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Abstract—Magnetic Resonance (MR) imaging has always 
followed a developmental path by incorporating new algorithms in 
terms of image quality and imaging duration. In MR imaging 
performed in hospitals and clinics, the duration of imaging is an 
important consideration in terms of both for the comfort of the 
patient and the number of patients who can be taken daily. One of 
the approaches to shorten the imaging time is the parallel imaging 
method. After parallel imaging algorithms started being used, 
imaging duration up to 1 hour with traditional methods has been 
reduced to minutes or even seconds depending on the number of 
receiving coils and the type of algorithm used. In this paper; 
comparison of the widely used parallel imaging algorithms such as 
Partially Parallel Imaging With Localized Sensitivities (PILS), and 
Sensitivity Encoding (SENSE) and evaluation of advantages and 
disadvantages of these algorithms over each other were performed 
utilizing the numerical calculation software named MATLAB. 
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I. INTRODUCTION 
Magnetic Resonance Imaging (MRI) is a non-invasive 

medical imaging method which provides the ability to create 
images of anatomic structures of human body and molecular 
composition of tissues. It produces images in the form of slices 
and cross-sections by making use of a strong magnet, gradient 
coils, and RF coils in order to receive signals in RF region of the 
electromagnetic spectrum [1]. 

Magnetic resonance (MR) imaging speed is an important 
factor in terms of both patient and clinics. A long duration of 
MRI may affect the patient in some negative ways such as 
discomfort feeling [2]. Moreover, some patients may even suffer 
from claustrophobia since the MR device has an enclosed area 
[1]. From the perspective of a clinic or imaging institution, the 
number of patients who takes MR imaging service in one day is 
another factor that the imaging speed takes a major role in. 

Data acquiring speed in MRI is the fundamental aspect in 
terms of the duration. It is elementarily limited by physical and 
physiological factors [3]. “Parallel MR Imaging” has been 
published as an innovation that focuses on the reduction of the 
imaging duration by acquiring less data that contributes to final 
image with no degradation in the image quality [4]. 

It fundamentally utilizes multiple receiver coils whose 
spatial information is already known to avoid a time-consuming 
spatial encoding process, that is traditionally operated by 
gradient coils [5]. It provides a reduction in phase-encoding 
steps in k-space that normally need to be fully acquired, hence 
produces an MR image in less duration. 

A. K-Space 
MR signals are received by receiver coils and are stored as 

the raw data in a matrix which is known as the k-space. It has 
two dimensions, which refers to axes, that are, kx and ky. These 
stand for the frequency-encoding direction and the phase-
encoding direction, respectively [6]. It contains the frequency 
and amplitude information of the object with respect to different 
phases.  

B. Parallel Imaging 
The parallel imaging has come with an idea to reach beyond 

the limits of conventional MRI. A conventional MRI device 
acquires data by switching magnetic field gradients rapidly on 
and off but this brings in a boundary for the imaging speed. 

The parallel MRI makes use of multiple receiver coils 
arranged in an array. It relies on the simultaneous usage of 
multiple receiver coils that acquire MR signals from a specific 
region with known spatial sensitivity information [7]. Each 
receiver coil in the array collects signals from a region that is 
limited by its sensitivity, and images that are obtained with each 
coil are then combined using coil sensitivities information to 
create a single eventual image [6]. Since obtaining a fully 
encoded k-space is both time-consuming and depends on the 
gradient coils’ ability, that is technically limited, the parallel 
imaging provides the facility to obtain an MR image from an 
undersampled k-space, refers to the acquirement of less phase-
encoding steps which accelerates the MRI procedure. 

The main focus of parallel imaging methods is to create high 
quality MR images only by acquiring reduced k-space 
information. The reduction is measured as a factor named as 
reduction factor or acceleration factor (R). Reducing the number 
of phase-encoding lines by a factor of “2” refers to obtain half 
lines of k-space matrix. This intrinsically decreases the duration 
to acquire k-space data as well. 
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C. Partially Parallel Imaging With Localized Sensitivities 
(PILS) 
PILS is a parallel MRI mechanism based on the 

simultaneous use of multiple receiver coils, which have limited 
sensitivity ranges to receive MR signals in a specified area [8]. 

The basic idea behind the PILS is acquiring reduced field-
of-view (FOV) images from each receiver coil which will be 
reconstructed in a composite image by employing each receiver 
coil as an analog filter within its sensitivity region. The receiver 
coils are combined as a set and they are located through the 
phase-encoding direction in order. Localized sensitivity region 
of each receiver coil is an information which is previously 
known. In Fig.1, sensitive region of each receiver coil is 
indicated by Yc, and the center of this region is indicated by y0. 
Center of each receiver coil differs within the phase-encoding 
direction, and their spatial locations are related to the sensitive 
regions on the composite image. This provides the coils with the 
ability to cover distinct regions in the full FOV image [5]. 

D. Sensitivity Encoding (SENSE) 
SENSE is another parallel MRI technique considered as an 

“unfolding” mechanism, referring to open the images folded 
over one another [5]. Folded, known as aliased, images are the 
result of accelerated acquisition of k-space data. Increasing the 
distance between k-space lines, while preserving the maximum 
values for kx and ky, ends up with reduced FOV images obtained 
with each receiver coil. Since the sensitivity data for each 
receiver coil is stored prior to operation, unfolding process can 
be done based on the number of overlapped pixels for each 
individual pixel location in the images with reduced FOV. 

SENSE is able to operate in arbitrarily positioned receiver 
coil configurations, in opposite to PILS, the sensitivity map data 
for the receiver coils ought to be obtained precisely. Once 
reduced k-space data is acquired with each receiver coil, pixels 
at a certain location become overlapped on each other. Since 
each overlapped pixel is already weighted by the sensitivity 
matrix data corresponding to each receiver coil, unfolding 
process is done for each pixel by matrix operations. In order for 
the SENSE algorithm to operate, number of overlapped pixels 
has to be less than or equal to the number of receiver coils. 

Fig. 1. An array set of four receiver coils used in PILS mechanism[8]  

II. METHODS 

A. PILS Algorithm on MATLAB 
PILS algorithm on MATLAB was created using the 

flowchart shown in the Fig. 2. 

Simulation of the PILS algorithm on MATLAB started with 
the determination of input variables by choosing a reference 
image and resizing it down into 256x256 matrix. The reference 
image was chosen as an axial brain MRI. 

 

Fig. 2. Schematic flow mechanism of the PILS algorithm implemented in 
MATLAB  

The next step in the algorithm was acquiring the essential 
coil parameters that were artificially derived on MATLAB. It 
was initially assumed that an array of four receiver coils is 
positioned through the phase encoding direction. The only 
difference among the receiver coils was the center locations of 
their sensitive regions which ensures each receiver coil covers a 
distinct spatial region. This was obtained by creating four 
different sensitivity data in the form Gaussian distribution. Since 
the reference image data is a 256x256 matrix, centers of the 
Gaussian sensitivity maps were positioned at locations 32, 96, 
160, and 224, in order, through the phase-encoding direction. In 
addition, bandwidth of the sensitive regions that each receiver 
coil covers were changed by manipulating standard deviation 
values such as 30, 35, 40, and 45. 

K-Space subsampling process in PILS was done by 
acquiring one k-space line for each two lines, after 2-
dimensional (2D) Fast Fourier Transform (FFT) of each coil 
images was taken. In each k-space of 256x256 size and R=2, odd 
number of k-space lines were acquired and evens were left zero, 
or vice versa, by a process called zero-filling. It resulted in half 
of the k-space lines were acquired while the rest are zero. 

To obtain images with a transition process from k-space to 
image space, inverse FFT was applied to each k-space data. 
Results of subsampling process as the reduced FOV images 
existed in periodical repetition form on the full FOV images. To 
remove the periodical repetitions, correct subimages were 
extracted by using the knowledge of the exact location of each 
receiver coil. 

The final step was to combine the set of these images to 
acquire a composite image which is obtained with PILS 
mechanism. To achieve this, a magnitude reconstruction process 
called sum-of-squares (SoS) method was utilized. The PILS 
algorithm on MATLAB was also repeated for four different 
cases where only the bandwidth of sensitivity maps of the 
receiver coils changing as 30, 35, 40, and 45. 

Fig. 3. Gaussian sensitivity maps and visual sensitivity maps of each receiver 
coil in full FOV, white regions represent the signal receiving area for the 

corresponding coil 
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B. SENSE Algorithm on MATLAB 
In SENSE algorithm, size of sensitivity maps and the 

reference image were chosen the same as that of the PILS 
algorithm, such as 256x256 matrix and the axial brain MRI. The 
acceleration rate for the SENSE process was chosen as R=2, 
R=3, R=4, R=5, and R=6, respectively. In addition, for each 
acceleration factor, three different configurations of the receiver 
coils were determined. These configurations are related to the 
number of receiver coils such as 4 coils, 8 coils, and 16 coils, 
shown in Fig.5. Overall, each acceleration factor from 2 to 6 was 
processed with respect to each receiver coil configurations from 
4 to 16 coils. It is because effectiveness and the possibility of 
SENSE reconstruction were evaluated with different 
configurations and scenarios. The schematic flowchart of the 
SENSE mechanism is illustrated in Fig. 4. 

The receiver coils were assumed to be surface coils and 
located in circular form around the object to be imaged. Receiver 
coil enumeration was applied in counter clockwise direction. 

In order to simulate the subsampling process in SENSE, one 
line for each number of R lines was removed from the k-space 
data. 

To see the aliasing condition brought by SENSE mechanism, 
each subsampled k-space data was subjected to 2D inverse FFT 
process. Fig.6 displays the aliased images in the reduced FOV 
of 128x256. To obtain a composite image, the unfolding process 
of the SENSE algorithm was implemented in MATLAB 
platform 

Fig. 4. Schematic flow mechanism of the SENSE algorithm implemented in 
MATLAB  

Fig. 5.  Position of the set of four and eight receiver coils used in SENSE 

Fig. 6. Coil images and reduced FOV images obtained with each receiver 
coil in the set; (a) refers to the coil 1, (b) refers to the coil 2, (c) refers to the 

coil 3, and (d) refers to the coil 4 

III. RESULTS 

A. Results of PILS Algorithm 
In the PILS algorithm totally four different results were 

obtained as the composite final images reconstructed in R=2 
with SoS reconstruction process. In Fig.7, the composite image 
has some brighter and darker areas, like four horizontal stripes, 
corresponding to sensitive region values of each receiver coils. 
This was caused by the difference between intensity values of 
each receiver coil. When the standard deviation ascended to 35 
in Fig.8, which resulted in the optimal image quality, the 
reconstructed image has become smoother and the horizontal 
stripes were partially removed since the sensitivity map intensity 
difference were tolerable with the SoS reconstruction process. 
Once the standard deviation increased to 45, there existed 
noticeable aliasing that is seen on top and bottom parts of the 
image. 

Fig. 7. Coil sensitivity maps obtained with standard deviation 30 and the 
corresponding PILS reconstruction  

Fig. 8.  Coil sensitivity maps obtained with standard deviation 35 and the 
corresponding PILS reconstruction  

Fig. 9. Coil sensitivity maps obtained with standard deviation 45 and the 
corresponding PILS reconstruction  

B. Results of SENSE Algorithm 
The SENSE reconstructed images, that were categorized for 

each acceleration factor R and each coil configurations, were 
analyzed and a corresponding table was created to see the 
efficacy of success of this reconstruction mechanism. The Table 
1 shows the related information in this purpose. 

Fig.10, shows the examples such as a contrast issue on the 
reconstructed image and a successful SENSE reconstruction. 
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TABLE I.  TABLE RECONSTRUCTION RESULTS OF THE SENSE 
ALGORITHM; “S” REFERS TO “SUCCESSFUL”, “BC” REPRESENTS “BAD 

CONTRAST ISSUES”, AND “E” REPRESENTS “ERROR IN UNFOLDING PROCESS IN 
RECONSTRUCTION” 

Results 
of 

SENSE 

Configuration of the Receiver Coils 

4-Coils 8-Coils 16-Coils 

R=2 S S S 
R=3 BC BC BC 
R=4 E S S 
R=5 E BC BC 
R=6 E E BC 

Fig. 10. The SENSE reconstruction resulted in error, R=5 and 4-Coils; having 
bad contrast issue, R=5 and 8-Coils; and the successful SENSE 

reconstruction, R=4 and 16-Coils 

In accomplished SENSE reconstructions, the highest 
acceleration in SENSE has been achieved at R=4. However, the 
set of four receiver coils collapsed at this rate, created an 
undesirable image. In case of 8-coils and 16-coils, it resulted in 
optimally unfolded composite images. Moreover, all three coil 
configurations successfully created desirable composite images 
when R=2. In other cases, including R=3, R=5, and R=6, SENSE 
reconstruction with each receiver coil configuration has suffered 
from either a contrast issue or undesirable situations. 

IV. DISCUSSION 
In PILS mechanism, when the standard deviation is 30, the 

mutual inductance among coils is in the negligible range, since 
the resulted image has no noticeable aliasing issue. The first 
noticeable aliasing appeared once the standard deviation of the 
receiver coils ascended to 40. In this case, the aliasing was 
primarily caused by the mutual inductance in between the coil-1 
and the coil-4. It demonstrates that the optimum coil sensitivity 
parameters have to be determined, to exterminate the bright and 
dark stripes, and to prevent aliasing on the composite image. 

It is also considerable that PILS algorithm is strictly bounded 
with the coil configurations and positions. This is because the 
receiver coil parameters and their spatial locations are extremely 
significant knowledge and have to be calculated and determined 
before the PILS procedure starts. In this project, the position of 
each receiver coil used in PILS was previously determined. In 
real-world cases, it may be difficult to set down the receiver coil 
parameters for a PILS reconstruction process, since the receiver 
coils’ spatial locations and centers are such metric variables. 
Any error in the spatial information of the receiver coils may 
result in undesirable effects on the composite image obtained 
with real-world PILS reconstruction. 

In some case in the SENSE the number of overlapped pixels 
were greater than that of the receiver coils, the SENSE 
reconstruction failed as the result. This is because more 

unknown variables are present than knowns in the unfolding 
process of SENSE. If the number of receiver coils is less than 
the number of overlapped pixels, the SENSE algorithm is not 
able to end up with a successfully reconstructed image. 

It was perceived that the PILS mechanism was limited by the 
positions of receiver coils. In contrast, the SENSE easily 
operated with arbitrarily positioned receiver coils around the 
object that is being imaged. Accuracy and ease of the SENSE 
mechanism makes a difference from that of the PILS 
reconstruction at this point. It is because the PILS requires a 
precisely positioned array of the receiver coils within the phase 
encoding direction. This, in fact, may not be achieved in real-
world procedures. From the perspective of use in clinics, precise 
parameters of the PILS mechanism retains it to be widely 
utilized, while the SENSE is able to operate even with arbitrarily 
located set of receiver coils. 

In the comprehensive crosscheck between the SENSE and 
the PILS, the SENSE provides more reliable results due to its 
ability to reconstruct the image from subsampled k-space data 
by also employing arbitrarily positioned receiver coils. The 
PILS, in contrast, is more responsive to changes in the coil 
sensitivity parameters. Any effect in receiver coils are easily 
noticed on the reconstructed image in the form of artifacts. Due 
to the reasons mentioned above, the SENSE reconstruction 
algorithm is considered more pervasive in terms of clinics use. 
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