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1. Introduction

This manual is written in order to explain how to use this software tool. This software package allows the user to simulate the parallel magnetic resonance imaging technique, SENSE(SENeSitivity Encoding). For specific information on this technique, please refer to the paper:

▪ SENSE:  Sensitivity Encoding for Fast MRI, Klaas P. Oruessmann, Markus Weiger, Markus B. Scheidegger, and Peter Boesiger, Magnetic Resonance in Medicine 42:952-962(1999)
User can learn how to use the software package easily through the quick-start guide.


2. System Requirements

The software package requires: 

▪ MATLAB 6.5 or higher

▪ WinZip 8.1 SR1 or higher

It requires equivalent system requirements of MATLAB 6.5 or higher version. For specific information, see the requirements, platforms and operating systems in the MathWorks website, www.mathworks.com/support.

MATLAB is a registered trademark of The MathWorks, Inc. (www.mathworks.com)

WinZip is a registered trademark of WinZip International LLC. (www.winzip.com)
3. Installing PULSAR
Installing PULSR for SENSE is very simple. Just extract ‘PULSAR.zip’ on your hard disk to a directory, e.g., ‘c:\PULSAR’ 
4. Getting Started

The software package has built-in 8-channel k-space data for demo. The subsampling factor for this demo is four. In order to try the demo, please follow:

a. Start MATLAB 6.5 or higher.

b. Move to the ‘c:\PULSAR\source\sense’ directory 

c. Open ‘startup.m’ with any text editor and set the path according to the current directory:
Example) 
path(path, 'C:\source\common');

path(path, 'C:\ source\sense');

d. Type ‘recon’ on a command window.

e. After processing, reconstructed image is displayed on the screen. 
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Figure 1. Getting Started Demo

5. Tutorial
(1) Overview

There are three steps: k-space data read-in and simulated subsampling, sensitivity estimation and SENSE reconstruction.
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Figure 2. The overview of PULSAR for SENSE
(2) Specifications
A. recon.m

▪ Main m-script

▪ Initialization
▪ Image display
B. data_brain.mat

▪ 8 channel k-space data
	Matrix Name
	Structure
	Description

	full_kspace_data
	Nfe x Npe x Ncoil

    Nfe: Number of frequency encoding 

    Npe: Number of phase encoding 

    Ncoil: Number of coils
	Full k-space data with 8 channels


Table 1. Data Structure of full_kspace_data.mat
C. datacrop2d.m

▪ Crop data to keep central k-space
This function is to crop k-space in order to keep the central portion of data.
	Input / Output
	Control Variable(CV)
	Description

	input
	full_kspace_data
	Full k-space data with multiple channels
(structure: Nfe x Npe x Ncoil)
Nfe: Number of frequency encoding 

Npe: Number of phase encoding

Ncoil: Number of coils

	input
	Wr_tobe
	Desirable number of rows after cropping

	input
	Wc_tobe
	Desirable number of columns after cropping

	output
	full_kspace_data (cropped)
	Chopped full k-space data
(structure: Wr_tobee x Wc_tobee x Ncoil)


Table 2. Input/Output Specifications of ‘datacrop2d.m’
D. sample_kd.m

▪ Subsample k-space data
This function simulates subsampled k-space data from each coil.  The direction of reduction is column-directional. (i.e. phase-encoding direction)

	Input / Output
	Control Variable(CV)
	Description

	input
	full_kspace_data
	Chopped full k-space data

(structure: Wr_tobee x Wc_tobee x Ncoil)

	input
	FOV_reduction_factor
	Subsampling factor

	output
	reduced_kspace_data
	Subsampled k-space data
(structure: Wr_tobee x (Wc_tobee /FOV_reduction_factor) x Ncoil)

	output
	Subsampling_locations
	Locations for sub-sampled data


Table 3. Input/Output Specifications of ‘sample_kd.m’
E. sensitivity_estimation.m 
▪ Sensitivity estimation with filtering or fitting
	Input / Output
	Control Variable(CV)
	Description

	input
	Filename
	The filename for SENSE calibration. Default is ‘8chcentralkdata.mat’

	input
	datatype
	Data type for additionally acquired k-space lines
Options:

‘1’: File contains central k-space data collected with a full FOV without aliasing. It should comes from the central portion of the k-space symmetrically from -L/2:1:(L/2-1) assuming total L lines.

‘2’: File contains low-resolution coil images, the FOV must be equal to reduced FOV times of FOV_reduction_factor. However, it can have arbitrary number of lines: the program will resample the image so it will have the correct number of lines (i.e., Npe_tobe = Npe_of_the_reduced_k-space_data *  FOV_reduction_factor)

‘3’: File contains the sensitivity functions already estimated by measured elsewhere.

	input
	Npe_tobe
	The phase encoding number without subsampling

	input
	Filters
	The filter definitions for sensitivity estimation
Options for ‘Filters.type’:
'nofilter'      : no filter applied

'polynomial': Polynomial fitting is used for coil-sensitivity estimation. Additionally, ‘Filters.Poly_Order’ needs to be set up to select the order of polynomial. ‘Filters.poly_Wr’ and ‘Filters.poly_Wc’ represent the size of polynomial filtering along row and column for each.
'median'     : Medial filter is used for coil-sensitivity estimation
'wavelet'     : Wavelet filter is used for coil-sensitivity estimation. Additionally, ‘Filters.wavelet_name’ and  ‘filters.wavelet_levels‘ need to be set up to select a wavelet model and level.
'hamming'  : Hamming filter is used for coil-sensitivity estimation
'walsh'        : Singular value decomposition is used for coil-sensitivity estimation. Additionally, ‘Filters.walsh_width’ needs to be set up the size of averaging window.

	input
	Rnoise
	Noise covariance matrix of the phased-array coils
(structure: Ncoil x Ncoil)

	input
	coilimages
	Additionally acquired central k-space data for coil-sensitivity estimation
(structure: Wr_tobee x Wc_tobee x Ncoil)

	output
	channelsensitivity
	Estimated sensitivity for each coil
(structure: Wr_tobee x Wc_tobee x Ncoil)

	output
	ROI_mask
	Binary mask indicating ROI
(structure: Wr_tobee x Wc_tobee)


Table 4. Input/Output Specifications of ‘sensitivity_estimation.m’
F. 8chcentralkdata.mat
▪ Additionally acquired central k-space data for coil-sensitivity estimation
	Matrix Name
	Structure
	Description

	central_kdata
	Nfe x Ncentrallines x Ncoil
	datatype== 2.

Acquired central k-space data lines for coil-sensitivity estimation


Table 5. Data structure of ‘8chcentralkdata.mat’
G. sense.m

▪ SENSE reconstruction
	Input / Output
	Control Variable(CV)
	Description

	input
	reduced_kspace_data
	Subsampled k-space data

(structure: Wr_tobe x (Wc_tobe / FOV_reduction_factor ) x Ncoil)

	input
	channelsensitivity
	Spatial coil sensitivity function. 
It is required that ‘phase-encoding numbers without subsampling’ is equal to ‘subsampled phase-encoding lines’ times of ‘Subsampling factor.’
To enforce this condition, the coil sensitivity function needs to be interpolated with zero-padding k-space

(structure: Wr_tobe x Wc_tobe x Ncoil)

	input
	FOV_reduction_factor
	Subsampling factor. Integer is allowed for it.

	output
	recon
	Reconstructed image with SENSE
(structure: Wr_tobe x Wc_tobe)

	output
	successful_flag
	1 if reconstruction is successful

	output
	gmap
	g-factor map of SENSE reconstruction
(structure: Wr_tobe x Wc_tobe)


Table 6. Input/Output Specifications of ‘sense.m’
6. Contacts
Please respond for bug report and your opinions to:
Parallel.mri@gamil.com
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sense.m





‘Filename’: The filename for SENSE calibration


‘datatype’: Data type for additionally acquired k-space lines


‘Npe_tobe’: The phase encoding number without subsampling


‘Filters’: The filter definitions for sensitivity estimation 


‘Rnoise’: Noise covariance matrix of the phased-array coils


(For the structure, see the Table 4)








‘coilimages’: Additionally acquired 


central k-space data during 


SENSE calibration for sensitivity 


estimation (For the data structure, see the Table 5)








▪ Additionally acquired 


central k-space data





8chcentralkdata.mat
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COPYRIGHT





Copyright 2005, Department of Electrical Engineering, Texas A&M University.


All rights reserved. See the file COPYRIGHT for more information.


     


You are granted a license to use the Software for academic, research and internal business purposes only, without a fee.  You may distribute the software to third parties provided that the copyright notice and this statement appear on all copies and that no charge is associated with such copies. If you make derivative works and distribute it, you will (1) notify PULSAR developers regarding its distribution of the derivative work, and (2) clearly notify users that such derivative work is a modified version and not the original PULSAR distributed by Texas A&M University.


 


We MAKE NO REPRESENTATIONS ABOUT THE SUITABILITY OF THIS SOFTWARE FOR ANY PURPOSE.  IT IS PROVIDED "AS IS" WITHOUT EXPRESSED OR IMPLIED WARRANTY. WE SHALL NOT BE LIABLE FOR ANY DAMAGES SUFFERED BY THE USERS OF THIS SOFTWARE.                                                  


     


Any Licensee wishing to make commercial use of the Software should contact:


	


	Jim Ji


	Department of Electrical Engineering


	Texas A&M University


	College Station, TX 77843-3128


	jimji@tamu.edu	





recon.m





▪ Main m-script





▪ Crop data to keep central k-space





datacrop2d.m





▪ 8 channel k-space data





Data_brain.mat





▪ SENSE reconstruction





▪ Subsample k-space data





sample_kd.m





‘full_kspace_data’		: Chopped full k-space data


‘FOV_reduction_factor’	: Subsampling factor 


(For the data structure, see the Table 3)














‘full_kspace_data’	: full k-space data with multiple channels


‘Wr_tobe’		: Desirable number of rows after cropping


‘Wc_tobe’		: Desirable number of columns after cropping


(For the data structure, see the Table 1)








▪ Sensitivity estimation with filtering or fitting





sensitivity_estimation.m





‘reduced_kspace_data’	: Subsampled k-space data 


‘Subsampling_locations’	: Locations for sub-sampled data


(For the structure, see the Table 6)














‘recon’	   : Reconstructed image with SENSE 


‘sucessful_flag’: 1 if reconstruction is successful


‘gmap’: g-factor map of SENSE reconstruction 


(For the structure, see the Table 6)








‘channelsensitivity’: Estimated sensitivity 


‘ROI_mask’: Binary mask indicating ROI


 (For the structure, see the Table 4)








	


‘data_brain’: 8-channel full k-space data for demo (For the data structure, see the Table 2)
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