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Abstract 

 The measurement of pulse wave velocity (PWV) using conventional phase contrast 

magnetic resonance imaging (PC-MRI) is recognized as a standard technique to assess 

arterial stiffness by measuring the arrival times of blood velocity waveforms. Conventional 

PC-MRI requires the acquisition of two sets of complex images with different velocity 

sensitivities or encodings. The two sets of phase images are then subtracted to yield a final 

quantitative velocity image independent of background phases, i.e. non flow related phase 

variations stemming from the magnetic field inhomogeneities. However, the acquisition of 

two sets of images represents a significant increase in scan time (or reduce in temporal 

resolution), thus limiting its application for PWV assessment.   

This study introduces a novel method based on the use of single velocity encoding in 

phase contrast imaging (SEPC) to determine PWV. The acquisition of a single image 

decreases the scan time or improves the temporal resolution by a factor of two. The 

resulting phase image is non-quantitative, being simply proportional to the blood velocity. 

However, since the arrival time of the pulse wave and not the absolute velocity is of interest, 

this method is reasonable in PWV measurement.  

The SEPC method was compared to conventional PC-MRI with SEPC having twice 

the temporal resolution, and with SEPC having half the scan time. Both methods were 

breath held and validated against a conventional PC-MRI technique with high temporal 

resolution obtained at the cost of a long free breathing scan, defined in this study as the gold 

standard. The SEPC method, at twice temporal resolution and half scan time, both showed 

better agreement with the gold standard than conventional PC-MRI. With these findings, we 
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believe that the SEPC method can replace conventional PC-MRI in the assessment of 

arterial stiffness.  
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Chapter I 

Introduction and Background: Arterial Stiffness and Pulse Wave Velocity 

1.1 Cardiovascular System 

The cardiovascular system is made up of the heart and blood vessels that carry blood 

through the body. It has two main divisions: a pulmonary circulation, which carries 

deoxygenated blood from the heart to the lungs for gas exchange and then returns 

oxygenated blood to the heart, and a systemic circulation, which carries oxygenated blood to 

every organ of the body and returns deoxygenated blood to the heart. Proper functioning of 

the cardiovascular system ensures that oxygen and nutrients are transported to all tissues in 

the body and metabolic wastes removed from the same tissues. The cardiovascular system 

interacts with all the organ systems to perform its primary function and help sustain life. Any 

disease or disorder that may affect the normal functioning of the cardiovascular system is 

called cardiovascular disease (CVD).  

CVD is the leading cause of death for both men and women of all races and ethnic 

groups across the world. According to the statistics of world health organization in 2003, 

approximately 16.7 million people around the world died of CVD, which equals to an 

average of one death every 1.8 seconds [1]. The number of deaths each year is projected to 

rise to nearly 25 million by 2020 [2]. This demonstrates the need for identifying individuals at 

early cardiovascular risk and providing therapeutic measures in order to prevent or minimize 

the incapacitating consequences associated with CVD.  
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In recent years, arterial stiffness has been shown to play a critical role in the 

development of CVD [3]. The assessment of arterial stiffness has gained substantial clinical 

interest in understanding the pathologic mechanisms that may lead to the development and 

progression of changes in arterial structure associated with CVD.  

1.2 Arterial Stiffness  

Arterial stiffness can be defined as the ability of the artery to expand and contract 

during cardiac pulsation and relaxation [4]. Other related terms such as compliance and 

distensibility are all different aspects of arterial stiffness, and are important vessel wall 

properties [5]. Arterial compliance is defined as the change in the vessel diameter in response 

to change in blood pressure, and has an effect on blood flow dynamics, cardiac contractility 

and perfusion. A decrease in arterial compliance means an increase in blood pressure to 

transfer the same amount of blood. Distensibility is defined as the arterial compliance 

relative to the initial diameter of the artery, providing normalization for different size vessels.  

Arterial stiffness is a strong predictor of cardiovascular morbidity and mortality [6-8]. 

It is a dynamic parameter that can not only be regulated by changes in the structural 

components such as collagen, elastin, and endothelial cells, but also by changes in smooth 

muscle tone and circulating factors, including nitric oxide and endothelin-1[9]. Factors that 

are associated with arterial stiffness can be represented by an increase in velocity of the 

pressure wave. The pressure wave is generated by the heart just before blood is pumped into 

the aorta. In a healthy human aorta, the pressure wave travels down the conduit vessels until 

it gets reflected by the periphery and returns to the central aorta during diastole. Reflection 

of the pressure wave during diastole plays an important role in maintaining diastolic 

perfusion pressure in the coronary artery circulation [10, 11]. However, as the aorta stiffens, 
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the velocity of the pressure wave increases which leads to an early reflection of the wave, 

thus allowing the pressure wave to reach central aorta at the end of systole, instead of 

diastole. This augments the systolic blood pressure and increases cardiac afterload, and may 

manifest into hypertension over a period of time [10-12]. 

1.2.1 Factors that affect Arterial Stiffness 

1.2.1.1 Age 

Aging is a major determinant of arterial stiffness. The characteristic changes in the 

arterial wall associated with aging are wall thickening, medial degeneration, endothelial 

dysfunction, reduction of elastic wall properties, and calcium deposition [13, 14]. Medial 

degeneration is the principal characteristic of aging that leads to progressive stiffening of the 

arterial wall [15]. Another major change due to aging is the increase in the calcium content of 

the arterial wall. Increase in calcium is considered a potential risk factor for arterial stiffness 

[14]. Other age related factors such as change in the extracellular matrix (ECM), increased 

vascular smooth muscle and elastin degradation are all contributors to arterial stiffness.   

1.2.1.2 Hypertension  

Hypertension is a term used to describe the chronic elevation of blood pressure in 

arteries. It is a physical symptom that increases load on the heart and stresses on arteries, and 

accelerates CVD [16]. The main problem in hypertension is increased mean arterial pressure 

that leads to increased arterial diameter and stiffness. This is not a problem at low pressure 

because the stresses are endured by the elastin components. However, as pressure increases, 

the arterial wall recruits more collagen fibers to compensate changes in wall stress, thus 

causing the elastic arteries to become larger and stiffer [10]. As hypertension sustains over a 
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period of time, arterial degeneration is accelerated and the physical changes in the arterial 

walls becomes similar to those seen with aging [17-19]. 

1.2.1.3 Physical Activity  

Regular physical activity plays a beneficial role in reducing the risk of developing 

CVD by lowering the risk factors such as blood pressure, lipid profile, and body weight [20, 

21].  A study on pre-pubertal obese children of ages 6 to 11 years showed that regular 

physical activity reduces blood pressure, arterial stiffness, and abdominal fat [22]. However, a 

study on middle aged patients showed that physical activity can reduce arterial stiffness in 

normal blood pressure or mild hypertension, but not without dietary changes and drug 

therapy in severe hypertension [23]. In severe hypertension, chronically elevated blood 

pressure causes structural changes in the arteries that may permanently affect the elastic 

properties of the vessels, and thus negate the effects of physical activity. For these patients, a 

combination of proper pharmacological treatment, healthy diet and regular physical activity 

is advised to reduce arterial stiffness [23].  

1.2.1.4 Inflammation   

There are different mechanisms in which inflammation may stiffen large arteries. 

Studies have shown that inflamation causes endothelial dysfunction, which leads to arterial 

stiffness due to reduced nitric oxide bioavailability and increased endothelin-1 [24, 25]. In 

addition, endothelial dysfunction that is associated with an increase in smooth muscle cell 

and collagen can also stiffen large arteries [26]. Chronic inflammation is also known to cause 

arterial stiffness by releasing a number of matrix metalloproteinases (MMP), including MMP-

9 that can degrade elastin and cause arterial stiffness [27].  
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1.2.2 Pathophysiology of Arterial Stiffness  

In recent years, many studies have improved our understanding of the 

pathophysiology of arterial stiffness. The process of arterial stiffness is accompained by 

many physiological conditions, cardiovascular risk factors and genetic backgrounds. 

Histological findings of stiffened arteries show damaged endothelium, infiltration of smooth 

muscle cells, fewer elastin molecules, increased collagen molecules, cytokines, inflammatory 

activities, and MMPs [28]. Endothelial cells carry out important regulatory functions to 

numerous physiological stimuli such as shear stress, pulsatile stress and forces exerted by the 

blood flow. They respond by releasing vasoactive mediators like nitric oxide and endothelin-

1. However, damage to the endothelium impairs the ability to respond normally to these 

physiological stimuli, and leads to the stiffening of the aorta. Arterial stiffness can also 

develop from the interaction between stable and dynamic changes of the vessel wall 

influenced by hemodynamic forces and some extrinsic factors such as hormones, salt, and 

glucose regulation [29].    

Pathophysiology of the arterial stiffness is based on the dysregulation of the balance 

between collagen and elastin, leading to overproduction of abnormal collagen and excessive 

breakdown of normal elastin [30]. This imbalance is caused by matrix degrading proteinases 

such as MMPs. Both collagen and elastin provide structural support and elasticity to the 

vessel wall. Collagens are stabilized by enzymatic cross linking, and are insoluble to 

hydrolytic enzymes. However, the breakage in their bonds causes them to disentangle and 

break their structural integrity. Then, they become susceptible to nonenzymatic glycation 

cross linking that leads to an increase in abnormal collagen content. Similarly, elastin 

molecules are also stabilized by cross linking, and disruption to their bonds causes 
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predisposition of calcium and phosphorus [29, 31]. Both these phenomena are regulated by 

MMPs and lead to arterial stiffening.     

1.2.3 Assessment of Arterial Stiffness 

The most accurate method for the assessment of arterial stiffness requires the 

measurement of aortic pressure waves using catheters [32-34]. This method is not feasible in 

human subjects because it is invasive. However, several non-invasive methods have been 

proposed that rely on Doppler ultrasound [35] and magnetic resonance imaging (MRI) to 

assess arterial stiffness [36-39]. They involve the measurement of pulse wave velocity (PWV), 

the velocity at which blood travels down the vessel. PWV provides information on the vessel 

wall properties and is also a measure of the arterial stiffness. The main advantage of using 

PWV is that no pressure measurement is required, which makes this measurement non-

invasive and feasible in human subjects. PWV measurements have previously been validated 

against pressure catheters in both phantoms and human subjects [38-40].   

1.3 Pulse Wave Velocity  

PWV is an accepted non-invasive method that can be used to assess arterial stiffness 

[6, 10, 38-41]. The relationship between PWV and arterial stiffness is given by Moens-

Korteweg equation, which states that PWV is proportional to the square root of the elastic 

modulus. The equation is represented as  

        
  

   
                                                                                                     (1.1) 

 where E is the Young’s modulus of elasticity of the arterial wall, h is the wall thickness, R is 

the arterial radius and   is the density of blood. Changes in the elastic modulus related to 
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pressure or tone can be minimized by the variations in the relative wall thickness (h/R) to 

maintain PWV within physiological range [10]. However, as aorta stiffens due to aging, 

hypertension or other cardiovascular problems, the elastin fibers tend to degrade. This 

prevents the regulation of elastic arteries to compensate for the changes in elastic modulus. 

As a result, there is an increase in PWV. Hence, the measurement of PWV can be used as an 

indicator of arterial stiffness. PWV measurement has been widely used in research settings 

and its reproducibility has been validated both in patients and healthy subjects [10]. 

Measurement of PWV is usually along the aortic or aorto-illiac pathway because it is 

considered the most relevant site for most pathophysiological effects of arterial stiffness [10]. 

PWV can be calculated by  

      
  

  
               (1.2) 

where dx is the measurement distance between two velocity waveforms at different 

recording sites and dt is the delay time between them. The delay time can be measured by 

two common methods, either foot-to-foot [37, 41] or half maximum [42, 43]. Foot-to-foot 

estimates delay time from the foot of the waveforms. The foot is defined as the systolic 

upstroke or step rise of the waveform. Alternatively, half maximum estimates delay time by 

measuring the difference in arrival time of the waveforms at half of its maximum value. This 

thesis will use the half maximum method to assess PWV.  

As the velocity waveform propagates down the aorta, the time lag is formed that 

represents the time of travel of the velocity waveform over the known distance (dx). Figure 

(1.1) represents the measurement of delay time of velocity waveforms using half maximum 
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from the proximal descending aorta to the abdominal aorta. The two velocity waveforms 

were normalized at the peak velocity. 

 

 

Figure 1.1: Measurement of delay time of velocity waveforms using half maximum. A) dx was 
calculated by measuring the distance between two aortic locations. B) dt was calculated by 
subtracting the difference between the arrival  times between the two waveforms at half maximum. In 
this example, dx = 155 mm, dt = 134 – 98 = 36 ms and PWV = dx/dt = 4.3 m/s. 
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PWV can be measured non-invasively by using Doppler ultrasound [35] or cardiac 

MRI [36-41]. Both methods are feasible in human subjects. However, MRI has several 

advantages over Doppler ultrasound. MRI can view the entire vessel wall, which allows 

scientists or researchers to identify changes in the anatomical structure and possibly associate 

them with the progression of CVD. It can also provide accurate spatial registration of 

velocity measurements, which is limited in Doppler ultrasound because there are not enough 

acoustic windows along the aortic pathway [34, 38]. 

1.4 Purpose of the Study 

Cardiac MRI sequences can be used to encode velocity information to measure 

PWV. One common method is by using phase contrast magnetic resonance imaging (PC-

MRI). PC-MRI is based on the principle that phase of the blood flow is proportional to its 

velocity in the presence of a magnetic field gradient. However, the most significant issue in 

conventional PC-MRI is the acquisition of two sets of images that increases the scan time or 

reduces the temporal resolution of the measurement, thus limiting its application in the 

assessment of PWV.    

The objective of this study is to introduce a novel method with either improved 

temporal resolution or reduced scan time in an attempt to address the issue of conventional 

PC-MRI. The new method is based on the use of single velocity encoding in phase contrast 

imaging. The acquisition of a single image reduces the scan time or improves the temporal 

resolution by a factor of two. The resulting phase image is non-quantitative, being simply 

proportional to the blood velocity. However, since this approach is based on the arrival time 

but not the absolute velocity, it is envisioned that this novel method can be incorporated 

into routine clinical practice for the assessment of arterial stiffness. 
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1.5 Organization of Thesis 

 The outline of this study is presented as follows. Chapter 2 provides information on 

the basics of MRI, cardiac gating, and basics of PC-MRI. Chapter 3 describes the proposed 

method based on the use of single velocity encoding in phase contrast imaging (SEPC). It 

includes information on acquisition and image reconstruction in SEPC. Chapter 4 

investigates the validation of the SEPC method and compares it with the conventional PC-

MRI. Finally, Chapter 5 provides the summary of this study and future direction of the 

research.     
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Chapter II 

Introduction and Background: Phase Contrast Magnetic Resonance Imaging  

2.1 Basics of MRI 

2.1.1 Influence of External Magnetic Field on Spins 

 The fundamental unit of matter, also known as atom, consists of a central nucleus 

and orbiting electrons. The nucleus is divided into protons and neutrons. The protons and 

neutrons spin in motion at the same rate, but in opposite directions. If the number of 

protons and neutrons is equal, then the net spin of nucleus is zero. However, when the mass 

number is odd, i.e. unequal number of protons and neutrons, the nucleus possesses a net 

spin. These nuclei are then MR active, and defined as spins in the rest of this thesis.  

The basic principle of MRI is based on the spins in a tissue producing an 

electromagnetic field that acts like magnetic dipole moments. When an external magnetic 

field is applied, the magnetic dipole moments align either parallel or anti-parallel to the field, 

see Figure (2.1). The direction of alignment depends on the thermal energy of the spins. 

Spins that have enough energy to overcome the magnetic field will align anti-parallel (high 

energy state) otherwise parallel (low energy state) to the external magnetic field. Under 

thermal equilibrum, there is a slight excess of spins in low energy state that produces a net 

magnetic moment [45]. This net magnetic moment or magnetization is used in clinical MRI 

to form an MR signal.    
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Figure 2.1: Alignment of spins (right) in the presence of an external magnetic field. 

 

When a magnetic field is applied, the spins precess at a frequency given by the 

Larmor equation, represented in Equation (2.1).   

                           (2.1)  

where    is the angular precessional frequency or Larmor frequency of spins,   is the 

gyromagnetic ratio, i.e. a constant that equals to 42.6 MHz/T for hydrogen nuclei, and Bo is 

the strength of the external magnetic field. 

The phenomenon of resonance is an important event that occurs in MRI. Resonance 

is achieved when an external force in the form of an electromagnetic radiation or radio 

frequency (RF) pulse is applied at the Larmor frequency, such that it excites only the spins 

with similar frequency. During this process, the spins absorb a discrete amount of energy 

from the RF that causes a transition of spins from low to high energy state. This will, 

however, cause the magnetization to move out of alignment from Bo (equilibrium state). The 
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angle at which the alignment is out from Bo is called the flip angle. When a flip angle of 90° 

is applied, then all magnetization gets tipped to the transverse plane, where it rotates at the 

Larmor frequency. A flip angle less than 90° allows only a certain portion of the 

magnetization to be tipped over. 

The magnetization in the transverse plane is used to generate the MR signal. This is 

based on Faraday’s laws of induction, which states that voltage is generated when a receiver 

coil is placed in the area of the moving magnetization. By using the same principle, the 

magnetization in the transverse plane can be made to precess through the receiver coil to 

generate the MR signal.  

When the RF pulse is turned off, the magnetization reverts back to its equilibrium 

state. During this process, the high energy spins transit to their low energy state by releasing 

the absorbed energy in a phenomenon called relaxation.  

2.1.1.1 T1 Recovery 

The rate at which the longitudinal component of magnetization recovers to its 

equilibrium is called the spin-lattice relaxation or T1 recovery. Equation (2.2) describes the 

recovery of the longitudinal magnetization over time.  

              
 

 

                              (2.2) 

where    is the longitudinal component of magnetization,    is the magnetization at 

thermal equilibrium, and T1 is the relaxation time.  
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2.1.1.2 T2 Decay 

The recovery of longitudinal magnetization is accompained by the decay of 

transverse magnetization. The rate at which the transverse magnetization decays is called the 

spin-spin interaction or T2 decay. T2 decay is caused by the interaction of magnetic fields 

between the neighboring spins. For example, two oppositely aligned spins that are next to 

each other may create slight variations in the magnetic field for their neighbour. The spin 

aligned parallel to Bo creates a slightly higher magnetic field for its neighbor than the one 

aligned anti-parallel. This creates a difference in the magnetic field environment, causing the 

spins to dephase. Equation (2.3) describes the decay of the transverse magnetization over 

time. 

                
 

 

  ,            (2.3) 

where     is the transverse component of magnetization, and T2 is the decay time.  

2.1.1.3 T2
* Decay 

 In addition to spin-spin interaction, transverse magnetization decays by another 

phenomenon due to magnetic field inhomogeneity. The variation in the magnetic field 

causes spins at different locations to precess at different frequencies. T2
* decay is the rate at 

which the transverse magnetization decays due to magnetic field inhomogeneity and spin-

spin interaction. It causes a rapid loss of phase coherence, i.e. the process at which the spins 

go out of phase. T2
* is always less than T2 because it contains contributions from the 

magnetic field inhomogeneities that allows decay to be faster. Suppose the decay time of 

transverse magnetization due to magnetic field inhomogeneity is T2
’, then mathematically T2

* 

is calculated by 
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               (2.4) 

2.1.1.4 Bloch Equation 

 Bloch equation describes the time dependent behavior of magnetization when it 

reverts back to the equilibrium state. Initially, the bulk magnetization precesses along Bo at 

Larmor frequency described by 

  
     

  
                           (2.5) 

where      is the bulk magnetization vector, i.e. magnetization in x, y and z direction, and     is 

the magnetic field vector.    

 The application of an RF pulse at Larmor frequency allows the bulk magnetization to 

be tipped in the transverse plane at a certain flip angle. The magnetization will, however, 

return back to its equilibrium value Mo due to spin-lattice interactions. On the other hand, 

the transverse decay of      due to spin-spin interactions causes the spins to lose their phase 

coherence. The Bloch equation combines these two phenomena, and is described in 

Equation (2.6).     

  
     

  
                

             

  
   

                  

  
                        (2.6) 

where    
         is transversal magnetization vector,   

       is the magnetization vector at 

equilibrium, and   
       is the longitudinal magnetization vector.    

 Equation (2.6) can be simplified to describe the change in the longitudinal and 

transverse magnetizations over time. This is given in Equations (2.2) and (2.3), respectively.  
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2.1.2 Spatial Encoding in MR 

One of the most important steps in MRI is the ability to accurately determine the 

position of the MR signal. The main magnetic field, radio frequency pulse, and magnetic 

field gradients are used to excite spins to produce signal. Magnetic field gradients are 

produced by superimposing the magnetic fields of the gradient coils. They vary linearly over 

a field of view (FOV), i.e. the area of the sample of interest, as shown in Figure (2.2). The 

gradient field induces a change in the magnetic environment that causes variation in the 

spin’s precessional frequency. The negative gradient (red line) causes the spins to precess at a 

lower frequency and the positive gradient (blue line) at a higher frequency. In the center of 

the gradient (yellow dot), there is no change in the net magnetic field or precessional 

frequency.    

 

Figure 2.2: Application of a magnetic field gradient that varies linearly over the FOV.     

 

The process of localizing spins begins by using a slice select gradient (Gz). Gz allows 

spins located at different positions along the magnetic field gradient to precess at different 
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frequencies in the z-axis. Only spins with a precessional frequency equal to the RF are 

excited. For example, the application of Gz causes the precessional frequency to be a 

function of z. 

                                   (2.7)                                                         

Equation (2.7) shows that spins at different location along z-axis have different 

precessional frequencies. When an RF pulse of frequency    is applied, the spins that 

resonate with    are only excited. The next step is to determine the position of the spins. 

This requires the application of phase encode gradient (Gy) along y-axis and frequency 

encode gradient (Gx) along x-axis. Gy allows a linear variation in the frequency of excited 

spins in the y-axis. When turned off, the spins return to their initial precession, but with a 

phase difference along the y-axis. Phase encoding is done across the FOV. The center of the 

FOV represents no phase shift and edges represent highest phase shift. Similarly, Gx allows 

a linear change in the spin’s precessional frequency along the x-axis. The signal intensity after 

phase and frequency encoding is represented by Equation (2.8).   

                                                                               (2.8) 

where,        is the signal from each voxel,          is the total signal, and    and    are 

represented below 

      
 

  
          

 

 
                                                                              (2.9)     

      
 

  
          

 

 
                                                                            (2.10) 

 Equations (2.9) and (2.10) represent frequency and phase encodings, respectively.  
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2.1.3 MR Pulse Sequences 

 A pulse sequence is a timing diagram that consists of a series of RF and gradient 

pulses that are applied to obtain image information [45]. Pulse sequences can be manipulated 

by changing the timing, order, polarity, and repetition frequency of RF pulses to generate 

desirable signals that are detected using the MR scanner [46]. MR pulse sequence can be 

categorized in two major groups, spin echo (SE) and gradient echo (GRE) sequences.    

2.1.3.1 Spin Echo Sequence 

 SE sequence is initiated by the application of 90° pulse that excites the spins, and 

followed by a 180° refocusing pulse to produce an echo. The time between the start of the 

RF pulse and the center of the echo is called the time of echo (TE). This is the time at which 

the spins are rephased to produce a measurable signal. The time of repetition (TR) of the 

pulse sequence is the time between a series of 90° pulse. Figure (2.3) represents a pulse 

diagram of a SE sequence.  

 

Figure 2.3: A pulse diagram of a spin echo sequence. 
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The spins begin to dephase after a gradient (either positive or negative) is applied. In 

Figure (2.3), positive Gz causes spins to dephase for slice selection. Once the slice is 

selected, a negative Gz is applied to refocus the spins. Refocusing is required to produce a 

measurable signal otherwise an undesirable signal is formed at TE. The negative Gz is half 

the area of the positive Gz because spins begin dephasing from the center of the RF pulse, 

so only half the gradient size is required to refocus the dephased spins [47]. A 180° 

refocusing pulse is applied at time TE/2 to invert the spins and re-establish phase 

coherence. This pulse plays a significant role in refocusing lost magnetization of the spins 

due to the magnetic field inhomogeneities. In most cases, Gz is applied during the 

refocusing pulse. This is, however, dependent on whether single or multiple slices are to be 

acquired. A refocusing pulse does not require a negative Gz because dephasing and 

rephasing occur in the first and second halves of the pulse, respectively [47]. The crusher 

gradients, as shown in Figure (2.4A), are used to compensate the pulse imperfections that 

may prevent the focusing of echo exactly at time TE. The left crusher gradient balances the 

right crusher gradient that destroys the decay from unwanted magnetization.  

Gx and Gy are applied to localize the signal along the x and y axes, respectively. Gx 

is applied during signal measurement. Hence, Gy must be completed prior to the application 

of Gx so that spatial information is encoded in y-axis. The horizontal line in Gy represents 

the strength of the gradient at each time the pulse sequence is repeated, i.e. at every TR. Data 

is encoded by changing the strength of Gy. The arrow sign represents the direction of phase 

encoding. The signal is recorded during the frequency encoding gradient. Initially, a negative 

Gx is applied that allows spins to dephase or be out of phase (negative phase shift). This is, 

however, reversed by using a positive gradient that allows spins to rephase or get back in 

phase with a zero phase difference at the center, and then out of phase (positive phase shift) 
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at the end of the positive gradient, see Figure (2.4B). Without the negative gradient, spins 

would continue to dephase from the start till the end of gradient. As a result, there will be a 

phase difference at the center of the echo, thus yielding a loss of signal.   

   

  

Figure 2.4: A) Application of crusher gradients during the 180° pulse allows accurate focusing of echo 
at TE, and B) phase shift in the Gx direction [44]. 
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2.1.3.2 Gradient Echo Sequence 

 Gradient Echo (GRE) is a type of a pulse sequence widely used in applications that 

require fast scanning, such as breath hold imaging or 3D volume imaging. Basically, it is a SE 

sequence without a 180° refocusing pulse. Figure (2.5) represents a diagram of a GRE pulse 

sequence. In the absence of a refocusing pulse, GRE uses opposite gradient polarities on Gx 

to form an echo. The spins are initially dephased and then rephased by an opposite gradient. 

A peak signal is formed when a bipolar gradient (gradients with equal strength, but opposite 

polarity) is used in Gx. The black colored lobes in Figure (2.5) represent a bipolar gradient. 

The major drawback, however, is that GRE can’t refocus spins dephased from magnetic 

field inhomogeneities, which makes this sequence susceptible to artifacts arising from 

magnetic field inhomogeneities.   

 

Figure 2.5: Pulse diagram of a gradient echo sequence. 
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The RF pulse of a GRE sequence can have a flip angle lower than 90°. This allows 

less magnetization to be tipped in the transverse plane that shortens the overall scan time. 

Low flip angles can make use of short TR values to produce higher MR signal [48]. This is 

beneficial in fast acquisitions since low flip angles reduce scan time and produce more signal. 

However, low flip angle is not desirable in some applications that require high TR values, 

like finding the contrast between tissues using proton density weighted or T2 weighted 

imaging.  

2.1.4 K-space  

 K-space is a frequency domain representation of MR data. The horizontal and 

vertical axes of k-space represent the frequency (  ) and phase encodings (  ), respectively. 

The number of echoes that are collected from the pulse sequence equals to the number of 

phase encoding steps. For a square k-space matrix, the number of phase encode steps is 

equal to the number of frequency encode steps.  

Equations (2.9) and (2.10) govern the k-space trajectory. The position in k-space is 

related to the gradient of the pulse sequence. K-space can be sampled by changing the 

strength of the gradient. When the phase encode gradient is changed at every TR, the next 

line of k-space is sampled. Once the k-space data is filled, image is reconstructed with the 

mathematics of 2D Fourier Transformation (2DFT), see Figure (2.6).       
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Figure 2.6: Image reconstruction by the application of 2DFT in k-space. 

 

2.2 Cardiac MRI 

Cardiac MRI is a non invasive imaging technique used for the evaluation of the 

function and anatomy of the cardiovascular system. It is an established imaging modality that 

evaluates the measurement of blood flow, cardiac morphology, contractility and perfusion. 

However, cardiac MRI deals with challenges that involve complex aortic blood flow and 

motion artifacts arising from the respiratory and cardiac systems [45]. Respiratory and 

cardiac gating techniques are implemented in the scan to compensate for pulsatile blood 

flow and motion related artifacts.  

2.2.1 Cardiac Gating  

Cardiac gating is a method that synchronizes the pulse sequence to the cardiac cycle 

of the subject [49]. It is commonly used in cardiac MRI to reduce artifacts arising from 

cardiac motion and pulsatile blood flow. Electrocardiogram (ECG) and peripheral monitors 
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are commonly used in cardiac gating. ECG measures the electrical activity of the heart by 

placing electrodes and lead wires on the subject’s chest. The electrical activity is measured by 

assessing the voltage difference between the two electrodes across the heart. The electrodes 

are generally color coded to help the operator correctly identify their placement on the chest. 

Red and white electrodes are placed across the heart, whereas the green electrode, used for 

grounding, is placed below but in close proximity to the red or white electrode [44]. Figure 

(2.7) represents a diagram of an ECG.   

 

Figure 2.7: Schematic of ECG between the R wave of one heart beat and the R wave of the 
preceding heart beat, denoted by R-R interval. 

 

P wave and QRS complex represent the depolarization of the atria and ventricles, 

respectively, whereas T and U waves represent the repolarization of the ventricles. The 

amplitude of the R wave triggers the pulse sequence when it reaches its maximum voltage. 

Alternatively, the pulse sequence can be triggered by defining a threshold voltage. R-R 

represents the time interval between two R waves or heartbeats. It is controlled by the 

subject’s heart rate. A fast heart rate shortens the R-R interval. Phase encoding data are 
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acquired during the R-R interval. A variation in the heart rate, however, causes data to be 

acquired at different cardiac times, thus leading to motion artifacts. This problem can be 

minimized by using a trigger window, which is the waiting period before the next R wave. 

Trigger window allows the system to wait for the next R wave before triggering the pulse 

sequence. Figure (2.8) represents an ECG graph with a trigger window. During the trigger 

window, the sytem stops scanning and waits for the next R wave. Generally, the trigger 

window is about 15–20% of the length of the R-R interval. This allows a reasonable amount 

of scanning time with adequate compensation of variable heart rate [44].        

 

 

Figure 2.8: ECG graph with a trigger window. The trigger window is set to be 15–20% of the 
R-R interval [45]. 

 

 

 

 



26 
 

2.2.1.1 Acquisition with Cardiac Gating 

 Two types of acquisitions are used in cardiac gating, either sequential or interleaved. 

Sequential Acquisition 

 In sequential acquisition, the R wave in the ECG triggers the pulse sequence that 

excites a slice and acquires a specific line of k-space. A new trigger will excite the same slice 

location, but at a different k-space line. This process repeats until the phase encoding k-

space lines are filled for the specific slice. The acquisition will then advance to the next slice, 

and the same process repeats until all slices are acquired, see Figure (2.9A). The number of 

times data are acquired from a specific slice location between two consecutive ECG triggers 

is called the number of cardiac phases [49]. An increase in the number of cardiac phases 

improves the temporal resolution. In Figure (2.9A), each cardiac phase is associated with all 

the lines of k-space. This represents a long scan time. However, scan time can be 

compensated by acquiring more than one k-space lines at each cardiac phase at the expense 

of reducing the temporal resolution. The number of k-space lines acquired at each cardiac 

phase is called the views per segment (VPS) [49]. VPS plays a significant role in controlling 

the scan time or temporal resolution. For example, a VPS of 3 will improve the scan time, 

but reduce the temporal resolution by a factor of 3 when compared to a VPS of 1. Figure 

(2.9B) represents a sequential acquisition of cardiac gating with a VPS of 3. Here, each 

cardiac phase consists of 3 lines of k-space that makes the acquisition much faster. However, 

the number of cardiac phase is reduced by a factor of 3 which affects the temporal 

resolution. Hence, it is important to adjust VPS in order to balance the scan time and 

temporal resolution.   
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Figure 2.9: Cardiac gating with sequential acquisition with A) VPS =1 and B) VPS = 3 [49]. 

 

Interleaved Acquisition 

 Interleaved acquisition can be a better option for a scan requiring more than one 

slice. In interleaved acquisition, multiple slices are acquired between the two triggers. This 

makes the acquisition much faster. Figure (2.10) represents an interleaved acquisition of two 

slices with cardiac gating. A new k-space line is occupied after each trigger. The number of 

cardiac phase is reduced by half, since each cardiac phase acquires two slices. When k-space 

is filled, at the end of the 1st acquisition, two slices are acquired. Then, the scan moves to the 

2nd acquisition for slice 3 and 4. This process repeats until all slices are acquired. If the 

number of slices between the two triggers is increased, the number of cardiac phases is 

reduced.    
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Figure 2.10: Cardiac gating with interleaved acquisition.  

 

2.2.1.2 Cardiac Gating Techniques 

  Prospective and retrospective are two types of techniques used in cardiac gating. 

Prospective gating involves the use of a trigger window to compensate for physiological 

variations such as arrhythmia. As a tradeoff, the cardiac cycle is shortened at late diastole 

during which the system stops scanning. This may be a problem in experiments where 

maximum flow at late diastole is required. However, prospective gating is not a concern for 

PWV measurements since data acquisition during systole is only required. On the other 

hand, retrospective gating involves continuous acquisition of data throughout the cardiac 

cycle. No trigger windows are used. Instead, data are interpolated to compensate for 

arrhythmia. The major advantage of using retrospective gating is the acquisition of data from 

the entire cardiac cycle. It is useful in experiments for the evaluation of coronary arteries. 

However, it may be subjected to some interpolation errors [44].   
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2.2.2 Respiratory Gating and Breathholding  

Motion artifacts arising from the respiratory system can be compensated by two 

methods, either respiratory gating or breathholding. Breathhold imaging has limited 

applications due to the time constraint of the scan. The breathhold time for an average 

individual is around 20-25 seconds, while patients with severe cardiovascular diseases may 

have shorter limitations [45]. However, the use of respiratory gating provides an alternative 

measure to compensate for respiratory motion. Respiratory gating controls the acquisition 

of data based on the motion of the diaphragm. It stops data acquisition when the 

diaphragm is outside the prescribed limits. Tracking of the diaphragm is done either by 

using bellows device or a navigator echo pulse [45]. Either way, respiratory gating accepts 

data acquisition only when the diaphragm is positioned within the prescribed limits. 

However, the primary drawback of respiratory gating is prolonged scan time because the 

acquisition window is normally one-third of the respiratory cycle, thus increasing the scan 

time by a factor of three [49].            

2.3 Basics of PC-MRI 

PC-MRI is a technique based on the principle that moving spins acquire a phase shift 

in the presence of a magnetic field gradient [45, 50]. The phase shifts are generated by 

applying a bipolar gradient. A bipolar gradient has two parts, each with equal area and 

opposite polarity. The first part of the bipolar gradient introduces a phase shift for both 

moving and stationary spins. The phase shift can be estimated by 

                                                                                                 (2.11) 
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where   is the phase shift,       is the time varying gradient, and      is the spatial 

position. All stationary and moving spins will accumulate a phase shift determined by their 

location according to Equation (2.11). When an equal but opposite gradient is applied, the 

phase shifts of stationary spins return to their initial phase and the net phase shift is zero. 

However, phase shifts of the moving spins do not return back to their initial phase because 

they experience unequal positive and negative magnetic gradients that results in a net phase 

shift  . The position of each moving spin is given by 

                                                                                                  (2.12) 

 After substituting Equation (2.12) in (2.11), the relationship between phase shift and 

velocity is obtained. 

                                                                                    (2.13)  

Equation (2.13) shows that phase shift is proportional to the velocity of moving 

spins along the magnetic gradient, which forms the basis of phase contrast imaging.     

2.3.1 Gradient Moment Nulling 

 Gradient moment nulling (GMN) is a method that compensates motion related 

artifacts by modifying a gradient waveform in the pulse sequence. It minimizes signal loss, 

intravoxel phase dephasing, and ghosting image artifacts due to pulsatile flow [49]. GMN can 

also be used to eliminate velocity sensitivity of the moving spins by acquiring a reference 

scan with zero velocity sensitivity. Generally, GMN is performed in the slice select or read 

out gradient. Figure (2.11) is a schematic of velocity compensation used in a GRE sequence. 

Velocity compensation is based on the principle that gradient waveforms are moment nulled 

to the first order. In the simplest form, zeroth moment can be represented by a pair of 
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gradient lobes with an area ratio of 1:-1, where the first and second gradient lobes represent 

positive and negative gradients with equal area, respectively. The zeroth moment is nulled at 

the end of the bipolar gradient. However, residual nonzero values exist for first moment. 

 

Figure 2.11: Velocity compensation in GRE using 1:-2:1 gradient waveform. Zero and first 
moments are nulled at the center of echo [44].  

 

The idea of velocity compensation is to balance zero and first order moments at TE. 

This is achieved by using two bipolar gradients with opposite polarity, so that same 

variations are occurred, but in opposite direction, i.e. by using a gradient strength of ratio 1:-

2:1. In Figure (2.11), the gradient is altered from positive (+G) to double negative (-2G) and 

then back to positive (+G). When +G is applied, both moving and stationary spins acquire 

some phase. The phase shift is much higher in moving spins because it depends quadratically 
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on the duration of the gradient pulse (see Equation (2.23)) as opposed to stationary spins 

that have a linear dependency. After the application of -2G, stationary and moving spins still 

acquire some phase shift, but in opposite direction. Finally, +G allows both moving and 

stationary spins to return back to their initial phase. At the end of the combined bipolar 

gradients (black colored regions in Figure (2.11)), the phase shift is nulled for both moving 

and stationary spins.  

To compensate for higher order of motion, like acceleration or jerk, additional 

bipolar gradients are required in the pulse sequence. However, TE and TR can be 

lengthened which limits its application in time constrained settings like breath hold imaging.  

2.3.2 Velocity Encoding 

The dynamic range of the phase shift is limited to ± π or ± 180°. Therefore, the 

operator must tune the pulse sequence such that the peak velocity in the vessel corresponds 

to a phase shift of less than π or 180°. This is achieved by velocity encoding the pulse 

sequence with a threshold value that represents the peak velocity in the vessel, and assigning 

the peak velocity to π or 180°. Velocity encoding also known as VENC has units of speed 

and is given in centimeters per second. It determines the detectable range of blood flow 

velocities for a phase contrast sequence. For example, if the operator inputs VENC = 150 

cm/s, then the experiment detects the range of flow velocities within ± 150 cm/s. The 

relationship between velocity and VENC is given by 

        
 

 
                                                                                         (2.14) 

where           The measurement is more precise when the VENC is closer to the real 

velocity in the vessel [50]. On the other hand, a greater mismatch in the VENC may cause 
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problems in the measurement. If the selected VENC is too high, noise may dominate [50]. 

The noise in the velocity encoded image depends on the value of VENC. It increases with 

larger VENC values. In addition, the sensitivity of velocity measurement decreases, as well. 

For example, if the operator inputs VENC = 400 cm/s, then the ability to differentiate 

velocities 100 cm/s and 130 cm/s is not good compared to when VENC = 150 cm/s. High 

VENC values also affect the ability to properly delineate the vessel wall. However, setting 

VENC to lower values is not the right solution. If VENC is below the peak velocity in the 

vessel, then aliasing can occur. For example, a VENC of 100 cm/s corresponds to a phase 

of π. Suppose the peak velocity in the vessel is 150 cm/s, then based on the VENC, the 

phase angle will be  
 

 
   However, the dynamic range of phase shift is limited to ±π. As a 

result, the phase shift is interpreted as  
 

 
, and by Equation (2.14), the velocity is calculated 

to be -50 cm/s. This inaccurate quantification of velocity is a result of aliasing. Hence, it is 

important to have a priori knowledge of expected velocities in the region of interest, so that 

VENC can be set slightly higher than the peak velocity to prevent aliasing. 

2.3.3 Quantitative Description of Phase Shift of Moving Spins 

 The phase shift acquired by the moving spins in the presence of a magnetic field 

gradient can be derived from the precessional frequency of spins given by the Larmor 

equation.  

                                                                         (2.15) 

where   is the Larmor frequency of spins,   is the gyromagnetic ratio,    is the spatial 

location,    is the static magnetic field,    is the local field inhomogeneity, and    is the 

magnetic field gradient. The rotating reference frame ignores the contribution of the static 
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magnetic field     so it can be taken out for further calculations. By integrating Equation 

(2.15), the phase of the precessing magnetization at echo time TE is obtained. 

                                                                    
  

 
 

  

 
       

                                             
  

 
                     (2.16) 

Considering the velocity of moving spins to be constant during data acquisition, the 

spatial location of moving object can be extrapolated using Taylor series expansion. 

                     
 

 
                                                               (2.17) 

The initial phase and field inhomogeneity result in a background phase   . 

                                                                          (2.18) 

 By substituting Equations (2.17) and (2.18) in (2.16), a relationship of velocity 

dependent phase shift is obtained.  

                                                             
  

 

  

 
              (2.19) 

 Equation (2.19) can also be defined by using the zeroth and first gradient moments, 

M0 and M1. 

               
  

 
                                                                                (2.20) 

                
  

 
                                                                               (2.21)  

Equations (2.20) and (2.21) can be substituted in (2.19) to simplify the equation in 

terms of gradient moments.  
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                                                                                 (2.22) 

 The zeroth gradient moment (M0) represents the influence of magnetic field 

gradients on stationary spins located at         , and the first gradient moment (M1) represents 

the influence of magnetic field gradients on moving spins with velocity   . M0 equals to the 

gradient area, which is zero for a bipolar gradient. As a result, there is no phase shift since 

the stationary spins get completely rephased by the second lobe of the bipolar gradient. 

However, moving spins will experience a phase shift. To derive this, let us divide the bipolar 

gradient into two lobes (+G and –G), such that       equal G for TE = 0 to T/2 and –G for 

TE = T/2 to T. Also, let acceleration and other higher terms be ignored. Then, Equation 

(2.19) can be reduced to define the phase shift of moving spins. 

                                                          

 
 

 

 

 
 

               
 

 
 

 
 

 

 

                
        

 
                                                         (2.23) 

Equation (2.23) shows that the phase shift produced by the moving spins depends linearly 

on the velocity and strength of the gradient, whereas quadratically on the duration of the 

gradient. 

2.3.4 Background Phase Subtraction 

 Conventional PC-MRI requires the acquisition of two sets of complex images with 

different velocity sensitivities or encodings. The phases of the two sets are then subtracted 

on a pixel-by-pixel basis to produce the final quantitative velocity image. Phase subtraction 

allows the suppression of non flow related phase variations that stem from magnetic field 
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inhomogeneity. These phase variations are represented as background phase (  ) defined in 

Equations (2.19) and (2.23). A single bipolar gradient can’t refocus   . Instead, two identical 

measurements with different first moments M1
1 and M1

2 are required [51]. The two sets of 

image will have the same        and the difference between them yields an image independent 

of    . Mo equals to zero for a bipolar gradient, hence it is cancelled. The phase difference 

(  ) can be derived mathematically from Equation (2.22). 

First Measurement:                        
        

  

Second Measurement:                       
        

    

                                                    (2.24)  

 Equation (2.24) shows that phase difference is directly proportional to the velocity 

and difference in the first gradient moment and is independent of   . However, the major 

drawback in conventional PC-MRI is the increase in scan time (or reduce in temporal 

resolution) due to the acquisition of two sets of image data. This limits its performance in 

time constrained settings like breath hold imaging, real time imaging and 3D imaging.  

2.3.5 Pulse Sequence of PC-MRI 

PC-MRI employs the features of a GRE sequence. In PC-MRI, two sets of data with 

different velocity sensitivities or encodings are acquired. Velocity sensitivity is controlled by 

the strength and duration of the bipolar gradients. The axis of bipolar gradient represents the 

direction of velocity sensitivity. Bipolar gradients can be applied to any three gradient axes 

(slice selection, frequency encoding or phase encoding) [49]. Figure (2.12) represents the 

pulse sequence of PC-MRI with velocity sensitivity in Gz. Left part of the pulse sequence 
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(V0) acquires an image with zero velocity sensitivity, i.e. a reference image with velocity 

compensation. Right part (V) acquires an image with velocity sensitivity.  

 

Figure 2.12: Pulse sequence of conventional PC-MRI. The left part represents velocity sensitivity to 
zero (V0), which is the reference scan. The right part represents velocity sensitivity (V). Subtraction of 
the two sets of phase image yields a final quantitative velocity image.    

 

In V0, Gz is in the ratio of 1:-2:1 that represents two bipolar gradients with equal 

strengths (black and gray). This gradient waveform is used in velocity compensation because 

it can balance the zeroth and first moment at TE, as discussed earlier. However, Gz is 

adjusted in V to achieve velocity sensitivity by adjusting the two bipolar gradients to unequal 
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strengths, see Figure (2.12). The steady state of phase coherence is preserved by using a 

rewinder gradient that reverses the effects of the phase encoding gradient. The arrow 

represents the direction of phase encoding or rewinding gradient. At the end of the pulse 

sequence, a reference and velocity encoded images are obtained.      

2.3.6 Acquisition of Conventional PC-MRI 

 In conventional PC-MRI, the acquisition of two sets of images cost twice the scan 

time. VPS can be increased to compensate for some scan time. For instance, let us explain 

the acquisition of conventional PC-MRI using a VPS of 3. The acquisition process begins 

when the R wave of an ECG triggers the pulse sequence to select a slice. In this case, 3 lines 

of k-space are acquired at each cardiac phase, as shown in Figure (2.13). Each cardiac phase 

contains two different acquisitions, zero velocity sensitivity (V0) and velocity sensitivity (V). 

The cardiac phase loop continues until the next ECG trigger. By this time, only 3 lines of k-

space are filled. The next trigger acquires the next 3 lines of k-space, and the entire process 

repeats until the k-space is filled. At the end, we have two sets of images. The phase images 

are then subtracted on a pixel by pixel basis to produce a final quantitative velocity image 

free from non-flow related phase variations.    
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Figure 2.13: Acquisition of conventional PC-MRI with VPS = 3. Each cardiac phase occupies 3 lines 
of k-space.  

 

VPS is adjusted by the operator depending on the application of the pulse sequence. 

It may be increased to compensate scan time at the cost of reducing the temporal resolution. 

This may, however, affect applications where sufficient temporal resolution is required, such 

as in the measurement of PWV. Hence, determining the balance between acceptable scan 

time and sufficient temporal resolution to accurately quantify PWV has become a challenge 

in conventional PC-MRI.  

This thesis aims to address the challenge in conventional PC-MRI by either 

improving the temporal resolution or decreasing the scan time by a factor of two. The novel 

method is based on the use of single velocity encoding in phase contrast (SEPC) imaging, 

and is explained in Chapter 3.         
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Chapter III 

 Single Velocity Encoding in Phase Contrast Imaging 

3.1 Introduction 

As described previously, PC-MRI is an established technique used for the 

measurement of PWV to assess arterial stiffness. Conventional PC-MRI acquires two sets of 

images with different velocity sensitivities or encodings, which are then subtracted to yield a 

quantitative velocity image independent of non flow related phase variations. This, however, 

represents a significant increase in time or reduce in temporal resolution, thus limiting its 

application in time constrained situations like breath hold imaging during the assessment of 

PWV.    

Several methods in the past have been developed to address the issues of 

conventional PC-MRI. Barger et al. implemented the idea of undersampling the radial lines 

of k-space to improve the temporal resolution in PC-MRI [56]. However, their method was 

limited by the signal to noise ratio (SNR), and artifacts arising due to undersampling. 

Thompson et al. acquired velocity sensitivities in separate breath-holds [57]. Temporal 

resolution was significantly improved, but their method required homogenous physiological 

characteristics at different breath-holds. However, physiological characteristics like heart 

beat, amount of blood flow and the position of diaphragm may vary between different 

breath-holds. In fact, these factors may vary significantly in patients with CVDs, thus 

limiting its use in clinical applications.  
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The technique of using single velocity encoded image to reduce scan time was 

initially introduced by Man et al. for the quantification of blood flow [52]. Instead of 

acquiring a reference image, they estimated the background phase by using a low pass 

filtering technique and then phase corrected the velocity encoded image. Later, Zuo et al. 

modified the approach for real time cardiac applications by solving an inverse problem on a 

single shot acquisition to retrieve velocity information [58]. Their method is limited because 

of high post-processing time for computational work. These two methods are, however, 

aimed at generating a quantitative velocity map, which is not required when measuring PWV.           

In an attempt to improve the temporal resolution or decrease scan time, we propose 

a method based on single velocity encoding in phase contrast imaging (SEPC). SEPC 

requires the acquisition of only velocity encoding, thus reducing the scan time by half or 

doubling the temporal resolution. The resulting phase image is non-quantitative, but 

proportional to the blood velocity. We use this approach in PWV measurements since the 

arrival time of the velocity waveform is of interest, not its absolute velocity.  

3.2 Background on SEPC  

In the presence of a magnetic field gradient, moving spins acquire a phase shift 

which is proportional to their velocities. Their relationship can be expressed in terms of 

gradient moments as derived in Chapter 2.  

                                                                                   (3.1) 

For a bipolar gradient, zeroth moment (Mo) is zero since the area of the positive and 

negative lobes is equal. By ignoring acceleration and higher order motion, we can simplify 

equation (3.1) to its first moment (M1).   
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                                                                                             (3.2) 

Equation (3.2) shows that phase shift is proportional to the velocity of moving spins 

(  ) and magnitude of M1. We also see the presence of a phase error, denoted by   , that 

stems from the magnetic field inhomogeneities. In conventional PC-MRI,    is negated after 

the subtraction of two images. However,    exists in SEPC due to the acquisition of only 

one image. This phase error alters the absolute velocity of the image, resulting to a non-

quantitative velocity map. Studies in the past have tried to correct this discrepancy, but only 

limited successes have been reported [52, 58-60]. However, we ignore the correction of 

phase errors since we assume that they won’t affect the arrival time of the velocity 

waveform. We also assume that    does not change significantly over the cardiac cycle. Our 

results in Chapter 4 indicate that these assumptions are valid. 

3.2.1 Pulse Sequence 

 SEPC is based on a segmented, cardiac gated GRE pulse sequence, see Figure (3.1). 

The axis of the bipolar gradient represents the direction of velocity sensitivity. After the RF 

excitation, a bipolar gradient in Gz is applied to encode velocity in the z-axis. Gx and Gy are 

applied to localize the signal along x and y axes, respectively. In the absence of a refocusing 

pulse, opposite gradient polarities are used to dephase and rephase the spins. Echo is 

produced at TE during the readout gradient. This sequence is repeated at every TR until k-

space is filled. In Figure (3.1), 3 lines of k-space are associated to each cardiac phase. A new 

trigger will excite the same slice, but at a different set of k-space lines, i.e. the next 3 lines of 

k-space. The same process repeats until the entire k-space is filled.           
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Figure 3.1: Pulse sequence of SEPC.  

    

 In this sequence, we have implemented a single bipolar gradient to achieve velocity 

sensitivity. The net residual phase for moving spins exists at the end of the bipolar gradient 

which is used to encode velocity information, see Figure (3.2). This sequence reduces the 

scan time by half when compared to the conventional PC-MRI. Alternatively, temporal 

resolution can be doubled while keeping the scan time similar to the conventional method. 

In this way, SEPC can be used in both ways depending on the application.      
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Figure 3.2: Velocity sensitivity in SEPC. At the end of the bipolar gradient, residual phase exists for 
moving spins but nulled for stationary spins.     

 

3.2.2 Image Reconstruction 

As mentioned above, acquisition efficiency of SEPC can be utilized to improve the 

temporal resolution, which is critical in the assessment of PWV. Figure (3.3) compares the 

image acquisition of SEPC and conventional PC-MRI at a VPS of 3. Here, V and V0 

represent the acquisitions with and without velocity sensitivities, respectively. The scan time 

is much longer in conventional PC-MRI because each cardiac phase is associated with 3 

acquisitions of V and V0, each requiring a separate k-space encoding. Instead, SEPC 

acquires only the acquisition of V that allows the scan to increase the number of cardiac 

phases, thus improving the temporal resolution. Alternatively, SEPC can reduce the scan 

time to half of the conventional PC-MRI without the loss of temporal resolution. This is 

achieved by doubling the VPS from 3 to 6, see Figure (3.4). 
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Figure 3.3: Conventional PC-MRI and SEPC segmented at VPS = 3. The number of cardiac phases in 
SEPC is two folds greater than conventional PC-MRI, thus the temporal resolution is doubled.  

 

 

Figure 3.4: Comparison between conventional PC-MRI segmented at a VPS of 3 and SEPC at 6. The 
number of cardiac phases in both methods is equal. As a result, the temporal resolution is the same. 
However, k-space is filled twice faster in SEPC since VPS is doubled, thus scan time is halved.  
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For velocity encoding, we know that VENC is inversely related to the first gradient 

moment, and can be described by  

        
 

    
              (3.3) 

By substituting Equation (3.2) in (3.3), we get 

       
             

 
                                                                             (3.4) 

 Equation (3.4) shows us that the unknown background phase error in SEPC results 

to a non-quantitative velocity map. However, we were not concerned with this discrepancy 

since the arrival time of velocity waveform was of interest, not its absolute velocity. The 

arrival time of velocity waveform is measured from the residual phase. Aliasing is eliminated 

by setting the VENC to be greater than the expected peak velocity in the blood vessel. 

However, we observed in some cases that    produced an offset that caused the velocity 

dependent phase to wrap onto the range [-π, +π).    

 Phase wrapping had to be corrected to prevent measurement error. For illustration, 

let us consider the offset error to be 
 

 
. Also, let VENC be greater than the peak velocity to 

eliminate the possibility of aliasing. In the presence of the offset error, blood flow velocities 

greater than 
  

 
  wrap around [-π, +π) because they exceed the dynamic range ±π. For 

example, a velocity of  
  

  
  is shifted by the offset error to 

 

 
 

  

  
  

   

  
. This value exceeds 

the dynamic range, so it is interpreted as 
   

  
       

   

  
, thus leading to phase wrap-

around, see Figure (3.5). As a result, phase wrapping can lead to abrupt change in phase with 

a slight change in blood velocity that causes measurement error.  
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Figure 3.5: Phase wrap-around in SEPC. The offset error (brown) may shift some high velocity phases 
(top blue) to the next interval that causes phase wrap-around (red).    

 

To correct phase wrapping, we wrote a code in MATLAB that shifted the wrapped 

phases back to their previous interval, see Figure (3.6). Shifting was based on trial and error 

until all phases were unwrapped. Phase wrapping was observed in regions of the vessel that 

showed rapid change in pixel intensity from its surrounding, see Figure (3.7). However, we 

ignored phase correction where the offset was not large enough to create this artifact. 

In SEPC, the residual phase that exists at the end of the bipolar gradient is 

proportional to velocity of moving spins. We employ this theory to measure the arrival times 

of velocity waveforms. PWV is then calculated by measuring the distance between two 

velocity waveforms at different locations over their arrival times. Since SEPC requires half 

the scan time over conventional PC-MRI or allows twice the temporal resolution, we 

propose that SEPC is an improvement over conventional PC-MRI in the measurement of 

PWV. Chapter IV investigates the validation of SEPC and compares its accuracy to 

conventional PC-MRI. 
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Figure 3.6: Phase is unwrapped by shifting the wrapped phases back to their previous interval. 

 

 

Figure 3.7: Top: Magnitude images. Bottom left: Phase wrapping represented by the red arrows in the 
velocity image. A rapid change in pixel intensity is seen from white to black. Bottom right: Phase is 
unwrapped by shifting the wrapped phases back to their interval.   
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Chapter IV 

Validation of SEPC 

4.1 Materials and Methods  

4.1.1 Study Population 

Ten healthy subjects with no symptoms of cardiovascular disease aged between 22 to 

55 years participated in this study. An informed written consent from each subject was 

obtained using procedures approved by the institutional review board of Wake Forest 

Baptist Medical Center. The subjects were scanned on a 1.5 Tesla cardiac MRI system 

(Magnetom AVANTO, Siemens Healthcare, Erlangen, Germany) with ECG gating.  

4.1.2 Study Design 

Our study was divided into two experiments. Experiment 1: SEPC was compared to 

conventional PC-MRI with SEPC having twice the temporal resolution. Experiment 2: 

SEPC was compared to conventional PC-MRI with SEPC having half the scan time. Both 

methods were breath held and validated against a conventional PC-MRI technique with high 

temporal resolution obtained at the cost of a long free breathing scan, defined as the gold 

standard. The gold standard had the highest temporal resolution, which was achieved by 

reducing the VPS to 1 (highest achievable temporal resolution).    

All subjects were placed in a supine position without sedation and imaged using 

phased-array surface coils across their chest to maximize signal in the aorta. Images at the 
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same slice location were acquired by all three methods: gold standard, conventional PC-MRI 

and SEPC. 

4.1.3 Scan Parameters 

 A prospectively ECG-gated sequence was used in all three methods. The choice of 

this technique was based on the desire to avoid interpolation inherent to retrospective gating 

which could confound our findings. To reduce motion artifacts arising in gold standard due 

to free breathing, we used two signal averages. Table (4.1) represents the sequence 

parameters for all three methods in experiment 1. The temporal resolutions were 10.35 ms 

for gold standard, 30.75 ms for conventional PC-MRI, and 12.06 ms for SEPC.  

In experiment 2, we used the same parameters in experiment 1 with the exception of 

increasing the VPS to 6 in SEPC. As a result, the scan time and temporal resolution were 

reduced by a factor of two. The average scan time and temporal resolution in SEPC were 

10.8 ± 1 seconds and 24.12 ms, respectively. The scan times were depended on the subject’s 

heart rate. A faster heart beat shortened the R-R interval, which then reduced the scan time 

and the number of collected cardiac phases   
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Table 4.1: Scan parameters used in Experiment 1 

 

* Data are mean ± standard deviation  

Abbreviation: GS = gold standard; CONV = conventional PC-MRI; TR = time of repetition; TE = 
time of echo; FOV = field of view; VENC = velocity encoding; VPS = views per segment; BH = 
breath hold; FB = free breathing  
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4.1.4 Experimental Design 

PWV measurements were calculated using gold standard (PWVGS), conventional PC-

MRI (PWVCONV) and SEPC (PWVSEPC). Test of reproducibility was assessed in SEPC and 

conventional PC-MRI by repeating the measurements twice using the same protocol.  The 

average of PWVSEPC or PWVCONV from the reproducibility test was used for measurement in 

the validation test against the gold standard. The idea was to validate PWV measurements of 

SEPC against gold standard (PWVSEPC-GS), and compare their agreement at 95% confidence 

interval with the agreement between conventional PC-MRI and gold standard (PWVCONV-GS) 

in both experiments. 

4.1.5 PWV Measurements 

 Initially, an oblique saggital phase contrast MR slice was obtained to depict the full 

course of the aorta. Through-plane velocity encoded images were then acquired at two slices 

perpendicular to the aorta, one at the level of the bifurcation of the main pulmonary artery 

(top white line) and the other at the abdominal aorta (bottom white line), see Figure (4.1). 

These slices were obtained in separate breath holds. PWV measurements were assessed 

between the ascending and proximal descending aorta (aortic arch), between the proximal 

descending and abdominal aorta (distal aorta), and finally between the ascending and 

abdominal aorta (total aorta).  
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Figure 4.1: a) Slice location for through-plane measurements. White lines represent the positions of 

imaging slice. The ascending aorta is represented by site , proximal descending aorta by site  

and abdominal aorta by site . b) Anatomic image of aortic arch. c) Phase image corresponding to 
the anatomic image from b). d) Anatomic image of abdominal aorta. e) Phase image corresponding to 
the anatomic image from d). Region of interest (ROI) is drawn around the aortic lumen. Red ROI: 
Ascending aorta; Green ROI: Descending aorta; Yellow ROI: Abdominal aorta.   

 

To measure PWV, we used the method based on half maximum of velocity 

waveform as a marker for pulse wave arrival time. This method was described earlier in 

Chapter 1. The measurement distance (dx) was calculated by measuring the length of the 

aorta between the two recording sites. The distance between the two white lines or between 

site  and site  represents the measurement distance for distal aorta. Similarly, the other 

two measurement distances were obtained by measuring the distance between site  and 

site  for aortic arch, and between site  and site  for total aorta. The region of interest 

(ROI) was manually drawn around the aortic lumen in the first frame of the anatomic image. 

A program in MATLAB was written to automatically fit the manually drawn ROI to the 

corresponding phase image over the entire cardiac cycle. The averages of the ROIs were 
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used to generate velocity waveforms using cubic interpolation. The two waveforms arriving 

at different sites were normalized at the peak velocity. Delay time (dt) was calculated by 

subtracting the difference in the arrival times between the waveforms at half maximum. 

PWV was then determined by the distance measured between the recording sites divided by 

the delay time, i.e. dx/dt, expressed in m/s. Figures (4.2) to (4.5) represent velocity 

waveforms for PWV measurements in the distal aorta using all three methods. The data for 

these measurements were obtained from one of our volunteers.        

4.1.6 Statistics 

 Statistical analyses were performed using MedCalc statistical software (Version 

11.5.1.0). The measurements from conventional PC-MRI and SEPC were validated against 

the gold standard. Statistical significance was assessed using paired t-test, and a significance 

level of P < 0.05 was used to define a statistically significant bias between two 

measurements. The agreement method recommended by Bland and Altman [61] was used to 

analyze the relationship between the two methods by calculating the intraclass correlation 

coefficient (ICC), bias and limits of agreement. The idea was to compare the agreement of 

PWVSEPC-GS to PWVCONV-GS. Initially, the two measurements were assessed using paired t-test 

to check for any statistically significant bias. Then, the level of agreement was assessed by 

measuring the 95% limits of agreement. The narrowest interval represented the highest level 

of agreement. In addition, ICC was used to assess the reliability between two measurements. 

Reproducibility test of SEPC and conventional PC-MRI was assessed using similar 

measurements.   
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Figure 4.2: Velocity waveforms produced by the gold standard in distal aorta. Temporal resolution = 
10.35 ms; dx = 173 mm; dt = 34.5 ms; PWV = 5.0 m/s.  

 

 

Figure 4.3: Velocity waveforms produced by the conventional PC-MRI in distal aorta. Temporal 
resolution = 30.75 ms; dx = 173 mm; dt = 28.6 ms; PWV = 6 m/s.  
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Figure 4.4: Velocity waveforms produced by SEPC in experiment 1. Temporal resolution = 12.06 ms; 
dx = 173 mm; dt = 29 ms; PWV = 6 m/s. Note: absolute velocity values are not correct. 

 

 

Figure 4.5: Velocity waveforms produced by SEPC in experiment 2. Temporal resolution = 24.12 ms; 
dx = 173 mm; dt = 34 ms; PWV = 5.1 m/s. Note: absolute velocity values are not correct. 
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4.2 Results  

 In this study, all ten subjects completed the MRI examination. Four subjects 

participated in both experiments which gave us a total of 7 participants per experiment. 

Three sets of PWV measurements (aortic arch, distal aorta and total aorta) were performed 

in each participant using the methods described earlier. All PWV assessments were 

successfully performed. Data are hereafter presented as mean ± standard deviation, unless 

stated otherwise. A summary of the results in both experiments 1 and 2 can be found in 

Appendix 1.  

 The mean distance of the aortic arch was 101.1 ± 15.9 mm, distal aorta 142.7 ± 16.5 

mm and total aorta 243.9 ± 23 mm. The statistical results are shown in Tables (4.2) and (4.3) 

for experiments 1 and 2, respectively. No statistically significant bias was found in PWVSEPC-

GS and PWVCONV-GS (Experiment 1: mean differences -0.07 ± 0.84 m/s, P = 0.69, ICC =0.56 

for PWVCONV-GS and -0.05 ± 0.613 m/s, P = 0.74, ICC = 0.76 for PWVSEPC-GS; Experiment 2: 

mean differences -0.07 ± 0.69 m/s, P = 0.63, ICC = 0.7 for PWVCONV-GS and -0.13 ± 0.57 

m/s, P = 0.31, ICC = 0.82 for PWVSEPC-GS). Similarly, both methods showed no bias 

between the repeated measurements in the test of reproducibility (Experiment 1: mean 

differences 0.16 ± 0.54, P = 0.19, ICC = 0.87 for conventional PC-MRI and 0.13 ± 0.68, P 

= 0.4, ICC = 0.77 for SEPC; Experiment 2: mean differences -0.14 ± 0.6, P = 0.3, ICC = 

0.87 for conventional PC-MRI and 0.005 ± 0.47, P = 0.96, ICC = 0.92 for SEPC).  
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Table 4.2: Statistical summary of Experiment 1 

 

Abbreviations: PWVCONV-GS = PWV measurements of conventional PC-MRI against gold standard; 
PWVSEPC-GS = PWV measurements of SEPC (twice temporal resolution) against gold standard; N = 
number of measurements; CI = confidence interval; P = two-tailed probability; ICC = intraclass 
correlation coefficient 
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Table 4.3: Statistical summary of Experiment 2 

 

Abbreviations: PWVCONV-GS = PWV measurements of conventional PC-MRI against gold standard; 
PWVSEPC-GS = PWV measurements of SEPC (half scan time) against gold standard; N = number of 
measurements; CI = confidence interval; P = two-tailed probability; ICC = intraclass correlation 
coefficient 
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4.2.1 Validation PWVCONV-GS vs. PWVSEPC-GS 

 As mentioned earlier, no statistically significant bias was found in both conventional 

PC-MRI and SEPC vs. gold standard. The differences in PWV measurements are presented 

using Bland-Altman plots in Figures (4.6) and (4.7). Good agreement was found in both 

methods against gold standard. A slightly higher level of agreement was found in PWVSEPC-GS 

(95% limits of agreement = -1.16 to 1.25, ICC = 0.76) when compared to PWVCONV-GS (95% 

limits of agreement = -1.57 to 1.71, ICC = 0.56) in experiment 1, see Figure (4.6). Similarly 

in experiment 2, we observed the same trend where the agreement of PWVSEPC-GS (95% 

limits of agreement = -0.99 to 1.25, ICC = 0.82) was found to be better than PWVCONV-GS 

(95% limits of agreement = -1.28 to 1.43, ICC = 0.7), see Figure (4.7). One thing to note is 

that, PWVSEPC-GS in experiment 2 showed the highest level of agreement and ICC. This was 

an interesting discovery since we expected PWVSEPC-GS with two fold improved temporal 

resolution (experiment 1) to yield the most agreeable result. However, our study showed that 

SEPC in both experiments are in good agreement with the gold standard and comparably 

better than conventional PC-MRI.   
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Figure 4.6: Bland-Altman plots for PWVCONV-GS (top) and PWVSEPC-GS (bottom) in experiment 1. 
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Figure 4.7: Bland-Altman plots for PWVCONV-GS (top) and PWVSEPC-GS (bottom) in experiment 2. 
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4.2.2 Test of Reproducibility: Conventional PC-MRI vs. SEPC 

 Reproducibility test in conventional PC-MRI and SEPC was examined by successive 

repetition of PWV measurements using the same protocol. No statistically significant bias 

was found in any measurements. Reproducibility was high in both methods with good ICC 

between the repeated examinations. The differences between two successive measurements 

are presented using Bland-Altman plots in Figures (4.8) and (4.9). In experiment 1, 

reproducibility of conventional PC-MRI (95% limits of agreement = -1.22 to 0.90, ICC = 

0.88) showed better agreement than SEPC (95% limits of agreement = -1.46 to 1.20, ICC = 

0.77), see Figure (4.8). However, in experiment 2, reproducibility of SEPC (95% limits of 

agreement = -0.93 to 0.92, ICC = 0.92) was found to be better than conventional PC-MRI 

(95% limits of agreement = -1.04 to 1.31, ICC = 0.87). Our results showed that SEPC at half 

scan time (experiment 2) produced the best reproducibility test.    
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Figure 4.8: Bland-Altman plots for reproducibility of PWVCONV (top) and PWVSEPC (bottom) in     
experiment 1. PWVCONV1 and PWVCONV2 represent first and second measurements using conventional 
PC-MRI. Similarly, PWVSEPC1 and PWVSEPC2 represent first and second measurements using SEPC.  
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Figure 4.9: Bland-Altman plots for reproducibility of PWVCONV (top) and PWVSEPC (bottom) in     
experiment 2. 
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4.3 Discussion  

 The major findings of this study are that SEPC at two fold improved temporal 

resolution (SEPC-I) and half scan time (SEPC-II) provide comparable PWV measurements 

to conventional PC-MRI with good reproducibility. Our results also show that background 

phase errors do not affect PWV measurements since the absolute velocity is not required, 

and thus can be neglected.  

In experiment 1, the temporal resolution was doubled in SEPC at a breath hold time 

similar to the conventional method. With this gain, we expected the accuracy of PWV 

measurements to improve significantly. Our results indicated that SEPC-I was in good 

agreement with the gold standard, but with PWV accuracy slightly better than conventional 

method. However, the test of reproducibility showed that SEPC-I was not as reliable as the 

conventional method. Even though the limits of agreement in SEPC-I were not of clinical 

importance and ICC was good, the reproducibility test was found to be better in 

conventional PC-MRI. These results indicate that SEPC-I can be considered interchangeable 

with conventional PC-MRI, but without a desirable improvement in PWV assessment. 

However, we were motivated to use our method at half scan time (experiment 2) with similar 

temporal resolution to conventional PC-MRI (SEPC temporal resolution of 24.12 ms vs. 

conventional PC-MRI temporal resolution of 30.75 ms).  

In experiment 2, the results showed no statistically significant bias in PWVSEPC-GS. 

Moreover, SEPC-II showed the highest agreement and ICC value with the gold standard 

than all measurements in this study. The reproducibility test also showed the highest 

agreement and ICC value between successive measurements. This discovery was very 

promising and at the same time interesting since PWV accuracy was improved at a 



67 
 

significantly reduced scan time when compared to all measurements. This takes us to the 

question: why SEPC at two fold improved temporal resolution could not yield the highest 

level of agreement?  

We speculate that spins dephasing due to in-plane flow could have affected our 

measurements since flow compensation in SEPC was turned off in all directions. We suspect 

that SEPC-I is more susceptible to in-plane flow since the possibility of anxiety, stress or 

arrhythmia may increase during prolonged scan time, which may influence the hemodynamic 

factors, including velocity, viscosity, and density of the blood flow, thus causing blood flow 

disturbances and multidirectional flow. For example, increase in blood velocity or reduction 

of blood viscosity could increase the intensity of turbulence [10]. Turbulence leads to flow 

instability and multidirectional flow. When blood flow direction is perpendicular to the slice 

(through-plane), spins are less dephased since the blood flow exits the slice before 

saturation. As a result, moving spins are less saturated than static spins which results in flow 

signal enhancement or high flow sensitivity. However, multidirectional flow may lead to in-

plane flow that causes phases to accumulate within the same voxel, inducing phase variations 

and rapid dephasing which reduces the signal or flow sensitivity. In conventional PC-MRI, 

in-plane flow is compensated which prevents spins dephasing caused by multidirectional or 

turbulent flow, thus signal enhancement or flow sensitivity is increased. We assume that 

these flow phenomena could have accounted for some PWV variations in SEPC-I.  

In some measurements, we observed slight variations in waveform shape. These 

variations were found only in the aortic arch during the end systolic or diastolic cycle. We 

assume that turbulent blood flow caused by hemodynamic factors in conjunction with spin 

dephasing due to in-plane flow could have accounted for the waveform variations. Although 
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PWV measurements were assessed during the systolic upstroke (slope of the waveform) 

unaffected by this discrepancy, we suggest further investigation to be undertaken to shed 

more light. We did not observe these phenomena in the abdominal aorta since the 

disturbance of blood flow in such region is significantly diminished or absent [62]. Figure 

(4.10) represents slight variations in waveform shapes found mostly in SEPC-I. These 

variations, however, do not affect our measurements since the part of the systolic upstroke 

matches the gold standard.       

 Our study has some limitations. First of all, we were unsure about the cause of 

variations in velocity waveform shapes. Even though these variations were found during the 

end systolic or diastolic part of the cardiac cycle where PWV measurements are not assessed, 

it would be useful to know the cause of this discrepancy for further refining of the 

technique. Also, we are curious to know whether these findings could be of clinical 

importance. Another limitation is that flow was not compensated for in-plane. Although our 

experimental results showed no bias with the gold standard, we assume that phase 

accumulation due to in-plane flow could have affected our measurements particularly in 

SEPC-I due to longer scan time. In SEPC, phase unwrapping was based on trial and error 

which had to be inspected in all frames. Further refinement in the technique should allow 

automatic correction of phase-wrap around when required. Also, our experiments were 

lengthy since we used 3 different pulse sequences at two different slice locations with 

successive repeated measurements for SEPC and conventional PC-MRI, thus limiting our 

assessment to only healthy subjects. Another limitation is the comparision of PWV 

measurements with the gold standard (PC-MRI at the maximum temporal resolution, VPS = 

1). We believe that assessment of our technique with invasive pressure measurements could 

have been more valuable since true PWV is assessed with pressure measurements.        
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Figure 4.10: Waveform variations between SEPC-I and gold standard. A) Slight irregular shape of 
SEPC-I during the diastole in ascending aorta. B) SEPC-I shows flat shape at the peak and irregular 
shape at the diastole in proximal descending aorta.  

Note: In both graphs, systolic upstroke matches the gold standard. This shows that PWV 
measurements were not affected.      
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4.4 Conclusion 

In our study, the accuracy of PWV measurements using SEPC-I and SEPC-II were 

evaluated by validation against gold standard PC-MRI, and compared to the conventional 

PC-MRI. Furthermore, the test of reproducibility was assessed and also compared to the 

conventional method. Our results indicated that both SEPC-I and SEPC-II showed no 

statistically significant bias in all measurements. The limits of agreement with the gold 

standard were not of clinical significance. Moreover, SEPC-II showed a higher agreement 

over conventional PC-MRI in both validation and reproducibility tests at half the breath 

hold time. This shows us that SEPC is a significant improvement over conventional PC-

MRI. With its high acquisition efficiency, PWV measurements can be made more feasible in 

patients with CVDs. In the future, we think it would be valuable to compare our method 

against pressure measurements in patients selected for cardiac catheterization to assess the 

true PWV accuracy, a similar approach implemented by Westenberg et al. [63] and 

Grotenhuis et al. [64] during the validation of their technique. Also, SEPC needs to be 

analyzed in old patients with severe CVDs to determine the extent of its application. With 

further refinement and development, we envision that SEPC can effectively replace 

conventional PC-MRI in the assessment of arterial stiffness.  
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Chapter V 

 Conclusions and Future Directions 

 In this study, we introduced a new method (SEPC) to assess aortic stiffness using 

single velocity encoding in phase contrast imaging. The method uses the residual phase 

obtained at the end of the bipolar gradient to encode velocity information for the 

measurement of PWV. We investigated the accuracy of SEPC at two fold improved 

temporal resolution and half scan time when compared to the conventional method. The 

results showed that both approaches in SEPC yielded no statistically significant bias with the 

gold standard. The test of reproducibility was also found to be in good agreement. 

Interestingly, we observed that SEPC at half scan time had the highest agreement in the 

validation and reproducibility test. Our study indicates that SEPC can be considered 

interchangeable with conventional PC-MRI in the assessment of arterial stiffness. Moreover, 

SEPC at half scan time can effectively replace the conventional method since the breath 

hold time is reduced to half with improved accuracy of PWV measurements. With this 

achievement, SEPC can be effectively used in time constrained situations such as breathhold 

imaging, and 3D imaging. In addition, the reduced scan time allows measurements to be 

more feasible in patients with CVDs.  

The continuation of this work includes the testing of PWV accuracy in patients with 

CVDs. Once this is achieved, our method can be implemented in other applications such as 

the measurement of stroke volume reserve described by Charoenpanichkit et al. [65] to 

identify the risk associated with pulmonary edema. Since the ratio of left ventricular stroke 
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volume before and after stress is of interest not their absolute magnitude, we envision our 

method to successfully measure the stroke volume reserve at twice the speed of conventional 

method.  

With further developments and refinements in this technique, including the 

automatic correction of phase wrap-around and in-plane flow compensation, the novel 

method will potentially extend its application in the field of cardiovascular MRI.      
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Appendix I 

 

Experiment 1: 

 

The second measurement in CONV and SEPC-I are for reproducibility test. Slice 1 = slice at the aortic arch; Slice 2 = slice at 

the abdominal. 

Abbreviation: ID = subject indentification; HR = heart rate; GS = gold standard; CONV = conventional PC-MRI 
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Experiment 2: 

 

The second measurement in CONV and SEPC-II are for reproducibility test. Slice 1 = slice at the aortic arch; Slice 2 = slice at 

the abdominal. Four subjects with IDs 103, 104, 106, and 107 volunteered in both experiments.  

Abbreviation: ID = subject indentification; HR = heart rate; GS = gold standard; CONV = conventional PC-MRI 
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