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Summary

This thesis consists of two parts, because during the research there were two phases.

Part 1: Gene expression in the embryonic heart is an important focal point of the research of
the department of Anatomy and Embryology for which they are using 3D computer
reconstructions of the embryonic hearts. Unfortunately it is not possible to visualize all the
gene expressions that are used for the research on one 3D reconstruction. For this kind of
research it is needed to map the gene expressions onto an average reconstruction of the heart.
This average heart has to be created by averaging the position of two or more different hearts
into an average position. This average heart has, if possible, all the characteristics of a heart
and it must contain the details of all the other hearts. Although there is a need for an average
heart, the department has no program that can create it. The aim of this project was to find
such a program.

Different ways to find the programs were used.

Next to the program that was already present at the department, seven other programs were
found and, if possible, tested to see if they were able to average the reconstructions that are
used at the department. This test showed that each program has its own forte. Although the
eight programs could perform 3D registration and 3D operations, none of them could create an
average heart. The reasons are that the programs were not made for this purpose and that the
embryonic heart is really a complex object. Yet there must be another way to answer the

question of the department.

Part 2: A program to generate an average heart could not be found and therefore another
solution has to be found. Another solution would be the typical heart. The typical heart is the
heart that best represents the heart of the series of hearts and differs from the average heart
on the point that it really exists. For finding the typical heart one of the previous found programs,
WorldMatch, was used. After testing the program on its limitations, the typical heart according
to WorldMatch was found as the heart that has the lowest correlation ratio compared to the
other hearts. To validate the typical heart that was thus found, an expert panel was asked to
put the hearts in a descending order of development. Ideally, this order needs to be compared
to the order generated from the data from WorldMatch. The expert panel also has chosen the
same heart as WorldMatch as the typical heart, but there is quite a high chance (1/3) that this is
merely a coincidence. It was not possible to generate an order from WorldMatch to compare to
the order from the expert panel. So, although the expert panel has pointed the same typical

heart as WorldMatch, it was not fully possible to validate this heatrt.



Samenvatting

De scriptie bestaat uit 2 delen, omdat er tijdens het onderzoek 2 fasen waren.

Deel 1: Op de afdeling Anatomie en Embryologie is gen expressie in het embryonaal hart een
belangrijk deel van het ondezoek waarvoor ze 3D computer reconstructie van het embryonaal
hart gebruiken. Helaas is het niet mogelijk om alle gen expressies, die ze nodig hebben voor
hun onderzoek, te mappen op een reconstructie. Voor het type onderzoek dat ze doen, is het
nodig dat ze een gemiddelde reconstructie van het hart hebben. Het gemiddelde hart wordt
gemaakt door de gemiddelde posities van 2 of meerdere harten te nemen.

Dit gemiddelde heeft, indien mogelijk, alle kenmerken van een hart en het moet alle details
bevatten van de andere harten. Hoewel de afdeling het gemiddelde hart nodig heeft, is er geen
manier dit hart te maken. Het doel van het onderzoek was om een programma te vinden die
een gemiddeld hart kan maken. Om het programma te vinden, zijn er verschillende methodes
gebruikt. Hiermee waren er acht programma's gevonden, inclusief het programma dat ze al
gebruikten op de afdeling.Indien mogelijk waren de programma’s getest of ze de
reconstructies van de afdeling konden middelen. Helaas was het geen enkel programma
gelukt om de harten te middelen, hoewel ze wel 3D konden registreren en allerlei 3D operaties
konden uitvoeren.

De reden dat de programma'’s niet konden middelen was omdat ze er niet voor gemaakt waren
en omdat het hart erg complex is. Dus was het noodzakelijk dat er gezocht wordt naar een

andere methode.

Deel 2: Een programma dat een gemiddeld hart kon genereren kon niet gevonden worden en
daarom was het nodig om een andere oplossing te vinden.

De andere oplossing zou het typische hart zijn. Dit hart representeert de andere harten het
best. Het verschil tussen het gemiddeld hart en het typische hart is dat het typische hart
daadwerkelijk een hart is. Om het typische hart te vinden, heb ik een van de programma's
(WorldMatch), die ik eerder gevonden heb, gebruikt. Na het testen van het programma heb ik
met WorldMatch het typische hart gevonden. Het typische hart in WorldMatch is het hart met
de laagste correlatie ratio vergeleken met de rest van de harten. Om het gevonden hart te
valideren heb ik een expert panel gevraagd of ze de harten in een serie, aflopend in leeftijd
konden zetten. Idealiter zou deze volgorde vergeleken moeten worden met de volgorde van
WorldMatch. Hoewel het expert panel en WorldMatch hetzelfde hart kiezen als meest typisch,
bestaat er eenderde kans dat keuze toevallig is. Daarom is het niet mogelijk om het typische

hart volgens WorldMatch te valideren.



1. Introduction

This graduation thesis is about finding a program that can generate an average 3D
reconstruction of developing embryonic hearts at a specific age and reports on the application
of one such program.

The internship is done at the department of Anatomy and Embryology in the Academic Medical
Centre. This chapter introduces some background information about the project and ends with

the research questions.

1.1 Background

The regulation of the development of the heart is partly known, but most of it is still unknown.
Understanding cardiac development is necessary because each year people are dying
because of heart diseases. Heart diseases are the most common cause of death for both
adults and children in the Netherlands. Several heart diseases have a congenital origin.
Congenital malfunctions occur in about 1400 children out of 200000 pregnancies every year in
the Netherlands and about 110 children out of these 1400 this disease causes death. Although
there are some risk factors known for a congenital heart disease, still most of the time the
cause of the malfunction is unknown. The known risk factors are viral infections, for example
rubella; maternal use of alcohol, over-the-counter and prescription medications, and illicit
drugs during pregnancy; and maternal health factors, such as poorly controlled diabetes and

poor nutrition [1].

The development of the heart, located in the human body within the thorax, leftward and dorsal
of the sternum, is a complex process.

The heart starts as a tube. This tube grows rapidly and thus forces to bend itself into a loop.
The loop that has been created will eventually form the four-chambered heart. The time for a
heart to develop from a straight tube to a four chambered heart is about eight weeks in the
human embryo.

The four chambers of the heart are; the two atria (upper chambers) and the two ventricles
(lower chambers). The chambers are separated by muscular walls called the interatrial septum

and interventricular septum, respectively [2].



To understand the development of the heart the department of Anatomy and Embryology is
researching the role of genes in the development of the heart. During its growth, processes
such as cell division, cell migration, cell growth and programmed cell death (apoptosis) will
affect the shape (morphology) and volume of the heart and its components. In order to
understand the role of these processes in the morphological changes of the heart, the
department of Anatomy and Embryology has developed a method to reconstruct embryonic
hearts and to quantify two of these cellular processes (cell division and cell growth). These
reconstructions are 3D computer reconstructions of the embryonic heart of mice and chicken

of a certain age [3].

In short the method that the department uses to make reconstructions starts with the following
steps:

- fixation;

- embedding;

- sectioning;

- staining;

- scanning;

- reconstructing
One of the first steps that have to be done to make a reconstruction is to section the heart.
Sectioning the heart is needed because the staining used for the research cannot penetrate

sufficiently deep into the unsectioned tissue.

The 3D reconstructions can help clarify the misunderstandings and misinterpretations about
the developing heart in the field of anatomy and embryology. Unfortunately a single
reconstruction is not sufficient to answer all the questions. Practically it is not even possible to
use only a single reconstruction because of the limitations of the staining. One section can be
only stained for a few compounds. A typical question would be which genes have influence on
the growth of the heart. Different types of staining require different fixations, which makes it not
possible to use only one heart. To answer the questions that are present at the department
multiple 3D reconstructions are needed. These kinds of questions can be answered by

mapping the information of each heart onto the one of those hearts (Figure 1a).
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Figure 1: methods to map gene expression information of the hearts

Another method would be to take average of the reconstructed hearts of a certain age. All the
information from the single hearts can then be mapped onto this average heart (Figure 1b).
Although researchers of the department have the equipment to make a single 3D
reconstruction of the embryonic heart of a certain age, they are not able to average a series of
hearts. In order to do more comprehensive research the department of Anatomy and

Embryology needs a program that is capable of averaging 3D reconstructions.




1.2 Research questions

The main research question is:

How does one create a reconstruction of an average embryonic heart from 3D
reconstructions of different embryonic hearts of th e same age?

In order to answer the main question there are a number of sub questions that need to be

answered.

1. What are the requirements that such a program has to fulfil?

2. What kinds of programs are there which are able to average two or more different 3D

reconstructions?

3. What are the advantages and disadvantages of each of the programs that can average

two or more 3D reconstructions?

4. How can one judge the constructed reconstruction of several different 3D

reconstructions of several embryonic hearts of the same age?

This thesis consists of 2 parts. The first part describes the result of the search for a program
that can average a series of 3-D reconstructions of the embryonic heart.

The second part of this thesis describes the test that was done with the program that | choose
to use for finding the most typical heart. The reason for a second part of the thesis can be found

in the conclusion section of part 1 (Section 5).



Part 1. The average heart

2. Introduction

The first part of my research was to search for a program that can average two or more 3D
computer reconstructed embryonic hearts of a specific age. The first part of the thesis is

m

therefore called the ™average heart". (Throughout this thesis the 3D reconstructions of

embryonic hearts are often simply called hearts.)

An average heart is understood as a heart obtained by taking the corresponding points of two
or more hearts and to average these points by position. For example if structure X in heart A
has position (1,1,1) (X,Y,Z) and the same structure in heart B has the position (2,2,2) then the
average position of this structure in the average heart AB is (1.5,1.5,1.5). The resulting
average heart is a heart that has, if possible, all the characteristics of a heart of that age plus it

must contain the details of all the other hearts that were used to make this heart.

During the averaging process it is necessary to take each point of one heart and find the
corresponding points in the other heart(s). This requirement places the following constraint on
the hearts used for averaging:

- the structures of the hearts have to be similar, so the hearts have to be of the same
age;

The requirements for the programs used for averaging are:

- the program must have a function that can align the hearts. This function is usually
called “registration” in the image processing literature;

- the program must have a function that can find corresponding points in the hearts,
which means that the program must be able to recognize the corresponding points or
that the user can define the corresponding points; such corresponding points are called
“fiducials”

- the program must have a function that can handle 3D operations, preferably a function

that can average by position.
| have searched for candidate programs which are (or claim) to be able to register two or more

images and investigated whether these candidate programs also meet the last two

requirements.
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Most of these programs require the user to set a minimum number of fiducials.
However, the use of fiducials in research with embryonic hearts has a number of drawbacks:

- There are differences during the development of the heart, which means the shapes of
the hearts are different. Therefore, it is quite difficult to set fiducials and because of the
differences it is necessary to set a lot of fiducials.

- Setting fiducials may influence the outcome of the average heart. It depends on where
the fiducial is set.

- The fiducials are set on the edges of the compartments of the heart, but at the same
time these compartment or specifically the changes of the compartments are to be
studied. Therefore, setting fiducials may change the outcome of the heart, which
possibly leads to biases.

The details of the search method can be found in chapter 3 below. In chapter 4 | give a brief
description of the programs that have been found and discuss whether the found programs can

actually average images. The conclusions of this part of the thesis are contained in chapter 5.

3. Methods

After reading about the development and the anatomy of the human heart and refreshing and
acquiring the basic knowledge of image processing | started to search for the programs that

can average the 3D heart reconstructions.

The search was aimed at first finding candidate programs which are able to register two or
more images, and then investigate whether these candidate programs are useful for the
department to construct average hearts. The candidate programs need to be functional

computer programs and not just (descriptions of) algorithms.

Since the department uses the software package Amira for computer reconstructions of
embryonic hearts it is important that the programs can handle the output of Amira, but | did not
take this requirement into account during my search for candidate programs. It is not a hard
requirement, since there exist many conversion programs between image formats, and it
would be difficult to constrain the search to take the requirement into account.

Another desirable property, which almost goes without saying, is that the language of the

software should be English or Dutch.

The search for the programs can be divided in 3 parts: searching literature, the internet and

asking experts.
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3.1 Literature search

The first method that | have used is to look for literature that has image registration as a subject.
| have searched for the phrases “inter object registration” and “inter subject registration” in
Pubmed with no limits. | have used these terms because | wanted to look for articles that
contain registration of images of different objects. If | would have used the term 3D image

registration then | would have got too many hits.

This search resulted in 19 hits. | read the abstract of all these papers and read the full paper
whenever an abstract stated that a program has been used for their research or the authors
refer to another article in which a program might have been used. In the latter case, | checked

the articles that potentially named a program used for image registration.

This method resulted in (approximately) 5 full papers being considered and 3 programs to be
investigated:

[4] for MIRIT

[5,6] for AIR

[7,8] for SPM

3.2 Internet search

The next method | have used was to find the programs directly by searching on the Internet.
For this search | used Google because it is the most popular search engine at this moment.
The query “3D image registration” (in quotes) with default settings returned approximately
15000 hits. | have used a different term to search in Google because the term “inter object
registration” returned too little hits. Another reason is that in Pubmed | was looking for articles
and not program itself, whereas in Google | am looking for the program. Using the term “inter
subject registration” | did get similar results as entering “3D image registration” but the number
of hits were around the 500 and the order was different. The first 100 hits in ten pages, if they
were relevant, were visited, after that | have skipped 20 hits and looked at the 10 hits if they
contained something about a program that | need. This method resulted in 5 programs to be
investigated, namely 3D Doctor[9], MIRIT[10], VTK-CISG[11], AIR[13] and SPM[15].

12



3.3 Experts

The last method that | have used to look for the programs is to look if there is a program in use
within the AMC or at another Medical Centre. To do this, | have emailed people which |
believed could help me in order to find such program. The people | have selected are working
in the sector where these programs might be used, if they do not work with the programs
directly at least they could direct me to the persons who do work with it (Appendix 2).

The search resulted in 3 programs: FSL [14], WorldMatch made by Prof. Dr. M. van Herk and
the program Amira, which is used by the department of Anatomy and Embryology [3].

One of the experts (Prof. Dr. Ir. M. A. Viergever), who | have mailed, replied that it was not

known to him that a program could average the hearts that | had.

3.4 Evaluation

During the search for the program | have set some criteria to evaluate the programs.

The most important criterion is that the program has to be able to align two or more 3D images.
Another additional, but desirable property is that the program should be able to read an Amira
output. Furthermore, a criterion that | have not mentioned before, but which I think it is obvious,
is that the language of the programs should be either English or Dutch. (By the way, | did not
found a program that was in a different language than English.) Finally, | required that the

programs should be functional computer programs and not just algorithms.

4. Results

In this section the results of the search for the programs are described. In addition to the
program Amira, which is already used by the Department, 7 other programs were found which
met the mentioned criteria to be selected for further investigation.

Each of these programs (including Amira) will be discussed separately.

The description of each program starts, if possible, with some standard information about the
program, namely the name of the program, its producer, price, the input formats it can handle,
whether it has a GUI and the URL of its website. Not the exact price is mentioned, but only
whether the program is free or not. From the input formats the program can work with, only
those formats are mentioned that are compatible with Amira. GUI is the abbreviation for
Graphical User Interface, but in this section GUI is used to indicate the user friendliness. If the

program has a positive for GUI then the program is user friendly, which means it has for
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example a window where the users can drag their 3D image into and see the image directly in

the program.

There is a lot of different information about the programs, though only some of this information
is described because the information can possibly contribute to the choice of a program.
After mentioning the standard information of the programs, the most important part of the
research, which is whether the program can average the images into the desired average, is
described. In this part the registration process of each program and the possible relevant

operations that lead to the average image are explained.
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4.1 3D-Doctor

Produced by: Able Software Corp
Price: Not free, demo available
Input: DICOM

GUI: Yes

Website: http://www.ablesw.com/3d-doctor/

(Found: Google)

3D-Doctor is a 3D image processing program that focuses on medical images, like MRI, CT
and PET (figure 2a). The program can register two or more 3D images, but only two at a time.
This registration process uses fiducials to register two 3D images. Fiducials are fixed points in
an image to which the other image can be related. These fiducials are manually assigned by

the user. Six or more of these fiducials are recommended for a good result.
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Figure 2a: Screenshot of 3D-Doctor
In the program 3D-Doctor it is possible to apply operators to combine the images.

These operators are ADD, AND, XOR, MAX, SUBTRACT, OR, TRANSPARENT and MIN
(Figure 2b).
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Figure 2b: Several operators for image processing in 3D-Doctor

Of these eight operators in 3D-Doctor | only describe three, which are the ADD, OR and AND
operator because | think that these operators are potentially the most useful for averaging
hearts. The explanation on how these operators function that | got from an employee from
3D-Doctor is (Appendix 1):

Assume Pix1 and Pix2 are from imagel and image2 respectively

Add: (Pix1 + Pix2)/2

OR: Pix1 | Pix2 (| is the bitwise OR operation)

AND: Pix1 & Pix2 (& is the bitwise AND operation)

From this information it becomes clear that the Add operator is an average value from the
values of the images. Examples of how the three operators function are shown in figure 2d. For
this illustration 2D tiff images (figure 2c) were used, because the interface shows 2D cross

sections, which would also look the same if 3D images were used.
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Figure 2d: Functionality of the ADD, OR and AND operators in 3D-Doctor.

In theory some kind of average can be created by adding all the hearts and dividing the result
by the number of the hearts using the ADD operator. This ADD operator is implemented to
calculate the average value of each of the pixels in both the images, but this not the kind of
average we want. The average we get from this operation is an average pixel value, while we
actually want an average pixel position of corresponding points, as described in the
introduction of this part.

Although I have got the information about the operators from the staff from 3D-Doctor, still it is
not sure if the information is correct since the results for the ADD and OR operators are similar.

| assume that these two operators also will not be able to create the average heart.

17



The program 3D-Doctor can register 3D images and it is also possible to apply some 3D
operators on the images, but this is still not sufficient for the research that will be conducted at
the department. The program 3D-Doctor can not average hearts by position and therefore it is

not suitable for the research question.

4.2 MIRIT

Produced by: Frederik Maes and colleagues (at the Catholic University of Leuven)
Price: Not available.

Input: ??

GUI: No

Website: http://www.medicalimagecomputing.com/downloads/mirit.php

(Found: Google; [4])

MIRIT is a program that was developed to register medical images of different modalities. For
registration of the images MIRIT does not need fiducials but the program registered the images
by using the maximization of the mutual information between corresponding voxel intensities.
The program assumes that the orientation of the image is known, because the user has to

specify each of the axes in the image.

The possibility to average two or more images in MIRIT could not be tested because the
program was not available. | only can say that the program was not designed for operations
like averaging and | could not find in the manual (or anywhere else) any evidence that the
program implements operators useful for averaging images.

Therefore | can only conclude that this program is probably not able to average 3D images by

position. MIRIT is not suitable for the research question.
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4.3 The Visualization Toolkit (VTK)

Produced by: Kitware, Inc.

Price: Free

Input: DICOM

GUI: Yes

Website: http://www.vtk.org/index.php
(Found: Google)

VTK is a software package that can register two 3D images. VTK can handle 3D images of
different modalities and it registers the images based on Normalized Mutual Information
[17,18]. The operations that the program is able to use are rigid body and affine

transformations. There is also an option to deform the images on basis of B-splines[19].

The information that | have obtained are all from the Internet, although the program is free and
| have been able to obtain it, but unfortunately | have not been able to test it because of several
reasons. The most important reason is that the program or specifically VTK CISG, which | am

interested in, is not available anymore. The information of the given website:

www.image-registration.com is also not available anymore. | have tried to look for uses of the
program in the articles that were published, but | have not found any article that might direct me
to averaging 3D images. Also | have looked through the whole VTK website to look for a script,

tool, application or implementation that has function to average images.
Based on the information on how the program was used for in the articles and on the search for

an average operator, | presume that VTK is not able to average a heart by position, which

means it is not suitable for the research question.
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4.4 Automated Image Registration (AIR)

Produced by: Roger P. Woods

Price: Free

Input: Yes

GUI: No

Website: http://bishopw.loni.ucla.edu/AIR5/index.html
(Found: Google, [5], [6])

AIR can register images by using a variety of linear models. The program has also a lot of
different modules for different purposes and itself does not have a graphical interface.

There is a graphical interface made for reading the AIR files which is FisWidget.

Setting fiducials is not possible in AIR; the registration process is automated.

Among the different modules that AIR has, the module definecommon_air is able to average
3D images.

According to the information that | have found on the website of AIR, the module
definecommon_air can average several images and it will generate the same number of

average images as the number of the images that is loaded into the program.

Although the program AIR and its modules are all available, still | have not been able to test the
program itself due to time it took to install the program and making the program functional. |
have tried to install the program several times, but it did not work.

| have not been able to run the program to average the images, all the information described is

found on the website of AIR.

Based on the information | have on AIR, | assume that the program can average images like
the human brain, but | doubt that the modules of the program can average a structure as
complex as the embryonic heart. Therefore, the program is not suitable for the research

questions.

20



4.5 FSL

Produced by: Analysis Group, FMRIB, Oxford, UK
Price: Free

Input: Analyze

GUI: Yes

Website: http://www.fmrib.ox.ac.uk/fsl/index.html

(Found: Expert)

FSL is able to handle 3D images and registers the image using the module FLIRT.
In FSL there are options to transform the images both linear and non-linear.

The operations are translations, rotations and scaling.

One of the utilities that might help in averaging the hearts is the fsimaths which can

mathematical manipulate the images.

Although FSL is available for the public, still | did not succeeded in fully installing FSL on a
computer that is running under Windows. After several attempts of installing FSL and looking
at the information that was available on the website, | have decided to discontinue with trying to

install FSL, as | assume that the average by position cannot be created using FSL.

FSL is known for creating atlases for the human brain. The program has a lot of functions but |
have not seen the average function in any of the descriptions of FSL.
| have doubts in whether FSL can average the embryonic hearts, but because | could not test

FSL myself | cannot prove if FSL is able to average the embryonic hearts.

21



4.6 SPM

Produced by: Wellcome Department of Imaging Neuroscience
Price: Free

Input: Analyze

GUI: Yes

Website: http://www.fil.ion.ucl.ac.uk/spm/

(Found: Google, [7], [8])

SPM is a suite for Matlab and it is designed for the analysis of brain imaging data.

The registration process in SPM is done by setting one of the images as the reference.

In SPM it is possible to translate, rotate and scale the images. SPM itself does not provide an
operator to average the images, but there is an extension of SPM that does average events
from a time series. As | have not tested this extension, | could not show what it does, but

according to the description the extension averages the values of the voxels.

| have not been able to fully install SPM, which means that | could not create an example of an
average heart. Though | did searched in SPM for operators or modules that could average the
hearts, but | have not been able to find any.

Therefore | have not proceeded in fully installing SPM.
| have not seen a function or operator in SPM that could average the hearts. The extension of

SPM possibly could average was not the average by position that | was looking for.

Therefore, | can conclude that SPM is not suitable for the research questions
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4.7 AMIRA

Produced by: Visage Imaging, Inc.
Price: Not free, trial available
Input: Not applicable

GUI: Yes

Website: http://www.amiravis.com/

Amira is the software package used at the department of Anatomy and Embryology. This
software package is used to make the computer reconstructions of the hearts [3].

In Amira it is possible to register two 3D images, but the registration process of the images has
to be done manually. Amira can use fiducials to register the images and it uses a least square
method. In Amira it is possible to perform affine transformations on the images.

There are several other operators in Amira but I am only interested in an operator that can
average images. In Amira there is a mathematical function that can average two 3D images,
but this mathematical function calculates the average pixel values.

| have tried 3 different operators in Amira, which were the AND, OR and the average operator,

illustrated in Figure 4.

Figure 4: The functionality of the AND, OR and average operator in Amira.

Amira that already is used at the department of Anatomy and Embryology has a lot of functions
and even can average images, but the averages are by pixels and not by position.

Therefore, | can conclude that Amira is not suitable for the research question.
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4.8 WorldMatch

Produced by: Marcel van Herk and colleagues
Price: Free

Input: AVS field

GUI: Yes

Website: N/A

The registration process in WorldMatch (Figure 5a) can be done manually or by using fiducials.
During the manual registration process, the image that is loaded into the program can be
translated, rotated and scaled. After this manual process, the images can also be registered by
grey value registration based on mutual information or the registration can be based on a
different method by adjusting the Matchscript (see part 2 of this thesis).

If the registration process with fiducials is chosen, then the user has to choose at least 4
fiducials before the registration process can start.
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Figure 5a: Screenshot of WorldMatch

24



In WorldMatch it is also possible to create an image from two different images.

This created image can be made by using different operators. The operators are Average,
Standard deviation, Sum, Difference of A-B and B-A, Maximum.

An average image can be created from two or more images, after the registration of the images.
The implemented average operator adds the pixel values of the two images and divides this
sum by the number of images. The result of the application of the average operator is

illustrated in figure 5b. For this illustration | have used two 3D images of a heart.

Eﬂ E:\Documents\Stage 3\Copy of H\Programs\WorldMatch\Wiewer 2... E]

Figure 5b: The average operator of WorldMatch

The result of the application of the average operator is not the desired average the department
would like to see. Therefore | have to conclude that WorldMatch as it is at this moment, is not
able to generate average position of two or more images, where after averaging the object is

recognized as the object. The type of function or operator that | am looking for is one that can
average two or more identical points by its position and not by its pixel value.

Therefore, | conclude that WorldMatch is not suitable for the research question.
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5. Conclusion

An average heart is a heart that is created by averaging similar positions of two or more
different hearts into an average position.

Such an average heart has, if possible, all the characteristics of a heart and it must contain the
details of all the other hearts. Using several methods | have tried to find a program that can
average a series of 3D reconstructions of embryonic hearts. The search resulted in eight

candidate programs including Amira, which was already in use at the department.

The requirements for these programs were that they had to be able to register 3D images, to
recognize corresponding points and to average the image by creating average positions of

these corresponding points.

The programs that were found can register 3D images and some of them have 3D operations
to average the heart, but none of the programs are fit for finding the average embryonic 3D
computer reconstructed heart. Those programs that could average the images show an
average that is created by averaging the pixel values of the images and not by calculating the

average positions of the pixels.

There are several reasons for why the programs cannot find the average heart, but most
important is that the programs cannot average a pixel/voxel per position. The point at which
every program stumbles is that it is not able to recognize the structure of the image and to find
the corresponding structure in the other image. Therefore, it is not possible to average the
pixels by position. Other reasons are for example that the programs were not made for
inter-subject registration and that the inputs for the programs are usually patient data. The
programs that are used for inter-subject registration often use objects that are not as complex

as the embryonic heart.

The department of Anatomy and Embryology wants an average reconstruction that shows the
average pixel positions and such a function is not present in the programs that were found.
As a result, it was not possible to let the experts look at such average heart and ask them
whether they could recognize the resulting average as a heart. | therefore had to conclude that
there was no program that could average a heart by position. However, the department of
Anatomy and Embryology still needed a solution, for the problem of finding a suitable heart
onto which gene expression found in multiple experiments can be mapped. Therefore, |
decided to look for another approach on handling the problem and tried to look for the typical

heart.
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Part 2: The typical heart

6. Introduction

Originally, one of the goals of this project was to find a program that can create an average
heart from a series of different 3D reconstructions of different embryonic hearts of the same
age. The use of the term average heart is a bit problematic, because an average heart does
not really exist. However, we still use the term average heart because the department of
Anatomy & Embryology has a reasonably well defined description of what an average heart is.
As in the first part of the thesis the term “average heart” is described as the heart with most of

the main characteristics of a heart of a particular age.

Having available such an average heart would be very useful for the research conducted at the
department. One type of research that would benefit from having this average heart is the
research that involves gene expression.

The purpose of this research is to show in which part of the heart the gene comes to
expression. However, experiments that involve multiple genes cannot be done with a single
heart, because a heart can be stained for only two or three genes.

An average heart would be a solution, because on an average heart it is possible to map the

gene expression information, which is obtained from different hearts.

Since none of the programs, that | have found in the first part of this project, can create such an
average heart, | have changed the research question into a related research question. The
research question is changed because the need for the type of research mentioned above is
still present. Instead of looking for a program that can create an average heart, | now try to find
a method that can select out of a series of hearts of approximately the same age the heart that
best represents the heart of that particular age. This heart that best represents the heart of that
age will be called the “typical heart”, to distinguish it from our previous notion of average heart.
The method for finding the typical heart is to match all the hearts with each other. The exact

procedure can be found in section 9.

| believe that if the typical heart can be found then the researchers in the department can use it
for the same purpose. For mapping the gene expression patterns, the difference between an
average heart and a typical heart is not relevant.

The advantage of using a typical heart is that without doubt the typical heart exists, whereas
the average heart most likely does not. Therefore, the objectives of having an average heart

can probably also be reached by having the most typical heart.
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To find this most typical heart | choose to work with the program WorldMatch, which is already
introduced in part 1 of the thesis. An important reason for this choice is that the developer of
the program (Prof. M. van Herk) kindly agreed to help me with the research. In order to
understand the capabilities of the program | have ran a number of tests, which will be explained
in section 9. After understanding the capabilities of the program | have tried to determine the
typical heart using the program. The result will be the choice for the heart, which the program
determines as the typical heart. This choice was compared to the heart chosen by an expert

panel, consisting of researchers of the department.

Below, in section 7, | will begin with a more detailed description of WorldMatch. Followed by
section 8 in which | will describe how the hearts were selected and processed.

Also several types of robustness tests and the method for selecting the most typical heart are
in this section. The results of these tests and method will be in the results section, which is

section 9. Ending this part is the conclusion and discussion section.

7. WorldMatch

WorldMatch is developed by prof. dr. Marcel van Herk at the Netherlands Cancer Institute -
Antoni van Leeuwenhoek Ziekenhuis (NKI-AVL).

WorldMatch is mainly used for comparing 3D datasets resulting from diagnostic research on
patients, where typically two data sets of the same patient at a different time (e.g. before and
after contrast injection) or from different imaging modalities (e.g. X-ray and MRI) are

compared.

The purpose for which | use WorldMatch is different from the main purpose of WorldMatch,
which might cause some difficulties when matching the hearts that I use. First of all the hearts
that | use are all different, whereas WorldMatch usually uses data from the same patient. Even
the shapes of the hearts are different, because the hearts are not exactly the same of age.
Another difference between the data that | use and the patient data is the orientation and
position of the image. The data obtained from the patient are almost always in the same
orientation and position, because the patient will be positioned in a standard way and usually
the patient will be marked so that it possible to reproduce the same orientation and position.

For the hearts that | used it is not possible to reproduce the exact orientation and position.
For matching the images in WorldMatch choices concerning the images, matchscript and cost

function need to be made. The matchscript is a script which handles the matching of the

images and the cost function is a function which determines how good a match is.
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Before starting to match the images in WorldMatch, it is necessary that one of the images is
appointed as the reference image. The other image will be matched to this chosen reference
and will be referred in this text as image-to-match. Even if there were more than 2 images to be

matched then it is still needed to appoint one of the images as the reference.

After the choice for the reference heart has been made, it is necessary to put the hearts into
similar orientations and positions, because the orientations and positions of the hearts are all
different. The orientation of the hearts cannot be duplicated exactly in the histological
procedure; an error of up to 45 degrees is unavoidable. The positions of the hearts are that
different that if they were matched directly, without putting them into the same position, it would
not be possible to match them at all.

The similar orientation and position will be called the starting position, which is totally
subjective. The starting position is subjective because the user determines what the good

position is, due to the lack of a standard.

WorldMatch matches images by translating, rotating and scaling the image-to-match to the
reference. Only the image-to-match is processed, the reference image stays as it is during the
whole procedure. The scaling procedure has two options, one with preservation of the volume
and one without such preservation. When the images are scaled with the preservation of the
volume then the volume of that image is fixed. So if the image is stretched twice in the x
direction then the image will be shrunk half in either the y direction or in the z direction. This
restriction was not present at first but due to the variable volume of the hearts, this
implementation was needed. | have used the scaling with preservation of volume for all the
matches, but unfortunately it was not really necessary, because later | have decided to
equalize the volume of the hearts. This decision was made after consulting with the members
of the department of Anatomy & Embryology, because they thought that the form was more

important than the volume.

When matching in WorldMatch, the matching procedure stops when the best fitting position is
found. The best fitting position in WorldMatch is determined by the cost function.
This means that the matching procedure will stop translating and rotating if the value of the

cost function does no longer change.

The cost function is defined as the function that reaches its maximum or minimum when the
best fit of two images is reached. There are twenty cost functions in WorldMatch that can be
used for matching images, numbered from O till 19.

The first ten cost functions do not include the exterior of the object into the fitting procedure
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whereas the latter ten include the exterior as a separate phase outside the object.

In other words, the first ten cost functions only use the tissue and the last ten use the whole
image. The exterior, which is the non-tissue, is referred to as ‘zeros’ in this text.

One of the cost functions is the correlation ratio with the zeros, which | have used for matching

the hearts. The choice for this cost function was suggested by prof. Van Herk.

The formula for the correlation ratio (CR) of image 1 (iml) and image 2 (im2) is:
CR =- (1 - mean( var(iml]im2=x))/var(iml))

in which (var(iml1|im2=x) ) stands for the variation in im1 per level of im2, and var(im1) stands

for the total variation in im1.

The behaviour of this correlation ratio can be explained by using two simple examples. If there
are two images, A and B, and the overlap between these images is 100% then the variation in
A per level of B is equal to 0. The correlation ratio then reaches its theoretical minimum of -1. If
the images A and B are placed totally random, then the variation in A per level of B is
approximately equal to the total variation of A. So, the ratio of the two variances is close to 1
and the correlation ratio becomes close to 0.

In practice, the correlation ratio lies between the values 0 and -1 for all cases where the overlap
between images is not 100%. The hearts that | have used are all labelled, which means that for
each compartment of the heart they have been labelled with a different label. | have used four
different labels, which are exterior, lumen, myocardium (myo) and non-myocardium (non-myo).
Each label has its own value, exterior = 0, lumen = 1; myo = 2; non-myo = 3, but in WorldMatch

the values of these labels are multiplied by 8. Table 1 in section 8 shows data of the hearts.

If there were 2 hearts to be matched on each other then there are 2 matches needed because
the heart-pair AB is not the same as heart-pair BA.

This can be explained by the formula of the correlation ratio, as the match uses the content of
images to match the images. There are two parts in the formula that cause this difference
between the match of heart-pair AB and the heart-pair BA.

The first part is the var(im A), which is not equal to var(im B).

The second part is var(im Alim B=x), which is not equal to var(im B|im A=x)

So the total variance of the images A and B differ from each other as well as the variance of A
and B per level of A and B.

Together, this leads to different correlation ratios for the matching of B with A as reference or A

with B as reference.
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7.1 The manual of the use of WorldMatch

This section describes the actual use of WorldMatch (WM).
WorldMatch can be used for matching 2 or more images, but | start to explain with an example
of two images and in this example the images are hearts (Figure 6). For matching more than

two images the process is basically the same but it requires more repetitive work.

|: 2-way 3D match viewer version 4.30 - [ C:\MyWorks\Relabel\10.5_labels\e224_relabel2.fld ] [__]@]Lﬁ
File Scanl Scan2 View Markers Delinestion Painting DRR  Animation Planning ART Help

Standard View Oiiginal soans | Fused scans | Linked scans | Onthogonal view | Render view | Light viewers

B |

fevs according to scan 1

Figure 6: A screenshot of WorldMatch with 2 hearts loaded

First the hearts have to be loaded into the program. This can be done by dragging the hearts
into the program or by opening a mat file, which | will explain later.

The first impression of the hearts is a bit shocking because the hearts do not look like hearts at
all, but this is due to the size of the hearts. WorldMatch is made for human sized objects and
therefore it handles the heart as if the heart is a human sized object.

WorldMatch uses centimetres as a unit of measurement; this also explains why the images
that are directly loaded into the program look disfigured.

The order in which the hearts are loaded into the program is important because depending on
the matchscript WorldMatch determines which heart is the image-to-match and which heart is

the reference heart.

In order to translated and rotate the hearts, | have switched the window from Original scans to
Fused scans. In this window the hearts will look like they occupy the same space.

In the Fused Scans window, | have chosen to "colour" the hearts in order to distinguish them
from each other (Figure 7).

After the mix is selected, the heart which is coloured purple is the reference heart and the
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image-to-match is coloured green.
There are many colours to choose from but | prefer the colour combination green-purple.
| have chosen to use the first heart as the reference image, but that is just my personal

preference.

[ 2-way 30 match viewer versian 4.30 - [ C:\iyWarks\Relabe(\10.5_tabels\e224_relabel2.1ld | J=e3
Fie Scanl Scan2 View Markers Delinestion Painting DRR - Animation  Planning  ART  Help

Standard iew | Diiginal soans  Fu scans | Onthogonal view | Render view | Light viewers |

|view according to sean 1

[
Figure 7: The fused scan in WorldMatch

The block figure at the top right represents the direction the first heart is in and the second
block figure (bottom right) represents the direction the second heart is in. The head of the block
figure is the top of the heart, but this is not always the case, because it depends on how the
image is processed. The images are loaded into the program with information of the orientation
of the image itself, but if the image is turned then it is possible that the bottom of the image

becomes the top of the heart.
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Figure 8: The axial view in the fused scan in WorldMatch

For personal convenience | have changed the view into the axial view by pressing ctrl + A

(Figure 8), but the other 2 views, coronal and sagittal, are also available for use. The hearts are
now automatically resized and fit into the window. It is possible to resize and fit the heart in the
window first, but | am used to work in this order. However, WorldMatch has a limited range over
which it can do an automatic fit. Therefore one of the hearts has to be translated and rotated so

that the hearts are in the starting position.

Figure 9: The Transformation Controller in WorldMatch
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To put the second heart into the starting position the heart has to be translated and rotated.
An important point is that the reference heart is absolutely not to be moved, although this is
possible in WorldMatch

In WorldMatch there are three ways to translate and rotate the heart. The first one is to move
the slide bars in the Transformation Controller window (Figure 9); the second one is to fill in

numerical values in this window; the last one is to move the block figure.

Figure 10: Checking the slices in WorldMatch

By holding the right mouse click at the top of the window, | have changed slices in order to find
a better starting position, because if on one slice the heart seems to be translated and rotated
to the starting position it does not mean that it is done for all the other slices (Figure 10).

Therefore it is required to check the other slices, although if you change something in the slice

it would affect the previous slice.
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Figure 11: The coronal view in the fused scan in WorldMatch

Besides going through the slices of the heart it is also possible to change the view of the hearts.
By pressing ctrl + C the view is changed to the coronal view (Image 6); by pressing ctrl + G the
view is changed to the sagittal view (Image 7). Changing the view to find the starting position is

in my opinion necessary.

Figure 12: The sagittal view in the fused scan in WorldMatch
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Figure 13: The Light Viewers in WorldMatch show the 3 views in one window.

The final step before the actual matching is to check all the views at the same time. This can be
done by changing the window into the Light Viewers (Figure 13).

The upper three views are show the reference heart and the lower three views show both the
hearts. In the Light Viewers it is also possible to scroll through the slices, but the views are
separated from each other. This means that if | scroll in the sagittal view then the hearts in the
Transverse view would not change into another slice. In the Light Viewers it is also possible to
translate the images, but it is not possible to rotate the images, though it is not very convenient

to translate the images, because the window is very small.

7.2 The use of the Matchscript

Using the matchscript, WorldMatch can match twonore hearts. First | will explain the
match of two hearts using the matchscript, theilllexplain matching with more than two
hearts.

7.2.1. Two Hearts

Now that the hearts are in the starting position, the automatic matching of the hearts can start.
There are 2 ways to match the hearts but | only describe the method using a matchscript
because only with this method it is possible to choose a cost function. Another reason why the
direct matching cannot be used is because that method does not support batch processing,

which is needed to match the hearts that | use.

36



Figure 14: The matchscript window in WorldMatch.

In the matchscript window there are a lot of choices that can be made to match the hearts
(Figure 14). The matchscripts can easily be added to this window, because WorldMatch works
with a vms file for this script. The vms file can be edit in every text editor.

For example if there is a need to match five hearts with each other with a certain cost function
then this can be added to this window by changing the vms file.

Below is an example of a matchscript.

kkkkkkkkkkkkkkkkkkhkkkkkkhkhkhkkkkkkkhkkkkkkkhkkkkkkkkkkkkkk

Wrldmatc match script: NAME
Version :3.8

matchl: 2

withl: 1

affinel: 1

costl: 19

NAME: The name of what you are matching. For example "match 2 with 1" and in
addition the number of the cost function can be added to the name.

Match1: The number you fill in here determines which image you take as a reference.

With1.: The number you fill in here determines the image-to-match.

affinel: The number you fill in here determines if scaling is enabled. If 1, x/y/z scaling is
enabled; if 0, scaling is not enabled; if 2, scaling with the preservation of volume
is enabled.

costl: The number determines the cost function (ranges from 0-19)
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If the value 2 is chosen at affine then the images will be matched with the previously described
preservation of volume. Although | have equalized the volume of the hearts that | have used, |
still have chosen the value 2 at affine, because | have kept all the values for matching as
constant as possible.

The line that is selected in Image 9 is the script for a match of two hearts with preservation of

volume and with the cost function correlation ratio with the zeros.

kkkkkkkkkkkkkkkkkkhkkkkkkhkhkhkkkkkkkhkkkkkkkhkkkkkkkkkkkkkk

Wrldmatc match script: H2xH3, affine (preserve volume), CR (with zeros: 19
Version 3.8

matchl: 2
withl: 1

affinel: 2
costl: 19

Figure 15: The user transform window after matching the match.

After the match, the translation, rotation and scaling values that were required to reach the
minimal cost function are displayed in the user transform window (Figure 15), but they are also
written to in the matchscript.log (Figure 16)

The start cost and the final cost can only be seen in the matchscript.log.
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An example of a matchscript.log is shown below.

kkkkkkkkkkkkkkkkkkkhkkkkkkhkkkkkkkkhkkkkkkkkkkkkkkkkkkkx

Match script match log  : 20070307 18:38:08
Version : 4.30

Scan 12
ScanUrl : C:\MyWorks\Relabel\10.5_labels\e224 relabel2.fld
With 1

WithUrl : C:\MyWorks\Relabel\10.5_labels\e209_relabel2.fld
Match log : start cost -0.7164

final cost  -0.7867

function evals 342

elapsed time (s) 30

translation 0.845 0.972 -1.019

rotations 7.773 4.037 3.248

scalings 0.9830 1.0320 0.9858

Difference : Translation 0.8448 1.0189 0.9718
Rotations 2 8.0024 3.2398 -4.0445

Scalings 0.9830 0.9858 1.0320

Rotations 1 -0.0000 0.0000 0.0005

y =t+ R1.S.R2.x

Figure 16: The log for WorldMatch after a match

The log file shows the start and final values of the cost function and the rotation, translation and

scaling values that were needed to get from the starting position to the best matching position.

The positions of the hearts before and after a match can be saved in WorldMatch in a view or in
a mat file. If the view is saved then all other information about the match is lost, but if the match
is saved in a mat file then every detalil is still saved. The positions of the hearts before a match
are particular important when matching more than 2 hearts.

The information about a match is needed for the batch processing, which is why | save every
match in the mat file. The mat file is a file created by WorldMatch to save information of a
match and can be edited in every text editor. Though it is possible to alter the starting positions
in the text editor, | have not done this. The only thing | have edited in the mat file is some
documentation, which | needed to know exactly what | have done.

The information the mat file contains about a match are number of translation, rotation and

scaling values and position and orientation of the hearts.

7.2.2. More than two hearts

The basic of matching more than two hearts is the same as matching two hearts.
When using WorldMatch for matching two hearts the 2-way 3D match, which is the
WorldMatch that | have used all the time, is used, but if there are more than two hearts used for

matching then a version of WorldMatch that can handle more than 2 hearts is needed. Which
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WorldMatch is used for matching more than two hearts depends on how many hearts there are
used. If WorldMatch is used for matching six hearts then a 6-way 3D match is used (Figure 17).
In Image 12 the six hearts are loaded into the 6-way WorldMatch, but the hearts are not resized,
which is also not possible in the first window and therefore they do not fit in the window. To load
these 6 hearts | have used the previous mentioned mat file, which contains all the information
of the hearts.

The 6-way WorldMatch is actually the same WorldMatch as the one | have used to match the 2
hearts. The only difference is that | have changed a value in the parameters of WorldMatch and

this enables WorldMatch to handle more than 2 hearts.

Figure 17: WorldMatch that handles 6 different hearts at a time.

Before using the 6-way WorldMatch the 2-way WorldMatch is used because the hearts have to
be set into the starting position. First, it is needed to choose a heart as a reference heart,
because the hearts need to be positioned towards a reference. It does not matter which heart
will be chosen because the hearts just need to be positioned in one way.

If the reference heart is chosen then the reference heart and image-to-match, which will be

called heart B, have to be loaded in the 2-way WorldMatch.

Now heart B has to be set into the starting position using the reference heart. Instead of
matching the hearts now, the position of heart B needs to be saved in a mat file.

Now this mat file contains the view and information of both the reference heart and heart B,
though the position of the reference heart has not been moved.

The third heart can be loaded into the program and be set into the starting position.
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After this is done the information of the third heart can be saved into the same mat file.

This procedure needs to be done until all the hearts are in the starting position.

If all the hearts are in the starting position then the mat file will contain 5 heart-pairs. Each
heart-pair consists of 2 hearts which are the reference heart and the heart that is set to the
starting position. In Figure 18 there are 18 windows and for each heart-pair WorldMatch uses
three windows to display the 3 views. Although there are 5 heart-pairs, still there are 18
windows because the first triplet is the reference heart.

In all the other triplets the purple coloured heart is the reference and the green coloured heart
the image-to-match.

Figure 18: The Light Viewers in WorldMatch show the 3 views of each heart in one window.

After all the hearts have been set into the starting position the hearts can be loaded into the
6-way WorldMatch by reading the mat file. To match the hearts with each other it is necessary
to choose the matchscript which enables this.

To match images in WorldMatch the matchscript is essential, because the matchscript defines
which image will be matched and with which cost function.

Below is an example of a matchscript for matching 6 hearts with each other. A total of 30

matches have to be defined in the script.
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*kkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkhkkkkkkkkkkkkkkkkkkkx

Wrldmatc match script: NAME

Version

matchl: 2
withl: 1

affinel: 1
costl: 19

match2: 3
with2: 1

affine2: 2
cost2: 19

match30: 5
with30: 6

affine30: 2
cost30: 19

: 3.8
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8. Material

The hearts that | have used are all embryonic mice hearts with an age from nine till twelve
embryonic days (ED). All the hearts are labelled to enable the recognition of specific structures
in the 3D reconstructions. The number of labels per heart depends on the kind of research the

reconstructions were originally used for, therefore some hearts have more labels than others.

At first, | have tried to select only the hearts with an age of ten embryonic days (ED 10). The
choice for this age was suggested by the department, because they had slightly more
reconstructions of this age. The number of hearts of age ED10 was not enough and therefore it
was necessary to look for hearts of another age. The hearts that | looked for are £ 1.5 ED

around the age of ED 10.

After the first selection procedure | had eleven hearts which were labelled, but due to labelling
some of the hearts had to be excluded. The hearts that were excluded either had parts that
were not labelled or had parts that were not needed. About half of the hearts that | had were
excluded this way, leaving me with 6 hearts that were useful.

These 6 hearts are of age ED 9.5 to ED 11.5.

The number of labels in these hearts varied from four till fourteen, but for my research | only

need four labels, which are myocard (myo), non-myocard (non-myo), lumen and exterior (ext).
The hearts that have more than four labels are usually hearts of which the four main labels are
subdivided. Therefore, in order to work with the hearts for my research, | needed to relabel the

hearts into the four labels.

| have used Amira to relabel the hearts and then | have equalized the volume of the hearts,
because it was decided that the volume is of lesser importance compared to the form. To
equalize the hearts, | have resized the voxels until the hearts all have the same volume (Table
1).To do this | have obtained the length dimensions of one voxel of each heart, which is the X,
Y and Z. The resizing factor (F) per heart is calculated as the ratio of mean heart volume
divided by the individual heart volume. The volume of the resized voxel is then the voxelsize
multiplied by the factor. Each of the dimensions of the voxel therefore has to be resized by
multiplying with F to the power (1/3). These resized x, y and z dimensions are used in AMIRA

to scale all the hearts to the average volume.
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Finally I have saved the hearts into an avs field, because this is the AMIRA output which
WorldMatch can read. After these processing, the hearts can be used for matching.
There are nine hearts when | have equalized the hearts because the equalization of the

volume of the hearts took place before | have applied the selection criterion.

Table 1: Information on the reconstructed hearts.

Heart Resized Resize Resized
Heart X Y Z Voxels volume voxelsize voxel xly z
1e102 2.70 2.70 8 29834580 1.74E+09 5.84E+01 1.38E+01 1.669685 4.942273
2°209 4.00 4.00 12 3475424 6.67E+08 1.92E+02 1.18E+02 3.403526 10.21058
3°221 2.72 2.72 10 2291430 1.69E+08 7.38E+01 1.79E+02 3.652867 13.44444
4°224 2.72 2.72 12 4428091 3.92E+08 8.86E+01 9.28E+01 2.759746 12.18879
5227 0.68 0.68 12 1014249 5.56E+06 5.48E+00 4.05E+02 2.836489 50.37438
6°228 2.72 2.72 11 4168163 3.39E+08 8.12E+01 9.86E+01 2.898975 11.73497
7229 2.72 2.72 11 2310412 1.88E+08 8.12E+01 1.78E+02 3.529081 14.28573
8°230 1.35 1.35 11 4186712 8.41E+07 2.01E+01 9.82E+01 2.293392 18.66754
9°231 2.72 2.72 11 1373876 1.12E+08 8.12E+01 2.99E+02 4.196732 16.98819

Next to the labelled hearts that | have used for my research, | have also varied the hearts for
further testing. For example | have made the hearts binary, grey valued, massive etcetera.

These variations were needed for the tests which are described in the next section.

9. Methods & Results

In this section, | explain the tests that | have done to find the typical heart using WorldMatch
This section can be divided into three parts:

- robustness tests;

- finding a typical heart;

- comparison of the result of WorldMatch with the choice of the expert panel.

For testing the robustness of WorldMatch | have used the same heart as the reference and as
the copy, because using an identical heart guarantees a hypothetical 100% match. To test the
robustness of WorldMatch | have loaded the identical hearts into WorldMatch and let them
match after | have slightly altered the starting position of the copy. When altering the starting
position | have only translated and rotated. The basic idea is to know at what point WorldMatch

can not find a near perfect match anymore.

As for the optimising tests for finding the typical heart | have used the series of 6 hearts
described in section 8. For each of the tests | have changed one aspect/parameter of the
matching procedure. For example the costs function, the choice for the reference heart, etc.
These tests were done to see if the result of the match changed if | altered one

aspect/parameter of the match procedure.
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Using the printouts of the series of 6 hearts | have asked the expert panel to put these hearts
into an order of decreasing age. | have compared the order that | have obtained using the data
from WorldMatch with the order given by each member of the expert panel.

This comparison is made because | needed some form of validation to know whether the result

of WorldMatch is biologically relevant.

9.1 Robustness

To have a better understanding of the robustness of WorldMatch | have conducted a series of
tests using the same heart twice. In theory the hearts should match 100% after | have changed
its starting position, which means that the correlation ratio should be -1.
In reality the correlation ratio is almost never -1, because of several possible and or
combination of reasons.
Due to the interpolation of an image, it is possible that there are round off differences,
even if the image is a copy of itself.
Interpolation of an image, given the other image, has a cut off at the edge of the image
There might be a small local minimum around the ideal correlation ratio of -1
The search for the perfect match stops before the match is reached due to the stop
criterion.
The correlation ratio is -1 only when the reference heart is the same as the copy and the
starting position is exactly the same. However a test showed that the same correlation ratio is
reached when the hearts are matched twice with the same amount of translation or rotation. A
near perfect match is therefore defined as a match which has a correlation ratio of less than
-0.99.
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9.1.1 Translations

First | have tested the translations of the program and therefore | have changed the starting
position of the copy. At first | have translated the copy in every direction, which means that |
have moved the copy in the X, y and z direction from the perfect match. Then | let WorldMatch

match the identical hearts and wrote down the correlation ratio that was reached.

The value of the translation is equal in every direction and | have started with steps of 0.1cm, in
WorldMatch, which is in reality 10 mm. The diameter of a heart is about 1millimeter.
So at the first step the heart is moved 10 m from its original position in the x, y and z direction.

| have gradually increased the stepsize to 25 m.

The hearts should have a near perfect match so if there is an increase in correlation ratio
above -0.99 | decreased the stepsize to go back to the breakpoint where the correlation ratio
was below -0.99 (Table 2). The breakpoint is the point at which WorldMatch cannot fully match
the hearts anymore. All the tables that | give in this chapter are summary tables, extracted from
the complete table. These summaries are prepared to illustrate the robustness of WorldMatch
for mismatch in x, y and z direction. The tables that | have presented do not have a linear order,
because when testing on the robustness of WorldMatch | have made small steps back if a

breakpoint has been found.

The values of Table 2 are in micrometers. The column ‘start’ and ‘final’ are the correlation
ratios at the begin and at the end of a match. The correlation ratios in the column ‘Start’ are

increasing, which means a worse match, when the value of translation is increasing.

The following criterion for failure to match was used: If the result is not near perfect anymore
and the following match is also not near perfect then that is the breakpoint at which
WorldMatch cannot handle the translation anymore and this point is indicated in red and italic

in the tables. This criterion avoids to assign that breakpoint to an incidental failure.

46



Table 2: Robustness of WorldMatch for mismatch in x, y and z direction combined. The table
was created by systematically increasing the mismatch by simultaneously changing x, y and z
translation (the units are in  m).

Translation

X
-350
-325
-310
-300
-250
010
020
160
170
325
350
375
400
410
425

Y
-350
-325
-310
-300
-250
010
020
160
170
325
350
375
400
410
425

4
-350
-325
-310
-300
-250
010
020
160
170
325
350
375
400
410
425

Start
-0.0599
-0.0793
-0.0937
-0.1055
-0.1650
-0.8116
-0.7247
-0.3239
-0.3087
-0.1765
-0.1606
-0.1164
-0.068
-0.2081
-0.0371

Final

-0.9150
-0.9067
-0.9996
-0.9992
-0.9996
-0.9997
-0.9998
-0.9715
-0.9997
-0.9977
-0.9979
-0.9944
-0.8429
-0.9803
-0.9972

I have also used this method to test the robustness of WorldMatch for mismatches in only one

direction. As Table 3 shows the upper breakpoint of the translation in the x direction is -600 m

and the lower break point is around the 560 m.

Similar tests in y, and z-direction showed that it does not matter how much the copy is

translated in the y-direction, because WorldMatch can always find its near perfect match. The

translations in the z-direction showed results similar to those in the x-direction (Table 3).

Table 3: Robustness of WorldMatch for mismatch in x or y or z direction. The table was created
by systematically increasing the mismatch by changing in the x, y or z translation (the units are

in m).

Translation
-600
-500
-400
-300
-200
-100

010
020
030
500
550
560
570
580
600

X
Start

-0.1956
-0.2721
-0.3418
-0.4133
-0.5203
-0.6632
-0.8967
-0.8186
-0.7647

-0.235
-0.2136
-0.2082

-0.202
-0.1963
-0.1852

Final Translation
-0.9068 -600
-0.9999 -500
-0.9994 -400
-0.9997 -300
-0.9996 -200
-0.9998 -100
-0.9999 100
-0.9996 150
-0.9997 160
-0.9973 500
-0.9975 550
-0.9446 560

-0.989 570
-0.9833 580
-0.9498 600

Y
Start Final

-0.0873 -0.9998
-0.1749 -0.9997
-0.3055 -0.9997
-0.4682 -0.9998
-0.6458 -0.9999
-0.5801 -0.9998
-0.5057 -0.9999
-0.4936 -0.9992
-0.4717 -0.9997
-0.1949 -0.9995
-0.1912 -0.9997
-0.1863 -0.9997
-0.1809 -0.9998

-0.17 -0.9998
-0.1049 -0.9999

Translation
-600
-500
-400
-300
-200
-100

050
100
500
510
520
550
560
580
600

Z
Start
-0.1275
-0.2061
-0.2688
-0.3707
-0.5021
-0.6515
-0.6653
-0.5654
-0.1321
-0.1243
-0.1198
-0.1083
-0.1035
-0.1180
-0.1051

Final

-0.999
-0.9999
-0.9997
-0.9996
-0.9998
-0.9995
-0.9993
-0.9998
-0.9997
-0.9997
-0.9663
-0.9875
-0.9485
-0.8468
-0.9999
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The breakpoint at which WorldMatch cannot find its original position anymore is, when
translated in every direction simultaneously, at 400 m and -325 m. A logical explanation for
this can be because if the hearts are translated in every direction then WorldMatch has more
difficulties to find the near perfect match compared to translations in one direction. If the
translation is only in one direction then the breakpoint is around +/- 550 m.

Using the Pythagorean Theorem | can see that -325 m in x, y and z direction is about 550 m
in 3D. So it is possibly that the robustness of WorldMatch is about 550 m in every random

direction, but this hypothesis is most likely only applicable on these images.

The maximum technical translation is 1x10° m so if the translation is more than that
WorldMatch will not give a result after the match. The test showed that WorldMatch can correct
a translation of 600 m so the technical limit of 1x10° m has not influenced the robustness test.
The diameter of the heart that | have used is also around the 1x10° m. So my hypothesis is
that WorldMatch needs at least 50% overlap of the heart in order to make sure it results in a
near perfect match. If | have only altered the y axis then WorldMatch is capable of finding its
original position no matter what translation it was, therefore | could not find a point at which

WorldMatch cannot match the hearts anymore.

9.1.2 Rotations

Using a similar method | have also tested the robustness of WorldMatch for mismatch in
rotations. The rotations in WorldMatch are measured in degrees. The positive rotations are
clockwise and the negative rotations are counter-clockwise.

| have started to rotate the copy from its original position with initially 1 degree and later | have
increased the step size to 5 degrees. These changes are first applied for all the axes

simultaneously (Table 4).
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Table 4: Robustness of WorldMatch for mismatch in x, y and z direction. The table was created

by systematically increasing the mismatch by simultaneously changing in the x, y and z

rotation (the units are in degrees).

Rotation

Apparently, WorldMatch reaches the breakpoint at + and — 35 degrees, when the copy is

rotated in every direction. Since in reality the hearts are never rotated in all the directions

X
-45
-40
-35
-30
-25
-20
-15
-10
-5
1
2
3
25
30
35
40
45

Y

Y4
-45  -45
-40 -40
-35 -35
-30 -30
-25 -25
-20 -20
-15 -15
-10 -10
-5 -5
1 1
2 2
3 3
25 25
30 30
35 35
40 40
45 45

Start
-0.1788
-0.2612
-0.3484
-0.4214
-0.4921
-0.5626
-0.6334
-0.7067
-0.7973

-0.913
-0.8421
-0.793
-0.4482
-0.39
-0.3334
-0.2745
-0.2168

Final

-0.746
-0.81
-0.8758
-0.9998
-0.9999
-0.9998
-0.9998
-0.9996
-0.9997
-0.9994
-0.9996
-0.9997
-0.9998
-0.9997
-0.8374
-0.6917
-0.6111

equally, | have also rotated only in each of the axes separately. The results are shown in Table

5.

Table 5: Robustness of WorldMatch for mismatch in x, y or z direction. The table was created
by systematically increasing the mismatch by changing in the x, y or z rotation (the units are in

degrees).

Rotation
-45
-40
-35
-30
-20
-10

-5
1
2

10
20
41
42
45

X
Start
-0.019
-0.0424
-0.0754
-0.1191
-0.2769
-0.5294
-0.686
-0.8344
-0.7405
-0.4556
-0.256
-0.0562
-0.0516
-0.0392

Final
-0.9824
-0.9999

-0.999
-0.9997
-0.9992
-0.9999
-0.9995
-0.9999
-0.9999
-0.9998
-0.9997
-0.9999
-0.8687
-0.9148

Rotation
-45
-40
-20
-15
-10

-5
1
5

25
30
35
40
41
45

Y

Start Final
-0.063 -0.9989
-0.1085 -0.9995
-0.358 -0.9998
-0.45 -0.9999
-0.5609 -0.9999
-0.6932 -0.9998
-0.8495 -0.9997
-0.6075 -0.9998
-0.2513 -0.9961
-0.1917 -0.9972
-0.1427 -0.9258
-0.0995 -0.8738
-0.0916 -0.9283
-0.0635 -0.9938

Rotation

Z
Start
-0.0928
-0.1382
-0.1909
-0.249
-0.3184
-0.5927
-0.8399
-0.6305
-0.518
-0.3621
-0.1766
-0.1702
-0.1628
-0.1547

Final
-0.9765
-0.9982
-0.9999
-0.9987
-0.9987
-0.9999
-0.9996
-0.9999
-0.9997
-0.9999
-0.9998
-0.9831
-0.9998
-0.9478
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When only rotating in one direction, the breakpoint can be found at x axis, 42 degrees; y axis,

35 degrees; z axis, 43 degrees. The outcome for the negative translations and rotations are

approximately the same. Although WorldMatch can rotate for a maximum of 45 degrees, the

break point of its robustness of the rotation can be determined, because the correlation ratio

increases strongly at about 30 degrees.

9.1.3 Required translation and rotations

For the final robustness test | have taken two different hearts and | have matched them using

WorldMatch. After the hearts are matched | have given the ‘copy’ a random translation and

rotation. In total | have 10 pairs of mismatched hearts. Then | have asked the user to set the

hearts into the starting position. After the user has put the hearts into the starting position |

have let WorldMatch match the hearts starting with the starting position that the user has given.

| then wrote down the translation and rotation that WorldMatch needed to match the hearts.

These results are shown in Table 6.

Table 6: Results of translations and rotations that were needed after setting the hearts into the

starting position (translations in m and rotations in degrees).
Trans and rot needed after start

pos
Tx Ty Tz
-18 58
-2 79
47 97
29 6
96 100
105 63
78 59
164 55
-71 1
92 39
Averages 52 557
Average rotation
Average
translation 43.6

36
71
59
-34
39

T3D

70.6
106.2
122.9

45.1
144.0
125.6
109.8
187.7
149.9
127.4
118.9

Rx

175
22.8
21.8
19.5
23.2
254
16.1
15.7
23.9
19.6
20.5

0.1
14
15
3.9
59
10.5
3.2
7.0
1.2
6.4
4.1
5.8

Rz

-6.7
-6.7
-9.1
-7.3
-8.1
-6.6
-9.9
-11.3
-0.4
-6.1
-7.2

Decrease
of CR

0.0251
0.0146
0.0159
0.0088
0.0105
0.0139
0.0267
0.0254
0.0279
0.0221

Start
-0.5232
-0.534
-0.5324
-0.5393
-0.5381
-0.5348
-0.5218
-0.5228
-0.5204
-0.526

Final
-0.5483
-0.5486
-0.5483
-0.5481
-0.5486
-0.5487
-0.5485
-0.5482
-0.5483
-0.5481

As Table 6 shows the average translation that is needed after setting the hearts into the

starting position is around 44 m with a maximum of 164 m and the average rotation that is

needed is 6 degrees with a maximum of 25 degrees. The column ‘T3D’ is the displacement in

3D computed with the Pythagorean Theorem.

50



After obtaining these results from these tests | can conclude that even if the hearts are not
positioned very well then WorldMatch still can find a good match. There are several upper and
lower break points to the starting position to reach a good match. In other words, WorldMatch
can match the hearts if the heart stays within that specific range.

As long as the translations stay within the 520 m and rotations at 30 degrees then WorldMatch
can find the near perfect match. WorldMatch itself has also some limitations of how much an
object can be translated and rotated. The maximum translation is 1x10° m and rotation is 45
degrees. The break points were found are still within the limits that WorldMatch itself has. The
translations and rotations that were needed after the user has set the starting position are
within the break points between which WorldMatch was found to be robust. Therefore, for the
upcoming experiments the robustness of WorldMatch is no restriction. In reality the hearts are
never translated or rotated for the same amount or in only one of the axis, but most likely the
hearts are translated and rotated in every direction and for a variable amount as in Table 6.
Testing all combinations of rotation and translation would have been very laborious. However
the test in 9.1.3 shows that within the required combination of rotation and translation
WorldMatch can reach very similar correlation ratios.

Although WorldMatch can scale the hearts, | have not fully tested the scaling properties of

WorldMatch, because | have already equalized the volume of the hearts.

9.2 Finding the typical heart

In this section, | will explain the tests that were done to find the typical heatrt.
As stated before the typical heart is the heart that best represents the hearts from a series, but
the typical heart can be also defined as the heart that has, on average, the smallest correlation
ratio when matched to all the other hearts of the series, using WorldMatch.
The method for finding the typical heart is to match all the hearts with each other, but before |
can do that | have to find out what the optimal match procedure is.
To find the optimal match | have run several tests. These tests can be put into 3 categories:

1 reference image;

2 cost function;

3 type of image.

9.2.1 Reference match

To test if the choice for the reference image and the starting position can influence the outcome
of a match, | need to have a reference match first. This reference match will be used to

compare each match after a change of a parameter in the matching procedure.
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To construct this reference match | need to match all the hearts with each other, by using the
first heart as a reference for setting the starting position. After the hearts are in the starting
position | have let WorldMatch match the hearts (Table 7). In the first row all the hearts are
matched on the first heart; in the second row the hearts are matched on the second heart and
so on. This means that each of the 6 hearts was used as a reference, but the starting positions

in each of the matches of a pair of hearts were the same.

The hearts that | have used for this match are label files and the cost function used for this
match is the correlation ratio with inclusion of the exterior space in the image. After the match,
| have put the values that were generated in a table. This table is used as a reference for the

other tests. This match will be called the reference match (table 7).

Table 7: The reference match. The start position based on the first heart

Heart 1 2 3 4 5 6 AVG
1 X -0.7864 -0.7666 -0.7294 -0.7053 -0.6613 -0.7298
2 -0.7163 X -0.722 -0.7229 -0.7295 -0.6507 -0.7083
3 -0.7878 -0.82 X -0.7594 -0.7352 -0.717 -0.7639
4 -0.6748 -0.7527 -0.7126 X -0.7067 -0.6681 -0.7030
5 -0.6574 -0.7364 -0.6707 -0.6904 X -0.6759 -0.6862
6 -0.6645 -0.7347 -0.6644 -0.679 -0.6974 X -0.6880

If you look at the table then the numbers 1 till 6 represent the hearts and the numbers within the
table are the correlations ratios after each match. Row numbers indicate the reference heart,
column numbers are the hearts that are matched to that reference.

The correlation ratios in a row indicate how well the reference heart of that row matches to
each of the other hearts Therefore, the average correlation ratio per row can be considered a
measure of how well the reference heart of the row represents the hearts from a series.

For this series of tests, these averages are used to compare if changing the parameter of the

matching procedure has influenced the outcome.

9.2.2 Choice of reference hearts and starting posit  ion

The first test is to find out if the choice for the reference image is relevant for the outcome of the
match. In the reference match | have set the starting position of every heart to the first heart.
Therefore | have chosen another heart to set the starting position and then | have let
WorldMatch match the hearts with each other (Table 8). As Table 8 shows, the average of row
3 is the lowest as in the reference match, which means that choosing the 2™ heart to set the

starting position does not have a significant influence on the result.
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Table 8: Using the 2™ heart to set the starting position of the other hearts.

Heart 1 2 3 4 5 6 AVG
1 X -0.7832 -0.7674 -0.7291 -0.7045 -0.6562 -0.7281
2 -0.7127 X -0.7288 -0.7213 -0.7293 -0.644 -0.7072
3 -0.7877 -0.8218 X -0.7596 -0.7348 -0.6941 -0.7596
4 -0.6748 -0.7563 -0.712 X -0.7081 -0.6519 -0.7006
5 -0.6606 -0.7366 -0.6696 -0.6899 X -0.6664 -0.6846
6 -0.6763 -0.722 -0.6761 -0.7035 -0.7482 X -0.7052

To make sure that the choice for the reference heart is not of importance for the result of the
match, | have even tested if the outcome would change if | have used each heart as a

reference image (table 9).

Table 9: Using every heart to set the starting position and as the reference.
Starting

position Heart 1 2 3 4 5 6 AVG
1 1 x -0.7864 -0.7666 -0.7294 -0.7053 -0.6613 -0.7298
2 2 -0.7159 x -0.723 -0.7228 -0.7288 -0.6409 -0.7063
3 3 -0.7878 -0.8199 X -0.7587 -0.7339 -0.6623 -0.7525
4 4 -0.6742 -0.751 -0.7132 x -0.7081 -0.6269 -0.6947
5 5 -0.6608 -0.7348 -0.67 -0.6911 x -0.6465 -0.6806
6 6 -0.683 -0.7464 -0.6901 -0.6995 -0.7361 x -0.7110

In Table 9 each row represents a test in which the heart with the row number is used as a
reference heart and as the heart to set the starting position. When the averages per row are
used to select the most representative heart, changing the hearts to set the starting position
does not influence the result at all. None of the values in Table 9 appear in Table 8, although in
row 2 of Table 9 also the 2" heart was used to set the starting position. This is because | have

again set the starting position on the 2" heart for the test results in Table 9.

9.2.3 Cost function

| have chosen to use the correlation ratio with inclusion of the exterior space, the zeros, as the
cost function for the reference match, because this choice was suggested to me by prof. dr
Marcel van Herk. To find out if the zeros have an influence on the outcome of the match, | ran

a test with correlation ratio without zeros (table 10).

Table 10 shows that heart 3 has the smallest value, which is similar to the reference match and
therefore | can probably use the cost function in the reference match because it has the similar

outcome of heart 3.
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Table 10: Match using correlation ratio without zeros

Heart 1 2 3 4 5 6 AVG
1 X -0.1378 -0.1471 -0.0807 -0.0594 -0.0386 -0.0927
2 -0.1151 X -0.1957 -0.1428 -0.033 -0.0513 -0.1076
3 -0.1503 -0.2073 X -0.1219 -0.0245 -0.0616 -0.1131
4  -0.0663 -0.155 -0.1248 X -0.0773 -0.0567 -0.0960
5 -0.0273 -0.0327 -0.0217 -0.032 X -0.0767 -0.0381
6 -0.0322 -0.0633 -0.0563 -0.0585 -0.1243 X -0.0669

The final test of the first part of tests for finding the typical heart is the test whether the type of
image has an influence on the outcome of the match.

For this test | have taken the 6 labelled hearts and merged the 3 labels, which means that in the
image there is only heart tissue (including heart lumen) or non-heart (table 11).

As in the previous tables, | have used the averages as the indication to know whether the
choice for a different parameter in the matching process has an influence on the result.

As Table 11 shows the smallest average correlation ratio is still in the row of heart 3.

Table 11: Match using correlation ratio merged labelled hearts

Heart 1 2 3 4 5 6 AVG
1 X -0.8553 -0.8508 -0.8004 -0.7905 -0.7343 -0.8063
2 -0.8228 X -0.8202 -0.8209 -0.8405 -0.7362 -0.8081
3 -0.8702 -0.8753 X -0.8282 -0.8097 -0.7642 -0.8295
4 -0.7319 -0.7801 -0.7519 X -0.765 -0.7004 -0.7459
5 -0.7292 -0.7946 -0.7422 -0.7578 X -0.7286  -0.7505
6 -0.7253 -0.7891 -0.7464 -0.7535 -0.7749 X -0.7578

The values in the Tables 7, 10 and 11 are all correlation ratios, but all the values in Table 11
are the lowest. This is because the hearts used for generating the data in Table 11 are merged
hearts which means that there are only two labels. Having only two labels lowers the
correlation ratio because the overlap between the corresponding labels of the hearts increases.
Table 10 has the highest correlation ratio because the cost function that is used for that match
does not count the zero’s, which means that the large overlapping regions of the zero’s no
longer contribute to the correlation ratio. This decrease in overlapping regions leads to the

worse correlation ratios in Table 10.

| ran another match with another cost function, which is the normalized mutual information but
unfortunately the results cannot be used for the test to check whether the choice for the cost
function has an influence on the outcome, because the near perfect match, using the
normalized mutual information for its cost function, is dependent on the contents of the image.
The normalized mutual information can be used to match 2 hearts but the values per match
cannot be compared with each other, because there is not a fixed value for the near perfect

maitch.
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From these tests it can be concluded that it does not matter for the outcome of the match,
which reference image, cost function or type of image is used. Therefore, | have chosen to use
the data from Table 7.

As | have said, before the values are only an “indication of how well the match is and cannot be
used as numerical values. In each table | have included an average of each row using this
average | have determined the typical heart according to WorldMatch. The heart with the
lowest correlation ratio, on average, should be the heart on which every other heart matches
best.

This agrees with the formulation that the typical heart is the heart onto which every other heart
matches the best. Therefore, the typical heart according to the data from WorldMatch is

reference heart number 3.

9.3 Validation of WorldMatch result

Using the data that is generated from the matches in WorldMatch, | have found that heart 3 is
the typical heart according to WorldMatch. In order to validate this approach, | needed an

expert panel to look at the hearts, but it is not possible to ask the panel if this is the heart that
every other heart matches best on or to ask them if this is the heart that represents best its age,
because | can not give any criterion for the typical heart. Therefore | have tried to find a method

to validate the heart that is found using WorldMatch.

The method to validate this heart is to let the expert panel line up the hearts according to
decreasing age. The theory behind this method is that the heart that | have found as the typical
heart is probably the heart is the middle of this age series. So to validate the result of
WorldMatch | have to compare a series that is made according to the data from WorldMatch
and a series that is given by the expert panel. The series from the expert panel can be obtained,
but the series using the data from WorldMatch cannot be obtained directly, but has to be

derived from the correlation ratio matrix (Table 7).

9.3.1 The typical heart according to the expert pan el

Using the method in WorldMatch, | have found that the typical heart is heart number 3, but to
validate this heart | have asked the expert panel to put the hearts in an order of decreasing age.

Then the heart in the middle of this order is assumed to be the typical heart according to the
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expert panel. The panel members were shown 6 printouts with each 4 views of the heart
(Figure 19). Using these printouts the panel members had to put the hearts in an order of

decreasing age.

Figure 19: The four sides of a reconstructed heart.

The graph in Figure 20 shows the positions of the hearts according to each panel member. To
validate which heart is the typical heart according to the expert panel, a penalty system was
used. This penalty system gives each pair of position of the hearts in the order a point and the
heart with the lowest penalty is the typical heart according to the expert panel.

Beginning in the middle of the order which is the position 3 and 4, the heart on this position gets
0 points, because this is the position where we expect the typical heart; the heart on position 2

and 5 will get 1 point; the heart on position 1 and 6 will get 2 points.
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Figure 20: The positions of the hearts using the printouts placed by the expert panel

When we use this penalty system then each heart has the following number of penalty points:

Heart 1: 18 point(s)
Heart 2: 17 point(s)
Heart 3: 01 point(s)
Heart 4: 04 point(s)
Heart 5: 11 point(s)
Heart 6: 21 point(s)

The heart with the lowest number of points is heart 3, which is the same heart that | found using

WorldMatch.

Another way to look at the order of the hearts is to calculate the average position of the hearts

given by the expert panel. If we calculate the average position each heart then we would get

the following average positions:
Heart 1: 1.75
Heart 2: 1.58
Heart 3: 3.75
Heart 4: 3.75
Heart 5: 4.50
Heart 6: 5.67

Now, if you look at the average position of the hearts then you can see that the heart 1 and

heart 2 are interchangeable, because according the expert panel hearts 1 and 2 can be placed

on the first as well as on the second position. The hearts 3 and 4 are also interchangeable, only

the hearts 5 and 6 are on a separate position.
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Even though the expert panel and WorldMatch have found the same heart as the typical heart
still this method has a flaw, which is that there is a 1 to 3 chance that the heart will be on the
right position by coincidence. Therefore it is better to compare the whole order of the hearts

and not just the single heart.

9.3.2 Order of the 6 hearts

In order to compare the order that the expert panel has given an order must be made using the
data generated from WorldMatch. To put the hearts in an order using the data from
WorldMatch, | have used the correlation ratios from each match to make this order.

One of the methods that | have tried is to use the correlation ratios as a “distance” and look if
there is an order that is fully consistent. If an order is found then the orders from the expert

panel can be compared to the order from WorldMatch.

9.3.2.1 Order according to WorldMatch

The method that | have tried to make this series is to consider the correlation ratios as
“distances”. This means that if a heart pair has a correlation ratio of 0.5 then the “distance”
between those hearts is 0.5.

Having all these correlation ratios | have tried to find a series that is consistent with all these
“distances”. The hearts with the smallest correlation ratio should be next to each other and the
heart pairs with the next higher correlation ratios should be placed around those with the
smaller correlation ratios. Figure 21 illustrates this approach. In Step 1 the smallest correlation
ratio is the heart pair 2-3 and therefore the order is 2-3. In Step 2 the next smallest correlation
ratio is the heart pair 1-3 and that is why heart 1 has to be on the side where heart 3 is. In Step
3 we have the order 4-2-3-1 and therefore the hearts with the number 5 need to be around the
4 or the 1. According to the correlation ratio of the heart pair 4-5 and the heart pair 2-5, heart
number 5 needs to be at the side of the 1, because the correlation ratio of heart pair 4-5 is
bigger than the correlation ratio of heart pair 2-5.

This means that the order should be 4-2-3-1-5, but this cannot be true because of the
correlation ratio of heart pair 1-5, which is bigger than the correlation ratio of heart 4-5.
Unfortunately, it is not possible to find an order that is fully consistent with the observed

correlation ratios.
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Figure 21: Finding a consistent order using the correlation ratios as distances.

A consistent series cannot be found using the previously mentioned method, therefore | have
tried other methods but those methods to extract an order from the data from WorldMatch did

not succeed.

So concluding, using WorldMatch it is possible to find a heart that could be possibly the typical

heart of a series. Unfortunately it is not possible to validate this typical heart, because the

method that was found for validating the heart could not be applied.
Although the heart that has been found in WorldMatch could not be validated, but | could say
that this heart is more likely to be the typical heart than heart numbers 1 and 6, according to the
penalty system (see 9.3.1).

Furthermore, | can say that it is difficult to place the hearts in an order decreasing or increasing

in age, because the expert panel did not come with one order of the hearts.
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10. Conclusion

The typical heart is an existing heart from a series of hearts that best represents the other
hearts of that series. Therefore, the typical heart can be defined, as I did in my thesis, as the
heart that, after registration of a series of hearts, shows the least difference with respect to all
others. After | have chosen the program (WorldMatch) to do these 3D registrations, | have
tested the program thoroughly.

These tests were done to have a better understanding of WorldMatch.

From these tests and the actual use of WorldMatch | can conclude that WorldMatch is
absolutely robust within the range of translations and rotations required for the registration of

the series of heart reconstructions.

With WorldMatch | was able to find a typical heart, which in my case is heart 3, but | am not fully
able to validate this heart as a typical heart. There is no standard for a typical heart of a certain
age, which means that it was needed to ask an expert panel to validate the heart | found as the
typical heart using WorldMatch. This expert panel did find the same heart as WorldMatch as
the typical heart but unfortunately | cannot say that this is not just a coincidence. This is
because | defined the typical heart according to the expert as the heart the experts put, on the
average, the most in the middle when they attempted to order the hearts according to their age,
and the chance that a heart ends up in the middle of the ordered hearts is in my case 1/3.
Therefore, it might be by chance that the heart is on the right place. To be sure that finding the

typical heart using WorldMatch is applicable more hearts are needed.
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General Conclusion/Discussion/Recommendation

The average and typical heart are both possible solutions for the problem of finding a suitable
heart onto which gene expression found in multiple experiments can be mapped. The average
heart is understood as an average by position and not by value. It is not easy to find a program
that can average in this way. It is not a problem to find a program that can handle 3D images,
but a program that can recognize the structure from each point of an image-to-match on each
point of the reference is yet not possible. This also corresponds with what Prof.dr.ir. M.A.
Viergever has mailed to me.

For finding the average heart it is almost certain that the program or the user using the program
must be able to set fiducials, because for now only the experts can recognize the
corresponding points in the other heart. | would not recommend to set fiducials manually,
because it may lead to biases.

At the same time the question how many fiducials are sufficient arises. For the embryonic heart
it is even more difficult to set the sufficient number of fiducials, because the developing heart
changes quite fast, so setting fiducials is quite a difficult task.

If the program that | have found is able to set fiducials or that the program has a function in
which the user can set fiducials, then it is still questionable if | had a sufficient number of hearts.
Some of the candidate programs have been used to create the average brain and the number
of objects that they have used is also more than six [17] and it is known that creating averages

outside the brains are difficult [8].

Since it was not possible to find a program that could create the average heart by position,

| have tried to find the other solution which is the typical heart, defined as the heart that best
represents the other hearts of that series of hearts. This typical heart is a real existing heart
whereas the average heart is not. By using one of the programs (WorldMatch) that | have
found during my search for the program that could possibly average the heart,

| have tried to find the typical heart. Unfortunately, although WorldMatch could find a typical
heart, by using an expert panel | am not fully able to validate this heart. The typical heart from
the expert panel is the heart that is in the middle of an age series.

| do presume that the heart that WorldMatch has found is a good candidate for the typical heart
of the used series of hearts, because according to the expert panel the heart that WorldMatch

has found is also the heart that the panel choose as the typical heart.

| have said that | was not able to fully validate this typical heart, because the low number of

hearts available for my research makes that there is a 1 to 3 chance that the experts have
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chosen the same heart as the typical heart found by WorldMatch by coincidence. So
concluding, the average heart could not be found and the typical heart could be found but could

not be validated.

During the research there might have been assumptions made that are not supposed to.

One of the assumptions is that the typical heart is in the middle of the age series, but the hearts
that | presented the expert panel were hearts around the same age.

Even if the hearts have been labelled the same age there is a possibility that a heart is a half
day older or younger than its actual age. | know that it is not possible to ask the experts to find
the typical heart within a series of hearts, but if there is another question that | could have
asked the expert panel for checking the result from WorldMatch, perhaps | might have reached
another conclusion. The other assumption that | have made was to use the correlation ratios as

a "distance", which might be not correct, but there was not another option at that time.

During the test both the expert panel and WorldMatch were presented the same hearts, but the
presentation of the hearts was different.

At some point WorldMatch may even have gotten more information because WorldMatch
could “see” inside the heart. The main difference between the expert panel and WorldMatch is
that the expert panel can obtain more information from just a screenshot of the heart. This is
because, although the hearts are equalized in volume, the panel still can see which part of the
heart is supposed to be bigger or smaller. The panel also gives more weight at some specific
structures, which is not possible yet in WorldMatch, because WorldMatch cannot recognize
these specific structures. So the method which is implemented in WorldMatch is not capable of
matching structures with variable importance. The hearts may have too many non-matching
details which are very important for the biological match. WorldMatch matches mainly on the
big structures, which means that these smaller structures have less influence. Yet the experts
may have especially looked at those smaller structures and therefore they may have decided

that even if the heart does not match perfectly it still is a good match.

Recommendations

For choosing the typical heart it would be better if | had used more than the six hearts. It would
seem to be a good solution to have more hearts, because then it would be possible to validate
the typical heart according to WorldMatch. The chance of putting the typical heart in the middle

of the age series by the experts would then be less than 1/3.
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However, with respect to the age of the hearts WorldMatch and the expert panel have different
needs. For WorldMatch it would be best if the hearts have the same age, because the matches
between the hearts will be better. This is totally different from what the experts need, because

the experts are not able to put the hearts in an order by age if the hearts were of the same age.

If there were some more adjustments in WorldMatch it might be possible to find a most typical
heart, which also corresponds to the expert panel.

One of the adjustments might be the ability to give a weight to specific structures, which means
that smaller structures can be more important in WorldMatch than the bigger structures.
Another adjustment might be that WorldMatch can recognize parts of structures, which means
that WorldMatch "knows” which part has to be matched with which.

For now there is no program that can be used for averaging a structure as complex as the

embryonic heart, because no program can recognize the important details in such a heart.
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Appendices:

Appendix 1: Email correspondence

From "Ted Wu, PhD, Able Software Corp." <ywu@aeom>
Sent Tuesday, February 5, 2008 2:20 pm

To "K.L. Cheung" <Ka.Cheung@student.uva.nl>

Subject Re: Functions in 3D-Doctor

(128 + 128)/2 = 128

----- Original Message -----

From: K.L. Cheung

To: Ted Wu, PhD, Able Software Corp.
Sent: Tuesday, February 05, 2008 7:50 AM
Subject: Re: Functions in 3D-Doctor

Hello Ted,

Thank you for your reply.

About the add operator, if you have grey value witmaximum of 128,
what happens to the addition of the two imagesabse the maximum
value is 128 and each of them has the 128. TheB@&er must have some
method to make sure that the result of the addisdr28, right?

Yours sincerely,
Kaluen

----- Original Message -----

From: "Ted Wu, PhD, Able Software Corp." <ywu@ableom>
Date: Tuesday, February 5, 2008 1:24 pm

Subject: Re: Functions in 3D-Doctor

To: "K.L. Cheung" <Ka.Cheung@student.uva.nl>

> Hi Kaluen,

>

> This is how we fuse the image:

> Assume Pix1 and Pix2 are from imagel and imagepectively.
> Add: (Pix1 + Pix2)/2

> OR: Pix1 | Pix2 (] is the bitwise OR operation)

> AND: Pix1 & Pix2 (& is the bitwise AND operation)
>

> Hope this helps

>

> Ted

>

>Y. Ted Wu, Ph.D. Able Software Corp.

> Tel: 781-862-2804 Fax: 781-862-2640
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> http://www.3d-doctor.com EMail: ywu@ablesw.com

> 3D-DOCTOR: The Vector-Based 3D Modeling, Imagargl Measurement
> Software

>

>

V

----- Original Message -----

From: K.L. Cheung

To: info@ablesw.com

Sent: Tuesday, February 05, 2008 2:27 AM
Subject: Functions in 3D-Doctor

Dear Sir/Madam,

VVVYVYVYVYVYV

> My name is Kaluen Cheung and | am a Medicalrimfatics student

> at the University of Amsterdam in The Netherland

> For my graduation thesis | am doing a reseabchua3D registration for
> the Department of Anatomy and Embryology atAkademic

> Medical Center in Amsterdam. By searching anlttiernet | have found
> the software that you have developed.

>

> | was wondering if you could help me with answgrthe following

> questions. In 3D-Doctor there is the optionusef to images by

> several methods. The methods | am interesteckithe methods

> ADD, OR and AND. My question is how exactly thesethods work?
>

> - If 2 images are combined using the ADD methsdhe resulting

> image the sum of the pixel value divided by 2?

> (What happens to the pixel values, becauseahes have a

> maximum and adding a maximum value of the bigect to the second
> object will result in....?)

>

> - If 2 images are combined using the OR metiwthe resulting

> image both of the pixel values of the 2 images?

> (What happens to the pixel values in the rasudige where the 2

> objects overlap)

>

> - If 2 images are combined using the AND methsdhe resulting

> image only the overlap of the two objects?

> (What happens to the pixel value of the resglimage? Is it the

> average pixel value of the sum of the pixel gaR)

>

> | hope my questions were unambiguous and | tiyankfor your

> time and

> effort.

>
> Yours faithfully,
> Kaluen Cheung
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Appendix 2: Email list

Inside the AMC:
g.j.denheeten@amc.uva.nl
j.habraken@amc.uva.nl
M.B.vanHerk@amc.uva.nl
J.G.Snel@amc.uva.nl

Outside the AMC:
Minne van der Haak@med.uni-heidelberg.de

Max@isi.uu.nl
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Appendix 3: Colour figures

Figure 7: The fused scan in WorldMatch

Figure 8: The axial view in the fused scan in WorldMatch

Figure 9: The Transformation Controller in WorldMatch
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Figure 10: Checking the slices in WorldMatch

Figure 11: The coronal view in the fused scan in WorldMatch

Figure 12: The sagittal view in the fused scan in WorldMatch
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Figure 13: The Light Viewers in WorldMatch show the 3 views in one window.

Figure 19: The four sides of a reconstructed heart.
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Figure 20: The positions of the hearts using the printouts placed by the expert panel
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