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Abstract

Water and Fat Image Reconstruction from MRI Raw
Multi Coil Data

Michael Wijaya Saputra

In MRI, water and fat signal separation with robust techniques are 
often helpful in the diagnosis using MRI. Reliable separation of 
water and fat will help the doctor to get accurate diagnoses such as 
the size of a tumour. Moreover, fat images can also help in 
diagnosing the liver and heart condition. To perform water and fat 
separation, multiple echoes, i.e. measurements of the raw MR signal 
at different time points, are required. By utilizing the knowledge 
of the expected signal evolution, it is possible to perform the 
separation. A main magnetic field is used in MRI. This field is not 
perfectly homogeneous. Estimating the non-homogeneities is crucial 
for correcting the separation signal. This thesis used the method of 
"Iterative Decomposition of water and fat with Echo Asymmetry and 
Least-squares estimation" (IDEAL). The aims of the thesis are 
developed a method which reconstruct fat or water MRI images from 
raw multi-coil image data and evaluate the method’s accuracy and 
speed by comparing with an available, implemented reconstruction 
method. In particular, the stability to so called swap artefacts 
will be analysed. Estimated field maps or inhomogeneity fields are 
one important and essential step, but there exist multiple local 
minima. To avoid choosing the incorrect minima, the initial 
estimation of the field map had to be close to the actual field map 
value. Neighbouring pixels would have a similar field map values, 
since the inhomogeneity field was smoothly varying. As such, we 
carried out the combination of IDEAL algorithms with a region 
growing method. We implemented the method to do the water and fat 
separation from a raw image consisting of multi-coil data and multi-
echo. The proposed method was tested and the region growing method 
shows a significantly improved separation of water and fat, when 
compared to the traditional method without region growing.
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Chapter 1 

Introduction 

There are a lot of different tomographic techniques which are able to produce images of the in-

ternal organs and the structure of a human. All these tomographic methods are based on sophisti-

cated use of physics, mathematical modeling, and signal processing. Examples of tomographic 

methods are computed tomography (CT), magnetic resonance imaging (MRI), positron emission 

tomography (PET). 

 
MRI is a method for acquiring images inside of the human body without doing harmful surgery 

or using damaging radiation. MRI usually helps for disease detections and diagnosis. MRI is 

based on a physics phenomenon which was discovered in 1938 and this phenomenon is called 

nuclear magnetic resonance. MRI has developed rapidly by healthcare practitioners. This has 

been used the first MRI in the 1980s. In 2002, approximately, 22000 MRI scanners were used by 

healthcare globally. MRI scanners are suited to help for imaging the non-bony parts or soft tis-

sues of the body [1]. 

 
MRI takes an image of the inside of the human body by using the signal from hydrogen nuclei in 

water and fat molecules [2]. The reason MRI can work well for the human is because two-thirds 

of the human body weight consist of water, and makes the MRI widely applicable in healthcare. 

The fat signal presents brighter in most types of MRI images than the water signal [3]. Further-

more, water and fat signals have slightly different resonance frequencies. Using a priori 

knowledge of the relative frequencies of the water and fat allows for separation of water and fat 

signals. Water images free from the fat signal are preferable in clinical use, since underlying pa-

thology such as edema, inflammations or enhancing tumors is often obscured by the fat signal 

[4]. With reliable water and fat separation images, the doctor can give more accurate diagnosis 

regarding the disease, in example, the size of the tumor, or where the cancer is  “located”. On the 

other hand, there are several pathologies need fat signal to get direct visualization, such as fatty 

tumors, angiomyolipoma [4], diagnostic of liver [5] and cardiac [6] diseases as a diagnostic 

marker. Furthermore, there is an increase of the research about the quantification of the amount 

of adipose tissue and fatty infiltrative diseases such as hepatic steatosis [7]–[12]. The separation 

of water and fat signals become desirable to produce water-only or fat-only images. 
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1.1 Aim 
 
Two methods for separating water and fat signal has been implemented in Uppsala University 

Hospital. The built-in software on the scanner developed by GE Healthcare was used to perform 

the water and fat separation, but this resulted in so called swaps, meaning that the signal that 

should show up in the water images would show up in the fat images and vice versa for certain 

regions. To avoid this problem, separation was performed by first combining the raw data of the 

different coils, and thereafter performing water-fat separation using in-house software by Ber-

glund [2]. However, this resulted in a bias in along the right-left direction. The aim of this pro-

ject was to perform the following research activities which included: 

1. Perform water and fat separation from the raw image and avoid water and fat signal 

swaps. 

2. Perform multi coil combination from the result of the water and fat separation. 
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Chapter 2 

Theoretical Background 

2.1 Magnetic Resonance Imaging 
 
Resonance is a phenomenon in which an external force drives another system to oscillate with a 

greater amplitude at specific [13]. Furthermore, magnetic resonance is the absorption of electro-

magnetic radiation by atomic nuclei or electrons in response to magnetic fields. This phenome-

non was observed as a nuclear magnetic resonance and was firstly described in 1938 [14]. 

 
Nuclear Magnetic Resonance (NMR) is the manipulation of atom nuclei by spin electromagnetic 

fields within radio frequency range. The signal is spatially encoded by adding linearly varying 

gradient fields to the static fields. This is the way to produce an image from NMR. The NMR 

became the foundation for MRI development. There are three types of magnetic fields which are 

required for MRI: strong static field, rotating radio frequency fields, and linear gradient fields 

[2].   

 

Eventually, the word “nuclear” in NMR gave bad interpretation, and people started to change the 

name became Magnetic Resonance Imaging (MRI) which has become a popular word within the 

medical field nowadays. MRI is based on the same principle as NMR. MRI utilizes natural mag-

netic properties of the body to produce detailed images of, for example, different parts of the 

human body. There are three different common orientation terms for MRI images.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 MRI images planes (Sagittal Plane, Axial 
Plane, Coronal plane) 
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The sagittal plane gets images from the front through the back of the body, creating a left side 

and a right side of the body [15]. The horizontal plane (axial plane) gets images through the body 

horizontally to create top and bottom segments of the body [15]. The frontal plane (coronal 

plane) gets images from one side of the body and back side of the body [15]. MRI imaging de-

pends on a hydrogen nuclei (1H) to get images. Hydrogen nuclei exist in both water and fat. A 

hydrogen proton acts similar to the planet Earth. Hydrogen proton is spinning at own axis with a 

north-south pole [16]. Each of the hydrogen nuclei has a small magnetic moment. Hydrogen pro-

tons are usually randomly aligned in the human body in normal circumstances as shown in Fig-

ure 2.2 taken from Abi Berger [16]. The random orientation means that there is no net magnetiza-

tion. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In MRI or NMR, a strong magnetic field is applied to make hydrogen protons in the field of in-

terest lined up along an axis in a short time. This alignment makes a net magnetization oriented 

in the axis of MRI or NMR scanner. The lined up of hydrogen protons show in Figure 2.3 which 

taken from Abi Berger [16]. MRI scanners come in different field strengths; nowadays, the most 

common magnetic field strengths in clinical use are 1.5 Tesla and 3 Tesla.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.2 Hydrogen nuclei orientation in the Human 
Body 

Figure 2.3 Hydrogen nuclei orientation in Human Body 
Affected by Strong Magnetic Field 
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MRI uses additional energy in the form of a radio frequency (RF) pulse which is added to the 

magnetic field. If the RF pulse is close to the resonance frequency of the hydrogen nuclei, the net 

magnetization will be pushed out of alignment with the static magnetic field. The hydrogen nu-

clei will then precess around the direction of the magnetic field. This precession gives rise to an 

oscillating magnetic field. This oscillating magnetic field will induce currents in nearby conduct-

ing coils, and the measurement of these currents is then used to reconstruct images of the meas-

ured object. If two coils are placed in quadrature, it is possible to measure the phase of the signal 

in addition to the magnitude [2], [17]. 

 

During the scanning process, the MRI scanner will turn on or off the radio frequency wave to get 

images of the body. When the source of radio frequency is turned off, the net magnetization vec-

tor will go back to the relaxed state [1]. While relaxing, a signal from hydrogen nuclei will be 

emitted, and the signal leads to produce images of the body part. Usually, there is a receiver coil 

which has a function as an antenna. The receiver coil may be placed to encircle body parts. The 

receiver coil receives the emitted signal and records the intensity of the signal.  

 

Different tissues or abnormalities give different contrast from multiple transmitted frequency 

pulses applied sequentially. The different contrast due to different tissues have different time to 

get into relaxation state. This means all the hydrogen nuclei has different time for move freely 

after the radio frequency pulse is turned off. There are two different measurement of relaxation 

times; T1 and T2 relaxation time. T1 is time needed for the magnetic vector to become relaxation 

while T2 relaxation time is the time needed for an axial spin to be back to relaxation state [16]. 

 

The MR examination is acquired by a series of radio frequency in sequences. Furthermore, dif-

ferent tissues have different relaxation time. Additionally, hydrogen nuclei in water and fat have 

slightly different resonance frequencies, which means that the relative phase of the signal from 

the water and fat will be time dependent. By conducting a careful modelling, the water and fat 

separation are possible by utilize difference of the relative phase of the signal from the water and 

fat. MRI also does not required to make of use any harmful chemicals. On the other hand, MRI 

uses strong magnetic fields and radio frequency pulses to acquire the image data. Nowadays, 

humans are exposed to radio frequency radiation in their daily lives from sources such as phone, 

computer, and WIFI. However, the radiation still poses a danger to people with pacemaker be-

cause it can damage the pacemaker due to the strong magnetic field.   
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2.2 Iterative Decomposition of Water and Fat with Echo Asymmetry and least-

square estimation (IDEAL) 
 
A number of methods have been developed to do the separation and the reconstruction for water 

and fat images. One of the methods which performed was the short T1 inversion recovery 

(STIR), in and out of phase imaging [18]. The in and out phase imaging was found by Dixon in 

1984 [19]. The basics of the in and out phase imaging is differences of protons precess between 

water and fat protons which water protons are three to four parts per million faster than fat pro-

tons. This phenomenon implies that there is a time when water and fat protons have a 180-degree 

difference between their magnetization. That phenomenon is known as in phase and out of 

phase. During in phase, the magnitude of the total signal will be equal to the sum of the magni-

tude of water and fat signals [20] while out phase means water and fat signals have a 180-degree 

phase different, which results in the magnitude of the total signal being equal to the difference in 

the magnitudes of water and fat signals [20]. This happens because water protons precess three 

to four parts per million faster than fat protons, which is known as chemical shift [19]. In and out 

of phase methods are used for doing fat suppression and generate water images. However, the in 

and out phase method does not work excellent in moving body parts, for example, lungs. STIR is 

a method which uses a variant of the inversion-recovery (IR) sequences with the short inversion 

time between 90-degree and 180-degree pulse [21]. However, this method has lower signal to 

noise ratio (SNR) and mixed contrast which make the STIR method dependent of T1 [18]. The 

STIR method is sensitive to the field inhomogeneities [22], [23]. Furthermore, studies on de-

composition of the water from the fat in symmetrically acquired echoes have concluded that wa-

ter and fat separation cannot be done when the proportion of the water and fat in a voxel are ap-

proximately equal [24], [25].  

 
In this thesis project, the IDEAL algorithm for image reconstruction is used to do the water and 

fat separation. IDEAL is a robust method for the water-fat separation [18]. This method required 

iterative least-square to perform the water and fat separation. The IDEAL approach utilizes the 

difference of frequency between fat and water protons which is approximately 3.5 ppm. The 

chemical shift between fat and water can be found with difference frequency; it is around 220 Hz 

for 1.5 Tesla and 440 Hz for magnetic power of 3 Tesla. IDEAL has for example been imple-

mented for finding water and fat separation components on the liver [26]. Iterative Least-Square 

has succeed to improve noise performance and conduct the chemical species separation through 

multi-coil acquisition[27]. 
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In general, the total signal for each echo time can be calculated as 

 

 

 

 

 

where 𝑝  is the intensity of j-th species (e.g. water or fat) and in general, it consists of complex 

values, E  is  exponential  constant  value,  ∆f  is  difference of chemical shift between water and fat, t 

is a time for the echo time, and Ψ is local magnetic field resonance offset in Hz. This parameter 

is included due to inhomogeneities of the static magnetic field and magnetic susceptibility of the 

measured tissue. If the calculation changes to discrete according to echo time, 𝑡  (n = 1, ...., N), 

N is the number of echo time.  

 

 

 

In the Eq.2, it shows each signal which placed in the position x at echo time,  𝑡 . Each image 

generated from the MRI scanner consists of real values and imaginary values which give two 

measurement points for each echo time,  𝑡 .  

 

From Eq. 2, if initial estimates of the field map are known, it can be rewritten as,  

 

 

where 𝜓  is the initial estimate of the field map and 𝑆  is the signal which consists of imaginary 

and real components from j-th species. Eq. 3 is a linear system form of complex values which 

can be split into real and imaginary parts, 

 

 

 

where   𝑝   and 𝑝     are the real and imaginary components from the signal of the j-th species and 

  𝑠   𝑎𝑛𝑑  𝑠  are the real and imaginary parts from the signal of the j-th species. Linear least-

squared fitting to decompose each of chemical species can be calculated with the Eq.4. This re-

sults in a set of linear equations.  

 

{1} 

{2} 

{4} 

{3} 
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There is a need to get the initial estimation signal for each chemical species,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

where �̂� is a signal from one pixel at echo times, usually in the first iteration, the value of �̂� will 

be the same with the signal value generated from the MRI scanner. This signal value consists of 

real components and imaginary components. Rows 1 to N on the matrix A are used for calcula-

tion of the real components and rows N + 1 to 2N for calculation of imaginary components. Ma-

trix A in Eq. 6 only can be used to do separation of water and fat species only. To get estimated 

values of each chemical species, least-square fitting approach for linear systems of equation at 

[28], shown in Eq.7, can be used. The result of �̂� will be of the form 

[𝑝 𝑝 𝑝         𝑝     . . . 𝑝 𝑃 ] .  

If 𝑃   =    �̂�   +   ∆�̂�  and 𝑃   =    �̂�   +   ∆�̂�   where j = 1 ... M and ψ   =   𝜓   +   Δ𝜓 then Eq. 2 can 

be written as 

 

 

 

 

By dividing both sides of Eq.9 with 𝑒  and use Taylor approximation where 𝑒  ≈  1  

+ i2πΔψ𝑡 , it can be written as 

 

 

 

{5} 

{6} 

{7} 

{9} 

{10} 

{8} 
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By splitting the real and imaginary components in Eq.10, there will be a new arrangement. For 

the real component, 

 

 

 

 

and for the imaginary component to make possible as linear equations, 

 

 

 

 

Which from Eq.11 and Eq.12 can be arranged in a matrix format  with  n  =  1,  …,  N. 

 

 

 

 

 𝑆 is matrix transpose of the result from Eq.11 and Eq.12 where columns 1,.., N is the result from 

equation 10 and columns N+1,...,2N is the result of Eq.12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

{11} 

{12} 

{13} 

{14} 

{15} 

{16} 
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From Eq.13, which is a linear system,  Y can be estimated [28] by 

 

 

 

The matrix y made up of Δψ, Δ𝑝 , Δ𝑝    which can be used for a signal update as follows, 

 

 

With IDEAL algorithm, the water and fat separation has been done either for single coil or multi 

coils, even though multi-coil water and fat separation is done slightly differently. To do water 

and fat separation with least-square estimates of water and fat images in each pixel, the proce-

dure is as follows [27]: 

1. Estimate the signal from each chemical with Eq.7, and usually the initial guess for ψ = 0 

Hz. 

2. Calculate the error of the field map using Eq.6. 

3. Recalculate ψ   =   ψ   +   Δψ. 

4. Recalculate the 𝑆  with Eq.3 and calculate estimate for new field map. 

5. Repeat the preceding four steps until it generates Δψ is small.  

6. Recalculate the final estimate signal for each chemical species using Eq.7. 

 

The part below explains about the multi-coil acquisition with the IDEAL algorithm. The multi-

coil acquisition is done using P coils, collecting P independent images, all with different relative 

phase offsets [27]. With the algorithm describe above, P images of each chemical shift and P 

field heterogeneity is generated and should not depend on coil dependent phase shift [27] . With 

the algorithm described above, it generates the water and fat image with P field heterogeneity 

maps which do not depend on the phase offset of each coil. Furthermore, the field maps are then 

combined by weighting the contribution of each coil using a square of the magnitude of the im-

age. For each pixel, field maps need to be combined and calculated as 

 

  

 

 

 

Using the result of combined field maps, 𝑆  is recalculated with Eq.3 and a new estimation of the 

P images of the different chemical species is computed using Eq.7. Finally, the result is com-

bined using multi-coil combined methods.  

{17} 

{18} 

{19} 
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The step by step procedure to do water and fat image reconstruction with least square estimates 

of water and fat images methods for multi-coil is as follows [27]: 

1. For each coil and each pixel 

a. Estimates for each chemical species assuming an initial guess for the field map 

with Eq.7. 

b. Calculate the error to the field map, Δψ from Eq.17. 

c. Recalculate ψ   =   ψ   +   Δψ. 

d. Recalculate the 𝑆  with Eq.3 and get new estimate field map. 

e. Repeat this process until getting Δψ is small. 

2. If this multi-coil acquisition, combine p field maps using Eq.19. 

3. Recalculate the final images for each chemical species with Eq.7. for each coil. 

4. Do multi-coil combination method for each chemical species from each coil.  

 

2.3 Sum of Square Reconstruction 

 
There are different methods for doing the multi-coil combination such as sensitivity encoding for 

fast MRI (SENSE), simultaneous acquisition of spatial harmonics (SMASH), and Sum of Square 

(SoS) reconstruction. 

 
The SoS reconstruction is one of the methods for multi-coil combination reconstruction which 

can be done without knowing the information of the coil sensitivities [29]. Reconstruction by 

SoS for each pixel in each coil can be obtained by [29], 

 

  

 

 

 

Eq.20 can be interpreted as an optimal linear combination. Nevertheless, it can be replaced when 

the coil sensitivity is known by 𝑠   /  ∑ |𝑠 |       [30]. Also, SoS can produce severely biased 

images, even it is noise free in some cases. SoS can give an optimum result when the sensitivity 

associated with coils for the image voxel is known. This is not often the case in practice [29].   

 

{20} 
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2.4 Region Growing 
 
This project used the IDEAL algorithm for the water and fat separation. On the other hand, this 

method still has a problem with the field map estimation which is a critical step for the water and 

fat decomposition method [31]. The field map can be estimated if the true field map ranges be-

tween ± ∆f  /  2  (∆f  is  the  off-resonance frequency of fat relative to water) [32], [33]. In practice, 

the field map inhomogeneity usually exceeds the range. There is a method named phase unwrap-

ping which can be used to solve this problem [32], [34], [35]. The phase unwrapping method is 

well developed for the water and fat separation [36]. Nonetheless, the phase unwrapping algo-

rithm is time-consuming and incorrect unwrapping leads to water and fat components swap. The 

IDEAL algorithm has avoided the need of the phase unwrapping but still have some ambiguity 

left. Region growing improves the robustness of the field estimation and the decomposition of 

water and fat images [31].  

 

As described above, this project combined the IDEAL algorithm with the region growing meth-

od which helped to do the field map estimation. Region growing is a method for grouping pixels 

or sub-regions to larger regions based on the criteria of growth [37]. Region growing was intro-

duced by Rolf Adams and Leanne Bischof in 1944 [38]. Usually, the region growing is a tech-

nique based on geometric characteristics of regions. Regions can be disconnected and have 

holes, but it should have smooth boundaries, depending on the region growing technique used 

[39]. In general, the region growing starts from initial seeds and grow to the neighbour which has 

homogeneous elements. Seed can be a pixel or region [40].  

 

Primitive region growing uses only aggregates of local group properties of the pixel, and can 

give a good result to determine regions. Some techniques commonly uses for region growing are 

as follows [39]: 

 

1. Local technique, a technique where pixels are placed in a region based on their properties 

or their neighbour properties.  

2. Global technique, this technique utilizes pixels to be grouped into regions with the basis 

of properties of large number pixel throughout the image.  

3. Split and merging, where it does a merge or split regions using graphs structure to repre-

sent the boundaries.  
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There is a method which has been developed from the region growing, called Seeded Region 

Growing (SRG). SRG is a highly robust method for the image segmentation and high level im-

age information can be used as seed selections [38]. Nonetheless, SRG has problem with sorting 

pixels [38], [41]. SRG is different from conventional region growing. Instead of tuning the ho-

mogeneity parameters, SRG is controlled by choosing small number of pixels, known as seeds. 

The SRG algorithm has for example been used for the cervical cancer detection [42]. SRG or 

conventional region growing is typically used for the image segmentation. However, in this pro-

ject, region growing was used for doing the field map estimation. Using SRG as the field map 

estimation has been performed to obtain the 3-Point water-fat decomposition by Huanzhou Yu, 

et al [31].  

 

Common ways of the SRG algorithm implementation is to initially select a set of seed points. 

This selection depends on the criterion which was predetermined by users like a pixel in a certain 

gray level range or pixels evenly spaced on the grid [43]. Setting the initial seed becomes an es-

sential step before doing region growing because the initial seed decides the result of the image. 

The regions begin to expand from the chosen seed to neighbouring points. To expand the region, 

it uses different criteria as predetermined by the user. One example of a criterion is pixel intensi-

ty threshold as the threshold to determine region membership. It means the image information 

plays an important role for the region growing algorithm.  

 

As explained above the step needed for doing seeded region growing, below will explain the 

detailed steps for doing SRG in this project: 

 

1. Selection of initial seeds 

At first, the mean signal strength over all echoes is calculated. Next, the pixels are classi-

fied as foreground or background based on their intensities. After the foreground and 

background are separated, the system calculates the connection between pixels with other 

pixels using bwconncomp function from the Matlab. The result of the bwconncomp func-

tion consists of a list of connected components, with each element containing the number 

of pixels in that connected component. From the list, system searched where the list has 

the most number of connected components from images. Then, the system searches the 

highest mean value from the images where the pixels be found at the list of the most 

number of connected components. The pixel with the highest mean value becomes the in-

itial seed for the region growing method 
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2. Growing formula 

In this step, there are four pixels which are the neighbour of the initial seed pixel. The 

four neighbours of the chosen pixels are put in the temporary stack where the initial seed 

has a different flag. After that, the highest signal is chosen from the neighbour pixel and 

make it as the new seed with change the flag value of that pixels. From the new seed, the 

system searches the neighbour and the pixels which has selected from before did not se-

lected in this process. The result stores at the temporary stack. To get a new seed, it 

chooses the highest value from the temporary stack and make it as a new seed. This grow 

step was run until all the pixel has recovered by the region growing algorithm and chosen 

as seed. All pixels selected to be seed got a value in the form of a number that tells when 

to be selected as a seed. That number will be determined when the pixel went through the 

process of the water and fat separation. Initial seed uses initial guess for the map field is 

arbitrarily set, often to 0, while the next seed will use the result of the field map from the 

previous seed as the initial value of the field map. 
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Chapter 3 

Implementation 

In this section, the reader may find the software which was used for building this system and 

how the system work in this project. 

 

3.1 Software 
 
The first thing that was needed was to decide which programming language and environment to 

use for this project. The chosen environment was MATLAB. The reason to choose MATLAB 

because many useful functions are already implemented in MATLAB and code development and 

testing is simple. The programming has been done locally, and it is pushed to GitHub as the re-

pository.  

 

3.2 Hardware 
 
For  working  locally,  a  laptop  Asus  with  Intel®  Core™  i5-3202M CPU @ 2.6 GHz, 8GB DDR2 

RAM was used. 

In the research lab, there better hardware was available. A computer Acer with Intel® Core™  i7-

3370 CPU @ 3.40 GHz, 16GB DDR2 RAM was used. 

 

3.3 Overall System 
 
As described above, the system was developed in the MATLAB environment. This system was 

divided into three different parts. There are main program, water-fat separation, and iterative part 

for water-fat separation. The main program has a function to reading a raw data file. This raw 

data was the raw images collected from the MRI scanner at Uppsala University Hospital. More-

over, it has a function to call other parts of the system to run water-fat separation algorithm and 

store the result of each coil as .mat.  

 

The second part is the water and fat separation part of this system which contains the water-fat 

separation algorithm. The water and fat separation part receives values which are the result of 

region growing. Region growing used for the pixel wise calculations to separate water and fat. 
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Moreover, the second part also executes another part of the system which is the iteration part. 

That part has a function to calculate the signal and update the field map values. This iteration 

part would be running until the delta field map value for that specific signal is reaching below 

0.2 Hz because it will make the result converged and the water and fat signal has already sepa-

rated. After that, the water and fat separation part returned the value to the main program and 

store it to the temporary value before store as a .mat file.  

 

While all the coils finished for the water and fat separation and be stored to a .mat file, the main 

program has to do coil combination with SoS method. This process has a function to join all wa-

ter and fat images from coils to produce a whole image of water and fat for the region of interest.  
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Chapter 4  

Data and Method 

4.1 Data 
 
In this project, two different data sources were used: data obtained from [44] (challenge data) 

and  data obtained from the MRI scanner server (multi-coil data) at Uppsala University Hospital. 

The multi-coil data was generated by a GE Healthcare MRI machine with a magnetic power of 3 

Tesla. There are differences between the challenge data and the multi-coil data. The challenge 

data has gone through a multi-coil combination process while the multi-coil data is still raw data 

image. The multi-coil data has not gone through a multi-combination process, so, the multi-coil 

data is a collection of images obtained from several different coils of the MRI scanner machine. 

Another difference is that the challenge data has different magnetic power such as 1.5 Tesla and 

3 Tesla. 

 

On the one hand, the multi-coil data has a specification such as 512 * 512 pixels and consist of 

15 echoes times, 13 coils, and 52 slices for each of the data. During development, this thesis pro-

ject only used 1 slice out of 52 slices. The reason is to decrease the processing time compared to 

using all the slices for the water and fat separation.  

 

On the other hand, the challenge data were of sizes ranging between 192 * 192 pixels to 256 * 

256 with five to eight echoes and two to five slices for each image and the challenge data already 

has gone through a coil combination process. 

 

The challenge data consists of five different images with different angles of view and magnetic 

power such as 1.5 Tesla and 3Tesla. Furthermore, all of the data has been through a multi-coil 

combination process. This project did not use all the data from the challenge data. The challenge 

data used for this project: 

1. Three data with the magnetic power of 3 Tesla. The data consists of: 

a. knee image with a point of view axial 

b. head/neck and upper thorax image with a point of view coronal 

c. knee image with a point of view sagittal. 

2. Two data with the magnetic power of 1.5 Tesla. The data consist of:  

a. Foot image with a point of view sagittal  
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Figure 4.3 Knee, Axial Figure 4.4 Head/Neck and 
Upper Thorax, Coronal 

Figure 4.2 Liver, Axial 

Figure 4.5 Knee, Sagittal 

Figure 4.1 Foot, Sagittal 

b. Liver image with a point of view axial 

 
The following figure show the five picture of the data which were used in this project for the 

water and fat separation. These images show the total signal before separation of the water and 

the fat signal. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

The multi-coil data contain only one data with magnetic power 3 Tesla and point of view sagit-

tal. The multi-coil data was still raw data which has not gone through multi-coil combination 
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Figure 4.6 Image from MRI Scanner at Uppsala 
University  

process. The following figures shows the second data used in this project; The figure shows the 

total signal before separation of the water and the fat signal, with the signals measured by all 

coils combined into one image. 

 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 

4.2 Method 
 
This project has implemented two different methods. The two methods were the system that per-

formed the water and fat separation with the IDEAL algorithm alone and the other is the IDEAL 

algorithm utilizing the region growing method. The challenge data and multi-coil data were pro-

cessed on both of the methods. Furthermore, the two methods were performed with two different 

values for the initial field map value. The initial field map values to be used were 0 Hz and 200 

Hz. The stopping parameter for the iterative parts was 0.2 Hz because the residual at the signal 

has been minimized, and the water and fat signals have separated. 

 
The challenge data also provide ground truth images for water and fat images created using addi-

tional echoes. So, the results of challenge data were generated in this project can be compared 

with the ground truth image to objectively evaluate whether result of images produced the same 

image or not for water and fat signals. 

 

With the results obtained from the experiments carried out on the challenge data, it can be seen 

which method works better for the water and fat separation. Moreover, the experiment results of 

the challenge data was used as information which helps to compare the results produced by the 

two methods on the multi-coil data. In addition, to compare the two methods, the frequency of 

the water and fat swap signals were calculated. The method for calculates the frequency of the 
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water and fat swap signals was fat fraction by dividing the fat signal with the total of all fat and 

water signals. After that, the difference in the fat fraction with fat fraction was calculated with 

references provided by the challenge data. Pixels with 10 percent difference of fat fraction be-

tween reference and result images were considered to be swapped. The percentage of swapped 

pixels was calculated for each image, excluding background pixels by means of provided fore-

ground masks. 
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Chapter 5 

Experiment and Results 

As mentioned above, there has been a problem with the in-house software which resulted in bias 

in the right-left direction and the built-in software in the GE scanner resulted in swaps between 

fat and water signals. 

 
This chapter presents the experiments and results achieved in this project. The results are divided 

into two parts; the IDEAL algorithm alone and the IDEAL algorithm utilizing the region grow-

ing method. 

 
Below figures show the ground truth for water and fat images which provided from the challenge 

data. These were calculated using additional echoes, which makes the problem of separating the 

water and the fat signal easier. The first part shows fat images from each of the images. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.3 Fat Image of  Knee, 

Axial 

Figure 5.1 Fat Images of 
Foot, Sagittal 

Figure 5.2 Fat Images of  
Liver, Axial 
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The second part is the water images from each of the images; 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9 Water Images 
Head/Neck and Upper Thor-

ax, Coronal 

Figure 5.7 Water Images 
of  Liver, Axial 

Figure 5.8 Water Image of  
Knee, Axial 

Figure 5.6 Water  Images of 
Foot, Sagittal 

Figure 5.4 Fat Images 
Head/Neck and Upper 

Thorax, Coronal 
Figure 5.5 Fat Images of  

Knee, Sagittal 
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Figure 5.1.1 Water signal of 
Knee, Sagittal 

Figure 5.1.2 Water sig-
nal of Liver, Axial 

 

 

 

 

 

 

 

 

 

 

 

 

5.1 Result of IDEAL 
 
Section 5.1 shows the result of doing the water and fat separation with the IDEAL algorithm 

alone for the challenge data and the multi-coil data.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 5.10 Water Images of  
Knee, Sagittal 
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Figure 5.1.3 Water signal of 
Knee, Axial (Signal Loss 

Highlighted) 

Figure 5.1.5 Water signal of 
Knee, Sagittal (Signal Loss 

Highlighted) 

Figure 5.1.4 Water signal 
of Head/Neck and Thor-

ax, Coronal 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.1.1 to Figure 5.1.5 show the result of the water and fat separation from the challenge 

data. The challenge data has gone through the IDEAL algorithm alone. Figure 5.1.2 shows the 

water and fat signal swaps which lead to degradation in colour because of the water and fat sig-

nal swap. Figure 5.1.3 and Figure 5.1.5 show a loss of signal marked with the red circle. The red 

circle area of both figures has a different signal with its surrounding suddenly marked by the 

change colour to become dark grey. 
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Figure 5.1.8 Fat signal of 
Knee, Axial (Signal Loss 

Highlighted) 

Figure 5.1.10 Fat signal of 
Knee, Sagittal (Signal Loss 

Highlighted) 

Figure 5.1.9 Fat signal of 
Head/Neck and Thorax, 

Coronal 

Figure 5.1.7 Fat signal 
of Liver, Axial 

Figure 5.1.6 Fat signal of 
Knee, Sagittal 
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Figure 5.1.6 to 5.1.10 show the fat signal from the result of the water and fat separation with the 

IDEAL algorithm alone. The IDEAL algorithm alone took approximately forty minutes to gen-

erate water and fat images. The result of IDEAL algorithm alone shows in Figure 5.1.1 to 5.1.10. 

Furthermore, there were loss of signals problem which show in Figure 5.1.8 and Figure 5.1.10 

marked by the red circle. The loss of signals become a proof that the IDEAL algorithm alone has 

a problem while to do the water and fat separation because Figure 5.1.3 and 5.1.5 consolidate 

loss of signals which appear at Figure 5.1.8 and 5.1.10. As the other figures, there were no prob-

lems with loss of signals but there were still problems with the water and fat separation because 

the water and fat signal swap problem occurred which lead to bad image reconstructions. As an 

example, Figure 5.1.2 and Figure 5.1.7 show degradation bright and dark colour at the images. 

Images of water and fat obtained from the water and fat separation process with the IDEAL algo-

rithm alone as shown in Figure 5.1.2 to Figure 5.1.7 were compared with the ground truth data 

for images of the fat and water provided by the challenge data and the results look distinctly dif-

ferent because the image of the IDEAL algorithm alone did not generating images as smooth as 

that shown by the images of ground truth. The reason was water and fat signal swap happened in 

the images process by the IDEAL algorithm alone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.11 Water Signal Data of Uppsala 
University Hospital (Signal Loss Highlight-

ed) 
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Figure 5.1.11 shows the result of water signals which were processed of doing the water and fat 

separation with the IDEAL algorithm alone to the multi-coil data. Figure 4.6 is the combined of 

water and fat signal for all coil and echo and there is no missing signal or noise. However, there 

has loss of signals in the Figure 5.1.11 as highlighted by red circles. The loss of signal means 

that the IDEAL algorithm alone did not succeed to separate water and fat. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.12 shows the results of fat signals which were processed for the water and fat separa-

tion with the IDEAL algorithm alone. In Figure 5.1.12, there was also a missing signal in the 

same place as Figure 5.1.11, so it can be concluded that the IDEAL algorithm did not succeed in 

conducting water and fat separation for the multi-coil data. 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.12 Fat Signal Data of Uppsala 
University Hospital (Signal Loss Highlight-

ed) 
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Figure 5.2.3 Fat signal of 
Knee, Axial 

Figure 5.2.2 Fat signal of 
Liver, Axial 

Figure 5.2.4 Fat signal of 
Head/Neck and Thorax, Cor-
onal (Signal Loss Highlight-

ed) 

Figure 5.2.5 Fat signal of 
Knee, Sagittal 

5.2 Result of IDEAL with Region Growing 
 

  

Figure 5.2.1 Fat signal of 
Knee, Sagittal 
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Figure 5.2.6 Water signal of 
Knee, Sagittal Figure 5.2.7 Water signal 

of Liver, Axial 

Figure 5.2.8 Water signal of 
Knee, Axial 

Figure 5.2.9 Water signal of 
Head/Neck and Thorax, 

Coronal 

 

Shown in figure 5.2.1 to 5.2.5 are the results of the water-fat separation with the IDEAL algo-

rithm by utilizing the region growing method. The IDEAL algorithm and the region growing 

method used value 0 Hz as the initial field map. The image results produced good images of the 

fat signal for all the images from the challenge data. However, Figure 5.2.4 has loss of signals 

marked by the red circle. The loss of signal was apparently due to an air pocket that produces 

strong field map inhomogeneities that are difficult to take into account. This artefact leads to 

problems as is shown in Figure 5.2.4. Furthermore, Figure 5.2.4 is different from the ground 

truth image because there is swap between water and fat signals. 
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Figure 5.2.10 Water signal of 
Knee, Sagittal 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.2.6 to 5.2.10 show the results of the water signal with the IDEAL algorithm by utilizing 

the region growing method. The IDEAL algorithm and the region growing method used value 0 

Hz as the initial field map. Figure 5.2.9 has errors in the same regions as Figure 5.2.4 which is 

originated from the same source image. The IDEAL algorithm utilizing the region growing 

method took approximately one minute of process time to produce fat and water images which 

was showed in Figure 5.2.1 to Figure 5.2.10. As in section 5.1, if the comparison was made be-

tween the results of water and fat images generated by the IDEAL algorithm by utilizing the re-

gion growing method is almost generate the same result, even though there were differences in 

brightness. So, the IDEAL algorithm by utilizing the region growing method can be said better in 

separating water and fat. However, it can be seen in figures 5.2.4 and 5.2.9 in comparison with 

figure 5.4 and figure 5.9 there are differences in the obtained result. This happens because there 

is a swap between fat and water signal in the image. 

 

Figures below shows the result of doing the water and fat separation with the IDEAL algorithm 

and the region growing method on the multi-coil data. Figure 4.6 shows the combined water and 

fat signal for all coil and echo. There is no missing signal or noise in the result of water and fat 

signal, and there is no phantom image in the object of interest. 
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Figure 5.2.11 Water Signal Data of Uppsala 
University Hospital 

0.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.11 shows the water signal from the object of interest. Figure 5.2.11 shows the water 

signal was concentrated in the middle part of the object and no swap between water and fat sig-

nals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.12 shows about the fat signal only as the result of the water and fat separation with 

IDEAL algorithm combined with the region growing method. It also has some different bright-

ness in some part because that part has stronger power signal than other parts of the images.  

 

Figure 5.2.12 Fat Signal for Data of Upp-
sala University Hospital 
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5.3 Methods Comparison 
 
 
 

 
 

Image 

Algorithm 

IDEAL IDEAL with Region Grow-
ing 

Initial Field Map Val-
ue Initial Field Map Value 

0 Hz 200 Hz 0 Hz 200 Hz 
Knee, axial (1) 95.70% 55.76% 17.83% 95.99% 
Head/neck and upper thorax, coronal 
(2) 

82.00% 80.75% 91.00% 5.39% 

Knee, sagittal (4) 96.95% 59.20% 12.81% 96.06% 
Foot, sagittal (7) 72.98% 57.96% 9.40% 89.57% 
Liver, axial (8) 73.02% 80.77% 1.00% 94.19% 
Average 84.13% 66.88% 26.41% 76.24% 
 
  

Table 5.3.1 shows percentage of water and fat signals swaps that occur in each image of the chal-

lenge data compared to the two algorithms implemented in this project. Shown in Table 5.3.1 is 

the result of water and fat signal swap percentage with initial field map value is 0 Hz and 200 

Hz. The IDEAL algorithm utilizing the region growing gave better results than the IDEAL algo-

rithm alone because the average water and fat signals swap obtained for the IDEAL algorithm 

utilizing the region growing is 26.41% compared to 84.13% for the IDEAL algorithm alone. On 

the other hand, with initial field map value is 200 Hz, the IDEAL algorithm utilizing the region 

growing method gave worse result than the IDEAL algorithm alone because the average water 

and fat signal swap obtained for the IDEAL algorithm utilizing the region growing method is 

76.24% compared to 66.88% for the IDEAL algorithm alone. 

 

From Table 5.3.1 can be concluded that the initial field map value is affected the swap for water 

and fat signals for the water and fat separation. However, the IDEAL algorithm alone gave a 

poor result for water and fat images. The IDEAL algorithm utilizing the region growing method 

has an improvement for the head/neck and upper thorax, coronal image with result 5.39 % for 

the swap of water and fat signal while the head/neck and upper thorax, coronal image with 200 

Hz as the initial value of field map. 

 

Table 5.3.1 Water and Fat signal Swap Percentage of 
The Challenge Data 
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Table 5.3.2 Processing Time for Water and Fat Separation 
of The Challenge Data (seconds) 

 

 

 

 

Image 

Algorithm 

IDEAL IDEAL with Region  
Growing 

Initial Field Map Value Initial Field Map Value 

0 Hz 200 Hz 0 Hz 200 Hz 
Knee, axial (1) 3190  1588  66  73  
Head/neck and upper thorax, coronal (2) 4446  6808  107  101  
Knee, sagittal (4) 1447  1348  46  59  
Foot, sagittal (7) 1890  1888  80  83  
Liver, axial (8) 1978  1768  80  77  
Average 2591  2680  76  79  
 

  

Shown in Table 5.3.2 is the time required in seconds by each algorithm to separate the water and 

fat on each image from the challenge data. From table 5.3.2 can be seen that the IDEAL algo-

rithm utilizing the region growing method with 0 Hz as the initial field map value did the water 

and fat separation with process average time of 76 seconds while the IDEAL algorithm required 

an average of 2591 seconds. Furthermore, with the initial field map value is 200 Hz, the IDEAL 

algorithm utilizing region growing did the water and fat separation with process average time of 

79 seconds while the IDEAL algorithm required an average of 2680 seconds. From Table 5.3.2 

can be concluded that the IDEAL algorithm utilizing region growing is around 40 times faster 

than the IDEAL algorithm alone and there is no big distinctive for the time process from both of 

the methods while using 0 Hz and 200 Hz as the initial field map value. 
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Table 5.3.3 Processing Time for Water and Fat Separation 
of MRI Scanner Uppsala University Hospital (Seconds) 

 

 

 

Image 

Algorithm 

IDEAL 
IDEAL with Region  

Growing 

Initial Field Map Value Initial Field Map Value 

0 Hz 200 Hz 0 Hz 200 Hz 

MRI Scanner of Uppsala University Hospital 380391 341882 6833 6940 

 

Shown in Table 5.3.3 is the time required in second by each algorithm to separate the water and 

fat on the multi-coil data. IDEAL algorithm utilizing the region growing methods is a lot faster 

than the IDEAL algorithm alone. The IDEAL algorithm utilizing the region growing is around 

40 times faster than the IDEAL algorithm alone. Furthermore, IDEAL algorithm utilizing the 

region growing and the IDEAL algorithm alone run faster while the initial field map value use 

200 Hz but there is a problem with the image results because the image results have a lot missing 

signal and produce pixelated image.   
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Chapter 6 

Discussion and Conclusion 

6.1 Discussion 
 
Chapter 5 shows the result of the water and fat separation with the IDEAL algorithm alone and 

IDEAL algorithm utilizing the region growing. There was a problem to do the water and fat sep-

aration with the IDEAL algorithm alone. This problem occurs because when the IDEAL algo-

rithm alone performed the water and fat separation and field map value is stuck on the local min-

ima. This caused water and fat swap signals to occur.  

 

The IDEAL algorithm alone took much more time to separate water and fat than the IDEAL al-

gorithm by utilizing the region growing method. The IDEAL algorithm alone took approximate-

ly forty minutes to do the water and fat separation for images of the challenge data. On the other 

hand, the IDEAL algorithm by utilizing the region growing method took approximately one mi-

nute to run the water and fat separation for images of the challenge data. The system took ap-

proximately four hours to finish the water and fat separation with the IDEAL algorithm by utiliz-

ing the region growing method; however, the IDEAL algorithm took approximately four days to 

finish the water and fat separation for the multi-coil data. The reason the IDEAL algorithm by 

utilizing the region growing method is faster than the IDEAL algorithm alone because the region 

growing makes a field map estimation for the neighbour pixels of the seeded pixel. The field 

map value from the seeded pixel would be used for the start value of the neighbour pixel because 

the region growing is exploiting correlations within neighbour pixels to move from initial esti-

mation of field map to makes closer to the real field map value. The field map estimation caused 

the iteration part of the IDEAL algorithm utilizing the region growing is took less time than the 

system used IDEAL algorithm alone. The reason for this circumstance is that the IDEAL algo-

rithm utilizing the region growing reached a delta field map value below 0.2 Hz is faster than the 

IDEAL algorithm alone. With the delta field map below 0.2 Hz, it means the residual at the sig-

nal has been minimized, and the water and fat signals have separated.  

 

The result of the images is better with the IDEAL algorithm utilizing region growing method. 

The reason why the IDEAL algorithm with the region growing gives better results is because the 

region growing helps in doing the field map value estimation which significantly helps the IDE-
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AL algorithm to avoid getting stuck in local minima and converged. This can be seen from the 

image shown in Figure 5.2.1 until Figure 5.2.10 with Figure 5.1 until Figure 5.10 as the ground 

truth images, images of Figure 5.2.1 until Figure 5.2.10 have generated almost the same images 

with ground truth images for fat and water signal images. However, there was a problem occur in 

the Figure 5.2.1 and Figure 5.2.6 because those images generated different images with the 

ground truth images and this different occurs because there were water and fat signals swap in 

Figure 5.2.1 and Figure 5.2.6. Furthermore, the result of water and fat separation for the image of 

the knee with an axial view which has been processed with two methods can be compared. Fig-

ure 5.1.3 and 5.1.8 are the result of the water and fat separation with the IDEAL algorithm alone. 

Figure 5.1.3 and 5.1.8 are showing there were loss of signals which marked by the red circle. 

However, Figure 5.2.3 and Figure 5.2.8 are the results of water and fat separation with the IDE-

AL algorithm utilizing the region growing method. Figure 5.2.3 and Figure 5.2.8 show a smooth 

picture without any loss of signal at all. Even in a place marked with a red circle, there were no 

loss of signals at all and, it gave a detail signal at those places. The IDEAL algorithm by utilizing 

the region growing method generated a better separation between the water and fat signals than 

the IDEAL algorithm alone.  

 

Another important finding was that the initial estimation for the field map of the initial seed gave 

a significant difference in the result of the water and fat signals swap. As shown in Table 5.3.1 

and Table 5.3.3, there were significant increase of the water and fat signal swaps for the IDEAL 

algorithm utilize the region growing method with 200 Hz as the initial estimation for the field 

map value. The significant increase of the water and fat signal swap were happened almost to all 

the images from the challenge data. With different initial estimation for the field map value of 

200 Hz gives a significant improvement for head/neck and upper thorax, coronal image because 

the water and fat signal swap percentage decreased to 5.39%.  

 

With the better result from the experiment with the IDEAL algorithm by utilizing the region 

growing method for the challenge data which has been through multi-coil combination process, 

this thesis project tried to solve the raw data problem from the multi-coil data. This thesis project 

succeeded to do water and fat separation for raw data image as shown in Figure 5.2.11 and Fig-

ure 5.2.12. However, there are differences in the brightness for the fat images because of differ-

ence signal power while doing a scan. 
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6.2 Conclusion 
 
Water and Fat Image Reconstruction from MRI Raw Multi Coil Data is a project focused on 

developing a system which is capable of doing water and fat separation from raw images by mul-

ti-coil data combination. This project intended to decrease of water and fat signal swap problem 

which occur from GE Healthcare MRI scanner and right-left direction from the in-house system.  

 

This thesis project has the ability to do the water and fat separation from raw data image and coil 

combination. Section 5 has given a clear idea that the IDEAL algorithm alone did not work good 

enough to do water and fat separation because there was a problem with the field map estimation 

which lead to the water and fat signal swap and generated noise images. However, IDEAL algo-

rithm combined with region growing produced good images for both water and fat signal. Fur-

thermore, the IDEAL algorithm by utilizing the region growing method also worked for doing 

water and fat separation from raw data which consist of multi-coil data. Good water and fat sepa-

ration images are shown in section 5.2 from Figure 5.2.17 and Figure 5.2.18.  

 

This project has succeeded to implement a system which can do water and fat separation from a 

raw image and do the multi-coil combination. It took around four hours for running the water 

and fat separation and multi-coil combination.  

 

On the other hand, there is no doubt that there are room of improvement; 

1. IDEAL algorithm still took much time to run the water and fat separation algorithm. It 

has been improved by utilizing region growing for the initial field map value. However, 

the water and fat separation process took four hours to run the water and fat separation 

from 512 * 512 pixels, 13 coils, and 15 echoes time. This implementation still using CPU 

to run the calculation and everything. In order to shorten the processing time, GPU could 

potentially be a breakthrough to make the calculation, and everything could run faster 

than only using CPU. Moreover, IDEAL algorithm can be improved by make the initial 

guess value of the field map for the initial seed can be done automatically. 

2. Region growing method still used one seeded pixel to run the region growing method. 

However, it could help improve the process time when using multiple seeded methods. In 

the implemented system, it ran the IDEAL one pixel at the time, but with multiple seed-

ed, it can make IDEAL algorithm run in more than one pixel and make the process time 

shorter. 
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In conclusion, this thesis project has shown that IDEAL algorithm utilizing region growing 

method can distinguish between the water and fat from raw data images. The results have sug-

gested that aspects of the algorithm need to be studied improved. Nonetheless, there are still op-

portunities to improve this thesis project to get better for the water and fat separation.  
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