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Fuzzy cluster segmentation of multispectral
magnetic resonance imaging in
multiple sclerosis

Lisa Botes

Sammanfattning
MS, multipel skleros, börjar utvecklas hos personer mellan 20-40 år. Typiskt för sjukdomen
är attackvisa försämringar. Dessa försämringar kan gå tillbaka efter någon tid, men lämnar
ofta någon form av restsymptom. Sjukdomen karaktäriseras av förändringar inom det centrala
nervsystemet, vilka så småningom övergår i ärrbildningar. Förändringarna finns framförallt i
den vita substansen, där nervernas ledningsbanor är belägna. Skadorna som uppkommer
kallas lesioner. Det är viktigt att försöka kartlägga hur och var förändringar i det centrala
nervsystemet uppstår vid MS och hur de förändras i tiden. Bildgivande undersökningar,
magnetisk resonanstomografi (MR), används vid diagnos och kartläggning av förändringarna
i den vita substansen.
Målet med detta examensarbete var att utveckla en automatisk metod för att mäta dessa
förändringar. Fem olika klustringsalgoritmer jämfördes. Primärt har metoden testats för att
mäta den totala hjärnvolymen och dess skilda delar, d.v.s. vätska, vit och grå substans samt
lesioner. För att uppskatta graden av atrofi beräknades även brain parenchymal fraction
(BPF). Slutligen testades metodens reproducerbarhet genom upprepade mätningar på en frisk
och frivillig person.

Examensarbete 20 p i Molekylär bioteknikprogrammet
Uppsala Universitet December 2003
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List of abbreviations used in the text

AD

Alzheimer´s disease

ANN

artificial neuron nets

BPF

brain parenchymal fraction

CNS

central nervous system

CSF

cerebral spinal fluid

EM

expectation-maximization algorithm

FCM

fuzzy c-means clustering

FLAIR

fluid-attenuated inversion recovery

FMLE

fuzzy maximum likelihood algorithm

G-G

Gath-Geva

G-K

Gustafson-Kessel

MPRAGE

magnetization prepared rapid gradient echo

MRI

magnetic resonance imaging

MS

multiple sclerosis

RF

radio frequency

STD

standard deviation

T1

spin-lattice relaxation

T2

spin-spin relaxation

Voxel

volume element
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About the report

This project has been carried out at the Department of Hospital Physics at Huddinge
University Hospital, Stockholm, Sweden. The project was made as a five months degree
project for the Master of Science Programme in Molecular Biotechnology of Uppsala
University, Uppsala, Sweden.
Half the project time was spent studying the theoretical background to the treated subjects,
and the other half was spent developing code.
I would like to thank my supervisors Per Julin and Leif Svensson for their very valuable help
and willingness to sacrifice much time in order to discuss the theories of this project with me.
I would also like to thank all the people working at the Department of Hospital Physics for
making me feel welcome.
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Introduction

Many neurodegenerative diseases result in atrophy, which means loss of brain volume. This
abnormality in the brain can be seen in several diseases such as Alzheimer’s disease (AD) and
Multiple Sclerosis (MS). Magnetic Resonance Imaging (MRI) is now routinely being used in
the diagnosis of both MS and AD. In MS the method is mainly used to visualize inflammatory
lesions and plaques, but recently the detection of progressive atrophy has also been of great
interest in MS research. It is essential to be able to follow the progress of the disease. Another
application could be comparing the results of various treatments; this would of course be of
great importance. There are different methods available for brain volumetry from MRI.
Supervised methods, which are operator dependent, are mainly being used today. However
they are both time-consuming and costly since there is a need for an operator to handle the
image analysis and this person requires a fair amount of education and training.
The aim of this work has been to find a robust and unsupervised method to analyse MR
images from patients diagnosed with multiple sclerosis. The use of these methods could also
be expanded to the analysis of other multimodality imaging methods, such as x-ray CT1, PET
and SPECT. However, resolution of different types of brain tissue in MRI has been shown to
be superior to other types of imaging. The suggested volume estimation methods could also
be applied to other types of volumes, such as the eye with its surrounding tissue and tumour
volumes.
3

Medical background

3.1 The Central Nervous System
The Central Nervous System (CSN) consists of the brain and the spinal cord. CSN contains,
amongst other things, cerebral spinal fluid (CSF) and white and grey cell matter.

1

Computerized Tomography, Photon Emission Tomography, Single Photon Emission Tomography.
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Grey matter is made of nerve cell bodies, whilst the white matter contains bundles of
myelinated axons. The myelin sheet is built up of lipids and proteins, and it creates isolating
layers around the axon. The nerve cell has two types of extensions, axons and dendrites, see
Figure 1. The dendrites carry nerve impulses to the neuronal cell body (the Soma) whereas the
axons carry it away. The axons of white matter are responsible for sending communication
signals both within the CNS
and between CNS and the rest
of the body.
The myelin coating increases
the speed with which nerve
impulses move down the
axons. A myelinated axon
transmits impulses with a
speed of 5 to 30 metres per
second. The nerve signals are
considerably slowed down in
a demyelinated axon where
the speed is reduced to 0.5 to 2 metres per second. Nerve signals arise through action
potentials that are built up by sodium and potassium ions that flood through the semi
permeable myelin sheets. When the nerve cell is at rest a potential is built up, which makes
the neuron functioning like a conductor.
Figure 1 A schematic image of the neuron, adopted from
www.mult-sclerosis.org

At rest the interior of the cell is negatively charged. This is its natural state. When the nerve
impulse reaches the cell, the cell is depolarised. The impulse opens the sodium gate and ions
flood from the outside of the cell to the inside through the membrane. In the ground state the
concentration of sodium ions is less inside the cell than outside. The nerve impulse is then
transmitted through the axon. After depolarisation follows repolarisation. The sodium gate is
closed, and the original levels of sodium and calcium are re-established.
Myelin increases the speed of the transmission by containing the current (as positively
charged ions) in a small space surrounding the axon. This means that the sodium and
potassium ions that contribute to the resting potential do not have far to move when the action
potential occurs. Myelin also prevents current from being lost as sodium ions drift away from
the neuron.
Demyelinated axons can also discharge spontaneously and increase the mechanical
sensitivity. This explains the feeling of electrical pulses running down the spine or limbs on
neck flexion in patients diagnosed with MS. Typically common occurring symptoms are also
disruption of coordinated movements of the eyes, limbs, bulbar musculature and axial
muscles.
3.2 An introduction to multiple sclerosis
Multiple sclerosis (MS) is an inflammatory autoimmune disease of the central nervous system
(CNS), and one of the most common causes of neurological disability in young adults [1]. An
autoimmune disease causes the natural defences of the body to attack its own body structures.
The target of these attacks is the white matter in the brain, and when broken down so-called
lesions form. Registering the appearance of lesions, also called plaques, can help monitoring
the development of the disease.
2

Lesions are the result of an acute inflammatory injury of the axons, glia and the myelin sheets.
The plaques are predominately situated in the white matter regions in the brain, see Figure 7b.
There are three different types of glia cells; oligodendrocytes, astrocytes and microglia.
Amongst many things the glia cells supply chemicals such as potassium and calcium and
regulate neurotransmitter levels. Specifically the oligodendrocytes are responsible for the
production and maintenance of myelin.
The disease starts with an immune attack of the oligodendrocyte. Acquired immune system
cells, or T-cells, are present at the site of lesions. In progressing MS the myelin is the primary
target of deterioration, but finally the oligodendrocytes are also destroyed. When the
oligodendrocyte is destroyed remyelination is slowed down or cannot take place at all. The
other type of glia cell causes scar tissue to form in place of the myelin. Eventually the axons
are destroyed, and brain tissue has been lost.
3.3 How is the disease diagnosed?
MS primarily starts in the age between 20-40 years, however most people develop the disease
at thirty years of age. In an early stage the symptoms are vague, various and hard to recognise.
Lesions in the cerebrum cause cognitive impairment, as in dementia. The signs are deficits in
attention and reasoning; executive function (early) and dementia (late) [1]. Inflammation in
the brainstem renders impaired speech and swallowing, clumsiness and poor balance. The
sense of weakness is caused by an affected spinal cord and this may also cause stiffness and
painful spasms. A more obvious early symptom is inflammation of the optical nerve. It affects
approximately 20% of the MS patients, mainly young people, and one may loose one’s vision
for a couple of weeks [2].
There are mainly two laboratory methods used when diagnosing the disease. The methods
used are MRI scans of the brain, where changes in white matter are registered, and
cerebrospinal fluid tests. Though, all white matter abnormalities that show up on the MRI are
not diagnostic. This is important to remember since symptoms that mimic the disease have to
be excluded.
The cerebrospinal fluid protein electrophoresis helps excluding such imaging abnormalities
that are not caused by MS. The test shows oligoclonal IgG bands in more than 90% of people
diagnosed with multiple sclerosis, and confirms that underlying pathology is inflammatory.
However, the antibodies role in developing the disease is still puzzling. Screening of spinal
fluid against cDNA expression or random peptide libraries has not distinguished common
antigen specificities.
New MS diagnostic criteria was suggested 2001 [3]. Two or more clinical attacks and two or
more objective lesions suffice for making the diagnosis MS. The brain blood barrier protects
the brain from damaging matter in the blood, such as for instance bacteria. When a lesion
arises in the barrier, the blood can flow freely across it. When diagnosing the disease, MRI
contrast substance such as Gadolinium (Gd) is sometimes used in the search for lesions. Due
to the breakage of the brain blood barrier, Gd can flow freely across the barrier and target the
damaged area. In this project no contrast substance was used in the images.
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3.4 What causes multiple sclerosis?
There are a number of different theories what is causing the disease, but it is likely to be
caused by interplay between genes and environment. The disease is not evenly spread around
the world, but is mostly concentrated to northern Europe. MS predominantly affects northern
Europeans, and twice as many women as men. Recurrence in monozygotic twins is 35%.
Multiple sclerosis seems to be polygenic, and the responsible genes do not seem to be
mutated. Instead, each polymorphism makes a small contribution.
Evolution of MS plaque follows a certain pattern. The progression starts with an immune
engagement, followed by a relapsing-remitting period. The plaques come and go repeatedly in
different sites of the brain. The period starts with an acute inflammation injury of axons and
glia. At this stage the MR signal in white matter is changing to become more similar to the
grey matter signal, due to the inflammation. White matter is not transformed into grey matter,
although the antenna receives it as such. This phase is followed by a recovery of function and
structural repair. The post-inflammatory phase is the final step where the neuron may be fully
degenerated, after this stage white matter has been replaced by liquor [1].
4

Magnetic Resonance Imaging (MRI)

4.1 Nature of Magnetic Resonance Images
Medical images are produced by a variety of radiation. Visible light, x-rays, gamma-rays and
radio waves are all forms of electromagnetic radiation. When obtaining magnetic resonance
images, the interaction between electromagnetic radiation in the radio frequency range and an
object are used [4].
Atomic nuclei with an odd number of neutrons and protons, are said to have a spin. They
behave somewhat like a small compass needle in a magnetic field, due to its magnetic
moment.
Since biological tissue mainly consists of water, the most abundant atom in the body is the
hydrogen atom. Before excitation the nuclei move in a random fashion, due to thermal
energy, but when protons are placed in an external magnetic field (Bo) most of them will align
their magnetic vector parallel to the direction of the external magnetic field. Some will align
themselves antiparallel to the magnetic field, see Figure 2. The result is a net magnetization,
often called Mz, in the body parallel to the direction of the external magnetic field. When the
external magnetic field is turned on the proton will also start to precess with a constant
frequency, called the Larmor frequency, directly proportional to the strength of the magnetic
field

ϖ = γ ∗ Β o,
where γ is a constant of proportionality called the gyro magnetic ratio depending on the
nucleus involved.

4

Bo

Bo

Proton

The Larmor frequency for protons in a magnetic
filed of 1.5 Tesla (T) is 63 MHz, which is clearly
in the radio frequency domain.

Proton

Protons precessing in a magnetic field can absorb
energy from electromagnetic radiation with the
Larmor frequency. The magnetic vector of some of
the protons will flip over from the parallel to the
Figure 2 Image showing the proton
precessing in a strong external magnetic field
antiparallel direction. At the same time protons
will start to precess in phase with each other.
Depending on the amount of energy supplied by
the radio frequency transmitter (RF) the net magnetization vector, Mz, will be reduced or even
switched to the antiparallel direction. When Mz is reduced a rotating magnetization vector Mxy
is developed in a plane perpendicular to the direction of the external magnetic field due to
phasing of the precession of individual protons. When the RF is turned off the protons will go
back to equilibrium reemitting the absorbed energy. This is called relaxation and can be
described by time constants. Relaxation in the Z-direction is called longitudinal or spin-lattice
relaxation (T1) while relaxation in the XY-plane is called transverse or spin-spin relaxation
(T2), see Figure 3.
Mz

(a)
Mz=M0(1-e-t/T1)

T1

Time

Mxy
MXY=MXY e –t/T2

(b)
Time

T2

Figure 3 (a) The longitudinal relaxation, T1. (b) The transverse relaxation, T2. T1 and T2 are tissue dependent,
which adds a biological aspect to the measurement.

To obtain spatial information about the protons within the object, gradients can be applied in
one or each of the three orthogonal directions. The gradients are switched on and off during
the imaging process. If a linear gradient is turned on at the same time as the RF only protons
will experience different magnetic field and only those seeing a magnetic field corresponding
to the Larmor frequency will absorb the RF energy. As a consequence only protons within a
specific slice will change their magnetization vector. If other gradients are used when the
reemitted RF signal is collected, spatial data from the whole volume under investigation can
be obtained.

5

Using different timing sequences for RF-emission, gradients and RF-collection (pulsesequences) different types of images can be constructed. Images showing T1 properties of the
tissue are called T1-weighted images and images showing T2 properties are called T2weighted.

4.2 MRI Segmentation methods and applications in general
Up to date various segmentation techniques have been used as a prerequisite to morphometric
analyses of the brain using MRI. The available segmentation methods can roughly be divided
into two main groups, single contrast methods and multispectral methods, see Figure 4.
Image Segmentation methods

Single contrast

Edge
detection)

Boundary
tracing

Thresholding

Seed
growing

Multispectral

Random
field

Unsupervised

Supervised

Figure 4 A survey of different classification methods used in image analysis. Some of these methods are also
applicable in other fields such as speech recognition and bio informatics [5].

For reasons of reliability and tractability there is a need for unsupervised and robust methods
for classification of different objects in an image. There are various classification techniques,
see Figure 4. Preference of method is determined by type of image accessible and the object
one wants to classify.
4.3 Cluster methods
The aim of clustering is to obtain regions of a specific predefined tissue class, in such a way
that the difference between every image volume element (voxel) member within the region
(cluster) is less than the difference to a member of a different cluster. The voxel is a unit of
graphic information that defines a point in three-dimensional space. In the used images it was
rod shaped, see Figure 5. Fuzzy clustering differs from conventional clustering by assigning
each point of a data set a membership function, which means that every point may belong to
all clusters at the same time but to a different extent, see Figure 5, [6]. This advantage adapts
to noisy data and classes that are not well separated.
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Theoretically, a voxel may consist of more
than one type of matter. In these studies a voxel
measures 1.8 *0.7* 0.7 mm. In a masked image there
are more than 4 million voxels, divided on 64 slices,
which build up the brain volume. The left rod shaped
volume illustrates the crisp volume. The right block
illustrates the fuzzy volume.

Figure 5

The prerequisite using the clustering algorithms is a clear separation of objects, made of data
points, in the input signal space. If there is no such separation it will be very difficult, not to
say impossible, to find clearly distinctive clusters. Therefore it is crucial to choose images that
together give useful information about the signal space.
The conventional fuzzy C-means (FCM) algorithm uses Euclidean distance as a distance
metric. This is a drawback, since the clusters tend to be equalised. An attempt to compensate
for the equalised clusters was done by using the clustering algorithm with different distance
metrics. The Gustafson-Kessel (G-K) algorithm was applied to the selected signal space as
well as the Gath-Geva (G-G) algorithm, the expectation-maximization (EM) algorithm and
FCM with weights [6] [Appendix].
There are several extensions to the basic c-means algorithm, and one of them is the Gustafson
and Kessel algorithm. G-K extended the standard fuzzy c-means algorithm by employing an
adaptive distance norm, in order to detect clusters of different geometrical shapes in one data
set. G-K uses the covariance matrix to capture ellipsoidal properties of clusters, see Figure 6,
[6], [Appendix]. Each cluster has its own norm-inducing matrix Ai, see Figure 6.
Euclidean norm

Diagonal norm

Mahalonobis norm

Study 1

x

Study 2
Figure 6 Different distance norms used in fuzzy clustering, (2 D). The image is reproduced from [7] by kind
permission of Professor Robert Babuska

The Gath-Geva (G-G) algorithm combines the FCM algorithm and the FMLE (fuzzy
maximum likelihood) algorithm. By using member functions replaced by posterior
probabilities P(Ck / xi) of class Ck given the observation xi, an attempt to obtain a more
accurate result was made. The Euclidean distance was replaced with an exponential distance.
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4.4 Aims
The primary aim with this project has been determining which of the methods above is
superior when determining the accuracy and reproducibility of the brain volume
measurements. Secondarily we wanted to inquire whether the volumes could be used to
calculate the brain parenchymal fraction (BPF), see Table 3, [8]. This fraction is used to
measure whole brain atrophy in MS, and is calculated by adding grey and white matter
volumes and dividing the result with the whole intra-cranial brain volume. Finally we
specifically wanted to segment the lesion volumes and the sub volumes within the lesion.
Initially the lesions are situated in white matter regions, but as the disease progress the axons
are destroyed, and one measures a signal resembling grey matter. At the end the whole neuron
is destroyed, and white matter has decayed to liquor. The measured sub volumes could reflect
the degree of severity of the disease.
5

Material and methods

5.1 Material
One patient was used when applying the different algorithms to the MR images. Two types of
pulse sequences were used in this project, a T1- and a T2-weighted image. They both came
from a voluntary patient diagnosed with multiple sclerosis. The patient was a woman in her
thirties. In order to investigate the reproducibility, a series of MPRAGE studies taken at eight
different occasions from one healthy voluntary person were used. The reference was also a
woman in her thirties. A Siemens Vision MRI camera (1.5 T) was used when taking the
images.
5.2 Pulse sequences used
Two types of images were used in this study, a T1- and a T2-weighted pulse sequence. The T1weighted images were in the form of a Magnetization Prepared Rapid Gradient Echo
(MPRAGE) sequence, and the T2-weighted as a Fluid-Attenuated Inversion Recovery
(FLAIR) sequence. The distinction between grey and white matter is better in a MPRAGE
image than in a FLAIR image. With the MPRAGE one could segment the different types of
brain matter; liquor, grey and white substance. Segmentation of lesions, liquor and rest were
performed with the help of a FLAIR image. Here, one could easily distinguish lesions from
liquor. However, it was harder to separate grey from white matter, see Figure 7. One also
wanted to measure the different volumes within the lesion.
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Figure 7 (a) Picture
showing a Magnetization
Prepared Rapid Gradient
Echo
(MPRAGE)
sequence, a T1-weighted
type of image. Regions
of grey matter and white
matter
are
clearly
contoured. Blue arrow
showing grey matter and
red arrow showing white
matter. Severe lesions,
so called black holes, can
sometimes be seen in a
MPRAGE image. These
regions of white matter
have decayed to liquor. (b) Picture showing a Fluid-Attenuated Inversion Recovery (FLAIR) sequence, a T2 weighted type of image. Damaged brain tissue, lesions, is shown as brightly white areas (green arrows). The high
signal arises from increased water content. The images are corrected for inhomogeneity and registered to each
other.

5.3 Data pre-processing
Primarily the two pulse sequences were registered to each other, in order to being able to use
information from the MPRAGE and FLAIR sequence when sub classifying the lesions. When
using information from both sequences in the same run, there have to be an exact
correspondence between a voxel in the T1-weighted and the T2-weighted sequence.
Secondarily the input data had to be masked. The masking was performed in order to remove
data points with a signal that would otherwise inflict on the result, such as scull and neck. The
removed data had similar signal values compared to intra-cranial matter, if not removed these
voxels would otherwise add to the measured volumes. The removal of unwanted data points
was performed by using a programme called BMAP that uses a stepwise unsupervised regiongrowing algorithm to define the intra-cranial volume [9], see figure 8.
Figure 8 In order to segment the
intra-cranial volume, scull and
neck has to be removed. Figure
showing an MRI before and after
masking was performed.

Thereafter the images were corrected for inhomogeneity, see Figure 9. There is always a
certain amount of inhomogeneity when registering the image. The inhomogeneity can be seen
as a gradient in the image, which has to be compensated. A white matter voxel at one end
might otherwise give a signal resembling liquor or grey matter at the opposite side of the
gradient. A combination of biological factors, such as disturbance from the torso, and
irregularities in the registration by the RF coil are explanations to the inhomogeneity.

9

The inhomogeneity correction programme had earlier been developed by Leif Svensson and
Per Julin at the Department of hospital physics.

(a)

(b)

(c)

Figure 9 The eye seldom registers inhomogeneity in the image. Figure showing (a) an original MPRAGE image
(slice 33 of 64), (b) the inhomogeneity corrected image and (c) the fraction of (b) and (a), showing the corrected
regions. The central region of (c) was less corrected than the edge area of (c).

In both types of images there were still unwanted voxels with high signals, therefore the
images were thresholded a second time. The removed voxels were blood vessels in the brain,
and one does not want to include them in the intra-cranial volume. By interpolating the slope
of white matter in the MPRAGE histogram, a threshold was found. In the more fuzzy FLAIR
histogram a set percentage was used to find the highest acceptable voxel, see Figure 10.

(a)

(b)

Figure 10 (a) The histogram of a FLAIR (T2 -weighted) sequence. The green line is showing where the image
was thresholded. (b) The histogram of a MPRAGE (T1 -weighted) sequence.

Finally, after having extracted the signal space, voxel values were normalised in order to
compare different studies such as T1- and T2- weighted brain MRI. There is a difference in
dynamics between the two types of sequences. Every voxel value was measured as a
percentage of the highest voxel value remaining after thresholding the image a second time.
After pre-processing, the clustering algorithm was applied to the remaining signal space.
5.4 Clustering
There were two reasons why clustering algorithms were chosen as method of classification.
Primarily mild to medium severe lesions cannot be seen in T1- weighted images, only in T2 weighted sequences like Fluid-Attenuated Inversion Recovery (FLAIR). Therefore single
contrast methods are not a good option. Secondarily the cluster method is completely
unsupervised, hence it should be good for reproducibility and reliability. Artificial Neuron
Nets (ANN) is a method that has been used in the segmentation of dynamic MR
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mammography images [10]. However, the net has to be trained for the classification of parts
of the body being investigated, which is a drawback since the net can be over-trained. Finding
the right number of nodes and amount of training might therefore be quite elaborative.
After data pre-processing both types of pulse sequences were clustered. Six different
clustering algorithms were tested and compared, see Table 1. Initially we tried clustering
MPRAGE and FLAIR together, but the result was unreasonable. The ratio of lesions and
intra-cranial volume is very small, about five percent. Therefore one could not segment the
plaque region, using a multispectral sequence. As a result, each sequence was clustered
separately, see Figure 11.

Figure 11 The green curve shows where one ought to find the voxels which lie within the lesion areas. The lesion
area cannot be seen when plotting the MPRAGE image against the FLAIR image. However, when plotting only
lesion areas, one can clearly see the region they lie within.

To obtain the lesion volumes, the FLAIR image was clustered. In order to sub classify the
lesions, the MPRAGE was masked with the segmented lesions from the FLAIR image.
Clustering algorithms were then applied to the remaining lesions together with the original
MPRAGE for sub classification, see Table 2.
The starting points were chosen by marking a voxel within the region of interest in the image.
To investigate the sensitivity to different starting points, the programme was run several times
with a new initial value. FCM seemed stable since it repeatedly gave the same volumes.
All algorithms used have a hierarchical structure. First one have a starting point, and work
upwards until one reaches a new value. The result from this upward pass is then used in a new
pass, a procedure that continues until a satisfying result is obtained, see Figure 12.

Patterns

Clusters

Signal
Selection/
Extraction.

Interpattern
Similarity.

Grouping.

Feedback looping
Figure 12 Workflow for the clustering algorithms.

Three starting points, one for each type of matter and CSF, were initially used. However,
three points were not enough to capture the complexity of the MRI. Some white voxels tended
to be misclassified as being grey, since the spreading of the grey matter signal is larger than
11

compared to white matter, see Figure 13. Therefore the clustering was performed with two
starting points for the grey matter. Four starting points resulted in a better approximation to
the different matter volumes one wanted to measure.
Histogram of a brain

Figure 13 Histogram showing a normal
healthy
brain.
Segmentation
was
performed by using FCM and four
clusters. The problem one wants to solve
is where to threshold the different regions
of matter, i.e. where the red line
preferably should be placed in order to
give the most accurate result compared to
the real brain.
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5.5 Implementation and computational aspects
Programmes were implemented in UNIX environment; computations were performed on a
1662 MHz Hermes workstation, (Nuclear Diagnostics AB, Sweden), with 512 MB memory
running Solaris 5.6 (Sun MicroSystems Inc., Mountain View). All code was written in ANSI
C and compiled with the GNU C compiler. A typical sixty-four-slice dataset required about 2
minutes to segment with the clustering algorithms, depending on the brain size and the chosen
amount of clusters. The clustering methods were added to an existing programme called
Volume Statistics, developed at the Department of Hospital Physics, Huddinge University
Hospital. To visualize the data, images were created by using a function called Multi modality
within the Volume Statistics programme.
6

Results

The results from classification of liquor, white and grey matter with the different algorithms
applied to an MPRAGE image can be seen in Table 1. According to literature liquor is about
100 cm3 in a normal healthy brain, and depending on the stage of the disease approximately
twice as much in a brain affected by MS. Earlier studies have suggested that the ratio between
grey and white matter should be 1.1-1.5 [11]. A normal brain, not affected by atrophy,
measures 1400-1700 cm3 depending on gender.
When calculating the crisp volume the largest membership value, in each voxel, decides
which class the rod shaped volume belongs to. When calculating the fuzzy volume, the
volume of each voxel is multiplied by the membership value (µik) of a data point (k) to cluster
(i). Theoretically, each voxel could contain all types of matter. The membership volumes are
thereafter added in order to obtain the total volume of the matter. Hence, when looking at the
resulting image of the fuzzy volume there is a certain overlap between the different types of
matter.
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Pulse
sequence

Method

Crisp
volume
(cm3)
Liquor

White
matter
545

Grey
matter
581

Grey
matter
-

407

497

815

322

White
matter
540

Grey
matter
581

Grey
matter
-

314

228

403

504

309

392

-

236

810

395

-

472

103

868

0

363

359

359

362

310

254

877

-

308

260

872

-

542

898

2

-

485

479

481

-

MPRAGE FCM
319
three
clusters
MPRAGE FCM four 227
clusters
MPRAGE FCM with 235
weights.*
MPRAGE EM four
clusters
MPRAGE GG three
clusters
MPRAGE EM three
clusters

Fuzzy
volume
(cm3)
Liquor

Table 1 Table showing the resulting clustered volumes for the different types of matter.

The resulting pictures after application of different algorithms to a T1 weighted sequence can
be seen in Figure 14. The best corresponding image is the FCM with four starting points, both
according to measured volumes and by visual inspection compared to the original image.

(a)

(b)

(c)

(d)

Figure 14 (a) The original MPRAGE image. (b) Regular
FCM with four chosen clusters; liquor is coloured blue,
white matter is coloured red and grey matter regions are
coloured yellow and white. (c) G-G with four chosen
clusters (d) G-G with three chosen clusters, (e) a weighted
FCM with three chosen clusters and (f) EM with four
chosen clusters.

*

Weights were set to 0.25 for liquor, 0.44 for grey matter and 0.3 for white matter. The selection of weights was
empirical. The chosen weighting factors gave the most satisfying result when comparing with the original
sequence. A different way to weigh cluster centres was proposed by Suckling et. al [11].
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Figure 15 shows the calculated intra-cranial volumes. In the first image one can see the
regions containing CSF. The second image shows regions classified as white matter. The two
last images show the grey matter regions. In order to obtain all grey matter volume, one added
the two pictures. In order to calculate the whole intra-cranial volume, the four volumes were
added.

Figure 15. FCM applied to a MPRAGE sequence. Figure showing the clustered regions, one by one, in the
following order; CSF, white matter and two images with grey matter. Four clusters were chosen in order to detect
all the grey matter regions, including difficult areas such as the basal ganglia (green arrow). In the basal ganglia
area, white and grey matter are not fully separated but entangled, hence the difficulties in classification. This is an
analytical problem that occurs in more regions of the brain.

When segmenting the lesions, FCM with four clusters were applied to the FLAIR image. The
resulting lesion volume was thereafter used to mask the original MPRAGE image. The EM
and FCM with three starting points were then applied to the masked MPRAGE and the
FLAIR, in order to sub classifying the lesions. The total volume of lesions was calculated to
81 cm3, 5.6% of the total brain volume. The result can be seen in Table 2.
Pulse sequences

Method

Crisp
volume
(cm3)
Liquor

MPRAGE/FLAIR EM three 26
clusters
MPRAGE/FLAIR FCM
20
three
clusters

White
matter
14

Grey
matter
41

Total
lesion
81

33

27

81

Fuzzy
volume
(cm3)
Liquor
25

White
matter
37

Grey Total
matter lesion
19
81

16

35

30

81

Table 2 The resulting lesions after sub clustering the masked MPRAGE and FLAIR. Liquor, white matter and grey
matter volumes were obtained.

Figure 14 shows the result after using the EM and FCM algorithm to cluster the segmented
lesions, from the FLAIR, with the masked MPRAGE. By visual inspection of the original and
clustered regions, the FCM seemed to agree well with the original segmented lesion area.
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Figure 16 (a) EM used when clustering lesions using a
MPRAGE and FLAIR at the same time. Three clusters
seemed to work well and were used in order to save
processing time. (b) Regular FCM used when
clustering lesions with MPRAGE and FLAIR.

In order to investigate the reproducibility of
FCM clustering, the algorithm was also applied to images from one healthy voluntary test
person. The pictures were taken at eight different occasions with the same camera. The
difference in volume between the images was low, see Table 3. The brain parenchymal
fraction (BPF), which is a measurement of atrophy, was also calculated for each study.
Pulse
sequence
MPRAGE
MPRAGE
MPRAGE
MPRAGE
MPRAGE
MPRAGE
MPRAGE
MPRAGE

Method

FCM
FCM
FCM
FCM
FCM
FCM
FCM
FCM

Crisp
volume
(cm3)
Liquor White
matter
98
511
103
493
103
489
100
497
92
499
98
509
99
502
100
500

Grey
matter
554
558
554
561
579
552
560
566

Grey
matter
199
208
215
206
192
202
201
190

BPF
0.928
0.924
0.924
0.927
0.932
0.928
0.927
0.926

Fuzzy
volume
(cm3)
Liquor White
matter
99
517
104
485
104
497
99
507
90
494
97
502
100
507
106
504

Grey
matter
550
567
549
549
582
577
560
564

Grey
matter
199
205
211
204
195
205
194
188

BPF
0.927
0.924
0.924
0.926
0.934
0.930
0.927
0.922

Table 3 Table showing different types of matter measured from eight different images from a healthy person.
FCM with four starting points was applied to the pictures.

The standard deviation (STD) for each type of matter and CSF was calculated in order to
measure the reproducibility, see Table 4 and 5. The standard deviation was low as well as the
method error. The method error was calculated as the ratio of the standard deviation and the
average.

Average
STD
Method error

Average
STD
Method error

Liquor

White
matter

Grey
matter

99.125
3.482
0.035

500.00
7.423
0.015

762.13
7.100
0.009

Liquor

White
matter

Grey
matter

99.875
5.056
0.051

501.63
9.680
0.019

762.38
12.772
0.017

Table 4 Table showing the standard
deviation for the crisp types of matter
and liquor.

Table 5 Table showing the standard
deviation for the fuzzy types of matter
and liquor.

The method errors for the calculated BPF values were very low, less than 1%. For the crisp
volumes it was 0.27% and for the fuzzy volumes it was 0.41%.
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survey of the resulting slices after running FCM on a MPRAGE study can be seen in figure
17, the last 25 slices of 64 in total are illustrated.

A

(a)
(b)
Figure 17 (a) Picture showing the original MPRAGE image. (b) Picture showing the clustered image; liquor is
coloured lilac, white regions are coloured yellow and grey regions are coloured white.

7

Discussion

Five different algorithms were applied to MPRAGE images from a person diagnosed with
MS. FCM with four starting points seemed to give the most reasonable result, both in
consideration to literature and by visual inspection. Therefore the FCM algorithm was used in
further studies, such as segmentation of lesions in the brain.
To estimate the reproducibility, the calculations were repeated on a healthy normal brain.
Measurement, using FCM with four starting values, indicated that it is a stable and
reproducible form of classifying brain matter. The standard deviation was low for all types of
matter including liquor. Furthermore, the method error was very low for the calculated
volumes of the repeatedly scanned healthy control brain. This suggests that the method is
robust, and could be used on a large scale. To further investigate the usefulness of this
method, it would be interesting to test it on a larger patient material.
The differences between the crisp and fuzzy volumes were very small. The method error was
lower for the crisp volumes compared to the fuzzy volumes. The partial volume effects could
not be compensated for by calculating fuzzy volumes, this could be explained by the fact that
only one pulse sequence was used. Expressed as a percentage, the difference was larger
between the fuzzy and crisp volumes when clustering the segmented lesions using
multispectral data. The reason is probably that the signal space is extended to 2D.
In order to investigate brain atrophy, the ratio of the total volume of grey and white matter
divided by the total intra-cranial volume was calculated. This ratio, also called brain
parenchymal fraction, is an estimation of atrophy. In the patient diagnosed with MS, this ratio
was 0.82 compared to the healthy brain with an average of 0.93. Clearly the MS patient has
lost brain matter compared to the reference.
Method errors of BPF were very low, less than one percent. For the crisp volumes it was 0.27
percent, and for the fuzzy it was 0.41 percent. Thus the reability in repeated scanning is quite
16

high, though the validity of segmentation is very hard to test. However, the BPF values we get
are in accordance with previous publications [8].
The proposed method seems to handle the segmentation problem quite well. Figure 18 shows
the resulting segmented volumes that one obtains after applying the algorithm to the FLAIR
and MPRAGE images.

Figure 18 Left: original FLAIR, middle: original MPRAGE, right: result of clustering, border of CSF:red line, grey
matter: white colour, white matter: grey colour, liquor: black colour. Lesion sub volumes; lilac, yellow and orange.

8

Conclusions

Different clustering methods have been used and compared when segmenting brain matter
volumes. For the investigated algorithms, FCM seems to be more adequate. Four starting
points seem to work quite well when one wants to measure different regions within the brain.
The requirement of a minimum of four clusters when segmenting an MPRAGE image of the
brain is due to larger spreading of grey matter compared to CSF and white matter. When
estimating the volume of lesion, a FLAIR image can be used. In order to estimate the different
types of matter within the lesion, both pulse sequences can be used. In the future the
suggested method can be applied to the individual patient for measurement of different types
of matter, estimation of BPF and lesion load.
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Appendix
The Gustafson-Kessel algorithm:
Step 1: Compute cluster prototypes (means):

∑ (µ
N

Vi =

k =1

)

( l −1) m
ik

∑ (µ
N

k =1

zk

1≤ i ≤ c

,

)

, where i is the cluster.

(l −1 ) m
ik

Step 2: Compute the cluster covariance matrices:

∑ (µ
N

Fi =

k =1

) (z

(l −1) m
ik

k

)(

− v (i l) z k − v (il )

∑ (µ )
N

k =1

(l −1)

)
,

1≤ i ≤ c .

m

ik

Step 3: Compute the distances:
1
T
D 2ikA i = (z k − v (il) ) det (Fi ) n Fi-1  (z k − v (i l) ) , 1 ≤ i ≤ c , 1 ≤ k ≤ N where k is the


voxel and N the last voxel in the image.

Step 4: Update the partition matrix:
for1 ≤

k≤N

D ikA i > 0 for all i = 1, 2, …., c, where m=1.3 and µ ik the membership value.
1
= c
,
2 (m−1 )
∑ (DikAi D jkAi )
if

µ ik( l)

j =1

Otherwise

µ ik(l ) = 0 if D ikA i > 0, and µ ik(l ) ∈ [0,1] with

c

∑ µ ( ) =1.
l
ik

i =1

ε = 0.001.
Until

U (l) − U (l) < ε .
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The Gath-Geva algorithm:
Step 1: Compute cluster prototypes (means):

∑ (µ
N

Vi =

k =1

)

(l −1) m
ik

∑ (µ
N

k =1

zk

, 1≤

)

i ≤c.

( l −1 ) m
ik

Step 2: Compute the cluster covariance matrices:

∑ (µ
N

Fi =

k =1

) (z

(l −1) m
ik

k

)(

− v (i l) z k − v (il )

∑ (µ )
N

(l −1)

)

, 1≤

i ≤c.

m

ik

k =1

Step 3: Compute the prior probability:

∑ (µ ( ) )
N

Pi =

l −1
ik

k =1
N
c

m

∑ ∑ (µ )
k =1

l =1

.

l −1 m
kl

Step 4: Compute the distances:

(d (x
2

k

)

, v i,t ) =

1
Pi

(

) (

Step 5: Update the fuzzy partition matrix:
for1 ≤

k≤N
if

D ikA i > 0 for all i = 1, 2, …., c.
µ ik( l) =

1

∑ (D
c

j =1

ik Ai

D jkAi

)

2 (m−1 )

,

Otherwise

µ ik(l ) = 0 if D ikA i > 0, and µ ik(l ) ∈ [0,1] with
Until

)

Fi exp 0.5 z k − v (i l) Fi-1 z k − v (il ) .

c

∑ µ ( ) =1.
l
ik

i =1

U (l) − U (l) < ε .
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The Expectation-maximization algorithm (EM):
Step 1:

∑ (µ
N

Vi =

k =1

)

(l −1) m
ik

∑ (µ
N

k =1

zk

)

, 1≤

i ≤c.

( l −1 ) m
ik

Step 2: Compute the cluster covariance matrices:

∑ (L ) (z
N

Fi =

(l −1) m
ik

k =1

k

)(

− v (i l) z k − v (il )

∑ (L )
N

(l −1)

)

, 1≤

i ≤c.

m

ik

k =1

Step 3: Distances were computed according to:

D ik =

1

(2π )

m
2

Fi

1
2

e

-1
(z k − v i )T F i
2

−1

(z k − vi )

, 1≤

k≤N.

Step 4: The probability was calculated for each cluster, starting value was chosen as the above mentioned member value:

Li = −

(

) (

)

1
1
z k − v (il ) Fi-1 z k − v (i l) − log
2
2

(

det (Fi )

)

To avoid overflow, every probability was compared. For example, if one has the numbers –2, -300, -400 and
–125, the largest number was subtracted from each of the other numbers.
-2+2, -300+2, -400+2 and –125+2.
Thereafter the numbers were exponated and added in order to obtain a sum,

e0
,
sum the probability for the first cluster to belong to the current voxel.
e -298
, the probability for the second cluster to belong to the current voxel, e.t.c.
sum
Step 5: Update the probabilities until

U (l) − U (l) < ε .
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