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Abstract 
MRI is a well known and widely spread technique to characterize cardiac pathologies due to 

its high spatial resolution, its accessibility and its adjustable contrast among soft tissues. 

 

In an attempt to close the gap between blood flow, myocardial movement and the cardiac 

function, researching in the MRI field addresses the quantification of some of the most 

relevant blood and myocardial parameters.  

  

During this project a new tool that allows reading, postprocessing, quantifying and visualizing 

2D motion sense MR data has been developed. In order to analyze intracardiac blood flow 

and wall motion, the new tool quantifies velocity, turbulent kinetic energy, pressure and 

strain.  

 

In the results section the final tool is presented, describing the visualization modes, which 

represent the quantified parameters both individually and combined; and detailing auxiliary 

tool features as masking, thresholding, zooming, and cursors.  

 

Finally, technical aspects as the convenience of two dimensional examinations to create 

compact tools, and the challenges of masking as part of the relative pressure calculation, 

among others, are discussed; ending up with the proposal of some future developments. 



P a g e  | 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



P a g e  | 5 

 

 

 

 

 

 

 

Acknowledgements 
 

Firstly and mostly I would like to thank my supervisor Henrik Haraldsson for his continuous 

support during the development of this project. I do have to stress his patience and limitless 

interest not only in the project but also in my understanding of it. He has been diligent and 

proactive all this time leading me in the right direction.  

I’m also very grateful to Jonatan Eriksson, Sven Petersson, Carljohan Carlhäll, Andreas 

Sigfridsson and Javier Pozas for their willing collaboration and useful contributions. 

Special mention deserves my supervisor Tino Ebbers, for his wise advice, but more important 

for giving me the opportunity to develop my Master thesis with such a remarkable group of 

people. 

Apart from that I cannot miss here my loved colleagues Nebil Shamsudin, Chongshi Yue, 

Emre Kus, and Rouzbeh Danyali for every fika, every advice and every conversation. You, 

my girlfriend Mireia, my family, and the rest of my friends, were and are my daily 

encouragement. 

Jose A. Baeza 

Linköping, December 2011 

 



P a g e  | 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



P a g e  | 7 

 

 

 

 

 

 

 

Contents 
  

Contents 7 

1. – Introduction 9 

2. – Theoretical Background 11 

2.1. – Heart Physiology 11 

2.1.1. – The Three Chamber View 13 

2.2 – Magnetic Resonance Imaging 14 

2.2.1. – Spin Physics 14 

2.2.2. – The Static Field 15 

2.2.3. – Radio Frequency Pulse 17 

2.2.4. – Relaxation 17 

2.2.5. – Spatial Encoding 20 

2.3. – Motion Sensitive MRI 21 

2.3.1. – Phase–Contrast Magnetic Resonance Imaging 23 

2.3.2. – Displacement Encoding with Stimulated Echo MRI 27 

2.4. – Visualization 29 



P a g e  | 8 

 

3. – Methods 31 

3.1. – DICOM Reader 32 

3.2. – Magnitude Data 33 

3.3. – Motion Sensitive Data 34 

3.3.1. – Phase–Contrast MR Data 34 

3.3.2. – Displacement Encoding with Stimulated Echo Data 38 

3.4. – Mask Editor 39 

4. – Results 41 

4.1. – Speed Visualization 42 

4.2. – Velocity Visualization 44 

4.3. – Turbulent Kinetic Energy Visualization 46 

4.4. – Pressure Visualization 47 

4.5. – Displacement Encoding with Stimulated Echo 48 

4.6. – Image Fusion 49 

4.8. – A Glance at the Mask Editor 51 

5. – Discussion 55 

5.1. – 3D versus 2D 55 

5.2. – Visualization 56 

5.3. – Image Fusion 57 

5.4. – Future Work 58 

5.4.1. – Three–Chamber Plane 58 

5.4.2. – Mask Editor Consideration 58 

5.4.3. – Displacement Encoding Data 59 

5.4.4. – Faster and Better 59 

6. – References 61 

 

 

 

 

 

 

 

 

 



P a g e  | 9 

 

 

 

 

 

 

 

1. – Introduction  
 

Magnetic Resonance Imaging (MRI) is a well known and widely spread imaging technique 

characterized by its spatial resolution and its contrast among soft tissues (1).  

 

Concretely, cardiovascular examination is one of the areas in which MRI is gaining pace in 

clinical usage (2). Indeed, MR has been proved useful to study a wide range of cardiovascular 

pathologies, and superior in accuracy and reproducibility to echocardiography (3-5). 

However, for being portable, non–invasive, inexpensive, and for allowing instant imaging, 

echocardiography is still the most used tool to characterize cardiovascular pathologies (6, 7)  

 

MRI is capable of obtaining three-directional information without spatial limitations, unlike 

ultrasound, being especially powerful to extract motion information. The analysis of motion 

information can lead to a better understanding of the connection between blood flow, 

myocardial deformation and the cardiac function. In this sense, 2D MRI is expected to 

become a more and more feasible alternative to echocardiography to characterize cardiac 

malfunction. 
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The presented project aims to create a compact, simple and powerful 2D cardiac MRI tool, by 

adapting and bringing together several proved techniques to quantify both blood flow and 

myocardial strain. 

 

The new tool is named flow–motion tool and it addresses the reading, postprocessing, 

quantifying and visualizing of several physical parameters as velocity, turbulent kinetic 

energy, pressure and strain. Even if the mentioned parameters have already been studied and 

demonstrated separately, the flow-motion tool contributes by allowing simultaneous display 

of most of these physical parameters, providing the necessary tools to study them and their 

relationships quantitatively. 

 

The presented text provides a theoretical description of the MRI modalities used to obtain the 

flow motion information, as well as a background of the quantification techniques employed 

in this project; after that, it details the actual postprocessing and quantification methods to 

eventually present the new tool and expose its capabilities.  
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2. – Theoretical Background 
 

The next paragraphs contain the theoretical background necessary to understand the 

development of the flow–motion tool. Firstly, Magnetic Resonance Imaging technique is 

introduced; secondly, the motion sensitive resonance techniques together with the 

quantification methods used in this project are studied; finally a glance at the most common 

visualization techniques is included.  

 

The goal of this chapter is to provide a general overview of all the technical aspects required 

to make the further method and discussion understandable.  

 

 

2.1. – Heart Physiology 
 

The heart is the organ in charge of distributing blood throughout the body in order to perfuse 

organs and tissues.  
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Fig. 1 Heart scheme. Pulmonary Circulation in blue and Systemic Circulation in red 

 

The heart in divided into four chambers (figure 1). The Right Atrium (RA) and the Right 

Ventricle (RV) maintain pulmonary circulation, while the Left Atrium (LA) and the Left 

Ventricle (LV) do likewise with the systemic circulation. The heart wall is divided into three 

major layers, from inner to outer: endocardium, myocardium and epicardium; being the 

myocardium the responsible of heart contraction. The myocardium is the thickest layer, and it 

is formed by contractile muscular tissue. 

 

Pulmonary circulation transports blood from the heart to the lungs and back to the heart again 

with the aim of oxygenating the bloodstream. Then, systemic circulation spreads oxygenated 

blood all around the body and brings deoxygenated blood back to the heart, once the body 

cells have been perfused. 

 

The cardiac cycle can be divided into two well differentiated phases: systole and diastole. 

During systole the ventricle fibres contract to eject the blood out from the ventricles to the 

arteries, this happens almost instantaneously in both ventricles. During diastole ventricular 

relaxation and refilling take place, and the blood flows from atria to ventricles. 

 

The difference in pressure within the ventricular chambers during ejection should provide the 

blood enough pressure to go back to the heart, closing the cardiac loop. As systemic 

circulation faces a greater workload, left ventricle walls are considerably thicker than right 

ventricle walls; therefore any abnormality in the left ventricle is more likely to cause 

symptoms and to be noticed. 

Left Ventricle 

Left Atrium 

Right Ventricle 

Right Atrium 

Ascending Aorta 



 

2.1.1. – The Three Chamber View

 
When examining the heart in two dimensions some planes or views are preferred 

convenience and intuitiveness

representation, for showing all four chambers in the same plane. However, in those cases i

which our main interest lies in the left ventricle

its ability to show the way in and out of the ventricle.

 

The three-chamber view is characterized by showing left atrium, left ven

aorta (figure 2).  

 

Fig. 2 Three chamber view. Left Atrium (LA), Left Ventricle 

 

In the three chamber view it can be noticed that during 

increases the pressure in the ventricle

the aortic valve. Then at early diastole,

closes. As pressure in the ventricle becomes lower than pressure in the atrium, mitral valve 

opens and blood refills the ventricle assessed by minor atrial deformation. 

ventricular fibres contract again, 

valve opens, and the whole cycle 

 

 

The Three Chamber View 

When examining the heart in two dimensions some planes or views are preferred 

convenience and intuitiveness. Perhaps the four chamber view is the most common 

all four chambers in the same plane. However, in those cases i

n the left ventricle, the three chamber view may be desirable for 

the way in and out of the ventricle. 

chamber view is characterized by showing left atrium, left ventricle and ascending 

Three chamber view. Left Atrium (LA), Left Ventricle (LA) and Ascending Aorta (Ao)

In the three chamber view it can be noticed that during systole the myocardial contraction 

increases the pressure in the ventricle, pumping the blood out to the ascending aorta 

the aortic valve. Then at early diastole, the pressure drops in the ventricle and the aortic valve 

closes. As pressure in the ventricle becomes lower than pressure in the atrium, mitral valve 

opens and blood refills the ventricle assessed by minor atrial deformation. 

bres contract again, ventricular pressure increases, mitral valve closes and aortic 

cycle repeats.   
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When examining the heart in two dimensions some planes or views are preferred due to their 

the most common 

all four chambers in the same plane. However, in those cases in 

ew may be desirable for 

tricle and ascending 

(LA) and Ascending Aorta (Ao) 

myocardial contraction 

pumping the blood out to the ascending aorta through 

the pressure drops in the ventricle and the aortic valve 

closes. As pressure in the ventricle becomes lower than pressure in the atrium, mitral valve 

opens and blood refills the ventricle assessed by minor atrial deformation. Eventually, 

mitral valve closes and aortic 
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2.2 – Magnetic Resonance Imaging  
 

Magnetic Resonance Imaging (MRI) is a non–ionizing, widely spread technique that provides 

high quality images with an adjustable contrast among soft tissues. (1).  

 

MRI acquires information of the body internal structures by studying the tissues behaviour 

under the influence of powerful magnetic fields. Specifically, MRI studies the variations in 

nuclear angular momentum in the mentioned tissues. 

 

The technique itself is based on Nuclear Magnetic Resonance (NMR) concepts, known since 

the early forties; however, due to the complexity of this phenomenon, which cannot be 

thoroughly understood within the classical physics, MRI did not experience a notable success 

until the end of the last century. (8) 

 

Grosso modo, the process for which the image is obtained can be described in three major 

steps:  

• The alignment of the nuclear spins to the static field. The process sets an origin for the 

rest of the experiment. In it, the nuclear spins of the targeted chemical element, 

generally hydrogen, get aligned with a strong and static magnetic field B0.  

• A resonant event. Resonance is carried out to provide momentary extra energy to the 

target nuclei. This is done via radio frequency (RF) pulses often referred as B1. 

• The acquisition of information. When the radio frequency (RF) pulses cease, the 

nuclear spins begin to dephase and realign with B0, this process is called relaxation. At 

this point, coils are set as receptors and the nuclear spins behaviour is obtained, 

providing useful information of the tissue characteristics. 

 

 

2.2.1. – Spin Physics 

Before describing how the image is obtained it is interesting to stop and think about why the 

image can actually be obtained.  

The beginnings of MRI were based on the observation that, in some cases, molecules seem to 

have nuclear spin; spin that was associated to a nuclear magnetic moment. It is important to 

clearly differentiate between the nuclear spin and the electronic spin. MRI is based on the 

nuclear spin properties, so from here on this is the single spin that is going to be considered or 

referred.  
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Today, it is known that both neutrons and protons do have nuclear spin (8, 9); but this is not 

obvious when studying a chemical element as a whole, because the nuclear spin of one 

chemical element is the sum of the individual spins of all the particles in its nucleus. Besides, 

particles with opposite spin may couple, and neutralize each other. Indeed, it can be stated 

that elements with paired nuclear structures will show no apparent nuclear spin (9).  

 

Anyway, from an MRI perspective only elements with non–zero spin are of interest, and so 

these are the unique elements that are going to interact with the generated magnetic fields. 

Among the suitable elements are some forms of: Oxygen, Nitrogen, Carbon, Phosphorus, etc. 

However, MRI procedures generally target hydrogen nuclei (1H) (9). Hydrogen has ±1 2⁄  

nuclear spin and is genuinely convenient because of its simplicity and its plenty in the human 

body. (1, 9, 10).    

       

So, it can be expressed that MRI is possible thanks to the particular behaviour that elements 

with non–zero nuclear spin experience when submitted to a magnetic field. 

 

 

2.2.2. – The Static Field  

To obtain a better understanding of the nature of the MR procedure it is convenient to 

consider a macroscopic scale, so from now on let us consider spin–packets, as the spins 

contained within a pixel or voxel, and their associated magnetic moment as �o������.  

 

 

Fig. 3 Hydrogen nuclear spins randomly oriented (left) and below the influence of the static field (right) 
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T2 = 500ms 

T2 = 2000ms 

The static field (B0) is a forceful magnetic field that aligns the magnetic moments (figure 3). 

However, the magnetic moments are not steady; instead they precess around the magnetic 

field. Thus, once the patient experiences the static field, their internal magnetic moments 

associated to the hydrogen molecules are expected to comport as in figure 4. This position is 

going to be referred as the position of equilibrium, and it can be consider as the reference 

point of the whole MR acquisition process. 

 

The movement experienced in the position of equilibrium is called precession and it is similar 

to the movement experienced by a spinning top while rotating on an axis, being the axis the 

direction of the static magnetic field (B0). The intensity of the static field together with some 

intrinsic characteristic of the nucleus, represented as the gyromagnetic ratio (γ), will 

determine the frequency of precession (ω0). This frequency, or angular velocity of rotation, is 

commonly referred as Larmor Frequency and it is defined as follows: 

 

ωO =  γBo             [1] 

 

For hydrogen, γ = 42.58 MHz / T. 

 

 

Fig. 4 Nuclear magnetic moment precessing around the static field 
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T2 = 500ms 

T2 = 2000ms 

T2 = 500ms 

T2 = 2000ms 

2.2.3. – Radio Frequency Pulse 

 

The aim of the RF pulse, or B1, is to provide extra energy to the spin–packages, displacing 

their magnetic moment temporally and setting the spins in phase. This is accomplish through 

a resonant effect that occurs only if the frequency of the RF pulse matches exactly with the 

target’s Larmor Frequency (8-10).   

 

A 90 degrees RF pulse will translate the magnetic moment to the XY plane (figure 5), where 

the acquisition is carried out.  

Fig. 5 Magnetic moment displacement due to the RF effect  

 

The RF pulse also sets the magnetic moment of the spin-packages in phase. It must be noticed 

that directly after the RF pulse the magnetic moment is going to progressively dephase, i.e. 

decay in the transverse magnetization, which is intrinsically related to the strength of the 

readout signal.  

 

 

2.2.4. – Relaxation 

Relaxation occurs after the RF excitation, just after turning the radiofrequency pulses off. At 

that point, the spin–packages will emit the previously absorbed energy and the magnetic 

moment will precess back (figure 6) until, eventually, the position of equilibrium (figure 3) 

(8). 
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In the relaxation process, the spin–lattice relaxation and the spin–spin relaxation are 

discriminated.  

 

By one hand, the spin–lattice relaxation gives an idea of how fast particles are able to get back 

to the static field (� axis), so return to its initial position. This process is described by an 

exponential growth and is described by the constant T1 (see figure 7). 

 

 

Fig. 6 Relaxation of the magnetic moment 

 

By the other hand, the spin–spin relaxation provides information of how much the effect of 

the magnetization process last in the surroundings of the particle (XY plane); being 

represented as an exponential decay, and being described by the constant T2 (see figure 8). 

The spin–spin relaxation is mainly governed by the dephasing process that takes place in the 

XY plane. This process is related to small variations in the Larmor frequency among the spins 

within the spin–package. 

 

As a result of the relaxation process concrete information about the behaviour of every pixel, 

and therefore of every tissue type, is obtained. It must be noticed that tissue characteristics as 

water amount, rigidity, etc. are intrinsically connected to the values of the constants T1 and T2. 
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T2 = 500ms 

T2 = 2000ms 

T1 = 3000ms 

T1 = 1000ms 

 

 

 

Figs. 7 and 8 T1 (spin-lattice) and T2 (spin-spin) relaxation of different tissue types 
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T2 = 500ms 

T2 = 2000ms 

The timing of the readout process determines the influence or the weight of T1 and T2 in the 

final image, enabling adjustable contrast among different tissues types.  

 

 

2.2.5. – Spatial Encoding 

The above explained process, for simplicity, ignores some critical aspect when creating an 

image, among them the spatial encoding. The spatial encoding is the process for which the 

signal received from one pixel can be differentiated from the signal received from its 

surroundings. This is commonly done by creating gradients in the magnetic fields.  

Fig. 9 The encoding gradient in the patient’s feet–head direction (� axis) produces a frequency variation (∆�) 

that is going to determine the size and the position of the slice. 

 

A magnetic gradient takes place if one of the parameters of the magnetic field is varied with 

regard to one spatial direction. The most intuitive gradient is the one applied in the patient 

Feet–Head direction. This gradient permits to select body slice, determining its thickness and 

its position (figure 9). The remaining in–plane information is obtained from the magnitude 

and phase of the readout signal after applying two more gradients in different spatial 

directions. As is shown in figure 10, the complete spatial encoding process is based on the 

applying of gradients in the three spatial directions that together with the RF pulse will result 

in the output “Signal”. These gradients are combined until obtain complete information of the 

targeted plane or volume.  

 

The obtained “Signal” for every encoded position as a function of time for a spin density ����	 
is given by: 

 
��	 =  � ����	
Ω

∙ ������,�� ���                                                                                                              [2] 



P a g e  | 21 

 

Fig. 10 2D gradient echo pulse sequence. In this example, Gz represents the feet-head encoding, while Gy and Gx 

will sweep the chosen plane.  

 

Where the phase of the signal �(��, �) is given by the static field �0 and the image gradients 

���	 as: 

 

�(��, �) =  � �(�0 + ���	
�

	

∙ �)��                                                                                                     [3] 

 

 

2.3. – Motion Sensitive MRI 
 

Since the very beginning of MRI, or magnetic resonance zeugmatography, there was noticed 

the possibility of studying flow with minor modifications of the ordinary MRI technique (11).  

 

Ideally, coils are placed perpendicular to the XY plane and perpendicular to each other in 

order to obtain quadrature signals at the end of the MR experiment. Quadrature signals that 

result in magnitude and phase data for every pixel. In general, the intensity image is 

constructed by just using the magnitude; nevertheless, useful information can also be obtained 

from the phase data (12).  

 

The capability of obtaining velocity values from phase information is based in the following 

physic enunciation: the phase shift experienced by the spins when undergoing a magnetic 

field gradient is proportional to its velocity (υ) (12).  
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Indeed, as the time position ����	 depends on the velocity ��0, acceleration ��0, and higher order 

values, as follows: 

 

����	 = ��0 + ��0 ∙ � +



�
��0 ∙ �� + ⋯                                                                                                    [4]  

 

Besides, as show in [3], the phase readout depends on the position ����	. Combining [1] and 

[3]: 

φ�t	 = φ0�r�	 + γ� G��	 ∙ r�(�) ∙ d�  
�

	

                                                                                                [5] 

 

Where φ0�r�	 is the initial spin phase, and G��	 is the infinitesimal of the gradient. Expanding 

it: 

 

φ�t	 = φ0�r�	 + ��0 ∙ γ� G��	 d� 
�

	

+ ��0 ∙ γ� (G��	 �)d� 
�

	

+
1

2
��0 ∙ γ� (G��	 ��)d� + ⋯     [6]

�

	

 

 

Therefore, it is proved how the phase signal, consequently, depends on position, velocity and 

acceleration as well. Apart from that, if the acceleration and higher order values are neglected, 

the equation can be written as follows: 

 

φ�t	 = φ0�r�	 + ��0 ∙ γM0 + ��0 ∙ γM1                                                                                                   [7] 

 

Where M0 is the zeroth–order gradient moment, and M1 is the first–order gradient moment. 

 

During this project two different motion sensitive techniques are studied: Phase–Contrast 

MRI (PC MRI) and Displacement ENcoding with Stimulated Echoes (DENSE). The main 

difference between them lies on the intrinsic nature of the movement that they are going to 

describe. By one side, PC MRI targets velocity and it is widely used to track blood flow, 

which represents a simpler scenario in which the flow under test is a fast movement regarding 

any other muscular or motor movement, and even more important a fast movement regarding 

the acquisition time expected for a pixel; by other side, DENSE usually targets myocardial 

displacement, which turns to be a more complex case, because it is more exposed to muscular 

and motor movements and because the myocardial movement itself takes a relatively long 

time compare with the standard MR acquisition process.  
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2.3.1. – Phase–Contrast Magnetic Resonance Imaging  

 

PC MRI has been proven to be an accurate and robust technique to study blood flow within 

the heart chambers (2, 4, 13).  

 

PC MRI is based on the application of bipolar gradients. Bipolar gradients are characterized 

by having two lobes with equal strength and inverted sign. These lobes turn out in: 

 

� G��	 d� 
�

	

≡ M0 = 0                                                                                                                           [8] 

 

Cancelling the effect of the static tissue in the phase response, and making the phase 

dependent on the velocity as: 

 

φ�t	 = φ0�r�	 + ��0 ∙ γM1                                                                                                                      [9] 

 

Furthermore, by using gradients with the first gradient M1 equal to zero an offset image can be 

obtained and used as a reference to correct velocity data (14). Figure 11 shows the outcome of 

codifying the velocity in the phase data: 

 

 

Fig. 11 Stationary nuclear spin and moving nuclear spin, below a phase gradient 
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The inclusion of this new bipolar gradient entails new error sources that are going to be 

explained immediately below, but at the same time opens the door to new calculations. Both 

error sources and possible calculations are studied below. 

 

Maxwell Effects and Eddy Currents 

 

Some of the new error sources that must be taken into consideration are: the Eddy currents, 

caused by the rapid alteration of the magnetic gradients, and resulting in non–physical 

velocity values  (15); and the non–linear Maxwell effects, or concomitant gradient effects 

fields, caused by high order components of the magnetic fields. (16).  

 

Phase Unwrapping 

 

As can be understood from equation [9] and figure 11, the phase shift caused by a moving 

particle not only depends on its velocity but also on the shape of the bipolar gradient (17). 

This is a notable aspect in PC MRI and must be considered carefully. A given movement will 

cause a phase shift of “φ”. The higher the particle speed the bigger the phase shift and it may 

even occur that the phase shift exceeds 180°. This surpass is referred as phase wrapping and 

means that very fast particles will be blended together with quite slow ones (because 3π/2 is 

actually the same as –π/2). 

 

The Velocity ENCoding (VENC) determines the maximum velocity that can be measure, 

without fall into phase wrapping and is given by: 

 

�enc =  
�

�Μ1
                                                                                                                                          [10] 

 

It must be noticed that it is not a good idea to excessively increase the VENC, because the 

higher VENC the lower SNR of the phase information (12); so a compromise solution has to 

be adopted. 

 

Encoding strategies within PC MRI  

 

To have complete spatial information of the blood movement three bipolar gradients have to 

be considered, one in every spatial direction. 
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Fig. 12 Three–directional two–dimensional phase contrast pulse sequence. Offset acquisition (left), directional 

acquisitions (right)   

 

However, the phase of the signal is not only affected by motion, but by many others 

phenomena(18). To eliminate these undesirable effects from the velocity information, a non-

directional position or offset is acquired (figure 12, left) together with the three directional 

positions (figure 12, right).  Finally these four acquisitions are combined to obtain the three-

directional information.  

 

There are two main encoding strategies used to combine the four mentioned acquisitions: the 

four–point strategy and the Hadamard strategy. The straight–forward four–point encoding 

strategy subtracts the offset from every directional acquisition obtaining three directionally 

independent velocity datasets. Instead, the Hadamard strategy combines the four acquisitions 

in a less intuitive way to create the velocity datasets. 

 

Turbulent Kinetic Energy  

 

The Turbulent Kinetic Energy (TKE) is a quantitative measure of the kinetic energy of the 

fluctuating velocity field (19), therefore a new calculation indirectly enabled by the velocity 

data. 

 

The amount of turbulent flow seems to be directly related with inefficiencies, malfunction or 

related problems in the cardiovascular system, indeed they constitute a main factor in several 

cardiovascular pathologies (19). Generally, no major increase in Turbulent Kinetic Energy is 

founded in healthy patients (19) 
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The TKE takes advantage, concretely, from the drop of intensity that takes place in magnitude 

of the PC MRI when different velocity directions are gathered within a pixel or voxel. To 

determine whether or not there is an intensity drop, the offset PC MRI dataset is required; as 

the Hadamard strategy does combine the offset data, it is not suitable to obtain the TKE.  

Instead the four–point strategy is used. 

 

To make this clear, let us imaging two simple scenarios (see figure 13). In the first one, a 

pixel that contains a large amount of velocity vector pointing exactly in the same direction. In 

the second, another pixel with the same amount of velocity vectors that point, more or less, in 

the same direction.    A considerable decrease in the signal magnitude can be expected for the 

second scenario, where some velocity vectors will partially neutralize each other (20).  

Fig. 13 Effect of intravoxel phase variation   

 

From a PC MRI view, this is not a big deal, because the mean phase in both velocity vector 

collections is expected to be the same. However, this drop in intensity can be used to get a 

clue of how laminar is being the flow in a given pixel. 

 

Considering that the directions of the velocity vector are Gaussianly distributed around the 

mean, their Standard Deviation (SD) can be calculated (20). Finally, the Intravoxel Velocity 

Standard Deviation (IVSD) for every spatial distance will result in the Turbulent Kinetic 

Energy. (19). Due to the dependency of the TKE with the loss in intensity, it relies to a great 

extent on the quality of the PC MRI data, i.e. on the Signal Noise Ratio (SNR); so the TKE 

measurement often would benefit from low VENC values (19).  

 

Pressure 

Together with TKE, the pressure calculation is another velocity–dependent calculation that 

has been already proved (21) 
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Even if catheterization is the still the gold standard to calculate pressure, there is a great 

interest in performing accurate non–invasive pressure measurements (22). Non–invasive 

measurements are cheaper and safer and eliminate the possible effect of the catheter in the 

measurement (22). 

 

Among the imaging techniques ultrasound is a widely used alternative to calculate pressure 

due to its portability and its cheapness, but with major drawbacks because of its sensitivity to 

motion, its anatomical limitations and its limitation to only one velocity direction (22). These 

limitations make impractical measure pressure in the cavities; which usually are extrapolated 

from the filling–pressure estimations at the valves. 

 

To calculate pressure with velocity data a simplification of the Navier–Stokes (NS) equations 

is used. This simplification assumes the flow to be incompressible, laminar, and Newtonian 

(23), and can be written as: 

 

∇p = − � ��
�� − �� ∙ ∇p + �∇�� + �                                                                                            [11] 

 

Where ∇p  is the pressure gradient, given by: the transient inertia  � �

�
, the convective 

inertia �� ∙ ∇p, the viscous resistance �∇�� and the gravity effect �.  

 

Once the pressure gradient has been obtained for a given velocity flow, it has to be integrated 

to result in the relative pressure field. However, due to noise, the relative pressure between 

two pixels will depend on the integration path. To solve this problem the Pressure Poisson 

Equation (PPE) assisted by the definition of border conditions, has been demonstrated suitable 

(24). 

 

 

2.3.2. – Displacement Encoding with Stimulated Echo MRI 

 

Displacement Encoding with Stimulated Echo (DENSE) MRI is a convenient technique for 

tracking myocardial motion (25). 

 

DENSE addresses the motion problem in a similar fashion as PC MRI, but using even larger 

first order gradient moments (26). To study myocardial displacement, DENSE encoding 

positions need to be notably separated in time, i.e. in the order of hundreds of milliseconds 
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(27). The separation between the encoding positions raises most of DENSE technical 

complications and increases the acquisition time.  

 

The main problem then, is how to keep structural information (within the nuclei precession) 

for such a proportionally long time. Recalling the RF pulse explanation, there was mentioned 

that, after applying the RF pulse, there is a natural tendency for the nuclei to dephase in the 

XY plane, so if the readout time is too long very low SNR will be obtained. However, it must 

be noticed that T1 relaxation time is slower than the T2 relaxation time, enabling longer 

encoding position (26, 27) 

Fig. 14 DENSE pulse sequence 

 

DENSE encoding positions are presented in figure 14 and described below:  

 

• The 1st encoding position occurs after shifting the spins from the �–axis onto the XY 

plane. 

 

• The magnetic moment is shifted from the XY plane back to the static field axis, the �–

axis. 

 

• The 2nd encoding position occurs when the magnetic moment is again displaced to the 

XY plane. Then, the readout is carried out, obtaining the deformation data between the 

two encoding positions.  

 

 

As happened in PC–MRI the sequence must be repeated at least once for every spatial 

direction plus the reference (26) 
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The long DENSE scan times cause blood to get black in the final image (26). This enables a 

remarkable contrast between myocardial tissue and the blood–pool, and can be especially 

useful in myocardial registration. 

 

 

2.4. – Visualization 
 

Once the data has been quantified the question is how it should be visualized. Unfortunately, 

there is not a straightforward answer to this question.  

 

Colour mapping, vector plotting and particle tracing are some of the representation 

alternatives used in cardiovascular flow visualization (28). Strain data is also commonly 

represented via colour mapping and vector plotting, and with more specific methods as 

glyphs. 

 

Colour mapping is a simple but powerful alternative to represent scalar quantities but it not so 

obvious when facing directional information. However, colour mapping can be easily 

combined with almost any other technique to increase their usefulness. 

 

Among the particle tracing techniques, pathlines, streamlines, and streaklines can be 

differentiated in non–steady flow environments (28). Pathlines track the particle path for a 

given time, resulting in an intuitive visualization. Streamlines, instead, are tangent lines to 

instant velocity and do not contain any temporal information. Finally, streaklines reproduce 

the trajectory of an injected dye in the flow and they are rarely used (28). 

 

Glyphs are tensor representations in which eigenvalues and eigenvectors are used to construct 

geometrical figures as cuboids or ellipses to offer a richer representation. 
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3. – Methods 
 

The aim of the flow–motion software is to create a compact and user-friendly interface that 

allows two–dimensional data analysis and representation.  The tool is the result of combining, 

and adapting to a two–dimensional environment, homemade functions developed by the 

Cardiovascular MR Team plus providing convenient visualization methods. The three–

chamber plane of the heart has been chosen with the aim of tracking the whole blood path 

through the left ventricle.   

 

The flow–motion tool capabilities are schematically represented in figure 15. Besides, this 

diagram offers an intuitive perspective of the tool development workflow. The starting point 

is the DICOM data, obtained from the MR system. Once the data is read, modified, and saved 

again in a more convenient format, it must be postprocessed. The postprocessing is going to 

be different depending on the data. Later, the quantification is carried out for speed, velocity, 

TKE, pressure and myocardial strain; and finally, every parameter needs to be visualized. 

 

Another important part of the presented method, omitted from the previous diagram for 

simplicity, is a mask editor. The mask editor allows the user to select certain regions in the 
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figure and discriminate everything else when performing further calculations.  As is going to 

be explained later on, this is of major importance in separating blood from myocardium, when 

calculating the pressure. 

 

The entire tool has been built using GUIDE, the Matlab's Graphical User Interface (GUI); and 

it calls functions implemented both in Matlab and C.   

Fig. 15 General diagram of the project   

 

 

3.1. – DICOM Reader 
 

The first need of the method consisted in becoming familiar with the standard for Digital 

Imaging and Communications in Medicine (DICOM) provided by the Philips Achieva 1.5T. 

DICOM is a standard for storing and transmitting medical images, which consists of several 

attributes to provide information of the image, the patient, and the MR system (29). Even if 

DICOM is a standard, the programmer should expect certain freedom in data–structuring and 

content, depending on MR manufacturers. 

 

This MR system not only provides the raw data; but also postprocess and export some images.  

Together with the DICOM–images, there is expected a DICOMDIR–file. This DICOMDIR–

file is used as a kind of index that guides us through the files and folders that make up the 

patient imaging data.  
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The data itself is expected to be single–slice if every image is included in a separated file or 

multi–slice if all slices are included in the same file. Multi–slice is commonly used by the 

Team due to its appropriateness when working with huge volume of images, however is not 

wide–spread, so in this method both possibilities had to be considered. 

 

To the project purpose, the DICOM format contains a lot non–useful information that make 

the whole process slightly taxing; so the first coding part consisted in creating a two–

dimensional DICOM reader able to read the data, collect the required information from the 

DICOM attributes, and save it in a structured and more appropriated way; i.e. as Matlab files 

(*.MAT).  

 

The new data structure follows a common pattern used by the Team. Common guidelines 

have been followed during the entire programming process with the aims of reducing possible 

incompatibilities among tools and making simpler for anybody in the Team to cope with the 

code.   

 

 

3.2. – Magnitude Data 
 

The magnitude data used in this method is obtained from the PC dataset, which is a significant 

advantage because perfect matching between magnitude and velocity images is ensured 

spatially and temporally, and no further resampling is needed.  

 

In the case of working with different datasets, spatial resampling has to be considered to 

match both of them. Likewise, the temporal position of the images in each dataset might be 

different, requiring interpolation. For both purposes, the programmer relies on position and 

time information included in the DICOM attributes.  

 

This method codes the magnitude data, without any further correction, in a traditional 

greyscale, as the tool background.  The magnitude data provides structural information about 

the heart tissues, being a benchmark for masks and flow visualizations.  
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3.3. – Motion Sensitive Data  
 

As can be distinguished in the main diagram (figure 15), the whole project is based on two 

motion sensitive datasets different from each other. Indeed, except from the fact that they both 

describe motion, their whole treatment first in the MR system and later in the flow–motion 

tool is notably different. These peculiarities not only affect their postprocessing but also the 

way in which they can be visualized.  

 

   

3.3.1. – Phase–Contrast MR Data 

 

In the introduction it was explained that cardiac Phase–Contrast MRI provides accurate 

information about the blood flow, in this concrete case about the flow in the left atrium, the 

left ventricle, and the ascending aorta.  

 

The flow data is obtained by the MR system using the four point encoding strategy mentioned 

in the background, presenting the velocities in the following directions: Anterior–Posterior 

(AP), Feet–Head (FH), and Right–Left (RL). 

 

Postprocessing 

 

Once the phase–contrast data is obtained from the MR system, it has been not only combined 

in AP/FH/RL coordinates but also partially postprocessed. Specifically, this MR system 

corrects the Maxwell effect before exporting the images. However, this is not the single 

source of phase offset affecting the acquisition, so further postprocessing considering Eddy 

currents and perhaps wrapping is required.  

 

Eddy currents have been compensated by using an automat correction via weighted fit high 

order polynomies (30).  

 

Wrapping–wise, the four point strategy considerably simplifies the postprocessing due its 

straightforward approach compared to the Hadamard strategy. Therefore, phase–wrapping can 

corrected independently for every velocity direction by analyzing abrupt changes in its phase 

(i.e. very low velocity areas surrounded by a very high velocities areas) (31) 
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Finally, the coordinate system that makes reference to AP/FH/RL axes is transformed into a 

coordinate system that references the 3chamber plane. From here on, two of the three 

velocities directions will be considered in–plane velocity directions while the third one, 

perpendicular, will be referred as through–plane velocity direction.  

 

At this point the phase–contrast data postprocessing is concluded and the rest of the 

calculations can be conducted. 

 

Speed  

 

The first and most straight forward calculation in the created tool is the speed. The speed is 

the magnitude of the velocity for every pixel. The speed offers a representation of the amount 

of velocity for each point, neglecting the directional information. 

 

��� =  ��x
� + �y

� + �z
�                                                                                                               [12]                  

 

Where �x �y, and �z are the velocity data for the three spatial directions. 

 

The speed is visualized by colour mapping. The method also provides thresholding both in 

speed, allowing the user to set the speed range, and magnitude. Similar types of thresholds are 

included in most of the plotting modes. 

 

Velocity  

 

After post processing, the velocity data is ready to be plotted without any further calculation. 

The single concern regards its representation. The velocity data is actually two–dimensional 

three–directional velocity data, containing magnitude and direction. Hence, one problem 

comes from the attempt to plot three spatial directions in a two–dimensional context. 

 

The presented method provides several representation including both arrow maps and 

streamlines. Besides, some extra capabilities to assist the visualization of the standard arrow 

map, e.g. zooming, were included in the tool.  

 

But the standard arrow map is not the single one available; indeed, two colour-coded arrow 

maps were also implemented. One of them emphasizes the through–plane information, i.e. if 
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the flow is moving from the plane upwards or downwards, while the other stresses the in–

plane information. 

  

Streamlines take advantage of the colour to give a visual clue of their length. When plotting 

streamlines, different parameters, as streamline–length and the number of steps for each 

streamline, can be adjusted. After studying different scenarios the solution included in the tool 

consisted in creating a simplified three position slide–bar able to increase or decrease the 

density of the streamlines. 

 

As mentioned in the speed case, thresholding is available in the velocity plotting with the 

purpose of considering or not pixel with very low magnitude that can have inaccurate velocity 

values.  

 

Turbulent Kinetic Energy  

 

As was explained in the background, the TKE can be obtained from the velocity dataset. To 

obtain the standard deviation and calculate the TKE low VENC values are preferred. Low 

VENC values entail wrapping in the velocity data, but as has been explained this is not a great 

concern when using the four point encoding strategy. Hence, it can be stated that the same PC 

MRI data can be used for both velocity and TKE (19). This is the case of the presented 

method and it is a very favourable characteristic of TKE.    

 

Even if the TKE is actually calculated from the PC MRI data, due to the different treatment of 

these techniques that has been traditionally made by the Team, the TKE and the PC MRI 

reading and postprocessing methods are very similar but independent. 

 

In this case the method exports the Scan Segments (SS) from the MR system, which are the 

complete PC MRI datasets including both magnitude and phase information. Then, the data is 

postprocess as was explained before. Once the SS has been post processed, the Intra–Voxel 

Standard Deviation (IVSD) is calculated for all three encoding directions, and finally the TKE 

is obtained as the magnitude of the IVSD. This process lies, again, in demonstrated 

homemade functions (19).  

 

The visualization of the TKE is a simple task, for being TKE a scalar value for every pixel. 

Colour mapping has been used and both magnitude and TKE thresholding are available. 
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Pressure 

 

In this method the relative pressure calculation presented in the background has been 

implemented. This relative pressure calculation has been already proved (23). 

 

From the method point of view, the first requirement for the pressure calculation is 

determining the Neumann boundaries; this means that the blood–pool has to be discriminated 

from myocardial muscle.  

 

The boundaries are defined by constructing a binary mask. The myocardial movement 

together with the valves opening and closing changes the integration area all the time, making 

absolutely necessary to define a different mask for every time frame if a detailed and reliable 

pressure calculation is pursued. 

 

To really make the software compact and simple, which is one of the main aims of the 

method, semiautomatic segmentation tools are required; some of these semiautomatic 

capabilities have been already developed and will be explained during the mask editor 

description. 

 

After obtaining the boundaries, the pressure gradient is calculated by polynomial expansion. 

After that, an anti–gradient is applied to obtain the relative pressure field. Both homemade 

methods are available on the web (32) (33). 

 

The relative pressure calculation is performed for all time frames at once; becoming a slightly 

taxing procedure, but producing no delay later on.  

 

To visualize the relative pressure field a wrapped gray–scale colour code has been used. The 

goal of the wrapping effect is to being able to plot and distinguish a very wide range of values 

with the same plotting mode, because the relative pressure changes dramatically among time 

frames. Besides, cursors are specifically created to show the difference in pressure between 

pixels. 
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3.3.2. – Displacement Encoding with Stimulated Echo Data 

 

In the same way that occurred with the phase contrast data, displacement encoding data is 

obtained from the MR system as DICOM data, later is read and saved as Matlab files by the 

tool.  

 

Once the data is imported into Matlab, the data will be postprocessed for the oncoming 

displacement calculations. Due to the longer gradient times in DENSE, regarding phase–

contrast data, phase distortion is expected. This distortion is directly related to a Eddy and 

Maxwell currents (26).  

 

This method has minimum contact with the DENSE postprocessing due to the existence of 

proved homemade functions that work seamlessly in both three and two dimensions (27). 

 

As was mentioned in the introduction to the visualization part, DENSE visualization is a 

challenge in its own, due to the complexity of the available data, concretely the strain tensor 

for every pixel. The first eigenvalue of the strain tensor for every pixel makes reference to its 

maximum amount of deformation, and the first eigenvector to the direction of this 

deformation. The flow–motion tool discards the first strain eigenvectors and considers solely 

the eigenvalues in order to create a colour–map of the maximum stretch for every pixel. 

 

The DENSE dataset also contains its own magnitude data, which in this case is used by the 

mask editor to facilitate the DENSE masking.  

 

One extra concern that takes place when working with two independent datasets is often the 

possible misalignments between them. The optimal solution for this problem would be an 

automatic alignment process based, probably, on registration. However due to the notable 

differences between datasets registration is not always easy.  

 

A simple shifting tool is attached to the DENSE mode, in order to match the DENSE image 

with the velocity. Nevertheless, the user has to keep in mind that this software does not allow 

DENSE rotation, so it can solve nothing but minor misalignments. Indeed major 

misalignment could be the product of some error while acquiring or postprocessing the data 

and must be considered cautiously. 
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3.4. – Mask Editor 
   

The mask editor is another homemade Matlab's GUI based tool that has been linked to the 

flow–motion tool. It permits the user to create a binary mask with the aim of excluding some 

image regions in further calculations. 

 

As has been pointed out during the pressure calculation paragraphs, a requirement to calculate 

the pressure for a given area or volume is the ability of discriminating between myocardial 

tissue and the blood–pool. In fact, this is the mask editor raison d'être. 

 

As have been also mentioned, in order to achieve a proper and user-friendly data analysis, 

higher amount of automation is needed in masking. The current method widens the 

capabilities of the homemade mask editor by adding new functionalities. 

 

The original tool provided a simple and versatile interface; in which the user could choose 

among a pixel–brush, a thicker brush, and a fill or empty tool among others. 

 

The present method incorporates a few extra settings that result in a faster and more efficient 

user handling.  For instance, now the target area can be approached by using region growing 

or magnitude thresholding, these methods usually discriminate decently among blood–pool 

and myocardium. Later, the area can be fenced by using a spline–derived function, making the 

whole process faster, easier and more accurate. 

 

Once the mask is obtained for a single time–frame, it can be copied in all time–frames and 

then adjusted manually in everyone.  

 

Also regarding the masking process, it has to be mentioned that the pressure calculation takes 

place the first time that a new mask is available. This is, just after closing the mask editor, or 

just after loading a previously saved mask. 
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4. – Results 
  

The aim of this project has been to create an intuitive and compact two dimensional tool that 

allows flow–motion analysis in the cardiac three–chamber plane.       

     

The presented software allows the user to load two dimensional DICOM data, in both single–

slice and multi–slice format. After reading the data and saving it in a more suitable Matlab–

file format, the data is postprocess. Finally, the data is presented as in figure 16 and the 

software ready to be used.  

 

Five well differentiated areas can be noticed when using this software: 

 

• Three displays (in yellow): one central display and two auxiliary ones. 

 

• Upper–right menu and check–boxes (1): this is the main menu and allows the user to 

navigate among the different visualization modes (e.g. magnitude, speed, velocity, 

etc.). As occurs with the velocity, sometimes other visualization modes are enabled or 

disabled through check–boxes; this is required to fuse different visualizations.  
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• Right–side context menu (2): just below the main menu there is a context menu that 

varies with the main one, providing all the extra settings available for every 

visualization mode. 

 

• Upper–left bar (3): This button–bar allows zooming, dragging and cursors capabilities; 

which turn to be very convenient for a proper data analysis. 

 

• Left–side button menu (4): This button–menu provides control over the mask. This is 

access to the editor, and the possibility of saving and loading a mask. 

 Fig. 16 Flow motion tool interface 

 

 

4.1. – Speed Visualization 
 

The speed visualization provides a simple perspective of the blood exchange between 

chambers, shown in a colour–code that goes from black to white, passing through red, yellow, 

and orange.  

 



 

The peak plotted velocity (codified in white) is also provided

over black background.   

 

Both time frame and thresholds can be adjusted. Besides, if there were a mask it could be 

taken into consideration in the speed representation

Fig. 17 Speed example during systole

 

Figure 17 shows an example of

magnitude threshold is set too high, some useful speed values

magnitude below the threshold

The peak plotted velocity (codified in white) is also provided below the image, gre

Both time frame and thresholds can be adjusted. Besides, if there were a mask it could be 

in the speed representation. 

Speed example during systole with different magnitude thresholds. Healthy patient: systole

an example of the usage of the magnitude threshold. By one hand, i

magnitude threshold is set too high, some useful speed values will be neglected

the threshold (figure 17 right bottom). By the other hand, if the magnitude 
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below the image, green letters 

Both time frame and thresholds can be adjusted. Besides, if there were a mask it could be 

ealthy patient: systole 

By one hand, if the 

will be neglected, for having a 

. By the other hand, if the magnitude 
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threshold is set too low, some low-magnitude pixels mainly from the pulmonary area, will be 

considered; some of these low-magnitude pixels have very high phase and will mislead the 

peak velocity representation resulting in loss of speed resolution in the colour scale (figure 17 

left bottom) 

 

The effect of these thresholds in the resulting image is crucial not only in the speed case, but 

in almost any other plotting mode. 

 

 

4.2. – Velocity Visualization 
 

The tool allows multiple velocity visualization modes. They are divided into arrow–lines and 

streamlines approaches. 

 

The most straightforward representation is a uniform blue arrow map. The blue arrow map is 

a little hard to analyze, so zooming tools are included to assist the user and make the plot 

clearer (see figure 18).  

Fig. 18 Uniform arrow maps assisted by zooming. Healthy patient: systole 

 



 

Fig. 19 In–plane vs. through–plane colour

Fig. 20 Same representation with different amount of 

(bottom–right), and medium density (top). 

colour–coded arrow maps. Healthy patient: systole 

with different amount of streamlines: low density (bottom

ight), and medium density (top). Healthy patient: systole 
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: low density (bottom–left), high density 
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The rest of the arrow map representations take advantage of the colour to code one spatial 

direction. As was explained in the method, the in

velocity direction within the image plane

code the flow direction perpendicular to the image plane

   

An even better known visualization technique to represent the velocity is streamlines

20). They provide a clue of the particle trace for a given time

 

Streamlines have been colour

plotted modes are allowed regarding the amount of streamlines.

 

 

4.3. – Turbulent Kinetic Energy Visualization

The turbulent kinetic energy is visualized

speed. As explained then, different threshold are enabled and peak t

displayed. In this case, the used colour map goes from shade blue to shade green and in a 

semitransparent style. 

 

Fig. 21 Turbulent kinetic energy in peak systole

The rest of the arrow map representations take advantage of the colour to code one spatial 

plained in the method, the in–plane representation colour

velocity direction within the image plane (figure 19 left); the through plane direction colour

code the flow direction perpendicular to the image plane (figure 19 right).  

known visualization technique to represent the velocity is streamlines

. They provide a clue of the particle trace for a given time–frame. 

Streamlines have been colour–coded from black to light copper. Besides, three different 

e allowed regarding the amount of streamlines. 

Turbulent Kinetic Energy Visualization

nergy is visualized, as shown below, in a very similar fashion to the 

speed. As explained then, different threshold are enabled and peak turbulent kinetic energy is 

displayed. In this case, the used colour map goes from shade blue to shade green and in a 

urbulent kinetic energy in peak systole. Patient with low systolic perfusion  

The rest of the arrow map representations take advantage of the colour to code one spatial 

plane representation colour–code the 

; the through plane direction colour–

 

known visualization technique to represent the velocity is streamlines (figure 

coded from black to light copper. Besides, three different 

Turbulent Kinetic Energy Visualization 

in a very similar fashion to the 

urbulent kinetic energy is 

displayed. In this case, the used colour map goes from shade blue to shade green and in a 



 

4.4. – Pressure Visualizati
 

Pressure is plotted in a gray–

figure shows a representation 

with different wrapping factors. 

Fig. 22 Pressure visualization (non–

 

isualization 

–scale colour code, with or without wrapping effect. The next 

representation of the pressure data in systole, first without wrapping and later 

with different wrapping factors.  

–wrapped and wrapped representations). Healthy patient: systole
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scale colour code, with or without wrapping effect. The next 

, first without wrapping and later 

Healthy patient: systole 
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As shown in figure 22 cursors are very handy to detail the pressure difference between two 

pixels. The data cursors in the lower figure show that the difference between one colour and 

the same after one wrapping step is precisely the wrapping factor.

 

 

4.5. – Displacement Encod

The flow–motion tool represents a map of the 1

information of the amount of strain 

 

Fig. 23 DENSE example for a patient with

 

The used colour–map is the same one used for the TKE plotting, going from 

shade green.  

 

The example in figure 23 provides information of the

to the myocardium. Light green areas represent high strain values, while blue values show 

areas the strain or deformation is minor.

 

 

cursors are very handy to detail the pressure difference between two 

. The data cursors in the lower figure show that the difference between one colour and 

the same after one wrapping step is precisely the wrapping factor. 

Displacement Encoding with Stimulated Echo 

motion tool represents a map of the 1st eigenvalue of the strain

strain of every pixel. 

example for a patient with low systolic perfusion. 

map is the same one used for the TKE plotting, going from 

provides information of the strain taking place in ever

to the myocardium. Light green areas represent high strain values, while blue values show 

areas the strain or deformation is minor. 

cursors are very handy to detail the pressure difference between two 

. The data cursors in the lower figure show that the difference between one colour and 

with Stimulated Echo  

strain data, offering 

map is the same one used for the TKE plotting, going from shade blue to 

taking place in every pixel close 

to the myocardium. Light green areas represent high strain values, while blue values show 



 

4.6. – Image Fusion

This section presents some of the several image fusion possibilities that the flow moti

provides.  

To merge velocity and pressure data will provide a more complete view

blood movement. For instance, figure 2

Fig. 24 Vortices detail merging pressure and streamlines

 

 

In a similar way, figure 25 shows 

area during systole.  

 

 

 

 

Image Fusion  

This section presents some of the several image fusion possibilities that the flow moti

To merge velocity and pressure data will provide a more complete view of the nature of the 

blood movement. For instance, figure 24 shows a pressure drop in the vortex core. 

Vortices detail merging pressure and streamlines. Patient with low systolic perfusion

shows a pressure drop, not so obvious this time,
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This section presents some of the several image fusion possibilities that the flow motion tool 

of the nature of the 

shows a pressure drop in the vortex core.  

ent with low systolic perfusion 

a pressure drop, not so obvious this time, in the aortic valve 
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Fig. 25 Drop pressure in aortic valve 

 

 

Another scenario in which a merging

velocity data (7). Some possibilities are presented below.

Fig. 26 Different combinations between s

 

 

aortic valve during systole. Healthy patient 

merging plotting can be desirable is putting together 

Some possibilities are presented below. 

Different combinations between strain and velocity data. Patient with low systolic perfusion

is putting together strain and 

with low systolic perfusion 



 

Finally, interesting results were found when merging velocity, streamlines, with turbulent 

kinetic energy. An expected but 

jet–flow breakdown (defined by long

 

Fig. 27 Detail of the jet–flow breakdown fusing TKE and streamlines

 

Even if only the a few combinations have been 

allowing almost any possible combination between the previous

 

 

4.8. – A Glance at
 

As has been described, the mask editor is a 

however, it can also be used to fence any other representati

Finally, interesting results were found when merging velocity, streamlines, with turbulent 

kinetic energy. An expected but illustrative scenario is shown in figure 27

w breakdown (defined by long–short streamlines transition) to turbulent values. 

flow breakdown fusing TKE and streamlines. Patient with low systolic perfusion

combinations have been presented, the software is pretty flexible 

combination between the previously quantified

at the Mask Editor 

As has been described, the mask editor is a fundamental tool in the pressure

so be used to fence any other representation (e.g. velocity, speed, etc.).
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Finally, interesting results were found when merging velocity, streamlines, with turbulent 

7, which relates the 

short streamlines transition) to turbulent values.  

 

with low systolic perfusion 

are is pretty flexible 

ly quantified parameters. 

ressure calculation; 

on (e.g. velocity, speed, etc.). 
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Fig. 28 Example of masking the left 

(second figure from left to right) and the spline

 

Figure 29 is one example of how mask can be used to fence the velocity representation when 

desired. 

 

 

Fig. 29 Velocity visualization with masking (left) and without masking (right)

 

 

Example of masking the left ventricle and the ascending aorta assisted by m

and the spline–derived tool (third figure from left to right)

is one example of how mask can be used to fence the velocity representation when 

with masking (left) and without masking (right)  

 
magnitude thresholding 

re from left to right) 

is one example of how mask can be used to fence the velocity representation when 



 

The mask editor is again very useful whe

segmentation process for strain data.

Fig. 30 Myocardial masking assisted by the spline

 

The mask editor is again very useful when plotting strain data. Figure 30

segmentation process for strain data. 

masking assisted by the spline–derived tool (second figure from left to right)
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ting strain data. Figure 30 sketches the 

 
(second figure from left to right) 
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5. – Discussion 
 

A fast, user-friendly and compact tool has been created to analyze motion data from 

cardiovascular MR. The new software combines and adapt into a two–dimensional 

environment homemade proved algorithms capable of quantifying velocity, TKE, pressure, 

and strain. The software allows a wide range of visualization modes, including both isolated 

and merged techniques. 

 

The next lines stand out some of the most important aspect regarding the development of the 

presented tool. The discussion justifies some of the decisions that have been made during the 

development process, as well as proposes new directions in which further developments seem 

to be worthy. 

  

5.1. – 3D versus 2D 
 

A 2D environment should not be just considered as a simplification of the 3D one, instead 

there should be noticed numerous advantages. 
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One of these advantages is the short scan times. Indeed, long scan times in 3D CINE MRI are 

often a major setback, strongly related to its high price. The transition from the 3D MRI to 2D 

MRI enables a much faster and economic procedure (28) (3) (22); which seems more 

reasonable from a clinical point of view.  

 

The fact that 2D MRI requires a much smaller amount of data also entails a much faster 

postprocessing, analysis, and visualization. Indeed, some of the most notable advantages of 

the presented program, when comparing it to three dimensional MR quantification tools, are 

its simplicity and compactness. 

 

Furthermore, 2D MR test are becoming fast enough to get rid of some errors that must be 

assumed in 3D. One example is respiratory motion errors than can already be suppressed 

thank to breath hold techniques (22). 

 

However, working in 2D rather than 3D also leads to some difficulties that must be 

considered. 2D is prone to plane misalignments and it is more complex from a planning 

perspective; and so, less automatic (34). Another 2D inconvenience is that provides 

incomplete information of the three–dimensional volume that may result in lack of critic 

information. 

 

All in all, 2D seems to be much more an advantage than a setback in our case. 

 

During the development of the flow–motion tool, 3D algorithms needed to be adapted to a 2D 

scenario. However, from now on, this tool is also intended to be a simple and fast 

environment in which analyze new algorithms before being implemented in 3D, taking 

advantage of the fact that in many cases the quantification is very similar in both 2D and 3D. 

 

 

5.2. – Visualization 
 

The visualization is a tricky and subjective process in which a given method is implemented 

with the aim of providing an intuitive and clear perspective of the presented data. Every 

visualization solution has pros and cons and the clinical and research usage is the only 

indicator of its appropriateness. This is a challenging aspect for engineers, which requires 

close collaboration with physicians. 
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The most controversial representations in the flow–motion tool were related to the velocity 

and the strain. 

 

Regarding the velocity plotting, arrow maps are perhaps a little too dense, hindering a clear 

perspective; and sometimes resulting in too colourful images, which is the case in the in–

plane arrow map. Streamlines, by their side, are a little taxing from a user perspective. It is 

important to notice that some of these issues can be partially fixed by improving the tool 

coding; however most of them are direct result of the limitations imposed by Matlab and its 

GUI. 

 

The complexity of the displacement and the great amount of available data make its 

representation challenging. The flow–motion tool presents just one solution to this 

representation problem, but it seems worthy to add more representations, e.g. glyphs maps, to 

really take advantage of the amount of strain data.  

 

Eventually, every representation needs to be a compromise between what physicians are 

expecting to see and what engineers are able to plot.  

 

  

5.3. – Image Fusion 
 

It seems reasonable to suspect connections between the myocardial displacement, and blood 

flow. In fact, both MRI and echocardiography have already been used to study some of these 

relationships. (7).  It looks like researchers agree that simultaneous studies provide a better 

understanding of the mechanics and fluid dynamics within the heart. (7, 35) And so, this area 

seems promising in order to deeply understand cardiac dynamics. 

 

Because of the promising future of this image fusion area, one of the most relevant features of 

the flow–motion tool is the possibility of merging different representations. Pressure, TKE, 

velocity, and strain can be represented together in almost every possible combination. This 

can be especially useful in the study of some behaviours or evidences that just by themselves 

are not very explanatory.  
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5.4. – Future Work 
 

Even if the major goals of the project have been fulfilled, the appropriateness of some new 

features has raised gradually during the coding process. Some of them have not been included 

because of the time limitation, while others were addressed but discarded due to its high 

complexity. Next, the most relevant cases are exposed. 

 

 

5.4.1. – Three–Chamber Plane 

 

The three–chamber view is just one of the possible planes to analyze. It is especially 

convenient because it provides the entrance and exit of the blood into the left ventricle. 

However, there would be more convenient a tool able to analyze any other plane.  

 

Theoretically, the flow–motion tool would work properly for any given plane. 

 

 

5.4.2. – Mask Editor Consideration  

 

Regarding the mask editor there is still a long way ahead. This is one of the most tedious parts 

within the postprocessing, requiring a notable amount of time and effort by the user. These 

concerns are even bigger when facing three dimensional postprocessing. A handy, 

semiautomatic mask editor would be strongly recommendable to make the masking process 

easier and agile. 

 

Nevertheless there are some technical considerations that make this goal not obvious. For 

instance, the low difference in contrast between myocardial tissue and the blood pool in phase 

contrast data. Instead, DENSE data offers a remarkable contrast among these two tissue types, 

but relying on DENSE data for the phase contrast segmentation is just a partial solution 

because DENSE is not always available and small misalignments are often present. 

 

As was mention in the method, once the mask is obtained for a single time frame, it can be 

copied in all time frames and then adjusted manually in everyone. During the coding process 

a few solutions to automatize the masking process were attempted. The proposed solutions 

were mostly based on morphological imaging concepts and none of them succeeded.  
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Lately, the MR team is trying to address the automatic segmentation by registering the target 

dataset with other higher contrast available datasets.  

 

5.4.3. – Displacement Encoding Data 

 

The DENSE data used in this project consisted of three time–frames in late systole. These 

time frames are especially useful when analyzing the experienced strain by the myocardium 

during the whole systole period. There are many applications of interest that could be 

considered by loading more strain data in the flow–motion tool.  

  

As mentioned, strain could be a useful ally to automatize the whole postprocessing. However, 

a higher amount of time frames distributed along the whole heartbeat would be required. In 

the same direction, the relation between strain data and the rest of the quantifications could be 

further studied and perhaps some extra capabilities could be included in the software. 

Anyway, there is no limitation from the tool side in this sense, and it is just a matter of 

loading more strain data. 

 

 

5.4.4. – Faster and Better 

 

To create useful software for physicians, the program should be as “light” as possible, 

enabling fast and handy data analysis without uncomfortable and frustrating waits.  Often, it is 

a good practice to make certain operations just once, usually at the beginning or when loading 

the data for the first time, and then save the data to reduce the number of operations while 

running the program.  

 

The most time consuming capabilities of the flow–motion tool are often related with the 

visualization of certain parameters, e.g. streamlines and arrow–maps, and there is no 

straightforward solution to most of them because they are imposed by Matlab.  

 

At this point the flow–motion is a reality and it is ready to be used; from now on, it should be 

feed with the feedback of its actual users in order to fulfil more and more their expectancies. 
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