
ABSTRACT 
 

The use of MRI for patient examinations has constantly increased as technical development has 

lead to faster image acquisitions and higher image quality. Nevertheless, an MR-examination still 

takes relatively long time and yet another way of speeding up the process is to employ parallel 

imaging. In this thesis, one of these parallel imaging techniques, called SENSE, is described and 

examined more closely. 

 

When SENSE is employed, the number of spatial encoding steps can be reduced thanks to the use 

of several receiving coils. A reduction of the number of phase encoding steps not only leads to 

faster image acquisition, but also to superimposed pixel values in image space. In order to be able 

to separate the aliased pixels, knowledge about the spatial sensitivity of the coils is required. 

 

There are several different alternatives to how and when information about the sensitivities of the 

coils should be collected, but in this thesis, focus is on the method of performing a reference 

measurement before the actual scan. The reference measurement consists of a fast, low-resolution 

sequence which either is collected with both the body coil and the parallel imaging coil or only 

with the parallel imaging coil. A comparison of these two methods by simulations in program 

written MATLAB leads to the conclusion that even if the scan time of the reference measurement 

is doubled it seems like there are numerous advantages of also collecting data with the body coil:  

· the images are more homogeneous which facilitates the establishment of a diagnose 

·  the noise levels in the reconstructed images are somewhat lower  

· images collected with a reduced sampling density show better agreement with those 

collected without reduction. 

 

Furthermore, it is shown that the reference measurement preferably should be a 3D sequence 

covering all the volume of interest. If a 2D sequence is used it is absolutely necessary that it can 

be performed in any plane and it has to be repeated for every plane that is imaged.  
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PREFACE 
 

This thesis for Master of Science in Medical Radiation Physics has been written in co-operation 

with the Department for hospital physics, MR-physics unit at the Karolinska University Hospital. 

All the measurements have been performed at the MR-centrum at the Karolinska University 

Hospital on their clinical GE 1.5 T Twin Speed scanner. 

 

This work treats a relatively new technique in MRI called parallel imaging whose aim is to 

shorten the image acquisition time. The most common technique is Sensitivity Encoding 

(SENSE) which is offered by all vendors of scanners and equipment in slightly modified 

versions. SENSE is the only parallel imaging method available on the scanner that I have used, 

where it goes under the name ASSET (Array Spatial Sensitivity Encoding Technique) and the 

aim of this thesis is to study and ameliorate GEs image reconstruction technique through 

simulations, even if some experiments and conclusions can be applied more generally. 

 

The reader is presumed to have basic knowledge in MRI, including such ideas as phase and 

frequency encoding, pulse sequence diagrams and data collection, even if a short introduction is 

presented. However, no previous knowledge in parallel imaging is required. 
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1  INTRODUCTION 

 

1.1 MRI 
 
MRI is, as is well known, based on the magnetization that is induced in the body when it is 

placed in the scanner. The strength of the magnetization depends on the proton density of the 

tissues. In order to obtain a measurable signal, a so-called pulse sequence is employed. 
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Figure 1.1.1: The image shows an example of a pulse sequence, in this case a gradient echo. All 
pulse sequences contain RF-pulses and gradients and how and when they are applied determine 
which part of the volume that is depicted as well as image contrast and resolution and also how 
long it takes to acquire the image. 

 
The first RF-pulse is necessary in order to create a measurable signal which then can be 

manipulated by the rest of the gradients and RF-pulses in the sequence. In order to determine the 

origin of the signal, three orthogonal linear magnetic field gradients are employed. These are 

used to excite the desired image slice as well as for in-plane localization. Phase and frequency 

encoding are employed to encode the signal within the slice. As illustrated in the pulse sequence 

diagram above, a new phase encoding gradient has to be applied for every desired k-space line 

while all frequency encoding steps in this particular line can be collected in one single excitation. 
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This implies that the scan time will be directly proportional to the number of phase encoding 

steps. The relationship is described in equation (1.1.1) below, where NSA is the number of signal 

averages, Nphase the phase-encoding matrix and TR the repetition time. 

 

Scan time = NSA x Nphase x TR          (1.1.1) 

 

This means that an often used method to reduce image acquisition time is to cut down the number 

of phase encoding steps. 

 

1.2 PARALLEL IMAGING 
 

One great progress in MRI in recent years has been the development of parallel imaging. Besides 

image contrast, imaging speed is probably the most important factor in clinical MRI. Long 

imaging time leads to lower patient throughput and more movement artifacts. The speed is 

ultimately determined by the gradient slew rates (peak gradient amplitude divided by the rise 

time (McRobbie, Moore, Graves and Prince, 2003)). Over the last years gradient speed has been 

greatly improved and MRI scanners of today operate at the limit of what is possible. Both 

considering that fast switching magnetic fields can lead to peripheral nerve stimulation, too many 

dense RF-pulses can lead to tissue heating and because of technical limitations. 

 

Instead of using faster and stronger gradients to reduce the acquisition time, spatial information 

from phased array coils (see section 1.2.1 below) can replace some of the spatial encoding steps.  

 

The basis of parallel imaging is to collect the signal with several coils placed at different 

locations around the volume of interest. This means that each coil will receive the signal from an 

area with different intensity. The sensitivity information from the phased array coils is, as 

mentioned above, used to replace some of the spatial encoding steps usually performed by the 

magnetic field gradients. A reduction of the number of required phase encoding steps leads to 

faster image acquisition while spatial resolution and image contrast are maintained.  
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The reduction of scan time, besides increased temporal resolution at a given spatial resolution, 

can be used to improve spatial resolution in a given imaging time, reduce artifacts from time-

dependent effects such as motion and reduce the specific absorption rate as well as the sound 

level in the scanner. Furthermore, parallel imaging can be used to reduce the susceptibility 

artifacts in EPI-sequences by a shortening of the echo train length. The trade-off is a decrease in 

image SNR, which is proportional to the square root of the acquisition time. A decrease in the 

number of phase encoding steps hence will result in lower SNR and the reconstruction process in 

parallel imaging will decrease it further. 

 

A reduction of the number of phase encoding lines not only results in a shorter scan time, but also 

leads to aliasing in the final image. Information from coils collecting the signal in parallel is used 

to prevent or remove the aliasing.  

 

The first suggestions to how parallel imaging could be implemented were published during the 

end of the 1980s, but it was not until the late 90s that the first trials with parallel receivers 

succeeded.  

 

SMASH was the first parallel imaging technique working in vivo and was introduced by 

Sodickson and Manning in 1997. SMASH stands for Simultaneous acquisition of spatial 

harmonics and the essential idea is to use a linear combination of the sensitivity profile from each 

coil to replace some of the phase encoding steps. The linear combinations are used to produce 

sinusoidal spatial modulations, called spatial harmonics. Other techniques, such as AUTO-

SMASH, VD-AUTO-SMASH and GRAPPA (Generalized autocalibrating partially parallel 

acquisition), have later been developed from SMASH. The main differences between GRAPPA 

and SMASH are that no separate coil sensitivity calibration (see section 1.3.1) is performed and 

instead a few additional phase encoding lines are collected during acquisition. Also, the 

reconstruction algorithm used in GRAPPA gives better artifact suppression and improved SNR 

[Blaimer et al. 2004]. All the above mentioned techniques are k-space based and the coil 

sensitivity profiles are used to replace missing lines in k-space before Fourier transformation. 

GRAPPA is the only one of these techniques which currently is commercially available. 
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An alternative reconstruction method called SENSE (Sensitivity encoding) was proposed by 

Pruessmann, Weiger, Scheidegger and Boesiger in 1999. SENSE is an image based method, i.e. 

the data are first Fourier transformed and the coil sensitivity profiles are then used to unfold 

aliasing in the image [Pruessmann, Weiger and Boesiger, 2000]. SENSE is the most widespread 

parallel imaging technique, available on most scanners in slightly modified versions. Other 

image-space based techniques, such as PILS [Griswold, Jakob, Nittka, Goldfarb and Haase, 

2000], have also been developed, but are less known and have not been implemented for clinical 

use. 

 

1.2.1 Receiver coils 
 

A good receiver coil should have high signal detection while adding little noise. This is best 

achieved when the coil is fit as close as possible to the patient.  

 

There are two types of receiver coils: volume and surface coils. Volume coils surround the whole 

object of interest and have a homogeneous, but not optimized, SNR. Surface coils are placed on 

top of the patient and since they often are small, several of them can be combined to cover a 

larger FOV. A surface coil is only capable of receiving signal near its spatial position and even 

though the sensitivity decreases with depth in the patient, images with very high local SNR can 

be obtained. 

 

Phased array coils, consisting of a number of surface coils placed around a FOV with separate 

channels receiving the signal simultaneously, are most often used for parallel imaging. 
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1.3 SENSE 
 

The most obvious clinical application of parallel imaging is to shorten the acquisition time of a 

pulse sequence. As mentioned above, the scan time is proportional to the number of phase 

encoding steps and the use of multiple coils makes it possible to reduce the sampling density. As 

illustrated in Figure 1.3.1, a reduction of the number of phase encoding steps in the k-space view, 

with a Cartesian sampling of k-space, means that the same k-space area is collected, but with 

increased distance between the phase encoding lines. 

 

Figure 1.3.1: SENSE is based on a reduction of the sampling density of the phase encoding lines 
in k-space. The image to the left shows k-space for conventional imaging and the one to the right 
shows the reduced number of lines in the phase encoding direction when SENSE is used. 

 

The reduction factor R is a measure of how large the diminution of k-space samples is. In the 

example above, in Figure 1.3.1, R = 4 which means that only every fourth phase encoding line is 

sampled. In the same way, a collection of every second line gives a reduction factor of two and 

also a corresponding reduction in scan time. Since it is only the sampling density which is 

affected and the bandwidth of k-space is left unchanged, the spatial resolution is preserved. 
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When 3D techniques are used, the principle is the same, but instead of just one phase encoding 

direction there are two. This means that the number of sampled k-space lines can be reduced in 

both phase encoding directions to save time. 

 

The reduced sampling density implies that the Nyqvist criterion is not fulfilled, which will cause 

aliasing in the Fourier-transformed image. There is a direct relationship between sampling and 

image matrix, so fewer sampled k-space lines leads to a smaller FOV. An example of this can be 

seen in Figure 1.3.2 below.      
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Figure 1.3.2: The image at the top shows the result of Fourier-transformation of a densely 
sampled k-space. The bottom image shows the effect a halving of the number of sampled k-space 
lines has on image FOV. 
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In conventional imaging, with only one receiver coil, this fold-over effect in the image is 

irreversible, but when multiple coils are used the coil sensitivity profiles can be employed to 

undo the aliasing. First, an aliased image for each coil is created. In all these images, the aliasing 

occurs with different weighting since the coils have different sensitivities. The knowledge of 

these sensitivities can be used to calculate the signal contribution from the superimposed pixels. 

Figure 1.3.3 illustrates how two pixels in a full-FOV image correspond to one superimposed 

pixel in an image collected with a reduction factor of two. 

 
Figure 1.3.3: To the left, an image of a phantom collected with a reduction factor of one, i.e. no 
reduction, can be seen. The image to the right shows the result when every second line in the 
phase encoding direction has been excluded. The white area in the right image contains signal 
from both the white ones in the image to the left. 

 
Information about the spatial sensitivity variation of each coil is obtained from an additional 

reference measurement. The measurement consists of low resolution images of the volume of 

interest and can either be performed before the actual imaging or be incorporated into it. 

Information from the reference scan is used to construct sensitivity maps (see section 1.3.1). 

From these maps the signal contribution from each pixel in the superimposed image can be 

calculated as a solution to a least-squares problem and the image can be unfolded. 
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1.3.1 Sensitivity maps  
 

In order to obtain a reconstructed image of high quality, it is important to have good knowledge 

of the spatial sensitivity profiles of the coils. The sensitivity varies with imaging set-up, so the 

calibration measurement has to be done with the patient in position in the scanner. Generally, 

only one reference measurement is performed for each patient before the actual imaging, but it 

can also be included in the imaging sequence. In such case, a few extra phase encoding lines in 

the central parts of k-space are acquired for each collected slice. This leads to somewhat longer 

acquisition times, but also to less sensitivity to patient motion which otherwise may occur 

between the reference measurement and the actual scan. 

 

Since the aim in SENSE is to reduce the scan time as much as possible, without compromising 

the image quality, the time spent on the reference scan should be minimized. Also, errors in the 

sensitivity measurements propagate into the final image, so a high SNR is necessary to guarantee 

that the noise in the aliased images dominates the noise in the reconstructed images [Hervo, 

2002]. Put together these factors lead to the conclusion that the reference measurement should 

have low resolution leading to high SNR and fast image acquisition. Usually, this works well 

since the coil sensitivities have rather slow spatial variation. 

 

The reference scan can be performed in any plane, but must contain the whole object volume. 

Furthermore, the FOV should be large enough to avoid aliasing in the reference images, which 

otherwise might lead to artifacts in the reconstructed image. 

 

The first step in generating sensitivity maps is to collect low resolution, full-FOV images for all 

coil elements of the slices of interest. The second step is to divide each coil image by a 

corresponding image acquired with the body coil or alternatively by the sum-of-squares of all the 

individual coils. Thereafter the raw sensitivity maps undergo a refinement procedure to reduce 

noise levels and smooth the images which is described more closely in section 3.3. 

 

Even though all scanner manufacturers agree that a reference measurement should have low 

resolution and contain all the volume of interest, they hold different views to how an optimal 
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reference measurement should be obtained. In cases when the reference measurement is made 

separately from the images that should be reconstructed, there are two different angles of 

approach: 

- Use of a 3D sequence to depict the whole volume and then perform an interpolation if oblique 

slices are of interest. 

- Use a 2D sequence in either all the planes that later will be imaged or in one of the planes and 

then interpolate the volume to the rest of the desired planes. 

When the latter method is used, it is unclear whether the best alternative is to make a new 

reference measurement for every new plane to be imaged, or if a possible improvement in image 

quality is too small to motivate the extra scan time. 

 

There are also uncertainties concerning the resolution of the reference measurement and whether 

the resolution should vary with the reduction factor used. 

 

As mentioned above, either the body coil or the sum of squares image can be used for division 

with the different coil images to obtain the raw sensitivity maps. Also in this case, the 

manufacturers are of different opinions and it could be of interest to see if the doubling of scan 

time of the reference measurement gives such an improvement in image quality that it is 

motivated to acquire the body coil image. 
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2 THEORY 
 

2.1 UNFOLDING 
 

First, low resolution, full-FOV images for each coil element and the body coil are obtained from 

the reference measurement. As described above, each coil image is divided by either the body 

coil image or the sum-of-squares of all coil images as a first step to calculate the sensitivity maps. 

Division with the body coil image has the advantage of removing the surface coil intensity 

distribution from the unwrapped images. However it doubles the amount of time spent on the 

reference measurement. Thereafter Pruessmann et al. (1999) suggests thresholding noise, 

filtering, region growing and polynomial fitting to refine the raw sensitivity maps. Second, 

reduced-FOV images are collected according to the SENSE algorithm. This gives images with 

wrap-around artifacts for each coil. The sensitivity maps are used to unfold the aliased images by 

solving a set of linear equations. This unfolding process will be more closely described below. 

 

From the final sensitivity maps, sensitivity matrices which give the complex coil sensitivities for 

a certain pixel are extracted. Let n denote the number of superimposed pixels and np c the number 

of coils. The complex coil sensitivities for the np different positions give the sensitivity matrix 

Sγ,ρ: 
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        (2.1.1)   

 

ρr  gives the position of the superimposed pixel ρ and s  indicates the spatial sensitivity of coil γ. γ

 

In vector a , arrange values that a certain pixel has in each reduced-FOV coil image. Also, let 

vector v  assemble the desired separated pixel values. Then 
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So for example, if four coils and a reduction factor of two is used the equation system will look 

as following for one pixel in the reduced-FOV image: 
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vWith the intention of solving this equation for vector , the unfolding matrix U can be calculated 

from the sensitivity matrix as  

 

( ) 111 −−− ΨΨ= HH SSSU           (2.1.4) 

 

Determination of the unfolding matrix is necessary since S is non-invertible. Consequently the 

pseudo-inverse is used and the superscript H denotes the transposed complex conjugate. Ψ 

represents the noise correlation matrix and has size nc x nc. As the name suggests, it describes the 

correlation and noise levels for all coils. 

 

Ψ is measured by acquiring data from all coils without RF-pulses or gradients. To simplify the 

calculations the noise correlation matrix can be set to the identity matrix and equation (2.1.4) is 

reduced to 

 

( ) HH SSSU 1−
=           (2.1.5) 
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The reason why it is possible to replace Ψ with the identity matrix, with only a slight reduction of 

SNR as a result, is that the off-diagonal elements often are negligible and the diagonal elements 

are nearly the same [King, Angelos and Estkowski, 2001; Nordell, 2005]. 

 

v , can be calculated as Hence, the separated pixel values

 

aUv =           (2.1.6) 

 

v  gives the values for the unfolded pixels and thereby has length nAs mentioned above, vector p. 

To obtain a non-aliased full-FOV image the process in equation (2.1.3) has to be repeated for 

every pixel in the reduced-FOV image. 

 

The reconstruction process, as described in equation (2.1.5), is possible as long as the matrix 

inversion can be performed, i.e. the number of pixels to be separated must not exceed the number 

of coils. So for example the theoretical limit of time reduction is a factor eight when an eight-

channel coil is employed. 

 

2.2 NOISE IN SENSE IMAGES 
 

For SENSE, as for other fast imaging techniques, the image SNR is very important. Since the 

SNR is proportional to the square root of the acquisition time, increasing reduction factor means 

lower SNR.  

 

Noise in the reconstructed images comes both from the sample values and the sensitivity data. 

However, when low-resolution sensitivity measurements are used and the noise levels are further 

reduced by image smoothing, noise from sensitivity data can be neglected. Noise in sample 

values has various sources, such as patient movements, eddy currents and non-linear gradients. 

Also, the unfolding process will spread the noise to several pixels, depending on the reduction 

factor [Pruessmann et al., 1999]. 
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The noise dependence on coil geometry is described by the local geometry factor, g, defined by 

Pruessmann et al. (1999). 

 

          (2.2.1) 
( )
  

( ) 1, 
1, 1 1 ≥ΨΨ = − −−

ρ ρ ρ ρ S S S S g H H 
p 

 

ρ is the index for the voxel to be separated, S and Ψ are the sensitivity matrix and the noise 

correlation matrix defined in section 2.1.  

 

The geometry factor is a function of coil sensitivity, receiver noise correlation and reduction 

factor. It describes the coil separation and the more separation there is, the less noise 

magnification arises from unwrapping. So in order to obtain a reconstructed image of high quality 

the sensitivity difference between aliased pixels should be large. The geometry factor usually 

grows as the reduction factors increases. When the reduction factor changes the local SNR will 

vary as 

 

Rg
SNR

SNR RSENSE
RSENSE

1,
1,

=
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SNR and SNRSENSE,R>1 SENSE,R=1 are collected with the same coil configuration, but with and 

without reduction in the phase encoding direction. When no reduction is used the SNR in an 

image collected with surface coils will still vary with depth in the patient, but the SENSE 

reconstruction algorithm will decrease it further, in particular in areas with low coil sensitivity. 

 

The noise in the images is also related to the inversion of the sensitivity matrix. A poorly 

conditioned matrix amplifies the noise, but the amplification can be reduced by matrix 

regularization. King and Angelos (2001) suggests utilization of zeroth order regularization. The 

unfolding matrix in equation (2.1.4) is then instead written as 

 
HH SISSU )( λ+=           (2.2.3) 
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I represents the unit matrix and λ is a constant that can be adjusted to reduce the noise. For use on 

GE scanners, a regularization factor of 0.01 is proposed independent of pulse sequence, reduction 

factors, scan planes and coil properties.  

 

There are a several different procedures for matrix regularization. The method shown in equation 

(2.2.3) is an example of a simple empirical estimation of a constant regularization parameter, but 

there are other techniques where the parameter can be varied which may work better when 

different coil configurations are used [Lin, Kwong, Belliveau and Wald, 2004]. Regularization 

has the advantage of reducing noise, but the drawback of resulting in additional uncorrected 

aliasing. 

 

Another way of further reducing the g-factor is to exclude regions with little or no signal from 

SENSE reconstruction [Pruessmann et al.1999; Weiger, Pruessmann and Boesiger, 2000]. 

Information about which regions that safely can be excluded is obtained from the reference 

measurement and are mainly found outside the body. This will locally reduce the degree of 

aliasing since one or more aliased components are zero and thereby also lower g. 

 

As seen from equation (2.2.2) above, a high reduction factor leads to a large decrease in SNR. 

This limits the reasonable range of reduction factors to a value below the number of coils. To be 

able to use a high reduction factor it is necessary to have specially designed SENSE array coils 

with a large number of coils. 
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3 MATERIALS AND METHODS 
 

3.1 MRI HARDWARE 
 

Imaging was performed on a clinical GE (GE Medical Systems, Milwaukee, WI) 1.5 T Twin 

Speed scanner with Excite 2 technology. The zoom gradients were used which gave a maximum 

gradient strength and slew rate of 40 mT/m and 150 T/ms.  

 

The system was equipped with an eight-channel head coil.  

 

3.2 IMAGING PROTOCOLS 
 

A water-filled phantom with plastic pipes inserted into it was imaged. Each of the pipes was 

doped with different concentrations of NiCl2 which results in intensity variations on the MR 

images. 
 

In order to obtain sensitivity information for SENSE reconstruction, full-FOV reference images 

of the phantom in the axial, sagittal and coronal plane were collected for both the head coil and 

the body coil. The matrix size was 128 x 128 for all images.  

 

Also, full-FOV images in all three planes, with a matrix size of 256 x 256, were collected to use 

for simulation of different reduction factors. For all scans, the whole phantom volume was 

imaged and a fast 2D gradient echo sequence (fGRE) with the following parameters was used: 
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TE min full 

TR 150 ms 

Flip angle 70˚ 

FOV 220 mm 

NSA 1 

BW 31,25 kHz 

Slice thickness 5 mm 

Slice gap  0 mm 

Number of slices 45 

 

3.3 DATA ANALYSIS 
 

A program was written in MATLAB (The MathWorks, Inc., Natick, Massachusetts) to 

reconstruct images with the SENSE algorithm. The aim of the program was to simulate images 

with different reduction factors, construct sensitivity maps and finally to calculate the unwrapped 

images. 

 

In order to accomplish this, the follow steps are performed: 

First, raw data from the scanner representing k-space are handled by MATLAB scripts 

specifically written for data produced by GE scanners. Thereafter, a reference measurement is 

simulated and from these data sensitivity maps are determined. This is accomplished by a 

removal of the outermost parts of k-space, so a reference measurement with the desired resolution 

is obtained. Then, the k-space data are multiplied with a so-called Fermi window, as seen in 

Figure 3.3.1. 
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Figure 3.3.1: All k-space data are multiplied with a so-called Fermi-window and as illustrated in 
the curve, the central parts of k-space are weighted higher than the edges. In this particular 
example a 2D version of this filter would be applied to a 64 x 64  matrix. 
 

After that, k-space is zero-filled to a size corresponding to the one of the unfolded images, i.e. in 

this case 256 x 256. Inverse Fourier transformation takes the data from k-space to image space. 
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Figure 3.3.2 shows the necessary steps to obtain the final sensitivity maps. 

A B C
 

FED
 

Figure 3.3.2: The following steps are requisite to determine sensitivity maps: 

A: The image shows the simulated reference measurement (with a matrix size of 64 x 64) for one 
of the head coils after multiplication with a Fermi-filter, zero-filling and Inverse Fourier 
transformation. 
B: Sum of squares of all head coil images. 
C: All head coil images are divided by the sum of squares image (or the body coil image). The 
result of the division of the head coil image in A with the sum of squares image in B is shown. 
D: A mask obtained from the sum of squares image and used for multiplication with the result of 
the division in C. 
E: The result of the multiplication with image C and the mask in D. 
F: Final sensitivity map for one of the coils which has been obtained through filtering of E. 
 

As mentioned in the caption above, all head coil images are divided by either the sum of squares 

image or the body coil image. A mask, obtained from the body coil or the sum-of-squares image, 

depending on what was used for the division, is used to remove noise, i.e. signal coming from 

areas outside the phantom. The function of the mask is to set all signal below a certain threshold 

to zero. The threshold level depends on both the resolution of the reference image and what 

image that was used for the division, but an approximate value of eight per cent of the maximum 

signal intensity within the phantom is used for the images obtained by division with the sum of 

squares image and eleven per cent if the head coil images are divided by the body coil image.   
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The MATLAB function ‘imfill’ is applied to all images and also to the mask which previously 

has been calculated. Thereafter the sensitivity maps are convolved with an eleven-by-eleven pixel 

Gaussian filter.  

 

In order to keep the image phase information, only the absolute value is treated in the above 

described way. When the filtering has been carried through, the phase is added again. All the 

filtered sensitivity maps are also multiplied with the processed mask. 

 

A three-by-three second order polynomial filter is applied to the images. The polynomial fitting is 

used to smooth out errors in object edges resulting from low-pass filtering, i.e. zero-filling. This 

step gives the final sensitivity maps.  

 

Rows in k-space are removed from the 256 x 256 data collected with the head coil before Fourier 

transformation to simulate a reduced FOV. These data are also multiplied with a Fermi filter 

before transformation. The reduction factor is varied between one (no reduction), two and four 

and the result is shown in Figure 3.3.3 below.  

A

B 
C 

 

Figure 3.3.3: Images collected with the head coil showing the result of different reduction 
factors. A: Full-FOV image, i.e. R=1, B: Reduced FOV image, R=2, C: Reduced FOV image, 
R=4. 
 
Unfolding of the aliased images, which were obtained by removal of k-space lines, is done 

according to the SENSE algorithm described in section 2.1. Matrix regularization, as described in 

equation (2.2.3), is performed to reduce noise in the images.  
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Each reconstructed image was finally multiplied with a mask, setting all signal below one per 

cent of the maximum value of the image to zero.  

 

The steps are somewhat different when the reference measurement and the reduced-FOV image 

are collected in different planes. The first steps are the same, but after zero-filling, the data are 

resliced into the desired plane. This is done using the MATLAB function ‘interpn’, instead of just 

zero-filling of k-space, to keep the slice thickness. Since there is no phase correlation between 

slices, the absolute value is used in all calculations. Thereafter the steps to obtain the final 

sensitivity maps are the same, except that region growing is employed before application of the 

polynomial filter and the aforementioned absolute value. Region growing is performed with the 

function ‘imdilate’ which is included in MATLAB. 
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4 RESULTS AND DISCUSSION 
 

4.1 SENSITIVITY MAPS 

 

Figure 4.1.1 shows the final sensitivity maps for four out of eight coils for both division with the 

sum of squares image and the body coil image. 

 

 

Figure 4.1.1: Final sensitivity maps for four different coils, obtained after division with the sum 
of squares image (top row) and the body coil image (bottom row). 
 

To obtain reconstructed images of high quality, the sensitivity maps should be as smooth as 

possible. Both image series in Figure 4.1.1 meet this requirement quite well, even if some 

unevenness still remains. It is perhaps in particular the case when the division has been 

performed with the body coil image. Some of these problems can be traced back to the data 

collection, since images collected with the body coil show more irregularities and ringing 

artefacts than those collected with the head coil. Another important fact is the difference in 

frequency content in the images. Images obtained through division with the sum of squares image 

have a larger amount of high frequencies than those obtained through division with the body coil 

image and hence the filtering process will affect them differently. 
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4.2 UNFOLDING 

 

Figure 4.2.1 shows reconstructed images in the axial, sagittal and coronal plane. 

 

 
Axial 
 R = 1                          R = 2                     abs(R1-R2)                   R = 4                     abs(R1-R4) 

 

 
 

 R = 1                         R = 2                      abs(R1-R2)                    R = 4                      abs(R1-R4) 
Coronal 
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Sagittal 

R = 1                        R = 2                       abs(R1-R2)                    R = 4                     abs(R1-R4) 

 

 

Figure 4.2.1: Above, the reconstructed images, in three different planes, with a reduction factor 
of one (no reduction), two and four can be seen. Also, the absolute error between the higher 
reduction factors and R-factor one is shown (abs(R1-R2), abs(R1-R4)). For all the different 
planes, the top row shows the result when the sensitivity maps have been obtained through 
division with the head coil image and the second row the result after division with the body coil 
image. In all cases, the reference measurement and the reduced-FOV images are collected in the 
same plane, i.e. no reslicing has been performed. The resolution of the reference measurement is 
64 x 64. 
 

The absolute error between the reconstructed images with and without reduction in the phase 

encoding direction in Figure 4.2.1 is enhanced with different factors for the axial and the other 

planes, but also with a different factor for the images obtained by division with the head coil or 

the body coil image to be more easily visualized.  

 

In general, it can be said that the noise level is lowest in the axial images, followed by the coronal 

and finally the sagittal ones. The reason for this is the difference in coil positioning over the 

depicted volume for the different planes. An example of the importance of coil position is 

illustrated in Figure 4.2.2. Also, the absolute error is much smaller when the division is 

performed with the body coil image. 
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Figure 4.2.2: Reconstructed images in the coronal plane with a reduction factor of four. The only 
difference between the images is that the phase and frequency direction is interchanged. 
 
The images in the coronal and sagittal plane look somewhat curved and that is due to the non-

linearity of the gradients. Images processed at the scanner are corrected for this, but it requires 

knowledge about the spatial variation of the gradients. 

 

4.2.1 Regularization 

 

To verify that a regularization factor of 0.01 is appropriate a few different values were tried and 

the results of a regularization factor of 1, 0.01 and 10-5 are illustrated in Figure 4.2.3. The 

reduction factor is four in all cases and the results from both division with the sum of squares and 

the body coil images are presented. The resolution of the reference measurement was 64 x 64. 
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Figure 4.2.3: Reconstructed images in the axial plane with R=4. The images to the left are 
obtained from division with the body coil meanwhile those to the right come from division with 
the sum of squares image. In the top row, the regularization factor is 1, in the middle row it is 
0.01 and finally 10-5 at the bottom. 
 

The images in Figure 4.2.3 clearly show how a high regularization factor leads to more remaining 

aliasing, especially in the images obtained by division with the sum of squares image. Also, a 

somewhat higher noise level is seen when the regularization factor is lowered. However, it seems 

like a value of 0.01 for the regularization factor is acceptable. 
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4.2.2 Resolution 

 

In order to determine the effect the resolution of the reference measurement has on reconstructed 

image quality, the g-maps and error images were studied for different resolutions. In Figure 4.2.4 

g-maps from reconstruction of an image from a 32 x 32 reference scan is presented. An example 

of an error image can be seen in Figure 4.2.1. 

 

 

Figure 4.2.4: So-called g-maps which show how the g-factor changes over the reconstructed 
image. The left image is the g-map for division with the sum of squares of the head coil images 
with a reduction factor of two while the right one shows how the g-factor changes when the 
reduction factor is four. 
 

In Table 4.2.1 below, the mean and maximum g-values from images reconstructed with reference 

measurements of different resolution are shown. In Figure 4.2.5 and Figure 4.2.6 plots illustrating 

these results are shown. Data for calculation of the mean g-values are taken from the whole 

image matrix, which means that values from areas outside the phantom are included. The SNR is 

of course not improved when SENSE is used even if mean values below one is obtained in this 

particular case when pixels without signal are included. 
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Table 4.2.1: The variation of the maximum and mean value of the g-map with matrix size and 
reduction factor is listed. Head means that the sensitivity maps have been obtained by division 
with the sum of squares of the head coil images and body division with the body coil image. 

Head Body   
Matrix size R = 2 R = 4 R = 2 R = 4 

max 1,14 5,04 1,14 3,56 24 x 24 
  mean  0,49 1,00 0,47 0,93 

max 1,14 4,89 1,14 3,50 32 x 32 
  mean  0,48 0,97 0,47 0,92 

max 1,21 4,85 1,28 3,86 32 x 64 
  mean  0,48 0,95 0,46 0,90 

max 1,22 4,86 1,31 4,01 32 x 128 
  mean  0,47 0,93 0,46 0,88 

max 1,12 3,76 1,14 3,82 64 x 64 
  mean  0,47 0,92 0,46 0,90 

max 1,22 3,73 1,31 7,09 64 x 128 
  mean  0,47 0,87 0,46 0,85 
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R=2, body
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Figure 4.2.5: Data points showing the maximum g-values (y-axis) of images reconstructed from 
reference measurements of different resolution and sensitivity maps constructed either through 
division with the sum of squares image (head) or the body coil image (body). The matrix size is 
given on the x-axis. 
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Figure 4.2.6: Mean g-values of images reconstructed from sensitivity maps constructed either 
through division with the sum of squares image or the body coil image as a function of matrix 
size. 
 

Table 4.2.2 shows how the mean value of the error images changes as the resolution of the 

reference measurement is varied. As above, both results from division with the head coil sum of 

squares image and the body coil image are presented. The data are also drawn in Figure 4.2.7. 

 

Table 4.2.2: The variation in absolute error for images with different reduction factor and matrix 
size. Head means that the sensitivity maps have been obtained by division with the sum of squares 
of the head coil images and body division with the body coil image. 

Head Body  
Matrix size R = 2 R = 4 R = 2 R = 4 

24 x 24 0,0050 0,0179 0,0011 0,0042 
32 x 32 0,0050 0,0174 0,0011 0,0041 
32 x 64 0,0052 0,0174 0,0012 0,0042 
32 x 128 0,0052 0,0173 0,0012 0,0042 
64 x 64 0,0048 0,0165 0,0011 0,0040 
64 x 128 0,0049 0,0166 0,0012 0,0041 
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Figure 4.2.7: The mean value of the error images, showing the absolute error between 
reconstructed images with a high reduction factor and images without reduction is presented as a 
function of reference measurement matrix size. 
 

From the curves above it is clear that, within the interval of different resolutions that are 

simulated, neither the mean value of the error images or of the g-maps vary much. Even so, the 

differences are statistically significant since the standard deviations in the mean values for the g-

values are in the order of 10-5 and the standard deviations in the mean of the error images in the 

order of 10-7 or slightly less when a 95 % confidence interval is used. 

 

In general, it can be said that the mean g-value and absolute error decrease as the simulated 

resolution of the reference measurement increases. It is also, as mentioned before, clear that the 

mean absolute error between images is much lower when the body coil image is used in the 

process of making the sensitivity maps. In addition, the mean g-value is also lower when the 

body coil image is employed. When the matrix sizes in phase and frequency direction are 

different it has a positive impact on the mean g-value, but a negative effect on the maximum g-

value and the mean absolute error. Furthermore, it seems like a too high resolution may lead to 

high maximum g-values. 
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Figure 4.2.8 shows the reconstructed result of the two extremes used in the simulation: a matrix 

size of 24 x 24 and a matrix size of 64 x 128. 

     R = 1                         R = 2                     abs(R1-R2)                   R = 4                      abs(R1-R4) 

 

 

Figure 4.2.8: Reconstructed images in the axial plan. In the top row, the matrix size of the 
reference measurement is 24 x 24 and in the second row, it is 64 x 128. The sensitivity maps have 
been obtained from division with the sum of squares image.  Apart from the images with different 
reduction factors, images showing the absolute error between them are also shown. 
 

4.2.3 Reslicing 
 

The result of the reconstruction of axial images when the reference measurement has been 

performed in the axial, coronal and sagittal plane is shown in Figure 4.2.10 below. The simulated 

matrix size was 32 x 32 and as mentioned before (see section 3.3) only the absolute value has 

been used in the calculations. 

 R = 1 R = 2 abs(R1-R2) R = 4 abs(R1-R4)

 

Figure 4.2.9: Images in the axial plane when only the absolute value has been used in the 
reconstruction process. The sensitivity maps have been obtained from division with the sum of 
squares image and the resolution was 32 x 32. Apart from the images with different reduction 
factors, images showing the absolute error between them are also shown. 
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R = 1 
 
 
 
 
 
 
 
 
 
R = 2 
 
 
 
 
 
 
 
 
 
R = 4 
 

    Axial                                   Coronal                                Sagittal 

                               

Figure 4.2.10: Images in the axial plane when only the absolute value has been used in the 
reconstruction process. The sensitivity maps have been obtained from data collected in the axial, 
sagittal and coronal plane and furthermore from division with the sum of squares image. The 
resolution was 32 x 32. 
 

The most obvious result is that when the phase information is missing in the image, clear folding 

artefacts remains in the reconstructed image. There are close points of similarity between the 

images reconstructed with a reduction factor of two and those seen on the scanner. 

 

Furthermore, the differences between the images in Figure 4.2.10 is not so pronounced, but the 

most evident degeneration is seen in the phantom edges. As mentioned in section 3.3, region 
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growing was performed to reduce this particular problem and Figure 4.2.11 shows the differences 

between images reconstructed with and without region growing. 

 

                     

Figure 4.2.11: Reconstructed axial images obtained from a reference measurement performed in 
the sagittal plane. The right image is the same as the one shown in Figure 4.2.10 and the left 
image has been obtained without region growing, i.e. in the same way as when the reference 
measurement and the actual scan have been performed in the same plane. 
 

5 CONCLUSIONS 
 
The reconstruction of images in different planes, clearly illustrates how important the coil 

distribution is in order to obtain high quality images. It is clear that the need for specially made 

SENSE coils cannot be neglected. Also, Figure 4.2.2 shows the importance of choosing the 

correct phase and frequency encoding direction during imaging. 

 

Figure 4.2.3 shows what impact image regularization has on image quality. This is clearly an area 

for improvement. Several articles points out the value of having variable regularization factors 

and it should be possible to introduce on scanners for clinical use. 

 

When it comes to the reference measurement, it is not motivated to use a too large matrix size, 

since the differences in noise levels in the reconstructed images are relatively small and there is a 

risk of noise propagation to the final image. It is probably possible to have even smaller matrix 

sizes than the 32 x 32 that GE uses today, without to much impact on noise levels, especially if 

matrix regularization is improved. However, the effect the resolution of the reference 
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measurement has on image quality most likely is sequence dependent. Hence, the best would be 

if the resolution could be set by the user so that for example a larger matrix size is used for fast 

imaging sequences, such as EPI and smaller matrix sizes for slower sequences with better 

resolution. 

 

It is hard to draw any certain conclusions regarding the use of different resolutions in the phase 

and frequency direction. With better filtering it might work, but further investigations are needed. 

 

It seems like there are numerous advantages of also collecting data with the body coil. The noise 

levels are lower and the differences between the images with and without reduction are smaller. 

Furthermore, the images have a homogeneous intensity, which is preferred by most medical 

doctors. Also, it seems like the equation system is more stable considering the higher amount of 

low frequencies in the sensitivity maps and the effect that different regularization factors have on 

the final image illustrated in Figure 4.2.3  

 

The result of the simulations clearly shows how important the phase information is in order to 

have correctly unfolded images. The choice of using an axial 2D sequence for all reference 

measurements, as GE does, is a poor alternative which leads to marked artefacts in the images. If 

an ordinary 2D sequence should be used as a reference measurement it is absolutely necessary 

that it can be performed in any plane. Most manufacturers have instead chosen a 3D sequence 

and that seems like a more appropriate alternative, since reslicing of the volume to oblique planes 

most likely can be done without loss of phase information, even though further investigations are 

needed. If there are difficulties preserving the complex data intact it would be better to include 

the reference measurement into the actual scan, in which case none of these problems will occur. 

 

Yet another problem with reslicing is the uncertainty in the determination of the depicted object 

edges. In order to reduce it, extra region growing and preferably also an iterative reconstruction 

process is necessary. It is also important to remember that a phantom, unlike a patient, lies still in 

the scanner. Movements will lead to similar problems as reslicing and hence at least region 

growing, and perhaps also an iterative reconstruction process, is necessary anyway.  
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5.1 LIMITATIONS AND FUTURE WORK PROPOSALS 
 
This thesis shows that there are a lot of improvements to be made and several matters which still 

need to be examined. One of the biggest limitations of this study is that only one pulse sequence 

has been used. The optimal would be if all the sequences compatible with ASSET (GEs name for 

SENSE) were evaluated. 

 

Also, the comparison between the sensitivity maps obtained with the body coil image and the 

sum-of-squares image is adapted for a comparative purpose and higher image quality would be 

attained if the filtering process was better suited to the frequency content of the image. 

 

Another subject which would be interesting to evaluate is the use of a 3D sequence in the 

reference measurement compared to including the reference measurement in the actual scan. As 

mentioned before, regularization is an interesting area for future research as well. 

 

Furthermore, it is necessary to have a relatively fast image reconstruction method in order to be 

able to use ASSET/SENSE for clinical applications, which is a subject that have not even been 

touched in this work. 

 

A great deal of the research performed at the MR-centrum at the Karolinska University Hospital, 

where the GE scanner in question is placed, includes fMRI and a lot could be gained if ASSET 

was improved and could be used in EPI-sequences as well. 
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