    ÈESKÉ VYSOKÉ UÈENÍ TECHNICKÉ V PRAZE

                                                                                                            Fakulta elektrotechnická

                                                                                              DIPLOMOVÁ PRÁCE

                              Atlas pro separaci medicínských dat

1996       Pavel Mrázek

Shape Model for Segmentation

of Medical Data

Pavel Mrázek

1996

Abstrakt

Ukazuje se, ˛e vzhledem k  povaze dat nejsou porozumìní èi segmentace  dat z  lékaøské vy˚etøovací

metody magnetická rezonance (MR) mo˛né bez vyu˛ití anatomických znalostí. Tato práce se zabývá

tím, jak tyto znalosti reprezentovat a jak je vyu˛ít pøi hledání anatomických objektù. V  textu nejdøíve

shrneme døívìj˚í pøístupy k inteligentnímu zpracování MR dat. V  dal˚ích kapitolách pøedstavíme

podrobnì ná˚ model, zalo˛ený na tvaru a vzhledu anatomického útvaru, který má být v  datech

nalezen. Znalosti o objektu jsou ulo˛eny ve formì spojených bodù tvoøících hranici modelu a k  tìmto

bodùm pøíslu˚ející informací o prùbìhu stupòù ˚edi v  jejich blízkosti. Detailnì vysvìtlíme metody

uplatòující se v  prùbìhu hledání modelu v  obraze, t.j. globální a obecnou optimalizaèní metodu -

genetické algoritmy a lokální techniku úpravy parametrù modelu. Rysy obou metod jsou pøiblí˛eny na

praktických pøíkladech. Model byl navr˛en pro dvoj- i trojrozmìrná data, pøièem˛ nejvýznamnìj˚ím

rozdílem a roz˚íøením jsou geometrické transformace ve tøech rozmìrech.

Abstract

This work concentrates on the domain of medical Magnetic Resonance (MR) data processing. The

character of the data makes segmentation and search for objects in an image impossible without

exploitation of anatomical knowledge. After a review of earlier approaches to knowledge-based MR

data segmentation, we will thoroughly present our model. It is designed to allow representation of

information about an anatomical structure and to employ such information during the process of the

structure´s extraction from MR data. Knowledge on an object´s shape and appearance is stored in

form of connected points forming the model boundary and grey-level appearance at these model

points. Two methods take part when employing the model for data segmentation: global Genetic

Algorithms and a local parameter refinement technique. Features of both of them are presented on

practical examples. The model has been developed for either two- or three-dimensional cases, while

the most important difference and  extension are the 3D geometrical transformations.

Slovo

 èeskému ètenáøi

                 Stalo se jistou módou na Katedøe poèítaèù,

 aby ti, kteøí mohou, napsali svou diplomovou

                                     práci v jazyce anglickém. I mnì to bylo

doporuèeno a já, poslu˚en rady dobøe mínìné,

                                  sna˛il jsem se zhostit daného úkolu, jak

                                  nejlépe jsem dovedl. Jistì to neznamená

                   dokonale a ètenáø anglického jazyka znalý

     nech˝ chyby laskavì promine. Naopak ètenáø

         ne zcela zbìhlý v èetbì této novodobé latiny,

                                 bez které se dnes ˛ádný vzdìlanec oboru

                                      technického neobejde, nech˝ se nenechá

 jazykem cizím odradit a tu˛í mysl. Ani jeden

              ani druhý a˝ pak ètouce nezapomínají, ˛e i

       èesky se slu˚í v této zemi umìt. Na na˚í ˚kole

                                                                                  mu to èasto pøipomínáno není.

A word to the

English speaking reader

It has become a certain fashion at the

Department of Computer Science and

Engineering, for those being capable of it, to

write their master´s thesis in the English

language. Following the advise of my

supervisor, I have tried to compose one too.

This impertinence of mine towards the

language of Shakespeare and Poe shall be

justified by the first person who reads this

composition, but would not be able to do so if

it was written in  Czech. Also, I believe the

native English speakers will excuse me - they

must have got used to such a behaviour, as

their mother tongue, having become a mean of

international communication, cannot be

considered as belonging to them uniquely any

more.

v
vii

Contents

Abstrakt  / Abstract ................................ ................................ ................................ ....................... iii

Slovo èeskému ètenáøi / A word to the English speaking reader ................................ .......................... iv

Contents ................................ ................................ ................................ ................................ .... vii

I. Introduction ................................ ................................ ............. 1

II. Preceding work ................................ ................................ ....... 5

               II. 1. K
                                                               NOWLEDGE REPRESENTATION

................................ ................................ .. 5

               II. 1.1. Informal knowledge representation ................................ ............................. 6

               II. 1.2. Abstract knowledge representation ................................ ............................. 7

               II. 1.3. Surface Models ................................ ................................ ........................... 9

                                                                                                   Geometric Shape Models ................................ ................................ ................ 9

                                                                                                   Deformable Contours - Snakes ................................ ................................ ...... 12

               II. 1.4. Volumetric atlases ................................ ................................ .................... 14

               II. 1.5. Knowledge representation concluded ................................ ....................... 17

               II. 2. S
                                                             EVERAL NOTES ON EMPLOYED TECHNIQUES

................................ .............. 17

               II. 2.1. Data pre-processing - gain or loss ? ................................ ........................... 17

               II. 2.2. How many dimensions ? ................................ ................................ .......... 19

               II. 2.3. Global optimisation and local refinement ................................ ................. 19

III. 2-D shape model ................................ ................................ . 21

               III. 1. M
                                                                        ODEL REPRESENTATION

................................ ................................ ...... 21

               III. 2. I
                                                              MAGE SEARCH

................................ ................................ .................... 23

               III. 2.1. Genetic Algorithms ................................ ................................ .................. 24

                                                                                                   Basic GAs’ Features ................................ ................................ ....................... 24

                                                                                                   GAs at work ................................ ................................ ................................ .. 26

                                                                                                   Why do GAs work so well? ................................ ................................ ........... 27

                                                                                                   Genetic Algorithms Applied to Image Search ................................ ................ 28

                                                                                                                      Parameter coding ................................ ................................ ................................ . 28

                                                                                                                      Fitness function ................................ ................................ ................................ .... 29

                                                                                                                      Fitness scaling ................................ ................................ ................................ ...... 30

                                                                                                   Experiments ................................ ................................ ................................ ... 31

               III. 2.2. Local refinement of the model parameters ................................ ............... 34

               III. 2.3. Combining Genetic Algorithms and local refinement ............................... 37

               III. 3. A
                                                                    PPLICATION TO

MR
DATA

................................ ................................ ... 38

viii

IV. Three dimensions ................................ ................................ . 43

               IV. 1. M

                                                                          ODEL REPRESENTATION
................................ ................................ ...... 43

               IV. 2. M

                                                                          ODEL GEOMETRY
................................ ................................ ............... 44

               IV. 2.1. Transformation matrices ................................ ................................ ........... 44

               IV. 2.2. Rotations in 3D ................................ ................................ ........................ 45

                                                                                                   Angular displacement ................................ ................................ .................... 46

                                                                                                   Quaternions ................................ ................................ ................................ ... 47

                                                                                                   Chosen parametrisation of the model orientation ................................ ........... 48

                                                                                                   Moving into and out of quaternion space ................................ ....................... 48

                                                                                                                      From a quaternion to a transformation matrix ................................ ....................... 49

                                                                                                                      From a rotation matrix to a quaternion ................................ ................................ . 49

               IV. 2.3. Model geometry summarised ................................ ................................ ... 50

               IV. 3. 3-D

                                                                                            DATA SEARCH
................................ ................................ ............... 51

               IV. 3.1. Parameter refinement ................................ ................................ ............... 51

                                                                                                   Translation ................................ ................................ ................................ ..... 52

                                                                                                   Rotation ................................ ................................ ................................ ......... 52

                                                                                                   Scale ................................ ................................ ................................ .............. 54

               IV. 3.2. 3-D object fitting experiment ................................ ................................ ... 54

V. Implementation ................................ ................................ ..... 57

               V. 1. M

                                                                     ODEL REPRESENTATION
................................ ................................ ....... 57

               V. 2. I

                                                           NSTANCES OF THE MODEL
................................ ................................ ...... 58

               V. 3. I

                                                           NPUT DATA MANAGER
................................ ................................ ........... 58

               V. 4. G

                                                                   ENETIC
                                                                                                                  A

LGORITHMS
................................ ................................ ........... 59

               V. 5. M

                                                                     ATHEMATICAL LIBRARY
................................ ................................ ........ 59

VI. Conclusion ................................ ................................ ........... 61

               VI. 1. R

                                                                     ECAPITULATION
................................ ................................ ................. 61

               VI.

                                        2. F

                                                                  UTURE DIRECTIONS
................................ ................................ ............. 62

Epilogue & Acknowledgements ................................ .................. 61

References ................................ ................................ ................... 65

I. Introduction

With the fast development of advanced examination techniques in medicine which we have

been experiencing over the several past decades, there is an enormous need for tools to help

the doctors understand the huge amount of data. Those of the doctors of medicine who do

not work directly in the domain of the one particular examination technique need the data

processed or evaluated by a specialist, e.g. a radiologist. As the methods are becoming more

and more a routine, it is highly desirable that the data produced during the patient´s check-

up are processed automatically and presented to the medical expert in an easily treatable

form.

This is particularly valid for Magnetic Resonance Imaging  (MRI), a non-invasive

examination technique, which has won a notable, irreplaceable position within the medical

visualisation techniques since its introduction to practical use at the end of the 1970s. It was

derived from magnetic spectroscopy, a much sooner known analytical chemistry method,

based on the observation that different elements behave differently in magnetic field. F.

Bloch and E. M. Purcell were awarded Nobel price for the experiments performed in 1946.

But it was limited to laboratories until 1972, when Magnetic Resonance (MR) was first

proposed as a tomographic visualisation method.

Like the earlier Computer Tomography (taking roentgen scans of the patient´s body from

multiple angles and computing the volume data), Magnetic Resonance provides three-

dimensional information on the anatomical structures of the human body. There are two

main advantages of MRI over the former method: it is believed to be harmless (no roentgen

radiation is employed to acquire the data), and it can distinguish various kinds of anatomical

tissues (unlike Computer Tomography, which is applicable almost uniquely to bones). All

this, together with the boom of

computers, has made Magnetic

Resonance a standard diagnostic

procedure.

The Czech reader is referred to the

�i˛ka´s article [48] for a good

introduction to Magnetic Resonance from

the radiological point of view, we will

henceforward concentrate not on the

ways and ingenious procedures of

obtaining the MR data, but rather on their

processing and understanding. We can

start by discussing the properties of the

data.

Figure I - 1 . This sketch symbolises the nature

of MR data. The slices on the left can be

understood as (or interpolated into) 3D

voxel cube on the right. Attentive reader

might have noticed the human head, hiding

in the 3D data. Can we extract it from there?

Shape model for segmentation of medical data

                           Magnetic Resonance yields the data as a set of 2D slices, which together form 3D cube of

                           voxels - see Figure I-1  (some interpolation is necessary to obtain correct 3D data because of

                           unequal element distances in directions of axes x, y and z). Typical dimensions of individual

                           slices are 256x256 or 512x512, with modern MR scanners even 1024x1024 pixels, while the

                           distance between neighbouring slices varies from 5 to 1 mm (all this was meant for MR

                           scans of the head. Magnetic Resonance can be employed equally well for other parts of the

                           body, but we have focused on brain data in our work). The data are still typically visualised

                           as the set of 2D images, where the values of measurements taken from the patient are

                           expressed through the brightness of grey at a particular position of the image. Examples of

                           such 2D MR images of the head are seen in Figure I-2 .

                           The tissue classes, such as white matter, grey matter, cerebro-spinal fluid (CSF) and fat are

                           distinguishable according to their grey-levels. Some anatomical structures, e.g. brain

                           ventricles (the X-shaped patch in the centre of the middle image) are well visible from the

                           first sight, but other deep-brain organs, less contrast or smaller in size, are much more

                           difficult to trace. Sometimes the 3D connectivity and information from neighbouring images

                           could help, but it is hardly accessible to the medical expert examining the separate 2D

                           slices. Full three-dimensional views should be useful to supply an idea on 3D nature and

                           position of an anatomical organ with respect to others, a notion which is essential e.g. in

                           neuro-surgery. But to be able to offer such a 3D view, we require that the anatomical

                           structure to be visualised is extracted from the data, in other words we need to perform

                           segmentation of the data first. To accomplish this, techniques from the domain of computer

                           vision and related sciences must be used effectively.

                           Segmentation here means no less then separate the MR data into unique categories, where

                           each category represents either a tissue class ( grey matter , white matter  etc.) or a distinct

                           anatomical structure, e.g. left ventricle  or brain stem . We can find either full segmentation,

                           i.e. complete image understanding, or partial segmentation, extracting only few organs and

                           omitting the rest. When aiming at delineation of structures rather than tissue classes,

                           complete segmentation is practically impossible to achieve, considering the huge amount of

                           fine and imperceptible anatomical details in human brain.

                           Figure I - 2 . Typical examples of MR images of

                           the human head taken at (picture on the left)

                           and above (middle and right picture) the eyes.

I . Introduction

Understanding the 3D Magnetic Resonance data is a problem different from those of

classical computer vision, where we wanted to find either two- or three-dimensional objects

in 2D images only. In this sense, segmentation of MR images is more constrained and thus

easier. On the other hand, being obliged to handle 3D data makes the task more complex.

Unfortunately, the nature of MR data does not facilitate the assignment either: the images

lack strong edges, classical methods like thresholding are useless as the acceptable grey-

level values for different organs overlay, the values for the same anatomical structure may

vary considerably according to the position in an image for a single patient (not speaking of

the differences between individuals), the data are noisy. For all these reasons, any

segmentation method relying on the input data only is bound to failure. It has proved highly

advantageous, even inevitable to exploit some other source of knowledge together with the

MR data, in particular anatomical knowledge on position and typical shape of the organs we

are looking for.

Aware of the goal of the project, which is a method for automatic or semiautomatic

segmentation and labelling of anatomical structures in human brain, we have tried to

construct a framework allowing to represent anatomical knowledge. The method is based on

shape model of an object´s surface. But before we embark upon a detailed presentation of

this model´s virtues and weaknesses, we will review the approaches published previously to

ours.

                                                                                                                       II. Preceding work

A huge number of articles on MRI data processing, segmentation or understanding has

appeared in the last few years. The applications vary from simple, fitted onto one particular

problem, up to general systems employing advanced methods of artificial intelligence,

computer vision and geometrical modelling. However different the published approaches

are, we will try to classify them according to the sort of information the application makes

use of apart from the input MR data, and we will observe how that knowledge can be

represented and implanted into the segmentation algorithm.

In the second part, we will notice whether the applications work with raw input MR data or

perform some pre-processing usefully. We will also ask what is a method´s relationship to

space, i.e. whether it performs the segmentation procedure in the two dimensional slices

separately or this limitation not hold and some three dimensional information contained in

the input data is exploited as well. At the end of the chapter, few words on global or local

methods and on additional refinement techniques will be found.

II. 1. Knowledge representation

As mentioned in the introduction, the properties of MR data make the traditional computer

vision techniques of image segmentation, such as thresholding or edge detection, partially or

completely unusable. Much more sophisticated methods are needed, methods which do not

rely on the input data only, but exploit other information source, e.g. knowledge of

anatomical structure of the objects to be found, information on its shape or common

position. In this chapter we are going to classify the published approaches according to the

way they store and employ such anatomical knowledge during the image segmentation

process. However, the reader should be aware of the fact that such a classification does not

claim to be doubtless, because the individual applications often use similar concepts at

different stages of the process, so what is the basis of one, can form but a small complement

in another segmentation procedure. But let’s cease these introductory speeches, practical

examples should clarify the obscure field of medical data segmentation better.

Shape model for segmentation of medical data