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Abstract
Physicians often utilize different imaging techniques to provide clear, visual information about internal parts of the patient.
Since the different imaging modalities give different types of information, the combination of them serves as a powerful tool
while determining the diagnosis, planning of treatment or during therapy follow-up. To simplify the interpretation of the image
information, image registration is often used. The goal of the registration is to put different images in a common coordinate
system. It is essential that the registration between the images is accurate.
Normalized Mutual Information (NMI) is a metric that quantifies the conformity between images. Even though NMI
is a robust method it is often dominated by large structures as the external contour of the patient as well as by the structures of
the bones. The prostate is an organ that does not have a fixed position relative to the other organs and host small amounts of
image information. The accuracy of the registration is therefore limited with respect to the prostate when using the whole image
volume. This master thesis investigates the possibility to restrict the part of the image used for registration to a small volume
around the prostate with goal to receive a better registration of the prostate than if full sized images are used.
A registration program, utilizing NMI, was written and optimized in MatLab. Four Magnetic Resonance (MR)
series and one Computed Tomographic (CT) series where taken over the pelvic area of five patients with the diagnosis prostate
cancer. The prostate were delineated by a physician. By adding margin to the delineations five different sized Regions of
Interest (ROI) where created. The smallest ROI precisely covered the prostate while the largest covered the whole image. The
deviation in Center of Mass (CoM) between the images and the Percentage Volume Overlap (PVO) were calculated and
used as a measure of alignment.
The registrations performed with sub-volumes showed an improvement compared to those that used full-volume while
registering a MR image to another MR image. In one third of the cases a 2 cm margin to the prostate is preferable. A 3 cm
margin is the most favorable option in another third of the cases. The use of sub-volumes to register MR images to CT series
turned out to be unpredictable with poor accuracy.
Full sized image registration between two MR image pairs has a high precision but, due to the motion of the prostate,
poor accuracy. As a result of the high information content in the MR images both high precision as well as high accuracy can
be achieved by the use of sub-volume registration. CT images do not contain the same amount of image information around
the prostate and the sub-volume based registrations between MR and CT images are hence inconsistent with a low precision.

Sammanfattning
Läkare använder sig ofta av flera olika bildgivningstekniker för att erhålla tydlig, visuell information om patientens inre
delar. Eftersom de olika bildgivningsmodaliteterna inte erbjuder samma sorts information, kan en kombination av dem
fungera som ett kraftfullt verktyg i arbetet med att diagnostisera, planera behandling eller följa upp ett sjukdomsförlopp.
Bildregistrering används ofta för att förenkla tolkningen av bildinformationen. Målet med registreringen är att föra in olika
bilder i ett gemensamt koordinatsystem. Det är viktigt att registreringen mellan bilderna är korrekt.
Normalized Mutual Information (NMI) är en metrik som kvantifierar överrensstämmelsen mellan bilder. Trots att
NMI är en robust metod domineras registreringen ofta av stora strukturer som patientens ytterkontur samt benstruktur.
Prostatan är ett organ utan fix position relativt omgivande organ som dessutom innehåller en liten mängd bildinformation.
Vid registrering av bilder över hela bäckenområdet är resultatets noggrannhet därför begränsad med hänsyn till prostatan.
Detta examensarbete undersöker möjligheten att begränsa den del av bilden som används för registrering till en liten volym
runt prostatan. Målet är att erhålla en bättre registrering av prostatan jämfört med om fullstora bilder använts.
Ett registreringsprogram, som använder NMI, skrevs och optimerades i MatLab. Fyra magnetisk kärnspinnsresonans
(MR) serier och en datortomografisk (CT) serie togs över bäckenområdet på fem patienter med diagnosen prostatacancer.
Prostatans kontur skissades ut av en läkare. Genom att addera en marginal till denna skiss erhölls fem Regions of Interest
(ROI) av olika storlekar. Den minsta täckte precis prostatan medan den största innefattade hela bilden. Avståndet mellan
masscentrum (CoM) i de båda bildernas prostator och deras Procentuella Volymsöverlapp (PVO) beräknades och användes
som ett mått på anpassningen.
Anpassning mellan två MR-bilder visar att registreringar utförda med begränsad volym får ett kortare avstånd mellan
CoM jämfört med vid fullvolymsregistrering. I en tredjedel av fallen är en marginal till prostatan på 2 cm att föredra medan
det i ytterligare en tredjedel av fallen är mer fördelaktigt med en marginal på 3 cm. Begränsade volymer inom registrering av
MR mot CT bilder visade sig ge oförutsägbara resultat med dålig noggrannhet.
Registrering av ett par MR-bilder med fullstor volym har en hög precision men, på grund av prostatans rörelse, dålig
noggrannhet. Tack vare det höga informationsinnehållet i MR-bilderna kan både hög precision och noggrannhet erhållas
genom utnyttjande av begränsade volymer runt prostatan. CT-bilder innehåller inte samma mängd bildinformation runt
prostatan och resultatet av registrering med begränsad volym blir därför inkonsekvent med låg precision.

Contents
ABSTRACT ........................................................................................................................................................... 5
SAMMANFATTNING ......................................................................................................................................... 7
LIST OF ABBREVIATIONS............................................................................................................................. 11
LIST OF MEDICAL AND PHYSICAL TERMS ............................................................................................ 13
1

INTRODUCTION ...................................................................................................................................... 15
1.1
1.2

2

THE NEED OF IMAGE REGISTRATION ..................................................................................................... 15
THE UTILIZED REGISTRATION TECHNIQUE ............................................................................................ 15

CLINICAL BACKGROUND .................................................................................................................... 17
2.1
THE PROSTATE GLAND ......................................................................................................................... 17
2.2
PROSTATE CANCER ............................................................................................................................... 18
2.3
UNCERTAINTY IN TARGET DEFINITION ................................................................................................. 19
2.3.1
Prostate delineation .................................................................................................................... 19

3

REGISTRATION TECHNIQUES ........................................................................................................... 21
3.1
MUTUAL INFORMATION ....................................................................................................................... 21
3.1.1
Joint Entropy .............................................................................................................................. 21
3.1.2
Normalized Mutual Information ................................................................................................. 22
3.2
CROSS-CORRELATION COEFFICIENT .................................................................................................... 24

4

MATERIAL AND METHOD ................................................................................................................... 26
4.1
PATIENT DATA...................................................................................................................................... 26
4.1.1
Determination of the PTV and margins ...................................................................................... 26
4.2
REGISTRATION TOOLS .......................................................................................................................... 27
4.2.1
Optimization of the parameters .................................................................................................. 27
4.2.2
The MatLab program .................................................................................................................. 28
4.3
EVALUATION TECHNIQUE ..................................................................................................................... 30

5

RESULT ...................................................................................................................................................... 32
5.1
INTER-MODALITY REGISTRATION ......................................................................................................... 32
5.1.1
Center of mass ............................................................................................................................ 33
5.2
INTRA-MODALITY REGISTRATION ......................................................................................................... 34
5.2.1
Center of mass ............................................................................................................................ 35
5.2.2
Volume overlap ........................................................................................................................... 36

6

DISCUSSION ............................................................................................................................................. 39

7

CONCLUSION ........................................................................................................................................... 41

ACKNOWLEDGEMENTS ................................................................................................................................ 43
A.

APPENDIX ................................................................................................................................................. 47
A.1.
IMAGING TECHNIQUES .......................................................................................................................... 47
A.1.1.
Computed Tomography - CT ...................................................................................................... 47
A.1.2.
Magnetic Resonance Imaging – MRI .......................................................................................... 48

B.

REGISTRATION RESULTS .................................................................................................................... 49
B.1.
PATIENT ONE ........................................................................................................................................ 49
B.1.1.
CT-MR registration..................................................................................................................... 49
B.1.1.1.
Distance between center of mass ......................................................................................... 49

B.1.2.
MR-MR registration .................................................................................................................... 49
B.1.2.1.
Distance between center of mass......................................................................................... 49
B.1.2.2.
Percentage volume overlap ................................................................................................. 51
B.2.
PATIENT TWO ....................................................................................................................................... 53
B.2.1.
CT-MR registration..................................................................................................................... 53
B.2.1.1.
Distance between center of mass......................................................................................... 53
B.2.2.
MR-MR registration .................................................................................................................... 53
B.2.2.1.
Distance between center of mass......................................................................................... 53
B.2.2.2.
Percentage volume overlap ................................................................................................. 55
B.3.
PATIENT THREE .................................................................................................................................... 57
B.3.1.
CT-MR registration..................................................................................................................... 57
B.3.1.1.
Distance between center of mass......................................................................................... 57
B.3.2.
MR-MR registration .................................................................................................................... 57
B.3.2.1.
Distance between center of mass......................................................................................... 57
B.3.2.2.
Percentage volume overlap ................................................................................................. 59
B.4.
PATIENT FOUR ...................................................................................................................................... 61
B.4.1.
CT-MR registration..................................................................................................................... 61
B.4.1.1.
Distance between center of mass......................................................................................... 61
B.4.2.
MR-MR registration .................................................................................................................... 61
B.4.2.1.
Distance between center of mass......................................................................................... 61
B.4.2.2.
Percentage volume overlap ................................................................................................. 63
B.5.
PATIENT FIVE ....................................................................................................................................... 65
B.5.1.
CT-MR registration..................................................................................................................... 65
B.5.1.1.
Distance between center of mass......................................................................................... 65
B.5.2.
MR-MR registration .................................................................................................................... 65
B.5.2.1.
Distance between center of mass......................................................................................... 65
B.5.2.2.
Percentage volume overlap ................................................................................................. 67

List of abbreviations
BPH

–

Benign Prostate Hyperplasia

CC

–

Cross-Correlation Coefficient

CoM

–

Center of Mass

CT

–

Computed Tomography

CTV

-

Clinical Target Volume

EPID

–

Electronical Portal Imaging Device

FoV

–

Field of View

HU

–

Hounsfield Units

IMRT

-

Intensity Modulated Radiation therapy

MI

–

Mutual Information

MRI

–

Magnetic Resonance Imaging

NMI

–

Normalized Mutual Information

NUS

–

Norrlands Universitets Sjukhus (University Hospital of Norrland)

PSA

–

Prostate Specific Antigen

PVO

–

Percentage Volume Overlap

ROI

–

Region of Interest

List of medical and physical terms
Anterior

-

Toward the front

Image registration

-

A process of aligning images that enables different features to relate
to each other. These images then share a common coordinate
system

Inferior

-

Towards the feet

Inter-modality registration -

Registration of images taken from different imaging modalities or
taken with different physical parameters, also called multi-modality
registration.

Intra-modality registration -

Registering images that are taken with the same modality and
settings. Another usual expression is mono-modality registration

Posterior

-

Toward the back

Reference image

-

The image set that has a fixed coordinate system during registration.
Also called the fixed image.

Source image

-

The image set which coordinate system is moved during the
registration. Also referred to as the floating image.

Superior

Visible Human Project

-

-

Towards the head

A detailed set of cross-sectional photographs of the human body
created by the American National Library of Medicine. A male and
a female cadaver has been frozen, undergone different imaging
techniques and are then being sectioned up into one respectively
one third of a millimetre thick slices.

1 Introduction
1.1

The need of image registration

In modern medicine physicians often utilize different imaging techniques to provide clear, visual
information about internal parts of the patient. Different imaging modalities give different types of
information and together they serve as a powerful improvement tool to the physician while determining
the diagnosis, treatment planning or during therapy follow-up.
Image registration is the process of aligning images and thereby able different features to relate to
each other. These images then share a common coordinate system [1]. The technique is nowadays widely
used as a tool to collect the information needed to analyze and treat diseases.
In image registration the coordinates of one of the images (or scans) are held fixed while the
other one is being transformed to find the best fit to the first one. The image with the fixed coordinate
system is referred to as the reference image and the other one as the source image [2].
Image registration is divided into different categories based on whether or not deformation of the
source image is allowed. Rigid registration does not allow any deformation of the images and can be seen
as a transformation which allows a translation and a spatial rotation of the images. Non-rigid registration
on the other hand deforms the source image so that it adapts to changes such as emaciation, occupancy
level (in for example bladder, intestine or lungs) or change in tumor size [3].
By comparing separate scans taken with the same imaging technique but at different occasions, the
progression of a tumor can easily be followed up. This is called intra-modality registration (two scans from
the same modality are registered to each other).
Another advantage by the usage of image registration is the ability to align images from different
imaging modalities or taken with different physical parameters, so called inter-modality registration. A
Computed Tomography (CT) scan visualizes for instance the skeleton well but since the soft tissue
contrast is worse than in for example a Magnetic Resonance image (MRI) one might miss a tumor in soft
tissue which could have been seen in the MR image. The treatment planning systems commonly used uses
CT scans to plan the treatment and the clinic might even have a CT in the treatment room to ensure that
the patient is aligned correctly. Therefore a registration of the two scans improves the result of the
treatment.
1.2

The utilized registration technique

Image registration can be achieved by different techniques. While registering images from different
modalities a so called Normalized Mutual Information (NMI) is the most common method. It finds the
corresponding structures by calculating a measure of how well the Joint Probability Distributions, JPD,
for all the voxel pairs in the images correlate to each other [4]. The mutual information reaches a minimum
when the images are correctly aligned.

1.3

The contributions of this thesis

This thesis evaluates the effect that the size of the Region of Interest, ROI, has on the registration
uncertainty, using both intra- and inter-modality registration. The evaluation is performed by registration
of scans taken on 10 prostate cancer patients. Four MRI scans and one CT scan has been performed on
each patient. The selected metric was NMI, which were used for both inter- and intra-modality
registration. Five different sizes of ROI:s were used, the smallest just surrounding the prostate and the
largest covered the whole image. The first MR image was chosen to be the source image and was aligned
to the others. Because of technical problems five of the patients were excluded from the study.
While optimizing the registration program as well as evaluating the result concern has been taken to
both precision and accuracy in the alignment of the images, see figure 1.1. The term precision aims to how

spread a set of measurement values are while accuracy tells us something about how close to the truth or
expected value the measurement values lie. In this case the accuracy illustrate how far away from total
aligning of the prostates we are. The precision on the other hand point out how unambiguous the
registrations are.
Hopefully the sub-volume based registrations of the prostate result in a more accurate aligning of the
prostate. This would mean that it is possible to verify the location of the prostate before each treatment
but also enable a better ability to follow up the progression or regression of a disease.

Figure 1.1. The accuracy and precision in a measurement series can be compared to
hits on a dart board. Accuracy defines how close to the middle the mean of the hits
are while precision is a measure of how much the hits are spread over the board.

2 Clinical Background
2.1

The Prostate gland

The prostate is a gonad that lies in the middle of the pelvis beneath the urinary bladder and in front of the
rectum. It surrounds the urethra and the ejaculatory ducts. The seminal vesicles are located just above the
prostate. These two little glands secrete about 60% of the substances that make up the semen [5]. The
seminal vesicles connect with the ejaculatory ducts in the prostate. The nerves that control the erectile
function run along the sides of the prostate. While undergoing therapy for prostate cancer, there is a
substantial risk of damage of these nerves with erectile problems as a sequel.

Figure 2.1. The figure shows the location of the prostate. The prostate surrounds the urethra and urination
problems are one of the first and most usual symptoms of prostate cancer.

In puberty the increased level of testosterone causes the prostate to grow. A healthy, normal prostate
has the size of a big walnut. At the age of 20 years, the prostate has reached an almost stationary size but
is still dependent on the testosterone to be able to maintain its size and function. When the man reaches
an age of about 50 years, the prostate sometimes begins to grow, not because of the testosterone level but
because of overproduction of the cells. This is called Benign Prostate Hyperplasia, BPH, and causes
symptoms that are similar or even identical to prostate cancer, such as urinary problems.
The prostate cells produce, store and exude a secretion. This milky fluid is slightly alkaline and
constitutes narrowly one third of the semen. Together the prostate cells form several small glands with
separate exits to the urethra. The prostate consists of both glandular and muscular tissue. The muscular
tissue contracts to press the glandular fluid out to the urethra. The secretion is then mixed together with
spermatozoa and seminal vesicle fluid, to form the semen, in the part of the urethra that passes through
the prostate. The prostate has a valve in each end of the prostatic urethra, one just below the urinary
bladder and one below the prostate. Before ejaculation both of these valves are closed and the semen is
mixed during pressure. When the valve below the prostate opens, the pressure causes the semen to
ejaculate in high velocity. This forms a close connection between the prostate and fertility.

2.2

Prostate cancer

Prostate cancer is the most common cancer form in Swedish men. In 2006, 9 263 Swedish men receives
the diagnosis prostate cancer [6]. This means that about 25 men get it each day, in Sweden only.
Prostate cancer develops in the prostate and may metastasize to other parts of the body. It might
cause pain and difficulties while urination such as; difficulties to start and maintain a steady stream of
urine, frequent urination or increased urination at night. Other symptoms are; blood in the urine, erectile
dysfunction, or problems during sexual intercourse. However, since most tumors develop in the outer,
rear part of the prostate, symptoms does not appear until the tumor has grown a bit.
Prostate cancer is highly correlated to the age and is unusual in men under the age of 50 years.
Microscopic cancer is common but few tumors develop and give symptoms. This should be considered
when treating older men (age above 75 years).The relative ten year surviving rate is about 55% but about
2 450 men dies each year due to prostate cancer according to the Swedish prostate cancer society [6]. The
estimated number of unknown cases is however high since the tumor often does not cause any symptoms,
usually appear in aged men and grows relatively slowly. Many men with the condition are therefore
unaware of the cancer, do not undergo any treatment and eventually dies of causes unrelated to the
prostate cancer.
The risk of inherence is significant and men that have a family history of prostate cancer are
therefore advised to take a PSA (Prostate Specific Antigen) test. PSA is produced in the prostate and is, as
the name hints, specific for this gland. The PSA leaks out to a serum and prostate cancer makes the serum
level rise. The level of the serum in the blood also gives a hint of the stage of the tumor. A patient with
PSA < 3mg/L has a low probability of cancer while < 10 mg/L indicates a non metastasized tumor.
However, it is important to remember that an increased SPA value does not mean that a person has
cancer since other conditions such as benign prostate hyperplasia [*1] and prostatitis [*2] also increases the
serum level. To verify the diagnosis a biopsy of the prostate tissue is taken and analyzed.
When the tumor becomes larger than 10-15 mm it begins to grow outside the capsule of the prostate
and starts to metastasize. When the tumor reaches this stage it is considered incurable. The outcome of
the cancer is hence dependant on how early on the discovery of the tumor is. Since there are usually no
symptoms in the early stages, suspicions of prostate cancer is often raised when the PSA test shows a high
value or when the prostate is hard or /and uneven while palpation. Sometimes the urologist uses ultra
sound to take a closer look at the prostate, by this way the physician can measure the size of the tumor.
The options for treatment of curable prostate cancer are primarily radiation therapy and surgery. The
outcome and survival rate of these two methods are comparable but surgery is still the most common
option in Sweden. The surgeon removes the whole gland including both seminal vesicles, this is called
radical prostatectomy. To be able to remove the whole gland the surgeon must also remove the part of the
urethra that is imbedded in the prostate. The urethra is then sewed back on to the urinary bladder. The
nerves that controls the erection lies next to the prostate and they risk getting damaged during the
operation which might lead to risk for impotence. If the PSA values are high the surgeon might remove
the nearby lymph nodes before surgery. The lymph nodes are then examined for cancer cells. If tumor
cells are found the prostatectomy are cancelled since a spread prostate cancer is considered as incurable
and the operation does not increase the life span of the patient. After the prostatectomy the patient still
have to leave PSA test to control that the serum level approaches zero. If the level does not decrease
dramatically after the surgery chances are that the cancer has spread.
Radiation therapy can be performed in two different ways, external or internal so called Brachy
therapy. The physicians at Norrlands University hospital, NUS, usually prefer to use external radiation
Benign prostate hyperplasia means that the prostate for some reason has grown in size and it is common in aged
men. Most men over the age of 50 have a slightly enlarged prostate and as the name indicates it is a benign
condition.
*2 Prostatitis is an umbrella term for different, often chronically, inflammations in the prostate.
*1

therapy. The patient is placed on a bed and the prostate is irradiated from several directions, so called
Intensity Modulated Radiation therapy, IMRT. The total amount of radiation is usually 78 Gy distributed
on 6 to 7 weeks with 5 therapy sessions each week. Since radiation sensitive organs, such as the bladder
and rectum, lie right next to the prostate which moves around a lot, it is important to accurately irradiate
the gland. To be able to keep track of the prostate the radiation nurses takes EPID images (Electronic
Portal Imaging Device). EPID images are two dimensional x-ray images that are taken orthogonally and
put together to form a three dimensional image of the patient. The EPID image is used to correctly apply
the radiation beams.
In Brachy therapy hollow needles with the radiation source are inserted into the prostate. The needles
are inserted in the area between scrotum and rectum. An ultra sound probe is used to monitor the
placement of the needles. Two different techniques are used, one with high dose but short time span and
one when permanent, low dose seeds are implanted into the prostate. Follow up PSA test should be taken
after radiation therapy as well but in contrast to after surgery the prostate is not excluded and the serum
level will therefore never drop to zero.
Hormones do not induce prostate cancer but once occurred; the testosterone usually stimulates the
prostate cells to grow more rapidly. By removal of both testes, testosterone cannot be formed and the
progression might be slowed down [5]. If the cancer is considered as incurable hormonal therapy might be
used to improve the life quality and ease the discomfort.

2.3

Uncertainty in target definition

2.3.1

Prostate delineation

A relatively high radiation dose is needed to be able to achieve a successful radiotherapy treatment of the
prostate, usually about 78 Gy. As mentioned above does the prostate lie just next to some radio sensitive
organs such as the urinary bladder and the rectum. It is therefore of great importance to be able to
delineate it as precisely as possible. This is a difficult task, mainly because of the fact that the prostate
moves around in the pelvic area relative to the other organs in connection with the occupancy level in the
rectum and/or bladder but also depending on the positioning of the patient.
As mentioned, are EPID images used to optimize the positioning of the patient before each
treatment occasion. EPID images have a relatively poor soft tissue contrast and attempts are made to try
to establish a similar system but with MR images instead. There is however some problems that are in
need to be solved before this technique can be put into further use. One aspect that has to be improved is
the registration between MR and CT images which is partly handled in the current work.
Gao et al [7] has established that a systematic delineation error exist while using CT images as basis for
treatment planning. Posterior [*3] portions of the prostate are missed while the defined target volume
contains some normal tissue in the anterior [*4] area of the prostate. The results are based on CT images
and photographic anatomical images from the Visible Human Project, the latter were used as a golden
standard. The results showed that the physicians participating in the project on average delineated a 30
percent larger volume than the golden standard but only included about 84 percent of the actual prostate
volume. Remarkably no one delineated the whole prostate.
As mentioned does MRI have superior soft tissue contrast compared to CT images. The use of MRI
makes it possible to much more accurately delineate the tumor from surrounding tissue. Sannazzari et al [8]
has found that the CTV [*5], including the prostate and both seminal vesicles, are estimated to be 34
Posterior is a medical term which means towards the back/spine.
Anterior is the opposite of posterior, here it refers to the front of the prostate.
*5 The CTV, or the Clinical Target Volume, is defined as a volume that contains the whole palpable or visible tumor
as well as its microscopic, subclinical extensions. The extent of the CTV is in practice based on the knowledge of the
spreading patterns of each specific tumor type.
*3
*4

percent larger when using CT compared to MRI. This indicates that the use of MRI can narrow the CTV
and thereby not only increase the disease free survival rate but also decrease the dose to the surrounding,
healthy tissue. A decreased dose to the surrounding tissue also decreases the probability of post treatment
morbidity such as erectile dysfunction and chronic diarrhoea. Image registration is a commonly used
method to enable use of MR data for target delineation. The target is delineated on the MR images and
then transferred to the CT study.

3 Registration techniques
3.1

Mutual Information

3.1.1

Joint Entropy

When registering images it is of great interest to be able to measure the alignment. This can be achieved
by the use of Joint Probability Distribution, JPD, which is a measure of how often pairs of values occur
together. These probabilities represents the proportion of the material that exhibit a given value in the
image. The entropy is a function of the probability distribution and can be seen as the randomness of a
random variable [9]. The entropy:
(3.1)
is often expressed in bits and the base of the logarithm is thereby 2. p(x) is the probability for each value
that the variable, in this case voxel, can take.
While studying the probabilities of the voxel values in an image one discovers that there often is a
wide spectrum of probabilities where some are more common than others [10]. This means that there is a
specific amount of uncertainty in the estimation of a voxel value, see figure 3.1. The uncertainty varies
between two extremes:
All voxels in the image contains the same value. The uncertainty in the guess of which value a
specific voxel has is thereby zero.
If the voxels contain many different values which all have the same probability, the uncertainty of
the guess reaches a maximum.

Figure 3.1. The entropy decreases when the probability is low or high. By a good starting approximation,
i.e. making sure that there is an overlap of the objects to be registered and then minimizing the joint
entropy, a greater overlap can be accomplished.
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Figure 3.2. The figure shows simplified images with their voxel values. The image to the left only contains
two different values and the probability of the values is different. It is therefore much easier to make a
qualified guess what value a certain voxel has in that image, than in the image to the right where all voxels
contain different values with the same probability.

Consider the left object in figure 3.2. If one would take a guess what a value a specific voxel has, only
knowing the probability of each value, one have a pretty good chance of correctly estimate it. The chance
of correctly estimate the value of a specific voxel in the object to the left is on the other hand much
harder. The entropy can therefore be seen as a measure of the amount of information required, or
questions asked, on the average to describe a random variable. Applying equation 3.1 on the left object in
figure number 3.2 one find that the probabilities for each value (1 and 2 respectively) are: and . The
entropy of the voxels in the image is:

The probabilities for each value (1 to 9) in the object to the right in figure 3.2 are all and the entropy is:

The entropy can be seen as amount of information content in an image and, as seen in the example
above, an image with similar amount of possible values therefore contains more information than an
image where most voxels have the same value.
By combining the joint probability distributions for all the pixels in one image, the so called
marginal entropy, with the ones from another, that views the same objects, the Joint Entropy is formed. It
is defined as:
,
(3.2)
were x and y are two random variables and p(x,y) is the probability of the two variables occurring together.
The dependency between the joint entropy and the probability of values occurring together can be
described in the same way as the entropy and the probabilities in one image. The plot in figure 3.1 is hence
valid there as well. This means that the joint entropy will decrease when the probability of two values
occurs often or seldom together. By choosing a good starting approximation, i.e. making sure that there is
an overlap of the objects to be registered, the minimization of joint entropy will force the images into
alignment.
3.1.2

Normalized Mutual Information

The use of only joint entropy as a measure of alignment causes problem while comparing two registrations
to each other. The combined picture will have a content of information that is a function of the two
images structure in their region of overlap because of the limited Field of View, FoV [10]. The
minimization of joint entropy will therefore find the registration that delineates the least structure in the
images instead of most corresponding structure.

This problem has been solved by simply relating the changes in the joint entropy ( h(u(x), v(T(x))) )
back to the marginal entropies of the images( h(u(x)) and h(v(T(x))) ). This is called relative entropy or more
commonly Mutual Information, MI, and derives the probability from the overlapping regions [11]. It is a
measure of the reduction of the uncertainty of one variable given the knowledge of the other one. The
definition of Mutual information is:
(3.3)
where u(x) is a given voxel in the reference image with the coordinates x. v(x) is a voxel in the source
image and T is the transformation of the coordinate frame of the source image to relate to the reference
image. I is the mutual information in the registration and h is the entropy of the voxels.

Figure 3.3. Venn diagrams explaining the difference and relation between the different concepts.
Overlapping areas represents information that is shared in the images. As the shared information in the
images increases the circles are moving closer to each other and their intersection increases.

In Figure 3.3, the two circles represent the marginal entropies and the intersection between them
their mutual information. The circles are close to each other when the random variables are closely related.
This means that the measure of the intersection is larger, and the mutual information is higher. The two
circles spread apart when the two random variables are less related. The measure of the intersection then
decreases, and so does the mutual information.
This technique makes it possible to relate the size of the regions overlapping to their total size.
Because of different overlaps, chances are that correctly registered images with small overlap might have
less mutual information than a set of incorrectly registered images with great overlap. This can be seen in
figure 3.4. Normalized Mutual Information, NMI, is the ratio between the marginal entropies and the
joint entropy and enables one to relate the amount of information provided by the individual images to
the mutual information:
,

were the marginal entropies and the joint entropy is denoted in the same way as in equation 3.3.

(3.4)

Entropies and mutual
information

Solutions

Figure 3.4. Venn diagrams over the Mutual Information while registering images to each other. In the
figure the Mutual Information is shown as the grey area in the Venn diagrams while the entropy is the area
inside the circles. The algorithm behind Mutual information would prefer the solution to the left since it
contains a bigger portion of mutual information, even though the proportion of the information shared
compared to the total overlap in the solution to the right is greater. Normalized mutual information on the
other hand takes the size of the overlap into account as well as the mutual information in the registration.

The NMI creates a two dimensional plot, a joint histogram, over the combinations of its intensity
values (grey values) for all corresponding points in each of the images. The joint histograms define regions
in the images as a cluster of dots. As the images aligns the joint histogram changes with it. If the images
are incorrectly registered the joint histogram will be blurred, while a certain pattern will be shown as a
consequence of the fact that corresponding tissues overlap if the images are correctly aligned.
3.2

Cross-Correlation Coefficient

When aligning two intra-modality images (for example taken with the same MR sequence), the voxel
intensities have a strong linear connection. A simple way to register these images is to find this linear fit
which will function as a transformation between correlating voxel values. This is known as Cross
Correlation and is a more robust registration method than Mutual information [10]. The Cross Correlation
is denoted as the sum of the product of all value pairs in the images.
Mutual Information and Cross Correlation share one limitation, namely that they are not
independent of the number of points from which it is evaluated. This means that Cross correlation will
favor registrations that have a greater overlap since it contains more information. One way to adjust for
this is to normalize the images before registration. This is done by dividing the signal values with the
number of value pairs. Even when normalized, the Cross Correlation still is not the best registration
method since it still is not independent of the signal level in the region of overlap.
The Cross-Correlation Coefficient, CC, on the other hand calculates a measure of the residual errors
from the mean values. The registration is done by minimization of least squares to the line which is fitted
to the data, and can be seen as independent of the size of the overlap. Inter-modality images do not
generally have a linear connection and Cross-Correlation Coefficient is thus not the best registration
method to use.
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Figure 3.5. The tables represent an image where each square can be seen as a voxel and the number
represents its intensity. The numbers in the table to the right is double the value of the signal value in the
table to the left, there is a linear relation between the images and the cross-correlation algorithm is suited
to use in the registration process.

4 Material and method
As previously mentioned, the prostate itself does not contain a large amount of image information,
especially in CT images. A full sized registration over the pelvic area is therefore often base mainly on the
muscular tissue surrounding the prostate and the pubic bones. Because of this, a correct registration over
full sized images might not result in an accurate registration of the prostate. Is it possible to receive a more
accurate result by decreasing the volume that is utilized during registration? This master thesis investigates
the possibility to restrict the part of the image used for registration to a small volume around the prostate
with goal to receive a better registration of the prostate than if full sized images were used. Both inter- and
intra-modality registrations were included in the study. The evaluation of the registrations was based on
two parameters, the distance between the center of mass of the prostate in the registered images and their
percentage volume overlap.
Patient data
The basis of this thesis consists of MR and CT images taken for ten patients with diagnosed prostate
cancer which has undergone radio therapy at NUS. Four MR sequences (T2 weighted 3D SPACE
sequence, with voxel size 1.1719*1.1719*1.70000 mm3) and one CT series (voxel size
0.9336*0.9336*2.5000 mm3) over the pelvic area has been taken for each patient. The images were placed
with the prostate in isocentre/focus. The MR images were numbered in chronological order, starting with
the oldest. The oldest image is therefore called MR1. MR1 and the CT image were taken at the first
treatment session and the other ones with a couple of days apart. MR1 was chosen to be the source image
and was registered against the others that became the reference images. The registration scheme is shown
in figure 4.1. Because of technical problems, five of the patients had to be excluded from the study. The
age for the five patients ranged from 54 to 63 years with a median of 57 years.

Determination of the PTV and margins

To avoid unnecessary delineation errors, an experienced radiologist at NUS determined and delineated the
prostate (but not the seminal vesicles) in all image series in a treatment planning program named Oncentra
MasterPlan. The error in the delineation is hence considered to have less significance in this context. The
delineation was done in each slice and put together to a volume by interpolation by the MatLab program.
The delineated prostate represents the smallest ROI in the investigation. Margins of 1, 2 and 3 cm were
then added to the prostate on the MR images with the help of a command in MasterPlan. These
represents the other ROI:s together with the full size image series. A schematic image over the registration
procedure and the sub-volumes can be seen in figure 4.1.
Since the prostate does not change its volume over a couple of days, the volume should in theory be
the same in all images. In practice, this is not the case when it comes to comparing the MR image prostate
volume to the one imaged with the CT scanner. As mentioned before, the prostate in the CT images has a
much larger volume than in the MR images and no extra information is therefore gained by a comparison
of the volume between the images taken with different imaging techniques. No extra margin is therefore
added to the prostate in the CT images.

Figure 4.1. A schematic illustration over how the registration scheme. The registrations were performed in
the same manner for all patients and images.

Registration tools
Optimization of the parameters

Our knowledge of the interior regions of the patient is limited by the spatial resolution of the images. The
images consist of several measurements at discrete locations. Each measurement in the image is derived
from a combination of the properties of the material in a specific area, see figure 4.2. Images taken with
different modalities seldom have the same spatial resolution. This might cause a problem while registering
images to each other since a much more complex structure might appear in the image with the higher
resolution than in the image with lower resolution. As a consequence an object that is delineated in the
high resolution image might not be delineated in the image with low resolution. The single dip in the joint
probability distribution, that is formed while registering two images with high resolution to each other,
might disperse into several local minimum. The solution to the problem is to resample the images so that
they contain voxels with the same size.

Figure 4.2. The impulse response is greater than the sampling resolution. The voxels therefore contain a
combination of the properties of the materials in that region. This limits the resolution in the image.

For each transformation estimate an estimation of measurement at corresponding points is done
during registration of the images. It is however not certain, or even probable, that the corresponding point
of a measurement value in one image falls onto a sampling point in the other. This can be solved by linear
interpolation. The evaluation of corresponding points is however still the most computer resource
demanding step in the registration. The number of operations therefore needs to be kept at a minimum so
that a normal workstation can be able to manage it. Once able to evaluate which value that correlates to
another, a joint probability distribution has to be estimated. As mentioned before the JPD is a measure of
how often a pair of values occurs together. By plotting these JPD, a joint histogram over the probability is
created.
Because of the noise in the images, two neighboring voxels that contain information about the same
material might not have exactly the same value. By dividing the values into categories with a certain range,
bins, the number of possible values is narrowed down radically, see figure 4.3. CT images are already well
defined, with a corresponding value for each tissue, see Appendix A.1.1. The possible values of a specific
tissue imaged with an MR scanner can on the other hand vary enormously because of the variation of
parameters (e.g. duration and time of pulse), see Appendix A.1.2 for more information about MR. The
number of bins does however not need to be greater than that they delineate the regions that occur in
both images. Limiting the number of bins and resampling of the images before the aligning will contribute
to keep the computational cost at a reasonable level.

Figure 4.3. There is no need to evaluate every voxel value in an image. The values are therefore divided into
different binning ranges. In this thesis each bin interval contains an equal amount of measurement values.

A reasonable starting estimate is crucial for the outcome of the registration. A finite region of overlap
is required to be able to derive the similarity between the images. A small misregistration is often easy to
distinguish but if the volume of overlap has decreased dramatically, there is a risk that the dissimilarity in
that overlap is smaller than in the case of true registration. By setting up a reasonable starting estimate,
one can assume that the true optimum lies within the capture range. Another assumption that can be
made is that the joint probability of the true registration has a lower value than the starting estimation has.
The joint histogram contains a lot of local, false, optima and too small steps in the aligning process
increases the risk of getting trapped in one. With too large steps the registration might step out of the
capture range.
The MatLab program

Assuming that the object of interest, the prostate, is approximately centered the image; the starting
estimation of the registration was put to the middle of the bounding box without rotation of the images.
The MatLab program utilized in this thesis uses a multi-resolution technique to register images. It
resamples and registers the images three times. First a low resolution version of the images is registered to
each other, and then the images are registered again with a bit higher resolution. Ideally the images then
finally would be registered to each other with full resolution, but unfortunately this was not possible

because of the limited memory in MatLab. The highest resolution where instead put to two times the full
resolution. The registration resolution scale chosen was 8, 4 and 2 times the full resolution voxel size. The
voxel size of the images was 2.3438*2.3438*2.3438 mm3 at the highest resolution.
One of the advantages with multi-resolution registration is the decreased risk of getting trapped in
local optima. The low resolution disperses the finer structure in the image and small dips in the joint
histogram merges to one larger, as can be seen in figure 4.4. When the registration starts over again it
begins in the final position of the last registration and takes shorter steps. The initial step length used was
9 mm and decreased by a factor of 2 after 100 iterations. To avoid getting trapped in a local minima the
step length is randomly enhanced by a factor 6 in one third of the steps but returns to its former step
length if no deeper minima is found. When the steps had decrease to a length of 1*10-5 mm, the
registration is considered to have reached its goal.

Figure 4.4. The left figure over the joint probability distribution shows a lot of local minima. Too large
steps increases the risk of stepping out of the capture rang while the risk of being trapped in a local optima
increases with too short steps. The figure to the right shows the joint probability distribution over the same
images but with a lower resolution. Some of the local optima seen as dips in the left figure here disperse
into a larger one. The utilization of multi-resolution technique therefore enhances the accuracy in the
registration.

The foremost advantage is however the huge amount of computer resource saved. If the resolution is
decreased by a factor 2 in all directions (3D) then the measurement points evaluated decreases by a factor
8. As mentioned above, it is important to select a reasonable number of allowed bins. Investigations of
how the number of bins affects the registration showed that more than 24 bins did not benefit the result.
The number of bins were therefore put to 24 which was enough in both inter- and intra modality
registration.
Another important step in the construction of the registration metric is to decide when the aligning
of the images is completed. In the program that is used in this thesis, the registration duration is limited by
a minimum step length, a minimum value of the registration function and a maximum number of
iterations allowed. The lowest value that the registration function could reach was set to 10-7 and 1500
iterations were allowed for each image resolution. The variation in rotation was put to be one hundredth
of the variation of the translation. This was accomplished by the construction of a randomized rotation
and translation vector. The translation elements in the vector were then divided by 100.
By changing one variable at the time and evaluation the result, the program was optimized. The
evaluation consisted of visual inspection of the joint histograms that were plotted during registration and
by comparing the results regarding distance between the prostates center of mass.

Evaluation technique
To optimize the registration program, visual inspection of a 2D histogram over the joint probability
distribution was performed. While approaching the true optima the measurements in the histogram will
converge. In the optimization process a histogram which content fast decreased to a low and stabile level
were favored before one which had a content that did not. The optimization parameters that controlled
the duration of the registration, such as maximum number of iterations and shortest acceptable step
length, were set so that a stabile level could be reached without that the computational expense got too
immense. As can be seen in figure 5.1, the NMI histograms illustrating registration between inter-modality
images shows a diffuse and slow decrease, even when two full sized images are correctly registered to each
other. The histogram representing the registration between two MR images, figure 5.3, has a much steeper
slope and reaches a stabile value.
The aim of this thesis is to investigate if it is possible that, with the usage of sub-volume registration,
achieve a more exact aligning of the prostate. To ensure that the registration is as accurate as possible it is
of great importance that the uncertainties in the registration are well known and that the registration is
reproducible. To evaluate the uncertainties in the registration utilized in this thesis, two methods were
used.
First the difference between the non-overlapping volume and the overlapping volume of the prostate
is calculated by:
,

(4.1)

were
is the percentage volume overlap, PVO, between the volume of the first prostate, and the
second, . This percentage parameter has its highest value when the uncertainty in the registration
reaches its minimum. The volume of the prostate was, as mentioned above, defined by an experienced
physician at NUS and can be considered as well known.
The MatLab program also calculates the deviation of the centre of mass in the two images of the
prostate. The density of the prostate is assumed to be constant over the whole gland. The calculation of
the center of mass hence comes down to a calculation of the center of the volume. The difference in
center of mass, CoM, was presented as a distance without taking the direction of the deviation into
account. By comparing the affine transformation to the deviation in CoM, an alignment uncertainty
measure in the registered images is found.

Figure 4.5. The image pairs and sub-volumes was registered against each other three times and the median
distance between CoM for each image pair and sub-volume were calculated. The medians for each image
pair were compared and the preferred sub-volume size was noticed. The same procedure was done for the
percentage volume overlap.

The location of the prostate, compared to the surrounding organs, changes with the filling in the
rectum and the bladder but it also depends on the positioning of the patient. The location of the prostate
is therefore seldom the same in images taken at different occasions. The internal anatomy of one patient
does not necessarily agree with the one of another. It is hence not scientifically correct to compare the
distance between CoM and PVO, or calculate their mean differences, for different image pairs and/or
patients. Instead, the median CoM and PVO of each sub-volume and image pair were evaluated. The subvolume that gave the most accurate registration of the prostate was selected for each image pair, see figure
4.5. For each sub-volume and image pair, a standard deviation of the three registration results (CoM and
PVO) was considered. A mean of the standard deviations for each sub-volume size was calculated, see
figure 4.6.

Figure 4.6. Each image pair and sub-volume was registered against each other three times and the
standard deviations for the distance between CoM were calculated for each sub-volume and image pair. A
mean of these standard deviations were then calculated and compared to the mean of the other subvolumes. The same procedure was done for the percentage volume overlap.

5 Result
Because of technical problems the result covers registrations for five patients only. Each image pair and
sub-volume was registered three times and the result is presented as the median and its standard deviation
if not mentioned differently. The different sub-volumes were evaluated separately and then compared to
the others that belonged to the same image pair, see figure 4.5 and figure 4.6. The registration results for
all the patients are shown in Appendix B.
Inter-modality registration
As mentioned above the CT image does not contain as much image information as the MR image. The
resulting NMI value of the registration is therefore not as low as for intra-modality registration. A MI
histogram for a MR-CT registration can be seen in figure 5.1.
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Figure 5.1. A typical NMI histogram received from registration between a MR and a CT image. The
histogram shows the NMI values at registration of full size images.

Center of mass

A typical plot over the median registration results is shown in figure 5.2 below. The CT image is registered
to the MR image that was taken at the same examination occasion. All distances are shown as the median
of the three registrations performed for each sub-volume.

Figure 5.2. Registration between a MR and a CT image. The plot shows the results of the different subvolume registrations for patient number 4. The maximum respectively minimum distances between the
center of mass of the registrations is shown as error bars in the plot.

Since the registrations were performed on image pair taken from different patients, with different internal
anatomy, it is not scientifically correct to calculate a mean difference for the different sub-volumes.
Instead, the median of each sub-volume and image pair were evaluated and the preferred volume for each
image pair was noticed, see figure 4.5. A compilation of the distribution of the preferred registration
volumes is shown in table 5.1.

Table 5.1. Registration between a MR and a CT image. The table presents which sub-volume that is
preferred based on the median distance between center of mass of the prostates.
Size of the registration volume Number of first choice

Percentage first choice / %

Prostate

-

0

Prostate + 1

-

0

Prostate + 2

1

20

Prostate + 3

3

60

Full size

1

20

The standard deviation of each registration group and size of sub-volume was calculated for the intermodality registrations. The mean of these standard deviations were calculated and can be seen in table 5.2.

Table 5.2. Registration of a MR to a CT image. For each patient, image pair and sub-volume size a
standard deviation of the center of mass has been calculated. A mean value for each distance in center of
mass has then been calculated from these standard deviations.
Size of the registration volume

Mean of standard deviation of the CoM
displacement / mm

Prostate

6.0184

Prostate + 1

3.9760

Prostate + 2

6.6674

Prostate + 3

10.8166

Full size

5.5428

Intra-modality registration
The MR images contribute with a lot of image information to the registration process. A typical NMI
histogram taken during registration of two full sized images is shown in figure 5.3. Figure 5.4 compares
the visual result of misregistration as well as a more accurate registration result.
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Figure 5.3. Two full sized MR images over the same patient as in Figure 5.1 were registered with the same
settings. Notice the much steeper slope in the NMI histogram and the fact that most iterations result in
values that forms the lower line in the plot.

Figure 5.4. On top: misregistration between two MR images. In the bottom: a more accurate aligning of
the same MR images.
Center of mass

A plot over the median registration results for the patient that could gain the most on sub-volume
registration is shown in figure 5.2 below. The MR images are taken with a couple of days apart and an
obvious displacement of the prostate compared to the first scan is seen. The distances are shown as the
median of the three registrations performed for each sub-volume.

Figure 5.5. Registration between two MR images. The plot shows the results of the different sub-volume
registrations for patient 1, who gained the most of the technique. The error bars show the maximum
respectively minimum distances between the center of mass of the registrations.

As mentioned earlier, the location of the prostate changes relative to surrounding organs due to the
content in the bladder and rectum. A plot over all registrations and sub-volumes as a function of the
difference in the CoM would therefore give a diffuse result. Instead plots over the registration result for
the different sub-volumes were done for each image pair. The result was then evaluated for each image
pair and the sub-volume that gave the most accurate registration of the prostate was noted. A summation
of the preferred sub-volumes is shown in table 5.3.

Table 5.3. Registration between two MR images. The table presents which sub-volume that is preferred
based on the median distance between center of mass of the prostates.
Size of the registration volume Number of first choice

Percentage first choice / %

Prostate

3

20

Prostate + 1

1

7

Prostate + 2

5

33

Prostate + 3

5

33

Full size

1

7

In general the precision of the registrations improved as the sub-volume increased, this can be seen in
table 5.4. Because of one extreme misregistration one of the three registration results is excluded from the
calculation of the mean of the standard deviations and is marked with an asterisk.
Table 5.4. Registration between two MR images. For each patient, image pair and sub-volume size a
standard deviation of the center of mass has been calculated. A mean value for each distance in center of
mass has then been calculated from these standard deviations. One measurement has been excluded in the
calculation of the mean for the two cm margin case because of obvious misregistration. It is therefore
marked with an asterisk and the result before the exclusion is put in parenthesis behind the new result.
Size of the registration volume
Prostate
Prostate + 1
Prostate + 2
Prostate + 3
Full size

Mean of standard deviation of the
center of mass displacement / mm
0.4069
0.2451
*0.1579 (0.4071)
0.1993
0.0619

Volume overlap

The percentage volume overlap of the two images of the prostate was evaluated in the same way as the
distance between CoM. The median were calculated and the best fit of the two images were selected. The
result of the registrations regarding the PVO is shown in table 5.5.
Table 5.5. Registration between two MR images. The table presents which sub-volume that is preferred
based on the median volume overlap of the prostates.
Size of the registration volume Number of first choice

Percentage first choice

Prostate

-

0%

Prostate + 1

1

7%

Prostate + 2

5

33 %

Prostate + 3

9

60 %

Full size

-

0%

Table 5.6 shows the mean of the standard deviations of the PVO.
Table 5.6. Registration between two MR images. For each patient, image pair and sub-volume size a
standard deviation of the percentage volume overlap has been calculated. A mean value for each overlap
has then been calculated from these standard deviations. One measurement has been excluded in the
calculation of the mean for the two cm margin case because of obvious misregistration. It is therefore
marked with an asterisk and the result before the exclusion is put in parenthesis behind the new result.
Size of the registration volume
Prostate
Prostate + 1
Prostate + 2
Prostate + 3
Full size

Mean of the standard deviations of
the percentage volume overlap / %
0.7912
0.4493
*0.1617 (0.5532)
0.1656
0.1982

Discussion
The results show that it is possible to enhance the accuracy of the registration of the prostate using subvolumes. The method is most beneficial while registering two MR images of a prostate that has moved
considerably between scans. The case when a noticeable change in the position of the prostate, compared
to the surrounding organs is also the one that is in most need to be improved. The span of the distance
between center of mass of the two imaged prostates was 0.592-8.141 mm for the full sized image
registrations while it was 0.703-4.615 mm for the 2 cm margin registrations. The results show a decrease in
the maximum distance between center of mass measured by about 3.5 mm while the shortest distance
between center of mass for each group is almost constant. It indicates a possibility to improve the
registration of the prostate and narrow the delineation of it. This means that there is a possibility to
improve the treatment of prostate cancer since the amount of irradiated healthy tissue around the prostate
is decreased. It also enhances the possibility to follow up the progression of a disease.
The precision of the NMI algorithm is dependent on the image resolution and it is natural to assume
that the uncertainties would be of less significance if the registration could have been performed at
maximum resolution. The voxel size in the registrations performed in this thesis was
2.3438*2.3438*2.3438 mm3. It is noticeable that 49.4 % of the sub-volume MR-MR registrations received
a distance between center of mass less than the length of 1 voxel. 96.7 % of the sub-volume intra-modality
registrations had a distance between center of mass that lie within 2 voxel lengths. All means of the
standard deviations for the different sub-volumes lie well within the range of one voxel size even if the
one with an obvious misregistration is included. A decreased voxel size might therefore improve the
registration results further.
The results are not that impressive when it comes to the inter-modality registrations. For three out of
five patients, a decreased distance between center of mass was seen but the standard deviations were often
a lot larger than the resulting median of the distance between center of mass of the registrations. The
standard deviation for the 3 cm margin was twice as large as the one for full sized image MR-CT
registrations. The 3 cm margin sub-volume registration would be preferred based solemnly on median
values of distance between the center of mass, but the enormous standard deviation makes the technique
improper and inaccurate. Since the delineated volume of the prostate in a CT image has been found to be
about 34 % larger than in a MR image, the outcome of radiotherapy would be improved by an accurate
sub-volume registration. Evaluation of the registrations performed in this thesis project unfortunately
point to a lack in both precision and accuracy. Further investigations need to be done but it is doubtful if
the uncertainties in inter-modality combined with sub-volume registration could be decreased in a way
that makes it possible to take it into clinical use.
The patients that will benefit the most by the use of sub-volume based registration are the ones that
have had an immense displacement of the prostate between scans. All of the MR-MR image pairs that had
a distance between center of mass larger than 3 mm at full sized image registration received a decreased
distance between center of mass when registered with the 2 cm margin sub-volume. Patient number 2,
who gained the most on the sub-volume technique, decreased the distance between the center of mass in
two of his MR image pairs with 6 and 7 mm while using no margin to the prostate compared to full size
image registration. In the third MR image pair the movement of the prostate between scans was less than
a voxel length and the result could thereby not be improved much further. The patient then only gained
0.17 mm when registering with the 2 cm margin compared to the full size result.
The measure of percentage volume overlap of the prostates is not as accurate and unambiguous as
the distance between center of mass. This is because it is much more dependent of the accuracy of the
delineation of the prostates. A small delineation error only causes a small error in the center of mass while
it changes the volume of the imaged prostate. The percentage volume overlap assumes that the volume of
the prostates is as equal as possible. If this is not the case, the measure is inaccurate and not realistic.
Because of the difference in delineation volume between MR and CT, the percentage volume overlap was

not calculated for inter-modality registrations. The results show that a 3 cm margin to the delineated
prostate is the preferable choice. The 2 cm margin group comes in second place. The reason why the
distance between center of mass and the percentage volume overlap result in different findings probably
lies in the equal-volume-dependency of the volume overlap.
Misregistration during the aligning of two images, inter- as well as intra-modality, can not be seen as
totally random. Visual inspection showed that most misregistration were in the superior-inferior direction.
This resulted in a transformation that placed the source prostate where the bladder is located in the
reference image. This was not unexpected since the bladder, as well as the prostate, contains little image
information. With no margin surrounding the prostate the image information in the source image could
easily correspond to that in the bladder.
In this thesis an assumption that the delineation of the prostates were correctly performed, and that it
therefore not contribute to the registration errors, was done. The delineation is performed by the
physicians in the daily work at a hospital and a small delineation error must be accounted for. If the
delineation of the prostates included in this thesis contained a small delineation error it would be without
significance for the outcome of the investigation.
The difference in CoM was presented as a distance without taking the direction of the deviation into
account. This could have resulted in a smaller standard deviation of the CoM since two registrations that
both resulted in a distance between CoM of 1 mm actually could lie 2 mm apart in reality. A further
investigation of the displacement of the prostate that takes this into account is hence needed.
Since the number of patients was few, and became even fewer, in this study, the result should only be
considered as an indication. The number of registrations per image pair and sub-volume should also be
extended in order to be statistically correct. The reason why only three registrations were performed for
each sub-volume was because it would have been too time consuming for a project of this size to include
more registrations. Each registration took between two and four hours on a standard computer. The
program code is therefore in need to be further optimized before it is ready to be applied clinically. There
already exists several software containing NMI algorithms but the possibility of sub-volume registration is
limited. To be able to integrate a sub-volume registration application into these programs it is also
important that the number of image information points in the sub-volume is enough. The registration
program should therefore choose the number of sampling point according to the sub-volume. If it does
not there is a significant risk that too few sampling points are located in the sub-volume and the
registration fails because of lack of information.
If the technique should be applied clinically in radiation therapeutic context, another problem is
needed to be addressed is the fact that the MRI camera cannot be placed in the treatment room because
of the strong, stationary magnetic field. The patient therefore has to undergo the MR imaging process in a
nearby room and then be moved to the treatment room. This means that even if new images are taken
just before each treatment, the probability is high that the prostate and/or patient have moved before the
treatment has even begun.

Conclusion
Based on the results I have found that it would be possible to enhance the aligning of the prostate with
the use of sub-volume intra-modality registration. The improvement of the aligning is most legible while
registering two MR series where the prostate is located differently in the images. This is also the case when
an improvement in the registration technique is most needed. I have found that the distance between the
center of mass of the registered prostates can be decreased, especially if the movement between the scans
were above 4 mm.
Unfortunately the result of sub-volume based registration is not as optimistic for inter-modality
registration. Even though the 3 cm margin sub-volume resulted in the shortest median distance between
center of mass, the standard deviation was so tlarge that I would not recommend it to be utilized clinically.
Since only five inter-modality image pairs was registered for each sub-volume this can only be seen as an
indication. Perhaps a 3 cm margin to the delineated prostate can enhance the registration accuracy but this
has not been seen in this study.
The program code needs to be optimized further so that registrations can be performed in full
resolution. Another alternative is to apply the ability to use sub-volumes in an already existing registration
program that withholds the metric MI. It would also be appropriate to supplementary analyze the
directions of the displacement of the prostate. The number of patients was few and an additional analysis
of the usage of sub-volume based registration is therefore required. I would also suggest that if possible
more registrations were performed for each image pair and sub-volume.
In conclusion, I would suggest a sub-volume based registration in intra-modality registration with a 2
cm margin to the delineated prostate and a continuation of registration based on full sized images when it
comes to inter-modality cases.
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A. Appendix
A.1.
A.1.1.

Imaging techniques
Computed Tomography - CT

Radiation therapy is today based primarily on computer tomographic, CT, images. The computer
tomograph, or CT scanner, uses ionizing radiation to form images. The radiation used has an energy that
lies within the X-ray part of the photon energy spectrum.
The scanner consists of an x-ray tube that rotates around the patient and detectors that rotate in a
way that they always are on the opposite side of the patient. The output signals from the detectors are
sampled during a rotation and by application of a mathematical method called filtered back projection to
the signal data; a thin three-dimensional image of the patient is created. During each rotation, one or more
image slices can be obtained.
The voxel values in CT images, given in Hounsfield units, HU, are dependent on the amount of
radiation that has been attenuated in each specific voxel. A CT image series is therefore a three
dimensional attenuation map of the patient. The attenuation is strongly connected to the density in the
different parts of the body. High density tissue, e.g. the skeleton, turn up as bright voxels on the CT
images while low density areas, such as the lungs, are imaged as dark. High numbers of Hounsfield units
corresponds to high attenuation and therefore bright voxels.
One main reason that radiation therapy is commonly based on CT images is because of the fact that
they reflect how ionizing radiation interacts with the imaged material. This makes it possible to correct for
tissue heterogeneities and the precision of the dosimetry is improved. The density of all soft tissue is
similar which makes the soft tissue contrast poor in the CT images. This is a major drawback since tumors
generally consists of soft tissue and the lack of contrast forces the physician to add a larger margin in the
delineation of the tumor and thereby increasing the dose to the patient. The use of contrast fluids enables
a somewhat clearer view of the soft tissue but a CT image will never be able to get as good soft tissue
contrast as an MR image.

Figure A.1 shows a CT image over the pelvic area with the prostate in the centre. Note the high signal
difference between the bones and the surrounding tissue as well as the poor soft tissue contrast compared
to the MR image in Figure A.2.

A.1.2.

Magnetic Resonance Imaging – MRI

Magnetic Resonance imaging, MRI, is a method that uses the magnetic property of some nuclei, usually
1H, to image the internal organs of the patient. The human body consists of about two thirds water. Water
molecules contain two hydrogen atoms and these will respond to a change in the magnetic field.
The patient is placed in the middle of the MRI scanner where a strong, static magnetic field is
present. The magnetic moment of the hydrogen nuclei will align with the direction of the magnetic field
inside the scanner. By applying a radio frequency to the patient, the hydrogen nuclei are forced to alter
their alignment relative to the new field. A gradient magnetic field is applied during the scan so that the
position of each proton can be determined. After the radio frequency field is turned off the protons
return to their alignment with the static magnetic field, and the tissue will induce an electrical signal. The
signal is picked up by the receiver coil and sent to a computer to be analyzed. The computer inversely
Fourier transforms the signal data into an image slice of the patient. A three-dimensional model of the
patient is formed by the joint of several slices.
The human organs consist of different amount of water and fat, which also contains hydrogen. The
hydrogen is bound in different ways in water and fat and the signals will therefore not be the same for the
two molecules. Different signals produce different grey scale values. By varying parameter such as the
duration and time of the application of the radiofrequency pulse, the contrast in the images can be altered.
MRI does not use any ionizing radiation and is considered as a safer procedure than a CT exam. The
soft tissue contrast is excellent but the images do not give any information about the density of the organs
and therefore no information about how the radiation will interact in the body. This is a problem which
has to be solved before only MR images can become a standard in radiation treatment planning.
Another problem that complicates the use of MR images in treatment planning is that the images
have different distortions due to susceptibility differences, inhomogeneities in the magnetic field, and
different chemical composition. Because of these distortions, the images are not always geometrically
correct. Software can often be used to correct for the distortions caused by the MRI system but not for
the ones caused by the patient.

Figure A.2. A MR image taken over the same area as the CT image in Figure A.1. The MR image has a
high soft tissue contrast.

B. Registration results
B.1.

Patient one

B.1.1.

CT-MR registration

B.1.1.1.Distance between center of mass

Figure B.1. The results of the different sub-volume registrations. The maximum respectively minimum
distances between the center of mass of the registrations is shown as error bars in the plot.
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Figure B.2. The results of the different sub-volume registrations. The maximum respectively minimum distances between
the center of mass of the registrations is shown as error bars in the plot.
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Figure B.3. The results of the different sub-volume registrations. The maximum respectively minimum distances between
the center of mass of the registrations is shown as error bars in the plot.
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Figure B.4. The results of the different sub-volume registrations. The maximum respectively minimum distances between
the center of mass of the registrations is shown as error bars in the plot.

B.1.2.2.

Percentage volume overlap

Percentage volume overlap / %

Patient 1 MR1 / MR2
100
Prostate

95

Prostate + 1
90

Prostate + 2
Prostate + 3

85

Full size

80
0

1

2

3

4

5

Added margin to the delineated prostate / cm
Figure B.5. The results of the different sub-volume registrations. The maximum respectively minimum percentage volume
overlap of the registrations is shown as error bars in the plot.
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Figure B.6. The results of the different sub-volume registrations. The maximum respectively minimum percentage volume
overlap of the registrations is shown as error bars in the plot.
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Figure B.7. The results of the different sub-volume registrations. The maximum respectively minimum percentage volume
overlap of the registrations is shown as error bars in the plot.
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Figure B.8. The results of the different sub-volume registrations. The maximum respectively minimum distances between
the center of mass of the registrations is shown as error bars in the plot.
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Figure B.9. The results of the different sub-volume registrations. The maximum respectively minimum distances between
the center of mass of the registrations is shown as error bars in the plot.
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Figure B.10. The results of the different sub-volume registrations. The maximum respectively minimum distances between
the center of mass of the registrations is shown as error bars in the plot.
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Figure B.11. The results of the different sub-volume registrations. The maximum respectively minimum distances between
the center of mass of the registrations is shown as error bars in the plot.
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Figure B.12. The results of the different sub-volume registrations. The maximum respectively minimum percentage volume
overlap of the registrations is shown as error bars in the plot.
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Figure B.13. The results of the different sub-volume registrations. The maximum respectively minimum percentage volume
overlap of the registrations is shown as error bars in the plot.
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Figure B.14. The results of the different sub-volume registrations. The maximum respectively minimum percentage volume
overlap of the registrations is shown as error bars in the plot.
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Figure B.15. The results of the different sub-volume registrations. The maximum respectively minimum distances between
the center of mass of the registrations is shown as error bars in the plot.
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Figure B.16. The results of the different sub-volume registrations. The maximum respectively minimum distances between
the center of mass of the registrations is shown as error bars in the plot.
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Figure B.17. The results of the different sub-volume registrations. The maximum respectively minimum distances between
the center of mass of the registrations is shown as error bars in the plot.
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Figure B.18. The results of the different sub-volume registrations. The maximum respectively minimum distances between
the center of mass of the registrations is shown as error bars in the plot.
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Figure B.19. The results of the different sub-volume registrations. The maximum respectively minimum percentage volume
overlap of the registrations is shown as error bars in the plot.
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Figure B.20. The results of the different sub-volume registrations. The maximum respectively minimum percentage volume
overlap of the registrations is shown as error bars in the plot.
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Figure B.21. The results of the different sub-volume registrations. The maximum respectively minimum percentage volume
overlap of the registrations is shown as error bars in the plot.

B.4.

Patient four

B.4.1.
B.4.1.1.

CT-MR registration
Distance between center of mass

Distance between center of mass / mm

Patient 4 MR1 / CT
30
25
20

Prostate

15

Prostate + 1

10

Prostate + 2

5

Prostate + 3
Full size

0
0

1

2

3

4

5

Added margin to the delineated prostate / cm
Figure B.22. The results of the different sub-volume registrations. The maximum respectively minimum distances between
the center of mass of the registrations is shown as error bars in the plot.
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Figure B.23. The results of the different sub-volume registrations. The maximum respectively minimum distances between
the center of mass of the registrations is shown as error bars in the plot.
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Figure B.24. The results of the different sub-volume registrations. The maximum respectively minimum distances between
the center of mass of the registrations is shown as error bars in the plot.
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Figure B.25. The results of the different sub-volume registrations. The maximum respectively minimum distances between
the center of mass of the registrations is shown as error bars in the plot.
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Figure B.26. The results of the different sub-volume registrations. The maximum respectively minimum percentage volume
overlap of the registrations is shown as error bars in the plot.
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Figure B.27. The results of the different sub-volume registrations. The maximum respectively minimum percentage volume
overlap of the registrations is shown as error bars in the plot.
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Figure B.28. The results of the different sub-volume registrations. The maximum respectively minimum percentage volume
overlap of the registrations is shown as error bars in the plot.

B.5.

Patient five

B.5.1.
B.5.1.1.

CT-MR registration
Distance between center of mass

Figure B.29. The results of the different sub-volume registrations. The maximum respectively minimum distances between
the center of mass of the registrations is shown as error bars in the plot.
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Figure B.30. The results of the different sub-volume registrations. The maximum respectively minimum distances between
the center of mass of the registrations is shown as error bars in the plot.
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Figure B.31. The results of the different sub-volume registrations. The maximum respectively minimum distances between
the center of mass of the registrations is shown as error bars in the plot.
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Figure B.32. The results of the different sub-volume registrations. The maximum respectively minimum distances between
the center of mass of the registrations is shown as error bars in the plot.
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Figure B.33. The results of the different sub-volume registrations. The maximum respectively minimum percentage volume
overlap of the registrations is shown as error bars in the plot.

Percentage volume overlap / %

Patient 5 MR1 / MR3
100
95

Prostate

90

Prostate + 1

85

Prostate + 2

80

Prostate + 3

75

Full size

70
0

1

2

3

4

5

Added margin to the delineated prostate / cm
Figure B.34. The results of the different sub-volume registrations. The maximum respectively minimum percentage volume
overlap of the registrations is shown as error bars in the plot.
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Figure B.35. The results of the different sub-volume registrations. The maximum respectively minimum percentage volume
overlap of the registrations is shown as error bars in the plot.

