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Abstract 

Atherosclerosis is the accumulation of plaque within a blood vessel wall and accounts for 20% of 

deaths in Canada. Atherosclerotic lesions are evaluated in terms of morphology, degree of 

stenosis, composition, and dynamics. Plaques with large lipid cores and thin fibrous caps are 

more likely to cause cardiovascular events. 

The bifurcation of the carotid artery is particularly susceptible to plaque accumulation due to 

the complicated hemodynamics in the region. The carotid arteries supply blood to the brain, and 

atherosclerosis of the carotid arteries is linked to stroke risk. Decreases in carotid arterial 

distension are associated with both plaque growth and rupture. As such, the characterization of 

carotid distensibility is an important part of stroke prevention. 

Imaging modalities capable of measuring distensibility are ultrasound, computed tomography 

and bright blood magnetic resonance imaging. However, these techniques do not provide 

compositional information. In this thesis I present and successfully demonstrate a retrospectively 

gated black blood fast spin echo MR imaging technique to capture the motion of the carotid 

arterial wall over the cardiac cycle. The sequence was validated in digital phantoms and tested 

for functionality, accuracy and repeatability in volunteers. Distensibility measures obtained from 

these images were found to be within the normal range for volunteers of this age group. The 

blood-wall contrast and temporal information obtained with the dynamic fast spin echo sequence 

show potential for clinical application in the evaluation of the distensibility of atherosclerotic 

carotid arteries. 
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Chapter One: Introduction 

Magnetic resonance (MR) angiography (MRA) has emerged as an important and robust imaging 

technique in the assessment of cardiovascular disease (CVD) [1-4]. Angiography describes the 

visualization of the vasculature by medical imaging. Variable image contrast weightings that are 

obtainable with MR imaging potentially allow for excellent blood and soft tissue discrimination. 

As opposed to most x-ray and ultrasound vascular imaging techniques, MR is capable of 

acquiring images cross-sectionally, or tomographically. This is an important property in 

angiography as it allows depiction of the cross section of the blood vessel, including 

measurement of area. MR data acquisitions that are gated (i.e., timed with either the cardiac or 

respiratory cycle) can demonstrate multiple phases of cardiac and/or respiratory motion, 

including the pulsatile nature of blood-flow in a vessel [5].  

Carotid artery assessment is important for the prevention of stroke through guidance of 

interventional treatment [6-8]. Compositional evaluation of the arterial wall can distinguish 

between those plaques that are stable and those likely to result in stroke. Stenosis (i.e., the degree 

of narrowing of the vessel) can be accurately identified by x-ray angiography. However, not all 

plaques restrict blood-flow by vessel narrowing, and plaque composition plays a key role in 

plaque stability [9]. MRA techniques have been validated for both morphological and 

compositional characterization of carotid plaque [10]. A decrease in arterial distensibility also 
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underlies cardiovascular aging and the possible presence of plaque [11]. Distensibility can be 

measured using a variety of imaging modalities, including MR imaging. MR can acquire 

temporally resolved cross-sectional images of the pulsation in the carotid arteries [12]. Current 

dynamic imaging techniques, however, are either prohibitively lengthy due to the need for 

prospective cardiac gating or result in images with contrast that does not allow for vessel wall 

visualization. The technique presented in this thesis allows for vessel wall visualization and 

distensibility measurement by retrospectively gating the MR acquisition with the cardiac cycle.  

The overall objective of this research was to improve upon current MR distensibility 

measurement techniques through the implementation of a retrospectively gated MR fast spin 

echo (FSE) acquisition. This approach will allow imaging of the carotid artery wall with good 

soft-tissue image contrast over the course of the cardiac cycle. 

Atherosclerosis and cardiovascular events are introduced in §1.1 and the clinical assessment of 

atherosclerosis is discussed in §1.2. The overall objectives and specific aims of the research 

presented in this thesis are outlined in §1.3. The structure of this thesis is described in §1.4. The 

collaborators involved in this research and the conferences at which parts of this work have been 

presented are noted in §1.5. 

1.1 Atherosclerosis and Stroke 

Many cardiovascular diseases are characterized by atherosclerosis, the accumulation of plaque in 

the walls of the arteries [13]. Atherosclerosis affects a significant portion of the population and 

can lead to disabling and deadly ischemic events. As a systemic disease, cardiovascular disease 

can affect many vascular locations throughout the body. However, atherosclerotic plaque tends 

to accumulate specifically in large and medium arteries, particularly at points of marked arterial 
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angulation and disturbed blood-flow [14]. As such, the bifurcation of the common carotid artery 

is particularly susceptible to atherosclerosis. An estimated 15% of cerebral infarctions are caused 

by atherosclerotic plaques at the carotid bifurcation [8].  

Atherosclerotic lesions develop over decades, beginning as fatty streaks within the intimal 

layer of the arterial wall, and can eventually lead to partial stenosis or complete occlusion of a 

vessel. Atherosclerotic lesions also can rupture and form a thrombus that further restricts blood-

flow to the affected area. A thrombus or part of the plaque may also dislodge from the lesion site 

and travel through the circulatory system as an embolus, potentially causing a blockage in a 

smaller downstream vessel. Restrictions in blood-flow caused by thrombi or emboli may lead to 

ischemia, where tissues downstream from the blockage are deprived of oxygenated blood and, 

potentially, can undergo irreparable damage. Given that blood-flowing through the internal 

carotid arteries supplies the brain, the risk of thromboembolic stroke due to carotid 

atherosclerosis is high [8, 15, 16]. 

Current interventional treatments for atherosclerosis include lifestyle changes such as diet and 

exercise along with pharmaceutical therapies, such as statins, to lower lipid levels and prevent 

further plaque growth [17, 18]. In some cases, carotid endarterectomies are performed to remove 

the diseased section of the artery [19]. Early diagnosis and characterization of carotid 

atherosclerosis can increase interventional treatment efficacy by preventing further plaque 

development and reducing stroke risk factors. 

Stroke is the third leading cause of death in Canada and, when not fatal, impairs and disables 

tens of thousands of people per year [20]. Stroke costs $3.6 billion in healthcare in Canada 

annually [20]. Approximately 80% of strokes are ischemic, making arterial assessment and the 

treatment and monitoring of atherosclerosis a necessary and valuable research interest. 
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1.2 Clinical Assessment of Atherosclerosis 

It is important to clinically assess and monitor plaque presence before symptoms arise. Three 

major factors should be considered in the assessment of arterial health: blood-flow restriction, 

plaque composition and arterial elasticity. Blood-flow restriction is caused by arterial wall 

remodelling due to plaque growth. Composition determines the stability of an atherosclerotic 

lesion and how likely it is to rupture or develop a thrombus/embolus. Decreased arterial elasticity 

can both signify early plaque development, as well as contribute to the instability of plaque and 

the likelihood of rupture. 

The current gold standard for luminal restriction measurement is x-ray angiography. With near 

100 µm resolution, x-ray angiography can precisely quantify the degree of stenosis and is often 

performed following indication of blood-flow restriction by ultrasound. While ultrasound is 

capable of visualizing restriction in some superficial arteries, it is usually only performed as a 

preliminary means of investigation. Computed tomography angiography (CTA) has also been 

evaluated for the detection and quantification of stenosis, but has been found to be unreliable in 

the distinction between mid- and high-grade stenosis [21]. MRA has also been proven capable of 

detecting high-grade stenosis with a sensitivity of 93.0% and a specificity of 80.6% [22]. 

As x-ray angiography provides little soft tissue contrast and no axial images of vessels, MRA 

has become an increasingly popular method for vascular imaging. Multi-contrast MR 

examinations have been shown to be capable of determining plaque composition within a vessel 

wall and detecting the presence of intraplaque hemorrhage [10]. CTA can visualize plaque 

ulceration but is unable to reliably distinguish components of a lesion due to a lack of soft tissue 

contrast within the vessel wall [23]. However, CTA is especially sensitive in the detection of 

calcified plaque [24]. Ultrasound has shown differences in echogenicity between lipid rich and 
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fibrous rich plaques [25, 26], but normally only provides a measure of intima-media wall 

thickness rather than morphological details of individual plaque components [23]. 

While decreased arterial elasticity has been linked to the incidence of ischemic stroke [16], the 

standards for the characterization of arterial elasticity are still being developed. Multiple imaging 

modalities have been evaluated for their use in measuring the distensibility index of the carotid 

arteries. Ultrasound distensibility measurements are performed using the change in carotid 

diameter over the course of the cardiac cycle. This method assumes a perfectly circular lumen 

and is subject to shadowing due to calcification [27]. Motion MR (i.e., cine MR) imaging 

techniques are also used to determine arterial distensibility. These techniques measure changing 

cross-sectional areas of the lumen in the carotid arteries [12]. The current cine MR sequences 

that are capable of capturing vessel motion over the cardiac cycle are, however, limited by flow 

artifact and/or long acquisition times. 

MR has been evaluated for imaging carotid stenosis, plaque composition and distensibility. 

While all three factors independently play a role in the state of an atherosclerotic lesion and the 

risk of stroke, their interactions with each other have yet to be determined. One MR sequence 

that can image all three factors simultaneously and in a reasonable scan time, could provide an 

efficient and valuable diagnostic tool for the screening, treatment and monitoring of carotid 

atherosclerosis. The implementation of such a technique is the focus of this research. 

1.3 Overall Objective and Specific Aims 

Distensibility is a key component of arterial assessment and a reliable technique for screening 

and monitoring purposes is required. The technique that I apply has the potential to provide 

accurate and standardized distensibility measurements in the carotid and other major arteries. In 
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addition, the acquired images may provide valuable insight into the vessel wall mechanics of 

atherosclerotic arteries. 

The overall objective of this research is to implement and evaluate an MR imaging technique 

that captures the motion of the carotid vessel wall over the course of the cardiac cycle while 

preserving the soft-tissue image contrast needed to visualize the vessel wall. In addition, this 

technique would need to minimize image errors (i.e., artifact), have good reproducibility and 

acceptable interobserver variability, as compared to current imaging-based distensibility 

measurement techniques. 

The specific aims of this research project are to: (1) implement and validate a dynamic FSE 

sequence in the carotid arteries, (2) compare resultant images to static and cine MR images, and 

(3) evaluate the intra-observer variability of carotid distensibility measurements obtained from 

various MR techniques. 

1.4 Thesis Outline 

This thesis is organized into six chapters. This first chapter provides a broad overview of the 

motivation and objectives for this research. Chapter two summarizes the physiology and 

biomechanics of cardiovascular disease and provides an overview of the current state of carotid 

artery assessment and distensibility measurement techniques. The third chapter reviews the key 

MR imaging principles that are required before the more detailed discussion of FSE imaging 

techniques is presented. Chapter four introduces and explains the dynamic FSE imaging 

technique and describes how it was implemented and validated for this project. Chapter five 

presents the results of a pilot study highlighting acquired images and the calculation of arterial 
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wall distensibilities. In chapter six, the work presented in this thesis is summarized and future 

directions of the project are proposed. 

1.5 Scientific Contributions and Acknowledgement 

The work presented in this thesis successfully demonstrates image acquisition of vessel wall 

motion with soft tissue contrast in a single MR imaging sequence. This sequence demonstrates 

pulsatility in the carotid arteries and maintains a favourable black blood image contrast (i.e., 

bright wall signal with no blood signal) in a reasonable scan time of less than a few minutes. 

Such a sequence can simultaneously provide morphological, compositional and dynamic 

evaluations of carotid atherosclerosis with the potential to investigate the interactions between all 

three factors. 

Portions of this work have been presented orally at the Canadian Association of Physicists 

2012 Congress in Calgary, AB, where it was awarded first place in the Student Competition for 

Medical and Biological Physics presentations. Components of the project were presented 

internationally at the Magnetic Resonance Angiography Club Meeting 2012 in Utrecht, the 

Netherlands, and as posters at the Accelerated MR Imaging Workshop in Freiburg, Germany, 

and the Canadian Stroke Congress 2012 in Calgary, AB.  

The work builds upon concepts first developed and published by Drs Jason Mendes and 

Dennis Parker at the University of Utah [28]. While I implemented, tested and applied the 

retrospective gating process, some components of this thesis required collaborations with a 

number of other trainees and scientists working at the Seaman Family Magnetic Resonance 

Research Centre. Dr Richard Frayne, as my thesis supervisor, provided direction and support 

throughout the entire project. The pulse sequence design was successfully implemented with the 
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help of Dr M Louis Lauzon and Dr R Marc Lebel. (Soon to be a doctor) Jerome Yerly developed 

the image reconstruction code. 

 



 

 9 

Chapter Two: Atherosclerotic Cardiovascular Disease 

Atherosclerosis is a major cause of cardiovascular disease (CVD) in the western world. More 

than one in three American adults suffer from CVD [29]. Atherosclerosis and CVD account for 

20% of deaths in Canada [30]. Atherosclerosis is marked by the accumulation of plaque in the 

arteries. The areas typically first affected by advancing atherosclerotic lesions are large- and 

medium-sized arteries, particularly at points of decreasing diameter or at bifurcations [14]. 

Atherosclerosis can cause changes to the morphology, composition and function of the arterial 

wall [31]. In highly developed atherosclerosis, the vessel may become completely occluded (i.e., 

blocked) due to stenosis or thrombus, resulting in the cessation of blood delivery to tissue 

downstream from the blockage. In most cases of occluded arteries, the tissue survives, though it 

may become ischemic and non-functional. This survival is primarily due to the inherent 

redundancy in blood delivery due to the presence of alternate or collateral pathways. 

Intermediate levels of atherosclerosis (i.e., partial blockages), however, present a challenge 

regarding the course of treatment. Even at intermediate degrees of stenosis (30% to 70% by 

diameter), the reduction in blood-flow is relatively small. According to Poiseuille’s law, the 

volume flow rate of a fluid in a cylindrical tube is inversely proportional to the tube radius to the 

power of four, meaning a change in radius has a relatively small effect on the flow rate, until the 

vessel becomes nearly completely blocked. 
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The risk arising from intermediate atherosclerotic plaque is not restriction of blood-flow but 

rather its potential to become unstable and rupture, leading to subsequent cardiovascular events. 

While the focus of angiography has historically been on the measurement of reduction in vessel 

diameter due to stenosis, lesion presence and, more importantly, lesion stability has recently 

become a major focus of research. 

Atherosclerosis of the carotid arteries, the clinical focus of this research, is an important issue. 

It has a major clinical impact, as thrombi in the carotid arteries or emboli originating from them 

can result in acute ischemic stroke – up to 15% of all acute ischemic strokes are a result of extra-

cranial atherosclerotic disease [8]. Carotid artery disease also presents an interesting historical 

study, showing a maturation of scientific evidence and clinical management procedures. In the 

1980s, large multi-centre studies, including the North American Symptomatic Carotid 

Endarterectomy Trial (NASCET) [32] and European Carotid Surgery Trial (ECST) [32, 33], 

were conducted to find the degree of carotid artery stenosis that warranted surgical intervention. 

They found that a stenosis of 70% or greater (by NASCET criteria where stenosis is the relative 

difference between the restricted diameter and the internal carotid artery diameter) warranted 

surgery (i.e., the risk of surgery was less than the risk of a future thrombotic or embolic event). 

While the evidence of these large studies is solid, their interpretation has evolved. 

The interpretation of the risk of an atherosclerotic lesion has changed with improved 

understanding of the biology of atherosclerotic disease, as well as enhanced imaging 

technologies (described below in §2.1-2.5 and continued in §3.4). Plaque composition and its 

impact on stroke risk is now being seen as an important and easily measured surrogate of stroke 

risk. Particularly when using MR examination, interrogations increasingly evaluate the vessel 

wall and atherosclerotic plaque itself, in addition to determining the degree of stenosis. In this 
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chapter, I review the pertinent physiology of the arterial vessel wall and the development of 

atherosclerosis (§2.1), the mechanics and elastic properties of healthy and diseased vessels 

(§2.2), as well as describe the current state of clinical assessment of carotid atherosclerosis 

(§2.3). 

2.1 Physiology of the Arterial Wall and the Development of Atherosclerosis 

Arteries consist of four concentric components: the lumen (which provides the channel for 

blood-flow), the intima (the innermost vessel wall layer), the media and the adventitia (Figure 

2.1). A healthy intima is made up of endothelial cells, smooth muscle cells and isolated 

macrophages. The internal layer of the intima contains smooth muscle cells and non-fibrous 

connective tissue. The outer layer of the intima that connects to the media contains smooth 

muscle cells and elastic fibres. 

 

Figure 2.1 – Diagram of the layers making up a healthy vessel wall. Figure adapted from 
Ross and Glomset 1976 [34]. 
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Early atherosclerosis predominantly affects the intimal layer of the artery. Only with more 

advanced disease do the medial and adventitial layers become affected. Adaptive intimal 

thickening has been shown in healthy arteries where the intimal layer becomes modified in 

response to local shear wall stresses in order to maintain normal flow velocity and wall tension. 

Common areas of adaptive intimal thickening are locations of changed vessel diameter and 

direction, such as the coronary arteries, renal arteries, aorta and internal carotid artery. Adaptive 

thickening occurs primarily in these locations as a means of maintaining normal stresses where 

there are changes in hemodynamic conditions [35]. Though not considered an atherosclerotic 

lesion, areas of adaptive intimal thickening occur at sites where the first atherosclerotic lesions 

develop. With appropriate imaging, healthy adaptive thickening is distinguishable from intimal 

thickening caused by atherosclerosis based on their differences in cellular components [35].  

The initial phase of the development of atherosclerosis is characterized by an increase in the 

number of macrophages and the appearance of foam cells (macrophages filled with lipid 

droplets, Figure 2.2). Fatty streaks become visible on histological examination when foam cells 

accumulate on the endothelial side of the intima. There is evidence that high concentrations of 

atherogenic lipoproteins (low-density lipoproteins that transport lipids through the bloodstream) 

at lesion sites play a significant role in the stimulation of a pathological cell reaction that 

increases the number of macrophages at the site. The hemodynamics in areas with disrupted 

blood-flow exposes the lumen surface to recirculating activated macrophages and foam cells, 

making these locations more susceptible to lesion development [36]. 
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Figure 2.2 – Diagrammatic representation of the American Heart Association’s definitions 
of atherosclerotic lesion types. Figure adapted from Stary et al. 1995 [14]. 
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Advanced lesions begin with the presence of an atheroma, an accumulation of extracellular 

lipid droplets and, often, calcium particles. This lipid core causes intimal disorganization and 

thickening of the arterial wall, often without obstruction of the lumen. Macrophages, foam cells 

and capillaries surround the lipid core, particularly at the lesion periphery. Plaque buildup in 

arteries is often observed as negative remodeling, where the lumen is restricted by the plaque 

buildup, causing stenosis of the artery [14]. 

It was previously believed that the degree of stenosis was highly correlated to the risk of 

thromboembolic events [32] and as such, x-ray digital subtraction angiography became the gold 

standard for imaging atherosclerosis. However, after analyzing data from NASCET, Barnett et 

al. [15] suggested that the degree of stenosis is not actually correlated to the risk of subsequent 

cerebrovascular events. Positive remodeling [37], where the outside of the artery is enlarged for 

plaque compensation, means that atherosclerotic lesions can be severe due to their composition 

despite a low degree of stenosis [38-41]. 

In response to the accumulation of extracellular lipid, advanced lesions may develop new 

connective fibrous tissue. This fibrous cap existing between the lipid core and the lumen can 

range in thickness and stability (Figure 2.2). These components, as well as intraplaque 

hemorrhage, have recently been identified as key indicators of lesion vulnerability [40]. Features 

of an unstable plaque (those likely to rupture) are a thin fibrous cap, bulky lipid core and 

hemorrhage. Table 2.1 and Figure 2.2 summarize defined lesion subtypes according to the 

American Heart Association. Another factor that increases the risk of plaque rupture (discussed 

in the following section) is the location, stress and curvature of the artery where plaque resides. 
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Table 2.1 – American Heart Association atherosclerotic lesion types as described by Stary 
et al. in [14, 36]. 

AHA Lesion 
Score Characteristics Subtype 

I Initial Lesion: isolated macrophage foam cells - 

a: progression prone II Initial Lesion: layers of macrophage foam cells, 
possibly visible as fatty streaks b: progression resistant 

III Intermediate Lesion: isolated extracellular lipids - 

IV Advanced Lesion: extracellular lipid pool - 

 
a: with lipid core 
b: with calcification 

V Advanced Lesion: fibrous cap 

c: without lipid core 
 
a: surface disruption 
b: hemorrhage VI    Unstable Lesion 

c: thrombosis 

2.2 Atherosclerosis and Vessel Mechanics 

The hemodynamics of blood vessels can be very simply estimated as that of a thin walled tube. 

Blood pressure applies stress to the inner surface of the cylinder, both perpendicular (normal) 

and parallel (shear) to the surface. The cylinder (vessel wall) must balance this pressure with its 

own circumferential stress. Laplace’s law states that this circumferential wall stress, σ, is 

described as: 

, (2.1) 

where P is the radial wall stress (force per unit area caused by blood pressure), r is the radius of 

the vessel and h is the wall thickness. 

The strain in a material is defined as a fractional change in length. The stress-to-strain ratio of a 

material is called the elastic modulus. Blood vessels have a complex three-dimensional structure 

  

! 

" = Pr/h
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resulting in differing elastic moduli in each direction. Blood vessels are also viscoelastic, 

meaning that a deformation due to stress or strain does not happen instantaneously [42]. 

Stiffness describes resistance to deformation by a material. Conversely, distensibility or 

compliance describes the ability to be enlarged. Increased arterial stiffness or, equivalently, a 

decrease in distensibility is characteristic of cardiovascular aging [43, 44]. Vascular compliance 

is regulated by the relative amounts of collagen and elastin present, where collagen provides 

tensile strength and elastin provides flexibility in a vessel wall. An inflammatory response in the 

vasculature or an increased luminal pressure can lead to an overproduction of collagen and the 

fraying of normal elastin fibres in all layers of the vessel. Increased carotid artery stiffness and 

blood pressure have been identified as cardiovascular event predictors independent of other risk 

factors [45]. 

Blood pressure is regulated in the cardiovascular system via feedback from baroreceptors in the 

aorta, the carotid sinus (the internal carotid arteries just distal to the bifurcation) and some low-

pressure venous locations. Baroreceptors are nerve endings in the vessel wall that send signals to 

the brain when expanded during stretching of the arterial wall. An autonomic signal by 

baroreceptor firing will adjust heart rate, cardiac output and peripheral resistance to compensate 

for detected changes in the blood pressure. For example, a detected decrease in baroreceptor 

firing will increase the heart rate to compensate for the low blood pressure that was signalled. 

Labrova et al. [46] demonstrated decreased baroreflex sensitivity with age-related thickening of 

the carotid arterial wall. The presence of atherosclerosis and decreased compliance at 

baroreceptor sites can also disrupt baroreflex, thereby affecting blood pressure, cardiac output 

and the cardiovascular system as a whole.  
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Adaptive intimal thickening has been described and is thought to represent an attempt to 

maintain normal values of shear stress in the arteries [47]. For example, increased luminal 

pressure stimulates an overproduction of collagen so that the artery can increase its tensile 

strength such that the shear stress is maintained in a normal range. Considering the 

circumferential wall stress (Equation (2.1)), an increase in pressure (P) would be typically 

compensated for by an increase in vessel wall thickness (h) to maintain a constant stress. 

In addition to vessel wall compensation and remodelling, changes in hemodynamics can also 

promote the growth of atherosclerotic lesions. Disrupted blood-flow, either by vascular 

remodelling or bifurcation, enables the circulating atherogenic particles in the bloodstream to be 

in contact with lesion sites for prolonged periods of time [36]. 

Since the underlying physiology that results in arterial stiffness is similar to that of 

atherogenesis (i.e., fibrosis, smooth muscle necrosis, breaks in elastin fibres, calcifications, and 

macrophages in the arterial wall), it is difficult to determine causality. However, changes in 

arterial stiffness may be detectable earlier than plaque visualization, making it a potential early 

prognosticator for at-risk arteries [48, 49]. Furthermore, changes in vascular hemodynamics may 

exacerbate atherogenesis or add to the instability of already vulnerable plaque. 

2.3 Arterial Elasticity 

Reduced arterial compliance reflects the cumulative effect of many cardiovascular risk factors 

(hypertension, diabetes, smoking, obesity, etc.), and standardized measurement of compliance 

may be a much-needed indicator for the necessity of early intervention. Changes in vascular 

elasticity can greatly affect the hemodynamics of the circulatory system. The elasticity of 

peripheral arteries converts the pulsed output of blood (pulse wave) from the heart into a steady 
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flow of blood at the capillaries. This result is achieved by the reflection of the pulse wave as the 

arterial branches become smaller in diameter. Decreased distensibility causes these pulse waves 

to be reflected early, leading to a rise in systolic blood pressure and a fall in diastolic blood 

pressure [50-53]. The difference between these two values is termed pulse pressure. 

Hemodynamic changes due to arterial stiffening not only affect pulse pressure but can also lead 

to vascular remodelling and influence the state and growth of atherosclerotic lesions. Figure 2.3 

(adapted from [51, 54]) is a flow chart demonstrating the physiological pathways of vessel 

damage and increased cardiovascular events due to reduced arterial compliance. 

Alterations in vessel hemodyamics can also incite plaque rupture. Tears in the fibrous cap of 

atherosclerotic lesions are often the sites of thrombus formation where blood penetrates the 

arterial wall. A histological study of 67 excised fissured plaques by Richardson et al. in 1989 

[55] showed that the majority of tears occurred at the junction of the fibrous cap with the normal 

intima (Figure 2.4 is an illustration of common intimal tearing sites). A computer simulation of 

the tensile stresses near arterial plaque show that circumferential stress is concentrated at the 

edge of the cap and even more so when the stiffness of the fibrous cap is greater than that of the 

normal intima [55, 56]. 
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Figure 2.3 – Physiological responses to reduced arterial compliance, adapted from [51, 54]. 

 

Figure 2.4 – Diagrammatic representation of atherosclerotic lesions with arrows indicating 
the most common rupture points (by percent). Black represents fibrous tissue and 
crosshatching represents lipid core. Figure adapted from Richardson et al. 1989 [55]. 
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Currently, cardiovascular risk is assessed by medical history and lifestyle choices, lipid profile 

blood tests and, when warranted, medical imaging. Recent literature shows a clear need for an 

assessment that also identifies what is happening in the arterial walls, i.e., intima-media 

thickness, atherosclerotic lesion composition and vessel wall mechanics [52, 57-59]. 

2.3.1 Terms Describing and Methods for Measuring Arterial Elasticity 

Considering the previous discussion on vessel mechanics and plaque rupture, it is important to 

characterize both the composition of plaque as well as the local stiffness of the carotid arteries. 

There are a variety of related measurements that can express arterial compliance [51, 60]. 

Pulse wave velocity (PWV) is one of the simplest techniques to quantify the speed of a 

pressure wave between two points in the arterial tree, most often measured between the carotid 

and the femoral arteries. PWV falls into the category of regional measurements of arterial 

stiffness. The technique uses surface tonometers to evaluate pressure waveforms at both 

locations and the distance between the two is simply measured along the body. Values obtained 

with this technique correlate with age and arterial stiffness (higher PWV due to stiffer arteries), 

but are limited by inaccuracies in the arterial path length measurement [53, 61]. Williams [62] 

suggests that pulse wave analysis must still prove itself as a better prognosticator of 

cardiovascular risk than blood pressure alone. 

The augmentation index (AIx) quantifies the addition of the forward traveling wave from the 

heart with the reflected pulse wave from a peripheral artery. AIx is calculated by taking the 

height difference between the late systolic peak and the inflection point of a pressure pulse 

measured with surface tonometers, then dividing it by the pulse pressure. However, a number of 

studies have suggested that PWV is a more sensitive indicator of arterial stiffness compared to 

AIx [63, 64]. 
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Arterial compliance and arterial distensibility are calculations of a change in vessel diameter or 

area over a change in pressure [65]. Most commonly arterial compliance (AC) is the absolute 

change in cross sectional area divided by the change in blood pressure: 

€ 

AC = As − Ad

Ps − Pd ,
 (2.2) 

whereas arterial distensibility (D) is a value normalized to the diastolic cross sectional area: 

€ 

D =
AC
Ad

=
(As − Ad )
Ad (Ps − Pd ) ,

 (2.3) 

where As and Ad are systolic and diastolic cross sectional areas of the blood vessel and Ps-Pd is 

the pulse pressure. Another common value used to report arterial elasticity from diameter 

changes is the distensibility coefficient (DC): 

€ 

DC =
2(ds − dd )
dd (Ps − Pd ) ,

 (2.4) 

where ds and dd are the systolic and diastolic diameters, respectively. However, this method 

assumes a circular cross sectional area, which especially in the case of diseased arteries, is 

neccessarily true. 

Elastic modulus is a closely related parameter that describes the pressure required for complete 

stretch of the artery from its minimum (diastolic) cross-sectional area. It is simply the inverse of 

arterial distensibility: 

€ 

E =
1
D

=
Ad (Ps − Pd )
(As − Ad ) .

 (2.5) 

This parameter is also directly proportional to PWV through the Moens-Korteweg equation: 

€ 

PWV = Eh
2Rρ ,

 (2.6) 
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which relates the velocity of blood of density, ρ, in a vessel of radius, r, and wall thickness, h, to 

the elastic modulus of the vessel, E. Clearly, a stiffer vessel having a higher elastic modulus 

results in a higher pulse wave velocity [60]. 
  

As of yet, none of these techniques has been established as a gold standard for routine clinical 

use. However, given the extensive use of distensibility coefficient in the literature, this parameter 

was chosen for the work here. As a normalized value, distensibility coefficients will allow for a 

simple comparison between subjects. DC (Equation (2.4) uses diameter measurements likely due 

to the fact that most carotid measurements are obtained from lateral ultrasound measurement. 

While the images in this research are capable of providing cross-sectional area measures, carotid 

diameter changes have considerable literature to support reported values for both healthy and 

diseased populations [52, 66-70]. In order to compare DC values with those reported by others, 

the area measurements obtained in this study were converted to effective diameters. 

2.3.2 Distensibility in the Literature 

Arterial stiffness has been evaluated with a variety of parameters and arterial locations, but the 

overwhelming conclusion is the high predictive value of arterial stiffness indices for increased 

risk of cerebrovascular events. Since arteries have been shown to stiffen with age (with or 

without the presence of atherosclerosis), it is important to characterize both normal and reduced 

distensibility over time. Carotid distensibility has also been studied in the context of how it 

relates to atherosclerotic lesions and plaque rupture. 

Despite differing choices as to which arterial stiffness parameter to use, many studies have 

demonstrated an agreement on the fact that arterial stiffness correlates with cardiovascular risk 

[70-80]. The augmentation index in young men has been related to heavy alcohol intake, 
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smoking and elevated low density lipoprotein levels [71], and increased AIx is also related to 

high cardiovascular mortality risk in end-stage renal patients [72]. Increased PWV has been 

related to poor cardiovascular outcome in patients with hypertension [73] and Boutouyrie et al. 

[74] showed that even a one standard deviation rise in PWV was independently related to 

cardiovascular risk. Blacher et al. [75] related PWV to the presence and extent of atherosclerosis 

and Van Popele et al. [76] showed the same with carotid distensibility measurements from the 

Rotterdam study data. Harloff et al. [77] found that the predication of complex plaque in patients 

with ischemic stroke was improved by combining intima-media thickness (IMT) measurements 

with carotid distensibility values. The relationship between carotid distensibility and coronary 

heart disease has been somewhat controversial. Leone et al. [78] found correlation with carotid 

distension but not distensibility, and the Rotterdam study [52] found carotid distensibility to be 

unrelated to cardiovascular disease in an apparently healthy population. On the other hand, 

Simons [79] found carotid distensibility to be a clear marker of cardiovascular risk in patients 

with vascular disease in the second manifestations of arterial disease (SMART) study. Especially 

interesting to this body of work is that decreased carotid distensibility has been found to be 

significantly related to stroke occurrence [16, 67]. 

Prior studies in the field of distensibility also strongly suggests that arterial stiffening is both a 

part of normal aging and cardiovascular disease. Both the AIx and PWV were found to increase 

significantly with age [80], but even in healthy older adults, PWV was associated with mortality 

[81]. 

Values of carotid DC in healthy volunteers have recently been reported to be in the range of 

41.6±9.0 MPa-1 [69], 45.6±10 MPa-1 [12], 50±1 MPa-1 [82], and 56±22 MPa-1 [83]. Vaidya [70] 

reported a decrease in distensibility (calculated from PWV) from 12.75 MPa-1 in healthy 45-year 
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olds to 5.63 MPa-1 in healthy 85-year olds. The range for an atherosclerotic patient population 

with a mean age of 67.7±7.4 years was reported as 26.4±6.5 MPa-1 [69]. Though the trend of 

decreased distensibility with age and disease is agreed upon in these results, the large variation in 

reported values indicates a need for standardized techniques and calculations.  

Carotid distensibility has also been studied in the context of plaque rupture. Arterial mechanics 

have been investigated with computation fluid dynamic models [84] as well as by measuring 

distensibility at different points along the carotid bifurcation [85]. Both methods suggest that the 

highest stress on the arterial wall is located at the shoulder of an atherosclerotic plaque where the 

stiffness increases suddenly. The effect has been related to the repeated bending of a paper clip, 

making it eventually prone to break [86]. As discussed previously, causality has not been 

determined, but a relationship between atherosclerotic plaque presence and decreased 

distensibility is clear [69, 75, 87]. Whether it is the effect of a stiff artery on blood-flow that 

causes plaque formation or the presence of plaque that causes an artery to lose its elasticity is yet 

to be determined. Either way, decreased distensibility may be an early predictor of the 

development of cardiovascular disease. 

2.4 Carotid Artery Disease 

The carotid arteries are of particular importance when assessing cardiovascular disease for a 

number of reasons. Firstly, the bifurcation and area of disturbed blood-flow render them 

particularly susceptible to the formation of atherosclerotic lesions. Additionally, the carotid bulbs 

contain arterial baroreceptors that signal compensatory reactions in blood pressure, heart rate and 

cardiac output to maintain shear stress in the arteries. Finally, the carotid arteries supply blood 
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mostly to the brain – ischemia caused by blockage or thrombus formation in the carotids can 

have devastating or fatal effects. 

2.5 Assessment of Carotid Artery Disease 

As the focus of cardiovascular assessment moves from the degree of stenosis to plaque 

composition, new angiographic imaging techniques are being explored. Atherosclerotic plaques 

are evaluated in three categories: morphology (plaque volume, thickness, etc.), composition 

(measures of lipid core, calcification, fibrous cap, hemorrhage, etc.), and activity (inflammation, 

neovasculature, molecular processes, etc.). Imaging modalities used for plaque assessment need 

to be safe, minimally to non-invasive, provide quantitative information within the three 

categories described, be reproducible, and have previously been validated with comparison to 

histological sections of the imaged arteries [25]. Studies that have compared in vivo imaging to 

histological sections have been summarized by Balu et al. [88] (Table 2.2). 
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Table 2.2 – Plaque imaging capabilities of MR, CT, and intravascular ultrasound (IVUS) 
imaging from studies that compared in vivo imaging to histological sections. Results 
summarized by Balu et al. [88]. 

Biomarkers MR CT IVUS 
Morphology             

Lumen Area Yes Yes Yes 
Plaque 
Volume/Area Yes Yes Yes 
Plaque Thickness Yes   Yes 

Composition Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity 

Calcification 
76% 86% 100% not 

reported 
100% 97% 

   78% 36% 50% 99% 
Hemorrhage 90% 74%     
 87% 84%     
 90% 70%     
 97% 84%     
Thrombus 88% 98%     
Fibrous Cap 

Status 89% 96%     
Activity       

Inflammation Yes      
Neovasculature Yes           
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Digital subtraction x-ray angiography has long been considered a gold standard in the 

assessment of carotid stenosis (see Figure 2.5). However, the degree of blockage is no longer 

considered the most important factor in determining the risk of an atherosclerotic plaque [3, 89-

91]. Because digital subtraction angiography cannot detect positive remodelling or distinguish 

between the components of plaque, the following imaging methods are gaining more recognition. 

 
Figure 2.5 – Digital subtraction angiogram of a carotid bifurcation with high-grade stenosis 
in the internal carotid artery (arrow). Image reproduced with permission from [92]. 

 

Ultrasound of the carotid arteries is often the first imaging approach because of its availability 

and low cost. Brightness mode ultrasound imaging can accurately measure stenosis and intima-
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media wall thickness (see Figure 2.6). Ultrasound has gained recognition as a good modality to 

recognize unstable plaque [26]. Doppler ultrasound examination can also measure peak-systolic 

velocity. The downfall of ultrasound imaging for the characterization of atherosclerotic plaque is 

that calcification can cause shadowing, which obscures the image. Additionally, there is a high 

degree of inter- and intra-observer variability in ultrasound investigation [25]. 

 

Figure 2.6 – Example ultrasound images of a carotid artery demonstrating (a) regular 
plaque, (b) irregular plaque, and (c) ulcerated (arrow) plaque. Image reproduced with 
permission from [25]. 

 

Also gaining recognition in atherosclerotic imaging is intravascular ultrasound (IVUS). This 

technique employs an ultrasound transducer mounted on a catheter inserted in the artery. Though 
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IVUS has been shown to be sensitive to plaque detection, it is invasive and only applicable in a 

subset of patients with low risk for complications due to catheterization [93]. 

Computed tomographic angiography (CTA) is also being evaluated for its ability to assess 

plaque in the carotid arteries. Some studies have shown correlation between calcium volume as 

determined by CTA and the degree of carotid stenosis [24], though a subsequent study [94] 

suggests that calcification has little diagnostic value in this field. While CTA produces high-

resolution images and can characterize plaque surfaces for the detection of irregular or ulcerated 

plaques, it is only crudely able to determine plaque composition based on the lower attenuation 

of x-rays in a lipid rich medium. Figure 2.7 is an example of plaque imaging with multi-detector 

CTA. When determining stenosis with CTA, only low and mid-grade stenoses were reliably 

defined [21]. As an imaging modality that uses ionizing radiation, CTA is may not be 

appropriate for screening or routine evaluations. 

 

Figure 2.7 – Multi-detector CT angiography of (a) calcified plaque, (b) fatty plaque, and (c) 
mixed composition plaque. Image reproduced with permission from [25, 95]. 

 

C	  
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MRA on the other hand uses no ionizing radiation and is being thoroughly evaluated for its 

capabilities in carotid imaging. MRA has been shown to accurately identify both morphological 

and compositional properties of atherosclerotic lesions (Figure 2.8). As a three-dimensional 

imaging modality, plaque volumes can be measured along with the degree of stenosis [22]. 

Compositionally, the multiple image contrasts available through MR allow for distinction 

between plaque components [96] and identification of complicated carotid plaque [97]. 

Additionally, motion imaging using MR allows for investigation of arterial mechanics and 

stiffness [65]. A detailed discussion of MR imaging of the carotid arteries is presented in §3.5. 

 

Figure 2.8 – Contrast enhanced MR angiography of the carotid bifurcation showing (a) the 
slice location, (b) pre-contrast image, and (c) post-contrast enhancement of the fibrous cap. 
Black arrows indicate fibrous cap enhancement, white arrowhead indicates location of cap 
ulceration, white arrow indicates large lipid core and lumen is indicated by asterisk. Image 
reproduced with permission from [98]. 
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Chapter Three: Magnetic Resonance Imaging 

Current MR imaging methods build upon years of research since the nuclear magnetic resonance 

(NMR) phenomenon was first described and measured by Isidor Rabi [99] in the early 20th 

century. The NMR phenomena involves the complex interaction of multiple material properties, 

magnetic fields and is described by a number of mathematical transformations. This chapter is 

intended as a broad overview of NMR as it relates to MR imaging with specific focus on spin 

echo image formation. This chapter provides the reader with an understanding of the key 

components required for the development of a dynamic fast spin-echo (FSE) pulse sequence. 

Section 3.1 covers nuclear magnetic resonance and §3.2 explains signal localization and MR 

image contrast. Section 3.3 is a brief discussion of sampling and §3.4 presents the FSE sequence, 

a key element to the research presented in chapters 4 and 5. Finally, §3.5 provides a 

comprehensive discussion of the applications of MR in carotid imaging. 

3.1 Nuclear Magnetic Resonance  

MR image formation hinges on the NMR phenomenon, which describes the absorption and re-

emission of electromagnetic radiation by nuclei with an odd number of nucleons. These nuclei 

possess an intrinsic property called spin that describes the angular momentum of the nucleus. 

The 1-hydrogen (1H) atom, for example, has one proton and no neutrons, resulting in a non-zero 
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spin of m = ±1/2. This angular momentum creates a local magnetic field, called the magnetic 

moment µ of the nucleus [100]. 

3.1.1 Magnetic Moments 

When nuclei with non-zero spin are in the presence of an external magnetic field, B0, the 

magnetic moments precess about the field lines of the B0-field with a characteristic frequency 

dependent on the isotope and the strength of the external magnetic field. The precessional 

frequency ω0, called the Larmor frequency, is proportional to the applied magnetic field, B0, 

described by: 

€ 

ω 0 = γB0 , (3.1) 

where γ is the nuclei specific gyromagnetic ratio. The gyromagnetic ratio of 1-hydrogen is 

42.576 MHz T-1, resulting in a Larmor frequency of 127.73 MHz at 3.0 T. 

The energy state of a magnetic moment in a constant B0-field is described by: 

  

€ 

E = −γmB0 , (3.2) 

where ħ is Planck’s constant, 1.05 x 10-34 m2 kg s-1. For 1-hydrogen, given that m = ±1/2 and γ is 

positive, the energy of an 1H nucleus in a constant magnetic field can take on one of two values:  

  

€ 

E = ±
1
2
γB0 .

 (3.3) 

Because the energy state for m = +1/2 is lower than that of m = -1/2, there is a bias for more 

nuclei to be aligned with B0 instead of against. This slight excess in the m = +1/2 state is 

detectable as the bulk magnetization (M in the direction of B0 at equilibrium) from a sample of 

1H in an external magnetic field [100]. 

The ratio of spin up to spin down nuclei is described by a Boltzmann distribution: 

  

€ 

N−

N+

=
ΔE
kT

=
γB0
kT ,

 (3.4) 
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where k = 1.381 x 10-23 J K-1 (the Bolztmann constant) and T is the temperature (in Kelvin). Only 

some of the spins align in either the up or down states, at room temperature, and at 3 T most 

spins remain randomly oriented. Due to this distribution most NMR experiments have an 

inherently low sensitivity. However, the small excess of spins in the sample that are aligned in 

the spin-up state are measurable as a net magnetization: 

  

€ 

M =
 
µ n

n=1

Ns

∑
,
 (3.5) 

where M is the net magnetization in the direction of B0, Ns is the number of spins in the sample 

and µn are the magnetic moments of the individual nuclei. The greater the magnetic field, the 

greater the excess of spin-up nuclei, which creates a larger net magnetization. In spite of the 

inherent low sensitivity, the natural abundance of 1H in biological samples makes it an ideal 

nucleus to target for medical imaging purposes. All other nuclei result in lower net magnetization 

at the same temperature and applied magnetic field. 

3.1.2 Free Induction Decay 

The NMR phenomenon occurs when nuclei with a non-zero spin are placed in an external 

magnetic field. This results in a net magnetization M in the direction of B0. By convention, the 

direction of this static external magnetic field is defined to be the z-direction. In NMR the 

aligned spins are perturbed away from their equilibrium state by the application of an oscillating 

magnetic field (known as B1) that acts orthogonal to B0. When the frequency of oscillation of the 

B1 field is equal to the Larmor frequency of the sample, the nuclei effectively absorb the 

electromagnetic radiation and the distribution between the up and down states is altered. In order 

to simplify the analysis, a rotating reference frame is defined about the z-axis at the Larmor 

frequency, so that a tipping (i.e., nutation) of M from its equilibrium position along the z-axis 
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puts it into the redefined transverse (x’-y’) plane. The amount of nutation is a function of the 

strength and duration of the applied magnetic B1 field. Because Larmor frequencies at medical 

imaging field strengths are in the radiofrequency range, the application of a B1 field oscillating at 

a radiofrequency is termed an RF pulse. 

Applying a B1 pulse results in a tipping of the bulk magnetization vector away from the 

direction of the B0 field, to a time-varying magnetization vector M(t) with both transverse 

magnetization Mxy and longitudinal magnetization Mz components.  

When the B1 field is removed, the MR signal undergoes relaxation, as the bulk magnetization 

returns to its original (equilibrium) state along the z-axis which can be detected as the free 

induction decay (FID). The magnetic moments undergo two processes: longitudinal and 

transverse relaxation. In longitudinal relaxation, the bulk magnetization in the B0 direction (z-

direction) regrows as the individual magnetic moments return to the equilibrium state 

distribution and become aligned parallel or anti-parallel to the B0 (see Figure 3.1). This 

relaxation occurs by transferring energy back into the surrounding lattice. 

 

Figure 3.1 – Diagrammatic representation of the regrowth of the longitudinal 
magnetization Mz after application of a 180° RF pulse to invert the equilibrium 
magnetization (M0). 
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In the transverse relaxation process, the magnetic moments become dephased in the (x,y)-plane 

due to the interaction between spins, causing a decay in the Mxy magnetization. This spin-spin 

relaxation is caused by the loss of phase coherence among spins, as each spin experiences a 

unique local environment due to interactions of surrounding electro-chemical species and non-

uniformities in applied fields (Figure 3.2).  

 

Figure 3.2 – Diagrammatic representation of the dephasing of the transverse 
magnetization, Mxy, after application of a 90° RF pulse to tip the equilibrium magnetization 
into the transverse plane. For simplicity, longitudinal relaxation has not been depicted. 

 

The rates of the longitudinal and transverse relaxation processes are characterized by 

exponential time constants T1 and T2, respectively. The time required for 63% regrowth of the 

magnetization due to longitudinal relaxation is called T1. The time required for 63% decay of the 

transverse magnetization is called T2. 

The additive effect of transverse dephasing due to both T2 and local inhomogeneities is 

referred to as T2*. Figure 3.3 shows the relative regrowth of longitudinal magnetization and the 

decay of transverse magnetization over time. These relaxation times are dependent on tissue 

90° 

Mxy=0 Mxy=M0 Mxy(t) 

M0 

Mxy(t!!)=0 
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characteristics and molecular environments. For example, hydrogen atoms in free water have a 

longer T1 than hydrogen atoms in soft tissue. Table 3.1 summarizes some relaxation times for 

common tissues at 3 T [101].  

Table 3.1 – T1 and T2 times of some commonly imaged materials at 3.0 T. 

Material T1 (ms) T2 (ms) 

Blood 1260 200 

Fat 400 60-80 

Muscle 1070 50 

 

 

Figure 3.3 – Diagrammatic representation of the recovery of Mz and the decay of Mxy over 
time. T1 and T2 times are marked. 
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T1 relaxation times are longer than T2 relaxation times, meaning that the transverse 

magnetization is lost long before the longitudinal magnetization is regained. Changes in the net 

magnetization vector over time can be described by the phenomenological Bloch equation [100]: 

€ 

dM(t)
dt

=M(t) × γB(t) −
Mx (t) + My (t)

T2
−
Mz (t) −M0

T1 ,
 (3.6) 

where M(t) is the time varying magnetization vector, Mx, My, Mz are the vector components, M0 

is the initial equilibrium magnetization and B(t) is the time varying magnetic field affecting the 

nuclei.  

3.1.3 Spin Rephasing: the Spin Echo 

After some dephasing of spins in the xy-plane, a 180° RF pulse can be applied to reorder the 

spins in the transverse plane. This results in a rephasing of the spins (and hence regrowth of the 

MR signal) since the slow spins are now ahead of the fast ones. See Figure 3.4 for a diagram of 

the magnetization vector after the application of a 90° RF pulse and then a 180° RF pulse. This 

signal is called a spin echo and is slightly smaller in magnitude than the original FID due to the 

T2 relaxation and the fact that not all spins can be rephased. The time from the RF pulse to the 

middle of the spin echo is called the echo time (TE). 
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Figure 3.4 – Diagram of the dephasing and rephasing of the transverse 
magnetization during spin echo. 
 

3.1.4 NMR Apparatus 

The RF signals emitted by the nuclei during relaxation are collected by the induced voltage in an 

RF receiver coil tuned to the Larmor frequency of the nuclei being detected. RF coils in NMR 

detection are only sensitive to the oscillating signal component in the transverse plane (i.e., Mxy). 

This analog signal is first amplified and then demodulated. The signal is sampled digitally over 

time through an analog to digital converter (ADC) and may be downsampled for storage. The 

major components of an NMR apparatus are shown in . 
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Figure 3.5 – Schematic of an NMR apparatus showing the radiofrequency pulse, the 
induced RF signal from the sample and the collection of that signal. 

3.2 MR Imaging 

MR imaging extends the NRM phenomena to the acquisition of images. The principal addition is 

a method for spatially resolving the different NMR signals from the sample of interest. 

3.2.1 Signal Localization and Image Formation 

Gradient magnetic fields are used to spatially encoding nuclear magnetic spins, such that their 

individual Larmor frequencies vary in a known fashion depending on spatial location. This is 

done on an MR scanner by applying three orthogonal auxiliary magnetic gradient fields (Gx, Gy, 

Gz). The Gz gradient and RF bandwidth together define a slice width and location, while the Gx 

and Gy components are varied to encode signal locations by frequency or phase within that slice. 

The slice-selecting gradient, GSS or Gz applies a spatially varying magnetic field to linearly alter 

the Larmor frequency in the z-direction. An amplitude modulated RF pulse then permits a range 
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of frequencies to absorb the RF pulse energy. A steeper gradient or smaller RF bandwidth selects 

a thinner slice (see Figure 3.6).  

 

Figure 3.6 – Diagram showing how a slice-selective gradient is applied to a sample. 
 

The gradient field typically defined to be in the x-direction, is referred to as the frequency 

encode (or readout) gradient, GFE or Gx. The gradient field typically defined to be along the y-

axis, is referred to as the phase encode gradient, GPE or Gy. Of course, these gradient directions 

may be switched or applied in tandem to change the orientation of the slice selection and spatial 

encoding. Considering Equation (3.6), the B(t) term reflects the magnetic field experienced by 

the spins. Taking the main magnetic field as static B = (Bz,0,0) and adding a spatially varying 

gradient field in each direction, B becomes spatially dependent: 

€ 

Bz(x,y,z) = B0 + ΔBz(x,y,z)
.
 (3.7) 

Where ΔBz(x,y,z) is a result of the linear gradient fields G: 

€ 

ΔBz (x,y,z) =G • r =
∂Bz

∂x
x +

∂Bz

∂y
y +

∂Bz

∂z
z

.
 (3.8) 
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Meaning that spins in different physical locations rotate with different Larmor frequencies (from 

Equation (3.1): 

€ 

ω = γB0 + γΔBz(x,y,z)
.
 (3.9) 

In order to apply gradient magnetic fields for signal localization, the apparatus in Figure 3.6 is 

altered to include a spatially varying gradient system (shown in Figure 3.7). 

 

Figure 3.7 – Diagram of an MR scanner showing an NMR apparatus with a gradient 
magnetic field for signal localization within the sample. 

 

3.2.2 Pulse Sequences 

A pulse sequence diagram shows how the gradient magnetic fields and the oscillating B1 field 

(RF pulse) interact to induce a detectable MR signal (Figure 3.8 shows an example pulse 

sequence diagram of a simple spin echo sequence).  
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Figure 3.8 – Simplified pulse sequence diagram showing the timings of gradient fields and 
RF pulses needed to create a spatially encoded spin echo. 

 

Acquisition of a two-dimensional slice of data requires multiple and varied applications of a 

the pulse sequence such that the MR signal can be collected for each spatially encoded location. 

The time between each RF pulse excitation is called the repetition time (TR). The time from the 

centre of the excitation pulse to the centre of the echo readout is called the echo time (TE). The 

B1 RF pulse is applied to tip the bulk magnetization by an amount specified through its intensity 

and the length of time that it is on. Immediately following the RF pulse is the free induction 

decay of the signal. Gz is first applied in one direction to select a slice, then applied in the 

opposite direction to rewind the phase accumulated during the RF pulse before phase encode 
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gradients are applied. The Gy gradient is applied in a step-wise fashion, encoding only one line 

per TR. This pulse sequence diagram shows the application of a 180° RF pulse to rephase the 

transverse spins as discussed in §3.1.3. When this is applied, the Gz slice selection is turned back 

on so that the appropriate spins are affected. Finally, the signal echo is encoded in the readout 

direction by the application of Gx. Section 3.4 will further develop the concept of spin echo pulse 

sequences and provide a detailed explanation of a commonly used clinical pulse sequence, called 

fast spin echo, that is applicable to this research. 

3.2.3 MR Image Contrast 

The values of TR and TE can be manipulated such that readout occurs while the bulk 

magnetization is dominated by transverse or longitudinal relaxation or by neither, resulting in a 

T2-,T1-, or proton density-weighted image, respectively. The intensity of a spin echo signal, S, is 

proportional to the density of protons (ρ), the T1 and T2 relaxation times of the tissue, and the TR 

and TE of the pulse sequence: 

€ 

S ∝ ρ(1− e−TR /T1 )(e−TE /T2 ) . (3.10) 
Image contrast can be dominated by one part of this relationship based on the parameters 

assigned. 

A long TR and short TE minimize the contributions of both of the bracketed terms, leading to a 

proton density-weighted image. A long TR minimizes the effect of the longitudinal 

magnetization on image contrast. Therefore, a long TR with an appropriately long TE will 

produce a T2-weighted image. Whereas a short TR acquisition with a short TE will produce a T1-

weighted image. All three of these principle image contrasts are used in MR imaging, including 

imaging of vessel walls. 
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Though spin echo imaging is typically time consuming due to the long TRs required, there are 

a number of advantages. One interesting and useful effect of spin echo imaging is the contrast 

that occurs in a blood vessel when flowing blood is imaged. The 1H in the blood, along with the 

rest of the slice, are tipped into the transverse plane with the 90° RF pulse. However, by the time 

the rephasing 180° pulse occurs, the blood that was originally magnetized in the slice has 

partially or fully moved out of the imaging plane and has been replaced by non-magnetized 

blood. The new blood will not rephase after the 180° pulse and will therefore not affect the 

signal intensity (i.e., it will appear black on the image.). This “black blood” effect is an important 

mechanism that provides desirable image contrast between flowing blood and other materials 

like vessel wall. The rest of the image will still be weighted according to the signal intensity 

relationship presented in Equation (3.10). 

3.3 Image Reconstruction 

MR data is acquired as spatial frequency data in the Fourier domain (also called k-space). Spatial 

frequency data can be converted into image data by means of an inverse Fourier transform. 

Because the spatial frequencies are encoded by the gradient magnetic fields, we use the strength, 

duration and direction of these fields to traverse k-space during data collection. In a rectilinear 

sampling scheme, one line of k-space data is acquired in the readout (typically kx) direction 

during the application of the frequency-encode gradient. The ky value is determined by a pulsed 

phase-encode gradient whose amplitude is changed with each TR to select a different line of k-

space. Over the course of multiple RF excitations, the entire k-space is filled. 
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The Fourier transform relationship between k-space and image space imposes an inverse 

proportionality between the extent and resolutions of the two spaces. The field of view (FOV) in 

image space is inversely proportional to the resolution of k-space (Δkx): 

    

! 

FOVx =
1
"kx

. (3.11) 

Conversely, the image resolution (Δx) is inversely proportional to the extent of k-space (Wkx): 

    

! 

"x =
1

Wkx

=
1

2# kx,max
, (3.12) 

where kx,max is the maximum frequency sampled. Note that FOVx = Nx Δx and, thus, Wkx = Nx 

Δkx, where Nx is the number of acquired samples. 

MR data in the Fourier domain represents the energy of the image at the different collected 

spatial frequencies. Because an MR signal is continuous, an analog to digital conversion of the k-

space data must be done. For fully sampled k-space, images are reconstructed by taking the 

inverse Fourier transform of the frequency data. The Nyquist-Shannon sampling theorem states 

that in order to fully characterize a signal without loss of information, the data sampling 

frequency (in both directions of the two-dimensional space) must be at least 2kmax where kmax is 

the highest spatial frequency collected. If the Nyquist sampling condition is not met and k-space 

is undersampled, information is lost and the discrete Fourier transform of the data results in an 

image affected by aliasing [100] (see Figure 3.9). 
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3.4 Fast Spin Echo (FSE) Pulse Sequences 

As was seen in §3.2.2, the FID of an MR signal is not necessarily recorded, but can be formed 

into an echo that is collected at a later time (denoted as the echo time) by the application of 

another RF pulse or rephasing gradient. A standard spin echo sequence (described previously in 

Figure 3.4) uses a 90° RF pulse to flip the bulk magnetization into the transverse plane and a 

single 180° RF pulse to create a single spin echo during each TR interval. Fast spin echo (FSE) 

imaging is an extension of this idea where multiple echoes are created (called an echo train) over 

each TR. Each echo returns one phase encode (ky) line of data, meaning that multiple echoes in 

an echo train form multiple phase encode lines of data over each TR. This increases the imaging 
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Figure 3.9 −  Image space (right) and k-space (left) demonstrating the aliasing that 
occurs when the Nyquist-Shannon sampling frequency is not met. Notice that aliasing 
only occurred in the direction that was undersampled (left-right). 
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temporal efficiency of FSE compared to conventional spin echo imaging. FSE acquires an entire 

k-space of data in a factor of echo train length (ETL) faster than a single echo per TR sequence. 

However, the effect of the decreasing magnitude of each echoed signal due to T2 decay along the 

echo train must be taken into account. The Fourier transform is sensitive to sharp edges in the 

spatial frequency data, so if echoes of different intensities are placed next to each other in k-

space, the resulting image will suffer from ringing artifacts. This potential problem is overcome 

by ensuring a smooth arrangement of echo intensities within k-space. Figure 3.10 displays a plot 

of the standard FSE sequence (implemented by General Electric Healthcare) of phase encode 

lines collected over time (where the intensity of each point defines the spin echo number being 

acquired). Note that no echoes that are different by more than one step in intensity are adjacent in 

k-space.  

 

Figure 3.10 – Standard GE sampling scheme for a FSE sequence with y-resolution = 256, 
number of signal averages (NSA) = 4 and echo train length (ETL) = 10. Gradient color 
indicates echo number within a single echo train. The histogram (right) indicates the 
number of times each phase encode line is sampled. 
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Lastly, it should be noted that the low-order phase encode, or the contrast dominant echo is 

that echo which falls in the centre of k-space. Central (low-frequency) k-space contains the 

majority of the signal energy and represents the bulk contrast of an image (see Figure 3.11). The 

periphery (high-frequency components) of k-space define the sharp edges of the image (see 

Figure 3.11). Since time elapses between echo collections, the magnetization recovery varies 

slightly and results in minor differences in image contrast weightings because of the varying 

effective TEs. The echo that will dominate the bulk contrast of the image is that which is 

collected as the low frequency data. In the sequence shown in Figure 3.10, the low-order phase 

encode is the seventh echo in the ten echo long echo train.  This means that the state of the 

magnetization that dominates the image contrast is that at echo seven.  

 

Figure 3.11 – A standard imaging phantom (left) showing the bulk image contrast 
information contained in low frequency k-space data (middle) and the sharp detail 
information contained in high frequency k-space (right). 
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Multi-excitation imaging acquires the same image multiple times and averages all the data. 

The signal to noise ratio (SNR) of an FSE image is increased with the number of signal averages 

(NSA) according to the following relation: 

€ 

SNR ∝ FOVx ⋅ FOVy ⋅ Δz( ) NSA
Nx⋅ Ny⋅ RBW ,

 
(3.13) 

where FOV is the image field of view, Nx and Ny are the x- and y-acquisition matrix sizes, Δz is 

slice thickness and RBW is the receiver bandwidth. This relationship implies that the SNR 

increases as when multiple averages are obtained (see Figure 3.12).  

 
Figure 3.12 – A standard imaging phantom with added noise showing multiple signal 
averages and the resulting  improvement in SNR. 

3.5 MR Assessment of Carotid Artery Disease 

Recently, high-resolution MR imaging has become a valuable modality for the characterization 

and quantification of atherosclerotic plaques. MR has the advantage of having imaging 

sequences that can null or amplify the blood signal, making it ideal for assessment of both vessel 

wall and flowing blood in the vessel lumen, respectively. In addition, variation of imaging 

parameters (such as TE and TR) can generate many types of soft tissue contrast (as was 

discussed in §3.2.3), allowing, potentially, for good distinction of the components of 
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atherosclerotic plaque. Vascular MR imaging is susceptible to artifact primarily due to 

complicated flow patterns, such as those found in and near the carotid bifurcation, but this 

artifact can be minimized by the use of cardiac gating. 

Bright blood MR imaging techniques use a gradient-echo method (where a signal echo is 

created without the application of a 180° RF pulse), and attempt to suppress signal from 

stationary tissue so that the blood signal appears bright. These types of sequences are best used 

for angiographic purposes and judging the state of the fibrous cap. However, the disturbed flow 

at bifurcations of blood vessels cause imaging artifacts that often lead to overestimation of the 

degree of stenosis [25]. 

Black blood imaging techniques provide excellent soft tissue contrast within the vessel wall 

and attempt to suppress the flowing blood in the vessel lumen. Black blood sequences use a spin 

echo approach and allow for multiple contrast weightings depending on the imaging parameters 

(see §3.2.3 for a more detailed discussion of MR contrast weightings); proton density- and T1-

weighted images best show morphological properties of the vessel wall. T2-weighted images can 

also help distinguish plaque components. A number of studies have demonstrated agreement 

between MR and histological findings for plaque burden [96, 102-105] and measurements of 

carotid plaque morphology and composition with MR have been proven reproducible by Li et al. 

[106]. Figure 3.13, reproduced from [96] demonstrates the multiple contrast weightings of MR 

vascular imaging and the correlation with a histological section. 

Contrast enhanced (CE) MR imaging uses an injection of a gadolinium contrast agent to 

enhance signal where the agent accumulates. A study by Wasserman [98] showed post contrast 

enhancement in the fibrous cap (see Figure 2.8) and areas of neovascularization, indicating that 

CE vascular MR imaging can provide important information regarding plaque stability. Some 
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have even investigated the role of contrast agents that preferentially adhere to molecules 

associated with plaque growth for increased detection of atherosclerosis [107]. 

 

 

Figure 3.13 – Examples of the multiple image contrast weightings available with MR 
imaging. Images of a type VI lesion in the carotid artery are compared to the 
histological section. Lumen is indicated by asterisk and the arrow points to the fatty 
plaque that appears hyper-intense on time of flight (TOF) and T1-weighted images 
and iso-intense on proton density (PD) and T2-weighted images. Image reproduced 
with permission from [96]. 

 

MR is non-invasive and non-ionizing making it a good candidate for repeated imaging to 

determine the efficacy of treatment and the evaluation of new therapies. As the reliability of MR 

for plaque assessment has become established, more trials are using this imaging modality to 

track the effects of statins and high-density lipoprotein raising therapies in plaque regression 
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[108-111]. The Canadian Atherosclerosis Imaging Network (CAIN) is currently conducting an 

observational MR study of patients with carotid disease in order to relate MR findings to clinical 

outcomes. 
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Chapter Four: The Dynamic Fast Spin Echo Sequence 

While the cardiac cycle lasts approximately 1 second, an entire fast spin echo (FSE) acquisition 

requires approximately 2 to 4 minutes. Thus, one FSE image averages the location of moving 

components over the course of many cardiac cycles. However, each line of k-space data is 

acquired on the order of 4 ms. Using this observation, Mendes et. al. [28] proposed a method of 

converting a standard FSE acquisition into a dynamic imaging sequence by retrospectively 

correlating each line of data with the phase of the cardiac cycle during its acquisition.  

The following sections outline the development and validation of a dynamic FSE technique for 

this research. Section 4.1 explains the methods used to collect and process the data and §4.2 

details some of the methodological improvements developed for image reconstruction. Section 

4.3 presents a validation study using a digital phantom. Section 4.4 presents the initial results of 

using the dynamic FSE sequence for carotid artery imaging.  

4.1 Dynamic FSE Technique 

All pulse sequence design elements were developed for a 3 T MR scanner (Discovery 750; 

General Electric Healthcare, Waukesha, WI). All data post-processing was conducted with 

Matlab R2010a (The MathWorks Inc., Natick, MA).  

The dynamic FSE method required the collection and merging of three key data elements: 1) 

the cardiac signal over the course of imaging, 2) the time ordered k-space data and 3) the time 
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stamped phase encode lookup table (see Figure 4.1 for flowchart). The cardiac signal was 

recorded using a pulse oximeter on the index finger of the subject. The k-space data was 

generated through a modified FSE sequence and set to be stored in time (i.e., acquisition) order. 

The time stamped phase encode lookup table was generated during data acquisition. 

4.1.1 Data Acquisition 

Cardiac Signal: The cardiac signal was collected with a pulse oximeter to determine the time at 

which the R-peaks of the cardiac waveform occurred. These time points were used as 

retrospective triggers for dividing the cardiac cycles into temporal phases. While there may be a 

subject-specific delay between trigger times (R-peaks) measured at the finger and at the imaging 

site, this only results in a small (~10 ms) systematic offset. Fibre-optic pulse oximeters are 

routinely used for triggering in MR imaging because they are less susceptible to gradient-

induced noise and require less preparation time than ECG leads. Figure 4.2 shows a portion of 

the cardiac signal recorded using the pulse oximeter on the MR scanner. 

MR Data: The MR data was acquired rectilinearly and recorded in time (i.e., acquisition) order. 

The number of lines acquired depends on the number of phase encodes (Ny), the number of slices 

and the number of signal averages (NSA). The acquisition order is determined by the phase 

encode lookup table. Figure 4.3 shows the entire time order frequency data of a single slice with 

Ny = 252 and NSA = 4. 

Phase Encode Lookup Table: The phase encode lookup table keeps track of which lines of MR 

data are being acquired over time (see example in Figure 4.4). The data file written out during 

acquisition included: readout number, phase-encode location, slice number, signal average and 

acquistion time stamp (in microseconds). This file allows for the decoding of the time-ordered 
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data and the placement of each acquired k-space line in its correct temporal and phase encode 

location. 

 
 

Figure 4.1 – Flow chart showing the data collected and the process of merging the 
information to create a dynamic FSE image series. This example generated five cardiac 
phases. 
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Figure 4.2 – Five cardiac cycles as recorded with a pulse oximeter on a healthy volunteer. 
Trigger times (R-peaks) are marked (circles). 
 

 
Figure 4.3 – Example of the magnitude data of one entire time-ordered FSE acquisition. 
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Figure 4.4 – Example of a phase encode lookup table and the information that it contains. 
Notice that the information is presented in time order and provides the phase encode 
location of each line of MR data acquired.  

 

4.1.2 Temporal Rebinning of Data 

Cardiac Phase Variability: The cardiac cycle can be divided into two major phases – systole 

(contraction) and diastole (relaxation). The peak in a cardiac waveform derived from pulse 

oximetry signifies peak systole. Although cardiac cycle lengths vary, systole is generally thought 

to have constant duration while diastolic duration scales with cycle length [112]. Variable 

cardiac cycle lengths were accommodated by allowing diastolic time scaling on a cycle-by-cycle 

basis (see below). Figure 4.5 shows the overlay of 220 consecutive cardiac cycles in a healthy 

volunteer. Notice that systolic peaks consistently occurs at 180 ms; whereas end diastole varies 

by as much as 250 ms between cardiac cycles. 
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Figure 4.5 – Overlay of 220 cardiac cycles to demonstrate that major temporal variations 
occur only in diastole.  

 

Bin Definition: The cardiac signal was divided into individual cardiac cycles by detection of 

trigger times (R-peak to R-peak). Each cardiac cycle was divided into a specified number of 

temporal bins, each corresponding to a cardiac phase. The temporal width of each bin was equal 

to the average cardiac cycle duration divided by the number of bins. In order to compensate for 

varying cardiac cycle lengths, the length of one bin (chosen to be in mid-diastole) was scalable. 

The rest of the temporal bins were defined to have fixed widths. Figure 4.6 shows the bin 

definitions for different numbers of temporal bins. The scalable bin in each cardiac cycle has 

been highlighted. If a cardiac cycle was more than one bin shorter than the average cycle length, 

the scalable bin was removed entirely and the next bin into diastole was adjusted. 
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Figure 4.6 – Various bin definitions over three cardiac cycles with the scalable bins 
highlighted. Shown are subdivision of the cardiac cycle into 4, 8, 12 and 24 bins. 
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line of data within the k-space was determined by the phase-encode lookup table. Any lines that 

were acquired more than once in a given phase were simply averaged. 

 
Figure 4.7 – Diagram of how MR data is rebinned into a single k-space that represents one 
cardiac phase. 
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4.1.3 Image Reconstruction 

Each bin now has an undersampled k-space filled with MR data that was acquired only during 

that cardiac phase. The missing lines of data may simply be zero-filled and inverse fast Fourier 

transformed to create an image. However, since the Nyquist-Shannon sampling limit (discussed 

in §3.3) is not met, the image will suffer from aliasing artifacts (Figure 4.8). 

 
Figure 4.8 – Example undersampled k-space data for three cardiac phases resulting from 
the rebinning process and the corresponding zero-filled images. Note that undersampling 
results in aliased in the reconstructed images. 
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4.2 Methodological Improvements 

In an attempt to accelerate MR imaging, much effort has gone into developing mathematical 

reconstruction techniques that estimate missing values in k-space data instead of using zero-

filling. Such algorithms attempt to minimise image artifact (as seen in Figure 4.8) and often have 

very specific requirements as to how the data is undersampled so that the best possible result 

(image) is obtained from the least amount of data. One requirement for almost all reconstruction 

techniques is that they fully sample the centre of k-space (i.e., the low-frequency data, see 

example in Figure 3.11). 

4.2.1 Non-Uniform Sampling 

Even though the exact undersampling pattern of the binned k-spaces from the dynamic FSE 

process cannot be predicted, the sampling scheme can be altered in order to statistically raise the 

chances of having a fully sampled centre of k-space for each cardiac phase. This was done by 

creating a non-uniform sampling scheme that pseudo-randomly oversampled the centre of k-

space and undersampled the edges. Care was taken to follow the properties of the standard FSE 

sampling scheme (i.e., a smooth and symmetric distribution of echoes in k-space, see §3.4). 

Figure 4.9 shows a non-uniform sampling scheme for Ny = 252, echo train length (ETL) = 12 and 

equivalent NSA of 4. This non-uniform sampling scheme alters the k-space phases and resulting 

zero filled images (compare Figure 4.8 to Figure 4.10). Note that the coherency of the aliasing 

artifact is reduced even when just using zero-filling. 
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Figure 4.9 – Non-uniform sampling scheme (left) that results in a high sampling density of 
the low frequencies of k-space (right). 
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Figure 4.10 – Effects of the non-uniform sampling scheme on the k-space phases and their 
corresponding zero filled images. Note how statistical oversampling of the centre of k-space 
(Figure 4.9) decreases the coherence of the artifact. 
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4.2.2 Undersampled Image Reconstruction 

SENSE Reconstruction: Sensitivity encoding (SENSE) was originally developed to unfold 

coherent aliasing artifact due to uniform undersampling [113]. However, the technique was 

refined for non-uniformly undersampled k-space in 2001 [114]. SENSE reconstruction uses the 

sensitivity profiles of a multi-coil acquisition to estimate missing data values by iteratively 

minimizing the following statement: 

  

€ 

min
m

F⋅ S  m −  y 2
2{ },

 (4.1) 

where m is the reconstructed data, F is a 2D Fourier transform operator, S is the coil sensitivity 

encoding matrix of the undersampled image and y is the undersampled data. Minimization of this 

term ensures data consistency (i.e., promotes small differences between the actual data collected 

and the resulting reconstructed data). 

In the case of the dynamic FSE dataset, it is unnecessary to create the sensitivity-encoding 

matrix from undersampled images since the fully sampled coil images could be obtained simply 

by averaging all temporal phases. In this case, S becomes the sensitivity-encoding matrix of the 

fully sampled temporally averaged dataset.  

Spatially and Temporally Constrained Sparse SENSE: SENSE reconstruction can be 

improved by enforcing sparsity in the spatial variations (i.e., large jumps in intensity) in the 

image. This sparsity is promoted by minimizing the l1-norm of the total variation (TV) in the 

image. Another characteristic of the dynamic FSE dataset that can be used to improve image 

reconstruction is that each cardiac phase does not have to be considered independently. One 

phase to the next represents a small change in time, so the majority of the data contained in two 

consecutive k-spaces will likely be quite similar. With this expectation, a temporal variation 



 

 66 

constraint term is also added to the reconstruction formula, such that it enforces a smooth change 

between two images closely separated in time [115, 116]:
  

  

€ 

min
m

F⋅ S  m −  y 2
2

+ λ1 TVt
 m 
1
+ λ2 TVxy

 m 
1{ },

 (4.2) 

where TVt acts as a temporal high pass filter between adjacent phases and TVxy acts as a spatial 

high-pass filter ensuring a smoothed final image. The regularization parameters 1 and 2 

assign the relative penalties of data consistency versus temporal and spatial high pass filtering, 

respectively. Figure 4.11 shows the spatially and temporally constrained SENSE reconstruction 

(with λ1 = 0.01 and λ2 = 0.01) of the same undersampled k-space data shown in Figure 4.10. 

It is important to note that the regularization parameters can greatly affect the resulting images 

and the correct parameters are not always evident. Appropriate regularization parameters for 

reconstruction depend on a number of factors. The receive coils used for data acquisition, the 

sampling mask and the data itself will all change the parameters necessary for successful 

reconstruction. There is also no clear test to determine which parameters will produce the best 

results. However, it is generally apparent (from low image quality) when incorrect reconstruction 

parameters are chosen. For example, setting λ2 too high will result in a spatially blurred image 

that results from over filtering the spatial high frequencies in the reconstructed data. The 

approach used in this work for choosing and evaluating regularization parameters was to initially 

sweep through multiple parameter choices and review the reconstructed images for empirical 

evidence as to which combinations produced successful reconstructions. 
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Figure 4.11 – Undersampled k-space phases and the images reconstructed with the spatially 
and temporally constrained SENSE algorithm. Compare to the zero filled data in Figure 
4.10). 
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4.3 Dynamic FSE Technique Validation with a Digital Phantom 

In order to verify that the dynamic FSE process was accurately rebinning data into cardiac 

phases, the method was tested on a series of digital phantoms with simulated cardiac pulsatility. 

A virtual cardiac cycle was used to vary the radius and/or signal intensity of a circlar “vessel” on 

the digital phantom (see Figure 4.12) before non-uniformly sampling and rebinning the k-space 

data. The digital phantom was adapted from the standard Shepp-Logan phantom. The following 

sections present the methodology and results of the validation study. 

 
Figure 4.12 – Examples of the digital phantom data used to validate the dynamic FSE 
process. The diameter and/or intensity of the circular vessel (lower right quadrant) varied 
with a simulated cardiac cycle. 
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4.3.1 Methods 

A digital phantom of size 256  × 252 was sampled using the non-uniform sampling scheme 

described in §4.2.1. The dynamic FSE rebinning process was performed with 12 bins. The 

undersampled phases were iteratively reconstructed using the spatially and temporally 

constrained SENSE algorithm described in §4.2.2 with regularization parameters λ1 = 0.01 and λ2 

= 0.01. 

The first phantom studied was set to have no cardiac pulsatility (i.e., no change in radius or 

signal intensity). The second phantom studied had a small circle that was set to change signal 

intensity proportionally to the simulated cardiac cycle amplitude. The third phantom studied had 

a small circle with a radius that changed proportionally to the simulated cardiac cycle amplitude. 

Cardiac variation was assessed by taking the standard deviation of each pixel over time and 

looking for regions of temporal variance. 

4.3.2 Results 

The first phantom exhibited both a constant intensity and constant radius. As expected, after 

simulated data acquisition, followed by rebinning and reconstruction, no temporal variation was 

observed. Each cardiac phase image was compared to a fully sampled version. A temporal 

standard deviation image (i.e., the standard deviation for a pixel over time, Figure 4.13) showed 

no areas of large variation. The difference images between the fully sampled and reconstructed 

images showed minimal changes (Figure 4.14). 
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Figure 4.13 – Standard deviation over time of each pixel in a dynamic FSE series of a static 
phantom. The window and level setting of this image is very low, effectively highlighting 
only small errors in the reconstruction computations. 

 
Figure 4.14 – Fully sampled and dynamic FSE reconstructed images of a phantom with no 
temporal variation. The scale on the difference images indicates errors in pixels are less 
than ten percent.  
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The second digital phantom evaluated had variable signal intensity within the ‘vessel’. The 

rebinned and reconstructed images were compared to fully sampled versions of each cardiac 

phase. Results showed a slight shift in overall signal intensity due to scaling during 

reconstruction (Figure 4.15) but overall showed no significant differences (p = 0.93, paired t-test) 

in the relative signal intensity set by the cardiac cycle. 

 
Figure 4.15 – Fully sampled and dynamic FSE reconstructed images of a phantom with 
varying signal intensity over a cardiac cycle.  
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Finally, imaging of the third digital phantom, which had a radius that varied proportionally 

with the simulated cardiac cycle, was simulated. When rebinned and reconstructed, the images 

were compared to the fully sampled images for each cardiac phase. The temporal standard 

deviation image showed pulsation at the expected location (Figure 4.16). Diameter 

measurements of each phase were compared and showed no significant differences (p = 0.75, 

paired t-test). The difference between the fully sampled phases and reconstructed images showed 

minimal differences (Figure 4.17).  

 
Figure 4.16 – Temporal standard deviation of the dynamic FSE series of a phantom with a 
variable radius. The temporal changes are clearly focussed around the circle in the bottom 
right. 
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Figure 4.17 – Fully sampled and dynamic FSE reconstructed images and the difference 
images of a time-varying phantom. 
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4.3.3 Summary of Digital Phantom Validation 

The results of this digital phantom study suggest that the dynamic FSE rebinning process 

(§4.1.2) was accurately placing data lines in the cardiac phase at which they were acquired. The 

constrained reconstruction algorithm (§4.2.2) produced images that varied only slightly from the 

fully sampled images. The sequence was shown to be capable of visualizing both spatial and 

signal intensity changes over twelve cardiac phases. 

4.4 Results 

A single axial slice positioned at the level of the common carotid arteries of a healthy volunteer 

was used for a preliminary evaluation of the dynamic FSE sequence. Acquisition parameters 

were: TE = 20 ms, TR = 2500 ms, acquisition matrix 256  × 252, FOV = 160 mm × 160 mm, 

ETL = 12 and NSA = 8. The data was rebinned into twelve cardiac phases and reconstructed 

with regularization parameters λ1 = 0.05 and λ2 = 0.005. In addition, a fully sampled static image 

was reconstructed from the dynamic FSE data for comparison to a standard uniformly sampled 

FSE acquisition. 

4.4.1 Temporal Series 

Overall, the reconstructions of the dynamic FSE images showed minimal aliasing and a clear 

qualitative pulsation of the common carotid artery between cardiac phases. Figure 4.18 shows 

the full slice and all twelve temporal phases of the left common carotid artery. Additionally, the 

standard deviations over time of each pixel were calculated in order to demonstrate temporal 

variation in and around the carotid arteries (Figure 4.19). 
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Figure 4.18 – Twelve temporal phases of a left common carotid artery in a healthy subject 
obtained with dynamic FSE imaging. The image at the bottom is a reformatted section at the 
level of the red line that shows pulsation of the common carotid artery over the 12 cardiac 
phases. 

Time 
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Figure 4.19 – Three phases of a dynamic FSE sequence acquired axially at the level of the 
common carotid arteries in a healthy volunteer. The temporal standard deviation image is 
shown to emphasize the presence of temporal variance in and around the carotid arteries. 
Pulsation of the cerebrospinal fluid and other vessels is also evident. 
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4.4.2  Static Reconstruction 

In addition to the information obtained through the dynamic FSE rebining and reconstruction 

process, a fully sampled static image can also be produced. This process is essentially 

reconstructing a single temporal phase by averaging all repeated lines of k-space. Due to the non-

uniform sampling density designed for the dynamic FSE sequence, the fully sampled static 

image has the equivalent amount of data as that with 4 signal averages but the uneven averaging 

results in a more densely sampled centre of k-space (Figure 4.20).  

The first interesting thing to note when comparing the uniformly sampled and non-uniformly 

sampled images is the excess of high-frequency noise. Recall that the SNR of an image is 

directly proportional to the square root of the NSA (see §3.4). In the non-uniform sampling 

scheme, since the central lines of k-space have been oversampled and the periphery of k-space is 

less frequently sampled, the observed SNR is biased towards higher-frequency noise. This arises 

in the image as a sharp speckled quality (see Figure 4.20). 
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Figure 4.20 – Shepp-Logan phantoms showing the subtle difference in high-frequency noise 
between a uniformly sampled (left) and non-uniformly sampled (right) image. 
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The second consequence of the non-uniform sampling scheme in static image reconstruction is 

the considerable reduction of flow artifact. Uniformly sampled FSE images often show high 

levels of signal enhancement within the lumen and blurring in areas that experience slow flow 

and cardiac pulsatility (see Figure 4.21). The variable density of the non-uniform sampling 

scheme almost completely eliminates these artifacts by oversampling and averaging the region of 

k-space in which these data inconsistencies occur (i.e., the low-frequencies of central k-space) 

[117]. This reduction in flow artifact was observed consistently throughout the static carotid 

images generated from the non-uniformly sampled FSE data. 

 

Figure 4.21 – Artifact present in uniformly sampled image (top) and suppressed in the non-
uniformly sampled equivalent (bottom). Jugular lumen is marked with * and internal 
carotid artery (arrow) in zoomed vascular region. 
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This observed reduction in motion artifact suggest a potential alternative application of the 

dynamic FSE sequence: By combining the already improved static images with a temporal 

analysis of the data, a superior static image may be obtained by removing the components of the 

image data that vary over time. This was tested in high-resolution brain imaging using the 

dynamic FSE acquisition method to eliminate motion artifact near vascularised regions (see 

Appendix A). 

4.5 Summary 

This chapter has outlined the acquisition and successfully combination of the three components 

necessary for the dynamic FSE sequence: 1) cardiac signal, 2) time-ordered MR data and 3) a 

phase-encode lookup table. The rebinning process was discussed and some initial zero-filled 

results in a digital phantom were presented. Improvements to the methodology were presented 

both in terms of data acquisition, as well as image reconstruction. A non-uniform sampling 

scheme improved image quality by oversampling the low-frequency data. A spatially and 

temporally constrained SENSE algorithm was used to reconstruct the undersampled cardiac 

phases. The dynamic FSE process was successfully tested on a digital phantom that changed 

with the course of a simulated cardiac cycle. Finally, a preliminary implementation of the 

dynamic FSE sequence in carotid artery imaging was presented in terms of the dynamic series 

and the static reconstruction. The next chapter will focus on the application of the dynamic FSE 

sequence to visualize carotid pulsatility. 
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Chapter Five: Evaluation of Dynamic Fast Spin Echo 
in Healthy Volunteers 

The dynamic fast spin echo sequence (FSE) (proposed and implemented in Chapter 4) must next 

be evaluated in humans. In terms of image quality, the dynamic FSE sequence provides images 

with underlying contrast similar to the black-blood FSE (BB FSE) approaches used currently for 

assessment of carotid wall components (§3.5). The incorporation of time-varying (i.e., dynamic) 

information enables this new approach to provide high quality images temporally resolved across 

the cardiac cycle, potentially allowing for new and unique insights into the wall-motion and 

function of normal and disease carotid arteries. 

An initial evaluation would include a number of important tests of its proper function, 

repeatability and an assessment of cross-sectional area measurements obtained from the common 

carotid arteries of healthy volunteers. The common carotid artery segment was selected as our 

target because it is nearly twice the size (by area) of the internal carotid artery and was recently 

shown to experience greater distension [12]. In this study, the distensibility of the common 

carotid arteries of five healthy (normal) subjects was investigated. This chapter outlines the 

acquisition parameters and post-processing of the data (§5.1) and presents the results of the 

cross-sectional areas that were manually measured using three different acquisition techniques 

(§5.2), including the dynamic FSE approach. Implications of these results are discussed in §5.3 

and summarized in §5.4. 
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5.1 Methods 

The dynamic FSE sequence retrospectively correlates MR data with the cardiac cycle by 

acquiring and then using three key data: the time-ordered FSE acquisition MR imaging data, a 

phase-encode lookup table, and a cardiac signal from a pulse oximeter (defined in §4.1.1). The 

cardiac signal was divided into sixteen phases across each cardiac cycle and the acquired MR 

data was rebinned according to the cardiac phase in which it was collected to form a series of 

temporally resolved, undersampled k-space data sets. To improve the quality of the images 

reconstructed from the undersampled cardiac phase images, a temporally constrained SENSE 

algorithm was used to estimate any missing data within a cardiac phase k-space.  

5.1.1 Image Contrast 

Black blood FSE imaging relies on the flow of magnetized blood out of the imaging plane (see 

§3.2.3) to provide good contrast between the vessel wall (signal preserved) and the blood (signal 

suppressed due to flow). The recirculation of blood at the carotid bifurcation causes a reversal in 

flow direction for a brief time during the cardiac cycle. Recirculation can result in a portion of 

the previously magnetized blood still being present during data acquisition. The result is signal 

from blood, which makes delineation of the vessel wall-blood interface more difficult. In an 

attempt to better understand and limit this effect, various echo times were investigated as a 

means of extending the amount of time for magnetized blood to leave the imaging plane before 

data acquisition. Longer echo times would be expected to provide less signal from recirculating 

blood. The carotid bifurcation was imaged on one subject using the dynamic FSE sequence with 

echo times (TE) of 10 ms, 20 ms, 40 ms and 60 ms with a fixed repetition time (TR) of 2500 ms. 

Keeping in mind that the ultimate goal of the dynamic FSE sequence was to image vessel wall 
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and not blood, the TE-varied images were qualitatively evaluated for both presence of flow 

artifact and overall wall-to-blood image contrast.  

5.1.2 Data Acquisition 

Five volunteers between the ages of 22 and 35 participated in this study of the dynamic FSE 

sequence (see Table 5.1 for a summary of their demographics). Brachial blood pressure was 

measured once for each volunteer after imaging using an automatic blood pressure cuff. 

Subjects were all imaged on a 3 T MR scanner (Discovery 750; General Electric Health care) 

equipped with a 16-channel receive only head and neck coil. A pulse-oximeter was placed on the 

left index finger of each subject to monitor the cardiac cycle. A 2D sagittal phase contrast image 

was first acquired in the neck to locate the carotid bifurcation on both sides of the neck. Eight 3-

mm thick slices were then prescribed to cover the common carotid through to the bifurcation (see 

Figure 5.1). A square field of view (FOV) was set between 150 mm and 170 mm wide based on 

neck size. 

A single FSE acquisition with the same timing (TE, TR) and acquisition geometry (FOV, 

slice thickness, slice location) was acquired. This acquisition was not gated and is therefore a 

static image that averages all motion over the cardiac cycle. The number of signal averages 

(NSA) was set to 4 and an acquisition matrix of 256 × 256 was used.  

A dynamic FSE sequence was acquired with the equivalent NSA of 4 and an acquisition 

matrix of 256 × 252, where the phase encode resolution is a multiple of the echo train length 

(ETL = 12). The total acquisition time for the dynamic FSE was 3.5 minutes (Table 5.2). For two 

subjects (D and E, Table 5.1), the dynamic FSE data was acquired twice in order to determine 

the repeatability of the acquisition.  
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To allow an indirect assessment of accuracy, data were also acquired from each subject using 

two other time-resolved sequences. First, a cine steady-state free precession (cineSSFP) 

sequence was acquired for the same slice prescription with a TR/TE of 6.8 ms /4.1 ms. The 

cineSSFP data were divided retrospectively into twenty cardiac phases across the cardiac cycle. 

The total acquisition time for the cineSSFP ranged from 3 to 4 minutes depending on the 

subjects’ heart rate (Table 5.2). 

Prospectively gated FSE images were also acquired. As prospective gating of FSE data is a 

time consuming acquisition, only three cardiac phases with an NSA of 1 were acquired. The 

prospective trigger delays were set to 12 ms (the minimum delay) and correspond to the delays at 

cardiac phase 10/20 and 20/20 as determined by the cineSSFP method. Each prospectively gated 

image required from 3 to 4 minutes (depending on heart rate). In this study three prospectively 

gated frames were acquired requiring approximately 10 minutes of scan time. 

Table 5.1 – Subject specific information. 

Subject Sex Age 
[years] 

Pulse Pressure 
[mmHg] 

A M 24 43 
B M 22 39 
C M 30 37 
D M 35 49 
E M 28 38 

 
 

Table 5.2 – Comparison of acquisition parameters by sequence. 

 cineSSFP Dynamic FSE Prospective FSE Static FSE 

FOV, slice thickness ---------------------------160 mm × 160 mm, 3 mm---------------------------- 
Flip angle/TR/TE 45°/6.8 ms/4.1 ms ------------------90°/2500 ms/10 ms------------------ 
Acquisition matrix 256 × 256 256 × 252 256 × 256 256 × 256 
NSA 1 4* 1 4 
Number of phases 20	  

(retrospective) 
16 

(retrospective) 
1 

(prospective) 
0 

(no gating) 
Total acquisition time 3.4 min 3.5 min ~3 min 3.5 min 
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Figure 5.1 – Boundaries of the imaging area from common carotids (bottom) to just past the 
bifurcation where the internal carotid arteries become distinct (top). Green lines indicate the 
location of the axial slice shown on the right and white arrows indicate the location of the carotid 
arteries. 

Common Carotid Arteries 

Internal Carotid Arteries 
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5.1.3 Image Reconstruction 

The dynamic FSE datasets were rebinned into 16 cardiac phases according to methods described 

in §4.1.2 and then reconstructed using the temporally constrained SENSE algorithm (§4.2.2). As 

discussed previously, the choice of proper regularization parameters can impact the quality of the 

reconstructed images. As an initial evaluation of the reconstructions, one slice in the common 

carotid artery of each volunteer was examined by means of a temporal standard deviation image 

to ensure that the reconstruction parameters were suitable.  

5.1.4 Common Carotid Artery Segmentation 

In each subject, the cross-sectional area of the left common carotid artery over time was 

measured. This area was found by manually tracing the vessel-blood interface on all dynamic 

and prospectively gated FSE images, as well as on all cineSSFP images. A commonly available 

image processing tool (OsiriX [118]) was used for this analysis. Each measurement was made 

three times on separate days by one operator in order to assess intra-operator variability.  

5.1.5 Distensibility Calculations 

Distensibility coefficients (DC) were calculated using the formula presented in §2.3.1: 

    

! 

DC =
2(ds " dd )

dd#P .
 (5.1) 

For this calculation, maximum and minimum cross sectional diameters (ds, dd) were used. 

Systolic and diastolic diameters were derived from the area measurements assuming a circular 

cross section so that calculated distensibility coefficients could be directly compared to the 

normal range reported by other modalities. Also, given that this study only included healthy 

volunteers, the assumption of a circular cross section is not unreasonable. As blood pressure was 
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only measured once per subject following imaging, the same pulse pressure (ΔP) was used in all 

distensibility coefficient calculations for each subject. 

5.1.6 Statistical Assessment 

The cross-sectional area measurements were continuous variables and assumed to be normally 

distributed. Where appropriate, the mean, standard deviation and standard error were used to 

report descriptive measures. Statistical significance was assessed by analysis of variance 

(ANOVA) tests, followed by repeated measure ANOVA tests. Key factors for analysis were: 

subject, technique (cineSSFP, dynamic FSE, and prospective FSE), trial (1, 2 and 3 repetitions 

by the same operator) and phase. Subject and phase were anticipated to be a significant factor. 

Phase was used to compare measurements at approximately the same time point. Given the 

differences in cardiac phase sampling between the three dynamic techniques, the phase was 

defined by the dynamic FSE phases (e.g., 16 out of 20 cineSSFP phases were chosen to match 

the 16 phase times of the dynamic FSE sequence). A p-value < 0.05 was used to assess statistical 

significance. 

5.2 Results 

It was found that longer echo times did not reduce the amount of flow artifact. Moreover the 

resulting reduction in the vessel-to-blood image contrast was undesirable (Figure 5.2). A TE = 10 

ms was therefore chosen for all other acquisitions (and would provide an image that was 

predominantly proton-density weighted). It was also observed that the flow artifacts were 

observed to come and go throughout the temporal sequence and were therefore easily identified 

when a time-series of images was viewed (see Figure 5.3). 
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Figure 5.2 – The carotid bifurcation of a healthy volunteer imaged using dynamic FSE with 
varying echo times (TE). Data are shown at the same cardiac phase (3 of 16) in Subject A. 
All images show some degree of flow artifact and greater T2-weighted contrast with higher 
TE.  
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Figure 5.3 – Dynamic FSE phase images of a carotid bifurcation showing a flow artifact 
(arrow) come and go.  Jugular vein is marked with an asterisk for reference. 

 

!!

"!
#$%&'!()*+! #$%&'!,)*+! #$%&'!+)*+!

#$%&'!-)*+! #$%&'!.)*+! #$%&'!/)*+!

#$%&'!*0)*+! #$%&'!**)*+! #$%&'!*1)*+!

"!
!!

"!
!!

"!

!!
"!"!

"! "! "!



 

 90 

The same regularization parameters (λ1 = 0.005 and λ2 = 0.05) were used for reconstruction of 

imaging data across all five subjects. These regularization parameters were decided upon by 

sweeping various combinations and qualitatively assessing the resulting temporal standard 

deviation images. Dynamic FSE images all showed temporal changes around the carotid arteries, 

the spinal cord and occasionally the external jugular veins (see Figure 5.5). Two of seven image 

sets (five subjects, two with repeat dynamic FSE acquisitions) showed some aliasing in the 

reconstructed images, possibly due to the sampling patterns of the cardiac phase k-spaces, and 

could have benefited from slightly different reconstruction parameters. 

5.2.1 Visual Comparison of Sequences 

Comparison of the acquired imaging data (Figure 5.5) at the level of the common carotid arteries 

confirmed some of the more obvious qualities of the dynamic FSE images. First, the dynamic 

FSE images allowed for visualization of the vessel wall over the cardiac cycle. As compared to 

the cineSSFP images, which showed the blood in luminal area as bright signal, the dynamic FSE 

images provide good “black blood” vessel-wall contrast. Second, while there were occasional 

flow artifacts, the dynamic FSE images were overall less affected by artifact than the cineSSFP 

sequences. This higher image quality allowed for more consistent visualization vessel and lumen 

segmentation. The dynamic and prospective FSE images were of similar image quality, though 

the prospective FSE data were more impacted by flow and took about three times longer to 

acquire only 3 phases compared to the 16 phases with the dynamic FSE method. 
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Figure 5.4 – Temporal standard deviation images of all dynamic FSE datasets acquired. 
Areas of consistent temporal variation are the common carotid arteries (arrows), spinal 
cord (*) and the external jugular vein (+). 
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Figure 5.5 – Comparison of one systolic phase (left) and one diastolic phase (right) of the 
common carotid arteries in Subject C. 
 

 
Figure 5.6 – Example manual segmentations of the same left common carotid (Subject B) in 
three different sequences: prospectively gated fast spin echo (left), dynamic fast spin echo 
(middle) and cineSSFP (right). 
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5.2.2 Intra-operator Repeatability 

The left common carotid of each volunteer was manually traced three times over for all cardiac 

phases of one slice in the dynamic FSE dataset. The slice was selected to be immediately below 

the bifurcation. Figure 5.7 shows the mean cross sectional area measurements for all five 

subjects (± 1 standard error from repeated tracings). 

 

Figure 5.7 – Mean cross-sectional area measurements from a 16 cardiac phase dynamic fast 
spin echo image series for each volunteer. Images on the right are the common carotid 
artery of interest, from a fully sampled static reconstructions of the dynamic FSE data. 
Error bars are ± 1 standard error. 

 

As anticipated a large variation in response was noted across the subjects. With respect to 

phase, a maximum cross sectional area was noted at systole, with a decrease in diastole. The 

varying lengths of the cardiac cycles are due to variation between subject heart rates. An 
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ANOVA test indicated that three significant factors (subject, phase and sequence) influenced the 

cross-sectional area of the common carotid artery (Table 5.3). Of note, the one dataset with 

visible aliasing (subject D, trial 1, see Figure 5.4) resulted in a larger variability in measurements 

for this subject, though no statistically significant difference between repeats was observed when 

aggregated across all the subjects. The lack of significance on the factor trial across all subjects 

suggests that the image acquisition and analysis procedure was repeatable.  

Table 5.3 – Summarized four-way ANOVA results of the significance of cross sectional 
area measurements by factor. 

Factor F Prob > F 
Subject 7.90 <0.01 

Trial 0.54 0.58 
Sequence 7.01 0.01 

Phase 40.68 <0.01 
 

5.2.3 Inter-Scan Repeatability 

For two volunteers (subjects D and E), the dynamic FSE sequence was repeated. The delay 

between sequences was approximately 10 min and the heart rate was observed to change. All 

reconstruction parameters were the same and the same manual vessel segmentation approach was 

applied to both image sets. Figure 5.8 compares the mean areas obtained by the repeated 

acquisitions for Subject D and Subject E.  
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Figure 5.8 – Mean cross sectional areas  as measured on two dynamic FSE time series 
acquired for Subject D (top) and Subject E (bottom). For information, the errors bars (± 1 
standard error) are provided on the first acquisition for each subject. 

 

 

Figure 5.9 – Mean cross sectional areas of the repeated FSE acquisitions for Subject D (left) 
and Subject E (right). 
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5.2.4 Comparison to Prospectively Gated Fast Spin Echo 

In addition to three repeated segmentations of the dynamic FSE images, the left common carotid 

artery was also manually traced three times for the same slice on each prospectively gated FSE 

image. This assessment allowed a comparison between a more conventional acquisition 

(prospective FSE) and the proposed dynamic FSE sequence. Because there were only three 

trigger delay times acquired for the prospectively gated images, the cross sectional areas were 

compared with the closest corresponding cardiac phase from the dynamic FSE dataset. Figure 

5.10 shows the corresponding dynamic and prospectively gated FSE mean measurements in one 

subject. A repeated measures ANOVA on the temporal phase-matched data (Table 5.4) showed 

that, while phase remained statistically significant, the sequence used (dynamic FSE or 

prospective FSE) did not result in statistically different cross sectional area measurements. 

 

Table 5.4 – Summarized two-way repeated measures ANOVA within subject for the 
significance of prospectively gated measurements versus dynamic FSE measurements. 

Factor F Prob > F 
Phase 10.9 0.0052 
Sequence 6.1 0.0688 
Phase-Sequence Interaction 2.5 0.1450 
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Figure 5.10 – Comparison of cross sectional areas measured with dynamic FSE (blue) and 
prospectively gated fast spin echo (purple) for Subject B. Error bars are ± 1 standard 
deviation. 
 

5.2.5 Comparison to Cine MR 

Because of the mismatch in the number of phases collected, the cross sectional areas from the 

cineSSFP sequence were compared to the closest corresponding phase from the dynamic FSE 

dataset. Figure 5.11 shows the mean cross-sectional areas over all subjects obtained from 

cineSSFP and dynamic FSE techniques. A repeated measures ANOVA on the phase-matched 

data (Table 5.5) also showed significant difference areas between phases but no statistical 

significance in the type of sequence used. However, the interaction term between phase and 

sequence was found to be statistically significant, indicating that the cross sectional area 

measurements of some phases statistically differed based on the sequence used. Inspection of 

Figure 5.11 suggests that the differences are larger for earlier (systolic) time frames. 
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Table 5.5 – Summarized two-way repeated measures ANOVA within subject for the 
significance of dynamic FSE measurements versus cineSSFP measurements. 

Factor F Prob > F 
Phase 8.4 <0.001 
Sequence 3.8 0.1235 
Phase-Sequence Interaction 2.8 0.0023 

 

 
Figure 5.11 – Mean cross sectional areas over all volunteers (phase matched to dynamic 
FSE) as measured with dynamic fast spin echo (blue) and cineSSFP (red). 

5.2.6 Distensibility Calculations 

The distensibility coefficient (Equation 5.1) was calculated for all traced sequences. For the 

calculation, maximum and minimum cross sectional areas were used as systolic and diastolic 

areas, respectively, and used to derive the change in diameter over the cardiac cycle. As blood 

pressure was only measured once following imaging, the same pulse pressure was used in all 

distensibility calculations for each subject. Table 5.6 shows the results. The statistical analysis of 

the mean values of distensibility coefficients from all sequences are shown in Figure 5.12.  
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Table 5.6 – Summary of calculated carotid artery distensibility across the 5 subjects. 
Average (mean ± standard deviation) is reported. The dynamic FSE sequence was repeated 
on subjects D and E. The average of the two trials was used to calculate the mean subject 
value. 

Subject 
 

Dynamic FSE 
[MPa-1] 

Prospective FSE 
[MPa-1] 

cineSSFP 
[MPa-1] 

20 28 32 
28 29 31 A 
22 29 35 
24 12 35 
36 21 31 B 
31 6 20 
25 20 42 
31 8 21 C 
34 19 27 
30 36 62 
26 40 55 D 
20 31 56 

D Repeat 34 - - 
45 52 45 
51 67 22 E 
55 59 38 

E repeat 50 - - 
Mean ± Standard 

Deviation 33 ± 11 30 ± 18 37 ± 13 

 

 
Figure 5.12 – Mean distensibility coefficients of all subjects from each type of sequence. 
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5.3 Discussion 

5.3.1 Intra-operator Repeatability 

No statistically significant difference between repeated measurements (trial) was observed, 

implying that the images of both sequences were distinct enough to be able to reliably trace the 

cross-sectional area of the common carotid artery multiple times. Interestingly, cardiac phase 

was a significant factor in cross sectional area measurements, indicating that the difference in 

lumen area due to the pulsatility of the common carotid artery could be measured. Not 

surprisingly, subject was found to be a significant factor. This significance was expected as there 

is inherent variability in vessel size and pulsation by individual. The fact that sequence (dynamic 

FSE, prospectively gated FSE, or cineSSFP) turned up as significantly different required further 

investigation (see §5.3.3 and §5.3.4). 

5.3.2 Inter-scan Repeatability 

Statistical analysis showed no significant difference in the measurements obtained from repeated 

acquisitions. Repeatable acquisitions are important in any screening or diagnostic tool. The fact 

that multiple sequences acquired at different time points reflect no statistically significant 

difference in the size of the carotids means that the dynamic FSE sequence is repeatable and that 

the carotids do not significantly change their pulsation over the course of imaging (see Figure 

5.8). 

5.3.3 Comparison to Prospectively Gated Fast Spin Echo 

The comparison of three phase measurements between dynamic and prospectively gated FSE 

returned significant differences between phases but not between sequences. This indicates, as 
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expected, that the luminal area of the common carotid artery changed significantly with cardiac 

phase. The fact that no significant difference was found between sequence used suggests 

equivalence of the two black blood imaging techniques in terms of cross sectional area 

measurement. 

5.3.4 Comparison to cineSSFP 

The comparison of sixteen phase measurements as acquired on dynamic FSE and cineSSFP 

images returned no significant difference between sequences but did indicate differences 

between phase as well as the interaction of phase and sequence. Again, the fact that phase turned 

up statistically significant is not surprising as we expected to observe cross sectional area 

changes over the cardiac cycle. While sequence was not a statistically significant factor overall, 

the interaction term between sequence and phase indicates that differences between sequences 

are significant for some phases. Figure 5.11 graphically depicts that the late diastolic 

measurements overlap within standard error but the earlier systolic measurements do not. As a 

sequence that relies on blood velocity for image signal, bSSFP may suffer from increased artifact 

in systolic phases due to the high velocity difference between blood that is in contact with the 

vessel wall and that which is not. It should also be noted here that despite the apparent systematic 

offset in cineSSFP measurements compared to dynamic FSE measurements, the normalized 

values could still be consistent with one another for distensibility coefficient calculations. 

5.3.5 Distensibility 

All distensibilities calculated from dynamic FSE measurements fell within a reasonable range for 

healthy volunteers of this age group (see §2.3.2). There was no statistically significant difference 

between the distensibility coefficients obtained from dynamic FSE, prospective FSE or cineSSFP 
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measurements (p = 0.4336). Of the many ways to calculate distensibility, DC was chosen for this 

project because of its wide use in the literature on carotid compliance (likely in order to compare 

results to ultrasound measurements). However, this required the assumption of a circular cross 

section and the derivation of a diameter measurement. This may have resulted in some loss of 

precision in the arterial elasticities presented here. 

5.4 Conclusions 

The dynamic FSE sequence accurately represents multiple cardiac phases by retrospectively 

gating fast spin echo data. The cross sectional areas of the left common carotid arteries of five 

volunteers showed agreement between the prospectively gated FSE images and the dynamic FSE 

images of equivalent cardiac phases. The measurements made on bright blood cineSSFP images 

were consistently, but not statistically significantly, higher than the black blood techniques. This 

systematic offset could be a misrepresentation of luminal area due to the bright blood image 

contrast and flow artifacts. Both repeated measurements and repeated acquisitions using the 

dynamic FSE sequence returned no statistically significant differences in measured cross-

sectional areas of the left common carotids. Mean distensibility coefficients calculated from 

dynamic FSE measurements were in a reasonable range for these healthy volunteers and were 

not significantly different from those values obtained using prospective FSE or cineSSFP 

images. These preliminary results in healthy volunteers show the potential for the dynamic FSE 

sequence to be a valuable clinical tool for the evaluation of vessel wall motion over the course of 

the cardiac cycle. 
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Chapter Six: Conclusions 

This final chapter summarizes and provides concluding remarks regarding the pilot 

implementation of the dynamic fast spin echo (FSE) sequence. The motivations for dynamic 

carotid artery imaging are first revisited (§6.1). The general methodology and study results are 

then summarized in §6.2. Potential improvements to the acquisition method and potential 

applications of dynamic FSE are suggested in §6.3 and §6.4. Future work is discussed in §6.5. 

6.1 Carotid Artery Disease and Distensibility 

Plaque tends to accumulate in arterial locations with disturbed blood-flow. The bifurcation of the 

carotid arteries are particularly susceptible to atherosclerosis. While the degree of stenosis has 

long been considered to be an indicator of the severity of atherosclerosis, the composition of a 

lesion has come to light as an important factor in plaque stability. Plaque with large lipid cores 

and thin fibrous caps are more likely to rupture, resulting in thrombus formation or emboli. 

Unstable atherosclerotic lesions are associated with the risk of cardio- and cerebrovascular 

events. The elastic nature of the arteries is important because it dampens the pulsatile blood-flow 

from the heart and converts it to steady flow at the capillary level. Distensibility decreases with 

age and disease burden and has been suggested as a cumulative measure of a variety of 

cardiovascular risk factors. Decreased distensibility can both promote plaque growth as well as 

incite plaque rupture. Distensibility coefficients (measured in inverse units of pressure) are 
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calculated as a normalized change in arterial diameter from systole to diastole divided by the 

pulse pressure. Current distensibility measurement techniques include ultrasound, computed 

tomography and MR imaging. Of these, only MR can provide the soft tissue contrast necessary 

for detailed identification of plaque components. Dynamic MR imaging of the carotid arterial 

wall can provide the means for simultaneous morphological, compositional and mechanical 

evaluation of carotid artery disease.  

6.2 Implementation and Evaluation of Dynamic Fast Spin Echo Imaging 

A FSE sequence was altered to meet the criteria for retrospective gating with the cardiac cycle. 

This was done with a time ordered FSE acquisition, a cardiac signal recording throughout 

imaging and a phase encode lookup table. A non-uniform sampling scheme was used to 

influence the resulting undersampled cardiac phase k-spaces to include a more fully sampled 

centre. A temporally constrained SENSE algorithm was used to reconstruct the cardiac phase 

images. 

The dynamic FSE process was first tested in digital phantoms that varied with a simulated 

cardiac cycle. The results of this study indicated successful rebinning and reconstruction of the 

data. When used to image the common carotid arteries of five healthy volunteers, the dynamic 

FSE images showed pulsation that did not significantly differ from the pulsation depicted by 

prospectively gated FSE images. Both dynamic and static reconstruction of the dynamic FSE 

data showed marked artifact reduction, due in part to the non-uniform sampling scheme and the 

temporal resolution. Distensibility coefficients calculated were within a reasonable range for this 

population. 
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6.3 Improvements to the Acquisition Method 

Over the course of the work presented in this thesis, a few potential areas of improvement were 

identified. During data acquisition, the cardiac signal could be recorded using multiple lead ECG 

for more precise cardiac cycle definition. Additionally, a swallow detection device could be used 

to throw away any data acquired while the throat is moving. High-resolution images could 

increase the accuracy of vessel segmentation and allow for dynamic imaging of smaller vessels 

(e.g., the internal carotid arteries). Dedicated carotid coils could provide the signal boost needed 

to acquire high-resolution data. An automatic segmentation process could significantly improve 

the repeatability of cross sectional area measurements. Also, a clear choice of regularization 

parameters or an alternative reconstruction technique may improve the resulting images. Four 

signal average equivalent acquisitions were sufficient for 16-phase reconstruction but the 

acquisition of more signal averages could allow for increased temporal resolution in the dynamic 

FSE series. 

6.4 Alternative Applications of Dynamic FSE 

The dynamic FSE sequence was developed with the intent to capture the motion of the carotid 

arterial wall over the course of the cardiac cycle. However, a couple of alternative applications 

have become apparent. First, the same retrospective gating process could be applied to a 

respiratory signal instead of the cardiac signal. This would provide temporally resolved images 

that show the effects of respiratory motion. Secondly, the temporal information gained from the 

dynamic FSE sequence could be used to reduce artifacts arising from cardiac pulsatility. A 

temporal analysis of the data would indicated regions of significant temporal variance and allow 
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for these components to be removed from the images. This approach was tested in a high-

resolution brain imaging sequence (presented in more detail in Appendix A).  

6.5 Future Work 

The next steps in this project are to establish and intra- and inter-operator variability study of the 

dynamic FSE imaging with a manual carotid segmentation approach. In addition, automated 

segmentation routines should be explored to provide objective methods for segmenting the vessel 

wall boundary. Initial attempts at automatically segmenting dynamic FSE images highlighted the 

challenges to accuracy and reproducibility from flow, aliasing other sources of artifact. 

A few of the other suggested improvements in §6.4 should also be implemented. Namely, high-

resolution carotid images will be acquired when a set of dedicated carotid coils are purchased. 

The amount of data collected in the dynamic FSE sequence will also be reconsidered with the 

potential to increase scan time and data acquired for the sake of higher temporal resolution. 

Following a larger study of dynamic FSE in healthy subjects, I intend to apply the sequence to 

image the carotid arteries of a cardiovascular disease patient population. The change in carotid 

distensibility with age and disease state should be evaluated to confirm agreement with the 

literature. Considering that the majority of atherosclerotic lesions rupture at the shoulder points 

between the plaque and the normal vessel wall, I would like to characterize local distensibility in 

partial segments of the carotid circumference. The dynamic FSE sequence should allow for 

detailed analysis of plaque composition and how it affects the motion of the vessel wall. 
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Appendix A:  Reduced Pulsatile Motion with Gated FSE and Constrained Image 
Reconstruction 
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Appendix B: Automatic Segmentation 
 
Due to the variability in manual tracing of the carotid arteries, an automatic segmentation routine 

was investigated. For each temporal series, a 25 × 25 pixel square covering the internal carotid 

arteries was selected and then interpolated to 100 × 100 pixels. A histogram of intensity values 

was used to select an appropriate threshold for distinguishing blood and vessel wall. All values 

below this threshold were set to zero and a region-growing algorithm was used to select the area 

within the region of interest (see Figure B.1). The automatic segmentations were reviewed and 

flagged if empirically deemed to be unsuccessful. Common modes of failure observed were 

noise that blurred the boundaries of the lumen and proximity to another blood vessel (see Figure 

B.2). The rate of failure of this method was deemed too high to be used for the research 

presented in this thesis. A more sophisticated automatic segmentation routine may be developed 

in the future. 

 

Figure B.1 - Image threshold selection by histogram of pixel intensities (left) in an 
interpolated 100 x 100 square centred on the internal carotid artery (right). 
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Figure B.2 - Types of failed segmentations seen in the automatic thresholded segmentation 
routine when implemented on the internal carotid arteries. 
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