 
internal/external iliac lymphatic regions (light blue contour). b) A patient cross section showing the 
primary tumor (blue contour) and organs at risk (bladder, rectum: black contours) c) A cross section in 
the transformed VHMA dataset showing the involved external iliac lymphatic regions included in 
GTV and ITV. 
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(b) 
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