
	 I	

Department of Biomedical Engineering (IMT),  
Linköping University, Sweden 

 
Master Thesis 

LiTH-IMT/MASTER-EX--16/033--SE 
 

Image Registration and Analysis within quantitative MRI 
to improve estimation of brain parenchymal fraction  

 
Danish Bhat 

 

 
 

Linköping, Sweden 
 

2016-11-30 
 

Supervisor:  
 

Xuan Gu  
Department of Biomedical Engineering (IMT), 

Linköping University, Linköping, Sweden 

Examiner: 
  

Dr. Anders Eklund 
Department of Biomedical Engineering (IMT), 

Linköping University, Linköping, Sweden 
  



	 II	

Abstract 
	
In certain neuro-degenerative diseases like multiple sclerosis (MS), the rate of brain atrophy 
can be measured by monitoring the brain parenchymal fraction (BPF) in such patients. The 
BPF is defined as the ratio of brain parenchymal volume (BPV, defined as the total volume of 
gray matter tissue, white matter tissue and other unidentified tissue) and intracranial volume 
(ICV, the total volume of the skull). It can be represented by the formula in equation 1: 
  

 				𝐵𝑃𝐹 = &'(
)*(

    (1) 
 

A complication with this measure is that the BPF is affected by the presence of edema in the 
brain, which leads to swelling and hence may obscure the true rate of brain atrophy. This 
leads to uncertainty when establishing “normal values” of BPF when analyzing different 
magnetic resonance imaging (MRI) scans of the same patient. Another problem is that 
different MRI scans of the same patient cannot be compared directly, due to the fact that the 
head of the patient will be in a different position for every scan. 
 
The SyMRI software used in this master thesis has the functionality to perform brain tissue 
characterization and measurement of brain volume, given a number of MR images of a 
patient. Using tissue properties such as longitudinal relaxation time (T1), transverse relaxation 
time (T2) and proton density (PD), each voxel in a volume can be classified to belong to a 
certain tissue type. From these measurements, the intracranial volume, brain volume, white 
matter, gray matter and cerebrospinal fluid volumes can easily be estimated. 
 
In this master thesis, the BPF of several patients were analyzed based on quantitative MRI 
(qMRI) images, in order to identify the change of BPF due to the presence of edema over 
time. Volumes obtained from the same patients at different time points were aligned 
(registered), such that the BPF can be easily compared between years. A correlation analysis 
between the BPF and R1, R2 and PD was performed (R1 is the longitudinal relaxation rate 
defined as 1/T1 relaxation time and R2 is transverse relaxation rate defined as 1/T2 relaxation 
time) to investigate if any of these variables can explain the change in BPF.  
 
The results show that due to image registration, and removing some of the slices from the top 
and bottom of the head, the BPF of the patients was corrected to a certain extent. The change 
in the mean BPF of each patient over four years was less than 1% post registration and slice 
removal. However, the decrease in standard deviation was between 6.9% to 52% after 
registration and removing of slices. The BPF of the follow-up years also came closer to the 
initial BPF value measured in the first year. The statistical analysis of the BPF and R1, R2 
and PD, showed a very low correlation (0.1) between BPF and PD, and intermediate 
correlations between BPF and R1, R2 (0.385 and -0.51, respectively). Future work will focus 
on understanding how these results relate to edema. 
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1 Introduction 
	
Multiple sclerosis (MS) is a chronic neurological disease that is characterized by 
inflammation and degeneration of the central nervous system (CNS). Magnetic resonance 
imaging, MRI, is an excellent method for visualizing soft tissue (e.g. the brain) within the 
human body, and has therefore been an important tool in diagnosing and then following up on 
MS patients. A widely accepted measurement for the whole brain atrophy is calculated by 
determining the brain parenchymal fraction (BPF), defined as the ratio between brain 
parenchymal volume (BPV) and intracranial volume ICV [1]. It has been shown in several 
studies that patients suffering from MS usually manifest a significantly lower BPF when 
compared with healthy people [1] [2]. 
 
MR imaging is a critical tool for diagnoses and follow-up of MS patients. It is also very 
helpful in determining quantitative measurements, such as the whole brain or regional 
brain atrophy. The BPV consists of gray matter (GM), white matter (WM) and other 
unidentified tissue (NON), while ICV consists of GM, WM, NON and cerebrospinal fluid 
(CSF). NON can be classified as the tissue with characteristics which deviates from WM, GM 
and CSF. Calculation of BPF therefore requires a differentiation between the brain 
parenchymal volume and cerebrospinal fluid. Many different techniques based on MR 
imaging have been used to accomplish this [3]. In this master thesis the effectiveness of using 
quantitative MRI to analyze the brain tissue on MS patients was performed. 
 
1.1	Purpose	and	aim	 
Quantitative MRI is a method for estimating quantitative parameters such as T1 and T2 
relaxation, as well as proton density (PD). From these quantitative parameters, it is possible to 
calculate the amount of WM tissue, GM tissue and CSF in the brain for a patient. The syMRI 
software generates the tissue properties and the BPF automatically, when the quantitative MR 
imaging data is loaded into the software. As of now the software measures the raw BPF only, 
but perhaps the raw BPF measure can be improved if it is corrected for the presence of edema 
in the brain. Another problem is that a patient who is scanned several times, for example once 
per year, will place the head differently in the MR scanner every time. This may affect the 
BPF measure, especially if the complete brain is not scanned every time. 
 
The aim of the project is to investigate whether changes in the brain properties occur that 
might be sign of edema, which can be used to correct the generated BPF. To achieve this aim, 
an intermediate step is to correct the MR images for head motion between the different scans. 
It is also useful to find a correlation between the R1, R2 and PD measurements and the BPF, 
to better understand if a change in the quantitative maps (R1, R2, PD) can lead to a change of 
the BPF. For this project, datasets of patients suffering from MS were available. Each patient 
was scanned once per year, during a period of four years.	Towards the end, the project goal is 
to answer the critical question whether it is even possible to improve the BPF measure for 
patients showing signs of edema. 	
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Related work:  
 
In 2010 another master thesis [4] focused on motion correction techniques for quantitative 
MRI. In	2013	a	master	thesis	[5]	focused	on	evaluating	the	robustness	of	the	BPF	as	a	tool	
for	measuring	brain	atrophy.	Among	other	things,	it	showed	what	is	the normal variation of 
the BPF, and how robust the BPF is as a measurement of brain atrophy. 
 
 
1.2	Abbreviations		
This section provides the abbreviations used in the report in alphabetical order 
 
Abbreviations  Meaning  
B0 External magnetic field 
B1 Magnetic field from RF pulse 
BPF Brain Parenchymal Fraction 
BPV Brain Parenchymal Volume 
CMIV Center for Medical Image Science and Visualization 
CSF Cerebrospinal fluid 
GM Grey Matter 
ICV Intracranial Volume 
MR Magnetic Resonance 
MRI Magnetic Resonance Imaging 
MS Multiple Sclerosis 
PD Proton Density 
qMRI Quantitative Magnetic Resonance Imaging   
RF Radiofrequency 
T1 Spin-lattice relaxation time 
T2 Spin-spin relaxation time 
TR Repetition time 
TE Echo time 
WM White matter 
R1 R1 relaxation rate, R1 = T1-1 
R2 R2 relaxation rate, R2 = T2-1 
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2 Theoretical Background  
	
This part of the report presents the theory that this master thesis is based on. It includes the 
explanation of the basic principles of MRI, as well as description of brain properties and rate 
of brain atrophy in MS patients. It also includes the graphical and statistical analysis of the 
BPF for patients scanned over a period of four years. 
 
2.1	Magnetic	Resonance	Imaging	
This section will discuss some of the basics of MRI, which will be then combined to form the 
basis of concepts such as T1 and T2 relaxation times. Further some pulse sequences will also 
be discussed in this section. 
 
2.1.1	Nuclear	Spin	
Nuclear spin is an essential property of nuclei that gives rise to an MR signal. Atoms are 
comprised of a nucleus and its orbiting electrons. All nuclei are composed of a number of 
particles; the most important being positively charged protons and neutrons without any 
charge. The protons and the neutrons are both spinning, and therefore contribute to the 
angular momentum of the nucleus. A nucleus has a spin if it contains an odd number of 
protons or if there is an odd number of neutrons. However, if the number of protons and 
neutrons are both even then the nucleus will have zero spin. It is this property of nuclear spin 
that is essential for a nucleus to give rise to an MR signal. Since the average human body is 
approximately 60 percent water that is made up of two hydrogen atoms and one oxygen atom, 
by far the most abundant spins within the body are from hydrogen atoms. When placed in an 
external magnetic field, the proton spins line up parallel or anti-parallel with the direction of 
the magnetic field and begin to rotate around their own axis. The angular frequency ‘ω’ is 
defined as the Larmor frequency; 
 
                ω = γB0       (2) 

      
where γ is the gyromagnetic ratio and B0 is the external magnetic field (normally 1.5 – 7 
Tesla).    
 
As a spinning charged particle, each proton generates a magnetic moment(µ). It is the 
behavior of these magnetic moments that is observed during the MR scan. In the absence of 
environmental influences, the isolated magnetic moment is free to rotate and its axis 
fluctuates in random directions and has no preferred orientation. In the case when there is a 
collection of spins, their magnetic moments have direction and hence are treated as vectors 
and can generate a net result of a large number of magnetic moment. For a very large number 
of random spins, like in the human body, the net magnetic moment is virtually zero due to the 
random orientation of the vectors. 
 
The sum of all the spins within a volume can be recovered as an electrical signal. Every 
nucleus within the atom has magnetic moment, with hydrogen atom having the highest 
momentum. This, along with the fact that hydrogen is the most common element in the 
human body, is the reason MRI is a sensitive technique [6].       
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2.1.2	The	effects	of	an	external	magnetic	field	
When an external magnetic field B0 is applied, the atomic spin of the protons orients 
themselves in either spin up or spin down directions. This depends on the energy state of the 
protons. Protons having low energy are oriented in the parallel spin direction, whereas 
protons having high energy are oriented in the anti parallel spin direction. During the low 
energy state, the magnetic moment of the proton is aligned roughly parallel to B0 , thereby 
known as parallel spin. For the high energy state, the magnetic moment of the proton is also 
aligned with B0 , however, now its pointing in the opposite direction hence known as anti-
parallel spin as shown in Figure 1 [6]. 
      

 
Figure 1: Each proton spins either parallel or anti-parallel to the direction of the magnetic field B0.    

 
The two spin orientations mentioned above do not have an equal population of proton spins 
due to the difference in energy between them. According to Boltzmann statistics, there is a 
minor excess of protons in the low energy level during equilibrium. Due to an increase in B0 
(primarily from 1.5 Tesla to 3 or 7 Tesla) there is also a rise in the population excess, resulting 
in stronger signal that accordingly escalates the signal to noise ratio (SNR) of the MR signal. 
Most of the modern MR scanners available today have an external magnetic field B0

 between 
1.5 to 3 Tesla (T) [6]. 
 
When the collection of protons is placed in an external magnetic field it reaches an 
equilibrium population of two energy states. Then the magnetic momentum is resolved in two 
vector components, one along the z-axis and the other situated somewhere on the x-y plane 
that is orthogonal to the z-axis. Since there is an absence of phase coherence, the sum of 
vector components along the x-y plane is zero, whereas, in the spin-up direction there is a net 
excess in the z-direction thereby creating a net magnetization M0 in the z direction as seen in 
Figure 2 [6]. 
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Figure 2: The spins are distributed around the z-axis and the net magnetization M0 is therefore also 

along the z-axis.  
 

2.1.3	Signal	Reception	
Even though the individual magnetic moments are still precessing, the equilibrium of M0 
along the z-axis that is too small to measure directly. In order to obtain a signal, this 
equilibrium phase must be disturbed by a process of excitation. This excitation can be attained 
by applying an electromagnetic wave with the same frequency as that of the larmor (RF) 
frequency. The RF magnetic filed is circularly polarized, which creates an extra magnetic 
field B1 perpendicular to B0, and rotates with an angular frequency 𝜔,. The magnitude of B1 
is very small compared to B0, usually around a few µT. As the proton precesses about B0, so 
does M0 precess about B1 in the rotational frame. After a certain time interval, M0 will rotate 
90 degrees to come down in the x-y-plane. This phenomenon is called a 90-degree pulse or an 
excitation pulse. If the RF pulse is left on for double the time, the magnetization will rotate 
180 degrees and this pulse is therefore called a 180-degree pulse. The flip angle α defines the 
total movement of M0, which is dependent on the strength of B1 and the pulse duration. Due 
to the flipped magnetization vector a current is generated, which can be recovered by the coil. 
After the RF pulse is applied the magnetization vector will return to the z direction and the 
spin dephases at the same time, thereby causing the signal to decay. It can also be said here 
that, the time it takes for M0 to return back to its original direction, which is the z direction, is 
called the spin lattice relaxation time (T1) and the time it takes for the spins to dephase is 
known as the spin spin relaxation time (T2).  
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(a)      (b) 

 
         (c)        (d)  
Figure 2: (a) A 90-degree pulse flips the magnetization from the z-axis to the x-y plane. (b) Dephasing 

begins due to interactions between the protons. (c) A180-degree pulse (B1) is applied to flip the 
magnetization. (d) The protons begin to rephase again, and when the protons are in phase the signal 

can be measured. 
 
Occasionally another relaxation time T2* is used, which refers to an exponential decrease in 
the Mxy direction following the initial excitation pulse. T2* can be regarded as the “effective 
transverse relaxation time” that is calculated by incorporating the magnetic field 
inhomogeneity ΔB0 with T2:  

   -
./∗

= 	 -
./
+ -

/
gΔB0	 	 	 (3)	

 
Using such relaxation times, it can be diagnosed from which tissue the MR signal comes from 
[6]. 
 
2.1.4	T1	Relaxation		
The longitudinal T1 relaxation is due to the process of energy exchange between the spins 
within the nuclei and the surrounding lattice (spin-lattice relaxation), thereby reinitiating the 
thermal equilibrium also known as relaxation. Energy is released into the surrounding tissue 
as the spins go from the high energy state to the low energy state. The longitudinal relaxation 
is represented by an exponential curve on a graph as can be seen in Figure 3. The recovery 
state is distinguished by a tissue specific time constant T1. After time interval T1, the 
longitudinal magnetization has returned to 63% of the initial value. The repetition time (TR) 
is the time between two excitations (RF pulses). The repetition time thereby determines the 
amount of T1 recovery that occurs in a particular tissue before the signal is measured. 
The T1 relaxation depends on the tissue type. It can be said that white matter has short T1 and 
tends to relax quickly, CSF has long T1 and tends to relax slowly and grey matter has 
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intermediate T1 and tends to relax intermediately [7]. The difference in relaxation rate is the 
reason why different tissue types have different intensities in the final image. 
 
2.1.5	T2	Relaxation	
T2 relaxation also known as spin-spin relaxation, describes the interaction between the 
neighboring nuclei with identical frequencies, resulting in a decrease of the average lifetime 
of nucleus in the excited state. T2 can be defined as the time it takes for the transverse 
magnetization to decay 37% compared to its initial value. T2 is a parameter which is 
characteristic towards a certain tissue, and characterizes the rate of dephasing for the protons 
related to that tissue. White matter has a short T2 thereby dephasing quickly, CSF has a long 
T2 thereby dephasing slowly and gray matter has intermediate T2 and tends to dephase 
intermediately [7]. While the T1 recovery mainly depends on the repetition time, the T2 
recovery mainly depends on the echo time (TE), the time between the excitation and the 
actual measurement. 
 
Above, T1 and T2 relaxations are explained differently which might be lead to thinking that 
these relaxations occur on the same time scales, however in fact T1 is usually ten times longer 
than T2. In Figure 3 T1 and T2 are shown together and Mxy is the signal that can be measured 
[7]. 

 
 
Figure 3:  T1 & T2 relaxation shown on the same graph [6]. Note that the T1 relaxation is much longer 

compared to the T2 relaxation. 
 

2.1.6	Weighted	Images	
Depending upon the T1 recovery and the T2 dephasing, MR images can be T1-weighted, T2-
weighted or PD-weighted. By using different TE and TR values, weighted images with high 
contrast of different tissues can be created. It can be said that sequences with long TR and 
short TE can be regarded as PD-weighted, short TR and short TE can be regarded as T1-
weighted and long TR and long TE can be regarded as T2-weighted. Tissues having long T1 
as well as T2, such as water, are dark in T1 weighted images and bright in T2 weighted 
images. Tissues having short T1 and long T2, such as fat, are bright in T1 weighted images 
and gray in T2 weighted images. For fairly long TRs, all tissue types including the ones with 
long T1 have sufficient time to return to equilibrium and thus emit similar signals. Thus there 
is less T1 weighting since the effect of T1 on image contrast is small. It can be concluded that 
short TR gives strong T1 weighting images, whereas long TR gives low T1 weighting images.   
When using a short TE, there is small difference in signals between the tissues thus the 
resulting images have low T2 weighting. When using longer TE, the tissues are represented 
with different signal intensities on the MR image, tissues with short T2 appear dark where as 
tissues with long T2 appear bright.     
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2.2	Quantitative	MRI	 	
The word quantify relates to a measurement and the term quantitative MRI, or qMRI, came 
into existence during the 1980’s when a physicist measured the nuclear magnetic properties 
(such as T1-T2-PD) of the tissue. These properties were then used to characterize and 
differentiate between the different biological tissues. In qMRI the scanner is no longer 
considered a camera but instead as a scientific measurement device, thus qMRI can be 
described as a combination of both measurement as well as general MRI. Tissues in the 
human body can be distinguished using MRI depending on parameters such as T1, T2 and 
PD. During clinical scanning, the parameters TE, TR and flip angle α are normally commonly 
used to highlight the image intensity in the tissues thus giving an outcome of T1-weighted or 
T2-weighted contrast images. A critical disadvantage in using such contrast images is that the 
absolute image intensity is meaningless, whereas the diagnosis depends on the comparison 
with the surrounding tissue in the image. This is where qMRI comes in, where the images can 
be classified on the voxel level given that every voxel consist of a single tissue. In order to not 
scan a patient multiple times, synthetic MRI is used to generate weighted images from qMRI. 
The qMRI maps in the SyMRI software display the measured values for tissue properties per 
voxel in a dataset as can be seen in Figure 7. Different colors in the maps represent the 
absolute measured values for T1, T2 and PD [3] [8]. 
 
2.3	Synthetic	MRI	
Synthetic MRI is a method that can produce images by simply changing the TE and the TR 
parameters after the quantification of longitudinal (T1) and transverse (T2) relaxation times 
and PD. Any image weighting, such as T1 or T2, can be synthesized based on the parameters, 
by calculating the image intensity as a function of virtual set of scanner settings. Synthetic 
MRI can be described as a translation of absolute maps into conventional contrast images. 
Hence one quantification scan can provide both absolute maps and contrast images [3] [8]. 
 
2.4	QRAPMASTER	
QRAPMASTER is a method developed at CMIV (Center for Medical Image Science and 
Visualization) in Linköping for fast simultaneous quantification of T1, T2 and PD. 
QRAPMASTER stands for Quantification of Relaxation Times and Proton Density by 
Multiecho acquisition of a saturation-recovery using Turbo spin-Echo Readout. Detailed 
information about QRAPMASTER can be found in [3]. 
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2.5	Basic	brain	anatomy		
To better understand MRI scans it is important to have basic understanding of a human brain. 
A brain can be divided into three parts namely forebrain, midbrain and hindbrain, as can be 
seen in Figure 4. The forebrain is composed of cerebrum, thalamus and hypothalamus. The 
midbrain is composed of tectum and tegmentum. The hindbrain consists of cerebellum, pons 
and medulla. 
 

  
Figure 4: Location of various parts in the brain [9].  

 
The brain consists  of three major components namely white matter tisue (WM), gray matter 
tissue (GM) and cerebrospinal fluid (CSF). WM consists of mylenated axons as well as glial 
cells. It is because of the white color of myelin that the white matter derives its name. 
Similarly, gray matter consists of neuronal cell bodies and neuropil (dendrites and 
unmylenated axons). The brain and the spinal cord are completely surrounded by CSF, 
thereby protecting the brain from any chemical or physical injuries. The majority of the CSF 
is produced in a series of chambers called ventricles. The CSF circulates through the cavities 
in the brain. The brain consists of four ventricels. There are two lateral ventricles where one 
positioned in the left hemisphere and another positioned in the right hemisphere. The third 
ventricle is positioned between the two lateral ventricles but a bit below, and the fourth 
ventricle which is located between the cerebellum and the brain stem. Figure 5 explains the 
position of all the ventricles.  
	

	
Figure 5: Ventricles containing CSF in the brain [10]. 
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2.6	Brain	Parenchymal	Fraction	
To measure the progress of the disease in MS patients it is important to keep track of the brain 
atrophy. Brain atrophy, which is the pathological loss of brain tissue, represents the total 
effect of tissue damage in multiple sclerosis MS patients. A common approach to measure the 
whole brain atrophy is to calculate the BPF, which is the ratio of brain parenchymal volume 
and intracranial volume. It is difficult to measure the BPF and establish normal values, 
because the skull size differs between patients. However, several studies have shown that MS 
patients have a relatively lower BPF when compared to healthy control people [8]. 
 
When calculating the BPF, the brain parenchymal volume is described as the volume of the 
parenchymal part of the brain (i.e. the WM, GM and NON), while the intracranial volume is 
described as the volume inside the cranium i.e. volume measured precisely at the border of 
the bone tissue. NON can be described as the tissue with characteristics which deviates from 
WM, GM and CSF. The BPF formula can be expressed as:  
 

                        𝐵𝑃𝐹 = &'(
)*(

 = )*(4*56
)*(

	= 789:89;<;
789:89;<;9*56

     (4)  [8] 
 
Figure 6 below shows the BPV and the ICV measured using image segmentation in the 
SyMRI software. 
 

           
                                   (a)                                                                          (b) 

 

 
(c) 

Figure 6: (a) Original T2 weighted image (b). The white voxels represent the intracranial volume  
(c) The pink voxels represent the cerebrospinal fluid. 



	 11	

2.7	T1,	T2	and	PD	maps	
The QMAPS (quantitative maps) within the SyMRI software display the measured value for 
the tissue properties per voxel in a dataset. The value can then be visualized using the 
quantified maps T1, T2 and PD, which can be seen in Figure 7 below. The different colors 
correspond to the measured absolute values of the T1, T2 and PD. The quantified values are 
tissue dependent, these differences can be noticed when looking at different types of tissue in 
the brain such as white matter, gray matter and CSF (compare with Figure 8).  
	

										 	
	

	
 

Figure 7: T1 (a) Quantitative T1 map, (b) Quantitative T2 map, (c) Quantitative PD map. 
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Figure 8: Grey matter (left), white matter (middle) and CSF (right) of one patient. The segmentation 
was not performed using an image segmentation algorithm, but by classifying each voxel based on its 

T1, T2 and PD value. 
 

2.8	Multiple	Sclerosis		
Multiple Sclerosis (MS) is a progressive disease of the central nervous system. It is an 
autoimmune inflammatory disease which attacks the myelinated axons. By destroying the 
myelin and eventually the whole axon, it produces significant disability in patients. MS 
affects the ability of nerve cells in the brain as well as in the spinal cord to communicate 
effectively. Nerve cells in the brain communicate effectively by sending electrical signals 
along fibers called axons, which are surrounded by insulating substance called myelin. Figure 
9 (a) shows an image of a healthy myelinated axon. MS is an autoimmune disease, where the 
impaired immune system produces T cells, that react and damage the body’s own cells. The T 
cells attack the myelin surrounding the axons which causes the central nervous system to lose 
its ability to transfer signal throughout the body, thereby showing symptoms of the disease. 
Figure 9 (b) shows an unhealthy demyelinated axon. Even though the central nervous system 
repairs itself, after repeated inflammatory attacks the repair mechanism can become 
unsuccessful.  
    
When diagnosing the MS inflammations in MR scans, they appear in the brain as swollen 
tissue filled with fluid. Due to the fact that they are filled with fluid, the SyMRI software 
recognizes the lesions as stroma (connective tissue) instead of parenchyma. Due to this reason 
a lower BPF will be generated. In some cases, the inflammation persists and the myelin 
sheaths get converted to lesions, which leads to atrophy. 
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(a) 

 

 
(b) 

 
Figure 9: (a) Healthy nerve cell. (b) Nerve cell with MS [10]. 

 
 

 
  



	 14	

3 Materials 
	
In this part of the report the data and software used are described.   
 
3.1	Patient	data	
The data consist of qMRI scans of 17 patients who were scanned on the basis of experiencing 
a single MS stroke. These patients then had a follow up and were scanned once every year for 
a period of 4-5 years. The patient data was anonymized to protect patient privacy during this 
master thesis. Each scan results in a set of 1720 DICOM files. Each of these DICOM files 
represent magnitude or phase data (stored as separate files), as raw MR images are complex 
valued, for 5 echoes collected at 4 different time points along the decay of the MR signal. 
Each collected volume consists of 43 slices, giving a total of 1720 DICOM files (43 slices * 5 
echoes * 4 time points * data type (magnitude and phase)). In a dataset of the same patient, 
which consists of 4 scans (year 1-year 4), scan 1 is considered as a reference scan while the 
rest of the scans are aligned (registered) to the reference scan. In the dataset from patient 1 to 
patient 6, the first scan is a volume with dimensions 288 x 288 x 43 voxels, while the other 
three scans each are a volume with dimension 160 x 160 x 43 voxels. In the dataset from 
patient 6 to patient 17, all four-year datasets consist of scans having volumes with dimension 
160 x 160 x 43. When looking at the patient data in the software SyMRI version 7.2, it is 
noticed that the MRI slices from year 1 do not match the slices from year 2, year 3 and year 4. 
This is because the position of the patient is different for the different years. This problem is 
tackled by using image registration which is explained further in section 6.1. 
 
3.2	Software	
All intermediate results such as the T1, T2 and PD weighted images, the quantitative maps, 
and the BPF are calculated by the software provided by SyntheticMR called SyMRI NEURO 
version 7.2.	The SyMRI software generates a segmentation table, which gives slice by slice 
values of the amount of WM, GM, CSF and NON present in the patient brain. Towards the 
end, the total BPV, ICV and BPF values are presented, as can be seen in Table 6 attached in 
the appendix.	The software FSL (FMRIB Software Library, 
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) was used for image registration, to align volumes 
acquired at year 2, 3, 4 to the volume acquired at year 1. Further data analysis and data 
processing was done in Matlab R2015a. 
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4 Methods 
	
In this section the methods used are described in detail. The section is divided into different 
parts which describe the methods used to investigate the change in the BPF between the 
scans. The first section describes the image registration process and the workflow used to 
register all the patients. Then comes the second part where the T1, T2 and PD maps are used 
for a comparison between the BPF and R1-R2-PD. 
 
4.1	Image	Registration	
In the field of medical imaging, image registration is used to transform any target image, 
henceforth referred to as floating image (If), to a reference image (Ir), such that the match is 
as good as possible. Within clinical applications its main purpose is to easily compare 
different medical images, or to compensate for movements between scans which are taken at 
different time points. As seen in Figure 10, it can be difficult to compare the brain properties 
of two scans because they are not aligned. Image registration can be used to align the two 
images and thereby making it easier to compare them. In the Figure below, Figure 10 (a) is 
considered as a reference image and Figure 10 (b) is considered as a floating image. Figure 10 
(c) shows how the floating image has been registered to the reference image. 
 

        
                                          (a)                                                           (b) 

        
                                                                         (c)                                                         

Figure 10: T1 weighted images of the same patient for two different years. (a) T1 weighted image at 
year 1. (b) T1 weighted image at year 2. (c) T1 weighted image at year 2 registered to year 1. 
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In the beginning of this master thesis, image registration was used to correct for head 
movements between the scans. These problems exist because the positon of the patient 
changes when a follow-up scan is performed every year. When the follow-up scan is 
registered to the reference scan, it is easier to compare brain areas from different time points. 
A common technique of solving image registration problems is to treat it as a mathematical 
optimization problem, using a cost function to quantify the alignment quality of the two 
images for any given transformation. This optimization method is very important to attain 
worthy registrations. A majority of the optimization methods that exists are only reliable for 
local optimization and hence cannot find global solutions. To tackle this global optimization 
problem, registration methods depend on a multi-resolution approach, so that the local 
optimization will then find the global minimum. This is due to the fact that it is much easier to 
find the global minimum by using sub-sampling of the images, because big transformation 
steps can be executed which reduces the risk of local minima. The global minimum is then 
refined by applying successive local optimizations [11] [12]. 
 
4.1.2	Mathematical	Formulation		
A registration problem consists of finding a transformation that best aligns a floating image 
(If) to a reference image (Ir). This is done by using a cost function C (Ir, If) that quantifies the 
quality of the registration, and then finding the transformation T* that returns the minimum 
cost; 

T*=argminTεSTC(Ir,If •T)  (5) 
 
where argmin is the optimization, ST is the space of the allowable transformation and If•T is 
the image If after transformation by T [11] [12]. 
 
4.1.3	Transformation	matrices	
A rigid body transformation consists of translations and rotations. For each point x1, x2 and 
x3 in an image, an affine mapping (12 parameters) can be defined into the coordinates of 
another space y1, y2 and y3. This can be written as; 
 

 
Translation 
 
For translating a point x by q units, the translation is simply given by: 

 
y = x + q 

 
In terms of matrix representation, it can be written as: 
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Rotation 
 
For 3D registrations there are 3 orthogonal planes an image can be rotated in. These planes of 
rotation are around the axes. A rotation of q1 radians about the x-axis can be performed by: 
 

 
Consequently, the rotation about the y- and z-axis can be performed by the following 
matrices: 
 

 
 
All three x, y and z rotations are combined by multiplying these matrices in an appropriate 
order [12]. 
 
4.1.4	Cost	functions	

There are many different cost functions that have been proposed for image registration 
purposes. Some of these use geometrically defined features which are found within the image 
to quantify a similarity or dissimilarity, while others use intensity values found within the 
image. It has been concluded by many comparative studies of different registration methods 
that intensity based cost functions are highly accurate and much more reliable than the 
geometrically based registration methods. Intensity based registration methods can be further 
divided into two categories, those suitable for intra modal problems (registration between two 
images of the same type) and those suitable for inter modal problems (registration between 
two images of different type). The registration performed in this project falls in the inter-
modal category and hence the normalized mutual information (NMI) cost function is 
preferred. The NMI cost function requires that intensity values are put into different bins, to 
estimate histograms. That is each intensity, I, has a bin number k assigned to it if Ik-1 < I ≥ Ik 
and {I0, I1,…IM} is a partition of the intensities. Then, given the bin number, iso-sets or a joint 
histogram can be determined. The mathematical definition of the NMI cost function can be 
described as: 

                        𝐶;8) = >(@,B)
> @ 9>(B)

                                    (6) 

where X and Y denote the images, H(X,Y) = -Σijpijlogpij is the standard entropy equation 
where pij  is the probability estimated using the (i,j) joint histogram bin, and similarly for the 
marginal, H(X) & H(Y) [11]. 
 
In the case of normalized mutual information, it is based on measuring the joint entropy of the 
intensities. Entropy can be defined as the lack of disorder or predictably hence, high entropy 
relates to a substance being highly disordered. On the contrary low entropy relates to an 
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ordered situation and the corresponding intensities across two images should be orderly when 
the alignment is good. This entropy can be estimated from the histogram of the two images. 
This histogram is formed by assigning a bin number to each voxel, within each image, based 
on the intensity of that voxel. Then a 2D matrix of bins is created where the bin number for 
the first image is given along the first axis of the bin matrix and the bin number of the second 
image is along the second axis. This matrix created is an unfilled joint histogram which is 
filled by looking at each voxel position and finding the bin numbers from each image at that 
position, and adding one to the cell corresponding to the pair of bin numbers found. From this 
joint histogram, the entropy quantifies how orderly the entries are. This is given 
mathematically by both the joint and the marginal entropies that are then incorporated to form 
the mutual information measure [13]. A mathematical formula of normalized mutual 
information is given in equation (6).  
 
In the case of intra model image registration, an alternative is to use cost functions like sum of 
squared differences or sum of absolute differences. For intra modal images, the given tissue 
should map to the same intensity in each image. Hence the similarity can be measured by 
looking at the difference in the intensities of the corresponding voxels. The mathematical 
definition of the cost functions used for intra model images are given by: 
 

 
 

where IA and IB are two images and j is the location of the voxel intensity and N is the number 
of voxels in an image [13].  
 
4.1.5	Interpolation	
Interpolation can be described as reconstruction of a full continuous image from discrete 
points. Various different methods of interpolation exist and all of them give different results. 
A cost function requires that a method of interpolation is defined i.e. a method of calculating 
the intensity in the floating image at points in between the original voxel locations. This is 
crucial to know the intensity at the corresponding points in the image after the transformation 
has been applied to the floating image. The interpolation method used in this project is called 
linear interpolation, which is a continuous method and has a small effect on the cost function 
smoothness. Another type of interpolation, called sinc interpolation could be applied during 
registration, however decent image quality in registered images was produced by using only 
linear interpolation and thereby lesser time was taken for the registration process [12].    
 
4.1.6	Degrees	of	freedom	(DoF)	
The degrees of freedom (DoF) determines the types of transformation that may be made to the 
floating images, to make it aligned with the reference image. The transformation model can 
be described by its degree of freedom; the number of parameters in the transformation model. 
By increasing the DoF there is a greater scope for transformations to match one image to 
another. The two common types of transformation in 3D are rigid body transformation (6 
parameters) and affine transformation (12 parameters). A rigid body transformation only 
contains translations and rotations, while an affine transformation also includes scaling and 
shearing. A rigid body 3D registration was used in this project, as it is assumed that the main 
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shape of the head does not change over time. Four basic type of distortion can be applied to 
the images, however only first two were used for registration in this project namely; 
 
Translation: to allow or disallow separate translations in x (horizontal), y (vertical) and z 
(through-plane) directions. 
 
Rotation: to allow or disallow separate rotation about the x-axis, y-axis and z-axis.  
 
Scale: to allow or disallow the enlargement or shrinkage of the image in the x, y and z 
direction. 
 
Shear: to allow or disallow the trapezoidal enlargement of the image. For example, 
enlargement of the image only in the x-y plane [12]. 
 
4.1.7	Optimization	
After choosing the cost function the transformation that will yield the maximum similarity 
can be determined. To achieve this, an optimization method is used that searches through the 
parameter space of allowable transformations. A rigid body transformation is specified by 6 
parameters, 3 for rotation and 3 for translation. Even for linear transformation, the 
optimization takes place in high dimensional space  ℜn where 6 ≤ n ≤ 12. Although the 
problem specified in eq. (5) is a global optimization problem, very often local optimization 
methods are employed since they are faster and simpler. A global method searches for an 
entire range of possible parameters for an optimal cost function value, while a local method 
quite simply starts anywhere in the parameter space and then moves about locally to find an 
optimum value and then stopping when there is no better nearby set of parameters. There are 
very few global optimization methods available for 3D image registrations. This is due to the 
fact that in terms of operations the cost function is expensive to evaluate and many global 
optimization methods require many evaluations, which leads to a higher time consumption 
[11] [12]. 
  
4.2	Image	registration	workflow	
The following section describes the workflow of the image registration that is implemented in 
this master thesis project.  
 
4.2.1	Creating	NIfTI	images	from	DICOM	images		
Digital Imaging and Communication in Medicine (DICOM) format is a standard form of 
communication and management of medical images. DICOM formatted messages combine 
images and metadata so as to give a rich description of medical imaging procedure [17]. The 
FSL software used for registration requires that each volume is stored in the Neuroimaging 
Informatics Technology Initiative (NIfTI) format. The NIfTI file format was developed not 
only to support research and development, but to also enhance the efficient use of informatics 
in neuroimaging, focusing primarily on functional magnetic resonance imaging (fMRI). NIfTI 
is a very useful neuroimaging format that has been widely used by the developers in MRI 
community. It provides a feasible environment to facilitate convergence on common solutions 
to widespread problems. More detailed information about the background of NIfTI can be 
found at http://nifti.nimh.nih.gov [16]. 
 
In this thesis work the NIfTI files are created using Matlab. By loading the patient data of 
1720 DICOM files into Matlab (using the functions dicomread and dicominfo), 40 NIfTI 
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volumes can be created using a Matlab NIfTI toolbox. The 40 NIfTI files represent 5 echoes, 
each consisting of 8 volumes (one real and one imaginary volume) for 4 time points sampled 
along the decay of the MR signal. Following is the process of creating NIfTI images; 
 

• The 1720 DICOM files are loaded into Matlab. The 1720 files represent 43 slices, 5 
echoes, 4 time points and magnitude and phase. 

• Four empty magnitude and phase volumes are created (per echo).  
• Using the Matlab function dicominfo, the parameters Echo_Time, Echo_Number, 

Temporal_Position_Identifier and Image_Type (magnitude and phase) of the DICOM 
files are extracted. These parameters are used to identify each DICOM file, and each 
image is put into the corresponding magnitude or phase volume. 

• The four phase volumes are then rescaled from 0-4095 (12 bit integers) to -π to π, 
which is the standard representation for the angular part of a complex number. 

• Four complex volumes are then created by multiplying the magnitude volume with the 
cosine and sine of the rescaled phase volume (i.e. magnitude * (cos(phase) + 
i*sin(phase))). Figure 11 shows one slice before and after conversion from magnitude 
and phase to an imaginary number. 

• Four real and four imaginary NIfTI volumes are created from the real part and the 
imaginary part of the complex volume. The information about voxel size and datatype 
is also added to the NIfTI structure.  

• The procedure is repeated for the 5 echoes, to obtain the 40 NIfTI volumes. The 
reason for saving the data as one real part and one imaginary part, is to avoid 
interpolation of the phase image, as it contains phase jumps. 
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                                    (a)                                                                       (b) 

 
                                    (c)                                                                     (d) 
Figure 11: (a) Original magnitude slice. (b) Original phase slice. (c) Real part of slice after conversion 

to an imaginary number. (d) Imaginary part of slice after conversion. During the image registration, 
these images will be interpolated, and to interpolate a phase image is generally a bad idea. 

 
4.2.2	Performing	registration	on	NIfTI	images	
The registered images are created using a software called FSL (FMRIB software library) 
which is a robust and accurate tool for image registration. The software is run from the 
terminal window. The files are loaded into the software by giving a file path and the 
processed NIfTI images are returned back and stored in the desired folder [13] [14]. The 
image registration is performed using the FSL function FLIRT (FMRIB’s Linear Image 
Registration Tool). The simple and most important function of FLIRT is to register together 
two volumes. This can be achieved by choosing the reference volume and the input volume 
from the command line by using the appropriate syntax. The flirt operation basically overlays 
the images from the two volumes on one another and thereby investigates the joint 
distribution of voxel intensities [10] [13]. The transformation matrix, which registers the input 
volume to the reference volume is saved as a 4x4 affine matrix by using the option (-omat). 
The transformation matrix is then applied to the remaining 39 NIfTI files, to transform them 
to be aligned to the reference volume. Since the reference volume and the input volume are 
from the same patient, it is assumed that the shape of the brain has not changed, however each 
scan may have undergone a translation or rotation in space. Hence a rigid body transformation 
with 6 parameters was used [11] [14]. The setting " -finesearch " defines how big the step is 
between different rotation angles that are tested by the registration. A smaller step size will 
often lead to better registrations, at the cost of a longer processing time [11]. 
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4.2.3	Converting	registered	images	to	DICOM	files	
In this master thesis DICOM images of the registered data were created and loaded in SyMRI 
software. The process of creating DICOM images from registered NIfTI files is as follows. 
 
The 40 registered NIfTI files (representing real and imaginary numbers) are read into Matlab. 
A complex volume is created by multiplying the imaginary volume with i (i.e. (complex = 
real + i * imaginary). Four new magnitude volumes are created by calculating the magnitude 
of the complex volume, and four new phase volumes are created by calculating the phase 
angle (in radians) of the complex volume. Each phase volume is then rescaled from -π to π  
back to 0 - 4095, rounded towards the nearest integer, which is the format SyMRI uses 
internally. Now in each magnitude image type, for every temporal position identifier the echo 
number and current slice of magnitude volume is stored as a DICOM image. The pixel 
spacing for new DICOM images are then matched to the reference image by multiplying the 
pixel spacing of the floating image to the ratio of size of the reference and floating images. 
The same procedure is repeated for phase image type, to generate one DICOM file per slice. 
Finally, a total of 1720 registered DICOM files are created which are loaded into SyMRI 
software for further analysis. 
 
 
4.3	Correlation	between	BPF	and	R1,	R2	and	PD	maps		
The unregistered raw scans of all patients are used for all types of correlations between BPF 
and R1, R2 & PD maps. This correlation is on the global scale i.e. the correlation is done 
between the total measured BPF and the mean R1 value, R2 value and PD value of each 
patient and for each year. The types of correlations and statistical analysis performed between 
BPF and R1-R2-PD are mentioned in section 4.4.    
 
4.3.1	Measuring	the	BPF	and	individual	brain	properties	
Initially a segmentation table is downloaded from SyMRI. This segmentation table contains 
the slice by slice volume of brain properties like WM, GM, CSF and NON for all 43 slices. It 
also contains the total volume of all the slices, and the total measured percentage value of 
BPV and ICV of the patient. Finally, it gives the measured BPF of the patient. This data is 
then loaded into Matlab and a plot of BPF versus the slice number is generated. This plot 
provides the percentage value of BPF slice by slice for each patient. Another plot containing 
the data of the total sum of WM, GM, CSF, NON, ICV and BPV is plotted for all four years 
of one patient. Finally, a plot of the total BPF over a period of four years is plotted. These 
plots as shown in Figure 14 in the results section, provide the understanding of the change in 
the BPF and brain properties over the period of four years in a single patient. Similarly, for 
the registered images, the DICOM slices are loaded into SyMRI and the segmentation files 
are downloaded. These segmentation files are then loaded into Matlab and similar plots as 
that of unregistered data sets are created, as seen in Figure 14 in the results section.  
 
The plots in Figure 12 (c) & (d) give the total BPF both registered and unregistered in all 43 
slices. There is variation in BPF within the slices towards the end because the slices are not 
registered, and hence its not possible to look at the same slice at the same time as can be seen 
in Figure 12 (a) & (b). In Figure 12 (a) the red color is the area of the head scanned with MRI 
for year 1. Figure 12 (b) shows the same patient, however, the yellow color is the area of the 
brain scanned with MRI for year 2. Since the brain area scanned during the two MRI 
acquisition process is not the same, it is necessary to perform image registration. 
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The variation in BPF in the border slices also exists in the registered data, as can be seen in 
Figure 12 (d). In the case of registered data during the process of interpolation there is 
translation and rotation of the floating image to match the reference image. After the 
translation and rotation of the floating image, the borders of the image towards the top and 
bottom of the volume have blank spaces in part of the image with a value of not a number 
(NaN). The reason for this is that the interpolation for the top and bottom slices needs to know 
the intensity value outside the volume, which is unknown. These NaN values are assigned a 
value of zero within the registration process. When the registered image is loaded into 
SyMRI, no volume is detected at these zero values and hence the amount of GM, WM, CSF 
and NON varies in those slices as can be seen in Figure 12 (e). By looking at the images of all 
17 patients, it was decided to remove these slices and hence 5 slices from the bottom of the 
scan and 3 slices from the top of the scan are excluded.  
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(a)                                                                 (b) 

 

 
(c)                                                              (d)  

 

 
(e) 

 
Figure 12: Sagittal view of an MRI scan of a patient, for year 1 (a) and year 2 (b). The scanned brain 
volume is different for the two scans, making it hard to directly compare the BPF. Unregistered (c) 

and registered (d) BPF of all 43 slices, the registration makes it possible to compare the BPF slice by 
slice. (e) NaN (not a number) values (black) are introduced at the bottom and top of the brain, due to 

the fact that interpolation is necessary to rotate and translate one volume to match the reference 
volume. The top and bottom slices are therefore removed, to make the total BPF more stable over 

time. 
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4.4	Removing	skull	and	CSF	from	R1,	R2	and	PD	maps	
To better understand the change of the BPF, a statistical analysis was performed to investigate 
if there are any relationships between the BPF and the R1, R2 and PD values. This 
investigation requires some preprocessing, as the original R1, R2 and PD maps contain the 
skull and as well as the CSF, which may disturb the statistical analysis.  
 
Within this approach T1, T2 and PD maps from SyMRI were used. Initially the T1, T2 and 
PD maps contained the whole skull as shown in Figures 13 (a), (b) & (c). Within SyMRI there 
is a function which can produce the ICV of the T1 or T2 weighted images as shown in Figure 
13 (d). This ICV can then be used to extract the brain, by subtracting the ICV and the maps 
thereby producing the images of the head which are brain-extracted as seen in Figure 13 (e) 
(f) & (g). The T1, T2 and PD maps have intensity values which vary from 0 - 40,000, 
however the highest intensity value for the ICV is 255. Therefore, an intensity threshold of 
255 is set on the ICV image when multiplying with the T1, T2 & PD maps. By multiplying 
the thresholded ICV with the quantitative maps, brain only T1, T2 and PD maps are created. 
These morphological operations are performed within Matlab.    
 
A threshold is also applied to the CSF, so as to exclude the CSF from the brain only maps. 
This threshold is calculated by looking at the intensity values within the CSF of T1, T2 and 
PD maps. An intensity value of 17,000 or greater was in general found to be associated with 
CSF, hence it is used as threshold to exclude the CSF from T1, T2 and PD maps within 
Matlab. A binary CSF mask was then created by setting the intensity value of the mask 
greater than 17,000. This binary CSF mask is multiplied with the brain only T1, T2 and PD 
maps, thereby resulting in CSF free T1, T2 and PD maps as seen in Figure 14 (a), (b) and (c). 
This CSF mask is calculated separately for every year of each patient. 
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                     (a)                                               (b)                                              (c) 

 
(d) 

 
          (e)                                              (f)                                             (g) 

 
Figure 13:  (a) Original quantitative T1 map, (b) Original T2 map, (c) Original PD map,  

(d) Intracranial volume used to remove skull, (e) Brain only T1 map, (f) Brain only T2 map, (g) Brain 
only PD map. 
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(a)                                               (b)                                             (c) 

 
(d) 

 
Figure 14: (a) Quantitative T1 map without CSF, (b) T2 map without CSF, (c) PD map without CSF,   

(d) Binary CSF mask used to remove the CSF. 
	
4.4.1	Calculating	mean	R1,	R2	and	PD	values		
The statistical analysis was performed using the mean T1, T2 and PD value across the entire 
brain (but excluding the CSF). The mean-T1, T2 and PD values for all slices are calculated 
using equation 7 below. The T1 values in the equation can be replaced accordingly to 
calculate T2 and PD values. This is done for all T1, T2 and PD maps, for all patients and all 
four years. The T1 and T2 values are finally inverted to get the R1 and R2 values. 	
	
																						 										𝑀𝑒𝑎𝑛	𝑇1	𝑣𝑎𝑙𝑢𝑒 = MNMOP	Q-	ROPSTU	VW	MXT	WNW4*56	YOUZ

N[	\V]TPU	VW	MXT	WNW4*56	YOUZ	
																(7)	
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4.5	Statistical	Analysis	
Within this section the statistical measures used to compare BPF and R1-R2-PD are 
described. The normalized cross correlation was calculated to compare the BPF and R1-R2-
PD values, and a linear regression method was implemented to investigate any correlation 
between BPF and R1-R2-PD.	
	
4.5.1	Correlation	coefficient	
The correlation coefficient can be used to determine the strength of the relationship between 
two variables, i.e. the strength between BPF-R1, BPF-R2 and BPF-PD. The correlation 
coefficient ranges between -1 and 1.  A correlation coefficient value of 1 represents a perfect 
positive relationship where the two variables change simultaneously. A correlation coefficient 
value of -1 represents a negative relationship where one variable increases and the other 
decreases. Finally, a correlation coefficient values of 0 represents no relationship between the 
two variables [18]. 			
	
4.5.2	Spearman	rank	correlation	
The Spearman rank correlation assesses the level of relationship between two variables 
described by a monotonic function (whether linear or not). Specifically, the Spearman rank 
correlation measures the strength of association between two ranked variables. It can give a 
high correlation coefficient for variables that maybe linearly or non linearly related. Similar to 
the ordinary correlation coefficient, the Spearman rank correlation takes values from -1 to 1, 
where 1 indicates a perfect association of ranks, -1 indicates a negative association of ranks 
and 0 indicates no association at all. The values are first converted to ranks, and thereafter the 
Spearman rank correlation can be calculated using the following equation [19]; 

	

	
	
where (xi-𝑥) and (yi-𝑦) represent the difference compared to the mean rank. 
	
4.5.3	Linear	regression	 
Linear regression allows us to modal mathematically modal the relationship between two or 
more variables, by fitting a linear equation to observed data. The Matlab function 
plotregression was used to plot a linear regression between two variables. Within linear 
regression, one variable is considered as a dependent variable and the other variables are 
considered as independent variables. Before trying to fit a linear modal to any observed data, 
it should be determined whether or not there is a relation between the two data types. A 
scatter plot of the two datasets can be helpful in determining the relationship between the two 
variables. However, if the scatterplot does not show any relationship between the data types, 
then a linear regression cannot be helpful. A linear regression consists of finding the best 
fitting straight line through the data points. This best fitting line is called the regression line. 
A linear regression is given by the formula;  

                                                  Y = b + mX  
 
where Y is the dependent variable and X is the explanatory variable. The slope of the line is 
determined by the variable m and b is the intercept [20].  
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5 Results 
 
In this section the results obtained are described. They are divided into different sections 
describing the results obtained from image registration, difference in the BPF obtained by 
registration, the statistical correlation between BPF and R1-R2-PD maps and change in the 
measured BPF.  
 
5.1	Image	Registration	
The following images are the result of a registration. In Figure 15, image (a), (b) and (c) show 
quantitative T1 maps of one patient. It represents slice no. 23 from the dataset of 43 slices of 
the same patient. Image (a) is considered as a reference image while performing registration. 
It should be noted that images (b) and (c) are from the same patient as well, however, only 
image (c) is registered w.r.t image (a). Image (d) is the result of the subtraction between 
images (b) and (a) whereas image (e) is the subtraction between images (c) and (a). The 
presence of black color around the ventricles and near the border of the brain in image (d) 
represents negative values, while the white color represents positive values. The overlap 
between the two images is clearly better after the registration, as can be seen in image (e). The 
images in Figure 15 are presented in the next page to provide an understandable view to the 
reader.  
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(a)                                                                       (b) 

 
(c) 

 
   (d)                                                                       (e) 
Figure 15: a) T1 map from year 1, b) T1 map from year 2, c) T1 map from year 2 registered to year 1 
d) Difference between T1 map year 1 and year 2 before registration e) Difference between T1 map 

year 1 and year 2 after registration. 
	
5.2	Difference	in	the	Brain	Parenchymal	Fraction	due	to	registration	
The registered volumes were loaded into SyMRI and the brain properties were automatically 
calculated and saved in the segmentation table. After loading the segmentation table into 
Matlab, the plots in Figure 16 were created by using the formula in equation (4). The plots in 
Figure 16 are for patient 1 only. Figure 16 (a) gives the slice by slice BPF of all four years of 
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patient 1, with the total measured BPF in percentage value shown in the legend. 
 
It can be seen in Figure 16 (a) & (b), that only slices between 5 and 40 are taken into 
consideration. This is because there is a large variation in BPF in slices towards the start and 
the end of a volume. Figure 16 (b) gives the slice by slice registered BPF. It can be seen that 
due to registration the curves in Figure 16 (b) are more close to year 1 (green) as compared to 
Figure 16 (a). The total registered BPF has also changed and the difference between the BPF 
of all 4 years has been reduced as well. Figure 16 (c) shows the plot of total registered and 
total unregistered BPF over 4 years. For year 1 the BPF is same for registered and 
unregistered data, because year 1 is used as the reference scan and is the same in both cases. 
The total registered BPF (orange) of year 2, 3 and 4 has come closer to year 1 along the x-axis 
when compared to unregistered data (blue), Table 1 contains all the data showing registered 
and unregistered BPF and their mean and standard deviation.  

 

   
                                      (a)                                                                        (b)  

 
   (c) 

Figure 16: (a) Unregistered slice-by-slice BPF graph of patient 1, year 1 - year 4. (b) Registered slice-
by-slice BPF graph of patient 1, year 1 - year 4. Note that the variation of the BPF is much smaller 

compared to the unregistered data. (c) Both unregistered and registered total BPF of patient 1 through 
year 1- year 4. 
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Table 1: Values of the registered and unregistered total BPF for patient 1, along with the mean and 
standard deviation. 

Year 1 2 3 4 
Unregistered BPF (%) 88.6493 90.0429 89.0242 88.7654 
Registered BPF (%) 88.6493 89.4924 89.0609 88.4254 

 
Method Mean (4 years) Standard deviation 

Unregistered BPF 89.1204 0.6346 
Registered BPF 88.9071 0.4709 

 
5.2.1	Overall	comparison	between	unregistered	and	registered	BPF	
Figure 17 gives a total comparison between the unregistered and registered BPF for all 17 
patients. It displays the change in mean and standard deviation between unregistered and 
registered BPF for every patient. It also shows the change in the mean BPF after removing 5 
slices from the bottom of the head and 3 slices from the top of the head. The change in the 
standard deviation is shown by plotting error bars at each data point. The size of each error 
bar represents the standard deviation of the BPF values for all four years of that particular 
patient. 
 
Starting from the left in both Figure 17 (a) and (b), every two consecutive error bars 
connected at the center correspond to one patient. For the two connected error bars, the first 
error bar represents the unregistered data, and the second error bar represents the registered 
data. Figure 17 (a) shows the difference between unregistered and registered BPF for all 
slices. The black lines connecting the two error bars in the middle represents the change in the 
mean BPF before and after registration. 
 
It can be seen that post registration there is a change in the mean and standard deviation of the 
BPF. A trend within the change of BPF can be seen in both plots. Before patient 6 the mean 
BPF decreases after registration, whereas after patient 6 the mean BPF increases. The change 
in the mean BPF is within 1% and can therefore be ignored. This change in mean BPF is 
because the voxel size of the reference patient increases after patient 6, thereby causing an 
increase in the mean BPF. It could also be that during registration, the interpolation process 
further smoothens the images compared to original images.  
 
In the case of standard deviation, it can also be seen in Figure 17 (a) and (b) that the standard 
deviation is reduced by performing registration and trimming the volumes. Figure 17 (b) 
represents the same information as Figure 17 (a), however, some slices are removed towards 
the ends. By removing the slices, it can be seen that the standard deviation is further reduced. 
Table 3 and Table 4 attached in the appendix contains the mean BPF values and the standard 
deviation values of all 17 patients, thereby representing the difference between unregistered 
and registered data of all 17 patients. 
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                 (a)

 
                    (b)	

   Figure 17: Comparing unsliced (a) and sliced (b) MRI scans. Every two error bars joined by a black 
line represents a single patient before (left) and after registration (right). Note that the standard 

deviation of the BPF is often lower after registration. 
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5.3	Statistical	analysis	of	BPF	and	R1-R2-PD	
In this section the results from the statistical analyses are given.  
 
5.3.1	Correction	of	the	BPF	values	for	time	
A linear regression analysis of the BPF of all patients together as a function of time was 
made. Starting from the first scan, the days between year 2, year 3 and year 4 scans were 
calculated. This gives the total time in days from the first scan to the fourth scan. This total 
time is represented on the x-axis and the BPF values are represented on the y-axis in Figure 
18. A correction of all the BPF values is made by removing the effect of time by using the 
slope and intercept from the original BPF (green), which is then represented by the blue 
circles in Figure 18. This time correction of BPF is done so that when looking at the change in 
the BPF over the four years, the time will now remain constant. For instance, over the period 
of four years the BPF of the patient changes due to the change in the CSF, whereas the PD of 
the brain remains the same. It can be misunderstood that BPF and PD are coupled i.e. a 
change in the BPF is due to change in PD since the total volume of the brain changes, but in 
fact only the CSF changes. By correcting the BPF for time, the effect of time is removed 
when analyzing the change in BPF and PD. The standard deviation calculated for the 
uncorrected BPF is 0.0556 and the standard deviation for time corrected BPF is 0.0358.   

 
Figure 18: Original (green) and time corrected (blue) BPF 

 
5.3.2	Regression	analysis	between	time	corrected	BPF	and	R1-R2-PD	
In this section the statistical analysis of the time corrected BPF and R1-R2-PD is presented. 
Figure 19 shows how the time corrected BPF correlates with R1-R2-PD. The data consists of 
BPF and R1-R2-PD values of all 17 patients. The BPF values are normalized by dividing each 
patient’s BPF values by the average BPF of that patient, and then removing the mean. The 
R1-R2-PD values are normalized in a similar way. Each plot in Figure 19 represents the linear 
regression between BPF-R1, BPF-R2 and BPF-PD. It should be noted that a correlation 
coefficient close to 1 indicates a perfect relation between two variables. The dotted line in the 
plots indicates a perfect linear relationship. The blue line is the actual linear regression 
obtained between brain properties relative to the BPF. The linear regression value for R1-R2-
PD is displayed at the top of the plot. It can be seen that there is a positive relation between 
BPF-R1 and BPF-PD, however the relationship is negative between BPF-R2. It can also be 
seen from the R values that there is a weak relationship between BPF and PD, and 
intermediate relationships between BPF and R1, R2. Table 2 gives the correlation coefficients 
and the spearman-rank values for the different brain properties.  
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Brain properties Correlation coefficient Spearman-rank 
BPF-R1 0.3850 0.2937 
BPF-R2 -0.5105 -0.4053 
BPF-PD 0.102 0.0736 

Table 2: Correlation between time corrected BPF and the brain properties R1, R2 and PD. 

	
      (a)                                                                  (b) 

 
                                                                           (c) 

Figure 19: Linear regression analyses between time corrected BPF and R1-R2-PD for all years all 
patients. (a) Regression between BPF and R1, (b) Regression between BPF and R2, (c) Regression 

between BPF and PD. 
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6 Discussion 
 
This section provides a discussion of the obtained results and the methods used. The 
discussion is divided into two parts. First, results obtained from registration and how the BPF 
was corrected by removing the top and bottom slices will be discussed. Second, the 
comparison between the BPF and R1-R2-PD will be discussed. Following this is a discussion 
about how the data was used during the thesis project. A small discussion regarding the 
material is also provided. 
	
6.1	Is	linear	image	registration	an	optimal	method	to	correct	for	BPF	variation?  
By loading the initial DICOM files of each patient and all years into Matlab, it can be seen 
that the BPF varies over time. It is obvious considering that the patients were MS patients 
with edema and changes in the brain properties. Each patient was scanned four times over the 
period of four years i.e. one scan per year to measures the brain atrophy rate. During the 
follow up scans the position of the patient head changes, and hence the follow up scans do not 
match the reference first year scan. It was noticed that the slices within MRI scans of the 
patient for each year did not match, and hence image registration was performed. Post 
registration it was necessary to remove 5 slices from the bottom of the brain and 3 slices from 
the top of every patient, because during the process of translation and rotation of the 
registered images these end slices do not contain any data. Removing the slices provided 
better BPF values that were very close to the reference year BPF values.   
BPF results obtained post registration indicate that the mean BPF and standard deviation has 
changed in all patients. The change in the mean BPF is between 0.3 - 0.8 percent within all 
patients, and hence can be ignored since the percentage error is small. If the change in BPF is 
above 2% then the BPF values will be considered non-negotiable. The standard deviation is 
smaller post registration and removing of slices. The percentage decrease in the standard 
deviation of BPF post registration and removing of slices range from 6.9% to 53%. This can 
be seen in Table 4 in the appendix.  
 
Post registration, the BPF of each year is changed compared to the unregistered BPF of the 
same year. This change in the BPF is not more than 1% for each year and is due to the 
interpolation process during registration. The interpolation process smoothens the images and 
hence causes the change in the measured BPF when the registered DICOM files are loaded 
into the SyMRI program. These registered and clipped data sets can then be used to better 
understand the brain atrophy of patients having edema during the follow up scans. This is 
because the modified BPF shows less brain atrophy and hence makes it easy for the 
physicians to understand the stage of MS in the patients.  
 
It may be possible to use better methods for interpolation that can further reduce the change in 
the registered BPF (e.g. sinc interpolation instead of linear interpolation). Another way to 
improve the registration of the images would be to use non-linear registration (e.g. using 
FNIRT instead of FLIRT in FSL). In the case of linear registration, a 12 parameter affine 
transformation accounts for major differences in head shape and position, while a 6 parameter 
rigid transformation used in this master thesis only includes translation and rotation. 
However, a non-linear registration can account for smaller-scale anatomical changes. Using 
non-linear registration, the difference between volumes acquired at different years could 
become even smaller. By doing so, BPF of the patients would be further improved and even 
come closer to the reference year BPF value.  
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6.2	Discussion	regarding	the	statistical	analysis	and	material  
Comparing the BPF with R1-R2-PD it can be seen that the correlations are low or 
intermediate. It should however be noted that unregistered patient data (original data) was 
used in this process. Since the task was to correlate and analyze BPF with R1-R2-PD, it was 
better to use the original data and if there had been strong correlations between BPF and R1-
R2-PD, the registered BPF and R1-R2-PD values would have been used so as to localize any 
possible changes in the BPF. Before doing the correlations it was necessary to correct all the 
BPF values by removing the effect of time. This was essential since the brain volume can 
increase or decrease over time. By correcting the BPF values the change due to proton density 
or CSF becomes constant and does not play and factor in the change of BPF. Correlations 
between the corrected BPF and R1-R2-PD were calculated. In this work three separate linear 
regressions were performed, but such an analysis can only find direct relationships between 
BPF and one other variable (R1, R2 or PD). To instead do one linear regression with R1, R2 
and PD simultaneously, could potentially reveal a more complex relationship between all 
variables. 
 
Regarding the material, all data sets used in this thesis work is from MS patients showing 
signs of edema. Currently each patient has only 3 follow up scans however, it would be better 
if more follow up scans are made available. This would help to analyze the brain atrophy 
more efficiently. For patient 1 through 6 the reference scan had volume with dimension      
288 x 288 x 43 voxels and the follow up scans had volume with dimension 160 x 160 x 43 
voxels. It can be seen that the mean BPF increased from patient 7 through 17 contrary to the 
mean BPF values from patient 1 through 6. It would therefore be better if the same voxel size 
were used for all scans.  
 
Arriving at these results has clinical value and may improve patient follow-up to monitor MS 
or dementia where the brain’s hydration state may obscure the true rate of atrophy.   
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7 Conclusion 
	
The aim of the thesis was to answer the questions posed in the problem description section of 
the report. Answers to those question are provided in this section. 
 
Can the BPF be corrected for signs of edema? 
 
It was observed that one reason why the BPF changes over time is that the MR scans 
collected at different time points do not represent exactly the same brain volume. After 
registration to the first scan, and removing slices from the top and bottom of the data set, the 
BPF of the follow up scans are corrected to a certain extent. The corrected BPF for the 
follow-up registered scans does come closer to the original BPF, and often also has a lower 
standard deviation compared to the original BPF. There are certain patients where the 
standard deviation in the registered scans is higher compared to the unregistered/original scan. 
However, it should be noted that the differences are rather small and can maybe be reduced 
using non-linear registration. While the final goal was to correct the BPF for signs of edema, 
it can be said that registering all follow-up scans to the first scan is an important 
preprocessing step.  
 
Is there any relationship between BPF and R1, R2 or PD? 
 
The results from the linear regressions suggest that there is no relationship between BPF and 
PD, and intermediate relationships between BPF and R1, and between BPF and R2. To 
understand what these intermediate relationships mean, and to relate them to edema, is 
beyond the scope of this work.  
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9 Appendix 
 
 

Patient	
No.	

MEAN	
													Un-registered																																Registered		
																					BPF																																														BPF									

	 Unsliced	 Sliced	 Unsliced	 Sliced	
1	 88.2427	 89.12	 88.1342	 88.907	
2	 87.9813	 88.168	 87.8288	 88.174	
3	 87.3525	 87.85	 87.1594	 87.605	
4	 75.2350	 74.894	 74.8792	 74.61	
5	 88.1762	 88.749	 88.0370	 88.736	
6	 86.9668	 87.46	 86.9561	 88.736	
7	 84.2064	 85.353	 84.7888	 85.979	
8	 89.9193	 90.747	 90.5352	 91.217	
9	 83.9949	 83.947	 84.5642	 84.479	
10	 93.2421	 93.595	 93.7634	 94.144	
11	 82.2308	 83.083	 82.7622	 82.965	
12	 90.6255	 91.384	 91.2973	 91.732	
13	 90.9184	 91.584	 91.4723	 92.032	
14	 94.6537	 95.03	 95.1640	 95.395	
15	 94.4351	 94.896	 95.0352	 95.356	
16	 90.9685	 91.514	 91.4432	 91.953	
17	 92.7782	 93.357	 93.3214	 93.873	

Table 3: Mean BPF of unregistered and registered as well as sliced and unsliced MRI scans of all 17 
patients 

	
Patient	
No.	

Standard	deviation	
													Un-registered																																Registered		
																					BPF																																														BPF				
												

Percentage		
Change	

	 Unsliced	 Sliced	 Unsliced	 Sliced	 	
1	 0.6582	 0.6519	 0.63463	 0.47092	 -28.45%	
2	 1.2274	 1.2963	 1.4705	 1.2295	 0.17%	
3	 1.2541	 1.1086	 1.2505	 1.1407	 -9.04%	
4	 0.3558	 0.4043	 0.32055	 0.40547	 13.96%	
5	 0.7336	 0.6846	 0.5663	 0.57675	 -21.38%	
6	 0.8248	 0.7789	 0.702	 0.7643	 -7.34%	
7	 1.0691	 0.5786	 1.2603	 0.6356	 -40.55%	
8	 0.2762	 0.4729	 0.22574	 0.53931	 95.26%	
9	 0.5826	 0.2915	 0.5398	 0.29202	 -49.88%	
10	 1.0326	 0.7974	 1.0776	 0.79263	 -23.24%	
11	 0.2995	 0.5448	 0.84172	 0.33978	 13.45%	
12	 1.4923	 1.0735	 1.3112	 1.0532	 -29.42%	
13	 0.1938	 0.4723	 0.18586	 0.46104	 137.89%	
14	 0.7336	 0.3953	 0.57719	 0.34563	 -52.89%	
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15	 0.3623	 0.2006	 0.30355	 0.17982	 -50.37%	
16	 1.0500	 1.0038	 1.04	 0.97724	 -6.93%	
17	 0.1351	 0.3055	 0.19879	 0.30182	 123.4%	

Table 4: Standard deviation unregistered and registered BPF as well as sliced and unsliced MRI scans 
of all 17 patients. 

	
	

	
Table 5: Segmentation table of patient 1 downloaded from SyMRI program. 

	
	


