Abstract

In this master thesis a novel image segmentation method is presented. Seg-
mentation is the process of dividing images into interesting regions, or ob-
jects. The prototype based image segmentation method proposed in this
thesis introduces a priori information about the object to be segmented,
from a set of few manually segmented image examples to a general segmen-
tation method, the level set method. The a priori information is extracted
as an intensity function, an initial segmentation, a spatial map, and finally
some optimised parameters for the level set method. The intensity func-
tion is derived from signal intensity statistics of the image examples. The
initial segmentation is an approximation of the shape of the object to be
segmented. The spatial map constrains the segmentation based upon a cor-
rection map and a distance map derived from the image examples. The
prototype is used for image segmentation with a fast level set method with-
out having to adjust any parameters. The only manual interaction needed
is to set anatomical landmarks, typically 3 or 4, in the images. The method
is validated on different image segmentation problems in MR images, the
aorta, left ventricle wall volume, left ventricle blood volume, right ventricle
blood volume and pig lungs. The validation shows promising results and
that a major advantage of the method is the introduction of the spatial map.
The strength of the segmentation method is that only a few image examples
are required to introduce a prior: information that allows to tailor a general
purpose segmentation algorithm for specific applications.
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Chapter 1

Introduction

Medical images, such as magnetic resonance imaging (MRI) and computed
tomography (CT), contain wealth of information, both anatomical and func-
tional, which can be used for a diagnosis, surgery planning and research.
These images can be two-dimensional time resolved images, or three-dimensional
images both time resolved and non-time resolved. A lot of the information in
these images can be assessed by simple visual inspection, but to make quan-
titative measurements objects in the images have to be segmented. Segmen-
tation is the process of separating objects in an image by adding a contour,
or a surface in 3D images, that separates objects as good as possible in some
sense. Quantitative measurements that can be derived are for instance size
of organs, size of a heart infarct, contraction of heart muscle, size of tumours
and also the progression or regression of a tumour or other disease progress.
From the segmentations even the blood flow in for instance the aorta can be
simulated using Computational Fluid Dynamics (CFD) [1].

Image segmentation is a central challenge in medical image analysis, since
there are so many different image types and the solution to the problem dif-
fers with the application. Segmentation can be done manually which is time
consuming, for instance it takes 20 minutes at least to segment the complete
3D left ventricle manually. Manual segmentation also suffers from being sub-
jective with both inter and intra subject variability. Therefore it is advanta-
geous to be able to do automated or at least semi-automated segmentation.
Automatic methods exist only for a few medical image segmentation prob-
lems. One reason for this is that the development of new methods is time
consuming and often challenging.

This master thesis has been written within the Cardiac MR Group at
Lund University. In this group the research is focused on cardiac MR images
and quantitative measurement that can be derived from these images. With
constantly new research projects and a large amount of three-dimensional
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images to be segmented an automatic image segmentation method would be
of great advantage.

General segmentation methods often give poor results since they do not
utilise any a prior: information about the object to be segmented, nor the
imaging modality. Methods which do incorporate a prior: information often
require a relatively large set of manually segmented image examples, usually
over 50 images [2], [3].

It would be desirable to have an accurate automatic segmentation which
can easily handle new applications that is to say, can be built fast and does
not need a large set of manually segmented images to incorporate a priori in-
formation, and this is the rationale for this thesis.

The method developed during this master thesis has also resulted in a
conference paper presented at the Swedish Society for Automated Image
Analysis conference in Lund 2008.



Chapter 2

Problem formulation

The aim of this master thesis is to construct a method to extract a prior: in-
formation for image segmentation from a few example images. The method
shall be general in the sense of being able to extract and use information
from different kind of images. The a priori information should then be used
to semi-automatically perform application tailored image segmentation.






Chapter 3

Background

In this chapter a few common segmentation methods will be presented briefly
and the level set method used in this master thesis will be more thoroughly
reviewed.

Image segmentation is the process of dividing an image into different re-
gions, or objects, based upon some features. These features can for example,
be intensity, colour or location of the pixels.

One of the simplest segmentation methods is to threshold the image at
a certain intensity level. This method can only be used if the objects in the
image has well defined intensities, that is to say one object has intensities
within a defined interval and this interval does not overlap with another
object.

More sophisticated segmentation methods are level set methods, deformable
model methods, statistical methods, like the EM algorithm, and Active
Model methods, like the Active Shape Model and Active Appearance Model.

3.1 Statistical methods

The EM-algorithm is a statistical method [4], where solely the number of
different objects is given beforehand, called clusters. For example two clusters
are used if one kind of object should be segmented from the background. The
segmentation starts by picking two pixels to initialise the clusters, the rest
of the pixels are then divided into the clusters. The dividing into clusters is
done so that the variance of the clusters is minimised. The variance can be
measured for example of the pixel intensity or location.
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3.2 Deformable model methods

Deformable model methods |[5], are based on the idea of an initial segmen-
tation, a curve or a surface, and propagating it in a certain way specific for
the method and the application.

Often this is applied by discretising the curve, which divides the image
into regions, or objects. After the discretisation the curve is parameterised
by points which can be moved. The curve segments between the points are
calculated as linear segments or as splines. The way of moving the curve
can be done in several ways. One such idea is to define an energy which can
depend on the position and shape of the curve and the propagation of the
curve is done in a way that minimises the energy of the curve. This method
is a marker based deformable model often referred to as a snake when applied
in 2D [6]. The method can be extracted to 3D and 3D+T, three-dimensional
time resolved images, but the parameterisation becomes much more difficult
[7]. A disadvantage with the marker based methods is that it can not handle
change of topology in its general form |[8].

3.3 Active Models

Active Models refers to the two methods Active Shape Model [9] and Ac-
tive Appearance Model [2]. Active Shape Models are a deformable model
containing a priori information about the shape of the object and the Ac-
tive Appearance Model is a further development which contains information
about both shape and intensity of the object. The model has been built on
a set of segmented images. To segment a new object the model is deformed
by adjusting parameters in the model to minimise the difference between the
image and the model. The model and parameters are based on a principal
component analysis of the image examples. Both the active shape model and
active appearance model is well functioning but the disadvantage is that a
relatively large set of images, usually over 50 images [2], [3], is needed to
build an accurate model.

3.4 Level set method

The level set method, [10], is another way of propagating an initial curve
or surface. Since the level set method will be used in this thesis it will
be described in a more extensive way than the other methods. The level set
method is a general method which will be made application specific by the use
of a priori information. The fast marching method, which is a special case of

6



the level set method, will be described since the two methods are similar and
the fast marching method will be used when extracting a prior: information.

Level set methods and fast marching methods are numerical methods for
tracking moving boundaries. The method can be used for image segmentation
and the boundaries are the curve which separates the regions, or objects. The
curve moves under the influence of a speed law and the speed law depends
on different factors, which in image segmentation often are features in the
image. Figure 3.1 shows an example of a propagating curve segmenting an
image into different regions, one inside the curve and one outside the curve.
In the level set method and fast marching method the moving boundary is the

Outside

Inside

-

Figure 3.1: A curve moving under influence of a speed law and segmenting an
image into the two regions, inside and outside.

implicit level set surface acquired from the solution to a partial differential
equation. This means that the curve is not discretised in the level set method,
nor in the fast marching method. The partial differential equation to solve
differs between the level set method and the fast marching method and thus
some properties of the methods differ. Common for the two methods is that
the curve, which in image segmentation separates the image into regions, is
allowed to change topology. The curve can for example split or two curves
can merge into one. The fast marching method is a very fast method but it
can only solve problems with a speed law which is positive, that is to say the
curve can only propagate outwards. The level set method can handle a more
complicated speed law, without any restrictions to the sign of the speed law,
but on the other hand this method is not that fast.
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3.4.1 Fast marching formulation

The problem of tracking moving boundaries, under the influence of a speed
law, F, is easier to solve if the propagation of the curve always is in the same
direction. If the speed is strictly positive the problem can be solved with the
fast marching method. Since the speed law, F, is strictly positive the curve
will only propagate outwards and therefore pass through each position, x,
only once. Instead of computing the position of the curve I' in every time
step the arrival time 7" in every position x, in a grid, can be calculated. The
arrival time function T'(x) creates a surface which has the property

I'(t)={x | T(x) =t}. (3.1)

This means that the initial curve I'(0) corresponds to the zero level set of
T(x) and for every time ¢ the curve I'(t) can be extracted from T'(x) as the
t level set. An example on how the function 7" and the level set at different
times can look like is given in Figure 3.2.

The function Tix,y)

The t level set to T(x,y), =0 Thet level set to Tx,y), =15
50 1 50
100 1 100
= 150 1 = 150
200 ; 1 200
280 1 250
50 100 180 200 280 50 100 150 200 250
X X

Figure 3.2: The function T'(x) (left), the level set at time ¢ = 0 (middle) and the
level set at time ¢ = 15 (right).

The arrival time function T'(x) depends on the speed law F. F' is the
speed of the curve propagation in the direction normal to the surface. In the

one-dimensional problem the equation
ar 1
—=—=,T0)=T(0 3.2
is the equation to solve to calculate T. In two, or higher, dimensions the

equation can be written as
IVT|F=1,T{) ={x | T(x) =t} (3.3)
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VT is orthogonal to the level sets of the equation and the magnitude is
inversely proportional to the speed function F. In the fast marching method
the speed law, F'is required to be strictly positive. If the problem is reversed,
that is to say the definition of outside and inside is reversed, the method can
also be applied to curves which are shrinking.

3.4.2 Level set formulation

Since it is desirable to be able to solve problems with a speed law which
is not strictly positive nor strictly negative another method is needed. A
method appropriate for solving this problem is the level set method. When
the speed law is able to change sign the arrival time function will not be a
single valued function and the tracking of the moving boundary can not be
done by calculating the arrival time function. Instead the initial curve I'(0)
is built into a surface ¢ similar to the arrival time function but this surface
must account for the fact that the speed law is neither strictly positive nor
negative. If the surface is linked to an initial value problem the zero level set
of ¢(x,t) will give the curve I" as

I(t) = {@ | ¢(a,1) =0} . (3.4)

If a point x(t) belongs to the curve I'(t) then the point will also belong to
the zero level set of ¢ at time t

d(a(t),t) = 0. (3.5)
Differentiation of this equation gives
¢+ Vo(a(t),t)) - a'(t) =0 . (3.6)

To link this equation to the speed law F' we observe that the speed law F
is the speed orthogonal to the curve, F' = n - &/(t). Also observe that the

normal vector is calculated from the function ¢, n = %. This gives
Vo
F=n-2{t)= — - -2'(t) . 3.7
(1) = oy 0 (37)

This observation gives that the equation to be solved for the level set method
is

¢+ FIVe| =0 . (3.8)

The propagating curve I' is the implicit solution to the zero level set of the
function ¢

I(t) ={z | ¢(x,t) = 0} . (3.9)
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The differences between the level set method and the fast marching
method are that the fast marching method can only handle a speed law,
F', which is strictly positive and the fast level set method can handle more
complex speed laws, which for example can include the local curvature. The
fast marching method is however a much faster method since it only passes
through each grid point once.

3.4.3 Advantages of the level set and fast marching
methods

The level set method and the fast marching method have several common ad-
vantages compared to other segmentation methods. Both can be extended to
three or higher dimensions. This property is very important since most med-
ical images are either two-dimensional and time resolved, that is to say three-
dimensional in some sense, or three-dimensional images as used in this master
thesis, or even three-dimensional and time resolved. Marker based methods
like snake are parameterised and the parameterisation becomes much more
difficult in three or higher dimensions. Another advantage with the level set
method and fast marching method is that the curve, or surface, I' can easily
change topology, that is to say the curve is allowed to split and merge. Fig-
ure 3.3 shows an example of two curves merging into one. For marker based
curves it is hard or not even possible to change topology since it is difficult
to remove markers.

The function T(x,¥)

The t level set ta Tix,y), t=0 The t level set to Tix,y), =15

1a0 1ao
= =
150 150
200 200
20 40 B0 &0 100 120 20 40 B0 &0 100 120

X X

Figure 3.3: The function T'(x) (left), the level set at time ¢ = 0 (middle) and the
level set at time ¢ = 15 (right) showing how two curves can merge into one.
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Other advantages are that the curve is implicit, that is to say the curve is
not discretised, and the methods are accurately approximated with schemes
on a discretised grid. Also the geometric properties normal vector and cur-
vature can be calculated. The normal vector is calculated as

Vo vT

n=—,0r,n= —— 3.10
Vo N (310

and the curvature is calculated as the divergence of the normal vector

Ve h=v. YL (3.11)

k=V:—=—=, or, )
Vol VT

3.4.4 Implementation of the level set method

The level set method is a numerical method built upon a partial differential
equation. In numerical methods the derivatives are estimated on a discretised
grid and this can be done in several different ways. The derivatives must be
accurately approximated to be able to maintain smoothness. The spatial
derivatives can be estimated with forward, backward and central differences.
A scheme is used to decide which derivative approximation to use depending
on the sign of the speed law F' in the level set method. For example if
the curve propagates towards a point from the left the backward difference
should be used since information travels that way. For the time derivative it
is natural to use the forward difference since the next time step is calculated
from the current step. In the level set method it is always the zero level set
of ¢ that specifies the curve, I', and because of that it is possible to limit the
calculations of ¢ to a region near the zero level set. This operation specifies
a faster implementation of the level set method, called the narrow band level
set method [10].

3.4.5 Implementation of the fast marching method

The fast marching method can be seen as a stationary problem and from
the initial curve I'(0) the surface T'(x) can be iteratively calculated. Since
the curve I' only passes through each grid point @ once it is important to
calculate the first arrival time to that point, that is to say the lowest value of
T'(x). To iteratively calculate T', propagate the curve according to the speed
law F' and find out which grid point holds the lowest arrival time. From
this grid point propagate further and compare these new arrival times to the
arrival times of the grid points which did not have the lowest arrival time
in the previous step. In this iterative scheme it is important to keep track
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of the grid points and arrival times for the grid points from which the curve
has not propagated further.

The grid points are divided into three different groups. The first group
consist of grid points for which the arrival time has been calculated and the
curve has propagated further away from, these are not necessary to keep track
of apart from the calculated arrival time which is stored in 7'(x). The second
group is the one containing the grid points for which the arrival time 7" has
not been calculated. The third group consists of the grid points for which the
arrival time 7T has been calculated but the curve has not propagated further
since the arrival time T was lower in another grid point. It is important to
keep track of both the arrival time and the grid point in the third group and
it can be done with a min-heap.

A min-heap is a data structure in which it is very fast and easy to find
the minimum value, [11]. The min-heap is reminding of a tree turned upside
down. At the top of the min-heap the smallest value is stored and one level
beneath higher values is stored. The value at one level is always smaller than
the value on the level beneath. It is fairly easy to store new values into the
heap and finding the minimum value is a very fast operation. Since both
finding the minimum value and storing new values is fast in the min-heap
the min-heap is well suited for the fast marching algorithm.

The grid points in group three are sorted into a min-heap and the grid
point to propagate further will always be at the top of the heap. After
propagation from a grid point the grid point and its arrival time value is
removed from the heap, and added to group one, and the grid points to
which the curve propagated are sorted into the heap. The calculation of the
arrival time is done by iterating the process of picking a grid point from the
heap, propagating the curve according to the speed law to new grid points,
and sorting these new grid points into the heap. Eventually the arrival time
function will be calculated for all grid points or the calculation stops when
the arrival time T reaches a specified value.

3.4.6 Fast approximation of level set computations

The level set method is more general than the fast marching method since the
speed law can be both positive and negative but on the other hand the fast
marching method is much faster than the level set method. Preferably the
method for the image segmentation should be both general and fast. Nilsson
and Heyden have combined the two methods in [12|. An implementation
of their ideas is used in this master thesis to do the segmentation. Their
approach is to use the idea of an iterative scheme from the fast marching
method and to approximate the level set calculations.
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The grid points are divided into three different groups, points inside, point
outside and points on the curve. The points on the curve have an arrival time
T, and from this arrival time and the speed law F' a departure time Ty is
calculated as

T, =T, + (3.12)

Fl
The departure time T} is then stored in a min-heap and from the grid point
with the lowest departure time the curve is propagated. If the speed law is
negative the curve will propagate inwards. To propagate the curve inwards
the grid point with the lowest departure time will be added to the group of
points outside and the neighbouring grid points which belonged to the inside
will be added to the group of points on the curve. The grid points which
are added to the curve get an arrival time 7, equal to the departure time of
the grid point from which the curve propagated. The process of propagating
the curve by picking the grid point with the lowest departure time continues
until a halting criterion is reached. In Figure 3.4 the fast level set method,
as proposed by Nilsson et al.is represented as a flow chart.

Calculate Find the grid Calculate

Divide the grid points departuretime Sort grid oint with Propagate grid departuretime
Into the groups: |»{CeP "> pointsinto P > point according —>| p '
Lo ’ T, for ) the smallest T, for
inside,outside, curve . the min-heap . ] to the speed law )
curve points arrival time curve points

A

End
criterion
reached

Segmentation as
the level set of T

Figure 3.4: Flow chart of the fast level set method.
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The speed law F' can contain the curvature and the normal direction of the
curve and these are in a level set method estimated from the neighbourhood
of the level set. In this algorithm the value of ¢ is not calculated and the
curvature and normal direction must be approximated in another way. To
do this a function m is introduced,

1, e inside ,
m(x) = 0, @ € curve
—1, x € outside .

The curvature is a measurement in the level set method used to smooth
the curve and therefore it might not be necessary to have an accurate approx-
imation. The approximation is done by counting the number of grid points
belonging to the group inside points within a circular neighbourhood of the
grid point belonging to the curve. The number of such grid points is referred
to as Nipside and from this quantity the curvature is estimated as

Ninside 1

- = 3.13
e _ (313

K=

where n is the number of grid points in the circular neighbourhood.

The speed law can also contain the normal vector and this is in a level set
method calculated from the level set function ¢. Since ¢ is not calculated in
this algorithm the normal vector is instead approximated from the function
m. The algorithm suggested is a fast approximation of the level set method.
It is fast since it only calculates the values on the zero level set, the approx-
imations of curvature and normal vector are fast and a heap is used to keep
track of how to propagate the curve.
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3.5 The software Segment

Segment is a freely available software for cardiovascular image analysis
(http://segment.heiberg.se). This software has been developed within the
Cardiac MR Group at Lund University. It is an extensive software, and
only two of the tools have been used within this master thesis, the manual
segmentation tool and the general segmentation tool which has been further
developed and improved as a consequence of this master thesis. The general
segmentation tool had an implementation of the fast level set for general
segmentation with an interface for visualisation of result, adjustment of the
speed law, and tools for manual interactions. All the methods described in
this thesis are implemented in Segment. Segment has thus been extended
to handle the novel prototype based segmentation scheme developed in this
thesis. In Figure 4.10 an example of the general segmentation tool can be
seen. A tool for generating a prototype is also implemented and in Figure
4.9 the user interface is shown. Either the tool for manual segmentation or
the general segmentation tool in Segment has been used to segment the set
of image examples from which the a priori information is extracted.
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Methods

In the method developed a general segmentation method, the level set method
is used and made application specific by the use of a prior: information. The
a priori information is extracted from a few manually segmented example
images and stored in a ’prototype’. The prototype is then used with a fast
level set method [12] for segmentation of new images.

To use the level set method a speed law and an initial segmentation has
to be defined. It is crucial to have a speed law which is well suited for the
image to be segmented. However, it is desirable to have a general speed law
so that a new speed law does not have to be manually adjusted for each image
segmentation problem. In order to accomplish this, the speed law can have
a general form where the parameters are adjusted to fit to a specific image
segmentation problem. To adjust the speed law to a specific segmentation
problem a priori information about the object can be used. The general
appearance and how to use a priori information in the speed law is described
in Section 4.4.

The information is stored in the prototype both as intensity and spatial
information about the object. The prototype defines both the speed law
and initialisation of the level set method. In Section 4.2 the generation of a
prototype is described, and in Figure 4.1 an overview is given as a flow chart.

The prototype is generated for a specific image segmentation problem and
used with the fast level set method for segmentation of new images. How
the segmentation is done is described in Section 4.3, and in Figure 4.2 an
overview is given as a flow chart.

The method is also validated by generating prototypes for different appli-
cations and segmenting new images from these applications. In Section 4.4
the validation of the method is described.
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Figure 4.1: Flow chart of how the prototype is generated. The process starts with
image examples (top) and ends with a prototype (bottom right).
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Figure 4.2: Flow chart of how the segmentation is done using the prototype.
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4.1 Speed law

In level set methods the speed law can have many different appearances
since it can solve many different kinds of problems [10]. In image processing
the speed law often has a local propagation part depending on the image
to be segmented, a smoothing part which depends on the curvature and a
stabilising part which depends on where the edges in the image are located.
The weights of these parameters can be adjusted to suit the specific image
segmentation problem, and even more important is that the local propagation
part can be adjusted to the problem.

The speed law derived in this section will be general in its appearance to
be able to handle different applications and be adjusted to a specific appli-
cation by the use of a priori information.

The a prior: information is introduced to the local propagation part,
which will further be referred to as the local speed image I5pceq. How to
incorporate the a priori information from the prototype will be further dis-
cussed but first the general appearance of the speed law will be derived.

The speed law will have both a smoothing and stabilising part. The
curvature s is used as the smoothing part together with a weight parameter
B. The curvature is calculated by the level set method and the weight [
specifies how much the curvature will affect the propagation speed.

The stabilising part is used to increase the likelihood of the segmentation
converging to the edges. This can be done by introducing a gradient part
which decreases the propagation speed near the edges. The factor 1++|VI\’
where |V 1| is the magnitude of the gradient of the image I to be segmented
and « is a weight parameter, is multiplied with the local speed image to
decrease the speed near the edges in the image. The propagation will be
decreased near the edges since the gradient is high near edges and the propa-
gation speed will be nearly unaffected otherwise since the gradient is close to
zero otherwise. The parameter o will decide how much the speed is lowered
near the edges. With the use of the gradient factor and the curvature the
speed law is given as

1

F:[see—
el o W]

Bk , (4.1)

where the local speed image I;p.q is based upon the a priori information
from the set of example images and the image I to be segmented.

When the speed law is positive the curve will expand and the curve will
strive to include all grid points, pixels, with a positive value of the speed law.
The local speed image, I,ceq, is the main propagating part of the speed law
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and has positive values for pixels that should be included in the region and
negative values for the pixels that should not be included.

The local speed image can be based upon pixel intensity, colour, texture
and location. In most applications pixel intensity is the most obvious choice,
and therefore also used in this implementation. The intensities in the image
to be segmented will be mapped to a speed with a lookup-table. This lookup-
table is a one-dimensional function, the intensity function Niptensity, Which is
based upon the intensities in the example images and stored in the prototype.
The segmentation of the object is thus based upon the intensities in the image
to be segmented and in the example images.

The location of a pixel can also be used to calculate the speed in the
local speed image. This is particularly useful where pixels that should not
belong to the segmentation have the same intensity as pixels that should
belong to the segmentation. The location of a pixel can be used to lower the
speed in the local speed image Ig,ceq if the pixel should not belong to the
object. This is done by subtracting a spatial map, Mpusiq, from the image
calculated with the intensity function. The spatial map is based upon the
set of example images and stored in the prototype.

The local speed image Ig,ceq is thus calculated as

[speed = G(I, hintensity) - >\ Mspatial ) (42)

where [ is the intensity image, GG is a conversion function of the intensities in
the image to the values of the intensity function hiptensity, and A is a weight
parameter deciding how much the spatial map Mjpatiq;, Will influence the
local speed image, Ispecd-

The segmentation is based upon both intensity and location of a pixel.
The object must have a clear mapping to intensities used in the intensity
function or a clear spatial mapping. Applications where there is no clear
mapping of the intensities in some parts of the object and that the position
of that part varies will not be feasible to segment with the method proposed
in this thesis. Example of such an application is cardiac SPECT images
where infarcts, or other perfusion defects, make some parts of the cardiac
nearly invisible in the image and the location of the perfusion loss differs.
To handle these kinds of images application specific methods will have to be
developed. These kind of applications are, however, luckily rare since most
image types has a clear intensity and spatial mapping.

The prototype used for segmentation with the level set method contains
a priori information in the intensity function Aiptensity, and the spatial map
M patial, as well as the parameter weights «, 5 and A so that the speed law
is completely adjusted by the prototype.
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4.2 The prototype

To be able to extract a prior: information a set of segmented image examples
is needed. The segmentation can be done either manually or with help from
the general segmentation tool in Segment. The example images should also
contain a set of landmarks used for alignment.

The prototype contains information needed in the segmentation process,
such as, the intensity function, spatial map and parameter weights which
define the speed law, and also an initialisation of the level set method.

4.2.1 Intensity function

The intensity function is a one-dimensional function which maps pixel inten-
sities to a speed used in the level set method. The function is based upon
statistics from the set of example images.

The probability distribution of interest is the probability of a pixel belong-
ing to the object given the pixels intensity value. The probability distribution
for the pixel intensities can easily be approximated from the histogram by
normalising the histogram by the sum of the histogram. The probability of a
pixel belonging to the object given its intensity value is calculated with the
usage of Bayes law as

(4.3)

where s is the event of the pixel belonging to the object and ¢ is the intensity
value. The probability distributions p(i|s) and p(i) is calculated from the
intensity histograms with the small difference being from which region the
histograms are calculated.

For the distribution p(i|s) the histogram is calculated from the object
and for the distribution p(i) the histogram is calculated from a larger region.
This larger region contains the object and a region outside the object. The
probability p(s) is the probability of a pixel belonging to the object, without
any information of the intensity value. This probability is approximated from
the quotient of number of pixels belonging to the object and the number of
pixels belonging to the larger region.

The probability of a pixel belonging to the object given the pixels intensity
value p(s|i) is compared to the probability of the pixel not belonging to the
object given the pixels intensity value, p(s¢|i). This probability distribution
can be expressed as

p(s%i) = ]%)S(SC), (4.4)
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where s¢ is the event of the pixel not belonging to the object and ¢ is the
intensity value. The probability distribution p(s¢|i) is calculated in the same
way as the probability distribution p(s|i) with the small difference being from
which region the histograms are calculated. For the probability p(s¢|i) the
region outside the object is used instead of the object. The larger area, used
to calculate p(7), is the same for both distributions and this area is the sum
of the object and the region outside the object.

The region outside the object can be all pixels which do not belong to the
segmentation or it can be a smaller region containing the pixels closest to the
object. For this implementation a smaller region has been used. The reason
for this is that the level set method will not propagate through the whole
image, but rather in the neighbourhood of the object. Also the probability
of belonging to the object given the pixel intensity, p(s|i), is dependent of
the probability of belonging to the object p(s). This probability is low if the
region outside the object is much larger than the object. If the probability
p(s) is low, the probability p(s|i) also is low and it will generate a lower speed
in the local speed image.

To create the region outside the object, the binary mask of the object is
being dilated with a ball with a specified radius. Dilation is a morphological
operation which makes white regions in a black and white image larger. Pixels
within a distance of the specified radius from the binary mask become white
just like the mask. The newly created image is a mask defining the sum of
the outside region and the object, that is to say the larger region from which
p(i) is calculated. The outside region is simply the difference between the
new mask and the object. The radius of the ball, which the object mask is
dilated with, is decided by the user when the prototype is being created. In
Figure 4.3 an example of the regions can be seen calculated for a segmentation
problem of the aorta in 3-D. The images show a slice of the original object
mask, the dilated mask and the difference between the masks, that is to say
the region from which p(s|i), p(7) and p(s°|i) are calculated.

The idea of using an intensity function approximated from a set of exam-
ple images is based on the assumption that all images have approximately
the same distribution of intensities. Unfortunately this is not the case for
all images, especially not for medical images such as MR images, since the
images could have been differently normalised. On the other hand, if the
images are supposed to represent the same type of object the true intensities
is approximately the same in the images. If this assumption can be made, it
is possible to make a new normalisation of the image intensities. After this
normalisation, the distributions of pixel intensity should be approximately
the same.

The normalisation of the histogram can be done in several ways. The
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L

Figure 4.3: Example of what the regions, from which the histograms are calcu-
lated, can look like. The region for p(s|i) (left), the region for p(i) (middle) and
the region for p(s¢|i) (right).

easiest approach is to normalise the histogram to fill the entire interval [0, 1]
of intensities by subtracting the minimum intensity value and normalising
with the maximum intensity value. The drawbacks of this approach are that
it is possible that the intensities is saturated in one of the images but not
in another and therefore the maximum or minimum intensities might not
be corresponding true intensities. Another approach is to make histogram
equalisation. After such an equalisation the histograms for all the example
images will be very similar, unfortunately this equalisation can distort the
true image intensities just to make the histograms resemble each other.

The adjustment which is implemented is to saturate the histograms high-
est and lowest intensities to, respectively, intensity 1 and 0. Intensities to
be saturated are set as a percentage of the intensity range. For example the
highest and lowest 2% of the pixel intensities are saturated. This percentage
can be chosen when the prototype is created. In Figure 4.4 the histogram of
four images is first shown without adjustment and then with a saturation of
the 2% highest and lowest intensities. The example is from a segmentation
of pig lungs. From the adjusted histograms of the example images, the prob-
ability distributions are calculated. The difference between the probability
distribution for a pixel belonging to the object given the intensity value p(s|7)
and the probability distribution of not belonging to the object given the in-
tensity, p(s©|i), is calculated for each example image. The intensity function
is the normalised mean of the difference between p(s|i) and p(s©|i) taken over
the example images. The normalisation is done by dividing by the maximum
value of the absolute value of the calculated mean. The intensity function is
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Figure 4.4: The histograms of four images. In the left image the histograms are

unadjusted and the left image the histograms are shown with a saturation of the
2% highest and lowest intensities.

thus calculated as

p(s]i) - p(s°i) . (4.5)
maz(|p(s|i) — p(s°|i)])

hintensity =

The normalisation cause the intensity function to be in the interval [—1,1].
The normalisation is done to make sure that the local speed image, which
is generated from the intensity function, always has values within a given
interval. In the previous implementation of the level set method in Segment
this interval was [—2,2]. Since it is desirable to a certain extent to retain
similarities, between the implementation with prototype and the one without,
the intensity function is also being multiplied with the factor 2. In Figure
4.5 the differences p(s|i) — p(s°|i) is shown for the five image examples of the
aorta in the left image and in the right image the resulting intensity function
Nintensity i shown.
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Figure 4.5: The differences p(s|i) — p(s€|7) is shown for five image examples of the
aorta in the left image and in the right image the resulting intensity function is
shown.

4.2.2 Alignment

To be able to compare shape information between the example images, and
the images to be segmented, an alignment must be done. An alignment
of the images is done to minimise the difference between the object shapes
in rotation, scaling and translation. The alignment is done by an affine
transformation.

Affine transformations consist of rotation, scaling, shearing and transla-
tion. The parameters in the transformation can be calculated or approx-
imated from three or more landmarks. Three landmarks is the minimum
number and the affine transformation is calculated as the exact solution for
the three pairs of landmarks. If there are more than three landmarks in
the images a least squares solution is calculated. It is desirable to use few
landmarks since these landmarks will have to be set, not only in the example
images but in each image that uses the prototype for segmentation as well.
At the same time the number of landmarks must be enough to make the
transformation unambiguous. For a 3D image it is necessary to use more
landmarks than for a 2D image. If the image is time-resolved the same affine
transformation will be applied to all timeframes.

The shape to align to is chosen as one of the objects, that is to say the
landmarks in one of the example images. It is also possible to put some
constraints on the affine transformation. The constraints implemented are
to use an isotropic scaling or to put constraints on the degrees of rotation.
The constraints and landmarks are saved in the prototype and used when
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aligning the prototype to the landmarks in the image to be segmented.

4.2.3 Initialisation

To start the segmentation of an image with the level set method, there must
be an initial curve, or surface. This initialisation is calculated from the
aligned image examples.

The idea behind this implementation is that the initialisation should ap-
proximate a mean shape. After alignment the shape of the objects can be
compared. The objects are represented as binary masks where white indicate
that the pixel is inside the object and black indicate pixels outside the object.

Since the correspondences between pixels in the example images are not
known it is not possible to calculate the mean position of each pixel or even
the border pixels. Instead the initialisation is calculated from the binary
masks smoothed with a Gaussian kernel. The mean of the smoothed masks,
gives a probability map, which indicates the probability of a pixel belonging
to the object given its position. The standard deviation of the Gaussian
kernel is estimated by the user when the initialisation is calculated, and the
variance is given in millimetres.

The probability map is an image that takes values in the interval [0, 1]
and from this image an image consisting of solely the values 0 and 1 should
be created. To create this map the probability map must be thresholded.
The threshold is calculated so that the number of pixels in the initialisation
is approximately as many as the mean number of pixels in the objects. The
number of pixels in the initialisation can also be a chosen as a percentage
of the mean number of pixels in the objects. This percentage is decided
when the prototype is created. A map of initialisation pixels is created by
thresholding the probability map. In Figure 4.6 a slice of a probability map
for aorta and the same slice of the map of initialisation pixels can be seen.
The initialisation is used to create the initial segmentation by aligning the
initialisation stored in the prototype to the landmarks in the image to be
segmented.
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Figure 4.6: A slice of the probability map for an aorta (left) and the same slice of
the initialisation (right).

4.2.4 Spatial map

A spatial map is used to introduce spatial a priori information into the speed
law F used by the level set method. The spatial map is the sum of a distance
map and a correction map. The distance map is a normalised map of the
distance to the object. The correction map introduces information about
where the segmentation had to be further spatially corrected if the local
propagation speed I,..q Was solely based upon intensity information.

The distances in from the objects in the example images are calculated
by a fast marching algorithm. The speed law of the fast marching method
is constantly one. The result from the fast marching method, My,,, has
values from zero inside the object, that is to say the initialisation for the fast
marching method, to the maximum distance between a pixel and the object.
The fast marching method is used to calculate the map, My,,, for all the
aligned example images. The distance map is the normalised mean of the
fast marching maps taken over the example images . The normalisation is
done by dividing by the maximum of the calculated mean map. The distance
map thus has values in the interval [0, 1] and is calculated as

Mg,

wax(17) o

Mdistance -

where My, is the mean over the fast marching maps taken over the example
images. The correction map introduces information about where the segmen-
tation has to be further spatially corrected. A fast level set segmentation is
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done for each example image using a speed law based upon solely the inten-
sity information. The resulting segmentations are compared to the manual
segmentation of the object. The spatial map is based upon the difference
between the segmentations represented as binary masks. The difference is
modified so that no corrections are done in the pixels closest to the object
border. These modified differences between the masks are smoothed with a
Gaussian kernel. The correction map is the smoothed mean of the differences.
The correction map is in the interval [—1,1]. Figure 4.7 shows an example of
the segmentations of the aorta based on solely the intensity function in the
top left, which is compared to the manual segmentations, shown in the top
right, and finally the same slice of the resulting correction map is shown in
the bottom. The correction map has high values where it is common that
the segmentation fails if solely intensity information is used, such as in this
example where the heart is falsely included in the segmentation.

Figure 4.7: The image in the top left shows a slice of the segmentations based on
solely intensity function, in the top right the manual segmentations are shown and
in the bottom an image of the same slice of the correction map is shown.

The spatial map is the sum of the distance map and the correction map
and can hold values in the interval [—1,2]. To be able to adjust the influence
of the distance map, compared to the correction map in the spatial map, the

29



CHAPTER 4. METHODS

distance map can be transformed to be another monotonic function, than a
linear function of the distances. Thus the spatial map is calculated as

Mspatial = Mcorrection + f(Mdistance) ) (47)

where f is a monotonic function. In this implementation f has been tested
to be the function f(M) = M, f(M) =+/M and f(M) = M?. In Figure 4.8
an example of the different functions f can be seen on a slice of a distance
map for an aorta. The advantage of having the function f(M) = v/M is that
a lot of the surrounding regions will have an immediately lowered speed but
the drawback is that it also lowers the speed very close to the initial curve,
that is to say this function is good to use when the objects are very similar.
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Figure 4.8: An example of the distance map with different functions from left to
right f(M) = M?, f(M) = M and f(M) = v/ M. The images show a slice of the
distance map for an aorta.

In the speed image the spatial map is multiplied with a parameter A\. This
parameter A decides how much the spatial map will influence the local speed
image Igpeeq. If the parameter A and the function f is chosen manually it
should be chosen so that as few pixels as possible outside the wanted object
has a positive speed value without assigning pixels inside the wanted object
a negative speed value. The parameter A and the function f can also be
chosen by optimisation described in the next section.

4.2.5 Parameter optimisation

The speed law F in the level set method consists of the local speed image
Ispeed, the curvature and the gradient. The influence of the curvature and
gradient is decided by the parameters o and . These parameters should be
set so that the propagation of the level set method stops at the edges in the
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image and the segmentation becomes smooth. The local speed image Igpecq
can also be adjusted with the parameter \, which decides the influence of the
spatial map and the function f, which decides the influence of the distances
in the spatial map.

The parameters «, § and A can be adjusted in the tool for general seg-
mentation in Segment and the function f has to be set when creating the
spatial map and is as default chosen to be the linear function. The values of
a, 3 and A and the function f can be set by optimisation.

The optimisation is done by segmenting the example images and compar-
ing these segmented objects to the true object contours given beforehand. In
the optimisation the following error measurement is used

Wtrue—segmented\ (4 8)
, .
Virue

€V,abs —

where V... is the volume of the true object and Viyue—segmented| 1S the vol-
ume of the absolute difference between the two objects. This difference is
calculated as the absolute value of the difference between the binary masks
of the object. The error measurement ey qs takes into account both the error
of the segmentation where it is too big and where it is too small. The error
measurement is also normalised so that it is expressed as a percentage of the
true object volume. The parameters are chosen to be the parameters which
minimises the mean of the error measurement ey 45 for the images in the set.

The method used for optimising the parameters «, 5 and A is the Nelder-
Mead simplex method [13]. The function f is chosen by exhaustive search.
The function is set before optimisation of the other parameters and function
f, and the other parameters, are chosen to be the one which generated the
smallest segmentation error. In this implementation the function f tested is
f(M) = {~/M,M,M?}. The optimisations are done on the set of images
from which the intensity function and spatial map was built, to be able to
build the prototype on as few images as possible.

The optimisation typically takes between 4 and 10 hours on an ordinary
PC depending on th application.

4.2.6 Generation of the prototype

Not only the general segmentation tool in Segment has been adjusted to
handle prototype based image segmentation but a user friendly tool for gen-
eration of prototypes has also been developed, see Figure 4.9 for an example
of the graphical user interface. In this section all the parameters used to
generate the prototype is described. Besides the intensity function, spatial
map and initialisation the prototype contains other parameters used for both
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generation of the prototype and the segmentation, and some parameters are
used solely for the generation of the prototype.

First a brief summary of the parameters which are used to do segmenta-
tion with the prototype.

e Saturation of intensities

Here the values of the lowest and highest percentage to saturate are set
manually and stored in the prototype. The values are set so that the
intensity histograms of the example images resemble each other and
the saturation is as small as possible. A default of 2 % is suggested.

e Landmarks

The landmarks should be at least three and they should be set so
that they easily can be reproduced in the images to segment with the
prototype. To generate unambiguous transformations the landmarks
shall be set far away from each other and to have a shape defining
transformation the landmarks shall be set in places which are relatively
stable.

o Alignment constraints

As a constraint it is almost always good to have uniform scaling but
the rotation constraints shall only be used if it is clear that the trans-
formation is unambiguous in the set of example images and the images
to segment will be rotated in a similar way as the example images.

.a7/67)\

The parameters in the speed law which are set by optimisation.

e Radius in the fast level set method

This radius is used to define the neighbourhood in which the curvature
is estimated. The radius shall be set so that it is as large as possible
to be able to do more accurate approximations and at the same time
be less than the smallest structure in the object to segment.

e Smoothing radius

After segmentation the object is smoothed. This radius can be set to
be the same as the radius in the fast level set method since this radius
also shall be less than the smallest structure in the object.
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Secondly there are parameters which are only used for the generation of the
prototype.

o Dilation radius

The parameter defining the regions from which the histograms are cal-
culated and the intensity function is based upon. After setting this
radius the intensity function is calculated and the mapping to intensi-
ties in the example images can be seen. The radius shall be adjusted so
that the intensity mapping is positive inside the objects and negative
outside. If the intensity function is low the dilation radius should be
decreased and on the contrary the dilation radius should be increased
if the intensity function is high where it ought not to be.

e Standard deviation of object shape

This parameter is used to smooth the probability map from which the
initialisation is defined. The parameter is application dependent on
how much the delineation differs. The standard deviation is given in
millimetres. When setting the standard deviation the initialisation is
calculated and shown. The standard deviation can be set by trial and
error so that the initialisation shape is similar to the object shape. If
the delineation differs substantially between the objects the standard
deviation should be increased.

e Percentage of mean volume

The default of the initialisation is that its volume is as close as possible
to the mean of the object volumes in the set of example images. In
some application it can, however, be preferable to have an initialisation
which is smaller and the percentage can then be lowered. The lowered
percentage might be better if the object to segment is very close both
spatially and in intensity to another object.

e Function f
The distance map is by default set to be a linear function but it can
also be optimised as described in the previous section.

e Standard deviation of correction map smoothing

This parameter can by default be set to the same value as the smoothing
radius used after segmentation.
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Figure 4.9: Example of the graphical user interface of the tool for creating a
prototype (alignment step).
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4.3 Segmentation

To segment an image the landmarks must be set in the image, this is, how-
ever, the only manual interaction needed. The landmarks are used to align
the spatial map and initialisation in the prototype to the image to be seg-
mented. The image is also intensity adjusted by saturation of the intensities
defined in the prototype. After alignment and intensity adjustment the local
propagation speed is calculated as

]speed = G([, hintensity) - A Mspatial ) <49>

where [ is the intensity adjusted image, G is a conversion function of the in-
tensities in the image to the values in the intensity function Rjniensity, Mspatial
is the aligned spatial map and A is the weight parameter stored in the proto-
type. The gradient of the image I is also calculated before segmentation with
the level set method. The gradient is calculated by central differences and
the magnitude of the gradient is also smoothed so that the influence of noise
in the image is lowered. After calculation of the speed image and gradient
the segmentation can start from the aligned initialisation, with the usage of
the speed law

F= + Br (4.10)

[see—
Pl o VI

where k is the curvature estimated in the level set method and o and 3 are the
weight parameters stored in the prototype. The segmentation is performed
with an implementation of the fast level set method proposed by Nilsson and
Heyden [12].

The prototype based image segmentation is implemented in Segment and
an example of the graphical user interface is shown in Figure 4.10.
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Figure 4.10: Image showing the graphical user interface of the general segmenta-
tion tool in which segmentation can be done with the use of a prototype.
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4.4 Validation

The prototype based image segmentation proposed in this thesis should be
able to be built upon few images and be general. This section will describe
how to validate the method. The method is tested on the following five appli-
cations, segmentation of the aorta, left ventricle blood volume, left ventricle
wall volume, right ventricle blood volume and pig lungs in MR images. These
applications have been chosen since they differ in shape, intensity and com-
plexity. Furthermore, manual segmentations for these images were available.

The validation will not only be done by visual inspection of the segmen-
tations but quantitative measurements will be performed. Both the accuracy
of the method will be measured and segmentations will also be compared to
investigate the sensitivity of the method. How to evaluate the accuracy of
the segmentation will be described in Section 4.4.1 and how to evaluate the
sensitivity of the method will be described in Section 4.4.2.

4.4.1 Segmentation results

The accuracy of the method will be evaluated both as a percentage volumetric
error, €y and as an absolute distance error, €,,,, aps- The measurement ey is
acquired by calculating the volume of the prototype based segmentation and
the manual segmentation, here referred to as the true segmentation. The
difference between these volumes are then normalised with the volume of the
true segmentation to be able to compare the error between different images.
The error measurement is calculated as

- ‘/;egmented - ‘/true

V;frue

ev (4.11)

This error measurement is chosen since it is the most physiologically inter-
esting measurement in most applications. In the optimisation another error
measurement

. Wsegmentedftrue\ (412)

€V,abs =
’ V;frue

was used. These two error measures differ. The measure ey 455 takes into
account every pixel which is segmented in the wrong way. This measurement,
is better when optimising to make sure that the segmentation is situated in
the right place and not only has the right volume. Since the segmentation
is done with those optimised parameters the segmentation will not be in a
location very different from the true location and it is feasible to use the
physiological interesting error measurement ey .
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The measurement €, qbs 1S interesting since it shows how much the bor-
der of the segmentation differs between the generated segmentation and the
true segmentation measured in millimetres. This measurement is closer re-
lated to the measurement ey 5. To calculate this measurement the difference
volume, Visegmented—true|, and the surface area of the true segmentation, Ay .
is used. The measurement is calculated as

‘/Isegmented*trud . (4. 13)

€mm,abs =
Atrue

To calculate the surface area of the true object, the binary mask of the
true object is dilated and eroded with a ball of radius 1 pixel. This is done
since the edge of an object can be calculated as either the dilation of the
object minus the object to get an outer edge or by subtracting the eroded
object from the object to get an inner edge. The surface area is then calcu-
lated as half the difference of the eroded object mask and the dilated object
mask to get an average of the inner and outer edge.

4.4.2 Method sensitivity

In order to investigate the sensitivity of the method three tests will be per-
formed. To investigate if the method can be built on only a few segmented
images it is important to ensure that the segmentation result does not depend
on which images the prototype was built upon. This is tested by building
two prototypes on different image sets. The two prototypes will then be used
on yet another set of images to compare the segmentation errors.

The second test is done to investigate if it makes any difference if the
parameters in the prototype are optimised on the same set as the intensity
function, spatial map and initialisation are calculated from. To investigate
this the optimisation of the parameters is done both with the set used to
generate the rest of the prototype and on another set of images. The two
prototypes are then used for segmentation of another set of images and the
segmentation errors are compared.

Finally it is also desirable to compare how interaction sensitive the method
is. This is done by letting one person set the landmarks in a set of images
twice and the segmentation errors are then measured.

The error measurement shall compare the two segmentations and the
measurement shall preferably be given so that it can be related to the error
measurement used to get quantitative results for the segmentations, €. This
is done by measuring the volume of the two segmentations, and normalising
the difference with the volume of the true segmentation. The new error
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measurement, ey g is calculated as

‘/segmented,l - ‘/segmented,2

?
WT"U,G

EVdiff = (4.14)

where Viegmented,1 and Viegmented,2 15 the volume of segmentation number one
respectively number two and V.. is the volume of the true segmentation.
This new error measurement is actually equal to the difference of the error
measurement €y for the segmentations

€vdiff = €vl — €v,2 - (415)
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Chapter 5

Results

The segmentation results of the prototype based image segmentation method
will be shown for aorta, left ventricle wall volume, left ventricle blood vol-
ume, right ventricle blood volume and segmentation of pig lungs in Magnetic
Resonance Imaging, (MRI). First some visual examples are given, and in
Section 5.1 quantitative results are given.

Visual examples of the segmentations, manual compared to prototype
based segmentations, are given in Figure 5.1- 5.5.

Figure 5.1: A slice of the segmentation of the aorta in an MR image. The left
image is the manual segmentation and the right image is the prototype based image
segmentation.
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Figure 5.2: A slice of the segmentation of the left ventricle wall volume, in a short
axis view in an MR image. The left image is the manual segmentation and the
right image is the prototype based image segmentation.

Figure 5.3: A slice of the segmentation of the left ventricle blood volume, in a
short axis view in an MR image. The left image is the manual segmentation and
the right image is the prototype based image segmentation.
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Figure 5.4: A slice of the segmentation of the right ventricle blood volume, in a
short axis view in an MR image. The left image is the manual segmentation and
the right image is the prototype based image segmentation.

¥

Figure 5.5: A slice of the segmentation of pig lungs in an MR image. The left
image is the manual segmentation and the right image is the prototype based image
segmentation.
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An example of segmentation initialisation and the manual segmentation
can be seen for the aorta in Figure 5.6. It can clearly be seen that the
initialisation is quite close to the manual segmentation. A main advantage

Figure 5.6: A slice of the initialisation of the aorta segmentation in a MR image.
The initialisation, (green line) is close to the manual segmentation, (yellow line).

with the method has shown to be the spatial map. In Figure 5.7 a local speed
image solely based upon the intensity can be seen, that is to say the speed
image as

Ispeed - G(I, hintensity) s (51)

and the speed image with the optimised influence of spatial map, that is to
say with the speed image

[speed = G<[7 hintensity) - A Mspatial . (52)

Figure 5.8 shows a slice of the resulting segmentations and Figure 5.9
shows a 3D visualisation of the resulting segmentations using the speed im-
ages in Equation 5.1 and 5.2. When the spatial map is not used the segmen-
tation falsely includes the heart and when the segmentation is done with the
usage of the optimised spatial map the segmentation only includes the aorta
as it should.
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Figure 5.7: A slice of the speed image Ispceq without a spatial map (left) and with
the optimised spatial map (right) for the segmentation of the aorta in a MR image.

Figure 5.8: A slice of the segmentation of an aorta without the usage of a spatial
map, (left) and with the usage of the optimised spatial map (right). It can be seen
how the heart is falsely included in the segmentation when the spatial map is not
used.
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Figure 5.9: A 3D visualisation of the resulting segmentation without the usage of
a spatial map (left) and with the usage of a spatial map (right). It can be seen
how the heart is falsely included in the segmentation when the spatial map is not
used.

5.1 Quantitative results

The quantitative results are shown in tables sorted by application. First
three tables showing results for the aorta followed by two tables with result
for the segmentation of Left Ventricle Wall Volume, (LVWYV), four tables
with results for the Left Ventricle Blood Volume, (LVBV), and finally three
tables showing result for segmentation of the Right Ventricle Blood Volume,
(RVBV). For the segmentation of pig lungs quantitative test has not been
performed since the number of images was too few.

Result for the first test of method sensitivity, comparing segmentation
built upon one set of images compared to segmentation with a prototype
built on another set of images, can be seen in Table 5.4 for the left ventricle
wall volume, in Table 5.6 for the left ventricle blood volume and in Table
5.10 for the right ventricle blood volume.

Results of the second test of method sensitivity, segmentation with a
prototype built on image 1 to 5 and optimised on image 6 to 10 compared
to segmentation with a prototype built and optimised on images 1 to 10, is
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shown in Table 5.6 for the left ventricle blood volume and in Table 5.10 for
the right ventricle blood volume.

Results of the third test of method sensitivity, segmentation with land-
marks set twice in the images to be segmented, is shown in Table 5.3 for the
aorta and in Table 5.9 for the right ventricle blood volume.

In Tables 5.2, 5.5, 5.8 and 5.12 the segmentation results for the applica-
tions aorta, left ventricle wall volume, left ventricle blood volume and right
ventricle blood volume is shown measured in millimetres for all the different
prototypes tested.

Aorta, error ey [%]

Prototype
image # 1-5 6-10
1 - 5,6
2 - 57
3 - 11,1
4 - -1,0
5) - 04
6 -4.6 -
7 5,6 -
8 -2,6 -
9 -4,1 -
10 -22,7 -
mean -6,3 4,2
std 10,2 5,0

Table 5.1: Quantitative results, €y, for segmentation of the aorta. Percentage
volumetric segmentation error of images 1 to 5 and 6 to 10 segmented with
the use of prototypes generated from images 6 to 10 and 1 to 5.
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Aorta, error €, aps[mm]

Prototype
image # 1-5 6-10
1 - 0,58
2 - 0,65
3 - 0,63
4 - 0,53
bt - 0,50
6 0,52 -
7 0,44 -
8 0,65 -
9 0,48 -
10 0,79 -
mean 0,58 0,58
std 0,14 0,06

Table 5.2: Quantitative results for segmentation of the aorta. Segmentation
error measured in millimetres for images 1 to 5 and 6 to 10 segmented with
the use of prototypes generated from images 6 to 10, and 1 to 5.

Aorta, error ey %]

Landmarks
image # first time second time | ey g;fs
1 5,6 -5,6 11,2
2 5,7 3,1 2,6
3 11,1 4,7 6,4
4 -1,0 -8,5 7,5
5 -0,4 -1,3 0,9
mean 4,2 -1,5 0,7
std 5,0 5,6 4,1

Table 5.3: Comparison of segmentation results, €y, for the aorta using a
prototype built upon images 6 to 10 and landmarks set twice in images 1 to

d.
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LVWV, error ey [%)]

Prototype

image # 1-5 6-10 EV.dif f
11 -8,6 -21,3 12,7

12 -10,4 -144 4.0

13 -24.8 -38,0 13,2

14 -22,1 -30,6 8,5

15 -36,7 -33,4 -3,3

16 -18,8 -36,1 17,4

17 -199 -37.8 17.9

18 -64,4 -65,3 0,9

19 -42,0 -45,3 3,3
20 -49 -224 17,5
mean -25,3 -34.5 9.2
std 18,1 14,3 7,7

Table 5.4: Comparison of segmentation results, €y, for the left ventricle wall
volume with prototype built upon images 1 to 5 and prototype built upon

images 6 to 10.

LVWYV, error €,,m aps|mm]|

Prototype

image 7 1-5 6-10
11 0,45 0,53

12 0,48 0,45

13 0,43 0,48

14 0,47 0,45

15 0,47 0,45

16 0,81 0,80

17 0,56 0,52

18 0,84 0,80

19 0,64 0,63

20 0,48 0,55
mean 0,56 0,57
std 0,15 0,14

Table 5.5: Quantitative results, €,,m qbs, for segmentation of the left ventricle
wall volume. Segmentation error measured in millimetres for images 11-20
segmented with the use of prototypes generated from images 1 to 5 and 6 to

10.
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LVBV, error ey [%)]

Prototype
image # 1-5 6-10 EV.dif f
11 -10,5 -20,1 9,6
12 -16,3  -23,8 7,5
13 5,2 -34 8,7
14 15,9 1,1 14,8
15 -11,8 -19.7 8,0
16 -10,2 -13,5 3,2
17 -14,2 -249 10,7
18 5,1 -7,0 12,1
19 -95,9 -11,6 2,8
20 -19,7 -28,8 9,1
mean -6,2 -152 8,9
std 11,4 9.9 3,2

Table 5.6: Comparison of segmentation results, €y, for the left ventricle blood
volume with prototype built upon images 1 to 5 and with prototype built
upon images 6 to 10.

LVBV, error ey [%)]

Prototype

image # 1-5,6-10  1-10 | ey aifs
11 -13,4 -17.6 4,2

12 -19,6 -23,1 3,6

13 -8,5 -16,6 8,1

14 6,7 1,9 4.8

15 -15,0 -18,3 3,2

16 -15,5 -19,0 3,5

17 -20,9 -26,2 5,4

18 -13,5 -14,4 0,9

19 -10,3 -13,0 2,7

20 -23,0 -25,8 2,8
mean -13,3  -17,2 3,9
std 8,4 8,1 1,9

Table 5.7: Comparison of segmentation results, €y, for the left ventricle blood
volume when using a prototype built upon images 1 to 5 and optimised on
images 6 to 10 compared to using a prototype built and optimised on images
1 to 10.
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LVBV, error €,m.qbs[mm|

Prototype

image # 1-5 6-10 1-5,6-10 1-10
11 0,63 0,64 0,65 0,50

12 0,47 0,65 0,48 0,51

13 0,58 0,58 0,35 0,43

14 0,73 0,56 0,61 0,43

15 0,31 0,50 0,36 0,45

16 0,82 0,87 0,83 0,69
17 0,45 0,57 0,45 0,57

18 0,74 0,56 0,53 0,78

19 0,52 0,49 0,52 0,38
20 0,46 0,69 0,53 0,61
mean 0,57 0,61 0,53 0,53
std 0,16 0,11 0,14 0,13

Table 5.8: Quantitative results, €,,,.4s, for segmentation of left ventricle
blood volume. Segmentation error measured in millimetres for images 11 to
20 segmented with the use of prototypes generated from images 1 to 5, 6 to
10, generated from images 1 to 5 and optimised on images 6 to 10 respectively
generated from images 1 to 10.

LVBV, error ey [%)]

Landmarks

image # first time second time | ey g;fs
11 -10,54 -10,59 0,06

12 -16,28 -15,53 | -0,74

13 5,21 4,95 0,26

14 15,88 11,57 4,31

15 -11,75 -10,96 | -0,79

mean -3,50 -4.11 0,62
std 13,563 11,70 2,12

Table 5.9: Comparison of segmentation results, €y, for the left ventricle blood
volume using a prototype built upon images 1 to 5 and landmarks set twice
in images 11 to 15.
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RVBV, error ey [%)]

Prototype

image # 1-5 6-10 EV.dif f
11 -43,8 -33,0 | -10,8

12 -27,0 -21,1 -2,9

13 -19,5 -12,0 -7,6

14 -11,1 -11,5 0,4

15 -18,4  -14,5 -3,9

16 -14.8 -12.2 -2,5

17 -32,3 -234 -9,0

18 -39,3 447 5,4

19 -17,5 25,2 7,7

20 -15,2 -17,0 1,7
mean -23,9 -21,5 -2,4
std 11,2 10,7 6,2

Table 5.10: Comparison of segmentation results, €y, for the right ventricle
blood volume with prototype built upon images 1 to 5 and with prototype
built upon images 6 to 10.

RVBV, error ey [%)]

Prototype
image # 1-5,6-10  1-10 | ey aifs
11 -28,2 -42.5 14,3
12 -18,4 -29,6 11,1
13 -7.6  -21,7 14,2
14 -4.7 -11,9 7,3
15 -7,7 =228 15,0
16 1,0 -254 26,4
17 -10,3 -37,1 26,8
18 -29,2  -49,7 20,5
19 -7,9 -274 19,5
20 -0,3  -0,3 21,9
mean -11,8  -26,8 17,7
std 10,1 144 6,4

Table 5.11: Comparison of segmentation results, €y, for the right ventricle
blood volume when using a prototype built upon images 1 to 5 and optimised
on image 6 to 10 compared to a prototype built and optimised upon on images
1 to 10.
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RVBV, error €, qps[mm]

Prototype

image # 1-5 6-10 1-5,6-10 1-10
11 0,89 0,51 0,85 0,69

12 0,57 0,51 0,47 0,56

13 0,46 0,38 0,50 0,52

14 0,62 0,63 0,62 0,62

15 0,77 0,71 0,72 0,73

16 0,70 0,65 0,80 0,63
17 0,76 0,69 0,93 0,85

18 1,36 1,02 1,34 1,29

19 1,01 0,63 1,04 1,03
20 0,57 0,50 0,62 0,56
mean 0,77 0,62 0,79 0,75
std 0,26 0,17 0,27 0,25

Table 5.12: Quantitative results, €m,m.qps, fOr segmentation of right ventricle
blood volume. Segmentation error measured in millimetres for images 11-20
segmented with the use of prototypes generated from images 1-5, 6-10, gen-
erated from images 1-5 and optimised on images 6-10 respectively generated

from images 1-10.
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Chapter 6

Discussion & Conclusions

In this chapter the results will be discussed, and in the next chapter future
work will be suggested based upon discussion and conclusions in this chap-
ter. The discussion will go through the quantitative and visual results for
the segmentation of the aorta, left ventricle wall volume, left ventricle blood
volume, and the right ventricle blood volume. Finally, conclusions will be
drawn from the discussion of these four applications.

The proposed prototype based image segmentation incorporates a prior: in-
formation to a level set method from a set of few example images. The
a priori information is extracted as an intensity function, initialisation, a
spatial map and optimised parameters, all stored into a prototype. The pro-
totype is generated once for each desired application and the information in
the prototype is then used in a general segmentation method, the level set
method. The segmentation of an image can then be done with the only man-
ual interaction being to set a number of landmarks in the image, typically 3
or 4. The setting of landmarks is a very small manual interaction compared
to doing manual segmentation of the image which may take 20 minutes or
more.

A big advantage of the method is the use of a spatial map which con-
strains the segmentation. The intensity function defines how to map inten-
sities in the image to speed values. This intensity function is based upon an
intensity adjustment and statistics about the pixel intensities on the inside
and outside of the object to be segmented. The spatial map contains both
a distance map and a correction map to constrain the segmentation both
far away and in locations where the intensities is mapped to speed values
which would cause an unconstrained level set algorithm to produce result
that would substantially differ from a manual segmentation. The initialisa-
tion and the optimised parameters also constrain the segmentation. With
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an initialisation approximating the object shape the gradient and curvature
influence, decided by the optimised parameters, can be used in a sensible
way. The gradient is used to lower the speed near the edges and since the
nearest edge from the initialisation most probably is the edge of the object
the use of the gradient will most likely constrain the segmentation to be the
object searched for. The use of the curvature is also more sensible to use
when the initialisation is close to the object searched for since the use of
curvature makes sure that the segmentation becomes smooth but it can also
prevent leakage of the segmentation into other structures in the image.

The method is general in its appearance to be able to use it on different
image applications.

6.1 Segmentation of aorta

The segmentation of the aorta is both visually and quantitatively very satis-
fying. The quantitative error can unfortunately not be compared to manual
segmentation error since no accurate enough ground truth exists and com-
parison of manual segmentations of the aorta has not been done during this
thesis, nor has a study been found on the subject. For the aorta also the
volume is hard to define since the volume depends on how much of the aorta
is included. The aorta is divided into smaller arteries and finally capillaries
which supply the whole body with blood. For the aorta it is more important
to capture the shape of the object, since simulation of the blood flow will be
done using this segmentation approach. Probably the mean error measured
in millimetres is the most important parameter. The mean error measured
in millimetres is as small as 0.58 millimetres which should be compared to a
pixel resolution of 1.25 millimetres. The segmentation is visually very satisfy-
ing and it is hard to say which one of the segmentations is the most accurate,
the manual or the prototype based.

The volumetric error measurement shows slightly more variation and in
Table 5.1 it can be seen that images number 3 and 10 have a slightly larger
respectively a significantly larger segmentation error than the other images.
In image 3 the segmentation error mainly reflects how far down the aorta
has been segmented, and this seems to have been arbitrarily chosen in the
manual segmentations which the prototype and especially the spatial map
has been built upon. In image 3 the aorta is visible further down than in
the other images, however, in this application this is not of a mayor concern,
since the interesting part of the aorta is the part closest to the heart and
the aortic arch. This error might not arise when the manual segmentations
include the whole object.
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The segmentation error in image 10 can not be explained in the same way
as the segmentation error of image 3, instead this error seams to arise from
a poor intensity adjustment or intensity mapping, since some bright pixels
inside the aorta are not bright enough to be mapped to positive speed values.
This poor mapping might arise from the fact that there is no smoothing of
the intensity function so that a deviation from the intensities in the example
images is not included in the intensity function or from a poor adjustment
of the intensities. Adjustment of intensities has to be done for MR images
since they are normalised in different ways. How to improve the adjustment
is further discussed in the next chapter, future work.

The mean volumetric segmentation error of —6% and 4% is, however,
satisfying and the segmentation error is even more satisfactory when noticing
that the absolute segmentation error measured in millimetres has a mean of
0.58 millimetres for both prototypes and set of images. Even the sensitivity
to landmark setting for the aortic application seems to be low since the error
of the two different landmark settings is in the same order of magnitude.

6.2 Segmentation of left ventricle wall volume

The segmentation of the left ventricle wall volume has few error measure-
ment within the range of £10% and it can also be seen that all prototype
based segmentations is smaller than the manual segmentations. By visual
inspection of the segmentations it is clear that the medical expertise doing
manual segmentations use anatomical a prior: information on that the left
ventricle is a nearly circular structure in almost all slices and coherent. The
prototype based segmentation is not coherent either as a consequence of poor
intensity mapping or as a consequence of smoothing. The smoothing unfor-
tunately makes thin structures disappear and where the wall is very thin the
wall breaks into two pieces.

The underestimation of the wall volume might depend on the fact that the
optimisation of parameters are done with regard to the error measurement
€v.abs- Lhis error measurement does take into account all falsely segmented
and falsely excluded pixels but the total error of falsely segmenting pixels
within a distance of one pixel outside the object is greater than the error of
falsely including pixels within a distance of one pixel inside the object. This
fact might encounter for the underestimation of the volume. It is also clear
when looking at the segmentation error €,,, s that a small mean error of
0.57 and 0.58 millimetres in the border of the object is of great importance. A
fairly large volumetric error measurement is given even though the absolute
mean error measured in millimetres is on sub pixel level. This application is
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probably the most challenging segmentation application tested in this thesis.

6.3 Segmentation of left ventricle blood volume

Segmentation of the left ventricle blood volume have been done for 10 images
with four different prototypes and for five of these images landmarks have
been set twice and the segmentation done with one of the prototypes. The
segmentation error depends on difficulties to handle the papillaries, which is a
muscle structure inside the left ventricle blood volume with the same intensity
as the left ventricle wall and the abrupt transition of the left ventricle to the
left atrium with the same blood pool signal intensities. Also the segmentation
sometimes falsely includes bright pixels on the outside of the heart. The three
different error sources can be handled in different ways.

The opportunity of choosing a smaller initialisation has not been used
when creating these prototypes but when looking at the results it may elimi-
nate or at least decrease the problem of the segmentation leaking out through
the left ventricle wall. A smaller initialisation would be completely inside the
left ventricle and probably the optimised value of the alpha parameter con-
trolling the influence of the edges in the image would be larger.

The intensity function can not in its current appearance handle the inclu-
dation of the papillaries in the left ventricle blood volume and the papillaries
is actually not always encountered as a part of the blood volume but rather
as a part of the wall volume and therefore it might be better to compare
the prototype based segmentation to a manual segmentation of the blood
volume without the papillaries [14]. A better adjustment and mapping of
the intensities, as suggested in the chapter Future work, might also lead to
a better optimisation of the parameters to control both the leakage into the
left atrium and the inclusion or exclusion of the papillaries.

Comparison of the different prototypes might not be feasible to do since
the segmentation results is poor and the difference between the segmentation
errors depends on how much of the papillaries that are included, leakage into
left atrium or leakage through the left ventricle wall. The results may though
indicate that it does not make a big difference that the parameters in the
prototype is optimised on the same set as the intensity function, initialisation
and spatial map was generated from. Also the difference in segmentation
error when setting landmarks twice in the same image is below 1% which
might indicate that the segmentation of the left ventricle blood volume might
not be sensitive to the landmark setting.
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6.4 Segmentation of right ventricle blood
volume

The fourth application tested was segmentation of the right ventricle blood
volume. For this application four prototypes have been built and tested on 10
images. The right ventricle has a thinner wall structure than the left ventricle
and thus it is more likely that the segmentation leaks through the wall. The
optimisation is though done to minimise the segmentation error. With a
large value of A\ more spatial constrains will be used, which might prevent
the leakage unfortunately it is hard to optimise a good value of A since the
variation in shape of the right ventricle is fairly large. The curvature weight
{ can also prevent the leakage but the curvature should also be allowed to
vary where it is needed otherwise the parts of the object with larger curvature
will not be included. The parameter o can also prevent the leakage since it
lowers the speed near the edges.

When optimising the parameters the absolute volumetric segmentation
error ey qps 1s used which includes all falsely included and excluded pixels,
but the influence of leakage is larger than an underestimation of the right
ventricle. This leads to a compromise which gives the smallest absolute error
but unfortunately underestimates the left ventricle blood volume. It can
though be seen that the optimisation has been done so that a small absolute
error is acquired since the mean absolute error measurement is between 0.62
and 0.79 millimetres for the four prototypes.

For the segmentation of the right ventricle four prototypes has been built
to be able to draw conclusions on the sensitivity of the method, however, the
relatively poor result might not make this feasible. The results also point in
another direction than the results for the segmentation of the left ventricle
blood volume.

Comparing the prototypes built on different images, that is to say image 1
to b respectively image 6 to 10, gives a small difference indicating that it does
not matter which set of images the prototype is built upon. Comparison on
the optimisation on different sets of images also shows a result contradicting
the result for the left ventricle blood volume. The segmentation error for the
prototype built upon image 1 to 5 and optimised on image 6 to 10 compared
to the prototype built and optimised on image 1 to 10 indicates that it
does matter that the optimisation is done on the same set as it was built
upon. This further reinforces the argument that it is not feasible to draw
any conclusions on the method sensitivity on these fairly poor results. To be
able to draw certain conclusions one need to improve the intensity mapping
function and run the parameter optimisation once more.
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6.5 Conclusions

The segmentation result of the aorta is very satisfying and the results indicate
that the segmentation can be improved for the other applications. To acquire
better results for the other applications the usage of the a priori information
about intensity needs to be improved. First, after such improvement and
re-optimisation, the suggested way of validating the method sensitivity can
be applied and conclusions about the method sensitivity can be drawn.

In conclusion, the prototype based segmentation is a method to incor-
porate a prior: information to a level set method. The segmentation result
is promising since the segmentation of the aorta has an error measurement
comparable to the one an experienced observer might do.
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Future work

The prototype based method shows promising results, and further develop-
ment of the method will be done. Commercial interest exist to use the method
for segmentation of the whole heart in both MR and computed tomography,
(CT), segmentation of the aorta for run off studies in CT and segmentation
of renal artery and other peripheral vessels. The development of the method
will therefore be continued. Primarily the intensity adjustment and intensity
function will be further developed. The intensity adjustment will be further
developed to be able to handle the large variations in intensity normalisation,
in especially MR images. The intensity function will be further developed to
handle deviations from the intensities most present in the example images.
Ideas on these improvements and other improvements suggested in the dis-
cussion chapter will be discussed below.

The adjustment of intensities can be done in several ways, some previously
discussed in the method chapter. All three methods discussed were methods
of having a predefined way of adjusting the intensities. The intensity can
also be adjusted depending on the intensities in the image to be segmented.

The adjustment which will be tested, to improve the intensity mapping,
is to make a histogram of the intensities inside the initialisation and compare
the peak of this new histogram to the peak of the intensity function. The
intensity function is then calculated by adjusting the peak of the histograms
of the example images. It might also be feasible to develop the method so
that it is possible to use two different histogram peaks for the segmenta-
tion. Of course these histograms should be compared to the histograms of
the intensities outside the object to segment. With this calculation of the
intensity function it, might also be feasible to encounter for some uncertainty
or deviation of the intensities. To encounter for this the width of the peaks
for the histograms can be compared.
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Another adjustment of the method will be to investigate the importance
of the size of the initialisation. A smaller initialisation will most probably
be contained in the object to segment and the risk of segmentation leakage
through the object edges will be reduced. After optimisation with a smaller
initialisation the spatial map might be even more helpful in for example
the segmentation of the left and right ventricle blood volume so that even
the leakage into the atriums is reduced. The leakage of the segmentations
into other structures could also be completely eliminated by using landmarks
which defines a slice or position through no propagation of the segmentation
is allowed. In the case of the ventricle blood volume a slice could be an ex-
cellent choice of such constraint. In the aorta though such a constraint could
not have been used instead of the spatial map since the heart is imbedded
in the same slices as the aorta. After adjustment of the intensity function
and usage of smaller initialisation such a constraint most probably will not
be needed though.

One explanation of the underestimation of the volumes has been that the
error becomes larger if the segmentation falsely includes pixels at a distance
of one pixel outside the object than falsely excluding pixels at the same dis-
tance inside the segmentation since the volume outside is larger. This might
be corrected by weighting the errors differently. The optimisation of the pa-
rameters for the aorta, however, has resulted in segmentation errors both
positive and negative. Since the intensity function works better for the seg-
mentation of the aorta the problem of underestimation might also be reduced
when the intensity function is improved.

Yet another improvement of the method would be to use a smoothing which
does not split structures in two when the structure is thin, like for example
the left ventricle wall. This can be accomplished by using an anisotropic
smoothing and smooth more along the segmentation and not across the bor-
der. Such a method can for example be an image enhancement method [15].

Further development of the method will focus on improving the intensity
function and testing segmentation with a smaller initialisation. When these
improvements have been done, re-optimisation of the parameters and further
analysis of the method sensitivity will be done.
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