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Abstract

There is a need for a noninvasive imaging technique for use in longitudinal studies of sub-clinical
coronary artery disease. Magnetic resonance (MR) can be used to selectively and non-invasively
image the coronary wall without the use of ionising radiation. However, high-resolution 3D studies
are often time consuming and unreliable, as data acquisition is generally gated to a small window
of diaphragm positions around end-expiration which results in inherently poor and variable
respiratory efficiency. This thesis describes the development and application of a novel technique
(beat-to-beat respiratory motion correction (B2B-RMC()) for correcting respiratory motion in 3D
spiral MR coronary imaging. This technique uses motion of the epicardial fat surrounding the
artery as a surrogate for the motion of the artery itself and enables retrospective motion correction

with respiratory efficiency close to 100%.

This thesis first describes an assessment of the performance of B2B-RMC using a purpose built
respiratory motion phantom with realistic coronary artery test objects. Subsequently, MR
coronary angiography studies in healthy volunteers show that the respiratory efficiency of B2B-
RMC far exceeds that of conventional navigator gating, yet the respiratory motion correction is
equally effective. The performance and reproducibility of 3D spiral imaging with B2B-RMC for
assessment of the coronary artery vessel wall is subsequently compared to that of commonly used
2D navigator gated techniques. The results demonstrate the high performance, reproducibility and
reliability of 3D spiral imaging with B2ZB-RMC when data acquisition is gated to alternate cardiac
cycles. Using this technique, a further in-vivo study demonstrates thickening of the coronary vessel
wall with age in healthy subjects and these results are shown to be consistent with outward
remodelling of the vessel wall. Finally, the performance of B2ZB-RMC in a variety of coronary vessel
wall applications, including in a small cohort of patients with confirmed coronary artery disease, is

presented.
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Movies

S.1

S.2

S.3

S.4

S.5

S.6

S.7

S.8

S.9

The fat around the right coronary artery in 9 of the 16 slices imaged every cardiac cycle.
Each frame corresponds to one RR-interval. The movie, therefore, shows the fat moving

with respiration. This example was acquired in one healthy subject.

Clicking through the slices of a 3D coronary vessel wall imaging volume using the image
viewer, adding an overlay of the low resolution fat data, zooming in and adjusting the

contrast and brightness.
Selecting and modifying the search (blue) and reference (red) ROIs for the NSPCC in 3D.

Rotating a 3D targeted MR coronary angiography data set in the image viewer before
selecting the slices and nulling overlying anatomy for a parallel maximum intensity

projection (MIP).

Selecting the points in a 3D targeted MR coronary angiography study for creating a curved

planar reformat image in the image viewer.

Measuring the FWHM and 20-80% intensity distance (the inverse of the sharpness) ona
MIP from a 3D targeted MR coronary angiography study in the image viewer. The image is
firstinterpolated and zoomed to show the right coronary artery. The user traces the
centre of the vessel lumen (the proximal section in this case). Intensity profiles
perpendicular to the line along the centre of the vessel lumen are generated (the magenta
lines show every 5t profile). From the intensity profiles the full width half maximum
(green points) and 20% and 80% (red and blue points respectively) are found. The user is
able to remove any points which are clearly incorrect, before the FWHM and 20%-80%

intensity distance is plotted with the displacement along the vessel.

Measuring vessel wall thickness on a coronary vessel wall image using the image viewer.
The inner and outer edge of the coronary vessel wall are selected with circular ROIs. The

average vessel wall thickness is then calculated.

Using the measurement viewer. The original reference (blue) and search (red) ROIs are
shown superimposed on any slice or volume the user selects. The central slice and in-
plane (x and y) displacement of the reference ROI for the current NSPCC result is shown

(vellow number and cyan text) with the displaced reference ROI.

A method of visualising the NSPCC output, shown for data acquired in one example subject.
Three perpendicular slices of the r-values obtained using NSPCC containing the peak r-
value (circle), are shown on the left hand side with the scale of each shown in mm. The
slice of the search ROI nearest to the peak r-value is shown on the right with the scale

shown in mm. The position of the slice shown in the through-plane (z) direction is plotted



S.10

S.11

S.12

S.13
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below. The slice shown on the right should demonstrate a similar shaped piece of fat

moving in-plane.

The fat around the right coronary artery in one slice after correction for respiratory
motion using B2ZB-RMC. Each frame corresponds to the data acquired in one RR-interval in

one example healthy subject. The size of the image in mm is indicated.

One slice of the low resolution fat volume, acquired in every simulated RR-interval, of a
basic test object, moving sinusoidally on a respiratory motion phantom. See section 4.e.iii

for a full description of these tests.

One slice of the low resolution volume acquired in every simulated RR-interval of a basic
test object on the respiratory motion phantom (as also shown in S.11). This image has

been corrected for motion using B2B-RMC. The size of the image in mm is indicated.

A method of visualising the NSPCC output, shown for data acquired in a basic test object
(also shown in S.11 and S.12) moving with sinusoidal motion on a respiratory motion

phantom.
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1. Introduction

Atherosclerotic coronary artery disease (CAD) is a degradation of the wall of the arteries supplying
the heart muscle with blood, eventually leading to narrowing or complete blockage of the lumen.
Cardiovascular disease is the most common cause of death in the UK, and CAD accounts for the
majority of these fatalities (Scarborough et al,, 2010). Current diagnostic techniques (see section
1.d and 1.e for a full description) predominantly diagnose the extent of already severe disease and
are often invasive and/or require the use of ionising radiation and nephrotoxic contrast agents.
There is a pressing clinical need for a non-invasive technique which may be used to assess the
atherosclerotic burden in the coronary arteries in both early and late disease in a reproducible
manner, in order to assess disease progression, regression and response to therapy and/or lifestyle
changes. This thesis describes the implementation, development and evaluation of the efficacy of a
three dimensional (3D) magnetic resonance (MR) coronary vessel wall imaging technique with a
novel efficient respiratory motion correction scheme. The small size and mobile nature of the
coronary arteries means that MR coronary vessel wall imaging is extremely challenging and as a
result, it has so far had very limited impact on clinical practice. The work described here results in

areproducible, reliable and flexible technique with potentially wide ranging implications.

The thesis is structured as follows. This initial chapter describes the need for a new 3D MR
coronary vessel wall imaging technique, starting with anatomy, physiology and motion of the heart;
CAD and techniques used in imaging the coronary arteries, including currently available MR
methods. This is followed by a review of available strategies used to combat motion in
cardiovascular MR imaging (chapter 2). The efficacy of the respiratory motion correction scheme
developed (see chapter 3 for a description of the developments) is demonstrated in controlled
conditions using a purpose built respiratory motion phantom (chapter 4). Subsequently, in-vivo
studies demonstrate the performance of the technique for imaging of the coronary arteries
(chapter 5) and coronary vessel walls (chapter 6) including a comparison of vessel wall thickness
and reproducibility measured using four MR techniques. In later sections, a study demonstrating
the first non-invasive demonstration of coronary vessel wall thickening with age in healthy
subjects (chapter 7) is described; initial results with a new and novel technique for further
improving overall imaging efficiency in MR coronary vessel wall are presented (chapter 8); and the

technique is demonstrated in MR coronary vessel wall imaging of patients (also chapter 8).
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This first chapter briefly reviews the anatomy and physiology of the heart and coronary artery
system before describing the formation and development of an atherosclerotic plaque, its
classification and potential treatments available. However a full description can be found in any
comprehensive modern cardiology text (Fuster et al. (2008) for example). A review of the motion
of the heart and coronary arteries with the cardiac and respiratory cycles is then presented.
Finally in this chapter, existing imaging techniques available for assessment of coronary artery

disease are discussed with a particular focus on MR based methods.

1.a The heart

The circulation of blood serves to distribute oxygen, nutrients and heat throughout the body (see
figure 1.1). Blood flow is primarily driven by the heart (see figure 1.2a.) which is a four chamber
muscular pump located between the lungs, anatomically slightly left of centre underneath the rib
cage. Deoxygenated blood enters the heart from the venous system, primarily through the venae
cavae into the right heart which pumps blood towards the lungs via the pulmonary artery. Blood is
oxygenated in the lungs and returned to the left heart via the pulmonary veins. Oxygenated blood
exits the left heart via the aorta at a rate of approximately 5L/min (Barrett and Ganong, 2010) to
supply all organs of the body.

l.a.i Anatomy

The heart is located within the fluid filled double-walled sac of the pericardium enabling movement
relative to the surrounding organs with little friction. The large fist sized muscular structure is
250-350g in mass (Kumar etal., 2005), when empty and is orientated such that the narrow end

(the apex) points inferiorly and towards the subject’s left.
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Figure 1.1: The circulatory system
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The heart pumps blood around the human circulation. Vessels carrying oxygenated blood (arteries,
excluding the pulmonary arteries) are coloured red, whereas vessels carrying deoxygenated blood
(veins, excluding the pulmonary veins) are coloured blue. Reproduced from Wikipedia
(http://en.wikipedia.org/wiki/Circulatory system, last accessed 23 December 2010).
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Figure 1.2: A schematic of anatomy and flow within the heart
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The structure of the heart (a) and the flow of oxygenated (red) and deoxygenated blood (blue)
through the heart (b). Reproduced from Wikimedia Commons
(http://commons.wikimedia.org/wiki/File:Heart diagram-en.svg and
http://commons.wikimedia.org/wiki/File:Heart diagram blood flow en.svg) under the Creative
Commons Attribution-Share Alike 3.0 Unported license. Last accessed 3™ January 2011.

Both the left and right heart consist of two chambers (see figure 1.2.a), the upper atria and the
lower ventricles. The thicker walled ventricles provide the strength for the ejection of blood
whereas the thinner atria serve to fill the ventricles with blood. The walls of each of the 4 cardiac
chambers consist of compacted heart muscle with an inner lining of trabeculations which are an
irregular mesh of muscular strands, not present on the in and outflow tracts. The heart wall
consists of 3 layers: an inner endocardium, the muscular myocardium (which makes up the
majority of the thickness) and the outer epicardium. The one way flow of blood is ensured by
valves (see figure 1.2.b). The mitral and tricuspid valves prevent back flow from the ventricles to
the atria in the left and right heart respectively. The pulmonary and aortic valves prevent back
flow from the pulmonary artery and aorta respectively. Each of the valves consists of three moving
leaflets, except the mitral valve which consists of two, which meet near the free edge when closed.
The outer edge of each of the valves is a supportive ring of fibrous tissue. Leaflets of the mitral and
tricuspid valve are attached to the ventricular myocardium via tendons (chordae tendineae)
connected to the papillary muscles which exert a degree of control over the leaf motion. The

outflow aortic and pulmonary valves have no such muscular control or tendon attachments.

Within the pericardial sac, around 80% of the heart’s surface is covered in a layer of fat. Epicardial
fat deposits are situated in the atrioventricular (AV) and interventricular grooves surrounding the
major coronary artery branches (Iacobellis et al., 2005, Rabkin, 2007), as shown in figure 1.3. At
body temperature this fat is liquid and in normal subjects constitutes around 20% of ventricular
mass (Corradi et al., 2004), but the deposits increase with age to a maximum somewhere between

age 20 and 40 years. The functions of these fat deposits are thought to include buffering the forces
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on the coronary arteries during cardiac contraction and allowing them to expand in response to

arterial pressure and to Glagov remodelling (see section 1.b)(Rabkin, 2007).

Figure 1.3: An ex-vivo heart
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An ex-vivo normal human heart. Heart muscle tissue is purple and fat is a yellow colour. The
epicardial coronary arteries are visible within the epicardial fat. Image courtesy of Dr Mary
Sheppard, Director of the CRY Unit for Cardiac Pathology, Imperial College London.

1.a.ii. Contraction of the heart

The cells of the myocardium, known as myocyctes, are maintained at a resting potential of -80 to
-90mV with respect to the extracellular space via an influx and efflux of K+, Cl-, Ca?* and Na* ions
using ion pumps and active membrane channels. When the cell reaches a threshold voltage
(around -40mV to -50mV), voltage sensitive channels in the membrane open, allowing an influx of
Ca?* ions and therefore, depolarisation of the cell. Itis the increased cellular Ca2* concentration
which results in contraction of the myocyte. During depolarisation the membrane potential
reaches a peak of around +10mV and then repolarises after some time due to further changesin
the selective permeability of the cell. In most myocytes, the threshold potential is only reached
when the cell is stimulated by the depolarisation of neighbouring myocytes, butin some (non-
contracting) cells, the resting potential of the myocytes naturally drifts towards 0V and reaches the
depolarising potential without stimulation. These self-stimulating cells act as the pacemaker of the
heart and are located within several regions of the heart. The primary pacemaker is the sinoatrial
node (SA node), located in the right atrium (RA) near the opening of the superior vena cava.
Without external stimulation, the SA node depolarises around 100 times per minute. In healthy
subjects, however, the depolarisation frequency (heart rate) is controlled by a central nervous
system connection to the SA node and by the release of adrenaline and noradrenaline from the
adrenal medulla, generally resulting in a resting heart rate of 50-80 beats per minute (BPM).
Depolarisation of the SA node results in a depolarisation wave (positive potential) travelling across
the right atrium. The positive potential also travels down internodal pathways (the Bachman,
Wenckebach and Thorel tracts) to the atrioventricular (AV) node which is located in the septum at

the level of the AV valve attachments. The AV node acts as a secondary pace maker, firing at 40-60
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BPM in the absence of stimulation from the SA node. Importantly, the AV node also delays the
spread of the depolarization by around 0.12s, allowing time for the blood to move from the atria
into the ventricles. From here the depolarisation travels down the bundle of His to the left and
right bundle branches, then on to the Purkinje fibres which distribute the action potential to the
ventricles. These conduction fibres may also act as tertiary pace makers firing at between 30 and

60BPM.

The increased cellular concentration of Ca2* ions as a result of the cell depolarisation causes the
myofilaments (comprising 45-60% of myocardial volume) within the cell, and hence the cell itself,
to contract. Contraction of the myofilaments is a complex, incompletely resolved process that is
thought to be the result of the generation and destruction of links between myosin and actin fibres,
which constitute the myofilaments. The orientation of the myocytes is dependent on their depth
within the myocardium (Villarreal et al., 2005). Between the endo and epicardium, fibre
orientation can rotate up to 180° which has important consequences for the motion of the

chambers, discussed in section 1.c.i.

The electrical action of the heart may be recorded at the exterior of the chest in an
electrocardiogram (ECG) and the action of the valves closing is audible in the heart sounds. The
ECG is commonly related to the intracardiac pressure using a Wiggers diagram, as shown in figure
1.4. Beginning in diastole (the phase in which the heart is relaxing and relaxed), blood flows into
the ventricles via the atria because the venous blood pressure is greater than that in the heart.
Atrial depolarization is observed as the P-wave of the ECG. The corresponding atrial contraction
causes an increase in atrial pressure and, therefore, further filling of the ventricles. Ventricular
depolarization, observed as the QRS complex (duration: ~80ms, starting ~180ms after the
beginning of the P-wave (Barrett and Ganong, 2010)) in the ECG denotes the beginning of the
systolic phase. During ventricular contraction, the ventricular free walls move inwards towards
the septum, which remains relatively stationary in the centre. This contraction causes an increase
in the ventricular pressure, resulting in closure of the atrioventricular valves, which is audible as
the first heart sound. All valves are now closed and the contraction of the ventricles results in an
isovolumetric increase in ventricular pressure until it exceeds the aortic (or pulmonary artery)
pressure whereupon the pulmonary and mitral valves open. Rapid ejection of blood occurs in this
phase with an associated reduction in ventricular volume. Towards the end of this ejection phase,
ventricular repolarisation occurs which is observed as the T-wave (starting ~320ms after the S-
wave) in the ECG (atrial repolarisation is masked by the QRS complex). Once aortic (or pulmonary)
pressure exceeds the ventricular pressure, the pulmonary and mitral valves close, audible as the
second heart sound and indicating the beginning of diastole (the filling stage). All valves are again
closed resulting in an isovolumetric reduction in ventricular pressure. Once ventricular pressure
falls below that of the atria, the atrioventricular valves open and ventricular filling begins once

again.
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Figure 1.4: A Wiggers diagram
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A Wiggers diagram describes the pressure and volume in the left heart and their relationship to the
ECG signal and heart sounds. Reproduced from Wikimedia Commons
(http://commons.wikimedia.org/wiki/File:Cardiac Cycle Left Ventricle.PNG) under the Creative
Commons Attribution-Share Alike 2.5 Generic license. Last accessed 7t January 2011.

l.a.iii The coronary arteries: a macroscopic view

The heart requires more oxygen per unit mass than any other organ in the body (8mL min-! 100g!
at rest) which is provided by the coronary artery system. Approximately 4-5% of the total cardiac
output is diverted into the coronary circulation (225mL min-!) at rest, which increases by up to a
factor of 5 during exercise (Sircar, 2008). The arteries are relatively narrow (typically 2-5mm
inner diameter, see table 1.1 for examples) and are generally narrower in women than in men
(Dodge et al,, 1992). Measurements of the thickness of the coronary artery wall in healthy subjects
are difficult to obtain due to the early initiation of disease in the population (see section 1.b.i) and
the invasive nature of the measurements (see section 1.d). Table 1.2 gives proximal vessel wall
thicknesses obtained from previously healthy male subjects at autopsy, which vary from 0.16mm
in the right coronary artery of new born babies to 0.83mm in the left coronary artery of subjects

older than 60 years (Ozolanta et al., 1998).


http://commons.wikimedia.org/wiki/File:Cardiac_Cycle_Left_Ventricle.PNG
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Table 1.1: Diameters of normal coronary arteries in right dominant men and women assessed

by x-ray coronary angiography

Segment Diameter in men (mm) Diameter in women (mm)
Left main 4.5+0.5 39404
Left anterior descending 3.6£0.5 3.2+0.5
(proximal)

Left anterior descending (mid) 2.5+0.5 2.4+04
Left anterior descending (distal) 1.7£0.5 1.6+0.4
Left circumflex (proximal) 3.4+0.5 2.9%0.6
Left circumflex (mid) 2.820.6 3.1+0.4
Left circumflex (distal) 1.6+0.6 1.4+0.6
Right coronary (proximal) 3.910.6 3.320.6
Right coronary (mid) 3.4+0.5 3.0+£0.5
Right coronary (distal) 3.1+0.5 2.8+0.5

Values given are for the mid sub-segment measurement in each case. Proximal, mid and distal
segments here correspond to main artery segments 1 to 3 respectively in the original work. Data from
(Dodge etal, 1992).

The exact anatomical configuration of the coronary system is subject-specific and there are too
many common variants to fully describe here (for a detailed discussion, see (McAlpine, 1975)). In
the large majority of subjects, the right and left coronary arteries branch from the ascending aorta
at the right and left coronary sinuses respectively. The right coronary artery (RCA) is initially
orientated almost perpendicular to the aorta (see figure 1.5) before turning approximately 90°
towards the apex and coursing within the fat of the right AV groove. The left main artery (LM)
forms a more acute angle at the point at which it branches from the aorta and, in the majority of
subjects, bifurcates after a short distance into the left anterior descending artery (LAD) and the left
circumflex artery (LCX). The LAD is located within the fat of the anterior interventricular groove
and reaches around the apex and some way back up the posterior interventricular groove. The LCX
courses within the fat of the left AV groove. In the majority of subjects the posterior descending
artery (PDA) branches from the distal right coronary artery and reaches along the posterior
interventricular groove. This is known as right dominant circulation. Subjects may also be left
dominant (where the PDA branches from the left coronary circulation) or co-dominant. Typically,
the diameter of the dominant artery is larger than that the non-dominant artery (Dodge et al,,
1992). Each of these major coronary arteries sub-divides further into numerous, smaller diameter
vessels to provide the whole myocardium, cardiac nervous system and papillary muscles with
blood. Likewise, deoxygenated blood from the coronary circulation is drained via the coronary
venous system directly into the right ventricle, primarily via the coronary sinus. Figure 1.6
demonstrates the common territories supplied by blood originating from the RCA, LAD and LCX.
The RCA supplies the right ventricular free wall and the basal posterior, basal posteroseptal, mid
inferior and mid inferior septal regions of the left ventricle. The LCX artery supplies the basal

posterolateral and mid inferolateral regions of the left ventricle. The LAD provides blood for the
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rest of the ventricular muscle including, the entire apical left ventricle and septum and the anterior
half of the left ventricle and septum in the mid and basal regions. The blood supply to the posterior
papillary muscle is usually provided by the RCA, while the anterior papillary muscle is most
commonly supplied by both the LAD and LCX (Voci et al., 1995). An occlusion of the coronaries
supplying the papillary muscles can result in a failure of the atrioventricular valves. Adequate
blood supply to the nervous system of the heart is also critical in order to maintain correct cardiac

rhythm.

Table 1.2: Vessel wall thicknesses obtained at autopsy in male subjects who died of non-

coronary related causes

Age group Left coronary wall thickness Right coronary wall thickness
(mm) (mm)
0-1 years 0.20+0.03 0.16+0.02
1-7 years 0.40+0.10 0.39+0.11
8-19 years 0.43+0.12 0.40£0.13
20-39 years 0.75+0.24 0.68+0.20
40-59 years 0.69+0.21 0.67+0.26
60-80 years 0.83+0.31 0.78+0.20

Data from from (Ozolanta et al, 1998) (121 subjects).

Figure 1.5: The coronary arteries
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A schematic diagram of the major coronary artery paths across the myocardial surface. Although not
apparent, for reasons of clarity, the left and right coronary artery systems both originate from the
aorta.

When measured in a cross-section of the vessel (using an intravascular Doppler ultrasound probe),

coronary blood flow (CBF) has been shown to exhibit a parabolic, skewed or M shaped velocity



42

profile (Kajiya et al., 1993). Near to the vessel wall, frictional forces result in a blood velocity close
to stationary and the velocity typically reaches a peak near the centre of the vessel. However,
around bifurcations and narrow sections (near a stenosis for example) of the vessel, flow is often
turbulent. As demonstrated in figure 1.7 average coronary blood flow over the vessel cross-section
as a function of time is biphasic, with the majority of blood flow occurring during diastole, despite
the increased aortic pressure during systole. During systole, ventricular contraction results in a
high pressure within the subendocardial coronary arteries, arterioles and capillaries, preventing
any substantial inflow of blood. During ventricular diastole, the pressure within these sub-
endocardial vessels is reduced and blood flows in. This biphasic pattern is more evident in the left
coronary arteries which supply large amounts of the left ventricle where the myocardial
contraction is more forceful. Regulators of coronary blood flow include adjustments in coronary
vascular resistance in response to changes in aortic pressure. This ensures that a drop in aortic
pressure does not result in an equivalent drop in myocardial perfusion. Other controls of CBF
include the autonomic nervous system which influences smooth muscle tone and nitrous oxide
(NO), which is a powerful vasodilator released by the cells lining the coronary arteries (endothelial

cells) in response to stress.

Figure 1.6: Blood flow to the myocardium from the major coronary arteries using a 16-

segment model

Basal Midventricular Apical

Myocardial territories
supplied by the: B AD [ LCX [N RCA

Schematic diagram of three levels in the heart, demonstrating the 16-segment model used for wall
motion and perfusion analysis. A, anterior; AL, anterolateral; AS, anterior ventricular septum; I,
inferior; IL, inferolateral; 1S, inferior ventricular septum; L, lateral; LV, left ventricle; LVOT, left
ventricular outflow tract; P, posterior; PL, posterolateral; PS, posterior ventricular septum; RV, right
ventricle; S, septum. The colour coding indicates the common coronary artery supplying the region:
blue, left anterior descending (LAD); green, left circumflex (LCX); and purple, right coronary artery
(RCA).
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Figure 1.7: Blood flow velocity in the coronary arteries
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Blood pressure in the aorta (top) and blood flow in the right (middle) and left (bottom) coronary
arteries throughout the cardiac cycle. Systole occurs between the two dashed lines. Reproduced from
Berne and Levy (1988) with permission, copyright Elsevier.

As the myocardium is highly efficient in extracting oxygen from the blood (75-90%) an increase in
oxygen demand must be primarily met by an increase in coronary blood flow. Hypoxia of the
myocardium stimulates the generation of adenosine by myocytes. Adenosine causes the smooth
muscle of the coronary arteries to relax, resulting in vasodilation and increased myocardial blood
supply. The ratio of CBF at rest to that following administration of adenosine is known as coronary
flow reserve (CFR) and indicates the ability of the coronary arteries to respond to changes in

myocardial demand.

l.a.iv Microscopic coronary artery anatomy and physiology

The coronary artery walls, although only 0.5-1mm thick, are a complex organ in their own right. As
with other arteries, there are three distinct layers (see figure 1.8 and 1.9.a). The outer layer (the
adventitia) consists of fibrous tissue attaching the artery to the surrounding organs. The middle
layer (the media) consists of smooth muscle cells and elastic tissue, which enables the vaso-
constriction and -dilation required to maintain myocardial blood flow. The innermostlayer (the
intima) plays a crucial role in the release and absorption of cytokines (cell signalling proteins).
This inner layer actually consists of 3 sub-layers: an elastic membrane (the fenestrated layer or
elastica interna in figure 1.8) consisting of elastic tissue; a thin central layer known as the
subendothelial layer (not always present and not shown in figure 1.8) which consists of a small
number of cells; and a little connective tissue and the inner layer known as the endothelium. The
endothelium is in direct contact with the blood flow, it is sensitive to the local environment and

plays a large role in atherosclerotic disease. The endothelial cells provide a low friction surface
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thereby reducing the arterial resistance experienced by the blood and under normal

circumstances, inhibiting the formation of thrombus.

Figure 1.8: Anatomy of an arterial wall
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The anatomy of an arterial vessel wall consists of 3 layers, the outer adventitia, a central media
consisting of smooth muscle cells and the inner intimal layer. The intimal layer consists of sub-layers:
the elastic membrane (elastica interna or fenestrated layer), possibly a central sub-endothelial layer
(not present in this example) and the inner endothelial layer. Reproduced from Wikipedia
(http://en.wikipedia.org/wiki/Artery, last accessed 23" December 2010) under the Creative
Commons Attribution-Share Alike 2.5 Generic license (http://creativecommons.org/licenses/by-

sa/2.5/deed.en).

Figure 1.9: Histology slides of coronary arteries
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Cross-sectional histology slides from a normal coronary artery (a) and from a transplanted heart (b)

with an advanced plaque showing multiple lipid pools. The normally circular vessel is collapsed

without the outward pressure of the arterial blood within the lumen (a). The lumen in (b) is also
collapsed, but even with the vessel under pressure, the plaque presents a substantial obstruction to
normal blood flow. Images courtesy of the Biobank, University of British Columbia James Hogg

Research Laboratory, Providence Heart and Lung Institute, St Paul’s Hospital, Vancouver.
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1.b  Coronary heart disease: from fatty streaks to myocardial

infarction

1.b.i The development of an atherosclerotic lesion

Formation of an atheromatous plaque is a complex process that is still under research. The
description given here describes only one possibly pathway leading to the formation of one

particular type of plaque (Libby, 2002) and is illustrated in figure 1.10.

Low density lipoprotein (LDL) particles perform the vital task of transporting cholesterol between
organs in the blood. Atnormal concentrations, the LDL particles are able to move relatively freely
between the blood stream and the intimal layer of the vessel wall. However, under certain
circumstances, the LDL particles can become stuck within the extracellular matrix underneath the
endothelial layer within the intima. The retention of LDL may be the result of an increased blood
concentration of LDL, a dysfunctional endothelium or inflammation of the vessel wall, possibly due
to a local or distal infection. Regions where the wall shear stress due to blood flow is reduced,
reversed or highly oscillatory are more susceptible to this process, due to changes in gene
expression with shear. Therefore, plaque formation is more common at branches, bifurcations and
on curved vessel sections (Caro etal., 1969, Segers et al., 2008, Caro, 2009). High density
lipoprotein (HDL) facilitates the transport of LDL out of the vessel wall and a low blood
concentration of HDL can assist the injury. Following injury the endothelium no longer functions
as it should. The lipid within the LDL particles can become oxidised and the protein within the LDL
may be oxidised and glycated. The modified LDL particles stimulate the smooth muscle and
endothelial cells to release cytokines which first attract monocyte cells and then convert them into
macrophage cells. The endothelial cells also undergo changes which result in monocytes attaching
to the usually “slippery” vessel wall surface. The macrophages consume the LDL particles, each
consuming multiple fatty particles and becoming “foam cells”. T-cells are also attracted to this
injured region of intima where they release further cytokines and amplify the arterial wall
inflammation. This early stage plaque is often known as a fatty streak and may be observed in

many people from their teenage years.

The next stages of development typically involve the cells of the inflamed intima in the fatty streak
secreting factors which cause some of the smooth muscle of the media to migrate to the top of the
intima, where they replicate and generate new extracellular matrix. This new tissue on the lumen
side of the early stage plaque forms a fibrous cap, separating the plaque from the blood. Some of
the foam cells below the fibrous cap then die, releasing their contents to form a lipid pool in the
centre of the plaque. Typically these plaques resultin an increase in the vessel wall thickness
which is compensated by a corresponding increase in the vessel wall size, thereby maintaining the
vessel lumen. This process is known as Glagov remodelling (Glagov et al., 1987) and is
demonstrated in figure 1.10, although, in reality the scale of the compensatory enlargement is

probably under-estimated in this figure.
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Plaques may grow further in size as the lipid pool attracts further macrophages and LDL particles.
Once the vessel is maximally distended outward by the plaque a reduction of the vessel lumen area,
known as a stenosis occurs (see figure 1.9b). The logical conclusion of such growth is an occluded
artery resulting in insufficient blood supply to an area of myocardium (an ischemic region).
However, the majority of such events are due to erosion of or formation of a fissure in the fibrous
cap of much smaller plaques, often before the stage at which they result in a flow limiting stenosis.
The most vulnerable plaques are thought to be those with large lipid pools but thin fibrous caps.
These thin caps may become inflamed causing the internal macrophages to release collagen
degrading enzymes, resulting in fissure of the cap. Blood flows into the plaque and meets with the
highly thrombogenic contents. Platelets rush to the site of the injury and combine with fibrous
material manufactured as a result of the interaction of plaque contents and blood. The resultis a
thrombus attached to the vessel wall at the plaque site. The cells of the plaque also release
inhibitors that prevent the body’s natural internal thrombolytic processes. Alternatively a
thrombus may form in response to an injured endothelial layer, potentially in plaques with little
lipid content. Either way it is generated, the resulting thrombus may result in total vessel occlusion
and potentially death, or it may be broken up and dispersed. After thrombolysis the plaque then
heals, but its size increases as a result of new scar tissue. The thrombus remnants also provide a
pro-thrombotic substrate, increasing the risk of future events at this site. Over time such plaques
may become complex structures, with calcified material distal to the lumen, multiple lipid pools
and irregular surfaces. Large plaques often develop their own blood supply, increasing the supply
of inflammatory cells to the plaque contents and providing additional cholesterol from red blood

cell casings subsequent to haemorrhage of these new vessels.

Figure 1.10: Possible developmental stages of a fibrous cap atheroma in the coronary arteries
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A schematic diagram of one route for atherosclerotic plaque development, with lesion descriptors,
typical timescales and growth mechanisms also noted. This diagram probably under-estimates the
degree of compensatory vessel wall (Glagov) remodelling in response to the growth of the plaque.
Other types of plaque are also thought to result in thrombotic acute coronary events. Reproduced
from Pepine (1998) with permission, copyright Elsevier.
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1.b.ii Consequences and treatment of coronary artery disease

A stenosed coronary artery with an associated reduction in luminal cross-section of 75% (or a 50%
reduction in diameter) will lead to a reduction in CFR (see section 1.a.iii). As a result, these flow
limiting stenoses can result in insufficient myocardial blood supply (ischemia). This ischemia,
typically results in breathlessness and a chest pain, known as angina. Such symptoms, observed in
a reproducible fashion during exercise are known as stable angina, whereas angina atrest or
sporadically occurring is labelled unstable angina and is more suggestive of repetitive thrombolytic
coronary events. A short period of myocardial ischemia can result in myocardial stunning,
whereby the stunned myocardium is akinetic after the injury but gradually recovers over a period
of hours to days. Alonger period of ischemia or repeated small ischemic events may lead to areas
of dysfunctional hibernating myocardium, requiring a period of days to months to recover
following the return of an adequate blood supply. Alternatively, cell death within a region of
ischemic myocardium may result in infarcted (dead) tissue. Myocardial infarction has many
possible consequences including ventricular remodelling, reduced ejection fraction (as a result of
dysfunctional myocardium), myocardial rupture, valve dysfunction, aneurysms, arrhythmia and
death. While large stenotic plaques result in more thrombotic events per plaque, the majority of
such events arise from smaller plaques due to their considerably greater prevalence. The culprit
lesion is most commonly located in the LAD (50%), followed by the RCA (30-45%) and the LCX
(15-20%). In some patients (<5%) no culprit lesion is identified (Fuster, 2008). In a study of 241
sudden death CAD patients, Virmani et al. (2000) found that ~50% of such fatalities were caused by

acute thrombotic events.
1.b.ii.1 Treatment of coronary artery disease in the acute setting

Patients presenting with a suspected myocardial infarction (MI) are initially tested to confirm the
diagnosis using a combination of symptoms, ECG changes (particularly in the ST segment) and
biochemical markers. Patients with confirmed acute MI must be treated as early as possible in
order to minimise the time that the myocardium is left without blood supply. Early
revascularization is associated with smaller infarct sizes (Francone et al., 2009) and a lower
mortality rate (Hochman et al., 1999, Hochman et al., 2006, Dalby et al,, 2009). Patients typically
receive supplementary oxygen, morphine based pain relief, a coronary vasodilator (nitroglycerin),
beta blockers to reduce myocardial oxygen consumption and anti thrombus drugs (clopidogrel and

aspirin).

Revascularisation may be achieved with one of two strategies: thrombolysis or primary
percutaneous coronary intervention (PCI). Thrombolysis is generally less effective (Dalby et al.,
2003) but can be administered early (even in the ambulance) when there is no local access to
primary PCI facilities or when patients are not suitable for PCI. This procedure involves
administering anti platelet (aspirin and clopidogrel), anti coagulation (Heparin) and fibrinolytic

(streptokinase or reteplase) drugs in order to break up the thrombus at the site of the coronary
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occlusion. The primary PCI procedure involves inserting a catheter into the coronary arteries
under x-ray fluoroscopic guidance (see section 1.d.i), using radio-opaque iodine contrast agent to
visualise the coronary lumen. A thin guide wire is passed through the occlusion in the coronary
artery and a balloon catheter is inserted over the guide wire. Inflating the balloon pushes the
plaque and thrombus towards the vessel wall. Typically an expandable wire mesh (a stent) is
placed at the occlusion site to prevent re-occlusion. Although the use of a stent does improve
results, smooth muscle cells proliferate at the stent site, often resulting in a future restenosis and
requiring further intervention. Recently drug eluting stents have been used to inhibit the
proliferation of the smooth muscle cells and, in one pooled-analysis, were shown to reduce
reintervention rates in the target vessel from 27.5% using bare metal stents to 12.1% using
Sirolimus-eluting stents (Stone et al., 2007). However, the long-term safety with regard to in-stent

thrombosis remains controversial (Stone et al., 2007, Garg and Serruys, 2010).
1.b.ii.2 Treatment of risk factors and CAD in the chronic setting

The probability of an individual developing CAD can be predicted using a number of risk factors
(Fuster, 2008, Dawber et al., 1951, Wilson et al., 1998, Batsis and Lopez-Jimenez, 2010). Risk
factors which may be modified include high levels of LDL in the blood stream (Goldstein et al.,
1983), a diet high in saturated and hydrogentated fats, smoking, high blood pressure
(hypertension), diabetes (Haffner et al., 1998), physical inactivity and obesity. Rates of CAD rise
sharply with age, which cannot be modified, as is also the case for the menopause, which removes a
degree of cardioprotection afforded to younger women. There are also links between the incidence
of CAD with both family history of early heart disease and socio-economic status (Hopkins and

Williams, 1989, Kaplan and Keil, 1993).

Patients with chronic CAD or subjects at high risk of developing CAD are advised to make lifestyle
changes in order to reduce the risk. Such changes may involve dietary changes, smoking cessation,
a program of physical activity and weight loss. A number of drugs may be prescribed in order to
lower blood pressure, reduce platelet activity (aspirin) and reduce blood LDL concentrations

(statins, which also have an additional anti-inflammatory benefit).

Chronic CAD with angina may be treated in two invasive ways: PCI or coronary artery bypass
grafting (CABG). PClis essentially performed in the same manner as in the acute setting and is
amalgamated into the diagnostic angiogram procedure in many centres. The CABG procedure is
usually substantially more invasive than PCI and is used mainly in cases of more complex or more
prevalent disease. CABG typically involves a sternotomy followed by a cardiopulmonary bypass for
“on-pump” procedures where the heart is arrested. Alternatively the procedure may be performed
“off-pump” while the heart is still beating using mechanical stabilizers to reduce the motion of the
target vessel. LAD stenoses are bypassed by detaching the distal end (an in-situ graft) of the left
internal mammary artery from the chest wall and using fine sutures to attach it to the LAD

downstream of the stenosis. RCA or LCX stenoses are typically bypassed using a section of the
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saphenous vein (from the leg). Venous grafts require correct orientation or valve removal to
ensure that blood flow is not prevented by the valves. The donor vessel is used to connect the
proximal aorta to the diseased coronary artery downstream of the stenosis. The use of a vein as an
arterial vessel, however, renders the bypass particularly susceptible to developing new, dangerous,
atherosclerotic disease. CABG is also used as an emergency backup procedure in failed PCI

procedures.

1.b.iii Classification of coronary atherosclerotic plaque

Atherosclerotic plaques have been classified according to several different schemes for the purpose
of labelling the developmental stage of, risk of future acute coronary events from or ability to treat
a lesion (Wilson et al., 1986, Ryan et al., 1988, Stary et al., 1994, Stary, 2000, Virmani et al., 2000,
Naghavi et al, 20033, Naghavi et al,, 2003b, Schaar et al., 2004, Fuster etal., 2005). Early
classifications concentrated on the likelihood that PCI (without stent placement) would be
successful in a particular lesion and are based on geometry, location, age and calcification (Ryan et
al,, 1988) or the shape of the lesion. However, such classifications only applied to flow limiting
stenoses (>50% diameter reduction) and, therefore do not consider early stage disease and have
little consideration for plaque composition. Subsequent classifications defined lesions primarily in
terms of plaque composition (Stary et al,, 1994). Virmani et al. (2000) classified plaques from early
intimal thickenings or xanthomas (fatty streaks) through to ruptured and calcified plaques, as
described in table 1.3. The possible progression between these stages is demonstrated in figure
1.11, particularly highlighting the potential degeneration of a thick fibrous cap, resulting ina
rupture prone thin capped plaque. However, acute coronary events are not solely caused by thin
fibrous cap atheroma type lesions and Naghavi et al. (2003b) have proposed the concept of a

vulnerable plaque using a 2 tier system of major and minor criteria, as described in table 1.4.

The ability to accurately determine the structure and shape of disease potentially allows
identification of vulnerable plaques and those that are likely to transform into vulnerable plaques
without intervention. This would permit accurate targeting of the correct treatment and

monitoring of the efficacy of such interventions, particularly early non-invasive treatments.
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Figure 1.11: Progression of plaque types within the modified AHA scheme
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pathways are indicated by the grey dotted arrows. Reproduced from Virmani et al. (2000) with
permission.
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Table 1.3: Atherosclerotic plaque classification according to Virmani et al. (2000)

Classification Description Thrombosis
Nonatherosclerotic
intimal lesions
Intimal thickening The normal accumulation of smooth Absent
muscle cells (SMCs) in the intima in the
absence of lipid or macrophage foam
cells.
Intimal xanthoma or Luminal accumulation of foam cells Absent
“fatty streak” without a necrotic core or fibrous cap.
Based on animal and human data, such
lesions usually regress.
Progressive
atheroscleroticlesions
Pathological intimal SMCs in a proteoglycan-rich matrix with ~ Absent

thickening

Erosion

Fibrous cap atheroma

Erosion

Thin cap atheroma

Plaque rupture

Calcified nodule

Fibrocalcific plaque

areas of extracellular lipid accumulation
without necrosis.

Luminal thrombosis; plaque same as
above.

Well-formed necrotic core with an
overlying fibrous cap.

Luminal thrombosis; plaque same as
above; no communication of thrombus
with necrotic core.

A thin fibrous cap infiltrated by
macrophages and lymphocytes with rare
SMCs and an underlying necrotic core.

Fibroatheroma with cap disruption;
luminal thrombus communicates with
the underlying necrotic core.

Eruptive nodular calcification with
underlying fibrocalcific plaque.

Collagen-rich plaque with significant
stenosis usually contains large areas of
calcification with few inflammatory cells;
a necrotic core.

may be present.

Thrombus mostly mural
and infrequently occlusive.

Absent
Thrombus mostly mural

and infrequently occlusive.

Absent; may contain
intraplaque
haemorrhage/fibrin.

Thrombus usually
occlusive.
Thrombus usually

nonocclusive.

Absent

Reproduced from Virmani et al. (2000). SMC - smooth muscle cell.
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Table 1.4: Criteria for defining vulnerable plaques

Criteria

Description

Major criteria
Active inflammation

Thin cap with large
lipid core

Endothelial
denudation with
superficial platelet

aggregation

Fissured plaque

Stenosis >90%

Extensive macrophage infiltration of the plaque.

A cap thickness of <100um and a lipid core of >40% of the total plaque
volume.

Erosion of the endothelium and a build up of platelets and thrombin (pre-
cursors to thrombus) on the plaque.

Plaques which have previously fissured without resulting in a fully
occlusive thrombus are more likely to generate another thrombus.

The shear stress over a highly stenotic plaque is greater leading to a higher
probability of thrombus. The presence of highly stenotic plaques also
suggests the presence of other vulnerable lesions.

Minor criteria

Superficial calcified
nodule

Glistening yellow
appearance

Intraplaque
haemorrhage

Endothelial
dysfunction

Outward
remodelling

A calcified nodule close to or through the plaque surface, which may cause
plaque rupture.

A glistening yellow plaque observed on angioscopy may indicate the plaque
contains a large lipid pool with a thin cap. Although this criterion may lack
specificity.

The presence of red blood cells or iron deposits within the plaque may
indicate plaque instability.

There is evidence linking endothelial dysfunction to CAD. The active
inflammation and oxidation in vulnerable plaques are likely to link with
endothelial dysfunction.

Compensatory enlargement of the vessel wall before the plaque
significantly impinges on the vessel lumen (Glagov remodelling) may be a
potential marker of plaque vulnerability.

Reproduced from Naghavi et al. (2003b).
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1.c. Motion of the heart and coronary arteries

This section is a modified version of the first 2 parts of the paper: Scott et al (2009).

Motion of the heart is the vector sum of three components: that caused by the pumping action of
the 4 chambers, that caused by respiration and any resulting from voluntary or involuntary subject
movement. This review will not discuss the contribution of bulk motion or the motion of blood
within the heart, which is an important consideration in many MR techniques and other imaging
modalities, but not the primary concern of this thesis. Here, the motion of the heart with the
cardiac and respiratory cycles is described in healthy subjects, primarily from MR data. In
particular, close attention is paid to the motion of the coronary arteries and key differences

between breath-holding and free-breathing are highlighted.

1.cii Cardiac motion

Many imaging techniques build up images over a number of cardiac cycles, assuming that cardiac
motion is identical between heart beats. Thisis, however, an over simplification as heart motion
and heart rate vary naturally on a beat-to-beat basis, with time of day, respiration (Hirsch and
Bishop, 1981, Innes et al,, 1993, Thompson and McVeigh, 2006), breath-holding (Raper et al., 1967)

and other factors.

As described in section 1.a.ii contraction of the heart typically occurs at 50 - 80 BPM in healthy
subjects. The contractile systolic phase begins at the R-wave of the ECG and its duration is
relatively heart rate invariant, lasting around 400msec (Weissler et al., 1968). The diastolic phase

fills the remainder of the R-R interval and is, therefore more dependent on heart rate.

Motion of the left ventricle (LV) in humans has been extensively examined using tagged MR
techniques (Zerhouni et al., 1988, Axel and Dougherty, 1989a, Axel et al., 1992, Petitjean et al.,
2005). Tagging has been performed using spatial modulation of magnetisation (SPAMM) (Axel and
Dougherty, 1989a, Axel and Dougherty, 1989b) with the displacement information and other
motion parameters, such as strain (Azhari et al., 1993), initially being obtained by semi-automatic
tracking of the tag lines (Guttman et al., 1994, Kraitchman et al., 1995, Kumar and Goldgof, 1994,
Prince and McVeigh, 1992). More recently, harmonic phase (HARP) (Osman et al,, 1999) post-
processing has been used to extract the motion information by applying a band-pass filter around
the tagging peak in k-space and by detecting the phase of the tag modulation. Alternatively, the
motion information may be obtained by using displacement encoding with stimulated echoes
(DENSE) (Aletras et al., 1999) where the displacement encoding is obtained using bipolar gradients
to produce motion related signal phase shifts in the appropriate directions. The contractile
movement of the LV may be divided into 3 major components during systole: longitudinal
shortening, radial contraction and opposite hand rotation of the apex of the chamber relative to the
base due to fibre orientation within the myocardium (table 1.5). The reduction in base-apex length

is a result of the base moving whilst the apex remains relatively stationary (Hoffman and Ritman,
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1985) and the onset of the motion in the apex is delayed by around 90ms with respect to that of the
base (Leighton et al,, 1983). MR phase velocity mapping has been used to quantify the velocity of
the LV wall (Karwatowski et al., 1994, Karwatowski et al., 1996, Kvitting et al., 2004, Petersen et al.,
2006, Hennig et al.,, 1998, Arai et al,, 1999, Markl et al,, 1999, Jung et al,, 2004, Jung et al., 2006),
(figure 1.12) with such studies demonstrating a systolic peak in velocity and a larger one in
diastole with maximum longitudinal velocities of around 140+40 mms in the lateral wall

(Karwatowski et al., 1994) and 51mms! in the midventricular endocardium (Petersen et al., 2006).

Table 1.5: Motion of the ventricles in healthy volunteers throughout the cardiac cycle

Chamber Direction Section Base Mid Apex
LV Radial (mm) Septum 4.5 4.6 44
Anterior 6.2 5.0 34
Lateral 58 55 4.5
Inferior 5.4 5.5 5.5
Longitudinal (mm) Septum 10.2 6.3 2.1
Anterior 10.4 6.1 1.8
Lateral 11.0 7.1 2.8
Inferior 13.1 8.2 3.6
Rotation (degrees) -4.4 5.2 10.0
RV Radial Contraction Midventricular 15.8 15.9 19.5
(%) free-wall
Longitudinal Midventricular 31.2 21.6 28.0
Contraction (%) free-wall

Note: Values are given as the means of those from several sources which are summarized in a review
paper by Petitjean et al. (2005). Positive values indicate base-to-apex, radially inward movement or
counterclockwise rotation. LV - left ventricle and RV - right ventricle.
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Figure 1.12: Motion of the left ventricular free wall assessed using MR phase velocity mapping
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Velocity of lateral, anterior, inferior and septal regions of the left ventricle in the long axis direction
throughout the cardiac cycle, measured below the mitral annulus in a healthy volunteer. Initially, (a),
the heart changes from an ellipsoid to spherical shape and the base moves, before the relatively
stationary isovolumic contraction, (b). The base moves towards the apex during systole, (c), away
from the apex during diastole, (d), and finally back towards the base, (e). Reproduced from
Karwatowski et al. (1994) with permission, copyright Wiley.
The structure and motion of the RV has been studied to a lesser extent. RV contraction is often
described as peristalsis like (Armour et al., 1970). Movement of the free wall is primarily
longitudinal with an element of radial contraction towards the apex and anterior (Haber etal.,
2005) and the slight bulging of the septal wall into the RV also contributes to the ejection of blood

(Page etal., 2002).

Motion of the coronary arteries during the cardiac cycle has been extensively investigated due to
the difficulties in imaging these small, highly mobile structures which require high spatial and
temporal resolution. The motion of the RCA (the most mobile of the coronary arteries) throughout
the cardiac cycle is plotted in figure 1.13 and the peak displacements in three orthogonal directions
for one MR based study (Al-Kwifi et al., 2006) during breath-holding are summarised in table 1.6.
The maximum displacement of the right coronary is around twice that of the left (Mao etal., 2000,
Hofman et al., 1998) with two peaks in the vessels’ velocity - the firstin early or mid systole
(during ventricular contraction) and the second in early diastole (during a fast filling period).
Motion of the left coronary artery system through the cardiac cycle is predominantly in the
superior-inferior (SI) direction (59+11% of LAD and 48+10% of LCX motion is in the SI direction)
with around half as much in the left-right (LR) direction (26+7% LAD and 33+7% LCX) and a little
in the anterior - posterior (AP) direction (15£5% LAD and 19+5% LCX) (Johnson et al,, 2004). In
the RCA, the motion is predominantly in the LR direction (48+7%) with less in the AP and SI
directions (22+5% and 31+9% respectively) (Johnson et al.,, 2004). Along the vessel length the

motion of the RCA and LCX is generally greater in the mid and distal sections than proximally
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(prox:mid:distal ratio 1:1.6:1.4 and 1:1.5:1.6 for the RCA and LCX respectively), while motion is
similar along the whole length of the LAD (1:1.1:1.0) (Johnson et al., 2004). In short periods during
the cardiac cycle, coronary artery velocity is reduced or stationary. The rest period was defined by
Wang et al. (1999) as the longest period during the cardiac cycle in which the displacement of the
vessel in question is less than 1 mm in each of the SI, AP and LR directions and this has been shown
to vary substantially between patients. Figure 1.14 plots the rest period as a function of heart rate
in the RCA. Typically the rest period of the left coronary artery is longer with an earlier onset (Kim
etal, 2001b). However, the rest period onset and duration is fairly invariant on the position along
the length of each artery (Johnson et al.,, 2004). For both the left and right coronary arteries, the
motion tends to slow gradually before this period and accelerate rapidly afterward. The onset of
the rest period has been established as approximately 750msec after the R-wave of the ECG (Wang
etal,, 1999), although, in some cases, a relatively longer rest period may be present starting at end
systole (around 350-400ms) (Jahnke et al., 2005a), particularly when R-R intervals are short (Lu et
al, 2001, Jahnke et al., 2006). Although not commonly applied to MR studies, the duration and time
to the onset of the rest period following the R-wave may be increased using 3-blockers (Jahnke et

al, 2006) as is performed for many x-ray computed tomography studies of the coronary arteries.

Table 1.6: Maximum displacements of the coronary arteries within the cardiac cycle during

breath-holding in 8 healthy volunteers

Artery Section LR (mm) AP (mm) SI (mm)
Left Anterior Descending 6.8+1.7 7.9+£1.5 6.8+1.9
Left Main 79+£1.3 9.0+1.7 7.1+1.3
Left Circumflex 9.3+2.1 12.742.3 10.5+1.3
Right Coronary Artery - Proximal 9.0+1.7 10.6+1.7 11.3+£2.8
Right Coronary Artery - Distal 12.6+2.2 16.7£2.9 10.3+2.4

Values are given as the mean of the maximum values (# standard deviation) across subjects. From Al-
Kwifi et al. (2006).
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Figure 1.13: Motion of the RCA origin with the cardiac cycle in 4 patients
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Displacements obtained from x-ray coronary angiography in four patients (thin lines) and the
average (thick lines) in three orthogonal directions (a-c) and the magnitude displacement (d).
Positive displacements were towards left, inferior or posterior. Reproduced from Shechter et al
(2006) with permission, copyright IEEE.

Figure 1.14: Right coronary rest period duration as a function of heart rate
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The linear regression equations for long and short R-R intervals are superimposed. Reproduced from
Kim et al. (Kim et al, 2001b) with permission, copyright Wolter Kluwer Health.
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1.c.ii Respiratory induced motion

By breath-holding, respiratory motion may be comfortably suspended for 20 - 30s in healthy
volunteers. However, Holland et al. (1998) report that the left heart margin at the heart base may
drift by 2.7 mm or more during an inspiratory breath-hold and by 1.1 mm or more during
expiration (quoted, as in other studies in this section, for a single time point in the cardiac cycle)
and suggest that the heart rate increases towards the end of the breath-hold. Residual respiratory
motion during a breath hold has been measured at around 0.5mm in the coronary arteries (Fischer
etal,, 2006). Jahnke etal. (2006) found that in 33% of patients the diaphragm position was
irregular and unsteady or drifted continuously during expiratory breath-holding. It should further
be noted that inspiratory and expiratory breath-hold positions do not generally correspond with

the free-breathing end inspiratory and end expiratory equivalents.

Tidal breathing involves motion of the chest wall and diaphragm, both of which influence the
motion of the heart. The relationship between the motion of the heart and SI motion of the
diaphragm is approximately linear (Wang et al,, 1995c, Nehrke et al., 2001), although highly
subject-specific (Taylor et al., 1999b) (discussed further in section 2.b.v) with an element of
hysteresis (figure 1.15). Taylor et al. (1997) recorded end inspiratory and end expiratory dwell
times during free-breathing in 9 healthy subjects of 1.1+1.6s and 0.4+0.2s respectively, with a
respiratory period of 4.3+1.1s, diaphragmatic amplitudes of 14.1+4.8 mm and maximum
inspiratory and expiratory velocities of 13.3+5.3 mms-! and 11.8+4.8 mms! respectively. McLeish
etal. (2002) studied respiratory induced motion of the heart with both rigid and non-rigid
transformation parameters generated from images acquired at various breath-hold positions (table
1.7), demonstrating that the largest component of motion is in the inferior direction during
inhalation, with the large standard deviations suggesting high inter-subject variability. Much
smaller equivalent displacements and rotations recorded during free-breathing using x-ray
coronary angiography (Shechter et al., 2004) may be partially accounted for by the large range of
diaphragm displacements found by McLeish et al. (2002) (up to 40 mm), suggesting that the
breath-hold positions used were not in the range of normal tidal breathing (around 14 mm (Taylor
etal,, 1997)). As has been demonstrated by several authors (Manke et al., 2002a, McLeish et al,,
2002, Manke et al., 2002b) the assumption of a linear translation of the heart with respiration may
be unrealistic. In particular, the motion of the inferior margin of the heart is greater than that of
the superior parts of the heart (as demonstrated in the larger LV displacements than RA
displacements in table 1.7). As the heart and its surroundings consist of deformable soft tissue

non-rigid motion is to be expected.

Non-invasive coronary artery imaging is generally performed at a single time point in the cardiac
cycle - hence, cardiac motion is minimised but respiratory motion presents a serious problem. As
the arteries traverse a large proportion of the epicardial surface the motion follows that of the
epicardium during respiration and is, therefore, non-rigid. Using x-ray coronary angiography,

Shechter et al. (2006) demonstrated that motion is primarily in the SI direction (see figure 1.16)
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with the relative component in other directions varying widely between subjects. Average
maximum displacements over the respiratory cycle are given table 1.8. Respiratory velocities are
greater in more distal segments (table 1.9) and inspiratory velocities generally exceed those in

expiration, reaching up to 9mms-! in the proximal RCA (Shechter et al., 2006).

Figure 1.15: Motion of the heart with respiration demonstrating the subject specific and

hysteretic nature of the relationship
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The superior inferior (SI) respiratory induced movement of the left ventricle (LV) versus that of the
right hemi-diaphragm in two volunteers, one with mild hysteresis and one with substantially more.
Note that darker squares indicate that this result measurement was more common. The direction of
the hysteresis was always found to be in the anti-clockwise direction, as indicated on the right hand
image. cf - correction factor (tracking factor) — which is the slope of the linear regression and r -
correlation coefficient. Modified from Nehrke et al. (Nehrke et al, 2001) with permission, copyright
RSNA.
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Table 1.7: Whole heart rigid transformation parameters and selected point displacements

between end expiration and end inspiration for a fixed point in the cardiac cycle

Parameter Breath-hold Free-breathing
RL translation (mm) 3.8+1.2 -0.4+2.2
AP translation (mm) 7.1£2.9 1.1£1.9
SI translation (mm) 16.4+4.2 49+19
RL rotation (°) 1.8+1.7 1.6+0.9
AP rotation (°) 3.8+1.8 1.1£1.9
Sl rotation (°) -0.6+3.3 0.4+2.2
RA mid-point displacement (mm) 16.0+4.2 -

RCA mid-point displacement (mm) 17.0+4.0 -

LV apical point displacement (mm) 22.5+4.2 -

Right hemi-diaphragm displacement (mm) 42.7+11.2 -

Note: Angles are given about the stated axis in degrees. Values are given as mean #* standard
deviation. RL - right-left, AP - anterior-posterior and SI - superior-inferior, with a positive
displacement being towards L, P or I. Free-breathing data was acquired using x-ray coronary
angiography and breath-hold with MR. Data from McLeish et al. (2002) and Shechter et al. (2004).

Table 1.8: Maximum displacement of coronary landmarks through the respiratory cycle

Landmark Displacement (mm)
Proximal RCA 5.0£1.3
Distal RCA 7.2+2.2
Origin of the LM 4.6+x1.4
5cm from LM origin on LAD 5.6+2.1
5cm from LM origin on LCX 6.3%£1.6

Data given as the average maximum displacement (* standard deviation) over the respiratory cycle
obtained using x-ray coronary angiography at a single point in the cardiac cycle, from Shechter et al
(2006).

Table 1.9: Velocity of various points in the coronary artery system during free breathing

Coronary landmark Expiratory velocity (mms-1) Inspiratory velocity (mms-1)
RCA origin 45+1.6 6.6%+1.3
RCA mid 5.7+1.6 8.0+2.5
RCA distal 6.4+1.7 9.0£3.1
LM origin 5.5£2.0 6.0+1.8
LM bifurcation 5.7+2.4 6.3+2.0
LAD 5cm from LM origin 7.6£3.9 7.84+3.0
LCX 5cm from LM origin 6.9+3.1 8.5+4.3

RCA mid was approximately one-half the distance from the origin to the acute margin of the heart.
RCA distal was the acute margin of the heart. Reproduced from Shechter et al. (2006) with
permission.
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Figure 1.16: Respiratory motion of the origin of the RCA
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(2006) with permission, copyright IEEE.

1.d Non-MR based coronary artery imaging

A number of techniques are available for diagnosis and determining both the severity and extent of
ischemia or infarction related myocardial injury. Non-imaging based techniques include exercise
testing with ECG monitoring, which tests for ischemia related ECG changes (Bruce etal., 1963).

The sensitivity and specificity of such tests is, however, limited (Hill and Timmis, 2002) and they
are not, therefore, recommended for diagnosis of coronary artery disease (Skinner et al., 2010).
Imaging techniques including single photon emission computed tomography (SPECT) (Hendel et
al,, 1999), positron emission tomography (PET) (Hutchins et al., 1990), ultrasound with
microbubble contrast (Heinle et al., 2000) and MR with first pass gadolinium based contrast agents
(Schwitter, 2006) have been used to image the perfusion of the myocardium. Such techniques are
able to diagnose existing ischemic regions and, in conjunction with knowledge of the regions of
myocardium typically supplied by each coronary artery (see figure 1.6), identify a culprit artery. In
combination with exercise or pharmacological simulation of exercise, perfusion imaging improves
sensitivity over ECG (Hung et al., 1984) and symptomatic monitoring alone (see NICE Report 73
(2003)). Therefore, myocardial perfusion imaging is recommended for use as a diagnostic test in

patients with a moderate likelihood of coronary artery disease and unconfirmed angina (Skinner et
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al, 2010). However, none of these techniques are able to determine the location of disease within

an artery, the severity of the stenosis, the shape of the plaque or detect non-flow limiting disease.

A number of imaging modalities have been employed in imaging the coronary arteries in search of

the location, extent and characterisation of disease, which are reviewed below.

1.d.i X-ray contrast angiography

Modern x-ray coronary angiography stems primarily from the work of Sones et al. (1959) and
Judkins (1967). Procedures are usually performed without general anaesthetic, but a local
anaesthetic is applied to the entry site, typically the brachial or femoral artery. A guide wire is
introduced into the artery and through to the descending aorta. Before the guide wire reaches the
aortic arch a hollow catheter is inserted using the guide wire. The catheters are shaped to fit the
patient specific anatomy with several curves enabling the tip to reach the ostia of the left or right
coronary artery. The tip of the catheter contains radio opaque material so it can be tracked using
x-ray imaging and is perforated to allow fluids to be injected. Once the catheter is inserted into the
ostia of the desired coronary artery system, iodine based contrast agent is injected into the artery
through the catheter. Cine angiography using a C-arm or bi-plane x-ray system with an image
intensifier is used to image the catheter location and flow of contrast agent into the coronary
system. In clinical practice the location, extent and severity of lumen reducing disease is assessed
visually by experienced operators. In many centres this procedure automatically becomes a PCI
procedure in the presence of significant stenosis (>50% diameter narrowing - see section 1.b.ii).
However, despite a high degree of accuracy in the differentiation of mild disease from severe
disease, the subjective nature of lesion assessment leads to variations of +20% in estimation of
degree of stenosis from experienced interventional cardiologists when stenoses are 40-70%

(Fuster, 2008).

Quantitative coronary angiography (QCA) attempts to remove some of the subjectivity of x-ray
coronary angiography by measuring lumen and stenosis size with reference to the known size of
the catheter tip. However, inter-observer variability of QCA is around 20% (Fuster, 2008) and the
degree of stenosis is generally referenced to an apparently normal section of vessel which is
unlikely to be truly disease free in most patients. Other measures attempting to quantify the
degree of stenosis include the 4 point TIMI (Thrombosis in Myocardial Infarction study group
findings (1985)) score which is a visual estimate of the flow beyond the stenosis (a score of 0 for no
flow to 3 for normal flow beyond the stenosis). Counting the cine frames required for the contrast
to reach specified landmarks in the coronary circulation beyond the stenosis (Gibson et al., 1996)

has also been used as a measure of stenosis severity.

During x-ray angiography procedures, Doppler ultrasound transducer tipped catheters and
administration of adenosine may be used to obtain CFR (see section 1.a.iii) measurements,
although the large standard deviation of values obtained in healthy and diseased subjects suggests

that CFR may not be a definitive measurement of the significance of a stenosis. Alternatively, the
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ratio of measurements with a pressure transducer tipped catheter either side of a stenosis after
administration of adenosine gives an estimate of fractional flow reserve (FFR) (Fuster, 2008). The
FFR indicates the maximum myocardial blood supply available from the artery in question as a

fraction of the maximal myocardial blood supply from the same artery without the stenosis.

X-ray contrast angiography is the current gold standard in the diagnosis of significant coronary
artery disease (Topol and Califf, 2007): image resolution is high (~100’s um), temporal acquisition
windows of 5-20ms minimise motion (Lee and Panting, 2006), there are many experienced
operators and, in many centres, diagnostic procedures automatically become therapeutic PCI
procedures. Itis not, however, without risk; measurements of effective dose to the patient vary
between 2 and 16mSyv for diagnostic procedures (United Nations. Scientific Committee on the
Effects of Atomic Radiation., 2008). The dose for interventional procedures is higher; one study
comparing femoral and radial access found average effective doses of 8.6mSv and 13.5mSv for
femoral and radial access respectively in interventional procedures vs. 6.8mSv and 9.2mSv for
diagnostic procedures (Sandborg et al,, 2004). The associated effective dose to the primary
operator during interventional procedures was calculated as 3.2pSv and 4.8uSv for femoral and
radial access per procedure (Lange and von Boetticher, 2006). Picano etal. (2007) presented
effective doses as the number of equivalent chest x-rays for the patient in diagnostic coronary
angiography (300 chest x-rays) and PCI (1000 chest x-rays) and for the most experienced
interventional cardiologists (250 chest x-rays per year). lodinated contrast agent is toxic,
particularly to the kidneys and presents a problem in patients with compromised renal function.
Other complications include (Fuster, 2008) stroke, myocardial infarction, serious arrhythmia,
aortic dissection, haemorrhage, infection, thrombosis, emboli and injury to the coronary artery. A
large multicentre review of diagnostic procedures found an overall complication rate of 7.4 per
1000 and a mortality rate of 0.7 per 1000 (West etal., 2006). In a study of interventional
procedures the major adverse cardiac event rate was 42.9 per 1000 and the mortality rate was

11.3 per 1000 (Grossman et al., 2009).

1.d.ii Transthoracic and transesophageal ultrasound imaging

A fundamental property of all ultrasound systems is the trade off between increasing resolution
and decreasing penetration at increasing transducer frequencies. In general the depth of the
coronary arteries requires relatively low frequency transthoracic transducers (3.5-8MHz (Rigo et
al,, 2008)) with insufficient resolution and/or penetration for reliable coronary imaging (Pohost,
2000), particularly in distal segments. The limited acoustic window permitted by the inter-rib
spacing is also problematic and studies are often unsuccessful. However, transthoracic ultrasound
has been used to image the coronary arteries (Zwicky et al., 1988, Rigo et al,, 2008) and coronary
artery wall thickness has even been evaluated in some studies (Wada et al.,, 2005, Gradus-Pizlo et
al,, 2001). However, it is most commonly used to measure CFR, primarily in the LAD (Kenny et al.,
1994, Voci et al,, 2003, Pizzuto et al., 2003) as this is difficult in the other coronary arteries (Voci et

al, 2002, Rigo, 2005). Transesophageal ultrasound (Youn and Foster, 2000) brings the transducer
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closer to the heart at the expense of being a minimally invasive procedure. As for transthoracic
ultrasound, coronary flow velocities may be obtained in the LAD (Zwicky et al,, 1988) and plaque
calcification may be identified using transesophageal methods (Wexler et al,, 1996). In one review,
the success rate for coronary imaging using transesophageal ultrasound was estimated at 80%
compared to an estimate of only 20% with transthoracic ultrasound (Baroldi et al., 2004).
However, even with transesophageal methods the distal artery is difficult to image, the angle
between the LM and LCX is problematic (Erbel, 1991) and RCA imaging is challenging due to its
location (Samdarshi et al., 1992).

1.d.iii Intravascular ultrasound imaging

Intracoronary or intravascular ultrasound (IVUS) (Nissen et al., 1991) involves inserting a
miniaturised (<1mm diameter) ultrasound probe into the coronary artery tree under x-ray
fluoroscopic guidance and is performed in conjunction with x-ray contrast angiography.
Tomographic images are generated using either rotating transducers (typically at 30 rev. s'1) or
stationary phased array transducers. Such systems operate at between 20MHz and 50MHz
resulting in typical axial (radially outward from the transducer) resolutions of ~150um and lateral
(in the circumferential or polar direction) resolutions of ~250um (at 30MHz) (Schoenhagen et al,,
2003). The catheter may be manually manipulated or positioned distally to the anatomy of interest
and pulled back past the lesion using a motor (typically at a speed of 0.5mms-1) while imaging to
obtain three dimensional data. IVUS studies have demonstrated vessel wall thickening in the
absence of luminal narrowing on coronary angiography (Ge etal., 1994) and, unlike QCA, the
technique does not rely on a normal segment of artery for reference as vessel wall thickness is
measured directly. The quantitative ability of IVUS to measure coronary wall thickness and plaque
size means that it is commonly used in the invasive assessment of plaque progression and
regression in response to therapy (the REVERSAL trial of statins, for example (Nissen et al., 2004)).
However, the interventional nature of the technique and associated radiation dose means that only

patients scheduled for angiography can be studied.

Plaque components can often be differentiated from one another using IVUS. Tissue appearing
bright with shadowing behind corresponds to calcium, bright tissue without the shadowing
corresponds to fibrous tissue and tissue which appears dark corresponds to thrombus or lipid
(Nissen and Yock, 2001). However, the accuracy of discriminating between the latter two groups

(fibrous tissue vs. thrombus or lipid) is limited (Hiro et al., 1997).

Further information may be obtained from the IVUS signal by analysing the raw data. Integrated
backscatter techniques integrate the Fourier transform of the received signal over the frequency
spectrum to obtain a mean power (or integrated backscatter) value. Integrated backscatter values
from ex-vivo samples have been correlated with plaque histology in order to produce normal
ranges for calcification, mixed lesions, fibrous tissues, lipid cores and thrombus (Kawasaki et al.,

2002, Sano et al., 2006).
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Virtual histology (Moore et al., 1998, Nair et al,, 2002, Konig and Klauss, 2007) goes further by
using multiple parameters obtained from the frequency spectrum (for example peak power,
corresponding frequency, minimum power, corresponding frequency, integrated backscatter and
others) to automatically classify plaque components. The strong correlation of virtual histology
findings with actual histology (Nair et al., 2002) means that vulnerable plaques may be identified.
Such techniques, however rely on accurate manual correction of the borders detected and cannot

differentiate between soft plaque material and thrombus (Konig and Klauss, 2007).

Different plaque components are expected to have differing mechanical properties which may be
differentiated using IVUS elastography or palpography (de Korte et al., 2000, de Korte et al., 2002,
Schaar et al., 2006, Schaar et al., 2003). Such techniques involve measuring local radial
displacement of the vessel wall due to luminal pressure differences between two points in the
cardiac cycle (as determined from the ECG) and, hence, determining radial strain. In particular,
studies have demonstrated that vulnerable plaques are likely to have a high strain region in the
fibrous cap, commonly surrounded by low strain regions. Regions of high strain are also likely to

be macrophage rich (de Korte etal., 2002, Schaar et al., 2003).

In general clinical practice, there is little benefit in routine use of IVUS pre-intervention (Nissen
and Yock, 2001) and, in complex cases, operators often prefer the functional information available
from Doppler flow or pressure wire measurements. However, IVUS may be used in assessing
lesions which are angiographically ambiguous (Nissen and Yock, 2001), for example in the case of
intermediate stenoses (typically 40 - 70% diameter) when symptoms are not easily assessed or
when there are overlapping structures on the angiogram. Disease in the LM is difficult to assess
using x-ray angiography and IVUS may be of use in these cases (Hermiller etal,, 1993). In addition,
IVUS can be used to aid the choice of device (Stone et al., 1997) in treating a particular lesion and in
ensuring that stents are fully expanded with all struts in contact with the vessel wall
(Oemrawsingh et al., 2003). Furthermore, in future the additional information from virtual
histology or elastography/palpography may aid in the differentiation of vulnerable plaque, but

IVUS remains an invasive technique with the associated risks of x-ray coronary angiography.

1.d.iv Intravascular optical methods

Several optical based methods for intravascular imaging of coronary artery plaque have been
developed, all of which have very limited penetration (£2mm (Kips et al., 2008)) but very high
spatial resolution. In addition, such techniques often require that the vessel is flushed with saline

and occluded proximal to the imaging device to avoid the absorption of light by blood.

Angioscopy produces images of the vessel wall and plaque surface using a light source and optical
fibre camera catheter inserted into a coronary artery flushed with saline. Once a plaque has been
identified using x-ray angiography, angioscopy can be used to detect thrombus (Teirstein et al,,
1995) and may provide some indications of the plaque type via the colour appearance (Ishibashi et

al, 2006).
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Optical coherence tomography (OCT) uses infrared light and the Michelson interferometry
principle to reject scattered light and produce high resolution tomographic images of tissue
reflectance (Brezinski et al,, 1996, Patwari et al., 2000, Jang et al., 2002). The resolution has been
measured at 13+3um (Jang et al., 2002) which permits imaging of the fibrous cap but the
penetration is limited to only 1 - 2mm (Jang et al, 2002). More recently frequency domain OCT
(Fercher etal., 1995, Yun et al., 2006, Bouma et al,, 2009) has demonstrated greatly increased
temporal resolution (from a few frames per second to >100 frames per second (Bouma et al,,
2009)) and improved signal to noise ratio (Choma et al., 2003), using a tuneable laser source,
enabling a greater length of vessel to be imaged within each saline flush. Figure 1.17 compares
images of a ruptured coronary plaque imaged with OCT, angioscopy and IVUS, highlighting the high

resolution but limited penetration of OCT.

Figure 1.17: A comparison of intracoronary imaging techniques

Corresponding images of coronary plaque obtained using OCT (A), angioscopy (B) and IVUS (C). The
lesion is a lipid rich plaque (L) with a rupture of the fibrous cap (arrows), visible as an ulcer on the
angioscopy image (U). Reproduced from Kubo et al. (2007) with permission, copyright Elsevier.

Light may also be used to determine the chemical composition of the vessel wall using the Raman
effect. Raman spectroscopy or near infra-red spectroscopy may differentiate plaque components
such as lipid, fibrotic and calcified tissue and penetrate to a depth of 1.5 - 2mm (Buschman et al.,
2000, Romer etal,, 2000, Motz et al., 2006). Studies have, so far been limited by the relatively thick
catheters available (Chau et al,, 2008).

1.d.v X-ray computed tomography

X-ray computed tomography (CT) of the coronary arteries was initially limited to a few centres
with electron beam CT systems (EBCT) (Boyd and Lipton, 1983, Lipton et al., 1984) which were the
only scanners fast enough to avoid severe cardiac motion artefacts (reaching up to 50ms temporal
resolution). However, they were expensive, required substantial maintenance, had slice
thicknesses of 2 or 3mm which was worsened by scatter, had limited electron current (mAs) and
were only available from a single vendor (Flohr and Ohnesorge, 2008). EBCT popularity has
declined due to the vast technological advances made in multi-detector CT (MDCT) during the last
ten years (see Flohr et al. (2008), de Graaf et al. (2010) or Bastarrika et al. (2009)). MDCT scanners

have developed from 4-slice to 16-slice then to 64-slice and even 256-slice, enabling whole heart
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imaging within a short breath hold. The associated in-plane resolution has increased from
1.0x1.0mm at 1.3mm slice thickness with 4-slice MDCT to 0.6x0.6mm at 0.8-1.0mm slice thickness
with 16-slice MDCT and to 0.4-0.6mm at 0.6-0.8mm slice thickness with 64-slice MDCT. However,
further increases in resolution are likely to result in increased radiation dose in order to maintain
signal to noise ratio (Flohr and Ohnesorge, 2008). Recently, 256- and 320-slice scanners were
introduced, enabling whole heart coverage within one cardiac cycle with similar resolution to 64-
slice scanners and a reduction in typical artefacts (Rybicki et al., 2008, Hsiao et al., 2010).
Temporal resolution of MDCT is generally half the rotation time and has also improved from
250ms with 4-slice MDCT to 188-210ms with 16-slice MDCT and to 165-200ms with 64-slice
MDCT (similar with 320-slice MDCT). Further increases in temporal resolution are limited by the
mechanical limitations of rotating a very heavy gantry (currently limited to ~3rev. s'1) and the
associated data transfer rates. Recently, however, dual source MDCT which uses a second source
and detector rotated by 90° with respect to the first, has been used to improve temporal resolution
by a factor of 2, to a quarter of a rotation (83ms) (Flohr et al,, 2006, Flohr and Ohnesorge, 2008). In
order to minimise motion artefact, coronary artery MDCT imaging is typically retrospectively gated
to the coronary rest period using ECG monitoring and beta blockers are used to reduce
arrhythmias and high heart rates (>65BPM). Radiation doses for coronary artery CT vary
depending on the specific application (discussed below) and scanner technology. However, in
general a reduction in radiation dose is possible with x-ray tube current modulation based on the
ECG information (Jakobs et al,, 2002). More recently, gating the tube current to the expected
coronary rest period (an acquisition window of ~200ms starting at a fixed point, typically at 75%
of the RR-interval (Earls, 2009)) has been used to reduce dose further (prospective gating),
although this does not allow for subject specific variations in rest period onset and duration. While
a greater number or slices generally results in an increased radiation dose due to helical
oversampling, the single cardiac cycle acquisition enabled by 320-slice MDCT potentially reduces
dose (Hsiao etal,, 2010).

There are three methods of assessing and/or detecting coronary artery plaque with CT: coronary
artery calcium (CAC) scoring which assesses the amount of calcified plaque within the coronary
artery system; CT coronary artery angiography which images the lumen of the coronary arteries to
detect stenoses; and CT coronary vessel wall imaging which attempts to measure the thickening of

the vessel wall due to plaque. All three will be discussed here, starting with CAC scoring.

The high electron density of calcified coronary plaque appears bright on CT images without
administration of contrast agents (figure 1.18). The reconstructed images are analysed to produce
a CAC score. The most widely known CAC scoring system is the Agatston system (Agatston et al,,
1990) whereby the number of calcified pixels (with a value >130 Hounsfield Units) is multiplied by
a factor from 1 - 4 based on the peak pixel value within the deposit. Alternatively, the total volume
of calcified plaque (>130 Hounsfield Units) can be calculated (Callister et al., 1998) and may be a

more reproducible measure. CAC indicates the presence of atherosclerosis (Rumberger et al.,
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1995) and an absence of calcified plaque is indicative of a good prognosis (Arad et al., 2000) with
an increasing risk of a cardiovascular event with increasing CAC score (Greenland et al,, 2007). The
sensitivity and specificity for detecting significant stenoses depends on the CAC score cut-off used
to define disease (Greenland etal., 2007), with higher cut-offs resulting in reduced sensitivity but
increased specificity. In a study of 2115 patients (Knez et al.,, 2004) referred for x-ray contrast
angiography for possible myocardial ischemia, a sensitivity of 100% and specificity of 28% was
found when the cut-off score was >0, whereas a sensitivity of 87% and specificity of 79% was
found when using a cut-off score of >100 (using the total volume method of Callister et al. (1998)).
These values represent the fact that calcified plaques, while indicative of coronary artery disease,
are not necessarily significantly stenotic. Furthermore, not every coronary artery plaque is
calcified (Rumberger et al,, 1996). Therefore, CAC scoring cannot be used to specifically identify
rupture prone or stenotic plaque. American Heart Association (AHA) guidelines (Greenland et al,,
2007) suggest that CAC scoring is of most use in screening asymptomatic subjects with
intermediate risk factors. Effective radiation doses using a 64-slice MDCT for calcium screening
are typically 0.5mSv and 3.7mSv for prospectively and retrospectively gated studies respectively

(Horiguchi et al., 2008, Desjardins and Kazerooni, 2004).

Figure 1.18: CAC scoring images

Non-contrast enhanced CT images of the LAD acquired with a 64-slice scanner using prospective ECG
gating in subjects with suspected myocardial infarction. No calcium is seen in the first subject (A)
whereas there is extensive calcification of the LAD in the second subject (B). Reproduced from
Fernandez-Friera et al. (2011) with permission, copyright Elsevier.

CT coronary artery angiography is performed using intravenous injection of iodinated contrast
agent in order to provide contrast between soft tissue and blood within the lumen (figure 1.19.b).
The images may be reformatted in any plane and the high signal to noise ratio (SNR) available
enables volume rendering of the coronary anatomy (see figure 1.19.a). Stenoses are observed as a
reduction in lumen area (see figure 1.20), although calcified plaque can result in a blooming
artefact, obscuring the artery. A recent meta analysis of 64-slice MDCT studies compared to x-ray

contrast angiography or IVUS (Stein et al, 2008) found an average per patient sensitivity of 98%
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and specificity of 88%. In individual arteries the sensitivity and specificities were 100% and 99%
respectively in the LM, 93% and 95% in the LAD, 88% and 95% in the LCX and 90% and 96% in the
RCA. In a pooled analysis of the results on a per segment basis the sensitivity was 90% and
specificity 96% (segments defined according to Austen etal. (1975)). In proximal segments
(defined according to Stein et al. (2006)) the average sensitivity and specificity was 95% and 93%
respectively, in mid segments it was 94% and 90% and in distal segments it was 80% and 97 %.
Another recent meta-analysis of 64-slice MDCT studies (Mowatt et al.,, 2008) found a median per
patient negative predictive value of 100%, suggesting that CT coronary angiography can accurately
rule out flow limiting disease. However, the same meta-analysis found a consistently high level of
false positive results (median 10%), caused by an overestimation of the degree of stenosis rather
than an incorrect detection of a stenosis when none exists. In contrastto CAC scoring, CT coronary
angiography is able to detect both calcified and non calcified stenosis. However CT coronary
angiography cannot detect Glagov type positive remodelling, whereas CAC scoring may detect
plaque that is calcified but not yet stenotic. In a recent multi-centre study (Hausleiter et al., 2009)
the median effective dose in MDCT coronary angiography was 12mSv with a range of median

values from 5mSv to 30mSv between sites.

Figure 1.19: Reformatted images from CT coronary angiography

Retrospectively ECG-gated CT coronary angiography in a relatively small 52 year old woman (body
mass index 19.2) with chest pain. Images were obtained with a low dose (approximately 5mSv)
protocol. A three-dimensional volume rendering (a) is shown with a curved planar reformat (b). In
both cases the right coronary artery (RCA), left anterior descending artery (LAD) and left circumflex
(LCX) artery are labelled. Reproduced from Bastarrika et al. (2009) with permission, copyright RSNA.
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Figure 1.20: Luminography images of a 90% stenosis in the LAD

Equivalent images obtained using x-ray contrast angiography (A), CT coronary angiography (B) and
MR angiography (C) all demonstrate an ostial 90% stenosis of the LAD in this 46 year old patient. CT
and MR images shown as curved planar reformats. Reproduced from Maintz et al. (2007) with
permission, copyright Royal Society of Medicine Press.

There has been recent interest in using CT to image soft coronary plaque (Becker et al., 2000,
Schroeder etal,, 2001, Leber etal., 2003, Achenbach et al,, 2004, Leber et al., 2006, Motoyama et al.,
2007, Tanaka et al.,, 2009b, Matsunaga et al., 2009). Such acquisitions use contrast enhanced
acquisitions similar to those obtained for CT contrast angiography. Coronary plaque is identified

as an area immediately adjacent to the lumen with reduced signal intensity in the case of a soft
plaque (see figure 1.21) or high signal intensity in the case of a calcified plaque. Attempts have also
been made to identify plaque components based on pixel intensities in the CT images using a
comparison with equivalent IVUS images (Schroeder et al, 2001). One in-vivo study compared
patients admitted with acute coronary events to those with stable angina by labelling culprit
plaques as positive remodelling, calcified or with spotty calcification (Motoyama et al., 2007).
Culprit lesions in acute coronary events were more often outwardly remodelling and spotty
calcified plaques, whereas those associated with stable angina were more commonly heavily
calcified. More recently, Matsunaga et al. (2009), measured maximum proximal coronary artery
wall thickness in patients with suspected coronary artery disease and demonstrated a small but
significant increase in maximum vessel wall thickness with age. Average maximum coronary wall
thickness was also greater in diabetic patients and hypertensive patients. This is a relatively new
technique however and like all CT based studies, temporal resolution is restricted by the rotational
speed of the gantry and soft tissue contrast is limited. Mixed and soft plaque volumes are under-
estimated, calcified plaque volume is under-estimated and some plaques are missed entirely
(Leber etal,, 2006). Radiation doses are similar to those from similar retrospectively gated CT

coronary angiography studies, typically in the range 9-14mSv (Leber et al,, 2006).
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Figure 1.21: Coronary vessel wall thickening in the LAD assessed by CT

CT coronary artery angiography images of the LAD in a subject with suspected coronary artery
disease. The region highlighted by the rectangle in A is magnified in (B). The arrow indicates the
maximum wall thickness in this segment. Reproduced from Matsunaga et al. (2009) with permission.
In conclusion, CT coronary angiography is able to effectively rule out significant coronary artery
disease on a per patient basis (sensitivity 98%), although further invasive testing is required to
confirm the location and extent of the disease (specificity 88% on a per patient basis). CAC scoring
is also able to operate with a very high sensitivity (100% at zero CAC score threshold) but is
relatively unspecific (28% at the same threshold). However, effective radiation doses are higher
for CT coronary angiography (5mSv on average) compared to CAC scoring (0.5mSv for prospective
gating). Dose reductions in CT coronary angiography can be achieved via ECG based tube current
modulation, prospective ECG gating and 320-slice whole heart imaging. Spatial resolution is
typically 0.4-0.6mm in-plane for 0.6-0.8mm slice thickness and improvements are expected to
resultin increases in effective dose. Temporal resolution with single source imaging is typically
165ms and is halved to 83ms in dual source imaging. Further reliable improvements in temporal
resolution are likely to require substantial improvements to gantry designs. Thickened coronary
vessel walls have been also been measured and even categorised with CT, although contrast and

temporal resolution limitations currently hinder such studies.

1.d.vi Molecular imaging

Molecular imaging targets the underlying physiological mechanisms involved in the formation,

progression and rupture of a plaque (Choudhury and Fisher, 2009). Imaging targets in early
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disease include the inflammatory response of the endothelium to the over abundance of LDL in the
vessel wall, leukocyte immigration into the vessel wall in response to the inflammation and
phagocytosis of the lipid into mature monocytes (Libby et al,, 2010). It may also be possible to
detect high concentrations of macrophages in the shoulder regions of vulnerable plaques and
monitor matrix metalloproteinases (MMP) which are involved in the destabilisation of the plaque
(Choudhury and Fisher, 2009). Itis also desirable to locate acute thrombus in an acute coronary
event for which, activated platelets, fibrin and tissue factor are the imaging targets. All such
physiological targets require a targeted contrast agent which may be imaged using nuclear
techniques (Davies et al,, 2006, Langer et al., 2008) (planar scintigraphy, SPECT or PET), MR (Aime
etal,, 2002, Briley-Saebo et al., 2007, Sosnovik et al.,, 2008), ultrasound (Liang and Blomley, 2003,
Kaufmann, 2009, Deshpande et al., 2010) or optical fluorescence techniques (Weissleder and
Ntziachristos, 2003, Subramanian et al., 2010). Other considerations in contrast agent design
include the relative sensitivity of the imaging modality to the contrast agent, the toxicity of the

agent and the uptake/clearance kinetics.

Single photon nuclear imaging techniques (planar scintigraphy and SPECT) are limited by their
relatively poor spatial resolution (in the order of 10mm) but have demonstrated positive results in
targeting several stages of the atherosclerotic process (Davies et al., 2006). In particular LDL
accumulation has been successfully targeted by several groups (Iuliano et al.,, 1996, Tsimikas et al.,
2000, Shaw et al,, 2001). Apoptosis has been targeted with 2°mTc labelled agents (Kolodgie et al.,
2003, Kietselaer et al., 2004) (ideal for SPECT imaging), although PET based tracers probably hold
more potential in this area, due to the improved quantitation and anatomical information from
adjunct CT. However, very little single photon nuclear imaging work has been performed in

humans and even less has targeted the coronary arteries (Langer et al., 2008).

PET imaging has increased tracer sensitivity and spatial resolution (4-5mm) when compared to
SPECT, and the commonly used tracer - !8F labelled fluorodeoxyglucose (FDG) demonstrates
uptake in arterial inflammation (Bleeker-Rovers et al, 2003). However, the proximity of the
coronary arteries to the highly metabolically active myocardium means that coronary artery
inflammation is generally obscured. Despite this, in-vivo uptake of FDG in the coronary arteries of
humans has been demonstrated (figure 1.22) (Dunphy et al., 2005), although almost half the
studies were not evaluable due to myocardial uptake of tracer. Other PET tracers may be useful in

targeting MMP or apoptosis (Davies et al., 2006).

Respiratory and cardiac motion present problems in cardiac radionuclide imaging. Gating
acquisitions may eliminate a large proportion of the motion, yet acquisition durations and/or

radiation doses will increase as a result.
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Figure 1.22: PET/CT imaging of the LAD with 18F-FDG tracer

The CT images in greyscale are transparently overlaid with the PET data in a “hot” colour scale. The
LAD is heavily calcified (arrow) and there is corresponding uptake of the 18F-FDG tracer in the LM and
LAD (arrow heads and (1)). Reproduced from Dunphy et al. (2005) with permission.

Molecular MR imaging (Spuentrup and Botnar, 2006, Makowski et al., 2009) has great potential as
it does not use ionising radiation, is intrinsically co-registered with anatomical MR images and has
higher spatial resolution than is achievable with radio-isotope based methods. MR contrast agents
are most commonly gadolinium (Gd) compounds or iron oxide based particles (Wang et al., 2001b).
Gd is a paramagnetic element which is chelated in order to minimise the risks of heavy metal
poisoning. Iron oxide is ferromagnetic and formed into nanoscale coated particles, which have
properties known as super-paramagnetism (Weissleder et al., 1990). Both agents resultin a
reduction in T1 (the time constant of longitudinal recovery of magnetisation) and T2 (the time
constant of transverse dephasing of magnetisation). The paramagnetic effect of Gd results in a
stronger T1 effect than that on T2 (Weinmann et al.,, 1984). This is observed as a localised increase
in signal intensity on T1 weighted imaging. The super-paramagnetic properties of iron oxide
agents generally result in a much larger effect on T2 (Weissleder et al., 1990) than T1 and the
change in the local magnetic field associated with localised contrast uptake results in a further
reduction in T2* Uptake of iron oxide based contrast agents is observed as a reduction in signal
intensity on T2* weighted images, although signal enhancement has been demonstrated in T1
weighted images (Small et al., 1993, Metz et al,, 2010) and a number of specialised sequences exist
for positive enhancement as a result of reduced T2* (Cunningham et al,, 2005, Mani etal.,, 2006,
Stuber etal,, 2007). T1 weighted imaging has been used to detect the uptake of extravascular Gd

contrast agents in coronary artery plaques (Maintz et al,, 2006, Yeon et al.,, 2007, Ibrahim et al.,
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2009) and to detect intrinsic changes in the T1 of plaque (Kawasaki et al., 2009, Tanaka et al,,
2009a) (discussed further in section 1.e.ii). Other passive contrast agents include super-
paramagnetic particles of iron oxide (SPIOs) and ultrasmall SP10s (USPIOs) which have been used
in human carotid in-vivo studies (Metz et al, 2010). These particles are phagocytosed within some
plaques, indicating the presence of macrophages (Kooi et al., 2003, Trivedi et al., 2004).

Endothelial activation has been targeted in mice and ex-vivo human carotids (Nahrendorf et al,,
2006) using iron oxide based contrast agents. Formation of new blood vessels within advanced
plaques was demonstrated in rabbits using Gd agents (Winter et al., 2006). Early studies have
targeted the lipid content of coronary plaque using lipophilic gadofluorine in rabbits (Sirol et al.,
2004) and a Gd labelled HDL analogue in mice (Chen etal, 2008). Finally, a number of contrast
agents have been developed to target fibrin (figure 1.23) (Botnar et al., 20043, Botnar et al., 2004b,
Spuentrup et al,, 2005a, Spuentrup et al,, 2007b, Spuentrup et al., 2007a) which is a key component
of a thrombus. The majority of such studies have been in-vitro and in animals, but recently one
agent, EP2104R was used to image non-coronary thrombus in patients (Spuentrup etal., 2008) and

has previously highlighted in-stent coronary thrombus in swine (Botnar et al.,, 2004a).

Figure 1.23: In-stent thrombus imaged with a thrombin targeting contrast agent (EP-2104R)

using MR

pre EP-2104R

post EP-2104R

post EP-2104R

MR lucent coronary stents containing thrombogenic material were placed into the coronary arteries
of a pig using x-ray contrast angiography guidance. Occlusion of the LAD and LCX is evident on the
MR coronary angiography (4, D and E) and x-ray contrast angiography images (C, F and I). Blood
suppressed images acquired using an inversion-prepared gradient echo technique show the selective
uptake of the Gd based EP-2104R contrast agent in the thrombus filled stents (B, E and H).
Reproduced from Botnar et al. (2004a) with permission.
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While molecular imaging holds great potential for selectively targeting the constituents and
physiological processes in atherosclerotic plaque development, so far few studies have been
performed in humans, particularly in the coronary arteries. Radionuclide based techniques involve
ionising radiation doses and suffer from relatively poor resolution with the compounding effects of
motion. MR based techniques offer potentially improved resolution with relatively safe contrast

agents, but are some way from reaching full fruition.
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1.e MR coronary artery imaging

MR imaging is well established in the assessment of cardiac function, perfusion and viability in
ischemic heart disease (Manning, 2006, Sakuma, 2007, Pennell, 2010). However, while MR
coronary angiography has undergone extensive development in the last 20 years, it is not yet
sufficiently reliable for clinical use in assessment of coronary artery disease. The small size, deep
location and mobile nature of the coronary arteries make them a particularly challenging target in
MR. The remainder of this chapter will review existing work on MR coronary angiography and MR
coronary vessel wall imaging. Motion in cardiovascular MR including MR coronary artery imaging

will be fully considered in chapter 2.

l.e.ii MR coronary angiography

Up to 40% of x-ray angiography studies reveal no significant coronary artery disease (Budoff etal,,
1996). Therefore a non-invasive, low risk imaging technique such as MR coronary angiography is a

desirable tool in modern cardiology (Stuber and Weiss, 2007).
l.e.il Imaging sequences

Numerous MR techniques have been used in attempts to image the coronary arteries. The vast
majority gate data acquisition to the cardiac rest period (see section 2.a.ii) and are performed
within a breath-hold or with some form of respiratory motion compensation (see section 2.b).
However, initial studies were performed with spin-echo sequences (Paulin et al., 1987) without the
use of cardiac or respiratory gating and were, therefore relatively unsuccessful. It was not until the
advent of segmented imaging (Edelman et al., 1990, Atkinson and Edelman, 1991) that gated
techniques and, therefore more reliable imaging, was possible. More reliable spin-echo based
sequences have been demonstrated in recent times (Maintz et al., 2004, Stuber et al., 2001), but the
negative contrast of the coronary arteries has made them the exception rather than the rule.
Spoiled Cartesian gradient recalled echo (GRE) imaging (Edelman etal., 1991b, Pennell et al,, 1993,
Lietal, 1993, Manning et al., 1993) with fat suppression results in a bright signal from the
coronary lumen with suppression of the surrounding epicardial fat. While Cartesian GRE imaging
is a relatively robust method of imaging the coronary arteries that is commonplace at 3T (Stuber et
al, 2002b, Sommer et al., 2005, Gharib et al., 2007, Liu et al., 2008), Cartesian balanced steady state
free precession (bSSFP) techniques are now usually preferred at 1.5T (Deshpande etal., 2001a,
Shea etal,, 2002, Spuentrup et al,, 2002a). Alternatively, many groups have pursued alternative k-
space trajectories in order to reduce the cardiac acquisition window and/or improve imaging
efficiency. Echo planar imaging (EPI) (Slavin et al., 1998, Botnar et al., 2000b, Deshpande et al,,
2001b) is rapid and efficient, yet prone to ghosting, susceptibility and T2* decay artefacts
(Edelman et al,, 1994). Radial trajectories (Larson et al., 2002, Spuentrup et al., 2004, Stehning et
al, 2004, Xie etal., 2010) heavily oversample the centre of k-space making them inherently
insensitive to motion (Spuentrup et al., 2004), while the outer parts are usually under-sampled to

save time. This is possible as the wrap-around artefacts in radial imaging are less detrimental to
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image quality than in Cartesian imaging. Furthermore, in order to improve SNR, radial bSSFP
imaging may also be performed, by refocusing rather than spoiling the magnetisation after every
radial line. However, the heavy oversampling of the centre of k-space makes radial acquisitions
inherently time inefficient. In contrast, spirals are inherently efficient trajectories that share some
of the motion resilient properties of radial trajectories. Spiral imaging has been successfully used
to image the coronary arteries since the beginnings of MR coronary angiography (Meyer et al.,
1992, Bornert etal., 2001b, Bornert et al., 2001a). In head-to-head comparisons, spiral acquisitions
outperformed Cartesian GRE (Taylor et al., 2000) and performed as well or better than Cartesian
bSSFP techniques (figure 1.24) (Bornert et al,, 2001b, Maintz et al., 2004). However, the very
careful setup, shimming and fat suppression required to avoid characteristic blurring, as well as the
more complex reconstruction means that spirals are not currently a popular choice for MR
coronary angiography. As a result, Cartesian bSSFP (Deshpande etal., 20013, Shea et al,, 2002,
Spuentrup et al., 2002a) is the current sequence of choice for MR coronary angiography at 1.5T,
due to the improvements in SNR over Cartesian GRE and radial techniques (Deshpande et al,,
2001a, Spuentrup etal., 20023, Spuentrup et al.,, 2004). While banding artefacts appear in bSSFP
images as a result of magnetic field inhomogeneities, they can mainly be overcome through careful

setup and shimming.
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Figure 1.24: A comparison of Cartesian GRE and spiral MR coronary angiography techniques
Cartesian Single-interleave spiral Double-interleave spiral

MR coronary angiography images acquired in healthy subjects using T2-prep. 3D targeted imaging at
0.7x0.7x3.0mm resolution with navigator gating and prospective slice tracking. In each subject
acquisitions were performed using a Cartesian GRE sequence (a, d, g, j and m) with a cardiac
acquisition window of 81ms and a spiral acquisition using one 20ms spiral interleave per RR-intperval
(b, e h, k and n) with a cardiac acquisition window of 26ms and a spiral acquisition using two 20ms
spiral interleaves per RR-interval (c, f, i and o) with a cardiac acquisition window of 52ms. SNR was
increased in both spiral acquisitions. The Cartesian GRE acquisition was acquired in a similar
duration to the spiral acquisition with one interleave per RR-interval whereas the duration was
halved when two interleaves per RR-interval were used. Reproduced from Bérnert et al. (2001b) with
permission, copyright John Wiley & Sons.
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1.e.i.2 Contrast mechanisms

MR coronary angiography is most commonly performed using only endogenous contrast
mechanisms. Bright blood contrast is generated in gradient echo based (including bSSFP, spiral
and radial acquisitions) 2D and targeted 3D MR coronary artery acquisitions using the inflow of
fresh blood to generate high blood signal (Edelman et al., 1991b), while fat suppression is used to
null the signal from the epicardial fat surrounding the coronary arteries. Many studies also use
preparatory RF pulses to generate T2 weighting (T2-prep) (Brittain et al., 1995, Botnar et al., 1999)
which suppresses the myocardial signal relative to that from oxygenated blood. Other, less
frequently employed pre-pulses that make use of endogenous mechanisms to enhance coronary
lumen /background contrast include magnetisation transfer contrast (Li et al., 1993) and arterial

spin labelling (Wang et al,, 1991, Stuber et al., 2002a, Katoh et al,, 2008, Katoh et al.,, 2009).

Exogenous contrast agents in the form of either extracellular (Goldfarb and Edelman, 1998, Li et al.,
2001) or intravascular Gd based agents (Wielopolski et al,, 1998, Li et al,, 1998, Stuber et al,,
1999b) have been used to increase blood/background signal via T1 shortening. Extracellular
agents are more commonly available, but quickly diffuse from the vessels into the extracellular
space, therefore rapidly diminishing the positive contrast effect. This is particularly problematic
during long 3D acquisitions. As a result, extracellular agents require first pass imaging techniques
or the use of more complex slow infusion methods (Li et al,, 2001). Intravascular agents are unable
to easily pass through the vessel wall and so remain in the blood pool for much longer (typically
>1hr (Stuber and Weiss, 2007)), but very few are available for routine use. Recently there has been
much publicity of the risks of potentially fatal nephrogenic systemic fibrosis (NSF) (Marckmann et
al,, 2006, Grobner, 2006, Thomsen, 2006, Rofsky, 2008) from certain Gd based contrast agents.
However, the risk of such complications is extremely low, and NSF is not known to have occurred
in subjects with healthy kidneys. As aresult, renal function is measured and as a precaution Gd
based contrast agent is generally not administered if the estimated glomerular filtration rate is

<30ml min-! (Rofsky, 2008).
l.e.i.3 Whole heart vs. targeted imaging

At the present time, MR coronary angiography is almost universally performed as a 3D acquisition
for ease of setup and improved SNR efficiency. Whole heart studies (Weber et al., 2003, Stehning et
al, 2004) image the whole coronary artery system in one 3D acquisition; therefore minimising
preparatory imaging time, enabling whole heart surface renderings (see figure 1.25) and, in
general, requiring less skill in planning. However, the large imaging volume results in a variation of
the in-flow enhancement effect across the imaging volume and a corresponding loss of contrast to
noise ratio (CNR) (Bi etal., 2006, Chang et al.,, 2008). For this reason, 3D slabs targeting each

coronary artery may be preferable in some circumstances.
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Figure 1.25: Whole heart MR coronary angiography images

Whole heart 3D MR coronary angiography images acquired in a total study time of less than
30 minutes using a bSSFP sequence with T2-prep and navigator gating. Curved planar reformatting
(a) and surface rendering (b) is used to produce images similar to those obtained with CT (see figure
1.19). The left anterior descending (LAD), left circumflex (LCX) and right (RCA) coronary artery
labelled in both cases. Reproduced from Sakuma et al. (2005) with permission, copyright RSNA.

l.e.i4 Comparison with CT coronary angiography

MR coronary angiography may be the clinical choice for imaging anomalous coronary arteries in
congenital heart disease (Post etal., 1995) and is a useful tool in subjects with Kawasaki disease
(Greil et al., 2007Db, Greil et al,, 2002, Takemura et al., 2007), but it is not in current routine clinical
use for the assessment or detection of coronary artery stenoses. The rapid technological advance
of MDCT and dual source CT has resulted in CT becoming the current modality of choice for non-
invasive coronary angiography, despite the associated ionising radiation dose, due to the shorter
acquisition durations, improved spatial resolution and superior diagnostic accuracy possible

(Schuetz et al., 2010).

Although MR coronary angiography has been acquired at up to 0.7x0.7x0.9mm resolution in
patients (Klein et al., 2008), resolutions of 1.3x1.3x1.7mm - 1.0x1.0x1.5mm used in recent studies
(Pouleur etal., 2008, Kato et al., 2010) are more typical, which compares poorly to the resolution
available with MDCT (see section 1.d.v). And while the average duration of a whole heart coronary
angiography acquisition in a recent head-to-head comparison was 20s using 16-slice MDCT, it was
14min using MR (Maintz et al,, 2007). Most crucially, however, the diagnostic accuracy of MDCT is
superior. A recent meta-analysis compared the diagnostic performance of CT coronary
angiography with MR coronary angiography in ruling out significant coronary artery disease
(Schuetz et al., 2010) when both were compared to x-ray contrast angiography as a gold standard.
The authors reviewed substantially more CT studies than MR studies, reflecting the balance of the

number of publications in these fields. They calculated sensitivities 0of 87.1% and 97.2% in MR and
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CT studies respectively and specificities of 70.3% and 87.4% respectively on a per-patient basis
(p<0.001 in both cases). No subgroup analysis was performed on the MR data to provide
sensitivities and specificities on a per-vessel or per-segment basis and both the CT and MR studies
were heterogeneous in the protocols they used (16-320 slice MDCT with single and dual source,
GRE and bSSFP MR sequences, with and without contrast agents, both breath-hold and free-
breathing). In a direct head-to-head comparison of 77 patients (Pouleur et al., 2008), whole heart
3D MR coronary angiography using bSSFP imaging with T2-prep was compared to 40- or 64-slice
MDCT. Imaging was successful in all 77 patients using MDCT but MR coronary angiography failed
in 9 (12%) patients due to poor respiratory efficiency using navigator gating (see section 2.b).
While, on a per patient basis, sensitivity was similarly high using both techniques (100% vs. 94%
for MR and CT respectively), specificity was lower using MR (72% vs. 88%). On a pooled per vessel
basis, sensitivity was 95% using both techniques, whereas specificity was 79% vs. 92% for MR vs.
CT respectively. On a pooled per segment basis sensitivity was 96% vs. 98% for MR vs. CT
respectively and specificity was 68% vs. 92%. In the most recent multicentre trial of MR coronary
angiography 138 patients with chest pain suggestive of significant coronary disease (Kato etal,,
2010) were examined. Imaging failed in 11 subjects (8%) due to poor navigator gating
performance. Sensitivity and specificity were 88% and 72% respectively on a per patient basis,
83% and 90% per vessel, 77% and 90% in the RCA, 100% and 100% in the LM, 91% and 82% in
the LAD, 69% and 97% in the LCX and 81% and 98% on a per segment basis.

While coronary MR angiography does not suffer from the same artefacts caused by calcified plaque
in CT coronary angiography, a considerable number of navigator gated MR studies fail due to
irregular respiratory patterns (typically 8% (Kato et al,, 2010) to 14% (Sakuma etal., 2006)).
Metallic coronary stents also generate MR artefacts whereas CT may be able to assess disease
within the stent (Cademartiri et al.,, 2008), although MR lucent coronary stents have been
demonstrated in swine (Buecker et al., 2002, Spuentrup et al., 2005b). The use of beta-blockers to
reduce a subject’s heart rate is common in CT coronary angiography although rare in MR studies
(Schoepfetal., 2007, Schuetz et al., 2010). This is primarily because tube rotation speeds in CT
limit the temporal resolution to approximately 165ms (half this in dual source CT). In contrast the
acquisition window is readily defined on a subject specific basis in MR imaging, and may be
reduced to a few tens of ms in subjects with high heart rates (Hofman et al., 1998), although at the
expense of imaging efficiency. Coronary vasodilators such as nitroglycerin which are used in some
MR studies (Kim et al., 2001a, Hu et al,, 2010, Kato et al,, 2010) and are more common in CT
(Schoepfetal., 2007, Schuetz et al,, 2010), increase the SNR, vessel diameter (and hence,
conspicuity) and sharpness, but could result in inaccurate assessment of the degree of stenosis due

changes in vessel destensibility in the diseased region (Rafflenbeul et al.,, 1980).
1.e..5 Future outlook

Future developments in MR technology may reduce the gap between MR and CT in resolution, SNR

and, therefore, diagnostic accuracy. Much new MR work in this area is performed at 3T where field
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inhomogeneities (Zur et al., 1988, Stuber et al., 2002b, Kaul et al., 2004) and increased RF power
deposition have so far limited the use of bSSFP techniques, but recent developments including
wideband SSFP (Nayak et al,, 2007, Lee et al,, 2010) and VIPR trajectories (Xie et al.,, 2010) may
push this sub-field forward. Coronary artery imaging at 7T has also been demonstrated (van
Elderen et al., 2009) and initial results comparing coronary angiography at 7T to 3T were
promising (van Elderen etal., 2010). Acquisition duration and the number of failed studies are
expected to reduce with improved respiratory motion correction techniques (see section 2.b) such
as described by Nehrke and Boérnert (2005), the CLAWS method of Jhooti et al. (2010) and the one
developed later in this thesis. Furthermore, imaging may be accelerated with parallel imaging
techniques (Pruessmann et al., 1999, Weber et al,, 2003, Larkman and Nunes, 2007) in one or more
dimensions (Nehrke et al., 2006). However, there is an associated loss of SNR with this

acceleration, which may be recovered by imaging at 3T (Huber et al., 2004).
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l.e.ii MR coronary vessel wall imaging

While MR coronary angiography may one day provide a radiation free method for ruling out
significant disease, other methods are required for the assessment of sub-clinical disease. MR
coronary artery wall imaging, if accurate, reliable and reproducible, would permit assessment of

the progression or regression of sub-clinical disease in longitudinal studies and clinical trials.
l.e.ii.1 Blood signal suppression

Meyer et al. (1998) presented the first human in-vivo coronary artery vessel wall images in 1998
using a 2D spiral acquisition sequence with a dark blood preparation pulse and spatial/spectral
binomial excitation pulses (Meyer etal.,, 1990). The dark blood preparation is a non-selective 180°
pulse, inverting all magnetisation, followed immediately by a slice selective 180° pulse to revinvert
the tissue within the imaging plane (Edelman et al., 1991a). Imaging is performed after an
inversion time (TI), selected to match the zero crossing point of the blood magnetisation, as

defined by:
(Fond)
TI=T1y004° {an-ln <1+e Tlhlood )} 1.1 (Fleckenstein et al., 1991)

where TR is the sequence repetition time and T1pie04 is the T1 longitudinal relaxation time constant
for arterial blood. Blood that starts outside the imaging slice and flows in during the inversion
time, appears dark, whereas the tissue within the imaging volume appears bright. In order to
ensure that the reinverted tissue contains the imaging slice after cardiac motion occurring during
TI, the reinversion thickness is typically two to three times wider than the imaging slice. However,
for 3D acquisitions TI may be insufficient for full replacement of the blood within the reinverted
slab. As a result, 3D studies utilise either a user positional selective reinversion slab (Priest et al.,
2005, Katoh et al., 20063, Bansmann et al., 2007, Keegan et al,, 2007) or a user defined “pencil
beam” 2D RF pulse (Stuber et al,, 2004, Botnar etal., 2001, Kim et al., 2002, Desai et al,, 2005, Katoh
etal, 2006b). Both of these techniques selectively reinvert the tissue surrounding the coronary
artery of interest whilst minimising reinversion of the aorta and left ventricle, where the in-flowing
blood originates. While the pencil beam reinversion reduces the spatial extent of the reinverted
tissue relative to the slab reinversion, the latter results in a more even spatial distribution of the

reinversion (Katoh et al.,, 2006a).

Meyer et al. (1998) acquired data every cardiac cycle (1RR gating), but a majority of dark blood
coronary artery studies have gated acquisitions to alternate cardiac cycles (2RR gating). The latter
is accompanied by a factor of 2 loss in imaging efficiency, but an increase in SNR (of approximately
20% (Botnar etal., 2000a)), due to greater longitudinal relaxation of both the vessel wall and
myocardial tissue, and an increased resilience to variations in RR-interval due to more complete
recovery of the longitudinal magnetisation of blood between sequence repeats. For a heart rate of

60BPM, equation 1.1 gives a TI of 400ms for 1RR gating and 625ms for 2RR gating. However,



84

should the TI be insufficient for blood signal nulling (but long enough for inverted blood to flow
into the imaging volume), phase sensitive reconstruction can be used to correct the complex data
(Abd-Elmoniem et al., 2010) and potentially increase the CNR of the lumen/vessel wall, even when

compared to an acquisition at the TI given by equation 1.1.

Alternative methods for blood signal suppression include improved motion sensitising driven
equilibrium (iMSDE) which uses large unipolar gradients either side of a refocusing pulse (similar
to diffusion encoding) to dephase magnetisiation within moving tissue (Wang et al., 2009,
Gerretsen et al,, 2010b). Despite avoiding the inversion time and in-flow requirements of double
inversion recovery pulses, so far there have only been limited demonstrations of this technique in
the coronary arteries due to their extremely mobile nature and the inherent sensitivity of this
technique to motion. One recent study (Tanaka et al., 2009c) acquired a whole heart coronary
angiography study with fat saturation and T2-prep followed by an equivalent whole heart water
suppressed dataset (although the resolution of the images is not quoted). The lumen appears
bright in the angiography study while the vessel wall and surrounding fat are suppressed. In
contrast, the fat appears bright in the water suppressed dataset while the lumen and vessel wall
are suppressed. A maximum intensity projection of the fused images is generated and the coronary
vessel wall appears dark as a result. While this technique potentially permits visualisation of the
coronary artery wall in a whole heart dataset, albeit with negative contrast, the two sets of images

must be acquired with perfect registration, which may be problematic.

Despite the potential advantages available from 1RR gating, phase sensitive reconstruction and
alternative blood suppression techniques, the reliability of double inversion recovery techniques
with 2RR gating means they remain the most commonly used preparation for coronary vessel wall

imaging.
1.e.ii.2 Imaging sequences

The thin wall, highly mobile nature and position of the coronary arteries deep within the chest
require high spatial resolution, short acquisition windows and high SNR techniques. Imaging
within the subject-specific coronary rest period is mandatory (Kim et al., 2001a) to eliminate
motion artefacts. Turbo spin echo (TSE) readouts are commonly used for 2D coronary vessel wall
acquisitions (Fayad et al., 2000, Botnar et al., 2000a, Hazirolan et al., 2005, Macedo et al,, 2008) at
1.5T (see figure 1.26), whereas for 3D acquisitions, a stack of segmented spirals trajectory is more
common (Botnar etal., 2001, Kim et al., 2002, Desai et al., 2005, Keegan et al., 2007). Spiral k-space
trajectories are inherently efficient and short spiral readout durations (~10 - 20ms) can be used to
reduce off-resonance blurring and minimise the effects of cardiac motion. TSE acquisitions require
fat suppression in the form of a chemical shift selective saturation pulse or spectrally selective
inversion recovery, whereas spiral techniques may use water selective excitation (Hore, 1983,
Meyer et al,, 1990, Meyer et al,, 1998, Keegan et al., 2007, Abd-Elmoniem et al., 2010). In a MR

coronary angiography study spectrally selective inversion recovery and binomial water selective
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excitation were found to be equally effective in suppressing fat. However, water selective
excitation is more time consuming than standard RF pulses, but this is less of a problem in spiral
imaging, where typically only one or two interleaves are acquired per cardiac cycle. Saturation or
inversion recovery based fat suppression techniques may suffer from recovery of the fat
magnetisation during long acquisition windows in subjects with low heart rates. While TSE images
may be T2 weighted to maximise CNR between smooth muscle and epicardial fat (Botnar et al,,

2000a), spiral acquisitions with 2RR gating are proton density weighted.

Figure 1.26: Coronary vessel wall imaging and x-ray contrast angiography
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Multiple 2D MR right coronary vessel wall images obtained using navigator gated TSE imaging.
Images obtained at locations corresponding to B, C and E in the x-ray angiography image (A) appear
to show a patent vessel lumen, whereas at the location of the suspected stenosis (D), no lumen is
visible. Reproduced from Botnar et al. (2000a) with permission.

Katoh et al. (Katoh et al., 20064, Katoh et al., 2006b, Priest et al., 2007) have investigated the use of
a stack of radial lines trajectory for 3D coronary artery wall acquisitions. In a comparison with a

3D stack of spirals acquisition, both using navigator gating, Katoh et al. (2006a) found significantly
increased image sharpness and subjective image scores using radial trajectories but a trend for
increased vessel wall to epicardial fat contrast and vessel wall SNR using spiral trajectories. They
also observed some ghost like spiral artefact and blurring which they suggest was caused by
uncorrected respiratory motion within the navigator gating window. This artefact was not present
in the equivalent radial acquisitions and it is possible that such blurring may be reduced with
shortened spiral readouts (TR was 30ms in this study). The radial acquisition in this work was also
less efficient - a longer cardiac acquisition window was used (104ms vs. 60ms) than in the spiral
acquisition for approximately the same acquisition duration (8min 15s vs. 7min 49s). A separate
study compared coronary vessel wall imaging using Cartesian GRE, radial GRE and radial bSSFP
acquisitions (Katoh et al., 2006b). Both radial acquisitions were found to be generally superior to

Cartesian GRE with lower levels of artefact and higher SNR and CNR. The radial bSSFP acquisitions
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were more susceptible to failure than the radial GRE acquisitions and although the SNR and CNR
were slightly improved using radial bSSFP over radial GRE acquisitions, subjective image quality

was not.
1.e.ii.3 Respiratory motion compensation and improving efficiency

Breath-hold studies are limited to single slice 2D acquisitions (Fayad et al., 2000, Hazirolan et al.,
2005, Macedo et al., 2008), whereas free-breathing studies with respiratory motion compensation
(typically navigator gating (Botnar et al., 2001)) permit 3D imaging. The multiple, thin contiguous
slices achievable with 3D techniques enable in-plane imaging of the coronary artery wall (see
figure 1.27) or the acquisition of a stack of cross-sectional images (Botnar et al.,, 2001) with
reduced partial volume effect. However, as discussed in section 2.b.iii, the efficiency of navigator
gated acquisitions is low and highly variable. In combination with the short cardiac acquisition
windows required and 2RR gating, this can lead to long acquisition durations. As an alternative,
Keegan et al. (2007) acquired data with 100% respiratory efficiency using a novel beat-to-beat
respiratory motion correction (B2B-RMC) technique, (which forms the basis for the rest of this
thesis), and 1RR gating. Phase sensitive double inversion recovery (as also discussed in section
1.e.ii.1) has also been used (Abd-Elmoniem et al., 2010) to enable the acquisition of data through a
longer part of the cardiac cycle and then the reconstruction of multiple 2D slices. However, this
acquisition scheme is primarily limited to multi-slice 2D studies in order to allow sufficient blood
in-flow time. It also acquires data while the artery is moving rapidly, therefore relying on a very

short acquisition window to “freeze” cardiac motion.
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Figure 1.27: In-plane images of diseased RCAs

RCA images acquired in two patients referred for x-ray coronary angiography. The x-ray contrast
angiography images for the first subject (A) show a 40% stenosis and the in-plane MR coronary vessel
wall images (B) show a thickened vessel wall (arrows). In the second subject, luminal irregularities
with ~10% stenosis on the x-ray contrast angiography images (C) correspond to a thickened vessel
wall (arrows) on the MR coronary vessel wall images (D). The in-plane MR coronary vessel wall
images were acquired with a 3D spiral sequence with navigator gating. Reproduced from Kim et al.
(2002) with permission, copyright Wolter Kluwer Health.

1.e.ii.4 Accuracy and reproducibility

Clearly for MR coronary vessel wall imaging to be of use in directly quantifying vessel wall
thickness and for use in longitudinal studies, measurements must reflect the true wall thickness
and demonstrate a high degree of reproducibility. In general, MR measurements of coronary vessel
wall thickness over-estimate the true thickness as assessed by histology (see table 1.10). There
may be two reasons for this: firstly, residual motion during the acquisition may resultin blurring;
and secondly, the imaging resolution of the techniques may be insufficient. In a comparative study
of pig hearts however, Worthley et al. (2001) found no difference between coronary vessel wall
thickness measurements obtained using a high resolution (0.39-0.47mm in-plane resolution) 2D
TSE sequence acquired in-vivo (breath-holding) and ex-vivo. This suggests that in cooperative
subjects who are able to completely suspend respiration, respiratory motion does notresult in
increased vessel wall thickness measurements. However, diaphragmatic drift is common during
breath-holding and high resolution 3D studies cannot be performed within the duration of a
breath-hold. Using numerical simulations and phantom experiments, Schaar et al. (2003) found
that with resolutions of less than 4 pixels per vessel wall thickness, vessel wall area was severely
over-estimated due to partial volume effects. The same work also found that respiratory motion

within the navigator gating window can degrade the delineation of different vessel wall
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components, particularly when spatial resolution is insufficient. So far in-vivo MR coronary vessel
wall imaging studies have been unable to differentiate plaque components although some work has
been performed on distinguishing different plaque types using T1 weighted imaging (section

1.e.ii.6).

Studies of the reproducibility of vessel wall thickness measurements have been performed for both
cross-sectional (Hazirolan et al., 2005) and in-plane (Desai et al., 2005) coronary vessel wall
imaging. Hazirolan etal. (2005) compared wall thickness from multi-slice 2D cross-sectional TSE
acquisitions (0.7x0.6x3mm resolution) in 12 healthy subjects on two occasions. A high degree of
reproducibility was observed: the inter-observer difference was 0.07+0.14mm and the inter-study
difference was 0.02+0.20mm. Desai et al. (2005) compared wall thickness from in-plane 3D spiral
acquisitions with navigator gating (0.8x0.8x2mm resolution) in 8 healthy subjects imaged on two
occasions. While the mean vessel wall thickness (1.6+0.2mm) was greater than that observed in
studies using cross-sectional imaging (see table 1.10), the intra-class correlation coefficients
(MacLennan, 1993) for intra-observer, inter-observer and inter-study reproducibility were
excellent at 0.97, 0.92 and 0.86 respectively. There has however, thus far, been no direct
comparison of reproducibility between the various techniques employed in coronary vessel wall

imaging.
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Table 1.10: Coronary vessel wall thickness obtained using MR and other measurement

techniques in normal subjects

Study Technique Stated acquired Thickness
resolution + SD (mm)

Fayad et al. MR - Breath-hold 0.5-0.8mm in-plane 0.75+0.16

(2000) cross-sectional 2D TSE ~ 3-5mm slice thickness

Botnar et al. MR - Breath-hold 0.5x1.0mm in-plane 1.0£0.2

(2000a)

Hazirolan et al.
(2005)

Koktzoglou et al.

(2005)

Desai et al.
(2005)

Macedo et al.
(2008)

Gradus-Pizlo et
al. (2001)

Gradus-Pizlo
(2003)

Ozolanta et al.
(1998)

cross-sectional 2D TSE

MR - Breath-hold
cross-sectional 2D TSE

MR - Breath-hold
cross-sectional 2D TSE
at 3T

MR - Navigator gated
cross-sectional 2D TSE
at3T

MR - Navigator gated
in-plane 3D spiral

MR - Breath-hold
cross-sectional 2D TSE

MR - Navigator gated
cross-sectional 2D TSE

Transthoracic
ultrasound

Open chest epicardial
ultrasound

Transthoracic
ultrasound

Autopsy - microscopy
of 121 male subjects
(20 - 39 years)

5mm slice thickness

0.7x0.6mm in-plane
2mm slice thickness

1.2x0.8-0.9mm in-plane
4-5mm slice thickness

0.8-1.0x0.7-0.8mm
in-plane
4-5mm slice thickness

0.8x0.8x2mm (3D)
20 slices

1.1x1.1mm in-plane
4mm slice thickness

1.0x1.0mm in-plane
5mm slice thickness

0.25mm

0.1mm

0.25mm

0.01mm

1.14 range (0.63 - 1.75)

0.88+0.18

0.79+0.23

1.6+0.2

1.8+0.3 range(1.32-2.33)

0.9+0.1

1.0£0.2

1.0£0.1

0.68+0.20 RCA
0.75+0.24 LCA
See table 1.2
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l.e.il.5 Application in patient cohorts

That MR coronary vessel wall imaging can detect wall thickening in a cohort of atherosclerotic vs.
normal subjects is now well established (Fayad et al., 2000, Botnar et al., 2000a, Kim et al., 2002,
Kim etal., 2007, Macedo et al,, 2008, Gerretsen et al., 2010a). Fayad et al. (2000) compared vessel
wall thickness in eight normal subjects and five patients with 240% coronary stenosis, confirmed
by x-ray angiography, using breath-hold cross-sectional TSE acquisitions. Average maximum
coronary vessel wall thickness was greater in patients than in normal subjects (4.38+0.71mm vs.
0.7520.17mm p<0.0001). Similarly Botnar et al. (2000a) compared coronary vessel wall thickness
in five healthy subjects and five patients with x-ray angiography confirmed disease using a 2D
cross-sectional navigator gated TSE acquisition. Average vessel wall thickness proximal to the
coronary stenoses was significantly greater than that observed in normal subjects (1.5£0.2mm vs.
1.0£0.2mm p<0.005), which is suggestive of a diffuse disease process. Kim et al. (2002) compared
six healthy subjects to six patients with coronary artery stenosis (10-50% of vessel diameter) using
an in-plane 3D spiral sequence with navigator gating (see figure 1.27). The average vessel wall
thickness obtained from four cross-sectional images at 10mm intervals was significantly greater in
the patients with CAD compared to the normal subjects (1.7+0.3 vs. 1.0£0.2mm, p<0.01), while the
average lumen diameter and lumen area were not increased. This was presented as evidence of
Glagov like (Glagov et al., 1987) outward remodelling of the vessel wall. The same author later
studied a larger group of patients with type I diabetes (Kim et al., 2007) without symptoms of
coronary artery disease. The cohort was divided into those with sufficient kidney function (N=37
imaged) and those without (N=37 without), as those with nephropathy have higher rates of
cardiovascular incidents (Astrup et al,, 2005). Using 3D MR coronary vessel wall imaging the study
found mean and maximum vessel wall thickness were increased in the patients with nephropathy
(mean 1.7+0.3mm vs. 1.3+0.2mm and max 2.2+0.5 vs. 1.6£0.3mm, both p<0.001). They also found
coronary plaque (defined as a focal thickening of the vessel wall on the MR images) in significantly

more of the nephropathy cohort (76% vs. 15%, p<0.001).

Several MR coronary artery vessel wall imaging studies have been performed on sub-cohorts of the
Multi-Ethnic Study of Atherosclerosis (MESA) (Macedo et al., 2008, Malayeri et al., 2009, Miao et al.,
2009). This was a large study (N=6500) of subjects without a history of atherosclerosis aged 45-84
years investigating the use of pre-clinical markers of coronary heart disease (Bild et al., 2002).
Macedo et al. (2008) imaged 48 subjects from MESA using multiple cross-sectional 2D images at
1.1x1.1x4mm or 1.0x1.0x5mm resolution. Subjects with 2 or more risk factors (high total
cholesterol, low HDL, high blood pressure, diabetes, smoking, old age) had, on average, higher
maximum coronary vessel wall thickness (2.59+0.44mm vs. 2.36+0.30, p=0.05). They also found
significantly greater maximum LM wall thickness in subjects with low levels of HDL and
significantly greater mean vessel wall thickness in subjects with a history of smoking. These
subjects also had CT CAC scoring. The study observed wall thickening in the absence of

calcification and found that mean and maximum vessel wall thickness were significantly greater in
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subjects with 2 or more risk factors when only those subjects without coronary calcifications were
considered. Miao etal. (2009) imaged 179 MESA subjects and measured lumen area, vessel wall
area and outer wall area (lumen + wall area). A significant relationship was observed between
both outer wall area and lumen area with vessel wall thickness, but the slope of the relationship
with outer wall area was significantly greater, even after normalising for left ventricular mass or
body mass index (BMI). This was claimed to indicate Glagov type outward remodelling. In another
study (Terashima et al., 2010), of subjects without a history of cardiovascular disease (aged 60-72),
223 subjects (150 successfully, see below) were imaged using a breath-hold 2D spiral technique
with 1RR gating. While a significant relationship was found between outer wall area and vessel
wall thickness, there was no significant relationship between lumen area and vessel wall thickness.
This was claimed to indicate Glagov type outward remodelling. In addition, a multivariate analysis
found that diabetes was significantly associated with increased vessel wall thickness and increased
outer wall area; vessel wall thickness was significantly associated with the ratio of total cholesterol
to HDL. However, age, gender, BM], hypertension and smoking were not associated with outer wall

area or vessel wall thickness.

Figure 1.28: Vessel wall remodelling using MR coronary artery vessel wall imaging
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Outer wall area (lumen+vessel wall) and lumen area plotted with mean vessel wall thickness in men
(A) and (B) women from the MESA study. In both cases, outer wall area and lumen area show a
significantly increasing relationship with coronary vessel wall thickness. However, the increase in
outer wall area with vessel wall thickness is significantly greater, suggesting outward remodelling.
Reproduced from Miao et al. (2009) with permission, copyright Elsevier.
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Larger scale MR coronary vessel wall imaging studies in patients have contained a relatively high
number of rejected images. For example, in the work by Miao et al. (2009) all 179 subjects
completed MR coronary vessel wall imaging. Seven coronary segments were targeted for each
subject (1 in the LM, 3 in both the RCA and LAD), yet only 365 images were available for analysis.
In the study by Terashima etal. (2010) 33% (73 of 223) of images were of insufficient quality. The
determinants of image quality were considered in a sub-cohort of MESA (N=76) (Malayerietal,
2009) following on from Macedo et al. (2008). Coronary vessel wall imaging was unsuccessful in
10% (9) of subjects due to irregular ECGs or respiratory motion. For the subjects with successful
studies, 215 of 234 segments (92%) were imaged, but 43% (93) were considered insufficient
(poor) quality for further assessment. In total only 47% of all coronary segments in all recruited
patients were successfully imaged. The highest proportion of the best rated images were acquired
in the RCA. Increased SNR was significantly associated with better subjective image scores in the
RCA and LM; a similar relationship was present between CNR and image score in the LM. Image
quality, SNR and CNR were all significantly better in male subjects. The average heartrate was
significantly higher and rest period duration was significantly lower in female subjects, both of
which were associated with reduced subjective image scores. The SNR was also significantly
greater in subjects with CT evidence of calcification, which is probably the result of increased

vessel wall thickness in these subjects.
l.e.ii.6 T1-weighted contrast- and non-contrast-enhanced imaging

Several recent studies (Maintz et al., 2006, Yeon et al,, 2007, Wessely et al., 2007, Ibrahim et al,,
2009, Kawasaki et al., 2009, Tanaka et al,, 2009a) have used T1 weighted black blood imaging, with
or without Gd-DTPA contrast agent, in attempts to differentiate plaque types. Images are acquired
with 3D inversion prepared fat suppressed GRE sequences and use a prior Look-Locker T1
mapping sequence (Look and Locker, 1970) to determine the correct inversion time for blood
suppression. Typically, such studies are performed with slightly lower resolution than MR
coronary artery vessel wall acquisitions (~1.0x1.0x3.0mm (Maintz et al., 2006)), use navigator
gating for respiratory motion and 1RR cardiac gating. Maintz et al. (2006) imaged 9 patients with
known coronary artery disease using non-contrast enhanced T1 weighted black blood coronary
vessel wall acquisitions and performed the same acquisitions 3 hours after contrast administration.
Plaques either demonstrated no enhancement, enhancement only after contrast administration or
enhancement both before and after contrast. Yeon etal. (2007) imaged 6 healthy subjects and 14
patients with previous x-ray contrast angiography studies, CT coronary angiography studies and
one or more risk factor for coronary artery disease, ~60 min after contrast administration. None of
the healthy subjects demonstrated vessel wall contrast enhancement whereas it was observed in
all patients. While contrast enhancement was more common in soft plaques (as determined by CT)
than in regions without plaque, it was even more common in calcified plaque. Non-contrast
enhancement using a T1 weighted black blood sequence, was observed in three calcified stenotic

plaques. However, no clear cut relationship was observed between plaque type and enhancement.
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Ibrahim et al. (2009) imaged 10 patients using contrast enhanced imaging an average of six days
after acute MI and again, an average of 93 days after the infarction. Another nine patients were
imaged as controls after elective x-ray angiography. Significantly more enhancement was observed
in the acute MI patients and contrast enhancement was significantly correlated with the severity of
luminal narrowing. A CNR threshold for detection of stenotic segments was calculated with a
sensitivity and specificity of 70% and 86% respectively. In the delayed follow up imaging, there
was a significant decrease in signal intensity and the spatial extent of the enhancement. However,
Gd-DTPA uptake in plaque is non-specific; inflammation, edema and fibrosis are all associated with
enhancement. Therefore, while T1 weighted coronary vessel wall imaging both with and without
contrast agent may be a useful tool for plaque characterisation, current results lack sufficient
specificity. The work of Kawasaki et al. (2009) attempts to address some of these issues for non-
contrast enhanced T1 weighted black blood imaging. 24 patients with angina were successfully
imaged with CT coronary angiography, x-ray contrast angiography, IVUS and non-contrast
enhanced T1-weighted black blood MR coronary vessel wall imaging (see figure 1.29). 18 lesions
from 17 subjects were classified as hyperintense, whereas 7 lesions from 7 patients were classified
as non-hyperintense. Lesions defined as hyper-intense on the MR images were often found to
originate from plaques which appeared to be positive remodelling with “spotty” calcification on CT
coronary angiography images. When assessed with IVUS, the hyper-intense lesions were often
found to be strongly attenuating. The authors of the study suggest that these features are to be
expected from vulnerable plaques, although a larger cohort with follow up data and post-mortem

histology is required for corroboration.
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Figure 1.29: Hyperintense plaque on non-contrast enhanced T1 weighted black-blood MR

imaging

LAD images acquired in a patient with angina using CT coronary angiography (A and B), T1 weighted
black blood GRE MR imaging (C and D), x-ray contrast angiography (E) and IVUS (F). A severe
stenosis in the LAD (arrow head, E) corresponds to a large soft plaque on the CT images (solid
arrows), ultrasound attenuation on the IVUS images (arrow heads, F) and hyperintensity on the MR
images (dotted arrows on C and D). Reproduced from Kawasaki et al. (2009) with permission,
copyright Elsevier.

1.e.ii.7 Future outlook

Improvements in vessel wall SNR are expected at 3T, which should permit increases in resolution,
and a number of studies have demonstrated MR coronary vessel wall imaging at this increased field
strength, although the majority of recent published studies still use 1.5T. Initial work at 3T (Botnar
etal,, 2003b) used 2D Cartesian GRE sequences with navigator gating. Subsequently 2D TSE
(Koktzoglou et al., 2005), 3D Cartesian GRE (Priest et al,, 2005), 3D radial (Bansmann etal., 2007),
2D spiral (Abd-Elmoniem et al., 2010) and 3D spiral (Lagemaat et al., 2009) acquisitions have been
demonstrated. Bansmann et al. (Bansmann et al.,, 2007) compared navigator gated Cartesian and
radial 3D GRE acquisitions at 3T. No significant differences were observed between the sequences,
but subjective image quality scores were significantly higher using the radial technique. A
comparison between 1.5T and 3T (Peel et al,, 2010) using spiral imaging suggested that SNR and
CNR may be increased at 3T, but image sharpness, the length of vessel visualised and subjective

image quality were greater at 1.5T, while artefacts were more severe at 3T.

Initial studies have investigated the possibility of intra-vascular MR coronary vessel wall imaging
(Botnar et al,, 2003a) using miniaturised receive coils inserted into the coronary arteries. High

quality images were obtained in swine. However, no such studies have so far been performed in
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man and the inherent invasiveness means that, like IVUS, it could not be used for longitudinal

studies.

Current MR coronary vessel wall imaging techniques are inefficient. For a free breathing, navigator
gated technique, with 2RR gating and a 50ms cardiac acquisition window, assuming a respiratory
efficiency of 40% and a heart rate of 60BPM, only 1% of the acquisition duration is used to acquire
data which is subsequently reconstructed. Initial studies suggest that respiratory efficiency may be
increased to near 100% by using B2B-RMC rather than navigator gating. Acquisition duration can
be halved by using 1RR rather than 2RR gating and, although there are theoretical advantages to
using 2RR gating, no study has yet performed a direct comparison between 1RR and 2RR gating for
coronary vessel wall imaging. Furthermore, spiral imaging allows short readout durations while
efficiently covering k-space. These issues with those of reproducibility and accuracy will become
increasingly important with the recent increases in the number of studies using coronary vessel

wall imaging to assess disease in patient cohorts.
1.f Summary and conclusions

The heart is an intricate, complex and vital organ which, by necessity, is continuously moving with
both the cardiac and respiratory cycles. As a result it requires an adequate and uninterrupted
blood supply, which is provided by the coronary arteries. Unfortunately, these arteries are
susceptible to atherosclerotic disease, which is the inflammation and accumulation of mainly lipid
within the vessel wall. Atherosclerotic plaques may cause stenoses or occlusions of the coronary
arteries which can lead to death or require complex interventional measures. The serious nature
of coronary artery diseases has led to a wealth of diagnostic tests for its detection. However, the
majority of such tests are lumenographic and, therefore, fail to diagnose many outward
remodelling plaques, or are invasive techniques with non-negligible risks. The non-invasive,
ionising radiation free nature and flexible image contrast available with MR imaging potentially
make it an excellent choice for assessment of coronary artery disease. Yet the small size, deep
location and mobile nature of these arteries present a challenge for MR imaging. In addition, the
rapid acceleration of MDCT technology to large numbers of detectors and higher temporal
resolution has resulted in higher diagnostic accuracy for detecting significant stenoses than is
available with MR. As aresult, CT is the current modality of choice for non-invasive coronary
angiography. However, for the early detection of sub-clinical disease and the assessment of the
progression or regression of coronary artery disease in response to therapy, selective imaging of
the vessel wall is preferable. While coronary vessel wall thickness has been measured from CT
coronary angiography images, the positive contrast, flexible temporal resolution and lack of both
ionising radiation and contrast agents when using MR vessel wall imaging, mean that it is
potentially a more powerful technique for this application. A number of imaging techniques and
contrast mechanisms have been employed for MR coronary artery vessel wall imaging, but double
inversion dark blood preparation is most commonly used with 2RR-gating and navigator gating to

minimise respiratory motion artefacts. TSE or spiral imaging techniques are often used for 2D
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acquisitions, while 3D acquisitions are most commonly obtained with spiral imaging. MR coronary
artery vessel wall imaging has been used in a number of clinical studies to show outward
remodelling of the vessel wall and vessel wall thickening due to, or as a pre-cursor to, disease.

Such studies require high resolution, high accuracy, highly reliable and highly reproducible
techniques. However, in patient studies, existing techniques have resulted in poor quality images
or failed acquisitions in up to 53% of studies. One of the key reasons for these failures is poor and
inefficient respiratory motion compensation. Existing techniques are highly inefficient due to the
low respiratory efficiencies available from navigator gating and due to the large proportion of dead
time required for both longitudinal signal recovery and to minimise cardiac motion artefacts. This
thesis will address the efficiency and robustness of MR coronary vessel wall imaging with a

particular focus on respiratory motion compensation.
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2. Motion in MR imaging

The primary motion of concern in cardiovascular MR imaging is that caused by the cardiac and
respiratory cycles, which is described in section 1.c. Excess motion during data acquisition results
in a degradation of the resultant images. The severity and type of degradation depends on the
imaging sequence and parameters used, but the effects include blurring, ghosting and mis-
registration (Schultz et al., 1984). The first two parts of this chapter (2.a and 2.b) are based on part
of a recently published review article (Scott et al., 2009) and concentrate on the various strategies
available to minimise these effects, with a particular focus on techniques applicable to MR coronary
angiography and coronary artery wall imaging. Section 2.c describes the beat-to-beat respiratory
motion correction (B2B-RMC) technique, as first demonstrated by Keegan et al. (2007), which

forms the focus of the remainder of this thesis.
2.a Motion from the cardiac cycle

2.a.i Cardiac gating

With the advent of rapid MR imaging techniques it is now possible to acquire low resolution single-
shot real-time images without ECG gating. Such techniques have been used in interventional MR
applications (Serfaty et al.,, 2000, Razavi et al.,, 2003, Zhang et al,, 2006), rapid assessment of LV
function (Yang et al., 1998c, Zhang et al., 2006) and both angiography and flow measurement (Pat
etal, 1998, Nayak et al., 2000, Macgowan et al.,, 2005, de la Pena et al., 2006). However, higher
resolution techniques acquire image data over a number of cardiac cycles and therefore require the
data acquisition to be triggered. Triggering may be achieved using pulse oximetry (Denslow and
Buckles, 1993), auscultatory monitoring, laser Doppler or plethysmograph peripheral pulse
monitoring (Lanzer et al., 1984). However, ECG triggering is generally preferable as the former
techniques are unable to trigger from the beginning of the cardiac cycle, there are variable delays
from the R-wave to the trigger and motion artefacts are common (Lanzer et al., 1984, Soulen and
Higgins, 1985). Despite this, auscultatory based gating has recently been used at 7T to avoid the
increased ECG artefacts at higher field strengths (Frauenrath et al., 2010).

Several studies have directly extracted information on the cardiac phase directly from MR data
(Spraggins, 1990, Kim et al., 1990, Hardy et al., 2000, Sussman et al.,, 2002, Crowe et al., 2004,
Larson et al., 2004, Brau and Brittain, 2006) for gating or motion compensation. A sub-group of

such techniques, known as cardiac self-gating (Crowe et al.,, 2004, Larson et al.,, 2004, Brau and
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Brittain, 2006), derive an ECG like signal from cardiac induced periodic variations in a line of k-
space repeatedly acquired without phase encoding. This information may be used in a similar
manner to the ECG, without the need for careful electrode placement or potentially hazardous
metallic conductors in the scanner bore. ECG gating, however, remains the most commonly used
technique as such alternatives have several limitations: rapid online processing is required for
prospective gating and they, therefore are mainly used as retrospective techniques; they are not
easily implemented; they have limited accuracy; and the morphology of the self-gating signal varies
with image plane orientation. Recent developments in ECG gating include real-time gradient
artefact correction (Odille et al., 2007) and algorithms used with vector cardiograms (VCG)
(Fischer et al., 1999) which increase the accuracy of R-wave detection in the presence of magnetic
field distortions and artefacts due to gradient switching, RF interference, blood flow and motion.
ECG gated acquisitions can also be improved, in some cases, by implementing arrhythmia rejection
algorithms (Leiner etal., 2005) that exclude data acquired during R-R intervals which deviate by
more than -10% or +50% from the average period of the last eight accepted intervals.
Implementing these techniques, however, can result in an increased and unpredictable scan

duration which may be problematic for acquisitions acquired during a breath-hold.

2.a.ii Selection of the acquisition window

For imaging at a single time point in the cardiac cycle - in applications such as coronary artery
imaging (angiography and vessel wall) - prospective ECG triggering is normally used to acquire a
number of k-space lines (a segment) in a time which is short with respect to cardiac motion. The
heart is relatively still during the middle of the diastolic phase of the cardiac cycle, which is most
often used as the acquisition window for coronary imaging. It is also possible to image the
coronary arteries in systole (Duerinckx and Atkinson, 1997) and this may be preferable when the
diastolic rest period is very short. Empiric suggestions for the delay from the R-wave to the onset
of the optimum acquisition window in mid-diastole, are based on measurements of the length of
the systolic phase averaged over a population. Fixed delays of 350msec (Stuber et al., 1999a) and
heartrate (HR) dependent delays of 550msec - 0.002HR (HR in BPM) (Weissler et al., 1968, Wang
etal,, 2001a) have been suggested. However, there is a large variability in both the onset and
duration of the rest period between subjects (Hofman et al., 1998, Wang et al.,, 1999) and,
particularly for high resolution imaging, the best approach is to tailor the acquisition parameters to
the individual subject. In coronary imaging the optimal timing and duration of the acquisition
window is determined either by pre-scanning (Wang et al., 2001a) or from a cardiac motion study
(Wang etal.,, 1999, Kim et al., 2001b). Long acquisition windows may be used in subjects with slow
heart rates, resulting in an increased scan efficiency without detriment to image quality (Wang et
al, 1999, Plein et al,, 2003). Alternatively, the trigger delay and potentially, the acquisition
window, may be adjusted in real-time in each cardiac cycle based on the average duration of
previous R-R intervals and information from pre-scanning inputted into a generic motion model
(Roes etal., 2008). Another approach, cardiac motion-matched k-space sampling (Wang and

Ehman, 2000), acquires the central lines of k-space (which are more sensitive to motion) during
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the period of minimum motion in diastole and the outer lines of k-space during less stationary
periods. Using this technique in application to contrast enhanced 3D MR coronary angiography,
the cardiac acquisition window was extended (333 ms vs. around 100 ms) with an associated
increase the imaging efficiency without loss of image quality. Alternatively, the acquisition window
may be extended by acquiring multiple image segments per cardiac cycle and using intersegment

motion correction based on epicardial fat-tracking (Stehning et al., 2005a).

Selection of the acquisition window is also important in dark blood-prepared imaging, as is used
for coronary artery vessel wall imaging, which uses a double inversion pulse to null blood signal
and, optionally, a further inversion pulse to null signal from fat (Simonetti et al., 1996). The delay
after the double-inversion pulse must be adjusted to null signal from blood and to avoid signal
drop out from mis-registration of the myocardium between the dark-blood preparation (soon after
the R-wave) and the imaging segment (in the diastolic rest period of the same cardiac cycle). Mis-
registration errors can, in part, be reduced by increasing the slice thickness of the double inversion
pulse preparation, although this can reduce the effectiveness of the dark-blood suppression,
particularly in the presence of slow moving blood. Alternatively, signal loss may be reduced by
offsetting the slice selective component of the preparatory pulses from the imaging plane to take
into account the expected motion (Keegan et al., 2006). Additional issues in dark blood prepared
cardiac imaging may occur when the systolic rest period contains the optimal stationary period. In
this situation, the delay from the R-wave, and therefore the dark blood preparation, to the systolic
rest period is likely to be insufficient for optimal blood signal nulling. As a result, the dark blood
preparation must be located in the prior cardiac cycle and techniques such as Kalman filtering
must be used to predict the optimal temporal location of the preparatory pulse (Fernandez et al.,

2010).
2.b Respiratory motion

2.b.i Simple breath-holding

Early CMR studies were performed during free-breathing with no respiratory motion
compensation and consequently suffered from blurring and ghosting (Steiner et al., 1983, Alfidi et
al, 1982, Higgins et al., 1985). Improvements in scanner technology and sequence design,
however, have enabled many acquisitions to be completed within a single breath-hold (Atkinson
and Edelman, 1991) (usually at end expiration as it is more stable, more reproducible and blood
flow is similar to that during free-breathing (Sakuma et al., 2001)). For many applications,
acquisitions cannot be completed with sufficient SNR or resolution within the comfortable breath-
hold period of 20 - 30s for a healthy volunteer, less for many patients. One alternative is to use
multiple breath-holds (Feinberg et al., 1995) and acquire segments of k-space or a sub-set of slices
in each, but if breath-hold reproducibility is poor, this may result mis-registration artefacts. Some
studies (Noble et al., 2005, Chandler et al., 2008), have registered multiple breath-hold short axis

images, to a breath-hold long axis image to correct for mis-registration between short-axis images.
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Other studies (McCarthy et al., 2003, Danias et al., 1999, Marks et al., 1997) have extended breath-
hold duration using supplementary oxygen, or hyperventilation. In one study, for example (Danias
etal., 1998), breath-holds were extended by 40% using hyperventilation, 24% using supplemental
oxygen and 59% using hyperventilation and oxygen. However, all breath-holding schemes require
patient co-operation, which can be problematic, and may suffer from respiratory drift during the

breath-hold period (Danias et al., 1998).

2.b.ii Monitoring respiration

Various methods for monitoring respiration have been suggested along with ways of gating,
triggering or compensating for the motion detected. Systems that monitor the motion of the chest
wall include belts across the patient (Ehman et al,, 1984), electrical impedance between ECG
electrodes (Felblinger and Boesch, 1997), bellows (Wang et al., 1995a, McConnell et al., 1997a) or
optical compression devices (Bailes et al., 1985). Methods which monitor the expired and inspired
gas include capnography, temperature sensors in oxygen masks or nasal cannulas (Ehman et al.,
1984) and spirometers. Techniques that monitor the diaphragm include navigators, discussed
below, and M-mode ultrasound imaging used during the CMR scan (Feinberg et al,, 2010). The
biggest disadvantages of these systems are complicated setup, poor patient tolerance and the
assumptions made regarding the relationship between the output signal and the motion of the

heart.

Techniques utilizing MR acquired data are generally known as navigators. The most common
forms are a column of tissue excited using either a 2D spiral RF pulse (Danias et al.,, 1997) or a slice
selective 90° RF pulse followed by a non-coplanar 180° slice selective pulse (Ehman and Felmlee,
1989). The 2D RF pulse has the disadvantage of requiring a complex pulse design and may have a
poorly defined excitation profile in regions of poor shim. The 90°-180° pulse combination is more
robust, but causes saturation artefacts if either of the excitation planes intersects the imaging
volume. In either case, a frequency encode gradient is applied along the length of the excited
column to provide a profile through the moving structure of interest. This type of navigator may be
placed on the chest wall, directly on the heart or on the diaphragm. The peak of the dome of the
right hemi-diaphragm (RHD) is the most common position for ease of setup and diaphragm edge
sharpness (McConnell et al,, 1997a, Stuber et al., 1999a). The position of the diaphragm, which is
clearly delineated by the liver - lung interface on the RHD, can be extracted from the reconstructed
navigator profiles using either edge detection (Liu et al., 1993), correlation or least-squares
methods. It has been suggested that the edge detection method is unsuitable for use with most
navigator profiles (with the exception of those using external markers) due to insufficient SNR and
edge definition (Wang et al., 1996a). However, the efficacy of edge detection has been improved by
smoothing and thresholding the navigator profiles (Du et al., 2004). Correlation and least-squares
methods are more computationally demanding with the least squares technique shown to be more
robust in the presence of noise and profile deformation (Wang et al., 1996a). It should also be

noted that the SNR of the navigator signal, and hence the accuracy of the derived information, may
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also be affected by preparatory pulses in the sequence. For example, in the case of double
inversion dark blood preparation for vessel wall imaging, an additional reinversion pulse may need
to be applied to the column of tissue used for the navigator signal in order to retain navigator SNR
(Stuber et al,, 2001). During imaging, one navigator is typically acquired before, after each imaging
segment. Alternatively two navigator echoes, one placed temporally either side of the imaging
segment can be used to reject data acquired during rapid motion and reduce the associated
blurring (Wang et al.,, 1996b). Rapid processing of the navigator and feedback to the imaging
sequence is essential for prospective correction, as demonstrated by Spuentrup et al. (2002b) who
showed a significant increase in image quality as the time from the navigator echo to the

acquisition window was decreased from 100msec to 20msec.

2.b.iii Using displacement information to guide and gate acquisitions

Prospective techniques can only be used with respiratory information acquired prior to the
acquisition window in the cardiac cycle and, as mentioned above require rapid processing and
feedback of the respiratory signal. Alternatively, retrospective techniques are used. The original
retrospective respiratory gating (RRG) technique (Li et al., 1996), acquired each line or segment of
k-space multiple times (typically a factor of 5 was used). The modal respiratory position was then
determined from a histogram of the respiratory data stored with the image data. Image
reconstruction was performed with data acquired over the minimum range of diaphragm positions
about the modal value. This approach decreases the range of motion present in the final image
when compared to free-breathing. However, the residual motion within the reconstructed data
varies and may be large in the presence of respiratory drift. Furthermore, the low respiratory
efficiency (defined as the proportion of the acquired data accepted for reconstruction, 20% in this
case) is such that this technique would generally only be used if prospective methods were not
possible. Prospective techniques have been used to acquire data over multiple consistent breath-
holds or during free-breathing. In the former, the navigator position is fed back to the subject via a
visual (Liu et al,, 1993, Gatehouse et al,, 2001) or an audible indicator (Wang et al., 1995a) in order
to guide the breath-hold position. The acquisition starts after the subject has suspended
respiration within an operator-defined window after a short settling period (Wang et al., 1996b).
Although techniques such as these have been successful in increasing inter-breath-hold
reproducibility in studies of healthy volunteers, the cooperation required from patients is usually

prohibitive (Taylor et al., 1999a).

The prospective acceptance /rejection algorithm (ARA) (Sachs et al., 1994, Oshinski et al., 1996),
reconstructs free-breathing data acquired when the diaphragm position lies within a user
determined gating window about a reference position, typically end expiration (figure 2.1). Larger
gating windows clearly result in more data being accepted and hence a higher respiratory
efficiency but also lead to reduced image quality. In contrast to the RRG technique where the range
of motion in the final study is unknown but the acquisition duration is fixed, the ARA technique

acquires images with a pre-defined range of motion but in a variable acquisition duration.
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Although early ARA studies demonstrated similar results to breath-holding (Oshinski et al., 1996),
temporal changes in breathing patterns during the data acquisition are frequent and may result in
a drastic loss of respiratory efficiency and ghosting (Taylor et al,, 1997). As described in the next
sections, additional techniques are often employed in combination with ARA to improve

respiratory efficiency and/or image quality.

Figure 2.1: Accept/reject navigator gating
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Every R-R interval a 1D image of a column of tissue (a navigator) over the lung-liver interface is
acquired immediately before or after the imaging data. Data acquired in a pre-defined window
around end-expiration (a gating window) is accepted for reconstruction whereas data acquired
outside this window is rejected and reacquired in a subsequent cardiac cycle. Originally published in
Scott et al. (2010).

2.b.iv Methods of improving respiratory efficiency in prospectively gated free-
breathing acquisitions

Respiratory efficiency and/or image quality in free-breathing ARA images may be improved by
implementing a real-time k-space ordering which is dependent on the respiratory position. Such
techniques rely on the fact that movement during acquisition of the outer k-space lines is less
detrimental to image quality than the same movement during the acquisition of the central k-space
lines (Maki et al., 1996). Various algorithms exist, such as respiratory ordered phase encoding
(ROPE) (Bailes et al., 1985), where phase encode lines are ordered as a slowly varying function of
diaphragm position. Centrally ordered phase encoding (COPE) (Haacke and Patrick, 1986),
acquires the central region of k-space at end-expiration and the remaining lines are acquired
symmetrically about the centre of k-space. Hybrid ordered phase encoding (HOPE) (Jhooti etal.,
1998) combines the best features of these two algorithms. The centre of k-space is acquired at the

most common diaphragm position (as for COPE), and from a histogram of respiratory positions,
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areas of k-space are distributed to histogram bins - thereby maintaining the monotonic
relationship between respiratory position and phase encode line (as for ROPE). This work was
later extended to 3D imaging and improved by using a dual gating window of 5 mm for the central
75% of k-space and 10 mm for the remainder (Jhooti et al., 1999). In a direct comparison with
ARA, HOPE was shown to maintain image contrast and quality while resulting in much improved
respiratory efficiency (72% vs. 48%). However, all of these techniques require a gating window

and will, therefore result in low respiratory efficiency in the presence of respiratory drift.

A number of techniques exist which do not require the definition of a gating window, thereby
reducing the problems associated with respiratory drift. The diminishing variance algorithm
(DVA) (Sachs et al.,, 1995) initially acquires a complete set of data during free-breathing and the
modal diaphragmatic position is determined from a histogram. During the remainder of the
acquisition, in each RR-interval the segment previously acquired at the greatest displacement of
the diaphragm from the modal value is reacquired, efficiently reducing the variance of the
diaphragm displacements as the acquisition progresses. This technique has been extended to 3D
(Sachs etal., 2000) using 3 orthogonal navigators (SI over the RHD, AP on the chest wall and LR on
a posterior region of the heart). Another technique, motion adapted gating (MAG) (Weiger etal.,
1997, Sinkus and Bornert, 1999) acquires phase-encoding lines according to a weighting function
which varies with diaphragm displacement from the modal value. The weighting function
describes a maximum diaphragm displacement at which every phase encode line may be acquired.
Phase encode lines closer to the edge of k-space may be acquired at diaphragm displacements
further from the mode. Phase ordering with automatic window selection (PAWS) is an alternative
technique aimed at combining the advantages of DVA and ARA. The range of respiratory positions
is binned and each bin assigned a starting point in k-space. Once three adjacent bins are fully
acquired, k-space is completely covered and data is reconstructed with a maximum range of
respiratory positions equal to the combined bin widths. 3D motion adapted gating (3D MAG)
(Hackenbroch et al., 2005) extends the PAWS technique to 3D. When applied to coronary artery
imaging, image quality was comparable to ARA but the scan efficiency was significantly improved
(Langreck et al., 2005). A further extension of PAWS, continuously adaptive windowing strategy
(CLAWS) (Jhooti et al., 2010), orders phase encode lines so that data is acquired in the most
efficient 5mm navigator gating window. In a direct comparison with ARA, respiratory efficiency
using CLAWS was found to be 14.4+20.9% greater whilst maintaining equivalent image quality.
However, phase ordering techniques aim to minimise the effects of the motion (or limit its
magnitude in the case of PAWS or CLAWS like techniques) during the acquisition rather than
eliminating or correcting for the effects of the motion. Furthermore, while the lack of a pre-defined
gating window means such techniques are usually able to cope with respiratory drift, the final

reconstructed image may not be at end-expiration.
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2.b.v Slice tracking and motion correction

Several techniques improve respiratory efficiency by correcting for the measured motion within a
larger gating window. Adaptive navigator correction (Ehman and Felmlee, 1989, Korin et al., 1990)
is a retrospective technique which applies a phase shift to the measured data to correct for
respiratory motion. The size of the phase shift is determined by the diaphragm position as
measured by a navigator and the Fourier shift theorem (see for example Weisstein (2011)). More
recently, a similar retrospective technique was used with linear interpolation of the respiratory
signal between pre and post imaging-segment navigators to correct for respiratory motion during
the acquisition window in 3D MR coronary angiography images (Wang and Ehman, 2000). The
image quality achieved using this technique and an 8.4 mm gating window was similar to that
achieved using a standard ARA gated acquisition and a 2.8 mm gating window with a

corresponding increase in respiratory efficiency by a factor of 3.0.

Both retrospective and prospective correction techniques require accurate tracking factors to
relate the motion of the heart to that of the diaphragm. This relationship is approximately linear,
although not one-to-one. Work by Wang et al. (1995c) related the respiratory motion of the
diaphragm to that of the heart. Assuming rigid body motion, the position of the mid-point of the
left hemi-diaphragm and the position of various landmarks within the heart were measured on 2D
coronal and sagittal images at different inspiratory positions. The results led to slice tracking
factors of 0.57 in the SI direction and 0.09 in the AP direction being commonly accepted.
Subsequent work used these values in developing the prospective slice tracking technique for MR
coronary angiography with multiple guided breath-holds (McConnell et al., 1997b, Shea et al,,
2001). This technique shifts the imaging volume in each R-R interval by an amount determined by
the slice tracking factors and the diaphragm position. Slice tracking is more commonly performed
during free-breathing (Danias et al,, 1997), correcting for motion within an ARA navigator gating
window. Using the SI and AP tracking factors from Wang et al. (1995c), one study (Danias et al.,
1997) found that slice tracking enabled an increase of gating window from 5 mm to 7 mm with a
reduction in imaging time of 13% but without a discernable loss in image quality. However,
extending the gating window further and using the same slice tracking factors resulted in a
decrease in image quality, highlighting the inadequacy of such a non-subject-specific and simple
model. Many studies use only an SI correction (Oshinski et al., 1998, Botnar et al,, 2000a, Bornert
etal, 2001a, Stuber etal., 2001, Weber et al,, 2003) and apply the navigator at the RHD during free-
breathing. In contrast, the original work by Wang et al. (1995c) used breath-holding and the left
hemi-diaphragm as a reference. During breath-holds the relationship between chest wall and
abdominal motion may change relative to free-breathing. As a result, when deriving tracking
factors from multiple breath-holds, it is likely that a larger range of diaphragm positions are used
than are found during normal tidal breathing. In addition to the differences in location and
technique for measuring diaphragm displacement, this may account for the inconsistencies in
average tracking factors reported by different groups (Wang et al,, 1995c, Danias et al., 1999,
Taylor et al., 1999b, Keegan et al., 2002) (table 2.1). All of these studies, however, quote large
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standard deviations in the measured tracking factors, suggesting high inter-subject variability. The
subject dependence of the slice tracking factor may be partly resolved by calculating a subject-
specific tracking factor in the SI direction (Taylor et al., 1999b, Nagel et al., 1999, Manke et al.,
2002a). One study (Taylor et al., 1999b) for example, used both two-point (inspiration and
expiration) and seven-point (navigator guided) breath-hold images to relate RHD movement to
that of the coronary arteries in the SI direction. The subsequent study demonstrated that image
quality was significantly improved over ARA when the subject-specific tracking factor was used.
Furthermore, there was no significant loss of image quality going from a 6mm to a 16mm gating
window when using the subject specific slice tracking factor, corresponding to an increase in mean

respiratory efficiency from 49+17% to 81+22%.

A potential problem with all motion correction techniques is the artefact generated by structures
not moving with the region of interest. This may be reduced by applying spatial saturation bands
over static structures such as the chest wall. Alternatively, a zonal imaging technique whereby a
2D RF pulse is used to excite a restricted region of tissue for 3D imaging has been demonstrated
(Yang et al., 1998b). The advantages of such a technique are that imaging time is reduced as fewer
phase encode lines are required to sample the excited region and stationary structures outside the
excited region do not generate artefacts. This technique was subsequently used (Gatehouse et al.,
2001) with a 20 mm gating window and subject-specific tracking in the SI and AP directions to
demonstrate similar image quality to that obtained using navigator guided breath-holds with a 5
mm gating window. The respiratory efficiency was correspondingly increased from a mean of 61%

to 95%.

Although linear tracking factors are commonly used, the motion of the heart during respiration is
not that of a rigid body and hysteretic effects (Nehrke et al., 2001, Fischer et al., 2006) are seen
between inspiration and expiration (see figure 1.15). A recentapproach to this has been to develop
subject-specific prospective respiratory motion models. These techniques model the motion of the
heart as a 2D or 3D translation or as an affine transformation (Manke et al.,, 2002b, Manke et al.,
2003, Nehrke and Bornert, 2005, Fischer et al., 2006, Jahnke et al., 2007) which also includes linear
scale, shear and rotation. The non-rigid parameters are used to correct for respiratory induced
deformation of the cardiac anatomy. Subject-specific model parameters are usually determined in
a low resolution pre-scan using either multiple guided breath-holds (Manke et al., 2002b, Manke et
al,, 2003) or free-breathing (Nehrke and Bornert, 2005, Manke et al.,, 20023, Jahnke et al., 2005b).
The multiple images acquired at different respiratory positions are registered to one image
selected as a reference, typically using a block-matching technique. To derive the model
parameters for the transformation, simple linear regression may be used in the case of a single
navigator (Manke et al,, 2002b). However, if multiple navigators are used in different anatomical
locations, more complex techniques, typically Gauss-Newton optimization, are required (Manke et
al, 2003). Prospective motion correction requires real-time modulation of the imaging gradients

and, in the case of non-Cartesian imaging, of the RF waveform (Nehrke and Bornert, 2005) (figure
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2.2). Retrospective non-rigid corrections do not require real-time sequence control but do need
advanced reconstruction schemes (Batchelor et al., 2005, Odille et al., 2008a). For example, the
generalised reconstruction by inversion of coupled systems (GRICS) (Odille et al., 2008b, Odille et
al,, 2010) technique can retrospectively extract and correct for a non-rigid motion model from free

breathing imaging data.

Table 2.1: Slice tracking factors relating the SI, AP and LR motion of different regions of the
heart to the SI motion of the diaphragm

Study Factor Tracked Method
SI/AP/LR location

Wangetal. (1995a) 0.57/0.09/ - RCAroot Imaging two perpendicular slices
0.70/0.85/ - Prox. LAD  including the LHD and heart with
0.81/0.07 /- Apex breath-holding.
062/-/- SHM
092/-/- [HM

Daniasetal. (1999) 06/-/- Leftmain  Imaging of the RHD and coronary in the

same slice during free-breathing.

Tayloretal. (1999b) 049 /-/- Prox. RCA  Navigator on RHD and imaging of heart
059/-/- Prox. LCA  during breath-holding.

Nagel et al. (1999) 062/-/- ILV Imaging of RHD and heartin a separate
027/-/- LCA slice during breath-holding

Keegan etal. (2002) 0.25/0.04 /0.12 RCAroot  Navigator on RHD and imaging of RCA

during free-breathing.

Fischer etal. (2006) 038/-/- Prox. RCA  Navigator on RHD and imaging of heart
059/-/- Dist. RCA  during free-breathing.
Jahnke etal. (2007) 0.45/-0.01/0.02 Whole Navigator on RHD and 3D imaging of
heart heart during free-breathing in patients.

“

Note: The tracking factors are quoted where given in the original work (“-” is used otherwise) with
the method used to derive the factor. SHM and IHM - Superior and Inferior Heart Margins
respectively, LCA - Left Coronary Artery, ILV - Inferior LV wall, prox. - proximal and dist. - distal

As discussed above, multiple navigators may be used in subject specific models. A precursory

navigator, which is an additional navigator collected some time before the main navigator, enables
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correction for hysteretic motion (Manke et al., 2003). In tests on a moving circular phantom this
technique was demonstrated to reduce motion induced blurring in the circumferential (or polar)
direction (Nehrke and Bornert, 2005). Including the square of the navigator position (a quadratic
navigator) in the model reduced blurring in the radial direction and both modifications were found
to reduce ghosting. In an extension to this work, precursory navigators and a 2D subject-specific
affine model were applied to MR coronary angiography (Fischer et al., 2006). Using this model,
respiratory efficiencies were around 30% greater and a similar level of residual coronary motion
was found using a 10 mm gating window compared to 2D subject-specific linear slice tracking
using the same navigators and a 5 mm window. All such techniques however, fix the motion model
at the beginning of the scan and do not adapt to changes or short term variability in the breathing

pattern as the scan proceeds, which may cause problems over long acquisition durations.

Figure 2.2: A comparison of navigator based respiratory motion correction techniques

Reformatted MR images of right coronary arteries in two volunteers. Images were acquired with (a, c,
e) a Cartesian sequence and (b, d, f) a spiral sequence. Images were acquired with (a, b) simple slice
tracking and 20-mm gating window; (c, d) 20-mm gating window and prospective correction with
calibrated affine model, resulting in markedly improved image quality; and (e, f) 5-mm gating
window and simple slice tracking, requiring substantially increased acquisition time when compared
with a-d. Reproduced from Nehrke and Bérnert (2005) with permission, copyright John Wiley & Sons.

2.b.vi Image based corrections and self-gating

Alarge number of motion correction techniques have used physiological data extracted from the
imaging data itself or from additionally acquired images rather than respiratory information
derived from navigators or external devices. These techniques require no tracking factor as the
respiratory motion is detected from the structure of interest itself. A number of these techniques

are summarised here.
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2.b.vi.1 Self-gated and related techniques

Self-gating techniques extract motion information directly from the imaging data, as described in

section 2.a.i for cardiac self-gated techniques (Kim et al,, 1990, Brau and Brittain, 2006, Stehning et

al,, 2005b, Uribe et al., 2007, Buehrer et al., 2008). Some of these techniques and others that

similarly acquire repeated SI projections of the cardiac anatomy are described in this section.

O

o

o

O

O

o

Stehning et al. (2005b) - Radial self-gating.

Respiratory motion information is derived from repeated SI projections in a radial
acquisition.
This was demonstrated for MR coronary angiography.

Uribe etal. (2007) - Self-gated Cartesian bSSFP.

A phase encode line through the centre of k-space (an SI projection) in a 3D
Cartesian bSSFP acquisition is repeatedly interleaved with the imaging data.
This was originally implemented for 3D whole heart cine imaging.

Lai et al. (2008) - Dual projection respiratory self-gating.

Two SI projections are repeatedly acquired with a carefully chosen phase encode
gradient applied to the second.

The resulting sinusoidal sensitivity modulation is used to suppress chest wall
signal which, may otherwise produce an additional unwanted component in the
projection data.

Lai et al. (2009) - Dual projection respiratory self-gating with a floating navigator.

Dual projection respiratory self-gating was combined with the floating navigator
concept (Kadah et al., 2004), which uses phase encoding perpendicular to the
readout gradient to encode motion in two dimensions.

This technique was used to retrospectively correct for residual motion in a 9mm
gating window for MR coronary angiography.

While this method shares some similarities with self-gated techniques, as the SI
projections are acquired before the main imaging segment this is not truly self-
gating.

e Nguyen etal. (2003) -The cardiac fat-navigator.

O

This technique selectively excites the epicardial fat around the heart and coronary
arteries before acquiring self-gating like projections in one or more directions
using non-phase encoded readouts.

The motion of the heart can be extracted from these projections and in coronary
artery imaging, results were improved when compared to simple diaphragmatic
navigators (Nguyen et al., 2006, Nguyen et al., 2008).

In imaging frames subsequent to the cardiac fat navigator, fatty tissue is saturated
and so the need for additional fat suppression may be avoided in many instances.

The interleaved nature of the projections used in true respiratory self-gating (i.e. not the

techniques of Lai et al. (2008, 2009) and Nguyen et al. (2003)) means that the respiratory motion

information is highly temporally relevant. However, in most of these techniques using projection

data the respiratory motion information is one-dimensional and may be corrupted by signal from

the chest wall.
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2.b.vi.2 Techniques using sub-images

A number of techniques have reconstructed low resolution, low SNR or heavily aliased images

(sub-images) from the main imaging data and extracted respiratory motion information from them.

e Hardyetal. (2000) - Adaptive averaging.

o

An interleaved spiral or echo planar acquisition is performed without cardiac
gating and an image is generated every interleaf - either a full image using a
sliding window reconstruction or an aliased sub-image from the undersampled
data.

2D respiratory and cardiac motion information is extracted from the images and is
used to gate or compensate for motion before averaging.

Resulting MR coronary angiography images with combined cardiac and
respiratory efficiencies of around 35% were demonstrated, but with long cardiac
acquisition windows (~380ms).

e Hardyetal. (2003) - Breathing autocorrection with spiral interleaves (BACSPIN).

O

A spiral ECG gated breath-hold reference MR coronary angiography acquisition is
acquired followed by an equivalent free-breathing main acquisition.

Each spiral interleaf is reconstructed to form a heavily aliased sub-image, which is
cross-correlated with the equivalent sub-image from the breath-hold acquisition.
The results are used to retrospectively gate the acquisition and derive 2D
respiratory motion information.

e Larson etal. (2005) - 2D radial self-gating.

o

o

Respiratory motion information is extracted from low resolution sub-images
reconstructed from a subset of the full radial bSSFP data set.

The respiratory motion information is then used to correct a high resolution 2D
cine acquisition reconstructed from the same radial profiles.

e Pipe (1999) - Periodically rotated overlapping parallel lines with enhanced
reconstruction (PROPELLER).

o

o

A set of parallel lines are acquired in each R-R interval and the pattern is rotated
after every R-wave.

A central region of k-space is fully sampled in each R-R interval and may be
reconstructed to form a low resolution image, which can then be used to extract
respiratory motion information for use in gating and motion correction.

An example of motion correction with PROPELLER for dark blood, T2-weighted
TSE imaging is shown in figure 2.3.

Also see (Pipe and Zwart, 2006, Tamhane and Arfanakis, 2009).

e McLeish etal. (2004) - Motion correction from undersampled radial images.

o

o

Heavily undersampled radial sub-images are acquired in each R-R interval and
used to determine 2D respiratory motion information.

Rigid and non-rigid correction of the full radial bSSFP image (reconstructed from
the sub-images) was demonstrated.

Navigators were used to perform slice tracking in the third dimension.

e Sussman etal. (2002) - Variable-density adaptive imaging.

o

A modified interleaved spiral trajectory is acquired without cardiac gating. Each
interleave has a high density central part and lower density outer part.

Subsets of the spirals may be used to reconstruct a fully sampled low resolution
image using only the higher density inner part.

Respiratory motion information is extracted from the low resolution images and
was used to gate and correct for respiratory motion before averaging the 2D MR
coronary angiography images.
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Figure 2.3: Example of PROPELLER based respiratory motion correction

Short-axis dark-blood-prepared T2-weighted turbo spin-echo MR images acquired in a healthy
volunteer during free breathing: (a) conventional Cartesian acquisition, (b) with PROPELLER k-space
trajectory and no motion correction, and (c) with PROPELLER trajectory and motion correction.
Reproduced from Pipe et al. (1999) with permission, copyright John Wiley & Sons.

2.b.vi.3 Techniques acquiring additional low resolution images

Another sub-group of techniques (Keegan et al., 2007, Dewan et al,, 2008, Hess et al., 2009, Hess et

al, 2010, Tisdall et al., 2009) acquire additional rapid fully sampled low resolution images and use

these to correct for the motion of the anatomy of interest.

e Dewan etal. (2008) - Low resolution perpendicular images for coronary artery tracking.

o

o

Two orthogonal low resolution 2D images are repeatedly acquired throughout the
cardiac cycle.

The combined cardiac and respiratory motion of the coronary arteries is tracked in
these images to predict the optimal cardiac acquisition window.

During the predicted cardiac rest period the low resolution acquisitions are paused
and a segment of a high resolution 3D coronary artery imaging sequence is acquired.
Respiratory gating and slice tracking is also performed from this same data.

e Keegan etal. (2007) - Beat-to-beat respiratory motion correction (B2B-RMC(C).

o

Every cardiac cycle a full 3D low resolution stack of single-shot spirals with fat
selective excitation is acquired, in addition to a single spiral interleave of a 3D high
resolution image with selective water excitation.

The 3D coronary displacements determined from the low resolution images of the
epicardial fat are subsequently used to retrospectively correct each high resolution
interleaf.

Figure 2.4 compares the high-resolution water images reconstructed without motion
correction and corrected for motion in one, two and three directions using the 3D
spiral fat navigator information.

Preliminary results in 6 healthy volunteers showed that B2ZB-RMC produced images
with better quality than a retrospective subject-specific 3D translation model in 5
cases and with equivalent quality in 1. These results were achieved with data
acquired during free-breathing over the entire respiratory range. A further advantage
is that the high resolution water image is not affected by the low resolution 3D spiral
fat images, yet the same anatomical region is imaged in both.
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Such techniques hold great potential for 3D respiratory motion compensation in applications
where there is unused time within the cardiac cycle. The latter work described above (Keegan et
al, 2007) is described in more detail in section 2.c and forms the focus of the remainder of this

thesis.

Figure 2.4: Comparison of B2B-RMC with no correction and navigator based correction in

coronary artery vessel wall imaging
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Example coronary vessel wall images obtained in three healthy subjects (a-c) shown with the
diaphragmatic navigator trace and the range of diaphragm motion (upper panel). One slice is shown
with the respective subjective image score for each volunteer without motion correction (a), with a
fixed navigator correction (tracking factor 0.6) (b), with a pseudo subject-specific motion model
correction, obtained from the low resolution images (c) and corrected using BZB-RMC (d).
Reproduced from Keegan et al. (2007) with permission, copyright John Wiley & Sons.
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2.b.vi.4 Techniques using co-registration of multiple full images

Another group of techniques non-rigidly co-register fully sampled rapid images acquired every

cardiac cycle during free-breathing.

e Ledesma-Carbayo et al. (2007) - Automatic registration of multiple low SNR images.
o Low SNR images are rapidly acquired, co-registered and then averaged to improve
SNRin late-enhancement myocardial imaging.
o The use of a non-rigid correction reduced edge blurring when compared to both
no motion correction and a rigid body correction, as demonstrated in figure 2.5.
e Bidautand Vallée (2001), Kawakami et al. (2004), Stegmann et al. (2005), Kellman etal.
(2008) - Automatic registration of dynamic images.
o Registration of free-breathing first pass myocardial perfusion images aids
quantification and enables direct image-to-image comparison (Bidaut and Vallée,
2001, Kawakami et al,, 2004, Stegmann et al,, 2005). Also see Yang etal. (1998a)
for a related technique.
o A similar methodology has been used for free-breathing short axis cine images
(Kellman et al., 2008).

Figure 2.5: Motion correction of multiple images acquired during free-breathing

a) No motion correction b)  Rigid body motion correction c) Deformable body motion correction

Delayed gadolinium-enhanced MR images in patient with chronic myocardial infarction. Images were
acquired during free breathing and averaged over 30 frames with (a)no motion correction, (b)rigid
body motion correction derived by registering user-defined region around LV in each image to same
region in one frame used as reference, and (c) nonrigid motion correction derived by using automatic
full field-of-view registration. Reproduced from Ledesma-Carbayo et al (2007) with permission,
copyright John Wiley & Sons.

These techniques promise high performance in a number of areas where multiple images of similar
anatomy can be acquired sequentially. One present limitation, however, is that corrections are

limited to the in-plane directions.

2.b.vii Conclusions

A number of techniques are available for cardiac and respiratory motion compensation in MR.
While for subjects with moderate, stable heart rates, without arrhythmia, imaging within the
subject specific cardiacrest period is adequate, more advanced techniques and/or medication may
be preferable in many patients. For respiratory motion compensation however, breath-holding is
simply inadequate in many applications, including MR coronary angiography and coronary artery

vessel wall imaging. The preferred alternative of diaphragmatic navigator gating is also
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unsatisfactory, as this results in a low and highly variable respiratory efficiency and, as a result, an
unpredictably long acquisition duration. In addition, the highly subject-specific relationship
between the diaphragm and heart motion means that motion models require calibration scans,
which may fail if the relationship changes during the acquisition. Model free, image based
techniques are, therefore, an attractive prospect. The B2B-RMC technique (Keegan etal., 2007),
requires no training acquisition, does not rely on a model, obtains 3D respiratory motion
information directly from the anatomy of interest and is the only technique of its type to be applied
to coronary vessel wall imaging. The remainder of this thesis will focus on the development of this

technique and its use in a number of MR coronary artery imaging applications.
2.c  Beat-to-beat respiratory motion correction

A number of respiratory motion correction techniques have been developed for or applied to MR
coronary angiography. However, with the exception of the study by Keegan etal. (2007), all MR
coronary vessel wall imaging has been performed with breath-holding for short 2D studies or
navigator gating for longer studies. The resolution and SNR requirements of this challenging
imaging target result in long acquisition durations and sensitivity to residual motion (Schér et al,
2003). Therefore, an accurate and efficient respiratory motion correction technique would be

highly beneficial.

The original sequence (Keegan et al,, 2007) is shown in figure 2.6. In every RR interval, a fully
sampled low resolution 3D spiral dataset is acquired with binomial fat selective excitation. One
interleaf of an interleaved high resolution 3D spiral dataset with water selective binomial
excitation is acquired immediately after the low resolution data. Blood signal suppression is
provided by double inversion recovery preparation with slab selective reinversion. Acquisitions
were performed with 1RR gating. A standard crossed-pair navigator on the RHD is acquired after
the high resolution data for comparison with the respiratory translations derived using B2B-RMC.
The low resolution acquisition used a stack of single shot spirals (4096 points acquired over 10ms)
and 8 kz phase encode steps, resulting in an acquisition window of 160ms. Reverse centric phase
ordering was used to place the central kz phase encode step temporally close to the high resolution
data acquisition. For the low resolution fat images, the acquired resolution was 6x6x3mm over a
250mm field of view, which was reconstructed to 0.5x0.5x1.5mm using zero filling. The high
resolution acquisition used a stack of segmented 3D spirals, each of which was 10ms long (4096
points). A total of 20 spiral interleaves were required to fill each kx-ky plane and 8 kz phase
encode steps were acquired, resulting in a total acquisition duration of 160 cardiac cycles. The
acquired in-plane resolution was 0.8-0.94mm depending on the field of view and the slice thickness
was 3mm, reconstructed to 1.5mm. Including the water selective binomial excitation, the high
resolution acquisition window was 20ms. The navigator was used to monitor the diaphragm

position only and all data was accepted for reconstruction.
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Figure 2.6: The original B2B-RMC sequence for dark blood coronary artery vessel wall
imaging
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Every cardiac cycle a fully sampled low resolution 3D spiral dataset is acquired with fat selective
excitation (FE) followed by a single interleave of a segmented high resolution 3D spiral acquisition
with water selective excitation (WE). Blood suppression is provided with slab selective double
inversion recovery preparation and acquisitions were performed with 1RR gating. A standard
diaphragm navigator is also acquired for comparison with the 3D respiratory information.
Reproduced from Keegan et al. (2007) with permission, copyright John Wiley & Sons.

Using this technique, cross-sectional coronary vessel wall images were acquired in a straight
section of the RCA in six healthy subjects. Images were reconstructed and processed offline. An
end expiratory volume was selected as a reference using the diaphragmatic navigator information
and a 2D reference region of interest (ROI) was defined around the right coronary artery. 3D
respiratory translations were obtained using a normalised sub-pixel cross-correlation of the 2D
reference ROI with a 3D search ROI in every low resolution data set. The 3D translations were

used to correct the corresponding high resolution data using the Fourier shift theory. Images were

subsequently analysed using a subjective measure of image quality.

Example low resolution fat images used to obtain the respiratory translations are shown in figure
2.7 and example high resolution coronary artery vessel wall images are shown in figure 2.5. When
the B2B-RMC technique was compared to a fixed 1D correction based on the navigator information
and a pseudo-subject specific model, the B2B-RMC achieved the highest image quality score in all
subjects with the exception of one, where B2B-RMC and the subject specific model achieved equally

high scores.
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Figure 2.7: Example low resolution images obtained in six consecutive cardiac cycles

demonstrating beat-to-beat respiratory translations of the epicardial fat.

14mm

X= Ommy Omm, z=0mm x=14mm, y=1.0mm,z= 09mm c x=54mm, y =2.7mm, z= 1.8mm

d x=58mm,y=27mm,z= 27mm x=1.9mm, y'OGmmz 2.1mm x= OGmmy 0.2mm, z = 0.6mm

A single slice from the fully sampled low resolution 3D volume acquired every cardiac cycle, shown for
6 consecutive cardiac cycles (a-f). The diaphragm displacement in each of the cardiac cycles is shown
in the top right of the images and the in-plane (x and y) and through-plane (z) beat-to-beat
respiratory displacements are given below the relevant images. Reproduced from Keegan et al
(2007) with permission, copyright John Wiley & Sons.

While this feasibility study suggested that B2ZB-RMC has potential, further work was required
before it may be widely accepted as an accurate and efficient respiratory motion correction
technique. The remainder of this thesis presents work performed in developing, validating and
applying B2B-RMC in MR coronary artery imaging based applications. The results presented will

demonstrate that this may be a reliable, reproducible, accurate and efficient technique in MR

coronary artery vessel wall imaging.
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3. Development of the B2ZB-RMC technique

3.a Aim

The aim of this work was to develop the acquisition and reconstruction techniques presented
originally by Keegan et al. (2007) for 3D spiral coronary vessel wall imaging with B2ZB-RMC. While
this initial implementation demonstrated the potential of the technique, further development and
optimisation was required to produce reliably high quality images at similar resolution to that
demonstrated in the literature with navigator gated acquisitions (typically 0.6-1.0mm in-plane, 2-
5mm through plane). In this chapter, developments are described which increase the robustness
of B2B-RMC, enabling subsequent phantom (chapter 4) and in-vivo (chapter 5) validation of

performance and latterly in-vivo applications (chapters 6-8).
3.b Implementation

All sequences were developed in the Siemens IDEA pulse sequence programming environment and
all imaging (in this and subsequent sections) was performed on a Siemens Avanto 1.5T MR
scanner. The original implementation was based on a Siemens phase velocity mapping sequence in
an older version of the scanner software. To ease the transition to future scanner software
updates, the sequence was redeveloped based on a standard skeleton fast low angle shot (FLASH)
sequence. All processing and reconstruction of the B2ZB-RMC data was performed offline. The
original reconstruction and processing was implemented in the C language. For simpler image
display, user interface creation, access to pre-written libraries (toolboxes) and rapid compilation
free code modifications, the reconstruction and processing software were rewritten in MATLAB

(The Mathworks, Natick, MA, USA).
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3.b.i Basic sequence implementation

To convert the basic Siemens skeleton FLASH sequence into a B2ZB-RMC sequence for 3D coronary

vessel wall imaging the following modifications were made:
1. Standard crossed pair diaphragmatic navigators were added.

2. Double inversion dark blood preparation was added and modified to enable
orientation of the reinversion slab via the user interface.

3. The standard excitation RF pulses were swapped for binomial excitation pulses.

4. The readout gradients were swapped for spiral gradients, designed using existing
code written at the Cardiovascular Magnetic Resonance Unit, The Royal Brompton
Hospital by Dr Peter Gatehouse. This results in gradient waveforms that are slew rate
limited until the maximum gradient amplitude is reached, and gradient amplitude
limited (constant linear velocity spirals) thereafter, the latter being preferable for
speed and more uniform k-space coverage (Hardy and Cline, 1989, Meyer et al., 1992,
Delattre et al., 2010).

5. The looping and timing structure was modified to obtain a stack of low resolution
spirals immediately before the high resolution spiral at the user specified dark blood
inversion time.

The complete sequence diagram is shown in figure 3.1.
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Figure 3.1: The sequence diagram for the original B2B-RMC implementation
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The original B2B-RMC sequence for 3D spiral coronary vessel wall imaging. The dark blood
preparation (shown in a) includes three 180° RF pulses: the initial pulse (1) is a non-selective
inversion; the second pulse (2) is a selective reinversion pulse to reinvert a slab of tissue selected by
the user, covering the coronary artery of interest (the large slab thickness results in a very small slice
select gradient); the final pulse (3) is a navigator restore pulse which reinverts the tissue that is later
excited by the 90° navigator pulse, thus improving navigator SNR (Stuber et al, 2001). The imaging
part of the sequence, highlighted on the time axis of part (a) and shown in part (b), includes a stack of
eight 10ms single shot spirals with through plane phase encoding (combined with the final slice-
rephasing gradient) and fat selective excitation (although the phase of the RF pulses is not shown),
followed by a single 10ms interleave of a high resolution 3D stack of interleaved spirals acquisition
with water selective excitation.
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3.b.ii Reconstruction, processing and analysis tools

A series of tools were developed in MATLAB for reconstruction, processing and analysis of data

acquired using the B2B-RMC technique which are described in the following sections.
3.b.ii.1 Reconstruction

All data from the B2ZB-RMC was retrospectively reconstructed and processed offline. A graphical
user interface (GUI), and associated code, was developed for sorting of the raw data files and
reconstruction of the images. Initially the single raw data file obtained from the scanner is sorted
into navigator data, low resolution data and high resolution data. If required (see section 3.c.iii),
the navigator information is used to eliminate data acquired outside of a wide pre-set gating
window. The data is then saved into intermediate files; one file per coil per low resolution volume
and similarly, one file per coil for the high resolution volume. Phase shifts may be applied to the
raw spiral data for image space displacement, including motion correction, according to the Fourier

shift theorem (Ehman and Felmlee, 1989):
FT
f(x)= F(k)

Flx—a)= F(k)e-ika 3.1

where x is the coordinate in image space, k is the spatial frequency and a is the shift in image space.
Reconstruction is performed by gridding the spiral data onto a Cartesian matrix followed by an

inverse fast Fourier transform (iFFT) and finally, sum of squares coil combination.

Avariety of techniques exist for re-sampling non-Cartesian data onto a regular Cartesian grid
(gridding) before the iFFT is applied. The most common of these techniques involves a convolution
with a Kaiser-Bessel kernel with compensation for the shape of the kernel and the density of the
convolved data (Jackson et al,, 1991). However, the original work on B2B-RMC (Keegan et al.,
2007) used an unpublished algorithm, developed by Professor Guang-Zhong Yang at the Royal
Brompton Hospital, London, 1992 and referred to here as the Yang method. This technique was
found to perform well and was subsequently used in all reconstructions performed in this thesis.

The Yang method convolves the data with the kernel:

a-20 ~r2(0.1+B~D(u,v))>

c(r,u,v) = e_< w2 3.2

where ris the distance from the centre of the kernel placed at the spiral data point to the Cartesian
grid point (u,v), D(u,v) is an estimate of the spiral sampling density at the point (u4,v), wis the radius
of the extent of the kernel and «a scales the width of the peak of the kernel. In contrastto other
kernels used in gridding non-Cartesian MR data, the peak of this gridding kernel has a variable
width depending on the spiral sampling density D(u,v). At the centre of k-space where there is a

high density of sampling points, the width of the peak in the kernel is much narrower than at the
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edges of k-space where D(u,v) is much less. The degree to which c(r,u,v) is dependant on D(u,v) is
controlled by 5. Small values of S result in a more uniform convolution kernel across k-space.
D(u,v) is estimated by replacing the raw data with 1 at each spiral k-space point and convolving
this with a “top-hat” function. However, the D(u,v) term in equation 3.2 does not fully compensate
for the changing sampling density across k-space and an additional correction is performed after
the convolution based on summing c(r,u,v) over every relevant raw data point for every value of u
and v. No correction is performed for the shape of the convolution kernel (intensity correction). As
aresult, there is apodization of the reconstructed images, the magnitude of which is dependent on
a, fand w. Optimal values of @=1.5 and =1.0 for a value of w=1 (chosen for rapid reconstruction
speed), were estimated by iterating around values used in the previous work (Keegan et al., 2007)

and comparing the reconstructed images visually.

Based on the use of a high performance workstation (with two quad core Intel(R) Xeon(R) 2.40GHz
processors and 12GB of RAM without parallelisation of the code) with raw data from two receive
coil channels, sorting of the raw data takes ~12s, reconstruction of the high resolution data takes
~30s (based on 75 spiral interleaves with 4096 points each and 8 kz phase encode steps without
motion correction) and reconstruction of the low resolution data takes ~5s per volume (based on

single-shot spirals of 6144 points each with 6 acquired kz phase encode lines).
3.b.ii.2 Processing

Respiratory motion information for B2B-RMC is extracted from low resolution 3D fat images
acquired before every high resolution imaging segment. Software and a GUI dedicated to the
extraction of the motion information from the low resolution data sets was developed in MATLAB.
However, the low resolution fat images can be difficult to interpret as the coronary artery is not
usually evident. Figure 3.2 shows MR images of the relevant anatomy when B2B-RMC is used for
cross-sectional RCA imaging. The breath-hold 2D spiral images (figure 3.2a and 3.2b) show the
right coronary artery in the AV groove (a) and the fat within the AV groove (b), with an equivalent
low resolution fat acquisition (c) demonstrating the relatively little detail available in the low
resolution fat images acquired for B2ZB-RMC. Movie S.1 in the supplementary material shows 9 of
the 16 low resolution slices acquired in each RR-interval moving with respiration. Figure 3.3

highlights the equivalent anatomy in an ex-vivo human heart.

Initially, an end-expiratory low resolution data set is chosen as a reference using the diaphragmatic
navigator trace. This chosen low resolution volume is then overlaid on the uncorrected high
resolution water volume, as shown in figure 3.4 (also see movie S.2 in the supplementary material),
in order to aid identification of the fat surrounding the coronary artery (note the correlation with
the ex-vivo anatomy in figure 3.3). A rectangular reference region of interest (ROI) is drawn on a
central slice of the reference end-expiratory volume (see movie S.3 in the supplementary material)
of a size large enough to encompass the artery’s cross-section and a small amount of immediately

adjacent fat (typically 10-20 x 10-20mm). The extent of the reference ROI in the through-plane
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direction (not shown in figure 3.4) was defined as 3 slices (4.5mm) in order to encompass some
change in the epicardial fat distribution. A larger search ROl is also defined on the end-expiratory
reference dataset of sufficient size to encompass the expected respiratory motion of the reference
ROI, typically 20-40 x 20-40mm in-plane and 7.5-12mm through plane. This search ROI is copied
to each of the low resolution datasets acquired for B2B-RMC and linearly interpolated in three
dimensions by factors set within the GUI (4 in all directions for the examples in this thesis). Each of
the interpolated search ROIs is compared to the reference ROI using the normalised cross

correlation coefficient, r:

r = X 0S-N0S)
~ JZ02-N0?)(3 S>-N52)

3.3

where O and S are the two matrices (the reference ROI and relevant part of the current search ROI),
each with number of elements N, to be cross-correlated. The normalisation allows for cases when
the most similar part of the search ROl may lie in an area of low signal intensity due to, for
example, changes in the through-plane slice profile. The reference ROl is shifted about the search
ROI in 3D to generate a volume of r-values, the maximum of which corresponds to the 3D
respiratory displacement for that acquisition. This is referred to as normalised sub-pixel cross-
correlation (NSPCC) and is represented (in 2D for clarity) in figure 3.5. The GUI also permits
interactive adjustment of the ROI sizes and automatic plotting of the displacement results, as

discussed in section 3.c.ii.

Figure 3.2: Cross-sectional anatomy imaged in the BZB-RMC technique

Breath hold water image Breath hold fat image Low resolution fat image

Cross-sectional right coronary artery images obtained in a healthy subject using spiral imaging.
Breath hold 2D images at 1.0x1.0x6mm resolution were obtained with a binomial water selective
excitation (a) and a fat selective excitation (b). An equivalent slice of a 3D low resolution data set
acquired with fat selective binomial excitation at 4.8x4.8x3mm resolution in one cardiac cycle (c).
While the major anatomy is recognisable in the low resolution images (c), the signal void
corresponding to the coronary artery in the right atrioventricular groove is barely visible (arrows).
RCA - right coronary artery, RA - right atrium, RV - right ventricle.
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Figure 3.3: An ex-vivo human heart showing the RCA within the right AV groove
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An ex-vivo human heart with a healthy RCA. The absence of pressure within the coronary arteries

causes the lumen to collapse. Image courtesy of Dr Mary Sheppard, Director of the CRY Unit for
Cardiac Pathology, Imperial College London.

Figure 3.4: Coloured overlay of the low resolution fat data onto the high resolution water data

An end-expiratory low resolution fat volume is transparently overlaid in a “hot” colour scale onto the
uncorrected high resolution water volume, shown in a grey colour scale. This display is used to aid
identification of the fat within the AV groove which assists the positioning of the reference and search

ROIs for the NSPCC. Although shown here in 2D for clarity, both the search and reference regions
extend across multiple slices.
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Figure 3.5: Schematic representation of the 3D sub-pixel cross correlation shown in 2D.
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As depicted in the top line, for each low resolution volume, the ROI (blue) to be correlated with the
reference ROI is shifted around the search ROI (red) in all three dimensions (only the two in-plane
directions are shown here for clarity). At each shift, the normalised correlation coefficient (r) is
calculated between the reference ROI and the ROI at the current shift (second line from the top). The
value of r indicates the similarity of the ROI at the current shift and the reference ROI (as shown in the
third line); a value of 1 indicates a perfect match. A volume of r-values is generated, the maximum of
which indicates the shift of the region most similar to the reference ROI (shown as a purple cross in
the 2D representation shown in the bottom image). This NSPCC process is performed for each low
resolution volume acquired (1 per RR-interval) in order to extract the motion due to respiration.
Based on a typical (for a cross-sectional RCA acquisition in a healthy subject) reference ROI of size
23 x40 x 3 pixels (12 x 20 x 4.5 mm), in X, y and z respectively and a search ROI of size

48 x 60 x 7 pixels (24 x 31 x 10.5 mm) the NSPCC takes 13s per volume on a high performance
workstation. However, multiple NSPCCs can be performed simultaneously on a multi-processor
workstation using a parallel “for” loop. This reduces total NSPCC time by a factor equal to the

number of processors used.
3.b.ii.3 Analysis

Each B2B-RMC acquisition results in one high resolution dataset and a large number (160 in the
original implentation) of low resolution fat datasets. Two interactive tools were developed with
MATLAB GUIs for analysis of the images produced in the B2ZB-RMC process. The first is an image
viewer used to display single high or low resolution volumes reconstructed by the software

described in 3.b.ii.1 and the second is a measurement viewer allowing the user to step through
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multiple slices and multiple volumes of the low resolution data acquired for B2ZB-RMC. Screen

captures of these tools are shown in movies S.2 to S.8 in the supplementary material.

The image viewer has options for: (1) in-plane Fourier or binomial interpolation, (2) Hamming
filtering, (3) image zooming (cropping and nearest neighbour interpolation), (4) image rotation
and reflection, (5) window and level adjustment, (6) phase image display, (7) generating parallel
maximum intensity projections (see movie S.4), (8) curved planar reformatting (movie S.5), (9) 3
point plane description, (10) displaying perpendicular planes in 3D, (11) length measurement, (12)
in-plane and through plane intensity profiles and (13) interfaces for saving one image or a montage
of images from multiple slices and multiple volumes to one image file. The image viewer also
provides the interface for (i) the MR coronary angiography analysis tools (see chapter 5 and movie
S.6), (ii) the coronary vessel wall measurement tools (see sections 6 and 7 and movie S.7) and (iii)
the coloured overlay of the low resolution fat images onto the high resolution data as shown in

figure 3.4 (also see movie S.2).

The measurement viewer is able to create montages of multiple slices in multiple volumes and
movies of montages of multiple slices stepping through the volumes which demonstrate the motion
of the fat with respiration (see movie S.1). This tool also enables the user to overlay the search ROI,
reference ROI and the reference ROI shifted by the respiratory displacements obtained using

NSPCC, onto each low resolution volume (see movie S.8).
3.c Improving motion detection and correction

3.c.i Developments to the low resolution acquisitions

For B2B-RMC, respiratory displacements are extracted from the low resolution images. In the
original implementation of B2ZB-RMC, each low resolution volume acquired every cardiac cycle was
obtained in an acquisition window of 160ms and had an acquired resolution of 6.0x6.0mm in-plane
and 3.0mm through-plane. Accurate respiratory information is vital to fully correct for respiratory
motion in the high resolution data and improvements in accuracy are expected with increases in
the resolution of the low resolution images. In general however, any increase in the resolution of
the low resolution images must be traded for an increased acquisition window, potentially leading
to increased cardiac motion artefacts and, therefore, reduced accuracy of the motion detection.
Alternatively, SNR may be traded for increased resolution using a reduced field of view (FOV) or
parallel imaging techniques. Reducing the FOV beyond the size of the imaged anatomy results in
wrap artefacts. Parallel imaging techniques such as SMASH (Sodickson and Manning, 1997) or
SENSE (Pruessmann et al,, 2001, Pruessmann et al., 1999) use additional data available from
multiple coils to enable the unwrapping of aliased images, therefore reducing acquisitions
durations or increasing image resolution. While SNR appeared to be more than sufficient in the
original implementation of B2ZB-RMC, the added reconstruction complexity and therefore
reconstruction time required meant that parallel imaging was not a practical option in this project.

Another option for reducing acquisition duration in Cartesian imaging is partial Fourier imaging,
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which asymmetrically samples k-space in the phase encode direction, thus maintaining resolution
and FOV. Partial Fourier data may be reconstructed by using the conjugate symmetry of k-space
and Homodyne reconstruction (Noll et al, 1991). However, the simplest partial Fourier
reconstruction zero-fills the empty k-space data with an associated penalty of increased Gibbs

ringing and some suppression of high spatial frequency information.

In this section it is proposed that the low resolution data and hence, motion detection, can be
improved using an increased spiral duration (with superior spatial resolution) in combination with
partial Fourier acquisition in the through-plane phase encode direction (to maintain acquisition
duration) (figure 3.6). Images were obtained in a stationary water filled resolution phantom using
the original B2B-RMC sequence modified to acquire 10ms, 15ms and 20ms spiral durations with
in-plane resolutions of 6mm, 4.8mm and 3.75mm respectively. Images were also obtained with the

15ms spiral duration and 6/8ths partial Fourier encoding in the through plane direction, which

should resultin aloss of SNR by a factor of ’6/8' Partial Fourier reconstruction was performed

with simple zero-filling. The associated acquisition windows for the 3D low resolution volumes
were 148ms, 187ms, 230ms and 140ms for the 10ms spiral, 15ms spiral, 20ms spiral and 15ms
spiral with partial Fourier respectively. For these phantom acquisitions, the low resolution
acquisitions were modified to obtain water selective images. An approximate measurement of SNR
was calculated for each acquisition using an ROI placed in a region of uniform signal and one placed
in an artefact free noise region (see 3.d.ii for details), both in the central slice of the volume. One
representative slice from the low resolution 3D acquisitions is shown in figure 3.7. The increased
spatial resolution as a result of the longer spiral duration results in visually sharper edges and
increased visibility of the resolution test patterns. There are changes in the Gibbs ringing artefacts
due to the changes in acquired resolution. Approximate SNR was similar between the acquisitions

at: 48, 10ms spiral; 46, 15ms spiral; 50, 20ms spiral; and 45, 15ms spiral with partial Fourier.

Table 3.1 compares the original low resolution acquisition parameters with those chosen as
optimal in this work. Using a combination of increased spiral acquisition duration and through-
plane partial Fourier encoding, in-plane resolution of the low resolutions may be increased from
6.0mm to 4.8mm (20% increase), with no increase in acquisition window (148 ms vs. 140ms).
While further increases in in-plane resolution may be achieved with even longer spiral
acquisitions, the increased acquisition window required together with the increased image
blurring associated with longer spiral readouts means that further increases are unlikely to be
beneficial. The basic zero-filling partial Fourier reconstruction introduces Gibbs ringing in the
partial Fourier (through-plane) direction. However, this is unlikely to be a problem in the anatomy
of interest as the fat within the AV groove changes slowly from slice to slice, minimising the effect.
In addition, any ringing artefacts that are present should move rigidly with respiratory
displacement of the AV groove. The expected loss of SNR associated with partial Fourier
acquisition was not observed here. This could be a result of the basic method used to measure SNR

or the zero-filling reconstruction used.
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Figure 3.6: A schematic of the low resolution acquisition with partial Fourier acqusition

The low resolution acquisition has 8 through plane phase encode steps. At each phase encode value a
single shot 2D spiral is acquired. With 6/8ths partial Fourier acquisition, six (the solid blue lines in
the figure) of the eight spirals are acquired. The final two spirals (red dotted lines) were zero-filled in

the reconstruction.
Figure 3.7: A comparison of low resolution phantom images acquired with varying spiral

length and in-plane resolution

10ms spiral 15ms spiral
148ms acquisition 187ms acquisition
6mm resolution 4.8mm resolution

20ms spiral 15ms spiral + partial Fourier
230ms acquisition 140ms acquisition
3.75mm resolution 4.8mm resolution

Example slices from low resolution acquisitions obtained in one simulated cardiac cycle. With
increasing spiral length and therefore in-plane resolution, increasing edge sharpness is observed,
although the frequency of the Gibbs ringing artefact also changes. With the use of partial Fourier
techniques, images with 4.8mm in-plane resolution can be obtained in a similar duration to those
obtained at 6mm in-plane resolution without partial Fourier.
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Table 3.1: A comparison of low resolution imaging parameters used in the original work and

those chosen here

Parameter Original value New value
Excitation 15° binomial fat selective 15° binomial fat selective
Spiral readout duration 10ms 15ms

Dwell time per spiral point 2.5us 2.5ps

Points per spiral readout 4096 6144

TE/TR 3.9ms/19ms 3.9ms/23ms
In-plane resolution 6.0x6.0mm 4.8x4.8mm
In-plane field of view 220x220mm 260x260mm
Through-plane phase encode 8 (16) 8 (16)

steps (reconstructed)

Partial Fourier factor 8/8 6/8

Slab thickness 24mm 24mm
Acquired slice thickness 3.0mm (1.5mm) 3.0mm (1.5mm)
(reconstructed)

3.c.ii Selection and evaluation of the search and reference ROIs used in the
normalised sub-pixel cross-correlation

In the B2B-RMC technique, NSPCC is used to determine 3D respiratory displacements of the
imaged coronary artery on a beat by beat basis. Appropriate selection of the reference and search
ROIs is crucial to determine accurate motion information. The reference ROI must encompass fat
moving rigidly with the coronary artery and the search ROI must be large enough to encompass the
motion of the coronary artery through the respiratory cycle. However, selection of an excessively
large search ROI will lead to unnecessarily long processing times and an increased likelihood that

the NSPCC will select an incorrect (but similar) region of fat contained within the search ROI.

As discussed in section 3.b.ii.2 and shown in figure 3.5, the NSPCC produces a volume of cross-
correlation coefficients (r) for each low resolution volume acquired. The results of the NSPCC may
be assessed using a visualisation technique developed as part of this work and demonstrated in
figure 3.8 and movie S.9. For each of the low resolution datasets, the values of r are displayed in
the 3 orthogonal planes, i.e. x-y, x-z and y-z, containing the peak r-value and the peak in each plane
is highlighted. The search ROI in the slice corresponding to the peak r-value is also shown together
with a plot of the through-plane position of that slice This display is converted into a movie with
one frame per low resolution volume which shows the in-plane and through-plane motion of the
tracked region of fat over time. A movie showing the search ROI after correction for motion in each
of the low resolution volumes is also generated (see movie S.10) - if well corrected, the fat around

the artery within the search region should be of a fixed shape and position in each frame.
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Figure 3.8: Visualising the NSPCC results
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A visualisation of the NSPCC results for one example dataset, shown at end expiration (a) and end
inspiration (b). The three left panes of each visualisation show the r-values obtained with NSPCC in
the x-y plane (top left), y-z plane (central upper pane) and x-z plane (bottom left). Each of these
planes passes through the maximum r-value (circled in each). The right-hand pane shows the search
ROI at the through plane displacement obtained from the NSPCC (which is indicated as a cross on the
line below) and therefore shows only in-plane shifts. Also see movie S.10 in the supplementary
material

In the example shown in figure 3.8, at end expiration (a) the peak r-value lies well within the
boundaries of the search ROI. At end inspiration (b) the peak r-value has moved relative to end
expiration. The displacementis in the direction of increasing y and increasing x, corresponding to
in-plane displacements towards the chest wall and the right hand side of the image as viewed,
respectively. The peak r-value has also moved to a smaller z position (corresponding to a through-
plane displacement, approximately towards the feet). This method of visualising the NSPCC output
effectively demonstrates how the epicardial fat around the coronary artery is moving with
respiration. By watching the shape of the fat at the through plane displacement detected it can be
used to detect occasions when the NSPCC selects a similar but incorrect region of fat. It may also be
used to detect when the search ROI has been defined inappropriately, in which case the peak r-
value may jump erratically across the display as an incorrect region of fat is selected or repeatedly
select displacements at the boundary of the search ROI. This visualisation technique was
invaluable in the initial stages of this project when experience in defining the search and reference
ROIs was limited. However, the process of analysing the output is time consuming and it has

become less necessary with more experience in positioning of the ROIs.

As an alternative to the display method described above, the respiratory displacements obtained
from NSPCC may be plotted against the diaphragmatic navigator displacements, as demonstrated
in figure 3.9 (a-c). Two dimensional histograms of this data are also generated (figure 3.9 (e - g)),
with darker points representing a greater number of results (Nehrke et al., 2001), which are useful
for discerning hysteretic loops (see chapter 4). By adding the search limits of the NSPCC to the

plots of respiratory displacement vs. navigator displacement, the size of the reference ROI can be
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evaluated and adjusted for future NSPCCs. Figure 3.10 demonstrates a case where the search ROI
does not extend sufficiently far in the negative through-plane (-z) direction. This is evident from
the points which lie on the boundary of the search ROI in the through-plane (z) direction, while the
linear least squares fit to the data crosses through the boundary at around z=-5mm, extending to

approximately z=-6mm. In this case the search ROl would be extended and the NSPCC repeated.

Figure 3.9: Respiratory displacements obtained using NSPCC plotted against the

diaphragmatic navigator displacement in a typical subject
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The respiratory displacements obtained from the NSPCC plotted against navigator displacement in
the in-plane (a - b) and through-plane (c) directions. Inspiratory points (Where the differential of the
navigator with time is negative) are plotted as crosses, expiratory points (Where the differential is
positive) are plotted as dots and stationary points are plotted as empty circles. For each plot, a linear
regression (+2 standard deviations) is superimposed in black. The limits of the NSPCC are indicated
by the magenta dotted line. The respiratory displacements from NSPCC and the navigator are also
plotted against time (Trigger number) (d), in this case, one measurement was acquired every two RR-
intervals (2RR gating). 2D histograms of the NSPCC derived displacement with navigator
displacement are shown adjacent to the standard plots (e — g). In this display darker points indicate
that a higher number of results were obtained at this combination of NSPCC derived and navigator
displacement.
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Figure 3.10: Respiratory displacements obtained from NSPCC plotted against diaphragmatic

navigator displacement in a case of an insufficient search ROI
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Equivalent plots to those shown in figure 3.9 in a case where the search ROI does not extend
sufficiently far in the through-plane (z) direction. While the points cluster around end-expiration at
x=y=z=0, a number of through-plane (z) displacements lie on the search ROI boundary (c), indicated
by the dotted magenta line. The linear least squares fit in this direction also passes some way through
the search ROI boundary. As a result, this NSPCC was subsequently repeated with an extended search
ROL

3.c.iii Gating data acquired at extreme respiratory displacements

In the initial study (Keegan et al,, 2007), the B2B-RMC technique corrected for the full range of
normal respiratory motion. However, excessively large breathing motion outside the normal tidal
range could result in the anatomy imaged in the reference volume moving completely out of the
low resolution imaging slab (24mm thickness). Large respiratory displacements are also more
likely to result in substantial rotation or non-rigid deformation of the AV groove and correction of
the data using 3D translation alone may be inadequate. For these reasons the sequence and
reconstruction code were modified to enable ARA navigator gating of the BZB-RMC acquisitions.

As is standard, data acquired outside of a pre-defined gating window was rejected and reacquired
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after the immediately subsequent cardiac trigger (i.e. in the next cardiac cycle for 1RR gating).
Typically, the gating window was set to accept all data within the normal tidal range (defined
during a free breathing navigator scout acquisition of ~30s in duration) +10mm. This gating
window size was chosen to exclude large inspirations or expirations (e.g. yawns, coughs and sighs),
but not typical respiratory drift. This strategy results in a respiratory efficiency >99% in almost all

cases (see sections 5 and 6).

Figure 3.11 shows an example of the diaphragmatic navigator displacement (a navigator trace)
obtained in a healthy subject during a B2B-RMC acquisition using the acquisition parameters
described in section 3.f. The navigator gating window was set to reject points acquired >+15mm
from end-expiration. In this case, the usual definition of the navigator gating window of normal
tidal range #10mm would have resulted in the inspiratory boundary (red line on figure 3.11) being
positioned at around -25mm with a corresponding respiratory efficiency of 100%. However,
because of respiratory drift between the navigator scout acquisition and the B2B-RMC acquisition,
the inspiratory boundary was placed closer to end-expiration, producing an abnormally low
respiratory efficiency (for B2B-RMC) 0f 95% (16 of 300 data segments were rejected). Figure 3.12
shows the high resolution B2B-RMC images reconstructed from the data acquired within the gating
window (a-c). Equivalent images were also reconstructed to demonstrate the effect of not using
navigator gating and are shown in figure 3.12 (d-f, “Ungated”). For these images, all high resolution
data segments were accepted for reconstruction the first time they were acquired, regardless of the
diaphragmatic navigator displacement at the time of acquisition. There is a clear loss of sharpness
in the ungated images due to the inclusion of large inspiratory respiratory displacements that are

insufficiently corrected with B2B-RMC.

While the example shown here rejects more data than is typical for the acquisitions in this thesis, it
demonstrates the improvements in image quality that may be achieved by eliminating a small
amount of data acquired at large respiratory displacements at the expense of a small decrease in

respiratory efficiency (5% in this case).
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Figure 3.11: The diaphragmatic navigator displacement corresponding to the images shown

in figure 3.12
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The diaphragmatic navigator displacements are plotted (in black) with cardiac trigger number (2RR
gating was used in this example). The dotted red line indicates the inspiratory boundary of the
navigator gating window.

Figure 3.12: The effect of extreme respiratory displacements on B2B-RMC correction

"Ungated"

d. Slice 1

e. Slice 2 f. Slice 3

The upper row of images (a-c) are gated as shown in figure 3.11 whereas the lower images (d-f) used
data accepted the first time it was acquired irrespective of the navigator displacement (“Ungated”).
The ungated images demonstrate a loss of sharpness around the coronary artery vessel wall,
particularly in slice 3.
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3.c.iv Respiratory motion of the chest wall relative to the heart

B2B-RMC corrects for the rigid 3D translation of the coronary artery, as determined by tracking the
in-plane and through-plane displacements of the surrounding epicardial fat. However, respiratory
motion of the thorax is not fully described by these 3D translations. In particular, the bright signal
from the chest wall can be problematic. Figure 3.13 shows bright blood in-plane 3D spiral
coronary MR angiography images of the RCA with B2B-RMC, as performed in chapter 5, without (a)
and with (b) a spatial saturation band applied to the chest wall. Without the saturation band,
correction of the image for the 3D translation of the proximal RCA results in ghosting artefacts
across the image originating from the chest wall. These are much reduced when the chest wall

signal is suppressed.

Figure 3.13: The effect of non-rigid motion between the chest wall and coronary arteries in
B2B-RMC

a. Without saturation b. With saturation

The respiratory motion of the chest wall does not correspond rigidly to that of the coronary artery,
resulting in ghosting artefacts after correction (a). Such artefacts can be minimised in MR coronary
angiography using a spatial saturation applied to the chest wall (b).

This is also a potential problem in coronary vessel wall imaging with B2B-RMC. To demonstrate
the effects of chest wall motion relative to the RCA, a numerical simulation was performed. A 2D
representation of the chest wall and right AV groove containing the RCA in cross-section of size 900
x 900 pixels was generated, as shown in figure 3.14. The image was separated into two separate
2D images, one of the chest wall and one of the heart. Both images were Fourier transformed and
interpolated onto a 2D interleaved spiral k-space path (4096 points per spiral, 75 interleaves, k-
space diameter sampled = 815 pixels). For every interleave of the spiral k-space path, the
corresponding data from the chest wall image was displaced in the y direction (up-down in figure

3.14) by the in-plane y-displacements obtained using B2B-RMC in a healthy volunteer. This was
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achieved by multiplying the k-space data with a phase factor according to the Fourier shift
theorem. The corresponding data for the heart was not displaced. The respiratory displacement of
the chest wall, while the heart remains stationary, represents a situation where the data was
acquired whilst the heart moved with respiration, whereas the chest wall was completely
stationary. Rigidly correcting for the respiratory motion of the heart effectively introduces
respiratory motion of the chest wall. After this procedure was performed for every interleave, the
data from the heart was summed with that from the chest wall, interpolated back to a Cartesian
grid and inversed Fourier transformed back to the image domain. Figure 3.15 shows the resulting
image (b), an equivalent image which was processed identically but without any displacements (c)
and the respiratory displacements used (a). The relative motion of the chest wall while the heart
remains stationary causes ghosting of the chest wall across the anatomy of interest within the

heart.

Figure 3.14: A numerical representation of the chest wall and right AV groove containing the

RCA

The chest wall is shown in white and the relevant section of the heart and RCA in cross-section are
shown in grey. The intensity of the heart and RCA was 50% of the intensity of the chest wall.

Figure 3.15: The results of the chest wall motion - numerical simulations
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For every spiral interleave, the chest wall was displaced in the in-plane y-direction (up-down in the
images) by the respiratory displacements shown in (a), while the heart remained stationary. When
simulations were performed without motion there were only minor artefacts caused by the
rudimentary grid - re-grid algorithm (b), whereas simulations including respiratory motion of the
chest wall, resulted in severe ghosting artefacts (c).
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In-vivo, chest wall signal in B2B-RMC coronary vessel wall images can be reduced by minimising
the intersection of the slab selective reinversion band of the dark blood preparation pulse with the
chest wall. This reduces the associated ghosting of the chest wall after respiratory motion
correction. Figure 3.16 shows RCA coronary vessel wall images acquired with B2ZB-RMC in one
healthy subject with both 1RR and 2RR gating, using the imaging protocol described in section 3.f.
In this case, the reinversion slab avoids reinversion of the chest wall. However, the navigator
restore pulse, which is a reinversion pulse applied immediately after the double inversion
preparation in the same plane as the 90° navigator pulse in order to improve the SNR of the
navigator signal, intersects the chest wall close to the RCA. This results in ghosting of this section
of the chest wall across the RCA after B2ZB-RMC. The ghosting artefact appears similar to that
observed in the numerical simulations shown in figure 3.15, confirming the source of the artefact.
This effect appears more pronounced in the 1RR gated images, as a result of additional ghosting
from this section of chest wall caused by variations in RR-interval. Therefore, wherever possible,
reinversion of the chest wall should be avoided by careful positioning of the dark blood reinversion
slab and the navigator RF pulses. In future the use of 2D RF pulses should be considered for both
the navigator and the selective component of double inversion recovery, as should the possibility

of non-rigid respiratory motion correction.

Figure 3.16: Ghosting artefact caused by dark blood preparation and navigator echoes in

coronary vessel wall imaging with B2B-RMC

a. 1RR gating b. 2RR gating

Ghosting of the chest wall is a potential problem in coronary artery vessel wall imaging with B2B-
RMC. It can be minimised by positioning the reinversion band of the dark blood preparation to avoid
reinversion of the chest wall signal. However, the navigator restore pulse also reinverts a section of
chest wall, potentially causing ghosting. The ghosting from this section of chest wall is more evident
in 1RR gated images (a) than 2RR gated images (b). This is due to the increased SNR of the ZRR gated
images.
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3.d Developments to the high resolution acquisition

3.d.i Introduction

As discussed in section 1.e.ii, MR coronary artery vessel wall imaging requires high resolution,
rapid imaging techniques with sufficient SNR to image the thin wall of these highly mobile arteries
deep within the chest. Insufficient resolution results in over-estimation of coronary vessel wall
thickness (Schar et al., 2003) (table 1.10) and an inability to detect small, localised changes in
vessel wall thickness caused by disease. The original work by Keegan et al. (2007) was performed
at an in-plane resolution of between 0.80mm and 0.94mm. In contrast, IVUS, which is the gold
standard for in-vivo assessment of the coronary vessel wall, achieves lateral resolutions ~0.25mm,
which are currently unachievable in MR coronary imaging. In this work, the aim was to achieve an
acquired in-plane spatial resolution of 0.5 x 0.5mm while maintaining sufficient SNR for reliable
coronary artery vessel wall imaging. This is smaller than the average coronary vessel wall
thickness of 0.7 - 0.8mm in healthy subjects over 20 years old (see table 1.2). Itis similar to the
resolution of ~0.5mm typically achieved with CT coronary angiography and exceeds the in-plane
resolutions stated in previously published MR coronary vessel wall imaging studies of between
0.66 x 0.66mm (Botnar etal., 2001) and 1.1 x 1.2mm (Macedo et al., 2008). Increased resolution
may be achieved at the expense of reduced SNR and/or increased acquisition durations, however
subject tolerance reduces as the scan duration increases. Acquisition duration should therefore, be
limited in order to minimise the possibility of image degradation by motion artefacts. In this
section, attempts to increase the in-plane spatial resolution of RCA vessel wall images acquired
with B2B-RMC, while maintaining sufficient SNR in order to clearly visualise the vessel wall, are

described.

3.d.ii Parameter comparison

The high resolution imaging parameters used in the original sequence (Keegan et al., 2007) are
described in table 3.2. In order to increase the resolution of the high resolution coronary artery

wall images, four key modifications were made to the original sequence:

1. Increased resolution via modified spiral paths designed to use a greater number of
interleaves.

2. Increased FOV using a greater number of spiral interleaves to boost image SNR and reduce
the characteristic spiral wrap artefacts.

3. Increased cardiac acquisition window by increasing the number of spiral interleaves
acquired per cardiac cycle in order to increase imaging efficiency.

4. Switching from 1RR to 2RR cardiac gating to increase SNR and reduce artefacts caused by
variations in RR interval.
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Table 3.2: Imaging parameters used for the basic high resolution acquisition

Parameter Default value
Navigator gating None - monitoring only
Cardiac gating 1RR

Dark blood inversion time 400ms
Acquisition duration at 100% respiratory efficiency 160 RR

FOV 220mm
Number of spiral interleaves 20

In-plane resolution 0.90 x 0.90mm
Spiral interleaves acquired per trigger 1

Flip angle of binomial water excitation pulse 90°

Through plane phase encode steps acquired (reconstructed)* 8 (16)

Slab thickness* 24mm

Through plane resolution acquired (reconstructed)* 3.0mm (1.5mm)
Spiral readout duration* 10ms

Dwell time per point* 2.5ps

Points per spiral readout* 4096

* - These parameters were not altered in the comparisons described in section 3.d.ii
RR - RR-intervals.
Here, a series of comparisons of in-vivo cross-sectional RCA wall acquisitions in healthy subjects
are presented with differing high resolution imaging parameters relating to the modifications
listed above. In order to provide a quantitative comparison between these pairs of techniques,

relative measures of SNR and CNR were obtained from the reconstructed magnitude data via:

SNR = 0.655 - 2= 3.4
)

CNR = 0.655 - =3t 3.5
Op

where S, is the mean signal in a freehand ROI drawn around the visible vessel wall, S, and o} are
the mean and standard deviation of the signal in an ROI drawn in a background region as close as
possible to the vessel wall with minimal visible artefact, S; is the mean signal in a freehand ROI
drawn in the visible lumen and the factor of 0.655 accounts for the expected Rayleigh distribution
of background noise in magnitude data, rather than the Gaussian distribution of the acquired
complex data. Both SNR and CNR were calculated as the average of the values obtained in 3
contiguous slices from the high resolution volume in each comparison, chosen based on the clarity

of the vessel wall. While this method of measurement is unsatisfactory for measurements of
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absolute SNR/CNR (Constantinides et al., 1997), it does enable some comparison between the pairs

of high resolution datasets and has been used in similar work (Botnar et al.,, 2001).

All acquisitions presented in this section were acquired with the low resolution acquisition of the
B2B-RMC sequence modified to obtain six 15ms spirals with 6 /8ths partial Fourier, as described in
section 3.c.i and table 3.1, and subsequently retrospectively reconstructed and corrected for
respiratory motion as described in section 3.b.ii and 3.c.ii. Respiratory motion compensation was
assumed to be equally effective between the acquisitions in each comparison. The comparisons are

described below and are summarised in table 3.3.
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Table 3.3: Results of the imaging parameter comparisons

No. Fig. Ilvs. FOV Resolution Gating Ilvs./ Duration SNR CNR
(mm) (mm) trigger (RR) (range) (range)

1 317 20 220 0.90 1RR 1 160 6.2 1.9
(5.7-7.0) (1.3-2.6)

37 390 0.84 1RR 1 296 9.6 1.7

(8.7-10.1)  (1.5-2.0)

2 318 37 390 0.84 1RR 1 296 8.4 2.9
(75-9.1)  (2.5-3.4)
37 390 0.84 1RR 2 148 53 23

(5.0-5.7)  (1.8-2.7)

3 319 37 390 0.84 1RR 1 296 14.8 12
(14.1-152) (1.2-1.3)
37 390 0.84 2RR 2 296 10.0 41

(8.8-11.0)  (3.2-5.0)

4 320 37 390 0.84 1RR 2 148 45 36
(38-5.0)  (3.2-4.1)
75 390 0.57 1RR 2 300 2.9 28

(27-32)  (24-3.2)

5 321 75 390 0.57 1RR 2 300 4.1 23
(3.8-47)  (1.7-2.9)
75 390 0.57 2RR 2 600 5.1 35

(49-52)  (2.7-3.9)

6 322 75 570 0.70 1RR 2 300 9.4 0.5
(9.0-9.9)  (-0.1-1.1)
75 570 0.70 2RR 2 600 75 5.9

(71-7.8)  (5.1-6.3)

No. - comparison number

Fig. - corresponding figure

Ilvs. - number of interleaves in the spiral trajectory

FOV - field of view (in both in-plane directions)

Resolution - in-plane resolution in both directions

Gating - cardiac gating: either every RR-interval (1RR gating) or every other cardiac cycle (2RR
gating).

Ilvs./trigger - the number of spiral interleaves acquired after every cardiac trigger

Duration - the total duration of the acquisition without navigator gating

SNR - measured SNR of the coronary vessel wall, averaged over the 3 contiguous slices shown in the
corresponding figure, quoted with the range of SNR values obtained in the 3 slices.

CNR - measured CNR of the coronary vessel wall - coronary lumen, averaged over the 3 contiguous
slices shown in the corresponding figure, quoted with the range of CNR values obtained in the 3 slices.

Comparison 1: 20 interleaves vs. 37 interleaves - increasing the field of view

Figure 3.17 compares 3 contiguous slices from a 3D volume acquired with the 20 interleave spiral
trajectory (as described in table 3.2: in-plane resolution 0.9x0.9mm, FOV 220x220mm, acquisition

duration 160 RR-intervals (RR)) with a similar acquisition using redesigned spiral trajectories with
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37 interleaves (in-plane resolution 0.84x0.84mm, FOV 390x390mm, acquisition duration 296RR).
The CNR s little changed between the acquisitions (mean 1.9 vs. 1.7 for the 20 and 37 interleave
trajectories respectively) and the vessel wall/lumen boundary is poorly delineated in both. The
average SNR however, was increased by a factor of ~1.5 in the 37 interleave acquisition (9.6 vs. 6.2
in the 20 interleave acquisition) and the resulting images appear clearer with visually improved

definition of the outer edge of the vessel wall and myocardium.

Figure 3.17: Example images from comparison 1

20 interleaves
160 cardiac cycles

b. Slice 2

37 interleaves
296 cardiac cycles

d. Slice 1 e. Slice 2 f. Slice 3

Three contiguous slices from a high resolution volume acquired with the original 20 interleave spiral
trajectory (in-plane resolution 0.90x0.90mm, FOV 220x220mm, 1RR gating, 1 spiral interleave per
trigger, acquisition duration 160RR - parameters modified between the acquisitions are underlined)
(a - ¢) and from a volume acquired with a 37 _interleave spiral trajectory
(in-plane resolution 0.84x0.84mm, FOV 390x390mm, 1RR gating, 1 spiral interleave per trigger,
acquisition duration 296RR) (d - f). The mean SNR was greater in the 37 interleave acquisition at 9.6,
compared to 6.2 in the 20 interleave acquisition. The mean CNR was similar in both acquisitions, at
1.7 and 1.9 for the 37 and 20 interleave acquisition respectively.

Comparison 2: 1 interleave per cardiac cycle vs. 2 interleaves per cardiac cycle -
increasing imaging efficiency

In one study of 201 patients, the average rest period of the RCA was 123+60ms, with a range of 20-
396ms (Jahnke et al., 2006). While short acquisition windows, such as those used here (10ms),
positioned within the centre of a larger rest period allow for variations in RR-interval, in the vast
majority of subjects this results in a large proportion of the rest period being wasted and, hence, a

poor imaging efficiency. In this comparison the sequence was modified to acquire two interleaves
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of the high resolution spiral trajectory per RR-interval, one immediately after the other (phase
encode loop within spiral interleave loop). The flip angle of the first binomial RF pulse was
reduced to 45° in order to maintain signal between the first and second interleave (Botnar etal.,
2001). This results in an expected reduction in SNR by a factor of 0.71 and an increased high
resolution acquisition window of 30ms. Figure 3.18 shows example images from a comparison
between two acquisitions, both using the same 37 interleave spiral trajectory (in-plane resolution
0.84x0.84mm, FOV 390x390mm), but the first (a - c) acquired one interleave per RR-interval
(acquisition duration 296RR) and the second (d - f) acquired two interleaves per RR-interval
(acquisition duration 148RR). While the images acquired with two interleaves per RR-interval
display a loss of SNR (by a factor of 0.63) as expected, visually there are no additional cardiac
motion related artefacts in this example (the rest period was 187ms in this subject). However,

chest wall ghosting artefacts (as discussed in section 3.c.iv) are present in both images.

Figure 3.18: Example images from comparison 2

1 interleave per segment
296 cardiac cycles

148 cardiac cycles

2 interleaves per segment

d. Slice 1 e. Slice 2 f. Slice 3

Three contiguous slices from a high resolution volume acquired with the 37 interleave spiral
trajectory (in-plane resolution 0.84x0.84mm, FOV 390x390mm, 1RR gating) using one interleave per
RR-interval (acquisition duration 296RR (a) - (c)) and two interleaves per RR-interval (acquisition
duration 148RR (d) - (f)). As expected, the mean SNR was greater in the acquisition with one
interleave per RR-interval than in the acquisition with two interleaves per RR-interval (8.4 vs. 5.3
respectively). The mean CNR was 2.9 in the acquisition with one interleave per RR-interval and 2.3 in
the acquisition with two interleaves per RR-interval
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Comparison 3: 1 interleave every RR-interval vs. 2 interleaves every 2 RR-intervals -
a comparison of acquisitions with equivalent durations

As observed in comparison 2, acquiring a second spiral interleave every RR-interval results in a
loss of SNR. Triggering the acquisition on alternate R-waves (2RR gating) results in an increase in
SNR, by a factor of approximately 20% (Botnar et al., 2000a), when compared to gating 1RR gating.
Hence, acquiring two interleaves every other RR-interval results in a theoretical loss of SNR by a
factor of 0.85 relative to acquiring one interleave every RR-interval, compared to a loss of SNR by a
factor of 0.71 between acquiring one interleave every RR-interval and acquiring two interleaves
every RR-interval. Figure 3.19 shows example images from a comparison of two acquisitions using
the 37 interleave acquisition scheme described in comparison 1 and comparison 2 (in-plane
resolution 0.84x0.84mm, FOV 390x390mm, acquisition duration 296RR); the first acquisition (a -
c) with one interleave acquired every RR-interval (1RR gating) and the second acquisition (d - f)
with two interleaves acquired every other RR-interval (2RR gating). The dark blood reinversion
time was modified from 400ms for 1RR gating to 625ms for 2RR gating (optimal for a heart rate of
60BPM) to account for the increased recovery of the longitudinal magnetisation between double
inversion dark blood preparations (see section 1.e.ii.1). Both acquisitions were obtained in 296
cardiac cycles. As expected, the SNR in the acquisition with two interleaves every other RR-interval
was less than that in the acquisition with one interleave every RR-interval. However, the loss of
SNR was greater than expected (10.0 vs. 14.8, a factor of 0.68). In contrast, the CNR of the
acquisition with two interleaves every other RR-interval was much greater than in the acquisition
with one interleave every RR-interval (4.1 vs. 1.2) and the vessel wall is more clearly delineated.
The improvements in CNR are the result of improved blood signal suppression when using 2ZRR
gating which is more robust to changes in RR-interval. There were also small inaccuracies in the
inversion times used which were more detrimental to the 1RR gated acquisitions; the average RR-
interval was 1135ms which results in an optimal inversion time of 438ms for 1RR gating (400ms
was used) and 663ms for 2RR gating (625ms was used). No cardiac motion artefacts were
observed as a result of acquiring two spiral interleaves during the rest period (196ms in this

subject).
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Figure 3.19: Example images from comparison 3

1 interleave / 1RR
296 cardiac cycles

2 interleaves / 2RR
296 cardiac cycles

d. Slice 1 e. Slice 2 f. Slice 3

Three contiguous slices from a high resolution volume acquired with the 37 interleave spiral
trajectory (in-plane resolution 0.84x0.84mm, FOV 390x390mm, acquisition duration 296 RR-
intervals) using one interleave every RR-interval (1 interleave per trigger, 1RR gating (a) - (c)) and
two interleaves every other RR-interval (2_interleaves per trigger, 2RR gating (d) - (f)). The mean
SNR was greater in the acquisition with one interleave every RR-interval than in the acquisition with
two interleaves every other RR-interval (14.8 vs. 10.0 respectively). In contrast, the mean CNR was
less in the acquisition with one interleave every RR-interval (1.2 vs. 4.1).

Comparison 4: 75 interleaves vs. 37 interleaves - increasing in-plane resolution

The increased SNR that was obtained by increasing the FOV in comparison 1, may be partially
exchanged for increased in-plane resolution. Figures 3.20 shows example images from a
comparison between the 37 spiral interleave trajectory (a - c) used in the previous three
comparisons (in-plane resolution 0.84mm x 0.84mm, FOV 390 x 390mm, acquisition duration
148RR) and an interleaved spiral trajectory with 75 spiral interleaves (in-plane resolution

0.57 x 0.57mm, FOV 390mm, acquisition duration 300RR) (d - f). In both sequences two spiral
interleaves were acquired every RR-interval (1RR gating). The increase in resolution was
accompanied by an associated loss of SNR (4.5 vs. 2.9, a factor of 0.64 less) and CNR (3.6 vs. 2.8, a
factor of 0.78 less). While blood suppression appears to have been effective for both trajectories
and the vessel wall is seen in both images, image quality was poor for the 75 interleave trajectory
as a result of the reduced SNR. This example, and others not shown, suggest that at 1.5T with the
spiral acquisition and receive coils available for this work, the combination of acquiring two spiral
interleaves per RR-interval at 0.57 x 0.57mm in-plane resolution results in insufficient SNR for

reliable coronary artery vessel wall imaging.
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Figure 3.20: Example images from comparison 4

37 interleaeves
148 cardiac cycles

75 interleaves
300 cardiac cycles

“d. Slice 1 e. Slice 2

Three contiguous slices from a high resolution volume acquired with the 37 interleave spiral
trajectory (in-plane resolution 0.84x0.84mm, FOV 390x390mm, 1RR gating, 2 spiral interleaves per
trigger, acquisition duration 148RR - parameters modified between the acquisitions are underlined)
(a - ¢) and from a volume acquired with a higher resolution 75 interleave spiral trajectory
(in-plane resolution 0.57x0.57mm, FOV 390x390mm, 1RR gating, 2 spiral interleaves per trigger,
acquisition duration 300RR) (d - f). The mean SNR was greater in the 37 interleave acquisition at 4.5,
compared to 2.9 in the 75 interleave acquisition. The mean CNR was 3.6 in the 37 interleave
acquisition compared to 2.8 in the 75 interleave acquisition.

Comparison 5: 1RR vs. 2RR gating at 0.57mm in-plane resolution - increasing SNR
and robustness to heart rate variations

The SNR achieved by imaging at an in-plane resolution of 0.57 x 0.57mm in comparison 4 was
insufficient for reliable coronary vessel wall imaging. As discussed in comparison 3, SNR may be
improved by using 2RR gating, which also results in increased robustness to variations in RR-
interval. Figure 3.21 shows example images acquired using the 75 spiral interleave acquisition
described in comparison 4 (in-plane resolution 0.57 x 0.57mm, FOV 390 x 390mm, two spiral
interleaves per cardiac trigger) acquired with 1RR gating (acquisition duration 300RR, (a) - (c))
and with 2RR gating (acquisition duration 600RR, (d) - (f)). As in comparison 3, the dark blood
inversion time was increased from 400ms with 1RR gating to 625ms for 2RR gating to compensate
for the increased recovery of the longitudinal blood magnetisation between sequence repeats. The
use of 2RR gating resulted in the expected 20% increase in SNR over 1RR gating (2RR gating 5.1 vs.
1RR gating 4.1, a factor of 1.24 increase). The CNR was also increased with 2RR gating (from 2.3 to
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3.5). While SNR and vessel wall visibility is improved by using 2RR gating, SNR was not sufficient

for reliable imaging in either case.

Figure 3.21: Example images from comparison 5
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d. Slice 1 e. Slice 2 f. Slice 3

Three contiguous slices from a high resolution volume acquired with the 75 interleave spiral
trajectory (in-plane resolution 0.57x0.57mm, FOV 390x390mm, 2 spiral interleaves per trigger) using
1RR gating (acquisition duration 300RR, (a) - (c)) and 2RR gating (acquisition duration 600RR (d) -
(f)). The mean SNR was greater in the 2RR gated acquisition at 5.1, compared to 4.1 in the 1RR gated
acquisition. The mean CNR was also higher in the 2RR gated acquisition at 3.5, compared to 2.3 in the
1RR gated acquisition.

Comparison 6: 1RR vs. 2ZRR gating at 0.70mm in-plane resolution - Compromising on
image resolution

While imaging at the highest resolution possible is desirable, imaging techniques must be reliable
for the routine assessment of coronary artery vessel wall thickness. Throughout these
comparisons, images acquired at 0.84 x 0.84mm in-plane resolution with 37 spiral interleaves
regularly demonstrated reasonable image quality, while those at 0.57 x 0.57mm with 75 spiral
interleaves did not. In this final comparison, images were acquired with the 75 interleave spiral
trajectory and 2 interleaves per trigger, but with reduced spatial resolution (in-plane resolution
0.70 x 0.70mm, FOV 570 x 570mm). Figure 3.22 shows example images (from the same subject
imaged in figure 3.17 and 3.20, RR-interval duration 1300ms in this example) acquired using this
trajectory with 1RR gating (acquisition duration 300RR, (a) - (c)) and 2RR gating (acquisition
duration 600RR, (d) - (f)). The vessel wall is not clearly delineated from the lumen in the 1RR

gated images and this is reflected in the poor CNR measurements, whereas the vessel wall is clearly
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delineated in the 2RR gated images and the CNR is higher (0.5 in the 1RR gated images vs. 5.9 in
the 2RR gated images). Contrary to theory, the measured SNR of the 1RR gated acquisition was
higher than that of the 2RR gated acquisition (9.4 vs. 7.5), which may be attributed to the poor
blood suppression in the 1RR gated acquisition. This example demonstrates the superior
performance of 2RR gating over 1RR gating for MR coronary vessel wall imaging. It also
demonstrates the image quality available using the 75 interleave spiral trajectory at an in-plane

spatial resolution of 0.7x0.7mm, which is used throughout the rest of this thesis.

Figure 3.22: Example images from comparison 6

1RR gating
300 cardiac cycles

b. Slice 2

2RR gating
600 cardiac cycles

d. Slice 1 e. Slice 2 f. Slice 3

Three contiguous slices from a high resolution volume acquired with the 75 interleave spiral
trajectory and reduced resolution (in-plane resolution 0.70x0.70mm, FOV 570x570mm, 2 spiral
interleaves per trigger) using 1RR gating (acquisition duration 300RR, (a) - (c)) and Z2RR gating

(acquisition duration 600RR (d) - (f)). The mean SNR was greater in the 1RR gated acquisition at 9.4,
compared to 7.5 in the 2RR gated acquisition. The mean CNR was higher in the 2ZRR gated acquisition
at 5.9, compared to 0.5 in the 1RR gated acquisition.

3.d.iii Discussion

The acquisition performed in comparison 6, with the parameters shown in table 3.4, was chosen as
a compromise between imaging resolution, SNR and acquisition efficiency. The loss of SNR caused
by acquiring two spiral interleaves every cardiac trigger (every RR-interval for 1RR gating and
every other RR-interval for 2RR gating) when compared to one spiral interleave every cardiac
trigger could have theoretically been exchanged for a reduction in FOV by a factor of 2 and an
equivalent reduction in the number of spiral interleaves. However, the large 570mm FOV used in
comparison 6 moves the characteristic spiral artefacts away from the anatomy of interest into the

surrounding empty part of the FOV. The high number of spiral interleaves is also thought to have
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an effect similar to that of the averaging-like properties of radial acquisitions (Spuentrup et al,,
2004) - the centre of k-space is sampled repeatedly, resulting in a reduced susceptibility to inter-
interleaf motion. There is, however, an additional complication of these large FOV spiral
acquisitions; in order that the FOV is fully sampled, the spacing between the points on the spiral

readout must fulfil the criteria:

At =% 3.6
YGL

where At is the time between points on the spiral (the dwell time), y is the gyromagnetic ratio (in
rad T-1), G is the gradient strength and L is the size of one edge of the FOV. Therefore, for the peak
gradient strength of 33mT m-! achieved in the high resolution spiral designs, ata FOV of 390mm
(used in the 37 interleave spiral acquisitions at 0.84x0.84mm in-plane resolution) or 570mm (used
in the 75 interleaves spiral acquisition at 0.70x0.70mm in-plane resolution) the maximum dwell
time per point should be 1.8ps or 1.2us respectively. The actual dwell time used in this thesis of
2.5us corresponds to a maximum FOV of 285mm. This inadequate sampling of k-space along the
spiral readout is only present once the gradient strength exceeds 24mT m or 16.5mT m (for
390mm FOV and 570mm FOV respectively). The expected result of this inadequate sampling rate
is high frequency aliasing at the edges of the FOV. Figure 3.23 demonstrates images acquired with
the 37 interleave spiral trajectory described in comparison 1 in section 3.d.ii at a FOV of
390x390mm, both with the standard 2.5us dwell time used elsewhere in this thesis and 1.0us
sampling, which corresponds to a maximum FOV of 712mm. Additional artefact is observed in the
images with 2.5ps dwell time, although it is mainly confined to the edges of the FOV and the effect
is minimal in images with the intensity windowed to a typical range (figure 3.23 (a) and (b)).
However, the reduction in sampling time leads to a proportionate increase in the number of
acquired data points and therefore reconstruction time. For this reason, and because of the
minimally detrimental effect of the artefact, all other spiral imaging in this thesis was performed

with 2.5pus sampling. However, future work should investigate this further.

There are a number of limitations to this work. Firstly, these were head-to-head comparisons
between sequence parameters in example subjects and not full comparisons in sufficient numbers
of subjects to detect significant differences between SNR and CNR values measured. This enabled a
larger number of sequence parameters to be investigated in a relatively short timescale. The
efficacy of the technique after these developments is further assessed with more subjects in
subsequent chapters (see chapter 6 in particular). Secondly, the method of measuring SNR and
CNR was not ideal, but was a rapid and simple method of providing some quantitative comparison
between sequence parameters. Thirdly, acquisitions were assumed to be identical apart from the
modified imaging parameters; changes in heart rate and/or respiratory motion between the
acquisitions were possible but were not compared. Finally, while the acquired resolution was

increased (from 0.90mm to 0.57mm to 0.70mm), insufficient correction for respiratory motion will
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degrade the point spread function and therefore, the effective resolution (Wang et al., 1995b),

which was not evaluated.

The majority of previous MR coronary vessel wall imaging studies have gated acquisitions to every

other cardiac cycle and while several studies have gated every cardiac cycle (Keegan et al., 2007,

Abd-Elmoniem et al,, 2010) the reduced SNR and increased susceptibility to variations in RR-

interval suggest that 2RR gating may be worth the associated factor of two penalty in acquisition

duration. A more complete comparison of 1RR vs. 2RR gating is provided in chapter 6 using in-vivo

coronary vessel wall thickness.

Table 3.4: Imaging parameters used for the basic high resolution acquisition

Parameter Default value
Navigator gating Normal tidal range #+10mm
Cardiac gating 2RR

Dark blood inversion time

Acquisition duration at 100% respiratory efficiency

FOV

Number of spiral interleaves

In-plane resolution

Spiral interleaves acquired per trigger

Flip angle of binomial water excitation pulse

Through plane phase encode steps acquired (reconstructed)*
Slab thickness*

Through plane resolution acquired (reconstructed)*

Spiral readout duration*

Dwell time per point*

Spiral readout points*

625ms
600 RR

570mm

75
0.70x0.70mm
2

45°,90°

8 (16)

24mm
3.0mm (1.5mm)
10ms

2.5us

4096

* - These parameters were not altered from the original implementation described in table 3.2.
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Figure 3.23: The effect of an insufficient sampling rate in the spiral readouts

a. Dwelltime 2 5us b. Dwelltime 1.0pus

c. Dwell time 2.5us d. Dwelltime 1.0us

e. Difference image

Images acquired of a water filled resolution phantom with a 37 interleave spiral trajectory at
390x390mm FOV, corresponding to a maximum dwell time of 1.8us. Images acquired at 2.5us dwell
time (a and c) demonstrate additional artefacts when compared to those acquired with 1us sampling
time (b and d). The additional artefact is more pronounced in the brightened images (c and d). The
artefact is mainly restricted to the outside of the FOV, as highlighted in the difference image (d). The
edges of the phantom also appear in the difference image (d) due to small differences in timings of the
sampling points.

3.e Development of an optimal coronary artery vessel wall imaging

protocol

MR coronary vessel wall imaging is challenging. While the improved MR coronary vessel wall
imaging sequence with B2ZB-RMC described in sections 3.c and 3.d has subsequently demonstrated
reliable imaging of the coronary artery wall (see chapters 6 and 7), the penalty for a poorly
positioned imaging volume or an incorrectly timed acquisition window is a wasted acquisition of
up to 600 RR-intervals. In addition, the retrospective reconstruction of these studies means that an
acquisition is not known to have failed until the subject is out of the scanner and reacquisition is

not possible. Therefore, the need for an efficient and effective imaging protocol is high.
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During the work contributing to this thesis, the following 10 stage protocol (also shown in figure
3.24, which is also available in the supplementary material) was developed, for planning 3D spiral

coronary artery wall acquisitions with B2ZB-RMC:

1. Breath-hold bSSFP localiser images to confirm that the target anatomy was located at the
region of highest By (the main magnetic field) homogeneity at the centre of the magnet.
The subject was repositioned and this step was repeated if necessary.

2. Stack of transverse breath-hold 2D bSSFP images covering the superior part of the liver in
order to localise the dome of the right hemi-diaphragm for navigator gating.

3. Abreath-hold bSSFP cine acquisition (temporal resolution 42ms, reconstructed to 20
frames per RR-interval) is acquired in the vertical long axis. An identical cine acquisition
in the four-chamber view is then planned from the previous one and used to visually
determine the approximate start and duration of the RCA rest period. Subsequent
acquisitions were performed in this subject specific RCA rest period.

4. Whole heart navigator gated 3D bSSFP coronary angiography study using the CLAWS
technique for improved respiratory efficiency. These acquisitions were performed at
1.3 x 1.3 x 3.0mm acquired resolution and used to determine the path of the proximal
coronary arteries.

5. Navigator gated (5mm ARA window) 2D bSSFP coronary angiography studies planned
from the 3D volume acquired in (4). These studies were performed at 1.3 x 1.3 x 5mm
resolution. Typically 3 such acquisitions were performed: an initial acquisition of the
coronary artery in-plane; a second in-plane coronary artery acquisition perpendicular to
and planned from the first; and a cross-sectional acquisition in a straight section of the
artery, perpendicular to both of the previous two acquisitions, used to confirm the
suitability of this plane for subsequent imaging.

6. Abreath-hold bSSFP cine acquisition in the selected cross-sectional imaging plane at
increased temporal resolution (19ms acquired, 64 frames/RR-interval reconstructed,
spatial resolution 1.7 x 1.7 x 7.0mm), in order to obtain a more accurate assessment of the
start and duration of the cardiac rest period for the targeted section of coronary artery.
Subsequent imaging was performed in this rest period.

7. Aseries of breath-hold 2D spiral acquisitions with binomial water selective excitation in
the selected imaging plane were performed with a succession of centre frequency offsets
(typically at intervals of 20Hz). Typically three such acquisitions were performed and
used to accurately determine the optimal centre frequency for the subsequent spiral
acquisitions. While all acquisitions from (4) onwards were performed at a centre
frequency automatically determined from a shim region carefully defined around the
heart, this iterative process was found to be of benefit when acquiring spiral images.
Subsequent acquisitions were performed at this optimised centre frequency.

8. Abreath-hold 2D spiral acquisition (as in 7) with slab selective dark blood preparation and
1RR gating. This acquisition was used to confirm the performance of the dark blood pulse
and, in particular, the location of the user-defined dark blood reinversion pulse which was
positioned based on the 2D in plane bSSFP images acquired in (5) and the high resolution
cine acquisition (6). The reinversion slab was positioned to avoid the in-flowing blood in
the aorta and left ventricle whilst ensuring that the coronary artery in the plane of interest
remained within the reinversion slab throughout the cardiac cycle. Itis also important to
minimise the section of chest wall signal reinverted in order to avoid artefact, as described
in section 3.c.iv.

9. Finally, the full 3D coronary artery vessel wall imaging study with B2B-RMC acquisition
was performed.
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Figure 3.24: The optimised protocol for RCA vessel wall imaging with BZB-RMC
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An optimised imaging protocol for planning the B2B-RMC 3D spiral acquisition for cross-sectional
coronary artery vessel wall imaging was developed. Key planning stages include: the second breath
hold bSSFP cine acquisition (step 6) which is used to obtain a more accurate assessment of the
coronary rest period in chosen imaging plane; the multiple breath-hold 2D spiral acquisitions (step 7)
used as a centre frequency scout; and the breath hold 2D spiral acquisition with dark blood
preparation in order to check the positioning of the slab selective reinversion pulse. This figure is also
available electronically in the supplementary material.
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3.f The modified B2ZB-RMC sequence

Following the work in this chapter the original sequence shown in figure 3.1 was modified. This
modified sequence is shown in figure 3.25 and the parameters are given in table 3.1 and 3.4. The
modified sequence was used for all acquisitions in the remainder of this thesis, except where
stated. Acquisitions are typically gated to exclude data acquired at extreme respiratory positions
(>+10mm outside the tidal range) (3.c.iii). Low resolution acquisitions are performed at

4.8 x 4.8mm in-plane resolution using 15ms spiral readouts with 6/8ths through plane partial
Fourier (3.c.i). High resolution acquisitions were performed with 75 spiral interleaves over a FOV
0of 570 x 570mm with 0.7 x 0.7mm in-plane resolution and two spiral interleaves per cardiac
trigger (3.d.ii). Dark blood coronary artery vessel wall acquisitions were typically gated to every

other R-wave. Images were reconstructed and processed using the tools described in section 3.b.ii.

Figure 3.25: The modified B2B-RMC imaging sequence (imaging section only)
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The imaging sequence shown in figure 3.1 was modified to incorporate the longer low resolution
spirals (15ms vs. 10ms), the through-plane partial Fourier encoding, the increased high resolution
spiral resolution and FOV, and the acquisition of two high resolution spiral interleaves per trigger.
The associated imaging parameters are described in table 3.1 (low resolution) and 3.4 (high
resolution).



154



155

4. An accurate and reproducible respiratory

motion phantom for coronary artery imaging

4.a Motivation

An accurate and reproducible respiratory motion phantom enables validation of motion detection
and correction algorithms in a controlled environment. It also allows assessment and comparison
of new developments applied to the B2ZB-RMC technique without the added variability and
restrictions on acquisition durations that apply when using human subjects. Such a phantom must
be capable of following physiological respiratory traces and other user-defined motion profiles
accurately over long durations. The complete system consists of a controlled motor, a rotary to
linear motion converter and an object to be imaged (a test object). In this chapter, a complete
description of the design and construction of this system is detaile. Subsequently, a series of tests
performed with the phantom are presented including validation of the phantom itselfand an

assessment of the performance of B2B-RMC in various situations is described.
4.b Design and construction

A schematic of the phantom design is presented in figure 4.1 and photographs of the completed
phantom are shown in figure 4.2. A stepper motor turns a lead screw which drives a carriage
mounted on a rail. In turn the carriage pushes a trolley carrying the test object within the magnet
bore. Long drive rods connect the carriage outside the scanner to the trolley within the bore. A

discussion of the reasons behind this design is presented here.

A servo motor which is controlled by feedback from a position encoder would be a suitable but
costly drive system. Basic stepper motor systems create excessive vibration due to the large
rotational step sizes (typically 0.9°) used. Modern microstepping controllers, however, divide each
step into a large number of sub-steps, typically 256 (0.004°), enabling smoother motion. Provided
they are not used at excessive torque or speed, stepper motors may be used in open loop systems
(i.e. without feedback), hence simplifying the design and reducing cost. A SmartDrive Taranis
(SmartDrive, Huntingdon, Cambs. UK) microstepping motor was used in this work for its relatively

low cost and versatile programming structure.
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To convert the rotational motion into linear motion, a lead screw was chosen over a rack and
pinion system as the latter would require an additional gearbox which would be more complex and
may introduce backlash. Lead screws require mechanical support and introduce more inertia into

the system, but are available relatively inexpensively.

To prevent damage to the system through inadvertent extreme motion, a slotted optical switch was
mounted next to the carriage slide and an indicator mounted on the carriage (not shown in figure
4.1). When the carriage is within the normal range of motion the optical beam is broken. The
output from the switch is used to stop the carriage moving outside of a safe pre-set range of motion

and to set the initial position.

Figure 4.1: A schematic of the basic phantom design

Lead screw

Bearing carriage on rails

Trolley board with
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Coronary artery
phantom

The phantom is driven by a stepper motor which is controlled by a microstepping controller
(Smartdrive Taranis) linked to a PC. Rotational motion of the motor is converted into linear motion
using a lead screw and a small carriage on rails. Drive rods transfer the linear motion to a trolley
holding the test object at the magnet’s isocentre. The drive rods are long in order to maintain an
adequate distance between the ferromagnetic drive components and the magnet.
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Figure 4.2: The completed respiratory motion phantom
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The completed phantom set up outside the bore of the magnet (upper) with close ups of: the trolley
and basic test objects (left); the drive part of the phantom (right).

The majority of the phantom was constructed from Tufnol, alaminated plastic material which is
strong and non-magnetic, but several intricate parts were manufactured in Nylon as it is less
brittle. The drive parts were mounted on a sheet of Tufnol. A universal joint was used to couple
the motor shaft to the lead screw which was used to drive a ball bearing carriage slide. A pair of
Tufnol drive rods were attached to the carriage and brackets were manufactured to maintain
constant rod spacing, therefore preventing lateral motion. The drive rods were connected to a
trolley sitting in parallel tracks cut into a Tufnol sheet. The rods were of sufficient length to keep
the ferromagnetic drive parts out of the magnetic field when the trolley is at the isocentre of the

magnet.

Initially, high levels of coherent interference artefacts were observed in the MR images when the
phantom was positioned in the scanner with current in the motor windings. This artefact was
minimised by earthing the shielding of the phantom’s drive and control cables by connecting it to
the RF cage of the scanner and by using a small 4 element phased array carotid receive coil placed

immediately over the test objects.
4.c Software development

The Taranis microstepping motor controller was programmed via a PC through an RS232 serial
port connection using a programming language similar to BASIC. Code was developed to enable
the phantom to follow a series of displacements recorded at equal sampling intervals. The code
firstly sets the initial phantom position using the optical switch mechanism. It then takes the

desired displacements recorded at equal time intervals, which are stored within the program, and
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calculates the equivalent velocities. When running, the code updates the velocity at regular time
intervals and compares the current displacement to the required displacement at the end of each
time interval. Any errors in the displacement are used to update the immediately subsequent

velocity accordingly.

The software was written to use displacements recorded at 250ms sampling intervals stored in the
controller memory and to use on-the-fly linear interpolation by a factor of 2 and smoothing of the
last 6 points using a moving average. At this sampling interval, respiratory traces of around 5min
in duration could be stored within the controller. This combination of interpolation and smoothing
factors results in smooth motion, which accurately follows the input trace, and may include

variations in breathing pattern or respiratory drift.
4.d Construction of realistic test objects

4.d.i Introduction

In order to obtain meaningful results from the respiratory motion phantom, realistic coronary
artery and coronary artery wall test objects are required. Such test objects must resemble the
anatomy of the RCA and AV groove and be of realistic dimensions in order to demonstrate the loss
of image quality due to respiratory motion and to assess the performance of the motion correction
technique. Typical coronary artery phantoms previously used in assessing the performance of
navigator based techniques (Polzin et al.,, 1996, Jhooti et al., 1999, Jhooti et al., 2000, Gatehouse et
al, 2001, Spuentrup et al., 2002b) consist of curved water filled tubes without the additional
surrounding detail that was required in this work. In the only published study describing a
coronary vessel wall phantom (Schar et al., 2003), layers of tissue paper soaked in oil or jelly
separated by fine adhesive tape, simulating a diseased coronary artery wall (wall thickness 2mm)
were wrapped around a hollow plastic tube (diameter 3mm). In this work however, the aim was to

replicate a healthy coronary vessel wall and a single layer construction was therefore used.

Spiral acquisitions are particularly prone to artefact related to changes in local magnetic
susceptibility, as caused by tissue-air interfaces for example (Delattre et al., 2010). Such
susceptibility changes result in a modification of the local resonant frequency and, therefore cause
blurring of the image. These local changes in magnetic field also reduce local T2* values causing
signal loss and blurring due to rapid decay of the signal. As aresult, the test objects described here

were designed to avoid tissue-air interfaces.

4.d.ii Construction materials

Test objects were primarily constructed from jelly (Hartley’s strawberry jelly, The Premier Foods
Group, Spalding, UK), lard (Fresh Fields Lard, Matthews Food plc, Ossett, UK) and paraffin wax
(Household Candles, Price’s Patent Candles Limited, Bedford, UK). Jelly has a high water content
and was used with no added water for longevity and stiffness. Lard is made from pure (99.8%) fat,

typically extracted from pigs and is solid at room temperature. Paraffin wax is easily moulded or
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cast, generates no MR signal and has a magnetic susceptibility similar to that of water (Shmueli et

al, 2007).

4.d.iii The coronary artery test object

Figure 4.3 shows the final design of the coronary artery test object. A plastic straw (~3mm
diameter) was curved by heating and bending it. The straw was filled with water, plugged at both
ends and placed in a V-shaped groove within a wax block. The groove was filled with lard to
represent the epicardial fat in the AV groove. A navigator passing through a jelly cylinder on top of
the test object was used to monitor the motion. While the straw could have been filled with jelly,
the signal from water is higher and the straw’s narrow diameter meant that flow within the straw

during phantom motion was unlikely.

Figure 4.3: A schematic of the coronary artery test object
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A curved water filled plastic straw of 3mm diameter is placed inside a V-shaped groove in a wax block.
The groove is filled with lard to represent epicardial fat. The motion of the test object is monitored
with a navigator located on a jelly cylinder positioned parallel to the motion of the phantom.

Upon imaging the finished test object, a number of small air bubbles were found inside the straw.

While unintentional, it was decided that this additional spatial detail was beneficial for assessing

the performance of respiratory motion correction and the bubbles were, therefore, leftin.

4.d.iv The coronary vessel wall test object

Initial test objects were constructed using hollow straws surrounded by jelly soaked paper towels
within small mounds of fat surrounded by air. While, as shown in figure 4.4, bSSFP imaging
demonstrated a vessel wall like appearance (a), the sensitivity of spiral imaging to susceptibility

differences caused by air-jelly interfaces resulted in non-visualisation of the vessel wall (b).
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Figure 4.4: The effect of air-tissue boundaries in spiral images

a. bSSFP image b. Spiral image

An initial attempt at constructing a coronary artery wall test object consisting of a hollow straw
wrapped in jelly soaked paper towels and surrounded by a fat mound. While the vessel wall (red
arrow) was visible in the bSSFP images (a), the air-tissue susceptibility differences resulted in severe
artefact in the spiral images (b).

The effect of the susceptibility differences at air-tissue interfaces is further highlighted in figure 4.5,
which shows a schematic diagram (a) and a 2D coronal spiral image with water selective excitation
(b) of another preliminary test object. The test object consisted of a block of fat containing
cylinders filled with water, air and wax oriented perpendicular to the imaging plane. The air filled
cylinder creates large susceptibility artefacts, while the paraffin wax results in the expected signal
void with no artefact. Small pockets of water are trapped between the wax cylinder and the fat,
resulting in a bright annulus around part of it (magenta arrow). Fat suppression is poor at the top

and bottom of the phantom, also a result of the sharp change in susceptibility at this interface.

Figure 4.5: The susceptibility artefact caused by air vs. wax
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A schematic diagram (a) and a spiral image (0.7 x 0.7 x 3mm resolution) (b) with water selective
excitation of a preliminary test object made from block of lard (~130 x 130mm) containing water,
wax and air filled plastic cylinders. Large susceptibility artefacts are observed around the air filled
cylinder whereas there are none around the wax or water. There is some signal around the wax
cylinder caused by a small amount of water trapped between the wax and lard (magenta arrow).

A schematic of the chosen design of coronary vessel wall test object is shown in figure 4.6. A
straight plastic straw of diameter ~3mm was filled with paraffin wax and inserted into a larger

straight plastic straw of diameter ~5mm. The space between the two concentric straws was filled
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with jelly, resulting in a cylindrical layer of jelly of thickness ~1mm representing the vessel wall.
The straws were placed inside a V-shaped groove in a wax block which was filled with lard. Layers
of fat and jelly were placed on top of the wax block to simulate the overlying anatomy (epicardial
fat, chest wall muscle, chest wall fat, chest wall skin). As for the coronary artery test object, a jelly
cylinder was placed on top of this test object for monitoring phantom motion with a navigator. The
paraffin wax inside the straw and surrounding the fat eliminated the tissue-air interfaces which

were in close proximity to the straw.

Figure 4.6: The design of the coronary artery wall test object
Jelly cylinder
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The coronary artery wall test object was constructed from two straight concentric straws ~3mm and
~5mm in diameter. The inner straw was filled with wax and the space between the straws with jelly.
The straws were placed in a V-shaped groove in a wax block, filled with lard. Layers of fat and jelly
were placed on top of the test object to simulate fat and muscle in the overlying chest wall.

4.d.v Additional complications

Figure 4.7 shows cross-sectional spiral images with water selective excitation acquired of a
phantom similar to that depicted in figure 4.6. The image acquired with the vessel parallel to By (a)
clearly depicts the full vessel wall, whereas the image acquired with the vessel perpendicular to By
(b) is poor quality in the region of the vessel due to susceptibility related By inhomogeneity, despite
the use of the wax block. However, with careful angulation of the test object, high quality images
can be obtained (c) whilst enabling components of both in and though-plane motion. The same

restriction applied to the orientation of the coronary artery test object.
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Figure 4.7: Spiral images of a coronary artery vessel wall test object in three orientations

a. Transverse b. Sagittal c. Angled

Cross-sectional spiral images of a coronary artery vessel wall test object with the vessel orientated
parallel to By (a), perpendicular to By (b) and at an angle of 30° in the left-right plane and 18° in the
superior-inferior plane with respect to By (c).

As discussed in section 1.a.i, epicardial fat is liquid at body temperature, whilst the lard used here is
solid. Figure 4.8 shows spiral images of a coronary vessel wall test object constructed from jelly,
lard and wax with a cuboid shaped container placed to the side of the test object filled with liquid
vegetable oil. While the oil is well suppressed in figure 4.8.a, there is still considerable signal from
parts of the lard. Figure 4.8.b shows the same image acquired with the timing between the three
pulses of the binomial excitation adjusted to suppress frequencies 265Hz off-resonance (rather
than the standard 215Hz); as a result, the signal from the lard is well suppressed while there is
considerable signal from the oil. The use of lard as a substitute for epicardial fat is convenient as it
is solid and malleable. However, as demonstrated here, it does require additional tuning of the

binomial excitation pulses.

Figure 4.8: The frequency offset of lard and of oil
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a. Frequency difference 215Hz b. Frequency difference 265Hz

Transverse images of a coronary artery wall test object made from lard and jelly with a rectangular
bottle of oil placed to one side (yellow arrow). Acquisitions were performed with a binomial water
excitation pulse and 2D spiral readouts. Using a standard binomial pulse tuned to null signal 215Hz
from resonance (a) results in some residual signal from the lard (magenta arrow) and minimal signal
from the oil. Using a modified binomial pulse tuned to null signal 265Hz from resonance (b) results in
minimal signal from the lard but increased signal from the oil.

4.e Validation tests

4.e.i Introduction

Initial experiments were designed to validate the accuracy of the motion of the phantom in
response to a sinusoidal input trace and then to check that B2B-RMC was able to accurately track

the motion of simple objects. Subsequently, tests were performed to validate the performance of
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B2B-RMC in tracking and correcting for various physiological respiratory traces in MR coronary
angiography type acquisitions using the coronary artery test object described in section 4.c. More
advanced tests used the coronary artery vessel wall phantom in combination with a series of
sinusoidal and physiological respiratory traces to assess the performance of B2B-RMC in cross-
sectional coronary artery vessel wall imaging. Finally, the results obtained with the coronary
vessel wall test object were used to determine the effects of varying spatial resolution and noise

within the low resolution images on the corrected high resolution image quality.

For each set of tests the phantom was positioned in the scanner so that motion was about the
magnet isocentre, parallel to By, except where stated. A 4-channel carotid imaging receive coil was
placed directly on the test object, therefore moving rigidly with the phantom and avoiding changes
in coil sensitivity with motion. The B2B-RMC imaging sequence was as described in chapter 3 (but
without dark blood preparation), triggered every 1000ms using a simulated ECG signal which was
unsynchronised with the phantom motion. The component of phantom motion in the direction of
By was monitored using a navigator positioned on the flat face of a jelly cylinder perpendicular to

Bowith an acquired resolution of 1mm except where stated.

4.e.ii Validating motion of the phantom

4.e.ii.1 Methods

In order to determine the accuracy of the phantom motion in the scanner, it was programmed to
follow a sinusoidal trace with peak to peak amplitude (App) 12mm and period (T) 6s. The motion of
the phantom was monitored while following the sinusoid trace using a repeated navigator located
on a flat face of a jelly cylinder (TR=100ms). Displacement information was obtained using an
interpolated least squares fit algorithm applied to the navigator data which was acquired with an

increased resolution of 0.5mm.
4.e.ii.2 Results

Figure 4.9 plots the navigator derived displacement of the phantom and the input trace. The
measured motion and the input waveform become out of phase with time. Measurements of the
accuracy of the controller timing demonstrated an error of 0.8%. The manufacturer of the
controller confirmed that an error of this size is possible from the oscillator within the controller,
but that the stability is good at constant temperature. The expected displacements were
compensated for the timing error (also shown in figure 4.9), which resulted in a root mean square

(RMS) error between the measured navigator trace and actual driving trace of 0.12mm.
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Figure 4.9: Validation of phantom motion using a navigator
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The phantom displacement obtained from a navigator is plotted with time, as is the driving trace for a
sinusoidal input (Ap,=12mm, T=5s). The expected driving waveform falls out of phase with the
navigator trace quickly, but correction for a small timing error in the phantom controller (see Actual
driving waveform) results in good agreement.

4.e.ii.3 Discussion

The motion of the phantom was compared to the input trace by measuring the phantom
displacement using a navigator. Once a small error in the timing circuits (<1%) of the controller is
accounted for, the phantom motion accurately follows input traces of the amplitudes and periods
used in this thesis. As the magnitude of this timing error was extremely small it was disregarded in
further studies, the success of which did not rely on exact timing of the motion. The RMS error
between the navigator derived displacement and the timing corrected input trace was 0.12mm for
a sinusoid with A,p=12mm, T=5s. The small mismatch between the corrected input and the
measured motion is the combination of actual errors in the motion of the phantom and errors in
the navigator measurement of displacement. Errorsin the true motion of the phantom are caused
by inertia of the lead screw and approximations made in the software used to control the phantom.
Errors in the measurement of the displacement are caused by noise and the limited precision of the
navigator data. The reduced FOV, which was required for the increased navigator resolution
(0.5mm compared to the normally acquired resolution of 1mm), and the short TR of the navigator
acquisitions resulted in particularly noisy acquisitions, therefore inflating the RMS error values. In
conclusion, the phantom follows the input trace accurately and the RMS error on the phantom

displacements is ~0.1mm.
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4.e.iii Accuracy of NSPCC

4.e.iii.1 Methods

Tests were performed to validate the NSPCC algorithm used in tracking respiratory motion. The
phantom was programmed to follow a sinusoid with App=12mm and T=6s. A basic fat based test
object (see figure 4.10) was placed on the trolley of the phantom and imaged using the B2B-RMC
technique with the imaging plane orientated perpendicular to the motion (transverse plane) and
then parallel to the motion (sagittal plane). The displacements in the direction of motion obtained

using B2B-RMC were compared to those measured with the navigator.

Figure 4.10: A preliminary phantom used in the tests of NSPCC performance
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a. Coronal image b. Transverse image

Coronal (a) and transverse (b) 2D bSSFP images of a basic cylindrical test object constructed from
lard, jelly and wooden rods.

4.e.iii.2 Results

A movie of one low resolution fat slice of the test object in figure 4.10 moving in-plane sinusoidally
is shown in S.11 before and in S.12 after B2B-RMC. The equivalent visualisation of the NSPCC, as
discussed in section 3.c.ii is shown in movie S.13. Figure 4.11 and 4.12 plot the B2B-RMC
displacements with navigator displacement for in-plane and through-plane motion respectively. In
both cases, the slope of the linear fit is close to unity in the expected directions (1.07 in x for in-
plane motion, 0.94 in z for through-plane motion) and the R2 values approach 1 (0.99 in x for in-
plane motion, 0.96 in z for through-plane motion). In the directions perpendicular to the motion, a
maximum error of 0.6mm in displacement is detected in figure 4.11 and 0.9mm in figure 4.12 (over

a total displacement range of 12mm).
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Figure 4.11: The performance of the NSPCC for in-plane motion
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The phantom displacements in-plane (x (a) and y (b)) and through-plane (z (c)) obtained from the
B2B-RMC data are plotted against navigator displacement while the phantom follows a sinusoid with
App=12mm and T=6s. The navigator trace is shown in (d). The corresponding 2D histograms are
shown in (e), (f) and (g) for the plots shown in (a), (b) and (c) respectively. As expected, there is a one
to one relationship between displacement in the x direction and that from the navigator, while very
little displacement is observed in either of the other directions. Inspiratory points (where the
differential of the navigator with time is negative) are plotted as crosses, expiratory points (where the
differential is positive) are plotted as dots and stationary points are plotted as empty circles. Mild
hysteresis is observed in the in-plane (x) direction due to the 28ms time interval between the low
resolution data acquisition and the navigator

4.e.iii.3 Discussion

The phantom was used to demonstrate that when motion is of a typical amplitude and period for
respiratory motion (A,p=12mm, T=6s) the displacements obtained using B2ZB-RMC closely match
those obtained with a navigator (R2=0.99, slope=1.07 for in-plane motion (x) and R2=0.96,
slope=0.94 for through-plane (z) motion). The 7% and 6% errors in the slope for the in- and
through-plane motion respectively correspond to <1mm over the 12mm amplitude of the
sinusoidal trace. These errors may partly be the result of the limited resolution and accuracy of the
navigator (acquired resolution 1mm). For the through-plane motion (figure 4.12.c), a greater
spread of points is observed around the linear fit, partly due to the larger size of the pixels in the

low resolution volumes in this direction (1.5mm reconstructed pixels through-plane compared to
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0.5 x 0.5mm reconstructed pixels in-plane). There is a degree of hysteresis between the through-
plane B2B-RMC displacements and the navigator (figure 4.12.c), observed as a loop like trend in
the data, which is a result of motion between the low resolution data acquisition and the
corresponding navigator. This effect is exaggerated in the through-plane direction due to the
larger reconstructed pixel size in this direction, but is also present for the in-plane motion (figure
4.11.a). The search ROI appears to have been defined slightly too small in the through-plane
direction in figure 4.12, resulting in a grouping of B2B-RMC displacements at the upper boundary.
A further consequence of this is that several corresponding displacements have been incorrectly
detected by the NSPCC in the in-plane (x) direction (figure 4.12.a and e), highlighting the need to

define an adequate search ROI in all three dimensions.

Figure 4.12: The performance of the NSPCC for through-plane motion
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The phantom displacements in-plane (x (a) and y (b)) and through-plane (z (c)) obtained from the
B2B-RMC data are plotted against navigator displacement while the phantom follows a sinusoid with
App=12mm and T=6s. The navigator trace is shown in (d). The corresponding 2D histograms are
shown in (e), (f) and (g) for the plots shown in (a), (b) and (c) respectively. As expected, there is a one
to one relationship between displacement in the z direction and displacement obtained from the
navigator, while very little displacement is observed in either of the other directions. Inspiratory
points (where the differential of the navigator with time is negative) are plotted as crosses, expiratory
points (where the differential is positive) are plotted as dots and stationary points are plotted as
empty circles. Mild hysteresis is observed in the through-plane direction (z) due to the time between
the low resolution data acquisition and the navigator.
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4.e.iv The performance of B2B-RMC for MR coronary angiography

The work presented in this section originally formed part of Scott et al. (2011a).
4.e.iv.1 Methods

A series of tests were performed in order to assess the performance of B2B-RMC compared to
navigator gating in MR coronary angiography. The coronary artery test object described in section
4.c and figure 4.3 was placed on the trolley and imaged in a plane showing the length of the vessel
(in-plane imaging). The test object was orientated so that motion of the phantom parallel to By
produced components of motion in both the in- and through-plane directions. After localisation of
the test object, images were acquired using the 3D spiral sequence described in chapter 3 while the
phantom was stationary and while following respiratory traces obtained from six healthy subjects

using a repeated navigator (TR=250ms), as shown in figure 4.13.

Acquisitions were performed both ungated and gated to a 5mm window around the end-expiratory
position using a navigator positioned on a jelly cylinder placed on top of the test object. Apart from
the use of navigator gating, acquisitions were identical. The ungated images were corrected using
B2B-RMC as described in chapter 3. Ungated, B2B-RMC and navigator gated images were
reconstructed and parallel plane maximum intensity projection (MIP) images calculated for each
dataset using the tool described in section 3.b.ii.3. Average vessel diameter and average vessel
edge sharpness in a 10mm bubble free section of the vessel was measured in the ungated, B2B-
RMC and navigator gated MIP images. Vessel diameter was defined as the full width half maximum
(FWHM) of intensity profiles drawn perpendicular to the vessel and vessel edge sharpness was
defined as the inverse of the distance from 20% to 80% of the maximum intensity averaged over
both vessel edges (Shea et al,, 2001, Li et al., 2001). Values were compared using repeated

measures ANOVA and paired t-tests with Bonferroni correction for multiple comparisons.
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Figure 4.13: The physiological respiratory traces used in the respiratory motion phantom tests with the coronary artery and coronary artery vessel wall
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Respiratory traces obtained from healthy subjects with a repeated diaphragm navigator (TR=250ms). Note that the large amplitude of trace 6 (f) means that the scale
on the y-axis is different from the previous plots (a - e).
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4.e.iv.2 Results

Figure 4.14 shows the MIP images obtained for the stationary acquisition (a) and for each of the six
physiological respiratory traces (b - r) shown in figure 4.13. For each physiological respiratory trace, the
corresponding MIP image is shown for the uncorrected acquisition (b, e, h, k, n and q), the acquisition
corrected using B2B-RMC (¢, f, i, ], 0 and r) and the acquisition gated to a 5mm window using a navigator
(d, g h, m and p). The gated acquisition failed for respiratory trace 6 (see figure 4.13.f) due to the
unusually large tidal range of respiratory motion in this subject which resulted in a very long navigator
trace which could not be written to file due to restrictions within the sequence code. The mean
respiratory efficiency for the remaining navigator gated acquisitions was 53+8% (range 47 - 66%). Some
residual fat signal is observed in the MIP images, but this does not affect the appearance of the vessel.
There is residual blurring of the vessel present in the navigator gated images while blurring is minimal in
those corrected with B2B-RMC. The corresponding vessel sharpness and diameter for each of the images
is shown in figure 4.14 and presented in table 4.1. The extremely poor quality of the images
reconstructed without correction for respiratory trace 6 meant that diameter and sharpness could not be
measured in this case. For the stationary acquisition the vessel diameter was 2.60mm and the sharpness
was 1.35mm-1. The average vessel diameter was greater for the uncorrected images (3.06+0.52mm) than
for the B2B-RMC images (2.60+0.02mm) or for the gated images (2.74+0.12mm), although the difference
is not significant. The average vessel sharpness was significantly greater in the B2B-RMC images
(1.01+£0.02mm1) than in the gated images (0.86+0.08mm-1, p<0.05) or the uncorrected images
(0.71£0.10mm, p<0.01).

4.e.iv.3 Discussion

B2B-RMC was effective in correcting a range of physiological respiratory traces and performed better
than navigator gating with a 5mm window when compared using average vessel diameter and sharpness.
Even in the case of extreme respiratory motion (trace 6, figure 4.14.r), the B2B-RMC technique performed
well with 100% respiratory efficiency. In this instance, the respiratory efficiency using navigator gating

was so low (13%) that the acquisition failed.

Vessel diameter measurements obtained from the B2B-RMC images were very similar to those obtained
from the equivalent stationary images (2.60+0.02mm B2B-RMC vs. 2.60mm stationary). The under
estimation of the vessel diameter obtained in these experiments (2.60mm in the stationary phantom
compared to the 3.0mm actual diameter) is a result of using the FWHM of a 2D projection of a 3D image of

a cylindrical object and demonstrates a limitation of this method of measurement.

Average vessel sharpness was significantly better using B2B-RMC than when images were navigator
gated. However, vessel sharpness was greater in the stationary images than in the B2B-RMC images
(1.35mm 1 vs. 1.01+0.02mm-1). This is due to a number of factors including: motion during the
acquisition of the high resolution data; the limited precision of B2B-RMC displacements obtained from
NSPCC; motion during the acquisition of the low resolution data; and the limited resolution and SNR of

the low resolution data (see section 4.e.vi and 4.e.vii).
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The coronary artery test object designed specifically for these tests performed well. B2ZB-RMC was able to
track the fat surrounding the vessel and adequate suppression of fat signal was achieved in order to
clearly visualise the vessel. While air bubbles were inadvertently introduced into the water within the
straw (the vessel), they were found to add useful detail and any signal loss due to susceptibility artefacts

was localised to the very immediate surroundings.

In this comparison, the phantom followed the respiratory traces obtained from the diaphragms of healthy
subjects and there was no compensation for the difference between the motion of the diaphragm and that
of the coronary arteries. This suggests that in-vivo, the respiratory motion to be corrected would be less
(for both navigator gating and B2B-RMC). While typical factors of 0.6 are often used to relate respiratory
motion of the diaphragm to that of the proximal coronary arteries for many in-vivo studies (Wang et al.,
1995¢, Oshinski et al., 1998, Botnar et al., 2000a, Bornert et al., 2001a, Stuber et al., 2001, Weber et al.,
2003), factors vary widely between subjects and along the length of the vessel.

Table 4.1: Results of the phantom tests using the coronary artery test object

Sharpness Diameter

Trace Mean Mean Uncorrected B2B- Nav- Uncorrected B2B- Nav-
Amplitude Period (mm1) RMC Gated (mm) RMC Gated
(mm) (s) (mm?) (mm) (mm)  (mm)
1 15 6 0.69 1.01 096 2.84 2.64 2.60
2 17 5 0.75 1.02 0.79 2.64 2.58 2.73
3 14 5 0.86 1.02 0.91 2.72 2.59 2.76
4 9 3 0.60 0.97 0.76 391 2.60 2.94
5 8 3 0.63 1.02 0.88 3.20 2.60 2.68

6 36 11 * 0.86 T * 2.70 T
Mean 17 6 0.71 1.01¥ 0.86 3.06 2.60 2.74
(SD) (0.10) (0.02) (0.08) (0.52) (0.02) (0.12)

Sharpness and diameter measurements in the coronary artery test object acquired while following
respiratory traces obtained from six healthy subjects. For reference, the measured vessel sharpness in the
stationary phantom was 1.35mm ! and the measured vessel diameter was 2.60mm.

* not measurable

1 acquisition failed

¥ p<0.01 compared to uncorrected and p<0.05 compared to navigator gated
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Figure 4.14: Results of the phantom tests comparing navigator gating and B2B-RMC in a coronary
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Parallel plane MIP images of a coronary artery test object acquired while the phantom was stationary (a)
and while following 6 respiratory traces obtained from healthy subjects (b - r) as shown in figure 4.13.
Images were reconstructed uncorrected and ungated (left column), corrected using B2B-RMC (central
column) and gated to a 5mm window around end-expiration. For each image the diameter (in mm) and
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4.e.v The performance of B2B-RMC for coronary artery vessel wall imaging

4.e.v.1 Methods

A series of tests were performed to assess the performance of B2B-RMC in MR coronary vessel wall
imaging. The phantom was orientated (see figure 4.15) at the greatest angle permitted by the geometry
of the scanner whilst positioning the test object at the magnet isocenter (~20°), by rotating the drive end
of the phantom in the coronal plane. The test object was then rotated, as shown in figure 4.15, in order to
produce the largest component of phantom motion in-plane for cross-sectional imaging. Very large
displacements in the through-plane direction were avoided as they could result in the desired section of
the test object moving out of the imaging volume and can be difficult to correct when the test objectis a
similar cross-sectional shape along its length. This setup also minimised the rotation of the test object
with respect to By (~25°), thus minimising the susceptibility artefacts generated when the vessel is not
parallel to By (see section 4.e and figure 4.6). The imaging plane was aligned to produce cross-sectional
images of the vessel wall test object. Images were acquired while the phantom was stationary and while
following four sinusoidal traces and the six physiological respiratory traces shown in figure 4.13. The
sinusoidal traces had peak to peak amplitudes (A;p) and periods (T) as follows:

App=15mm, T=5s

App=15mm, T=3s

App=25mm, T=5s
App=25mm, T=3s.

W e

While the physiological respiratory traces are examples of actual free-breathing diaphragm motion, the
sinusoids have constant period and amplitude, therefore allowing separate assessment of the effects of
these parameters on the final image quality. Images were reconstructed from the data acquired during
sinusoidal motion both uncorrected and corrected using B2B-RMC, whereas the data acquired with
physiological respiratory traces were reconstructed uncorrected, corrected using B2B-RMC and from
data gated to a 5mm window around end expiration using a navigator. Apart from navigator gating, the
sequence was identical for all acquisitions. Due to a limitation of the scanner software the readout
direction for the navigator is fixed in the direction of By (SIin-vivo). As the phantom was orientated at an
angle to By, the navigator measured the component of motion in the direction of By and not the full
magnitude of the motion. Therefore, the navigator gating window of 5mm corresponded to 5.3mm of

phantom motion at the typical phantom angle of 20°.

A single representative slice of each high resolution acquisition was selected for analysis and horizontal
intensity profiles were drawn through the right hand edge of the vessel wall (at the 3 o’clock position) to
qualitatively compare the efficacy of the respiratory motion correction. The FWHM of the profiles was

also calculated as a quantitative indicator of performance.
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Figure 4.15: The phantom setup used in the coronary artery wall imaging tests
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For the coronary artery wall phantom tests, the test object was located at the magnet isocenter and the
phantom was rotated in the coronal plane as far as the geometry of the bore will allow (~20°). The test
object was rotated in the opposite direction to create the largest component of motion in the imaging plane,
whilst minimizing the angle between the phantom and By (~25°). There was also a component of the
rotation of the test object out of the coronal plane.

4.e.v.2 Results
Sinusoidal respiratory Traces

Figure 4.16 shows four consecutive slices of images obtained of the coronary vessel wall test object while
stationary (a, e, i and m) and while following a sinusoid with A,;=15mm and T=5s. In addition, navigator
corrected images were reconstructed from the ungated data by using the navigator displacements and the
imaging plane orientation to calculate the corresponding 3D displacement. The images corrected with
B2B-RMC (c, g k and o) and the FWHM of the corresponding intensity profiles (mean
FWHM=1.44+0.03mm) were substantially improved over the uncorrected images (b, f,j and n) (mean
FWHM=2.24+1.10mm) and also improved over the images corrected using the navigator information (d,
h,l and p) (mean FWHM=1.60+0.02mm). The stationary images and the corresponding FWHM values
were, however, best (mean FWHM=1.18+0.05mm). The corresponding displacements obtained from
B2B-RMC are plotted in figure 4.17. Excellent RZ values were obtained when linearly fitting B2B-RMC to
navigator displacements in all directions (0.98, 0.89 and 0.92 in in-plane X, in-plane y and through-plane z
respectively). From the orientation of the imaging plane and the direction of the phantom motion, the
expected slopes of the linear fit were 0.97, 0.02 and 0.43 in in-plane (x), in-plane (y) and through-plane
(z) respectively, which compare well to the observed slopes 0f 0.91, 0.04 and 0.31. Figure 4.18 shows the
equivalent plots of the B2B-RMC results obtained when the phantom was programmed to follow a

sinusoid with Ap,=25mm and T=5s. Once again, excellent R? values were obtained in all directions (0.89,
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0.93 and 0.93 in in-plane (x), in-plane (y) and through-plane (z) respectively) and the slopes of the linear
fits (0.89, 0.02 and 0.28) remained similar to the expected values. However at the extremes of motion the
linear relationship between the B2B-RMC displacement in the through-plane direction and the navigator
broke down, resulting in a sigmoid like curve. Figure 4.19 plots the respiratory displacements obtained
from B2B-RMC for the sinusoid with Ap,p=15mm and T=3s. When compared to figure 4.17, the reduced
period of the sinusoid is seen to result in an increase in the loop like hysteretic trend in the plots of B2B-
RMC displacements verses navigator displacements (see parts (a) and (c) in particular), which is further
highlighted by the 2D histograms (see parts (e) and (g) in particular). Despite this R2 values are high
(0.95, 0.85 and 0.83) and the accuracy of the slope of the linear fit was maintained (0.90, 0.04 and 0.30).
The equivalent results for the sinusoid with Ay;=25mm and T=3s (not shown) demonstrated a
combination of the increased hysteresis due to the reduced period and the sigmoid like curve related to
the increased amplitude. The corresponding R? values for this sinusoid are (0.96, 0.90 and 0.94) and the

slopes are (0.89, 0.02 and 0.26).

Figure 4.20 shows one example slice from all of the acquisitions performed with sinusoidal input traces
both before and after correction. The equivalent slice from the stationary acquisition (a) is shown for
reference. For each sinusoidal trace, B2B-RMC (¢, f, i and 1) resulted in substantial improvement of the
images over the uncorrected equivalent (b, e, h and k) and, in the case of the sinusoid with Ap,=15mm and
T=5s, the B2B-RMC image appears very similar to the stationary reference. For each sinusoidal input
trace, the intensity profiles are also shown (d, g, j and m) with the equivalent profile through the
stationary image given for reference in each case. The FWHM of the intensity profile is provided on the
corresponding image. While the intensity profile of the B2B-RMC image was improved over the
uncorrected image for each sinusoid, none of the B2B-RMC profiles matched the stationary profile and
this is reflected in the poorer FWHM values (FWHM median= 1.92mm, range=1.42mm - 3.12mm for B2B-
RMC vs. FWHM=1.19mm for the stationary image). With increased A, or decreased T there was a loss of
image quality in the B2B-RMC image which is reflected in the FWHM of the corresponding intensity
profile. The uncorrected images show reduced vessel wall signal and considerable artefact. As a result,
the signal intensity profiles have multiple low amplitude peaks and measurement of the FWHM is

difficult.
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Figure 4.16: Images from the tests using a coronary vessel wall test object
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Four slices from images acquired of a coronary artery wall test object performed while stationary (a, e, i and
m) and while moving sinusoidally (Ap,=15mm, T=5s). Images corrected with B2ZB-RMC (c, g, k and o) are
greatly improved when compared to the uncorrected images (b, f, j and n), and similar to those images
corrected with the navigator displacements (d, h, i and p). The quality of the corrections is highlighted by
horizontal intensity profiles drawn through the right hand edge of the vessel wall (e, i, m and q) and the
corresponding FWHM values given on the images.

Physiological respiratory traces

Ungated images for B2B-RMC were acquired for all six physiological respiratory traces and navigator
gated images were acquired for traces 1-5 (traces shown in figure 4.13). As in section 4.e.iv navigator
gating failed for trace 6 due to the unusually large range of respiratory motion exhibited by this subject.
Figures 4.21 (stationary and traces 1-3) and 4.22 (stationary and traces 4-6) show one example slice from
the stationary acquisition (a) and from the uncorrected (b, fand j) B2ZB-RMC (¢, g and k) and navigator
gated images (d, h and 1) for each physiological respiratory trace. While navigator gating resulted in
improvements in image quality over the uncorrected images, B2B-RMC images were superior. This is
reflected in the FWHM of the corresponding intensity profiles (e, i and m), although it did not achieve
statistical significance (mean FWHM=1.38+0.10mm for B2B-RMC vs. 1.70+0.25mm for navigator gating,
p=0.08). Even in the case of trace 6, with mean peak to peak amplitude (<Ap>) 36mm, B2B-RMC resulted
in well corrected images with only a relatively small increase in the FWHM compared to the stationary

reference (1.53mm vs. 1.19mm).
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Figure 4.17: B2B-RMC displacements plotted with navigator displacements for the phantom tests

using the coronary artery wall test object (sinusoidal input, App,=15mm, T=5s)

a) X e)
EZO T T T i
E 15 R2.098
S £ 40} Normof resid.=11.81 |
o = 3
% § 5 y=0.91x-0.26
a 0
]
o -5 .
0 .5 10 15
Navigator displacement (mm)
b) Y f)
§20 g - y .
E 15} R?=0.89
8 % 10 Norm of resid.=1.20
o £
285 y=0.04x-0.01
g m
T _5 L
Navi 15 displ L t (mm) 15
avigator displacement (mm
0) 9 %7 9)
20
m
151 R?=0.92

10} Norm of resid.=8.29

. M
0 y=0.31x-0.14

NSPCC
displacement (mm)

-5
5 10 15
Navigator displacement (mm)

— and) avigator trace

c 20 T T

t

@

&

g o

o

w

o -10 . :

0 100 200 300

Trigger Number

The in-plane (x (a) and y (b)) and through-plane (z (c)) BZB-RMC displacements plotted with navigator
displacement for the tests performed with a coronary artery wall test object and an input sinusoid with
App=15mm and T=5s. The navigator trace is shown in (d). The corresponding 2D histograms are shown in
(e), (f) and (g) for the plots shown in (a), (b) and (c) respectively. B2B-RMC accurately tracked the motion of
the phantom in all three directions. Some hysteresis between B2B-RMC displacements and the navigator is
evident. Inspiratory points (positive differential of the navigator displacement) are plotted as points,
whereas expiratory points (negative differential of the navigator displacement) are plotted as crosses and
stationary points (zero differential of the navigator displacement) are plotted as empty circles. Inspiratory
points lie on the top of the loops and expiratory points on the bottom (see (a) and (c)).
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Figure 4.18: B2B-RMC displacements plotted with navigator displacements for the phantom tests

using the coronary artery wall test object (sinusoidal input, App,=25mm, T=5s)
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The in-plane (x (a) and y (b)) and through-plane (z (c)) BZB-RMC displacements plotted with navigator
displacement for the tests performed with a coronary artery wall test object and an input sinusoid with
App=25mm and T=5s. The navigator trace is shown in (d). The corresponding 2D histograms are shown in
(e), (f) and (g) for the plots shown in (a), (b) and (c) respectively. B2B-RMC was unable to fully track the
large through-plane displacements, resulting in a sigmoid like curve in the through-plane direction (c).
Inspiratory points (positive differential of the navigator displacement) are plotted as points, whereas
expiratory points (negative differential of the navigator displacement) are plotted as crosses and stationary
points (zero differential of the navigator displacement) are plotted as empty circles.
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Figure 4.19: B2B-RMC displacements plotted with navigator displacements for the phantom tests

using the coronary artery wall test object (sinusoidal input, App,=15mm, T=3s)
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The in-plane (x (a) and y (b)) and through-plane (z (c)) BZB-RMC displacements plotted with navigator
displacement for the tests performed with a coronary artery wall test object and an input sinusoid with
App=15mm and T=3s. The navigator trace is shown in (d). The corresponding 2D histograms are shown in
(e), (f) and (g) for the plots shown in (a), (b) and (c) respectively. The increased velocity of the phantom
resulted in an increase in the loop like trend of the data when compared to figure 4.17 caused by motion
between the low resolution data acquisition and the navigator. Inspiratory points (positive differential of
the navigator displacement) are plotted as points, whereas expiratory points (negative differential of the
navigator displacement) are plotted as crosses and stationary points (zero differential of the navigator
displacement) are plotted as empty circles. Inspiratory points lie on the top of the loops and expiratory
points on the bottom (see a and c).
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Figure 4.20: The performance of B2B-RMC in correcting sinusoidal motion in images of a coronary

artery wall test object
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Images of a coronary artery wall test object acquired while stationary (a) and while moving with sinusoidal
motion of amplitude Ap, and period T. B2B-RMC results in substantial image improvement (c, f, i and 1) when
compared to the uncorrected images (b, e, h and k). Horizontal intensity profiles through the right hand
edge of the vessel wall (d, g, j and m) are provided and the corresponding FWHM is provided on the
respective image.
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Figure 4.21: Example uncorrected, BZB-RMC and gated images acquired with a coronary artery test
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Images of a coronary artery wall test object acquired while stationary (a) and while following respiratory
traces obtained from three healthy volunteers (see figure 4.13) with mean peak to peak amplitude <Ap,> and
mean period <T>. Images are shown uncorrected and ungated for motion (b, f and j), corrected using B2B-
RMC (c, g and k) and gated to a 5mm window around the end-expiratory position using a navigator (d, h and
1). Horizontal intensity profiles through the right hand edge of the vessel wall (e, i and m) are provided and
the corresponding FWHM is given on the respective image. While the gated images demonstrate a
substantial improvement in image quality over the uncorrected images, the B2B-RMC images are better still,
which is highlighted by the smaller FWHM of the horizontal intensity profiles (e, i and m, red line).
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Figure 4.22: Example uncorrected, BZB-RMC and gated images acquired with a coronary artery test

object following respiratory traces 4-6
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Images of a coronary artery wall test object acquired while stationary (a) and while following respiratory
traces obtained from three healthy volunteers (see figure 4.13) with mean peak to peak amplitude <Ap,> and
mean period <T>. Images are shown uncorrected and ungated for motion (b, f and j), corrected using B2B-
RMC (c, g and k) and gated to a 5mm window around the end-expiratory position using a navigator (d, h and
1). Horizontal intensity profiles through the right hand edge of the vessel wall (e, i and m) are provided and
the corresponding FWHM is given on the respective image. While the gated imaged demonstrate an
substantial improvement in image quality over the uncorrected images, the B2B-RMC images are better still,
which is highlighted by the smaller FWHM of the horizontal intensity profiles (e, i and m, red line).

4.e.v.3 Discussion

B2B-RMC is able to successfully correct for a range of motion in coronary artery vessel wall test objects.
When compared to images corrected using the navigator displacements (see figure 4.16), B2B-RMC
images appeared similar and measurements of the FWHM of an intensity profile drawn through the right
hand edge of the vessel wall suggest that B2B-RMC was more effective (mean FWHM 1.18+0.05mm,
1.44+0.03mm and 1.60+0.02mm for stationary, B2B-RMC and navigator based correction respectively).
The poorer performance of the navigator based correction was caused by the lower precision of the

navigator information.
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Images acquired during sinusoidal motion were substantially improved after B2B-RMC. However, when
the horizontal intensity profiles and corresponding FWHMs are compared to those from the stationary
images, it is apparent that B2ZB-RMC is unable to completely compensate for sinusoidal motion.
Furthermore, degradation of the B2B-RMC images and the corresponding FWHM values was observed
when both the period was reduced and the amplitude was increased. There are three clear reasons for
this reduced performance: firstly there is more motion during the acquisition of the low resolution data
with reduced periods or increased amplitude; secondly the FOV is small in the through-plane direction
and the SNR rapidly reduces towards the edges of the volume, limiting the amount of motion that can be
corrected in this direction; finally there is more motion during the acquisition of the high resolution data
which will degrade the images and cannot be corrected using this technique. In cases where the
amplitude of motion is too large in the through-plane direction, a sigmoid like curve may be observed
when the B2B-RMC displacements are plotted with the actual displacement, due to the decrease in SNR at
the edges of the volume and the limited change in shape of the test object in this direction. While this
results in underestimation of the motion at extreme displacements (see figure 4.18), itis preferable to the
NSPCC matching to an incorrect region, possibly within the image noise, which would produce random
erroneous displacements. A consequence of more rapid motion (see figure 4.19) is an increase in the loop
like trend of the B2B-RMC displacements when plotted with navigator displacement. Points obtained
when the differential of the navigator displacement was positive (expiratory points, dots in the figures)
are located on the top of the loop and those from when the differential of the navigator displacement was
negative (inspiratory points, crosses on the figures) are located on the bottom of the loop. This hysteresis
like trend is the result of motion between the low resolution acquisition and the navigator echo.
Assuming a typical time from the low resolution data (central kz line) to the navigator echo of 50ms in
B2B-RMC, with sinusoidal motion, Ay,=15mm, T=3s, the expected maximum displacement between the
inspiratory and expiratory curves is approximately 3mm, which corresponds to the results in figure 4.19.
However, the reverse centric through-plane phase ordering of the low resolution data means that the
time between the centre of k-space of the low resolution data and the high resolution data is minimised

(28ms), thus maintaining the temporal relevance of the B2B-RMC displacements.

B2B-RMC was more effective in correcting physiological respiratory motion than sinusoids and the
FWHMs measured in the B2ZB-RMC images acquired during respiratory traces 4 and 5 (both,
FWHM=1.26mm) are close to the FWHM obtained from the stationary image (FWHM=1.19mm). This is
partly due to the skewed distribution of displacements in the physiological respiratory traces which
spend more time at end-expiration when compared to the sinusoids. Furthermore, while some of the
respiratory traces had short mean periods (<T>=3s for both traces 4 and 5) these were traces with
smaller mean amplitudes (<App>=9mm for trace 4 and <Ap,>=8mm for trace 5). Respiratory trace 6,
which had a very large amplitude (<Ap,>=36mm), had a very long period (<T>=11s). As a result, the
combination of short periods and large amplitudes, which caused problems in the sinusoidal acquisitions,

was not present in these physiological respiratory traces.
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Navigator gating with a 5mm window was found to substantially improve image quality over the
uncorrected images, but using B2B-RMC, image quality improved further and, although the difference is
not statistically significant, the FWHM was reduced (mean FWHM 1.38+0.10mm vs. 1.70+0.25mm for
B2B-RMC vs. navigator gating, p=0.08). This further supports the earlier findings (section 4.e.iv) that for
the physiological respiratory traces used in these tests, B2B-RMC outperforms navigator gating with a
5mm window. However, it should be noted that respiratory motion of the coronary arteries is less than

that of the diaphragm and the differences in image quality in-vivo are expected to be less as a result.

4.e.vi The dependence of high resolution image quality on the spatial resolution of the
low resolution images used in B2B-RMC for coronary artery vessel wall imaging

4.e.vi.1 Methods

As discussed in section 3.c., the fidelity of the motion correction is expected to depend on the resolution
of the low resolution images used in B2B-RMC. However, should the performance of B2B-RMC be
sufficient following a reduction in resolution, the spiral readouts could be shortened, thus reducing the
acquisition window. Alternatively, the acquisition window could be maintained which would permit an
increase in the number of slices acquired. In order to test this, the corrections performed in section 4.e.v
were repeated after degrading the in-plane resolution of the low resolution fat images. The reduction in
in-plane resolution was achieved by applying a circular mask to the gridded low resolution k-space data
in the kx-ky plane. Otherwise images were reconstructed and corrected using B2B-RMC in the normal
way. For each of the four sinusoids and six physiological respiratory traces the correction was performed

for in-plane resolutions (with the approximate equivalent spiral readout duration in brackets) of:

4.8x4.8mm (15ms - original data)
7.6x7.6mm (10ms)

11.8x11.8mm (6ms)
16.2x16.2mm (4ms)
21.6x21.6mm (3ms)

AN

The reconstructed images were compared as in section 4.e.v.
4.e.vi.2 Results

Figure 4.23 shows images of the coronary artery wall test object moving with sinusoidal motion and
corrected with B2B-RMC for decreasing in-plane resolution of the low resolution images. The quality of
the correction degrades with reduced in-plane resolution, resulting in increased FWHM values. The loss
of image quality with reduced resolution is greater with increasing amplitude or decreasing period of the
sinusoid. While the visual loss of image quality between (b - 4.8x4.8mm) and (f - 21.6x21.6mm)
(acquired with Ap,=15mm and T=5s) is small (the FWHM increases from 1.42mm to 1.71mm), the
degradation between (t - 4.8x4.8mm) and (x - 21.6x21.6mm) (acquired with and Ayp;=25mm and T=3s) is
large (the FWHM increases from 3.12mm to 4.43mm). Figure 4.24 shows the B2B-RMC respiratory
displacement plots for the correction of the sinusoid with App,=25mm and T=5s for the low resolution

images with in-plane resolution of 21.6x21.6mm. When compared to the equivalent plots in figure 4.18,
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the linear fit in the in-plane (x) direction is very similar (slope=0.89 at full resolution vs. slope=0.88 at
21.6x21.6mm resolution). In the through-plane (z) direction, despite an excellent R2 value (0.94) of the
linear fit, the NSPCC does not track the motion of the phantom (slope=0.28 at full resolution vs.
slope=0.07 at 21.6x21.6mm).

For the physiological respiratory traces a similar pattern was observed (see figure 4.25 for traces 1-3 and
figure 4.26 for traces 4-6). For traces with small amplitudes (traces 4 and 5), only small changes in the
image quality, the shape of the intensity profile and the FWHM values are observed with reducing
resolution but for the respiratory traces with larger amplitudes (traces 1, 2 and 6) the degradation is

more marked.

Figure 4.27 plots the FWHM for each sinusoid and physiological respiratory trace with the in-plane
resolution of the low resolution data used in B2B-RMC. For all four sinusoids and five of the six
respiratory traces, FWHM significantly correlates with in-plane resolution (p<0.05 in each case using

Pearson’s correlation coefficient).
4.e.vi.3 Discussion

Filtering the low resolution images to reduce the in-plane resolution reduces noise but also removes
higher resolution information. As a result, the low resolution images acquired at different displacements
become more similar. This is particularly a problem in the through-plane direction where there is only a
small change in the appearance of the tracked object between slices within the search and reference ROIs,

so the NSPCC is less able to track its motion.

The loss of image quality with in-plane resolution is reflected in the FWHM of the horizontal intensity
profiles which demonstrated an approximately linear relationship with in-plane resolution. Furthermore,
the effect of the loss of in-plane resolution is greater for traces with larger amplitudes and shorter periods
due to the more detrimental effect of the uncorrected motion during these acquisitions. In-vivo, reduced
resolution of the low resolution images could also result in the NSPCC matching the reference ROI to an
incorrect region in the nearby fatty anatomy, resulting in erroneous displacements and hence reducing
the accuracy of B2ZB-RMC. However, the possibility of this was minimised in the phantom studies by using
a single test object moving rigidly with the phantom without the surrounding anatomy that is present in-

vivo,

In section 3.c.i the in-plane resolution of the low resolution images was increased (from 6.0mm to
4.8mm) in an attempt to improve the performance of B2B-RMC. The results obtained here using a
respiratory motion phantom, suggest that increases in in-plane resolution can improve the performance

of B2ZB-RMC.
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Figure 4.23: The effect of in-plane resolution on the performance of B2B-RMC in correcting sinusoidal motion of a coronary artery wall test object
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Figure 4.24: B2B-RMC displacements plotted with navigator displacements for the sinusoid with

Ayp=25mm and T=5s after degrading the low resolution images to 21.6x21.6mm in-plane resolution
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The in-plane (x (a) and y (b)) and through-plane (z (c)) BZB-RMC displacements plotted with navigator
displacement for a coronary artery wall test object and an input sinusoid with Ap,=25mm and T=>5s after
degradation of the in-plane resolution of the low resolution images to 21.6x21.6mm. The navigator trace is
shown in (d). The corresponding 2D histograms are shown in (e), (f) and (g) for the plots shown in (a), (b)
and (c) respectively. While a linear relationship between the BZB-RMC and navigator displacements is
observed in all directions the loss of detail in the low resolution images results in a failure to track the
through-plane (z) motion (c).



188

Figure 4.25: The effect of in-plane resolution on the performance of B2ZB-RMC in correcting respiratory motion of a coronary artery wall test object
(traces 1-3)
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Images of a coronary artery wall test object moving with respiratory traces 1-3 (shown in figure 4.13) of mean peak to peak amplitude <Ap,> and period <T>, motion
corrected using BZB-RMC. Prior to correction the low resolution images used for B2ZB-RMC were filtered to reduce in-plane resolution. Lower resolution images
generally result in poorer B2ZB-RMC performance and this is reflected in the FWHM of the corresponding intensity profiles (g, m and s) which is given on the images. The
equivalent stationary image is also shown for reference (a).
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Figure 4.26: The effect of in-plane resolution on the performance of B2B-RMC in correcting respiratory motion of a coronary artery wall test object
(traces 4-6)
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Images of a coronary artery wall test object moving with respiratory traces 4-6 (shown in figure 4.13) of mean peak to peak amplitude <Ay,> and period <T>, motion
corrected using BZB-RMC. Prior to correction the low resolution images used for B2ZB-RMC were filtered to reduce in-plane resolution. Lower resolution images
generally result in poorer B2ZB-RMC performance and this is reflected in the FWHM of the corresponding intensity profiles (g, m and s) which is given on the images. The
equivalent stationary image is also shown for reference (a).



190

Figure 4.27: The variation of the FWHM of the intensity profiles with noise in the low resolution

images
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The FWHM of the horizontal intensity profile through the right hand edge of the vessel wall after B2B-RMC
increases with decreasing in-plane resolution. The amplitude and period of the sinusoids (labelled as “sin.”
with the slope of the linear fit to the data (m), Pearson’s correlation coefficient (R?) and the associated p-
value are given in the legend. Cases where R? of the linear fit reached significance (p<0.05) are highlighted
with *

4.e.vii The dependence of high resolution image quality on the SNR of the low resolution
images used in B2B-RMC for coronary artery vessel wall imaging

4.e.vii.1 Methods

In MR imaging, SNR may be traded for increased image resolution or decreased imaging time. However, it
is expected that a loss of SNR in the low resolution images is likely to result in an increased error in the
B2B-RMC displacements. In extreme cases, the NSPCC could incorrectly identify a region of noise instead
of the region of fat to be tracked. In order to test the dependence of the performance of B2ZB-RMC on
noise in the low resolution images, the corrections performed in section 4.e.v were repeated after

degrading the SNR.
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A similar acquisition to the B2B-RMC acquisition performed in section 4.e.v was performed with the same
test object and receive coil, but with all of the RF pulses switched off, resulting in an equivalent, noise only
acquisition. Noise was added to the low resolution data used in the corrections by modifying the

ungridded raw low resolution data according to:
s'(,mn) =s(l.m.n) + f-n(l,mn) 41

where s(,m,n) is the original complex low resolution data acquired at spiral point /, kz step m and low
resolution dataset n; (I, m,n) is the complex noise only data acquired at the same point; s'(,m,n) is the
new data at the same point; and fis a multiplying factor. Assuming that the noise in the original data
(s(lm,n)) is normally distributed with standard deviation ¢ and that the noise only data (n(l,m,n)) is
purely noise with the same distribution and standard deviation o, the standard deviation of the noise in

s’(lm,n) is:

o' =\f*+1-0 4.2,

The SNR in the reconstructed images, should therefore, be reduced by a factor of \/ f? + 1. Low resolution
images were reconstructed with values of /=0, 4, 9, 16 and 25, corresponding to ¢ of 1.00, 4.10,9.10,
16.00 and 25.00 for use in the corrections. All other reconstruction and processing was performed in the

usual way. The reconstructed images were compared in the same way as those in sections 4.e.v.
4.e.vii.2 Results

Figure 4.28 shows images of the coronary artery wall test object moving with sinusoidal motion corrected
using B2B-RMC with increasingly noisy low resolution images. In general, increased noise within the low
resolution images results in a poorer correction and, therefore an increased FWHM of the horizontal
intensity profile. The effect of noise within the low resolution images increases with increasing A, and
decreasing T. Figure 4.29 shows the B2B-RMC displacements for the sinusoidal correction with
App=15mm, T=5s and a noise increase of 25.0. Comparing these plots to the equivalent plots shown in
figure 4.17 with no added noise, the effect of the increased noise is evident. There is little change in the
slope of the linear fit to the navigator displacement in each direction: 0.91, 0.04 and 0.31 in in-plane (x),
in-plane (y) and through-plane (z) respectively for the original data vs. 0.92, 0.04 and 0.27 for the data
with a noise increase of 25.0. However, there is a greater spread of results around the linear fit, which is
reflected in the reduced R? values in the in-plane (y) and through-plane (z) directions in figure 4.29 when
compared to figure 4.17 (R?=0.89 and 0.92 in in-plane (y) and through-plane (z) respectively for the
original data vs. R2=0.37 and 0.58 for the data with a noise increase of 25.0).

For the physiological respiratory traces (see figure 4.30 and figure 4.31) a slight loss in image quality and
an associated increase in the FWHM is observed with increased noise in the low resolution images. The

loss in image quality is greatest for respiratory trace 6 which has the largest amplitude.

Figure 4.32 plots the FWHM for each sinusoid and physiological respiratory trace with the noise in the

low resolution images relative to the original data. For six of the ten traces (four sinusoids and six
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respiratory traces) a significant linear relationship (p<0.05) was observed between FWHM and the
relative noise level. In the case of the sinusoid with A,,=25mm and T=3s, FWHM was found to
significantly decrease with increasing noise (slope=-0.014mm, R2=0.96, p<0.01). However, visually, there
is a degradation of image quality with increasing noise in this case (figure 4.28), and this aberrant result
is thought to be due to the limitations of using FWHM as a measure of image quality. For the remaining
three traces no significant relationship was found between FWHM and the relative noise level. However,
this is thought to be the result of the low number of noise levels (5) used and the small magnitude of the

effect of SNR on FWHM.
4.e.vii.3 Discussion

Increasing noise within the low resolution acquisitions degrades the B2B-RMC images via a spread of the
B2B-RMC displacements around the true values (see figure 4.28 compared to figure 4.17). Overall, there
was an increase in FWHM of the horizontal intensity profiles as the noise level increased and this reached
statistical significance in six of the ten traces used in these tests. Even though the final result of this
degradation is similar to the result of reducing the in-plane resolution, the magnitude of the degradation
was much less for the noise increases applied here. For a noise increase by a factor of 4.1 there was no
visible loss in image quality for any of the traces and the maximum increase in FWHM was 0.06mm. This
suggests that the low resolution data may be acquired more rapidly in future by sacrificing some of the
SNR, which may be achieved via parallel imaging techniques or reductions in the FOV. As for the
resolution tests, it is yet to be determined whether such decreases in SNR can be achieved in-vivo with

similar results.
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Figure 4.29: BZ2B-RMC displacements plotted with navigator displacements for the sinusoid with

Ayp=15mm and T=5s after increasing the noise in the low resolution images by a factor of 25
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The phantom displacements in-plane (x (a) and y (b)) and through-plane (z (c)) obtained from the BZB-RMC
data are plotted against navigator displacement for a coronary artery wall test object and an input sinusoid
with A,p=15mm and T=5s after increasing the noise in the low resolution images by a factor of 25.0. The
navigator trace is shown in (d). The corresponding 2D histograms are shown in (e), (f) and (g) for the plots
shown in (a), (b) and (c) respectively. While there is greater spread of the BZB-RMC displacements around
the linear fit, the slope of the linear relationship is maintained (compare to figure 4.17).
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Figure 4.30: The effect of noise on the performance of B2ZB-RMC in correcting respiratory motion of a coronary artery wall test object (traces 1-3)
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Images of a coronary artery wall test object moving with respiratory traces 1-3 (shown in figure 4.13) of mean peak to peak amplitude <Ap,> and period <T>, motion
corrected using B2B-RMC. Prior to correction additional noise was added to the low resolution images used for B2ZB-RMC. Noisier images result in poorer B2B-RMC
performance which is generally reflected in the corresponding intensity profiles (g, m and s) and their FWHM values (given on the images). The equivalent stationary
image is also shown for reference (a).
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Figure 4.31: The effect of noise on the performance of B2B-RMC in correcting respiratory motion of a coronary artery wall test object (traces 4-6)
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Images of a coronary artery wall test object moving with respiratory traces 4-6 (shown in figure 4.13) of mean peak to peak amplitude <Ap,> and period <T>, motion
corrected using B2B-RMC. Prior to correction additional noise was added to the low resolution images used for B2ZB-RMC. Noisier images result in poorer BZB-RMC
performance which is generally reflected in the corresponding intensity profiles (g, m and s) and their FWHM values (given on the images). The equivalent stationary
image is also shown for reference (a).
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Figure 4.32: The variation of the FWHM of the intensity profiles with noise in the low resolution

images
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The FWHM of the horizontal intensity profile through the right hand edge of the vessel wall is plotted with
the relative noise level in the low resolution images used in B2ZB-RMC. The amplitude and period of the
sinusoids (labelled as “sin.”) with the slope of the linear fit to the data (m), Pearson’s correlation coefficient
(R?) and the associated p-value are given in the legend. Cases where R? of the linear fit reached significance
(p<0.05) are highlighted with *

4.f Discussion

Careful design and construction of a respiratory motion phantom and the associated realistic coronary
test objects has enabled an assessment of the efficacy of B2B-RMC in response to a broad range of
parameters. The initial tests performed in this chapter (section 4.e.ii) assessed the performance of the
phantom in following sinusoidal motion. Subsequently, the phantom was used to validate the NSPCC
algorithm for in- and through-plane motion (section 4.e.iii). Tests with the coronary artery and coronary
vessel wall test object demonstrated that B2B-RMC outperforms navigator gating with a 5mm gating
window for the six physiological respiratory traces obtained from healthy subjects (section 4.e.iv and
4.e.v). The performance of B2ZB-RMC in correcting for sinusoidal motion was also assessed with the
coronary vessel wall phantom (section 4.e.v). It could be argued that these sinusoids do not represent

real respiratory motion. However it was consistently these traces which highlighted the limitations of
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B2B-RMC performance while the physiological respiratory traces demonstrated the response to more
realistic motion. Additionally, the sinusoids enabled separation of the effects of increased respiratory

amplitude (App) and reduced respiratory period (T).

It was shown (section 4.e.v) that while B2B-RMC was able to track sinusoidal motion in the coronary
vessel wall test object with App,=15mm and T=5s (4.5mm of through-plane motion), the performance of
B2B-RMC in the through-plane direction was reduced when App,=25mm (7.5mm of through-plane
motion). In contrast, the simpler test object shown in figure 4.10 was accurately tracked over 12mm of
through-plane motion (see section 4.e.iii). This discrepancy in the amount of through-plane (z) motion
that was successfully tracked is the result of the fact that the fat surrounding the vessel in the coronary
vessel wall test object, (see figure 4.6) changes relatively little along the vessel length (in the through-
plane (z) direction), making it more difficult to track over large displacements. Furthermore, the SNR is
decreased at the edges of the low resolution volume in the through-plane (z) direction due to the
imperfect slice excitation profile, which makes tracking large displacements in this direction even more
challenging. This limit to the amount of through-plane (z) motion that may be successfully tracked is also
potentially problematic in-vivo and to assess the scale of this, the B2B-RMC results obtained from 10
subjects imaged in chapter 6 were reviewed. In these subjects, an average of 19.4+6.3mm (range 13-
31mm) of diaphragm motion was corrected for, which was found to correspond to 6.6+1.9mm (range 3.2-
9.1mm) in-plane (x), 5.3+2.3mm (range 2.8-9.9mm) in-plane (y) and 5.1+2.8mm (range 1.9-10.5mm)

through-plane (z) motion.

Based on the phantom tests using sinusoidal motion and the vessel wall test object (where 4.5mm of
through-plane (z) motion was successfully tracked with A,,=15mm and T=5s), a cautious estimate for the
amount of through-plane (z) motion that can be accurately corrected for is ~5mm. As a result, it may be
beneficial to use diaphragmatic navigator gating to limit through-plane motion during B2B-RMC
acquisitions. It should be noted that 5mm of through-plane (z) motion corresponds to a navigator gating
window much greater than 5mm, but of variable size depending on the orientation of the imaging slab
and relationship between the respiratory motion of the diaphragm and coronary arteries. In addition,
this estimate is rather conservative; in-vivo respiratory motion is not sinusoidal and in the phantom tests,
B2B-RMC was more effective at correcting for physiological respiratory motion than for sinusoidal
motion. Furthermore, the through plane changes in in-vivo epicardial fat distribution are generally much

greater than was simulated using the vessel wall test object.

In section 4.e.v, for physiological respiratory trace 6, B2B-RMC was able to correct for 33mm of in-plane
(x) motion. Limitations on the amplitude of translational in-plane motion that may be corrected are not
expected for motion at physiological amplitudes. However, at extreme respiratory displacements in-vivo,
deformation of the tracked anatomy is more likely and simple 3D translational motion correction may no

longer be adequate.

While the vessel sharpness measurements used in section 4.e.vi and the FWHM and horizontal intensity

profiles used in sections from 4.e.vdemonstrated the improvements in image quality enabled by B2B-
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RMC, they also emphasized the superiority of the stationary images over the B2ZB-RMC images in many

examples. Imperfections in the correction are caused by a number of factors including:

i. motion during the low resolution acquisition;

ii. motion during the high resolution acquisition;

iii. motion between the low and high resolution acquisitions;

iv. the limited precision of the B2ZB-RMC performed;

V. changes in local By as the phantom moves;

vi. artefacts caused by the electronic switching of the stepper motor within the phantom.

Throughout this section, the FWHM of intensity profiles has been used as a quantitative measure of the
performance of B2B-RMC. However, the complex and often multi-modal shape of the profiles through the
vessel wall in the uncorrected images often produced misleadingly low FWHM values. The high levels of
in-plane motion in these images resulted in spreading of the vessel wall signal over a considerable spatial
region, with a faint vessel wall shape present at the most common displacements (end expiration or the
extremes of the sinusoid displacement). Hence the FWHM of the low intensity peaks may be small. In
contrast, any residual uncorrected motion in the B2ZB-RMC or navigator gated images results in very local

blurring of the vessel wall and an associated increase in the FWHM.

Both reduced in-plane resolution and reduced SNR of the low resolution images resulted in reduced
performance of B2ZB-RMC. However, the magnitude of the degradation of the corrected high resolution
images was considerably less for the reductions in SNR tested here (up to a factor of 25 reduction) than
for the reductions in resolution tested (up to a factor of 4.5 reduction). In future studies, B2ZB-RMC may
potentially be further improved by increasing the resolution of the low resolution images, which could be
performed at the expense of SNR. Alternatively, reduced SNR may be exchanged for an increased FOV in

the through-plane direction or a reduced acquisition window.

The phantom was only able to move in one dimension, but after angulation of the test object the imaging
plane could be orientated to result in motion in three directions with respect to the imaging volume. Only
rigid motion was modelled in these tests, but future work may include non-rigid elements of motion via

basic changes in the phantom and setup.

In conclusion, through a series of tests using a respiratory motion phantom with carefully constructed
test objects, the performance of motion detection using B2B-RMC has been validated and assessed in
response to various parameters of the motion and acquisition. In the process, the algorithms used in
correcting for the motion detected have also been validated. B2B-RMC performs well in correcting
normal respiratory motion, although the performance depends on the period and amplitude of the
motion, particularly in the through-plane direction. Future work should, in particular, consider the
benefits of increasing the through-plane FOV of the low resolution images and reducing the duration of

the low resolution acquisition window at the expense of SNR.



200



201

5. A direct in-vivo comparison between B2B-RMC
and navigator gating applied to targeted MR

coronary angiography

The work presented in this chapter is modified from the paper Scott et al. (2011a).

5.a Introduction

As discussed in section 2.b, for high resolution applications, the majority of CMR studies are performed
using navigator gating (Danias et al.,, 1997, Ehman and Felmlee, 1989). The accept reject algorithm (ARA)
(Sachs et al., 1994, Oshinski et al., 1996), typically used with a navigator to limit respiratory motion to a
small (typically 5mm) window around end expiration, is inherently inefficient and unpredictable,
particularly in the presence of respiratory drift (Taylor etal, 1997). B2B-RMC on the other hand, can
correct for the normal range of tidal respiratory motion, resulting in respiratory efficiencies close to
100%. In the previous section (4.e.iv), a direct quantitative comparison was made between navigator
gating with a 5mm window and B2B-RMC using in-plane imaging of a coronary artery test object with the
respiratory motion phantom. In this chapter the first in-vivo quantitative assessment of the efficacy of
B2B-RMC is presented, using 3D high resolution MR coronary angiography of the RCA as the imaging
application. As described in section 1.c and chapter 2, the small size and substantial motion of the RCA
with both the cardiac and respiratory cycles makes it a particularly challenging target for MR
angiography. Here, semi-automatic measurement of vessel diameter and vessel edge sharpness is
performed to provide an objective evaluation of the performance of B2B-RMC. This assessment was
performed in ten healthy subjects and the results are compared to a widely used navigator-gated

coronary artery imaging technique.

5.b Methods

As in all sections, imaging was performed on a Siemens 1.5T Avanto MRI scanner (Siemens Medical
Systems, Erlangen, Germany) with maximum gradient amplitude 40mT m! and maximum slew rate
170mT m-1s1 using a six-channel anterior phased array coil. For this work, ECG gating was performed
using a system which was designed in-house (by Mr Ray Hughes) to minimize mis-triggering due to

gradient and RF interference.
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An RCA imaging protocol was performed on ten healthy subjects (5 female, 22-53 years old) recruited
according to local ethics procedures. As the imaging application in this study was in-plane MR coronary
angiography, and not through-plane coronary vessel wall imaging, the imaging protocol varied slightly
from that described in section 3.e. The longest RCA rest period (diastolic or systolic) was first determined
from a cine acquisition in a plane showing the four-chamber view (Plein et al., 2003). All subsequent high
resolution imaging was performed in this rest period. In-plane high resolution RCA angiography was
planned from a 3D bSSFP whole-heart study with respiratory gating using CLAWS (Jhooti et al., 2010).
The imaging plane was planned by selecting 3 points on the RCA in the whole heart volume and verified
by acquiring a rapid, 2D navigator gated bSSFP image. A targeted 3D high resolution acquisition was then
performed using a 3D spiral acquisition with B2B-RMC (B2B-RMC 3D spiral). In addition, a standard 3D
navigator gated bSSFP (nav-bSSFP) acquisition with T2-prep. (Shea et al., 2002) was also performed with
the same spatial resolution. While a three way comparison between 3D spiral imaging with B2B-RMC, 3D
spiral imaging with navigator gating and standard nav-bSSFP imaging would have been preferable, two
navigator gated 3D acquisitions could not be acquired within a reasonable study duration. Conse quently,
a comparison between B2B-RMC 3D spiral and nav-bSSFP was chosen as the latter is currently the most
widely used MR coronary artery imaging technique. The parameters for these acquisitions are compared

in table 5.1 and described in the following sections.

5.b.i B2B-RMC 3D spiral

The B2B-RMC technique used in this study was described in section 3.f but was gated every RR-interval
and used without dark blood preparation (figure 5.1). Additionally, a spatial saturation pulse was applied
to the chest wall immediately prior to the high resolution imaging segment in order to minimise artefacts

from structures not moving with the coronary artery (section 3.c.iv).

The high resolution data was temporally located in the subject specific RCA rest period. Where possible
the low resolution data was also acquired during this period of minimal motion, but the timing of the high
resolution data was prioritized. Only data acquired at extreme respiratory positions (greater than
+10mm outside normal respiratory range) was rejected using the navigator. The acquired resolution was
0.7 x 0.7 x 3.0mm reconstructed to 0.7 x 0.7 x 1.5mm. The total acquisition duration was 300 RR-intervals
(assuming 100% respiratory efficiency) or 5 minutes (with a heart rate of 60 BPM). All images were
corrected, reconstructed and processed offline using the software described in section 3.b.ii. Reference
and search ROIs for B2B-RMC were defined around the origin of the RCA on an end-expiratory reference
volume, aided by a coloured overlay of the fat image on the uncorrected high resolution water image, as

seen in figure 5.2.

The two high resolution spiral interleaves acquired in each RR-interval were corrected (Ehman and
Felmlee, 1989) for respiratory motion using the 3D beat-to-beat translations obtained and high

resolution images were reconstructed using the standard techniques described in section 3.b.ii.1.
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Figure 5.1: The B2B-RMC 3D spiral sequence used for the MR coronary angiography study
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Sequence diagram for the B2ZB-RMC 3D spiral technique used for coronary MR angiography acquisitions. In
contrast to the sequence described in section 3.f, imaging is triggered every RR-interval, a saturation (Sat.)
band is applied to the chest wall and there is no dark blood preparation.

Figure 5.2: Transparent overlay of end-expiratory low resolution fat images onto the uncorrected

high resolution image to aid ROI positioning

Reference reglon

To aid positioning of the search and reference ROIs for the NPSCC of the low resolution images, the reference
low resolution fat volume was transparently overlaid (‘hot’ colour scale) on the uncorrected high resolution
water images (‘gray’ scale). This enables accurate positioning of the regions around the right coronary
origin which is otherwise challenging using the fat images alone. Both reference and search ROIs are defined
in 3D, extending into multiple slices (not shown here for clarity).
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Table 5.1: Comparison of BZB-RMC 3D spiral and nav-bSSFP sequence parameters

Parameter B2B-RMC 3D spiral nav-bSSFP
TE/TR 3.4ms/1 RRinterval 1.7/4.1ms

Field of view 570x570x24mm 360x360x24mm
Acquired resolution 0.7x0.7x3.0mm 0.7x0.7x3.0mm

Reconstructed
resolution

Points per readout
Spiral interleaves in
kx-ky/Phase encode

lines

Through-plane phase
encode lines

Readouts per RR-
interval

Dwell-time per point
Readout duration
Acquisition window
Fat suppression
Excitation flip angles

Total duration
(at 100% efficiency)

Respiratory motion
correction

0.7x0.7x1.5mm

4096

75

2.5us

10ms

30ms

Binomial water excitation (1-2-1)
45°/90°

300 RR-intervals

B2B-RMC and navigator gating to a

window of >+10mm outside the tidal
range

0.7x0.7x1.5mm

512 (Asymmetric echo at 37%)

512 (+20% oversampling)

8 (+25% oversampling)

17-25

1.3pus

1.1ms

70-100ms

Chemical-shift fat saturation
70°

247 RR-intervals
(at 25 lines/RR)

Navigator gating to 5mm window

with end expiratory tracking
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5.b.ii Navigator gated balanced-steady state free precession

3D navigator-gated balanced steady state free precession (nav-bSSFP) imaging with T2-prep. is currently
the most commonly used technique for MR coronary angiography (Shea et al., 2002, Weber et al,, 2003,
Jahnke et al., 2005b, Leiner et al., 2005, Sakuma et al., 2005, Greil et al., 2007a). Nav-bSSFP datasets with
T2-prep. (Shea etal,, 2002) (see figure 5.3) were acquired in the same image plane and with the same
spatial resolution as the B2ZB-RMC 3D spiral acquisition. The detailed sequence parameters are given in

table 5.1.

Figure 5.3: Schematic diagram of the nav-bSSFP acquisition

R-wave R-wave R-wave R-wave
w » v »
S§§ §§
5+ ™ 8 5 ~100ms
gl gl gl
[ > . b= > " = > "
3 K] Imaging :3' ] Imaging c!\}‘_ = Imaging
[ = [
10ms

Every cardiac cycle the imaging segment (70-100ms) is preceded by T2-prep. pulse (40ms), a navigator echo
(30ms), navigator feedback time (10ms), fat saturation (20ms) and a ten RF pulse ramp-up to the steady
state (40ms). The main imaging segment is temporally located within the RCA rest period. This schematic

diagram is not to scale.

As for the B2B-RMC 3D spiral sequence, the acquisition window was temporally located in the subject
specific RCA rest period. The number of phase encode lines acquired per RR-interval was adjusted
according to the rest period duration (17-25 lines, 70-100ms acquisition window). Phase oversampling
(equivalent to increasing the field of view and subsequently cropping after reconstruction), by a factor of
20% in the phase encode direction and by a factor of 25% in the through plane direction, was used to
bolster SNR and generate a similar slice profile to that used for the B2B-RMC 3D spiral technique.
Prospective ARA navigator gating was performed with a 5mm navigator acceptance window using the
same standard crossed-pair navigator as in the B2B-RMC 3D spiral acquisition. Respiratory gating was
performed without slice tracking but with automatic updates of the acceptance window position to
follow the end expiratory position (Deshpande etal., 2006, Shea etal,, 2007). Acquisition duration was
246 cardiac cycles (assuming 100% respiratory efficiency and 25 phase encode lines per cardiac cycle) or

4 minutes (at 60 beats per minute).

5.b.iii Image processing and analysis

The efficacy of the B2B-RMC 3D spiral technique was assessed by comparing quantitative measures of
vessel sharpness and vessel diameter in the proximal and mid coronary arteries with those obtained
using the standard navigator gating technique. Signal and contrast to noise ratios were not compared as

these are inherently different between the spiral and T2-prep bSSFP techniques.

All images were post-processed using the software tools described in section 3.b.ii.3. Parallel plane MIPs

were generated from all slices containing the RCA (typically 5 slices). In each slice, anatomy overlying the
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coronary artery (such as the right atrial appendage) was manually segmented and zeroed to show the
maximum length of artery. Average vessel sharpness and diameter (see figure 5.4) were obtained from a
length of the proximal (0-20mm from the coronary origin) and mid (20-40mm from origin) right
coronary artery. As in section 4.e.iv, vessel sharpness was defined as the inverse of the distance between
20% and 80% of the maximum intensity in a profile drawn perpendicular to the vessel and averaged over
both vessel edges (Shea et al,, 2001). Vessel diameter was defined as the FWHM of the intensity profiles
(Sheaetal, 2001). Respiratory efficiency and both proximal and mid vessel sharpness and vessel
diameter were compared between the B2B-RMC 3D spiral and nav-bSSFP techniques using a two-tailed

paired Student’s t-test and a 5% significance level.
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Figure 5.4: Calculation of the vessel diameter and sharpness from the MIP images

1. Trace centre line of vessel and 2. Find 20%, 50% and 80% of maximum
generate perpendicular profiles intensity points.
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Vessel diameter is calculated as the average FWHM from intensity profiles perpendicular to the vessel in the
proximal (0-20mm from the origin - shown here) and mid (20-40mm) RCA. Sharpness is calculated as the
inverse of the average 20-80% intensity calculated for the proximal and mid vessel using the same
perpendicular profiles. In this case the average proximal vessel diameter and sharpness are 2.43mm and
1.08mm! respectively. While there is a large variation in sharpness along the segment of the vessel, average
values, which are reproducible, are calculated.
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5.c  Results

The efficacy of B2B-RMC is demonstrated in figure 5.5 which shows example uncorrected (a), and
corrected (b) 3D spiral MIP images acquired with 100% respiratory efficiency compared to the equivalent
nav-bSSFP image (c) acquired with 44% respiratory efficiency. Before correction, the 3D spiral image is
uninterpretable while after B2ZB-RMC the proximal and early mid section of the RCA are clearly visible

before the vessel moves out of the imaging plane.

Figure 5.5: Comparison MIP images with and without motion correction

N 1

a. 3D spiral uncorrected

b. 3D spiral B2B-RMC c. nav-bSSFP

Example MIP images obtained from one subject. 3D spiral images were acquired in 300 RR-intervals (100%
respiratory efficiency) and are shown both uncorrected for respiratory motion (a) and corrected with BZB-
RMC (b). The corresponding MIP image acquired with nav-bSSFP, acquired in 572 RR-intervals (43%
respiratory efficiency) is shown for comparison (c). Note the substantial improvement in RCA visibility (see
arrow) after B2B-RMC.

High quality RCA images were obtained in all 10 subjects with both the B2ZB-RMC 3D spiral and nav-
bSSFP techniques. Three contiguous slices from four example subjects using both methods are shown in
figures 5.6, 5.7, 5.8 and 5.9. The B2B-RMC 3D spiral images (a - ¢) in figure 5.6 show sharply delineated
branch vessels in the mid-section of the artery which are also present in the nav-bSSFP (d - f). There is
however, some visual loss in vessel sharpness in the distal region of the B2ZB-RMC 3D spiral images
caused by the localised nature of B2B-RMC. The example shown in figure 5.7 highlights the need for the
spatial saturation pulse applied to the chest wall in the B2B-RMC 3D spiral acquisition. In this example
the spatial saturation pulse was not applied, resulting in ghosting of the chest wall signal across the RCA
in the B2B-RMC 3D spiral (figure 5.7 (a - ¢)). As respiratory motion is gated to a small window around
end-expiration in the nav-bSSFP acquisition and the T2-preparatory pulse suppresses chest wall signal
(figure 5.7 (d - f)), a spatial saturation pulse is not required. Figure 5.8 further highlights the localised
nature of the current B2ZB-RMC. While the proximal RCA is sharp in both the B2B-RMC 3D spiral and the
nav-bSSFP acquisition, there is a loss of vessel clarity in the distal section of the B2B-RMC 3D spiral
acquisition. The example shown in figure 5.9 clearly shows the proximal and mid RCA in both
acquisitions with several branch vessels before the artery curves out of the imaging plane. Images from
both acquisitions clearly show the conus artery originating from a common ostium with the RCA. A

section of a coronary vein is also present below the RCA.
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Figure 5.6: Example images from one subject comparing B2B-RMC 3D spiral to nav-bSSFP

Slice 3

B2B-RMC

nqv-bSSFP

Example images from one subject showing corrected images from the BZB-RMC 3D spiral technique in 3
consecutive slices (a - c¢) acquired with 99.7% respiratory efficiency and the corresponding slices from the
nav-bSSFP technique (d - f) acquired with 63% respiratory efficiency. Note the similar appearance of the
RCA in the proximal and mid-sections using both techniques, but increased blurring in the B2B-RMC 3D
spiral images in the distal vessel (see text). Also note the clear depiction of the branch vessels in the mid-
section in the B2ZB-RMC 3D spiral images, highlighted by the arrows.
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Figure 5.7: Example images from one subject comparing B2B-RMC 3D spiral to nav-bSSFP

3D spiral B2B-RMC

nav-bSSFP

a. Slice 1 a. Slice 2 a. Slice 3

Three consecutive slices acquired using the B2B-RMC 3D spiral acquisition (a - c) acquired with 98.4%
respiratory efficiency and the equivalent nav-bSSFP images (d - f) acquired with 35% respiratory efficiency.
Note that a spatial saturation pulse was not applied to the chest wall in this B2B-RMC 3D spiral acquisition
and there is, hence some chest wall ghosting artefact.

Figure 5.8: Example images from one subject comparing B2B-RMC 3D spiral to nav-bSSFP

B2B-RMC 3D spiral

nav-bSSFP

Three consecutive slices acquired using the B2B-RMC 3D spiral acquisition (a - c) acquired with 100%

respiratory efficiency and the equivalent nav-bSSFP images (d - f) acquired with 41% respiratory efficiency.
Note the similar appearance of the proximal vessel but loss of vessel visibility in the distal region of the B2B-
RMC 3D spiral images.
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Figure 5.9: Example imaging from one subject comparing B2ZB-RMC 3D spiral to nav-bSSFP

B2B-RMC 3D spiral
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Three consecutive slices acquired using the B2B-RMC 3D spiral acquisition (a - ¢) acquired with 99.3%
respiratory efficiency and the equivalent nav-bSSFP images (d - f) acquired with 41% respiratory efficiency.
Respiratory efficiency of B2ZB-RMC was near 100% and significantly higher than that of the nav-bSSFP
technique (99.7+0.5% range 98.4 - 100% vs. 44.0+8.9% range 33.0 - 62.8%, p < 0.0001). Vessel
diameter and sharpness were successfully measured for the proximal vessel in all 10 subjects. One
subject had a particularly small and tortuous vessel which could not be accurately measured in the mid-
section using either technique and as a result, mid-section vessel sharpness and diameter was obtained in
9 subjects. The sharpness and diameter measurements are summarized in table 5.2 together with the
average respiratory efficiency of both techniques. Vessel sharpness measured in both the proximal and
mid vessel was not significantly different between the two methods. Vessel diameter in the mid artery
was not significantly different and although there is a significant difference in the proximal diameter, it is

not substantial (0.15mm or ~5%).

The non-rigid motion of the heart and the localized nature of the cross correlation method used in the
B2B-RMC technique means that as expected, the 3D respiratory translations obtained using reference and
search ROIs around the coronary artery origin do not provide optimal respiratory motion correction in
the distal artery. This is apparent in figures 5.6 — 5.9 where, visually, the distal arteries appear less sharp
in the B2B-RMC 3D spiral images than in the corresponding nav-bSSFP images where diaphragm motion
is limited to a small range. Figure 5.10 shows a curved-plane reformat of a B2B-RMC 3D spiral image
corrected for proximal coronary motion (as performed for the comparisons in table 5.2) (a) and corrected

for distal motion (b), together with the equivalent curved-plane reformat of the nav-bSSFP acquisition (c).
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Table 5.2: Comparison of the respiratory efficiency, vessel sharpness and vessel diameter between

sequences
Respiratory Proximal Mid Proximal Mid
efficiency sharpness  sharpness diameter diameter
(%) (mm) (mm-) (mm) (mm)
?SZDB)'RMC 3Dspiral 497 (0.5) 100(0.14) 101(0.11)  2.85(038) 285 (039)
?;‘)’ibSSFP 44.0 (8.9) 1.08(0.11) 1.05(0.12)  270(0.34)  2.80 (0.35)
p-value <0.0001 0.15 0.24 0.026 0.60

Proximal and mid results were obtained in 10 and 9 healthy subjects respectively. All values are mean #*
standard deviation (SD).

Figure 5.10: Comparison of B2B-RMC 3D spiral images corrected for proximal and distal RCA motion

compared to the equivalent images acquired with nav-bSSFP

a. B2B-RMC - proximal b. B2B-RMC - distal ¢. nav-bSSFP

Curved planar reformat of 3D spiral images acquired with the B2B-RMC technique (0.7x0.7x3mm resolution)
in 302 cardiac cycles (99.3% efficient) over 20mm of diaphragm motion, corrected for optimal proximal (a)
and distal (b) vessel motion. For comparison the equivalent curved planar reformat of the 3D nav-bSSFP
images with identical resolution, acquired in 576 cardiac cycles (43.6% efficient) is shown (c).

For the B2B-RMC 3D spiral images, it is apparent that the distal vessel is sharpestin (b) while the
proximal vessel is sharpestin (a). In comparison, the nav-bSSFP image (c) is sharp over both proximal
and distal regions, although this has been achieved at the expense of a 2.3 fold decrease in respiratory
efficiency. This need for different respiratory motion corrections in the proximal and distal regions is
emphasized in figure 5.11 which shows the B2B-RMC in-plane (x and y) and through-plane (z)

respiratory translations relating to the corrected images shown in figure 5.10 (a) and (b) plotted against

the corresponding diaphragm displacements, as measured with the diaphragmatic navigator.
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Figure 5.11: B2B-RMC respiratory displacements plotted against navigator displacements in the

proximal and distal RCA
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The localized in-plane (y (i) and x (ii)) and through-plane (z (iii)) B2B-RMC displacements obtained when
the NSPCC is localised around the (a) proximal and (b) distal artery, plotted against the diaphragm
displacement obtained from the navigator. Inspiratory, expiratory and stationary points are identified using
the difference between successive points in the navigator trace. The increased slope for the in-plane
translations observed in the distal artery highlights the need for a localized correction.

In this instance, the slope of the in-plane (y) correction versus the superior-inferior diaphragm
displacement was 0.23 in the proximal region and 0.60 in the distal region. Similarly the corresponding
slope for the in-plane (x) corrections was 0.039 in the proximal region and 0.31 in the distal region. An
initial attempt to combine the B2B-RMC 3D spiral images corrected for both proximal and distal motion
was performed by selectively replacing data in the vicinity of the distal artery in the proximally corrected
data set with equivalent data from the distally corrected dataset. Voxels in the border region between the

two corrected datasets were linearly combined, resulting in a fading effect. The result of this is shown in

figure 5.12 and demonstrates high clarity along the entire length of the vessel.

Figure 5.12: Curved planar reformat of combined datasets corrected for proximal and distal RCA

motion acquired using the BZB-RMC 3D spiral technique

Curved plane reformat of the data sets shown in figure 5.10.a and 5.10.b combined to correct for both
proximal and distal motion. The datasets were combined in a basic manner and further work will address
more sophisticated methods.
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5.d Discussion

In this chapter, B2B-RMC has been used to correct 3D MR coronary angiography studies with near 100%
respiratory efficiency. Proximal and mid vessel sharpness and diameter were used as quantitative
markers of the effectiveness of respiratory motion correction and the results were compared to those
obtained using the current most popular sequence for MR coronary angiography with conventional

navigator gating.

All B2B-RMC 3D spiral and nav-bSSFP acquisitions resulted in high quality images. The respiratory
efficiency of the nav-bSSFP technique was more variable as well as being significantly and considerably
lower (44.0£8.9% vs. 99.5+0.5%, p < 0.0001) than the B2B-RMC technique in the healthy subjects
studied. This variability of the respiratory efficiency using navigator gating leads to uncertainty
regarding the acquisition duration. As B2B-RMC is able to correct for >99% of respiratory motion, this
uncertainty is greatly reduced. Although the nav-bSSFP images had inherently different contrast
characteristics to the 3D spiral images acquired with the B2B-RMC technique, there was no disparity in
vessel sharpness. A statistically significant difference in proximal vessel diameter was observed between
the techniques, but the magnitude of this was small (~5%) and may possibly be due to the use ofa T2-
preparation pulse with the nav-bSSFP technique which reduces the signal from the coronary vessel wall.
The values obtained for vessel sharpness are higher than those obtained in other studies (Lietal, 2001,
Shea et al.,, 2001), which is most likely due to the higher spatial resolution used in this study, while the
vessel diameters obtained fall within the range of values obtained in previous studies (Botnar et al.,

2000b, Jahnke et al., 2004, Weber et al., 2004, Keegan et al., 2004, Greil et al., 2007a).

This is the first time that this B2B-RMC technique has been applied to bright blood coronary artery
imaging and the work clearly demonstrates the expected differences in the motion of the proximal and
distal RCA. The proximity of the distal artery to the diaphragm results in a larger range of motion at this
level than at the proximal artery which is separated from the diaphragm by a large volume of soft
deformable tissue. This non-rigid deformation is highlighted by the increased magnitude of the slope of
the linear fit of the in-plane (x and y) B2B-RMC displacements versus the diaphragm displacement in the
distal correction when compared to the proximal results (figure 5.11). The spread of the points around
the linear fit emphasizes the need for a beat-to-beat correction. The apparent inspiratory-expiratory
hysteresis which was observed in the B2B-RMC displacements of several subjects as a loop like trend in
the data may be hysteresis between the diaphragm and RCA as previously reported (Nehrke et al., 2001),
or may be a result of motion between the low resolution acquisition and the navigator (see section 4.e.v).
As has been demonstrated, it is possible to combine multiple datasets corrected optimally for different
sections of the vessel. Further work should consider the combination of datasets from more than two
corrections, the optimal way of doing this and performing these corrections both rapidly and
automatically. However, the relatively short section of artery imaged in 3D cross-sectional coronary
vessel wall imaging (chapters 6 and 7) means that non-rigid motion is likely to be less detrimental than

for in-plane imaging.
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This study has a number of limitations. All acquisitions were performed in healthy volunteers. In
general, breathing patterns are more erratic in the patient population with greater respiratory drift than
for healthy subjects and one might therefore expect the benefits of B2B-RMC to be more pronounced.
Only the RCA was targeted here as it is the more mobile and therefore the more challenging imaging
target. However, preliminary attempts at imaging the left coronary artery system have also been
successful despite a generally reduced volume of fat surrounding these arteries (see section 8.b). Also
vessel diameter and sharpness were only measured in the first 40mm of the artery. This is partly due to
the localized nature of the NSPCC which was used to selectively correct for the respiratory motion of the
proximal/mid artery, but these measurements also become increasingly difficult to make around the
escalating number of branch points more distally. Nonetheless, we have qualitatively demonstrated that
B2B-RMC may be used to correct for respiratory motion in the distal right coronary artery by selecting
appropriate ROIs for the NSPCC and in future, non-rigid implementations could correct whole heart 3D
coronary artery acquisitions. A further limitation of this study is that although SNR and CNR are
important determinants of image quality, the inherently different image contrast between the 3D spiral
and 3D bSSFP techniques used here, meant that such measures were inappropriate for comparing the
performance of respiratory compensation strategies. The ideal solution would have been to perform an
additional identical 3D spiral acquisition with a 5mm navigator gating window. However, at an average
respiratory efficiency of 44% this acquisition would have required 682 RR-intervals (much longer in
many subjects), therefore, prohibiting this additional comparison. One potential alternative would have
been to acquire a navigator gated 3D spiral acquisition with B2B-RMC and a 5mm gating window, to
enable gated and corrected images to be reconstructed from the same data set, although this would also
have extended the imaging time. Alternatively, itis also possible to implement bSSFP with the B2B-RMC
technique enabling a direct comparison of the gating strategies. Both of these options require
considerable modification to the pulse sequence and image reconstruction software which were not
possible at the time of this work. Instead, a comparison between B2B-RMC and navigator gating in

otherwise identical sequences is presented in section 4.e.iv using a realistic respiratory motion phantom.

In conclusion the B2B-RMC technique can be used to correct for respiratory motion with 99.7%
respiratory efficiency as well as a navigator based technique with a 5mm gating window (44.0%
efficient), using vessel sharpness and vessel diameter from MR coronary angiography of the RCA to

quantitatively compare the methods.



216



217

6. 3D spiral coronary artery wall imaging with beat
to beat respiratory motion correction:
Reproducibility and comparison with standard

methods

The work presented in this chapter was recently published in Scott et al. (2011b).

6.a Introduction

As discussed in section 1.e.ii, MR coronary vessel wall imaging has demonstrated the ability to detect
coronary vessel wall thickening in asymptomatic subjects (Fayad et al., 2000, Botnar et al., 2000a, Kim et
al,, 2002, Macedo etal., 2008, Gerretsen et al,, 2010a). However, for any coronary vessel wall imaging
technique to achieve clinical acceptance for assessment of disease progression and regression, such a
technique must be reliable, reproducible and efficient. High resolution 3D MR coronary artery vessel wall
imaging is typically performed with ARA navigator gating, which is inherently inefficient and unreliable.
Previous sections of this thesis have demonstrated the competence of B2B-RMC in correcting for
respiratory motion at, or near 100% respiratory efficiency in phantom work (chapter 4) and in an in-vivo
MR coronary angiography study (chapter 5). In this chapter a direct comparison between 3D spiral
imaging with B2B-RMC (B2B-RMC 3D spiral) and both 2D spiral imaging with navigator gating and 2D
TSE imaging with navigator gating, as are often used in coronary artery wall imaging, is presented. Initial
tests in section 3.d suggested that the additional SNR and robustness to variations in RR-interval enabled
by triggering data acquisition every other RR-interval (2RR gating) make it preferable to triggering every
RR-interval (1RR gating). However, several authors have achieved high quality imaging with 1RR gating
(Meyer etal., 1998, Keegan et al., 2007, Abd-Elmoniem et al, 2010, Terashima et al., 2010) which results
in a very welcome factor of 2 increase in overall imaging efficiency. As a result, the B2ZB-RMC 3D spiral
was performed here with both 2RR and 1RR gating, hence providing the first in-vivo comparison of these
two gating regimes in coronary artery vessel wall imaging. Measurements of RCA vessel wall thickness
were compared in images acquired in ten healthy subjects using all four acquisitions. In addition, all four
acquisitions in all subjects were repeated on a separate occasion to assess the reproducibility of wall

thickness measurements, which is crucial for studies of disease progression and regression.
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6.b Methods

Ten healthy subjects (mean age 38 + 11 years old, range 28 - 59 years old and four female) were
recruited according to local ethics regulations and were each scanned on two separate occasions

(subsequently referred to as the initial and repeat studies).

6.b.i Preparatoryimaging

The preparatory imaging followed the protocol described in section 3.e, with the exception of step 7
where the cine acquisition in the selected coronary vessel wall imaging plane was performed at a
temporal resolution of 42ms, as used for the initial 4-chamber cine acquisitions (step 4). Typical
orientation of the selected imaging plane for coronary vessel wall imaging and the location of the

selective reinversion slab are shown in figure 6.1.

Figure 6.1: Cross-sectional 2D MR coronary angiography planning studies

Orthogonal in-plane RCA MR angiography images (a and b). The position of the cross-sectional right
coronary artery plane (c) is shown in blue. The selective reinversion pulse of the dark blood preparation is
shown in red and was positioned to reinvert the coronary vessel wall while minimizing the reinversion of
blood in the aortic root, ventricles and chest wall.

6.b.ii Right coronary artery vessel wall imaging

For each subject on each occasion, four acquisitions of the RCA vessel wall were obtained using the
sequences described below in a randomized order (80 acquisitions in total). The sequence parameters
(see table 6.1) were selected to obtain equivalent high in-plane spatial resolution and sufficient SNR
within an acceptable duration for each acquisition. The in-plane resolution was identical for all
sequences (0.7 x 0.7mm). For comparison with the 3D spiral B2B-RMC acquisitions, 2D acquisitions were
performed with navigator gating, as is commonly used for coronary artery wall assessment. While a
direct comparison with navigator gated 3D acquisitions would have been preferable, to do so with
comparable spatial resolution and SNR to that used in the 3D acquisition with B2B-RMC would have
resulted in a prohibitively long scan time, due to the typically low respiratory efficiency (~40% (Oshinski
etal, 1996)) of navigator gating. The slice thickness for the 2D acquisitions was 6.0mm while for the 3D
acquisitions, 8 x 3.0mm slices were acquired and reconstructed to 16 x 1.5mm slices. Although the 2D
acquisitions would have ideally been performed with a 3.0mm slice thickness, this was not possible due
to SNR and time considerations. To minimize through-plane partial volume effects, which may result in
artificially high vessel wall thickness measurements, care was to taken to place the imaging slice or slab

perpendicular to the straightest section of artery available.
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6.b.iii B2B-RMC 3D spiral acquisitions

The sequence diagram for the B2B-RMC 3D spiral acquisition is shown in figure 6.2 and is identical to that
described in section 3.f. In every other cardiac cycle, dark blood double inversion preparation was
followed by the low resolution 3D volume with fat selective excitation. Immediately after the low
resolution 3D acquisition, two interleaves of a high resolution 3D stack of spirals acquisition were
obtained with water selective excitation. A standard, crossed pair diaphragmatic navigator was acquired
immediately after the high resolution spiral readouts. The dark blood inversion time, was typically
625ms (which is optimal for 2RR gating and a heart rate of 60BPM). This was, however, reduced in
subjects with an early coronary rest period so that the acquisition of the high resolution imaging data
(30ms acquisition window) could be performed during minimal RCA motion. The following navigator
was used to reject and reacquire data acquired at very extreme respiratory positions (>+10mm outside
the subjects normal tidal diaphragm range). The total acquisition duration was 600 RR-intervals (for 2ZRR

gating and assuming 100% respiratory efficiency).

Figure 6.2: The sequence diagram for the 3D spiral with B2B-RMC acquisition
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The sequence is as described in section 3.f. Every imaging segment consists of a full low resolution 3D spiral
fat selective (FE) acquisition immediately followed by 2 interleaves of a high resolution 3D spiral acquisition
with water selective excitation (WE). Finally a standard crossed pair navigator is used to monitor the
position of the diaphragm and exclude data acquired at very extreme diaphragm positions.

Images were reconstructed and processed offline using the tools described in section 3.b.ii.

The acquisition was repeated with 1RR gating. In this case the dark blood inversion time was reduced to
~400ms in order to maintain effective suppression of blood signal. All other parameters were fixed. The
total acquisition duration was 300 RR-intervals (for 1RR gating and assuming 100% respiratory

efficiency).
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Table 6.1: High resolution coronary artery wall imaging parameter comparison

Parameter 3D spiral 2D spiral 2D TSE
B2B-RMC navigator gating navigator gating
TE 3.4ms 7.0ms 6.8ms
TR 1 RR- or 2 RR-intervals 2 RR-intervals 2 RR-intervals
Field of view 570x570x24mm 570x570x6mm 403x403x6mm
Resolution 0.7x0.7x3.0mm 0.7x0.7x6.0mm 0.7x0.7x6.0mm
Points per readout 4096 4096 576
Spiral interleaves per kx- 75 75 576
ky / phase encode lines (+77% oversampling)
Through-plane phase 8 1 1
encode lines
Readouts per RRinterval 2 2 <15
/ echo train length (ETL)
Dwell-time per point 2.5us 2.5us 29us
Readout duration 10ms 10ms 3.3ms
Acquisition window 30ms 35ms 76ms (ETL=10)
Fat suppression Binomial water Binomial water AASPIR
excitation excitation
Flip angles 45/90° 45/90° 90/180-180-...-180°
Dark blood preparation ~ User positionable slab User positionable slab Standard

Dark blood inversion
time

Respiratory motion
compensation

Total duration (100%
efficiency)

selective

625ms/400ms
(2RR/1RR)

B2B-RMC +
navigator gating - tidal
range +10mm

600RR/300RR
(2RR/1RR)

selective

625ms

Navigator gating - 5mm
window + end expiratory
tracking

76RR

(3 x slice thickness)

625ms

Navigator gating - 5Smm
window + end expiratory
tracking

204RR (ETL=10)

Parameters were identical for the B2ZB-RMC 3D spiral acquisition with ZRR and 1RR gating, except where

noted.

ETL - TSE echo train length.

AASPIR - adiabatic asymmetric spectral inversion recovery

6.b.iv Navigator gated 2D spiral

A single slice 2D spiral acquisition was acquired with 2RR gating as shown in figure 6.3. The k-space

trajectories and dark blood preparation were identical to those used for the 3D spiral sequence.

Sequence parameters are given in table 6.1. In every other cardiac cycle, 2 spiral readouts were acquired

sequentially with a total cardiac acquisition window of 35ms, using binomial water excitation.

Respiratory gating was performed using a standard crossed pair navigator positioned over the right

hemi-diaphragm with a 5mm end-expiratory ARA window and end-expiratory position tracking

(Deshpande etal., 2006, Shea et al., 2007). The total acquisition duration was 76 RR-intervals (for 2ZRR

gating and assuming 100% respiratory efficiency).
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Figure 6.3: A schematic of the 2D spiral navigator gated sequence
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Every other cardiac cycle the high resolution image segment is preceded by slab selective dark blood
preparation. A navigator is acquired immediately after the high resolution segment.

6.b.v Navigator gated 2D Turbo-Spin Echo

A single slice 2D TSE acquisition was acquired with 2RR gating as shown in figure 6.4. The sequence
parameters are given in table 6.1. The images were acquired with standard double inversion recovery
dark blood preparation using a reinversion pulse slice thickness of 3 times the imaging slice thickness
and an inversion time defined as for the 3D spiral B2B-RMC acquisition with 2RR gating. Fat suppression
was performed with an asymmetric adiabatic short TI spectral inversion recovery (AASPIR) pulse
(Rosenfeld et al., 1997, Shea et al,, 2007). As averaging is performed on the fly, the acquisition of multiple
averages was not possible in combination with navigator gating. Instead, the SNR in the 2D TSE images
was increased by using phase oversampling of 77%. The echo train length was chosen to fit within the
subject-specific cardiac rest period and constrained to a maximum of 15 (i.e. acquisition window
<110ms). Navigator gating was performed as for the 2D spiral technique. The total acquisition duration
was 204 RR-intervals (for 2RR gating, assuming 100% respiratory efficiency and a typical echo train

length of 10).

Figure 6.4: A schematic of the 2D TSE navigator gated sequence
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Every other cardiac cycle the imaging segment (typically an echo train length of 10) is preceded by standard
dark blood preparation, AASPIR fat suppression and a navigator.

6.b.vi Repeat Studies

The repeat studies for each subject were performed in an identical manner. The imaging plane for the
dark blood cross-sectional right coronary acquisitions was positioned the same distance from the aortic

root using screen grabs and tracings from the initial studies (see figure 6.1).
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6.b.vii Data Analysis

Quantitative comparison of each of the four techniques was performed using the average thickness of the
right coronary vessel wall. For each B2B-RMC 3D spiral study (both 1RR and 2RR gating), the slice with
the sharpest vessel wall from the 4 x 1.5mm slices which correspond to the 6.0mm 2D slice was selected
visually for comparison. The images were presented for analysis in a randomised order to avoid bias and
the decision on which slice to analyze was made independently for each B2B-RMC 3D spiral acquisition
(1RR and 2RR). All images were Fourier interpolated by a factor of 4 and then zoomed (using bilinear
interpolation) for the subsequent analysis. Average thickness measurements were calculated from
circular ROIs manually drawn around the inner and outer vessel wall (see figure 6.5 and movie S.7 in the
supplementary material) using the tools described in section 3.b.ii. The intra and inter observer
reproducibility of this measurement technique was determined in a randomly selected subset of 20
images as the mean * standard deviation of the signed differences between two measurements made by

the same observer and by two independent observers respectively.

Figure 6.5: Circular ROIs drawn around the coronary vessel wall for wall thickness measurements

-

Circular ROIs are drawn around the outer (green) and inner (blue) edge of the coronary vessel wall. Average
vessel wall thickness is calculated from these ROIs. Also see movie S.7 for an example of this process.
Comparison of vessel wall thickness obtained using all four acquisitions was performed using repeated
measures analysis of variance on the data acquired in the initial studies. Using both the initial and repeat
data sets, the inter-study reproducibility of vessel wall thickness measured with each of the techniques
was assessed using the intra class correlation coefficient (MacLennan, 1993) and by the method of Bland

and Altman (Bland and Altman, 1986).

All coronary artery wall vessel images used for the wall thickness measurements were scored on a three
point scale (1=vessel wall not visualized, 2=adequate, 3=good) (Miao et al,, 2009). Only those coronary
wall images with a score of 2 or 3 were analyzed as described above. Image quality scores were

compared between techniques using the Friedman test.
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6.c Results

The mean heart rate for all (initial and repeat) studies was 61+8BPM (range 46 - 73BPM) and the mean
duration of the diastolic right coronary rest periods was 119+59ms (range 50 - 226ms). During the
initial studies, a fault was found in the TSE sequence which caused the scanner to ignore the phase
oversampling if the echo train length was modified. As a result, four of the TSE acquisitions in subjects
with longer rest periods were acquired without the prescribed 77% phase oversampling. In three of
these subjects the image quality was high regardless and they were included in the subsequent analysis.
The image quality was poor in the fourth subject but this was primarily attributed to cardiac motion, as
discussed later, rather than to reduced SNR. The fault was resolved prior to beginning the repeat studies

and all further TSE acquisitions were performed with the phase oversampling.

Example images from all techniques obtained in the initial studies of two subjects are shown in figure 6.6
and 6.7 including the four reconstructed 1.5mm slices of each of the 3D techniques corresponding to the
6.0mm slices obtained with the 2D acquisitions. Equivalentimages from all techniques obtained in the
repeat study of one subject are shown in figure 6.8. In each of these examples, image quality was
sufficient to measure the vessel wall thickness. The B2ZB-RMC 3D spiral images shown in figure 6.6 are
good in the case of the 2RR gated acquisition ((a - d), scored 3), but adequate in the 1RR gated acquisition
((e - h), scored 2) due to severe ghosting of the chest wall across the anatomy of interest (discussed
further later). In this subject the 2D spiral (i) and 2D TSE (j) acquisitions both resulted in excellent image
quality (both scored 3). The 2D spiral (i) and 2D TSE images (j) shown in figure 6.7 are of good quality
(both scored 3) and the vessel wall is also clearly visible in the B2B-RMC 3D spiral acquisition using 2RR
gating ((a - d), scored 2). However, there is some blurring of the vessel wall in these images (figure 6.7

(a - d)). This was caused by imperfect respiratory motion correction of this subject’s erratic and drifting
respiratory trace. There is also a substantial loss of contrast between the vessel wall and lumen in the
1RR gated 3D spiral with B2B-RMC acquisition (figure 6.7 (e - h), scored 2), thought to be the result of the
reduced robustness of 1RR gating to variations in RR-interval. The B2B-RMC 3D spiral images shown in
figure 6.8 are good for the 2RR gated acquisition ((a - d), scored 3) and 1RR gated acquisitions ((e - h),
also scored 3) although there is a visible loss of SNR with 1RR gating. In this example, image quality is
poorer in the 2D spiral image ((i), scored 2) and in the 2D TSE image ((j), scored 2), due to poorer fat

suppression.

The four acquisitions in each study were performed in a random order and were typically completed
within approximately 30 minutes. Of the 80 acquisitions performed (10 subjects with four acquisitions
on two occasions), 73 (91%) produced images with image quality scores of 2 or 3 from which
measurement of the RCA vessel wall thickness could be obtained. Table 6.2 documents the image quality
score and vessel wall thickness of each acquisition in each subject, together with the heart rate and
coronary rest period duration (as estimated from the cine acquisition in the same plane). Four rejected
datasets (red cells in table 6.2) were TSE acquisitions, two were 3D spiral acquisitions with 1RR gating
and one was a 3D spiral acquisition with 2RR gating. In one subject (subject 9), the failed acquisitions

appeared to correspond to an increase in heart rate (discussed fully later). For the remaining subjects
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however, no changes in heart rate were observed during the 4 acquisitions in each study and the success
or failure of an acquisition was not dependent on the order in which it was performed. Of the successful
datasets 42 were scored 2 (amber cells in table 6.2) and 31 were scored 3 (green cells). Of these 31
datasets that were scored 3, eight were 3D spiral acquisitions with 2RR gating, five were 3D spiral with
1RR gating, eight were 2D spiral and 10 were 2D TSE acquisitions. There was no significant difference in

image quality score between techniques (p=ns).

Figure 6.6: Example images obtained using all techniques in one healthy subject
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Images from the initial study of subject 10 using all four methods. The four 1.5mm slices (a - d and e - h) of
the 3D spiral techniques are shown along with the equivalent single 6.0mm slices obtained using the 2D TSE
(i) and 2D spiral (j) techniques. Both of the BZB-RMC 3D spiral techniques were acquired with respiratory
efficiencies of 100% and the range of diaphragm displacements corrected was 18mm and 23mm using 2RR
gating and 1RR gating respectively. The 2D images were acquired with respiratory efficiencies of 45% (2D
spiral) and 39% (2D TSE). The measured vessel wall thicknesses were 1.31mm (B2B-RMC 3D spiral with
2RR gating), 1.39mm (B2B-RMC 3D spiral with 1RR gating), 1.29mm (2D spiral) and 1.36mm (2D TSE). In
both B2B-RMC 3D spiral images a degree of ghosting artefact is observed (as discussed in the text). The
effect is worse in the 1RR gated images (scored 2) than in the 2RR gated images (scored 3).
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Figure 6.7: Example images obtained using all techniques in one healthy subject
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Images from the initial study of subject 5 using all four methods. The four 1.5mm slices (a - d and e - h) of
the 3D spiral techniques are shown along with the equivalent single 6.0mm slices obtained using the 2D TSE
(i) and 2D spiral (j) techniques. The BZB-RMC 3D spiral images were acquired with respiratory efficiencies
0f 94.9% and 99.3% for the ZRR and 1RR gated acquisitions respectively. The 2D images were acquired with
respiratory efficiencies of 45% (2D spiral) and 45% (2D TSE). The measured vessel wall thicknesses were
1.31mm (3D spiral with 2RR gating), 1.23mm (3D spiral with 1RR gating), 1.23mm (2D spiral) and 1.21mm
(2D TSE). The blood suppression in the 3D spiral images with 1RR is less effective than in the 2RR gated

images.

Figure 6.8: Example images obtained using all techniques in one healthy subject
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Images from the repeat study of subject 6 using all four methods. The four 1.5mm slices (a - d and e - h) of
the 3D spiral techniques are shown along with the equivalent single 6.0mm slices obtained using the 2D TSE
(i) and 2D spiral (j) techniques. The 3D spiral with B2ZB-RMC images were acquired with respiratory
efficiencies of 99.3% and 100% for the 2RR and 1RR gated acquisitions respectively. The 2D images were
acquired with respiratory efficiencies of 33% (2D spiral) and 27% (2D TSE). The measured vessel wall
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thicknesses were 1.15mm (B2B-RMC 3D spiral with Z2RR gating), 1.37mm (B2B-RMC 3D spiral with 1RR
gating), 1.35mm (2D spiral) and 1.22mm (2D TSE).

Table 6.2: Image quality scores from the high resolution coronary artery vessel wall acquisitions

Initial Repeat

Heart Rest 3D 3D 2D 2D Heart Rest 3D 3D 2D 2D
Subject  rate period spiral spiral spiral TSE Rate period spiral spiral spiral TSE

(BPM)  (ms) 2RR 1RR 2RR 2RR (BPM)  (ms) 2RR 1RR 2RR 2RR
(mm) (mm) (mm) (mm) (mm) (mm) (mm)

1 51 172 v vt 68 46 v

2 61 75 v v 58 85

3 65 85 v v 7 v 67 50 v v 7 v
4 57 174 56 226

5 47 223 v 55 97

6 72 50 v 68 90

7 60 190 v 46 182

8 59 153 - 66 101

9 73 50 v 72 83

10

54 146 - v 59 110

Acquisitions resulting in images scored 3, 2 and 1 (fail) are coloured green, amber and red respectively.
1 - studies acquired without the prescribed 77% phase oversampling (see text for details).

6.c.i Acquisition Duration and Respiratory Efficiency
For each of the techniques, table 6.3 gives the respiratory efficiency, acquisition duration, acquisition

duration per slice and range of diaphragm motion in the initial studies. A one tailed paired t-test was
used to compare the respiratory efficiency of the B2B-RMC techniques with the navigator gated
techniques, and indicated that the B2B-RMC technique is significantly more efficient (99.6+1.2% vs.
39.0+7.5% respectively, p<0.0001). In addition, the much lower standard deviation of the respiratory
efficiencies indicates that the B2B-RMC technique is substantially less variable than the navigator
technique. While the acquisition duration of the 2D spiral technique was shorter than all other
techniques, the acquisition duration per reconstructed slice of the B2B-RMC 3D spiral techniques was
considerably less. On average the B2B-RMC technique corrected for 20+6mm of diaphragm motion in the
initial study (range 15 - 36mm) in contrast to the 5mm nominal gating window used in the navigator

gated acquisitions.
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Table 6.3: Overview of respiratory efficiency, duration and related parameters in the initial study by

imaging technique

Method 3D spiral 3D spiral 2D spiral 2D TSE
2RR 1RR 2RR 2RR

Respiratory efficiencyt (SD) (%) 99.5 (1.6) 99.8 (0.3) 39.0 (9.4) 39.3 (4.6)

Diaphragm motion compensated 21.3 (6.9) 18.4 (6.0) 5.0* 5.0*

(SD) (mm)

Reconstructed slices 16x 1.5 16x 15 1x6.0 1x6.0

(number x thickness (mm))

Total acquisition duration¥ (SD) 603 (10) 301 (1) 209 (59) 479% (74)

(RR intervals)

Acquisition duration per 37.7 (0.6) 18.8 (0.1) 209 (59) 479% (74)

reconstructed slice* (SD)

(RR intervals)

N 10 9 10 8

- p<0.0001 when comparing the respiratory efficiency of the navigator gated techniques with the B2B-RMC

techniques.

* - nominal navigator acceptance window.

¥. p<0.001 - 2D TSE vs. 2D spiral, 2D spiral vs. 3D spiral 2RR, 3D spiral 1RR vs. 3D spiral 2RR; p<0.01 - 2D
TSE vs. 3D spiral 1RR; p<0.05 - 2D spiral vs. 3D spiral 1RR; p=ns - 2D TSE vs. 3D spiral 2RR.

* - p<0.001 - 2D TSE vs. 2D spiral, 2D TSE vs. 3D spiral 1RR, 2D TSE vs. 3D spiral 2RR;

3D spiral 1RR vs. 3D spiral 2RR; p<0.01 - 2D spiral vs. 3D spiral 1RR, 2D spiral vs. 3D spiral 2RR.

t - the acquisition duration for the 2D TSE technique was corrected for the 77% phase oversampling error.
The variation between subjects therefore reflects differences in echo train length and respiratory

efficiency.

6.c.ii Vessel Wall Thickness

Bland-Altman plots for the intra and inter observer reproducibility of the vessel wall thickness

measurements obtained in a subset of 20 images are shown in figure 6.9. The mean intra-observer

difference was 0.04+0.09mm and the mean inter-observer difference was -0.05+0.08mm.

Vessel wall thickness measurements were obtained in 37 datasets from the initial study, see table 6.4.

The average vessel wall thickness for all techniques in the initial study was 1.11+0.19mm with repeated

measures analysis of variance showing no significant differences between techniques.
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Figure 6.9: Intra- and inter-observer reproducibility of the vessel wall thickness measurement
technique
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Bland-Altman plots showing (a) the intra- and (b) inter-observer reproducibility of the method used to
measure the coronary vessel wall thickness. The intra- and inter-observer differences were (mean #+ SD)
0.04+0.09mm and -0.05+0.08mm respectively.

Table 6.4: Vessel wall thicknesses obtained in the initial and repeat studies

Initial Repeat
Subject 3D spiral 3D spiral 2D spiral 2D TSE 3D spiral 3D spiral 2D spiral 2D TSE
2RR 1RR 2RR 2RR 2RR 1RR 2RR 2RR
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
1 1.11 1.04 0.95 1.35¢% 0.90 1.23 0.98 x
2 0.99 1.14 1.15 xt 0.96 0.92 1.07 1.01
3 1.28 1.20 1.24 1.19 1.28 1.29 1.23 1.27
4 1.09 1.29 1.34 1.35¢% 1.02 1.12 1.05 1.05
5 1.31 1.23 1.23 1.21t 1.34 1.35 1.20 1.16
6 1.07 1.34 1.21 x 1.15 1.37 1.35 1.22
7 091 0.94 0.97 1.18 1.05 1.02 0.98 1.04
8 0.86 x 0.90 0.84 0.79 0.77 0.81 0.85
9 1.09 1.20 112 1.19 x x 0.92 x
10 1.31 1.39 1.29 1.36 1.38 1.37 1.27 1.39
Mean 1.10 1.20 1.14 1.21 1.10 1.16 1.09 1.12
(SD) (0.14) (0.16) (0.15) (0.17) (0.20) (0.22) (0.17) (0.17)
N 10 9 10 8 9 9 10 8

T - studies acquired without the prescribed 77% phase oversampling (see text for details).
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6.c.iii Reproducibility

The mean time between the initial and repeat studies was 37+16 days (range 28 - 77 days). In one
subject (subject 3), the heart rate at the time of the repeat scan was faster than during the initial scan and
there was no identifiable coronary rest period. The study was consequently abandoned and repeated at a
later date when the heart rate was similar to that in the initial study. Initial and repeatimages (acquired
29 days apart) in an example subject are shown in figure 6.10 demonstrating a high degree of visual
similarity between the initial and repeat studies. Vessel wall thickness measurements were made in 36
repeat datasets. The results of the reproducibility tests, comparing the initial and repeat studies for each
imaging technique are given in table 6.5 and the associated Bland-Altman plots are shown in figure 6.10.
The intraclass correlation coefficients ranged from good for the B2B-RMC 3D spiral with 1RR gating
(0.65) to excellent (0.87) for the B2B-RMC 3D spiral with 2RR gating acquisition (Landis and Koch,
1977). The standard deviation of the signed differences in vessel wall thickness between studies ranged

from 0.10mm (B2B-RMC 3D spiral with 2RR gating) to 0.14mm (2D TSE and B2B-RMC 3D spiral with 1RR
gating).

Figure 6.10: Example initial and repeat image acquired in one subject

3D spiral - 2RR 3D spiral - 1RR 2D spiral - 2RR 2D TSE - 2RR

a m. m.. ' m

Initial

The initial (a - d) and repeat (e - h) results obtained using each method in an example healthy volunteer
(subject 4). The single slices chosen for quantitative vessel wall thickness comparisons from the 3D spiral
techniques are shown here. There is a high degree of visual similarity between the initial and repeat images
(acquired 29 days apart). Respiratory efficiencies and measured vessel wall thickness, on the top row from
left to right are: 100% 1.09mm, 100% 1.29mm, 40% 1.34mm and 38% 1.35mm. On the bottom row, also
from left to right, the respiratory efficiencies and measured vessel wall thicknesses are: 100% 1.02mm, 100%
1.12, 55% 1.05mm and 40% 1.05mm. In the initial study the B2B-RMC technique corrected for 14mm and
20mm of diaphragm motion when acquired with ZRR and 1RR gating respectively. In the repeat study the
B2B-RMC technique corrected for 18mm of diaphragm motion when acquired with both 1RR and ZRR
gating. The 2D TSE acquisition in the initial study was one of the four studies acquired without the 77%
phase oversampling resulting in a lIlower SNR. Despite this image quality is good.

Table 6.5: Inter-study reproducibility

Method 3D spiral 2RR 3D spiral 1RR 2D spiral ZRR 2D TSE 2RR
Mean difference (SD) (mm) 0.01 (0.10) -0.01 (0.14) 0.06 (0.12) 0.06 (0.14)
Intra-class correlation 0.87 0.65 0.70 0.72

N 9 8 10 6
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Figure 6.11: Inter-study reproducibility
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Bland-Altman plots for the reproducibility comparison between imaging techniques. The reproducibility
was highest for (a) the B2ZB-RMC 3D spiral technique with 2RR gating: 0.01+0.10mm, followed by (c) the 2D
spiral technique: 0.0620.12mm, (d) the 2D TSE technique: 0.06+0.14mm and finally (b) the BZ2B-RMC 3D
spiral with 1RR gating (the same standard deviation on the vessel wall thickness differences as the TSE
technique but a lower intra-class correlation coefficient): -0.01+0.14mm.

6.d Discussion

B2B-RMC enables the acquisition of high resolution 3D in-vivo images of the coronary vessel wall with
near 100% respiratory efficiency. For both 2RR and 1RR gating, the vessel wall thicknesses measured
using the B2B-RMC 3D spiral technique are not significantly different from those measured with
conventional navigator techniques and the reproducibility is good (with 1RR gating) or excellent (with
2RR gating). The B2B-RMC technique compensated for 20+6mm of diaphragm motion which results in
much improved and less variable respiratory efficiency compared with conventional navigator
techniques (99.6£1.2% vs. 39.0+7.5% respectively, p<0.0001). This enables 3D coverage of the vessel

with high resolution in a predictable and clinically feasible imaging time. In a patient cohort, where the
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respiratory patterns are generally more variable, the advantages of 3D imaging and B2ZB-RMC in coronary

vessel wall imaging are expected to be even more evident.

Overall, 91% of the 80 acquisitions performed were successful. Of the seven studies that failed, four were
TSE acquisitions, two were B2B-RMC 3D spiral acquisitions with 1RR gating and one was a B2B-RMC 3D
spiral acquisition with 2RR gating. Although the TSE sequence resulted in the highest number of images
scored 3, it also result in the largest number of failed studies (scored 1). The TSE sequence is particularly
sensitive to motion and an accurate assessment of the coronary rest period is imperative, as has been
demonstrated in previous studies (Kim et al., 2001b, Malayeri et al., 2009). In this study, the mean heart
rate in the failed TSE acquisitions (subjects 2 and 6 (initial studies) and subjects 1 and 9 (repeat studies))
was higher than in the successful TSE acquisitions (685 BPM vs. 59+8 BPM, p<0.05) and the visually
estimated coronary rest period was shorter (57+18ms vs. 133+64ms, p<0.05). Retrospective quantitative
analysis of the corresponding cine images in the plane of interest using local normalized cross correlation
was performed to determine the true coronary rest period (defined as that period with <1 pixel (1.7mm)
of motion in either in-plane direction). Figure 6.12 plots the magnitude of the in-plane motion of the RCA
obtained in this way for subject 9 (repeat study), where the estimated rest period was longer than the
measured rest period and therefore, the implemented echo train length was too long. Similar results
were found for the other failed TSE acquisitions. For comparison figure 6.13 plots the in-plane motion of
the RCA for subject 10, where the rest-period was substantially under-estimated. One of the failed TSE
acquisitions (subject 2 (initial study)) was not imaged with 77% phase oversampling due to the sequence
error previously discussed, but this is not thought to be a key reason for the poor image quality. The first
of the rejected B2B-RMC 3D spiral acquisitions with 1RR gating was acquired in a subject (subject 8
(initial study) - see figure 6.14) with a dominant left coronary artery system and, hence, a narrow RCA
(luminal diameter=0.7mm and outer vessel diameter=2.7mm, measured on the 3D spiral with 2RR gating
images). A combination of the small vessel size and both the inferior SNR and reduced robustness to RR-
interval variations with 1RR gating resulted in insufficient contrast between the lumen and vessel wall
(figure 6.14 (b)) to perform the thickness measurement. The equivalent repeat study was successful
(figure 6.14 (f)), possibly due to less variation in RR-interval, or to subtle changes in the slice orientation
and the dark blood reinversion slab location which may have improved the contrast between the vessel
wall and lumen. The second failed B2ZB-RMC 3D spiral acquisition with 1RR gating and the only failed
B2B-RMC 3D spiral acquisition with 2RR gating were obtained in subject 9 (repeat study - see figure
6.15) where only the 2D spiral acquisition, which was performed first, was successful (figure 6.15 (g)).
During the repeat studies, the subject reported feeling uncomfortable during the last three acquisitions
(figure 6.15 (e), (f), and (h)) which were those that failed. The rest period in the repeat studies was
visually estimated at 83ms from the cine acquisition performed immediately before the 2D spiral imaging,
but subsequent quantitative analysis of the cine acquisition demonstrated that the actual rest period was
only 41ms (see figure 6.12). The subject’s discomfort was accompanied by a heart rate increase of
approximately 5BPM and a resultant reduction in the already short rest period duration is thought to be

the cause of the acquisition failures.
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Small errors in determining the onset and duration of the coronary rest period have greatest impact in

subjects with short rest periods. While we estimated the onset and duration of the coronary rest period

from a cine acquisition in the same plane as the vessel wall image, subsequent quantitative analysis of the

motion of the artery showed that in some cases this was inaccurate (figure 6.12 and 6.13). Automatic

determination of rest period (Jahnke et al., 2005a), improved temporal resolution of the cine acquisitions

(currently 20 reconstructed frames /RR-interval, actual temporal resolution 42ms) and/or repeat cine

acquisitions for determining the rest period could potentially improve image quality and reduce the

number of failed acquisitions. In work subsequent to this study the temporal resolution of the cine

acquisition used to determine the rest period was increased to 19ms (64 reconstructed frames/RR-

interval).

Figure 6.12: Over-estimation of the RCA rest period by visual analysis
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The in-plane motion of the RCA obtained from cine images in the imaging plane of the coronary vessel wall
acquisitions for subject 9. The visually estimated rest period is longer (83ms) than the rest period
determined by local normalized cross-correlation of the cine images (41ms).

Figure 6.13: Under-estimation of the RCA rest period by visual analysis
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The in-plane motion of the RCA obtained from cine imaging in the plane of the coronary vessel wall
acquisitions for subject 10. The visually estimated rest period (110ms) is much shorter than the rest period
determined by local normalized cross-correlation of the cine images (326ms).
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Figure 6.14: Example images from the initial and repeat studies of subject 8

Initial study

a. 3D spiral - 2RR b. 3D spiral - 1RR c. 2D spiral - 2RR d. 2D TSE - 2RR

Repeat study

e. 3D spiral - 2RR f. 3D spiral - 1RR g. 2D spiral - 2RR h. 2D TSE - 2RR

The initial (a - d) and repeat (e - h) results obtained using each method in subject 8, acquired 28 days apart.
The single slices chosen for quantitative vessel wall thickness comparisons from the B2B-RMC 3D spiral
techniques are shown here. The B2B-RMC 3D spiral acquisition with 1RR gating (b) resulted in images with
insufficient vessel/lumen contrast for assessment of the coronary wall thickness in the initial study. The
equivalent image from the repeat study (f), however, did permit vessel wall thickness measurement.
Respiratory efficiencies and measured vessel wall thickness, on the top row from left to right are: 100%
0.86mm (a), NA. (b), 38% 0.90mm (c) and 39% 0.84mm (d). On the bottom row, also from left to right, the
respiratory efficiencies and measured vessel wall thicknesses are: 100% 0.79mm, 100% 0.77, 36% 0.81mm

and 35% 0.85mm.

The B2B-RMC 3D spiral technique with 2RR gating was highly successful. Only one acquisition failed of
20 performed (subject 9, repeat study - as discussed above), 95% were scored 2 or 3, the respiratory
efficiency was close to 100% and the reproducibility measures were excellent. While the B2ZB-RMC 3D
spiral technique with 1RR gating allows a factor of 2 reduction in imaging time, the reproducibility was
lower and problems imaging small arteries due to the reduced SNR were observed. In addition, this
sequence is more sensitive to heart rate variations (due to less complete longitudinal magnetization
recovery between sequence repeats) which can potentially lead to ghosting and poor dark blood
suppression. The generally reduced image quality in the B2B-RMC 3D spiral 1RR gated acquisitions (see
figures 6.6, 6.7, 6.8, 6.10 and 6.14) is reflected in the poorer image quality scores and is due primarily to
lower SNR. In addition, the B2B-RMC 3D spiral images in figure 6.6 exhibit some ghosting from a section
of the chest wall which is reinverted by the navigator restore pulse of the dark blood preparation (see
section 3.c.ic). As the chest wall does not move rigidly with the coronary artery, the retrospective motion
correction results in ghosting artefact from this reinverted section. This effect appears more prominent
in the 1RR gated images due to the increased effect of additional ghosting artefacts caused by variations
in RR interval. In the example shown in figure 6.6, the effect was further exacerbated in the 1RR gated
images (scored 2) when compared to the 2RR gated images (scored 3) as the mean respiratory amplitude
was larger (maximum diaphragm displacement 23mm vs. 18mm respectively). The section of chest wall
reinverted in the other examples shown was sufficiently far from the right coronary artery to avoid this

artefact. An alternative approach to reducing the overall imaging time of 2RR gated acquisitions would be
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to increase the cardiac acquisition window (currently only 30ms) in subjects with longer rest periods

(see figure 6.13 for example) by acquiring more spiral interleaves after each low resolution volume.

Figure 6.15: Example images from the initial and repeat studies of subject 9

Initial study

a. 3D spiral - 2RR b. 3D spiral - 1RR

Repeat study

e. 3D spiral - 2RR f. 3D spiral - 1RR g. 2D spiral - 2RR h. 2D TSE - 2RR

The initial (a - d) and repeat (e - h) results obtained using each method in subject 9, acquired 28 days apart.
The single slices chosen for quantitative vessel wall thickness comparisons from the BZB-RMC 3D spiral
acquisitions are shown here. The coronary vessel wall was delineated from images from all acquisitions in
the initial study, despite the relatively low image quality obtained with the B2B-RMC 3D spiral acquisition
(a) with 2RR gating and the 2D TSE acquisition (d). Yellow arrows highlight the vessel wall in these cases.
In the repeat study, only the 2D spiral acquisition (g), which was acquired first, was successful. Clear
ghosting of cardiac structures is seen in the repeat 2D TSE acquisition ((h) - green arrows). Respiratory
efficiencies and measured vessel wall thickness, on the top row from left to right are: 100% 1.09mm (a),
100% 1.20mm (b), 44% 1.12mm (c) and 38% 1.09mm (d). The respiratory efficiency and vessel wall
thickness of the 2D spiral acquisition in the repeat study (g) was 36% and 0.92mm respectively.

The vessel wall thickness measured will clearly depend on the acquired spatial resolution. In this work,
using an in-plane resolution of 0.7 x 0.7mm, the average vessel wall thickness in the initial studies across
all acquisitions was 1.11£0.19mm. This lies within the range obtained in healthy volunteers using MR by
other groups (0.75+£0.17mm (Fayad et al., 2000), 1.0+0.2mm (Botnar et al., 2000a), 1.14mm (range 0.63 -
1.74mm) (Hazirolan et al., 2005), 0.79+0.23mm (Koktzoglou et al,, 2005), 1.0+0.2mm (Kim et al., 2002)

and 1.6+0.2mm (Desai et al., 2005)).

Vessel wall thickness measurements obtained using circular ROIs drawn around the inner and outer
vessel are reproducible (intra- and inter- observer differences in wall thickness measurements were
0.04+0.09mm and -0.05+0.08mm respectively). For comparison, in a previous study of reproducibility
(Hazirolan et al,, 2005) using multiple cross-sectional 2D TSE images of the RCA vessel wall an ROI based
method was used to obtain intra- and inter-observer differences in wall thickness measurements of
-0.07+0.10mm and -0.02+0.20mm respectively. The inter-study difference from the same work
(Hazirolan et al,, 2005) was 0.02+0.20mm which also compares well to the values of 0.01+0.10mm (B2B-
RMC 3D spiral with 2RR gating), -0.11£0.14mm (B2B-RMC 3D spiral with 1RR gating), 0.06£0.12mm (2D

spiral) and 0.06+0.14mm (2D TSE) found here. In addition, the intra class correlation coefficients closely
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agree with those obtained by Desai et al. (2005) (0.86) using in-plane 3D spiral imaging. However, this is
the first study to directly compare the reproducibility of coronary vessel wall thickness measurements

between techniques.

There are a number of limitations to this study. Firstly, the B2B-RMC 3D spiral technique was not
compared with a navigator gated 3D technique. However, the poor respiratory efficiency of navigator
gating made this unfeasible at the desired resolution. At the average navigator efficiency of 39%, for
example, a similar 3D spiral study with navigator gating would have taken 1535 cardiac cycles or
approximately 25 min to acquire (at a heart rate of 60 BPM). The navigator gated techniques used here
for comparison were therefore 2D techniques, as are frequently used in assessing the coronary artery
wall. A further limitation is that all subjects in this work were healthy volunteers, but section 8.d
describes initial work applying B2B-RMC in a patient cohort. In addition, all acquisitions in this study
were performed in the RCA. While this is the more mobile artery — and hence the more challenging to
image - its proximity to the surface receive coil is beneficial. Application of B2B-RMC to left coronary

vessel wall imaging is discussed in section 8.b.

In conclusion, high resolution dark blood prepared 3D spiral imaging with B2ZB-RMC permits highly
reproducible assessment of coronary vessel wall thickness when performed with 2RR cardiac gating.
Furthermore, the significantly and substantially improved respiratory efficiency of the B2B-RMC
technique over standard navigator gating with a 5mm acceptance window permits acquisition of a 3D

high resolution volume in a reasonable time scale.
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7. Non-invasive detection of coronary artery wall
thickening with age in healthy subjects using 3D
spiral imaging with B2ZB-RMC

The work presented in this chapter forms the basis of the paper: Scott AD, Keegan ], Mohiaddin RH. Non-
invasive detection of coronary artery wall thickening with age in healthy subjects using high resolution
magnetic resonance imaging with beat-to-beat respiratory motion correction. Journal of Magnetic

Resonance Imaging 2011. In Press.

7.a Introduction

Autopsy studies have demonstrated thickening of the coronary artery vessel wall with age in normal
subjects (Velican and Velican, 1981, Ozolanta et al,, 1998). This thickening, primarily of the intimal layer,
may be a precursor to atherosclerosis or may be a part of the normal aging process, or these may be one
and the same thing. Velican and Velican (1981) analyzed autopsy specimens from subjects who primarily
died in car accidents (80%) and demonstrated an increase in the average thickness of the intima from
0.037mm in neonates to 0.184mm in subjects aged 36-40. Another autopsy study (Ozolanta et al., 1998)
of 121 subjects who did not die of coronary artery disease found increases in male right coronary wall
thickness from 0.40+0.13mm at age 8 - 19 years old to 0.78+0.20mm at age 60 - 80 years old. The gold
standard for in-vivo coronary vessel wall imaging is intravascular ultrasound and more recently, OCT is
also used (see chapter 1). However, these are invasive techniques requiring catheterisation and x-ray
contrast angiography for guidance and are consequently not suitable for studies of healthy volunteers or
serial examinations. X-ray CT has also demonstrated coronary artery vessel wall thickening with age in
151 patients with suspected coronary artery disease (mean age 63+13) (Matsunaga etal., 2009).
However, CT also involves a significant ionizing radiation dose, together with potentially nephrotoxic
contrast agents, and its use is consequently also limited. A non-invasive low risk technique is therefore
desirable for assessment of the ageing process, pre-clinical disease and the progression or regression of

disease in longitudinal studies.

MR vessel wall imaging has been used to demonstrate coronary vessel wall thickening in subjects with
asymptomatic coronary disease (Fayad et al., 2000, Botnar et al,, 200043, Kim et al,, 2007, Kim et al., 2002,
Macedo et al., 2008, Gerretsen et al., 2010a) and has also been used to demonstrate carotid artery wall

thickening with age in normal subjects (Keenan et al., 2009). However the smaller size, deeper location
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and mobile nature (with both the cardiac and respiratory cycles) of the coronary arteries makes
equivalent studies of coronary vessel wall ageing using MR considerably more challenging (see section
1.e.ii and chapter 2). In the previous chapter MR coronary vessel wall imaging using a 3D spiral
acquisition with B2B-RMC and 2RR gating was shown to perform with a high degree of reproducibility
while efficiently dealing with respiratory motion (>99% respiratory efficiency). In this chapter, itis
proposed that 3D high resolution imaging with B2B-RMC may be used to demonstrate right coronary

artery vessel wall thickening with age in healthy subjects within a clinically feasible timescale.

7.b Methods

7.b.i Subjects

Twenty one healthy adult subjects (mean age 39+13, range 22-62 years old, 11 female) were recruited
according to local ethics committee approval. All subjects had no history of cardiovascular disease and
were assumed to have normal coronary arteries. Ten of these subjects were recruited for the study
described in chapter 6 and the data from the B2B-RMC 3D spiral acquisition with 2RR gating was re-used

here.

7.b.ii Imaging

Preparatory imaging is described fully in chapter 3. The selected imaging plane was located in a straight
section of the proximal/mid (within ~40mm of the origin) RCA. Cine images in this plane were analyzed
to determine the coronary rest period and therefore establish subsequent acquisition timings. Cross-
sectional right coronary wall images were acquired using a 3D spiral acquisition with B2B-RMC and 2RR
gating. Key high resolution imaging parameters were: in-plane resolution 0.7 x 0.7mm, 8 x 3.0mm slices
(reconstructed to 16 x 1.5mm slices), acquisition duration 600s (assuming 100% respiratory efficiency
and a heart rate of 60 BPM), typical dark-blood inversion time 625ms (optimal for a heart rate of 60BPM
and 2RR gating) and acquisition window 30ms. One subject was imaged at a higher acquired resolution
0f 0.57 x0.57 x 3.0mm and a field of view of 390 x 390 x 24mm as part of initial tests. All other
parameters were identical. In all studies a diaphragmatic navigator was used to reject data acquired at
extreme respiratory positions (>+10mm outside normal range), typically resulting in >99% respiratory
efficiency. Respiratory motion in the acquired data was retrospectively corrected using B2ZB-RMC as

described in chapter 3.

7.b.iii Analysis

The central slice from the high resolution 3D cross-sectional coronary artery wall imaging volume was
selected for analysis. If this slice was not suitable, due to vessel curvature or vessel branching for
example, the nearest acceptable slice was analyzed. For the acquisitions performed for the
reproducibility work described in chapter 6, the study (initial or repeat) most clearly depicting the vessel
wall was used here. For each chosen slice, lumen area and outer wall (lumen + vessel wall) area were
measured by drawing circular regions of interest around the inner and outer vessel wall. These

measurements were used to determine vessel wall area, mean vessel wall thickness and wall/outer wall
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area ratio (W/OW) (Saam et al., 2005). The intra- and inter-observer, and inter-study reproducibility of
this measurement technique for assessing vessel wall thickness was measured at 0.09mm and 0.08mm

respectively (quoted as one standard deviation of the signed differences) in chapter 6.

7.b.iv Statistics

Measurements of wall thickness, wall area, lumen area, outer wall area and W/OW were compared
between the sexes using 2 tailed unpaired t-tests. Regression analysis using a least squares linear fit and
Pearson’s correlation coefficient was performed for: (i) vessel wall thickness with age; (ii) W/OW with

age; (iii) outer wall area with vessel wall thickness; (iv) lumen area with vessel wall thickness.

7.c  Results

Images acquired in three subjects (14%) were rejected due to excessive cardiac or respiratory motion
artefact which resulted in poor image quality. Table 7.1 summarizes the BMI, blood pressure and
smoking history of the remaining 18 subjects. No subject was obese (>30 kg m-2 (2000)), none were
hypertensive (>140mmHg systolic or >90mmHg diastolic (2004)) and none were known diabetics. One

was a current smoker.

Table 7.2 shows the measured parameters averaged for male, female and all subjects. Outer wall area and
mean lumen area were significantly smaller in female subjects (both p<0.05) while vessel wall area, mean
wall thickness and W/OW showed no significant difference between sexes. Example images are shown in
figure 7.1. Average respiratory efficiency was 99.3+1.7% (range 94.6 - 100.0%), corresponding to an

average acquisition duration of 604s assuming a heart rate of 60BPM.
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Table 7.1: Summary of subject characteristics

Subject  Age Sex BMI BP (systolic) BP (diastolic) Smoking history
(vears) (kgm?)  (mmHg) (mmHg)
1 22 M 24 119 69 Never
2 24 M 25 123 60 Never
3 24 M 29 130 70 Never
4 27 M 25 124 71 Never
5 28 F 25 120 69 Previous
6 29 M 23 117 67 Previous
7 31 F 22 114 70 Previous
8 31 F 22 110 82 Never
9 35 M 24 115 70 Never
10 37 F 24 118 68 Previous
11 40 F 22 119 77 Never
12 40 M 26 121 69 Previous
13 48 F 18 122 79 Never
14 49 F 20 118 75 Never
15 53 M 27 132 84 Never
16 57 26 115 68 Current
17 59 M 23 140 89 Never
18 62 23 121 75 Previous

BMI - body mass index

BP - blood pressure
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Parameter Mean value Mean value Mean value p-value
(all subjects) (male subjects) (female subjects) male vs.female
+SD +SD +SD

Vessel wall thickness  1.14+0.22mm 1.18+0.26mm 1.11+x0.17mm 0.51

w/0wW 0.727+0.085 0.70+0.10 0.758+0.055 0.12

Lumen area 5.3+2.7mm? 6.7+£2.9mm? 3.8+1.6mm? 0.020"

Outer wall area 18.6+6.4mm? 21.8£6.6mm? 15.4+4.6mm? 0.031"

Wall area 13.3+4.5mm? 15.0+5.0mm? 11.6+3.3mm? 0.099

*

- Asignificant difference is present between male and female subjects at the p=0.05 level
SD - Standard deviation.

Figure 7.1: Example coronary vessel wall images from three healthy subjects

Example cross-sectional right coronary artery MR vessel wall images are shown from three healthy male
volunteers aged 24 years (wall thickness 1.02Zmm and W/OW 0.69) (a), aged 40 years (wall thickness
1.38mm and W/0OW 0.73) (b) and aged 59 years (wall thickness 1.53mm and W/OW 0.70) (c). One slice, as
shown here, was selected from the 3D volume for analysis in each subject. These images show a well
delineated vessel wall with good blood suppression.

Figure 7.2 plots vessel wall thickness (a) and W/OW (b) with subject age and demonstrates positive

correlations (R=0.53, p=0.024 and R=0.48, p=0.046 respectively), with an increase in vessel wall

thickness of 0.088mm per decade and an increase in W/OW of 0.031 per decade.

In line with previous work by Miao et al.(2009) and Terashima et al. (2010), figure 7.3 plots lumen area

and outer wall area against vessel wall thickness. Lumen area does not increase with vessel wall

thickness (R=0.08, p=0.74) while the outer wall area increases (19mm? per mm of vessel wall) with a

significant correlation (R=0.63, p=0.005).
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Figure 7.2: The change in coronary vessel wall thickness and W/OW with age
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Coronary vessel wall thickness (a) and W/OW (b), measured using circular ROIs drawn around the inner and
outer vessel wall, are plotted with subject age. Both measurements demonstrate a significant correlation
with age - vessel wall thickness increasing by 0.088mm per decade (p=0.024) and W/OW by 0.031 per
decade (p=0.046) despite the small number of subjects. Red square markers indicate the data from female
subjects, while blue circular markers indicate the data from male subjects. The sample size was insufficient
to derive independent relationships by sex.
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Figure 7.3: The change in coronary outer wall area and lumen area with vessel wall thickness

Coronary artery outer wall (lumen + wall) area and lumen area are plotted against vessel wall thickness, as
performed by Miao et al. (2009). Lumen area does not significantly increase with vessel wall thickness.
However, the increase in outer wall area with vessel wall thickness demonstrates a significant correlation
(an increase of 19mm? per mm, p=0.005). This data is consistent with outward remodelling of the coronary
vessel wall.



243

7.d Discussion

For the first time, this study has demonstrated a significant increase in vessel wall thickness with age in a
cohort of healthy volunteers. This has been achieved despite a small sample size. The proportion of
vessel that is vessel wall (W/0OW) also increases with subject age and the correlation coefficient

(R =0.48) is similar to that observed in larger studies of carotid wall thickening in healthy subjects

(Keenan et al. (2009) found R=0.50 in males and R=0.46 in females).

By using the highly efficient B2B-RMC technique these results were achieved within a relatively fixed and
clinically feasible imaging period (~600 cardiac-cycles or 10minutes at 60BPM). Images in only 14% of
subjects were of insufficient quality for vessel wall thickness measurement, which compares well to
rejection rates of 33% of segments (Terashima et al., 2010) and 53% of segments (Malayeri et al., 2009)

in recent larger coronary artery vessel wall imaging studies.

In previous work at autopsy, Ozolanta et al. (1998) observed an increase in average coronary wall
thickness from 0.40mm at age 8 - 19 to 0.78mm at age 60 - 80 years old in male right coronary arteries,
equivalent to 0.067mm per decade. Similarly at autopsy, Velican and Velican (1981) demonstrated an
increase in the average thickness of the intimal layer from 0.133mm at age 21 - 25 to 0.188mm at age

36 - 40 years old, corresponding to an increase of 0.023mm per decade. Using CT, Matsunaga et al.
(2009) found a significant correlation between maximum vessel wall thickness and age (R=0.34, p<0.001)
in older subjects with suspected coronary artery disease. However, in a previous MR coronary vessel wall
imaging study, vessel wall thickness was not found to be significantly different between disease free
subjects aged 46 - 64 and subjects aged 65 - 76 years old (Macedo et al., 2008) (48 subjects). Similarly,
age was not found to be significant in a multivariate analysis of coronary vessel wall area and vessel wall
thickness measured by MR in subjects without cardiovascular disease aged 60 - 72 years old (223
subjects) (Terashima etal., 2010). In this small study of younger subjects, the increase in mean vessel
wall thickness was 0.088mm per decade (R=0.53, p<0.05). This is the first time a relationship between
coronary vessel wall thickness and age in a healthy subject cohort has been demonstrated using non-

invasive imaging.

Using MR coronary vessel wall imaging, Miao et al. (2009) found a significant correlation between
coronary outer wall area and lumen area with vessel wall thickness (25.9mm?2 per mm and 3.1mm? per
mm respectively) in a large cohort of subjects without known disease (170 subjects, age 45 - 85, see
discussion of the MESA in section 1.e.ii.5). In another MR study of older subjects without disease (223
subjects, aged 60 - 72) (Terashima et al., 2010), coronary outer wall area was found to significantly
increase with vessel wall thickness, while there was no relationship between lumen area and vessel wall
thickness. In this study, there was an increase in outer wall area of 19mm? per mm of wall thickness,
which is slightly lower than that found by Miao et al. (2010) and, similar to Terashima et al. (2010), no
significant increase in lumen area with wall thickness was observed here. These results are consistent

with outward remodelling of the coronary vessel wall.
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There are a number of limitations to this preliminary study. Firstly, the number of subjects was low and it
was consequently not possible to discriminate between the sexes. Despite this, a significant correlation
between vessel wall thickness and age with similar rates of increase to those observed in autopsy was
demonstrated. Secondly, other common risk factors were not included in the analysis, although the
cohort was relatively young and in good health. Finally, while the average vessel wall thickness
(1.14+0.22mm) lies within the range of values obtained using MR techniques (Fayad et al., 2000,
Hazirolan et al,, 2005, Koktzoglou et al., 2005, Botnar et al,, 2000a, Kim et al,, 2002, Desai et al., 2005), it is
greater than that obtained using histology (average right coronary wall thickness 0.68mm males aged 20 -
59 (Ozolanta etal, 1998)). As discussed in chapter 1.e.ii.4, this is likely to be the result of the more
limited resolution achievable using MR imaging (0.7 x 0.7 x 3.0mm in this case), which is known to result

in an over-estimation of vessel wall thicknesses (Schér et al., 2003).

Future work will involve further, larger studies in age matched groups of subjects with a Frammingham
risk score analysis. Further improvements are expected at the higher resolutions enabled by 3T MR

systems and using improved receive coils.

In conclusion, using high resolution 3D MR imaging with the B2B-RMC technique increasing coronary

vessel wall thickness with age was demonstrated in a small healthy subject cohort.
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8. Further applications of B2B-RMC to coronary

vessel wall imaging

8.a In-plane RCA vessel wall imaging

In previous sections, 3D spiral imaging with B2B-RMC was shown to perform reliably and reproducibly
for cross-sectional vessel wall imaging of the RCA when performed with 2RR gating. This technique was
also used to demonstrate thickening of the RCA wall with age in healthy subjects. While 3D cross-
sectional imaging has the potential to evaluate changes in plaque morphology, it is limited to the
assessment of short, relatively straight sections of vessel. As a result, in arteries with only localized
outward remodelling and therefore, normal angiography studies, cross-sectional coronary artery wall
imaging may suggest the artery is free of disease if the imaging volume does not coincide with the
diseased region. Several 3D coronary vessel wall imaging studies have imaged in the plane of the vessel
(see section 1.e.ii), thus enabling the evaluation of longer sections of artery. Ideally such studies should
be acquired at near isotropic resolution, therefore allowing reconstruction of images in any plane without
asymmetric partial volume effects. B2B-RMC previously (chapter 5) demonstrated the ability to correct
in-plane MR coronary angiography images of the RCA (bright blood imaging). In this section, a series of
in-vivo examples are presented, demonstrating the application of the B2B-RMC 3D spiral technique to in-

plane imaging of the RCA vessel wall.

Dark blood prepared in-plane B2B-RMC 3D spiral acquisitions were obtained in six of the healthy subjects
imaged specifically for the study described in chapter 7. Multiple in-plane navigator gated 2D bSSFP MR
coronary angiography acquisitions were performed as planning acquisitions and the imaging plane
demonstrating the greatest visible in-plane length of the RCA was then used for the in-plane 3D spiral
with B2B-RMC acquisition. The high resolution in-plane B2B-RMC 3D spiral acquisitions were acquired
with the same voxel volume as in previous sections, but with a reduced slice thickness (0.9 x 0.9 x 1.8mm
vs. 0.7 x 0.7 x 3.0mm previously), corresponding to a FOV of 733 x 733 x 14.4mm. Images were
reconstructed to 0.9 x 0.9 x 0.9mm isotropic resolution. Other sequence parameters were as described in
section 3.f. The slab selective reinversion of the dark blood preparation was orientated to avoid
reinverting blood within the left ventricle and the chest wall. Imaging was performed with 2RR gating
and an inversion time of 625ms where possible. Total acquisition duration was 600 RR-intervals
(assuming 100% respiratory efficiency). Images were corrected and reconstructed as described in

chapter 3 using search and reference ROIs placed around the proximal RCA.
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Images were successfully acquired in 5 of the 6 healthy subjects. The single failed acquisition was due to
operator error in positioning the imaging slab. Figures 8.1 - 8.4 show example cross-sectional and in-
plane vessel wall images of the RCA in four of the subjects. The location and orientation of the vessel wall
images is also shown on a 2D bSSFP MR coronary angiography study used in the planning stages of each
study. The example shown in figure 8.1 was acquired in a 57 year old female (lumen diameter 2.38mm,
average vessel wall thickness 1.15mm). The RCA vessel wall is clearly delineated in the cross-sectional
images (figure 8.1 (b - €)). The corresponding in-plane images (f - i) show a long section of well
delineated RCA vessel wall, highlighted by the yellow arrow (g). The aorta (Ao) and pulmonary valve
(PV) are also labelled. Clarity of the vessel wall is lost as it curves sharply in the distal section. This is
partly the result of the localized nature of the current B2B-RMC implementation, as discussed in chapter
5. Figure 8.2 shows images from a 22 year old male subject (lumen diameter 2.40mm, average wall
thickness 1.11mm). Both the cross-sectional and in-plane images are good quality with high SNR. Due to
the through-plane curvature of the vessel (also shown in the 2D bSSFP planning image (a)), the in-plane
images show a shorter length of artery than in the previous example but the edges of the vessel wall are
very sharp. Figure 8.3 shows images obtained from a 40 year old female subject (lumen diameter
2.72mm, average wall thickness 1.28mm). The cross-sectional images are good quality but the in-plane
images are noisy. This is thought to be the result of a fault with the receive coil, diagnosed soon after this
acquisition. Despite the additional noise, the in-plane images (figure 8.3 (f - i)) clearly show a straight
section of the mid RCA vessel wall. A branch bifurcating from the RCA is seen in the distal artery (blue
arrow) where a combination of slow flow and insufficient resolution results in a lack of vessel wall to
lumen contrast. RCA images from a 48 year old subject are shown in figure 8.4 (lumen diameter 2.22mm,
average wall thickness 1.21mm). While the cross-sectional images are noisy, potentially as a result of the
receive coil fault described above, the in-plane images show a number of interesting anatomical features.
Due to the curvature of the vessel into the through-plane direction at the origin, the ostium of the RCA
appears loop like (dashed yellow arrow). The proximal and mid RCA is more curved than in the previous
examples, but a relatively long section is imaged (yellow arrow). In addition a short section of a cardiac
vein is seen almost parallel to the RCA (green arrow) and the origin of the conus artery is also seen (blue

arrow).
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Figure 8.1: Example of cross-sectional and in-plane right coronary vessel wall imaging using

B2B-RMC 3D spiral imaging

g. Slice 2

A 2D navigator gated bSSFP acquisition (a) used in planning the later acquisitions highlights the location of
the cross-sectional (magenta) and in-plane (cyan) coronary vessel wall images shown. On the top line, four
1.5mm thick (reconstructed) cross-sectional coronary vessel wall slices (b - e) acquired at 0.7 x 0.7 x 3.0mm
resolution are shown from the mid RCA. On the bottom line, four 0.9mm thick (reconstructed) in-plane
coronary vessel wall slices (f - i) acquired at 0.9 x 0.9 x 1.8mm resolution are shown from the RCA. The
pulmonary valve (PV) and aorta (Ao) are labelled in the in-plane images and the yellow arrow indicates the
RCA vessel wall.

Figure 8.2: Example of cross-sectional and in-plane right coronary vessel wall imaging using

BZ2B-RMC 3D spiral imaging

a. 2D in-plane localiser

. Slice 1 g. Slice 2 lice 3 i. Slice 4

A 2D navigator gated bSSFP acquisition (a) used in planning the later acquisitions highlights the location of
the cross-sectional (magenta) and in-plane (cyan) coronary vessel wall images shown. On the top line, four
1.5mm thick (reconstructed) cross-sectional coronary vessel wall slices (b - e) acquired at 0.7 x 0.7 x 3.0mm
resolution are shown from the RCA. On the bottom line, four 0.9mm thick (reconstructed) in-plane coronary
vessel wall slices (f - i) acquired at 0.9 x 0.9 x 1.8mm resolution are shown from the RCA. The aorta (Ao) is
labelled and the yellow arrow indicates the RCA vessel wall in the in-plane images.
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Figure 8.3: Example of cross-sectional and in-plane right coronary vessel wall imaging using

B2B-RMC 3D spiral imaging

a. 2D in-plane localiser

A 2D navigator gated bSSFP acquisition (a) used in planning the later acquisitions highlights the location of
the cross-sectional (magenta) and in-plane (cyan) coronary vessel wall images shown. On the top line, four
1.5mm thick (reconstructed) cross-sectional coronary vessel wall slices (b - e) acquired at 0.7 x 0.7 x 3.0mm
resolution are shown from the mid RCA. On the bottom line, four 0.9mm thick (reconstructed) in-plane
coronary vessel wall slices (f - i) acquired at 0.9 x 0.9 x 1.8mm resolution are shown from the RCA. In the in-
plane images, the aorta (Ao) is labelled, the yellow arrow indicates the RCA vessel wall and the blue arrow
highlights a branch vessel with slow and therefore, unsuppressed flow.

The examples shown here demonstrate that B2B-RMC 3D spiral imaging can be applied to in-plane
coronary vessel wall imaging of the RCA as is often performed using 3D spiral imaging with navigator
gating. The proximal and mid-artery is clearly delineated in these examples, but further operator
experience and advanced visualization tools are required to obtain clear images of the RCA origin due to
the curvature of the vessel into the through-plane direction in the very proximal section. As also
demonstrated in chapter 5 for MR coronary angiography, the localised nature of B2B-RMC results in
degradation of the performance of the respiratory motion correction in the distal artery where the

motion differs from that in the proximal artery. However, future non-rigid implementations of B2B-RMC
could result in images fully corrected for motion along the length of the artery. Blood suppression in the
distal RCA and small side branches is often sub-optimal as flow is reduced and there is insufficient time
for suppressed blood from the left ventricle to reach these regions within the ~625ms inversion time.
This could potentially be improved by using diffusion like blood suppression (Wang etal., 2009,

Gerretsen et al., 2010b), but this technique is very sensitive to motion and may result in loss of signal

from the artery itself.

While a full study of in-plane coronary vessel wall imaging has not been performed as part of this thesis,
the success of these initial tests suggests that in-plane 3D spiral vessel wall imaging with B2B-RMC is
possible. The technique therefore has the potential to identify regions of locally thickened RCA wall in
patients. Subsequently, plaque morphology within the identified thickened regions could then be

examined in more detail using cross-sectional B2B-RMC 3D spiral vessel wall imaging.
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Figure 8.4: Example of cross-sectional and in-plane right coronary vessel wall imaging using

B2B-RMC 3D spiral imaging

A 2D navigator gated bSSFP acquisition (a) used in planning the later acquisitions highlights the location of
the cross-sectional (magenta) and in-plane (cyan) coronary vessel wall images shown. On the top line, five
1.5mm thick (reconstructed) cross-sectional coronary vessel wall slices (b - f) acquired at 0.7x0.7x3.0mm
resolution are shown from the RCA. On the bottom line, five 0.9mm thick (reconstructed) in-plane coronary
vessel wall slices (g - k) acquired at 0.9x0.9x1.8mm resolution are shown from the RCA. A dashed yellow
arrow highlights the ostium and a solid yellow arrow the course of the RCA. A short section of a cardiac vein
can also be seen (green arrow), as can the origin of the conus artery (blue arrow).

8.b Left coronary vessel wall imaging

Previous sections have focused on imaging the RCA which is more mobile than the left. However, the left
coronary arteries are located further from the chest wall, which is likely to result in poorer SNR in MR
vessel wall imaging. Furthermore, the volume of epicardial fat surrounding the left coronary arteries is
less, potentially making B2B-RMC difficult. Nevertheless, as the culpritlesion in myocardial infarction is
most commonly located in one of the left coronary arteries (Fuster, 2008), the LAD and LCX are desirable
targets in MR vessel wall imaging. In this section, the first demonstration of 3D coronary vessel wall

imaging with B2B-RMC applied to the left coronary artery system is presented.

One healthy subject was imaged following the protocol described in section 3.f. However, the 2D bSSFP
MR coronary angiography studies targeted the LM and proximal LAD arteries rather than the RCA.
Coronary vessel wall acquisitions were performed in the subject-specific LAD rest period. A high
resolution cross-sectional 3D spiral acquisition with B2B-RMC was performed in the LAD at the

bifurcation of the first diagonal branch. Image resolution was 0.7 x 0.7 x 3.0mm and other parameters
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were as described in section 3.f. The dark blood reinversion slab was positioned to reinvert the LAD
while aiming to avoid reinversion of the left ventricle and chest wall close to the LAD. A second 3D spiral
acquisition with B2B-RMC was performed with the high resolution volume orientated to obtain in-plane
images of the proximal left coronary artery system. Acquired image resolution was 0.9 x 0.9 x 1.8mm,
reconstructed to 0.9 x 0.9 x 0.9mm. Both 3D spiral acquisitions were acquired with 2RR gating and
625ms dark blood inversion time. Images were corrected using the standard B2B-RMC techniques with

the search and reference ROIs positioned around the LAD in both cases.

Four example slices from both the in-plane and cross-sectional 3D spiral coronary vessel wall acquisitions
with B2B-RMC are shown in figure 8.5. The approximate locations of the in-plane and cross-sectional
slices shown are outlined on a corresponding in-plane 2D MR coronary angiography image acquired in
the planning stages. The cross-sectional images clearly show the bifurcation of the first diagonal branch
from the larger LAD (green arrows). The in-plane images show two bifurcations: the bifurcation of the
first diagonal from the LAD is shown in slice 2 (yellow arrow); and the bifurcation of the LM into the LAD
and intermediate artery is shown in slice 4 (blue arrow). The LCX is not seen in these images due to its
small size in this subject, but it also bifurcates from the LM close to the blue arrow. The origin of the LM is
also depicted in slices 2 and 3. Both the cross-sectional and in-plane images are well corrected for
respiratory motion using B2ZB-RMC. However, there is some ghosting from the chest wall in the in-plane
images caused by the non-rigid motion of the chest wall with the coronary artery (see section 3.c.iv). This
may be reduced in future studies by more careful positioning of the dark blood reinversion slab to avoid

reinversion of the chest wall, as performed for the RCA studies in this thesis.

Despite the deeper location of the left coronary arteries, B2B-RMC 3D spiral imaging was successfully
applied to the LAD with both in-plane and cross-sectional images successfully acquired and corrected for
respiratory motion. While this is just a single example of B2B-RMC 3D spiral imaging for left coronary
vessel wall imaging, it clearly demonstrates potential. Future studies using more carefully positioned dark
blood reinversion slabs may improve the image quality and SNR will be improved using higher field

strengths and dedicated cardiac receive coils.
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Figure 8.5: Cross-sectional and in-plane images of the LAD vessel wall acquired in a healthy subject using B2ZB-RMC 3D spiral imaging

In-plane
localiser
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Four consecutive slices of a
dark blood prepared BZ2B-
RMC 3D spiral acquisition
showing cross-sectional (left
column) and in-plane (right
column) images of the LAD. A
2D bSSFP MR coronary
angiography image used in
the planning stages is also
shown with the location of
the dark blood vessel wall
images (magenta - cross-
sectional, cyan - in-plane)
super-imposed.  The cross-
sectional images were
positioned at the bifurcation
of the first diagonal from the
LAD (green arrows). The in-
plane images show the
bifurcation of the first
diagonal from the LAD
(vellow arrow) and the
intermediate artery from the
LM (blue arrow).
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8.c Simultaneous left and right coronary vessel wall imaging

8.c.i Introduction

As demonstrated in chapter 6, the acquisition duration of MR coronary vessel wall imaging can be reduced by
a factor of 2 using 1RR gating, but the loss of SNR and reduced robustness to changes in RR-interval result in
less consistent image quality. As a result, the studies performed in chapters 6, 7 and 8 were performed with
2RR gating which allows more T1 recovery of the longitudinal magnetisation between repeats of both the
dark blood double inversion preparation and the high resolution data acquisition. However, this results in
every other RR-interval being lost as dead-time. Previous 2D TSE vessel wall imaging studies in the carotid
artery (Parker etal, 2002, Mani et al., 2004) have used this dead-time to acquire additional slices. This was
achieved by modifying the dark blood double inversion preparation to reinvert several slices in each RR-
interval while only imaging one slice in each RR-interval. In this section it is proposed that a similar
methodology can be applied to 3D coronary artery vessel wall imaging, allowing two 3D volumes to be
imaged simultaneously. In combination with B2B-RMC this modification could permit 3D imaging of both the

left and right coronary artery wall in a single acquisition of duration ~10minutes.

8.c.ii Methods

The B2B-RMC 3D spiral acquisition for coronary artery vessel wall imaging, as described in chapter 3, was
modified as shown in figure 8.6. The dark blood preparation was modified to reinvert two user defined slabs
in every RR-interval. Two volumes were imaged - the low resolution data for the first volume immediately
followed by the corresponding high resolution data was acquired in odd RR-intervals and the equivalent data
for the second volume was acquired in even RR-intervals. On the premise that the two imaging volumes do
not overlap, the effective TR for the tissue imaged in both the first and second volumes is 2RR, thus

theoretically maintaining the SNR advantages of 2RR gating.
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Figure 8.6: A schematic diagram of the modified B2ZB-RMC 3D spiral sequence used for simultaneous left

and right coronary vessel wall imaging

Right coronary Left coronary Right coronary
imaging imaging reinversion pulse
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Left coronary Navigator
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Dark blood Low resolution High resolution reinversion pulse

preparation acquisition acquisition Inversion

Every cardiac cycle, a modified dark blood preparation is followed by a full low resolution 3D spiral fat volume,
two spiral interleaves of a high resolution water selective 3D spiral acquisition and a standard navigator. The
dark blood preparation consists of a non-selective inversion (yellow) followed by two slab selective reinversion
pulses to selectively reinvert the right (blue) and left (red) coronary arteries respectively and finally a navigator
restore pulse (not shown). The left and right coronary arteries are imaged in alternate RR-intervals, thus
maintaining TR=2RR for the coronary vessel wall.

Simultaneous cross-sectional left and right 3D coronary vessel wall imaging was performed in three healthy
subjects. The initial planning stages of each acquisition were similar to those described in section 3.e for the
RCA. The 2D in-plane bSSFP MR coronary angiography studies were then repeated for the LAD in order to
identify a suitable, straight section of artery for vessel wall imaging. A cine acquisition was performed in the
selected LAD imaging plane to verify that the rest period of the RCA was temporally coincident with that of
the LAD. Finally the modified 3D spiral with B2B-RMC sequence for simultaneous imaging was performed.
Orientating the imaging planes and dark blood reinversion pulses was rather more complicated for these
acquisitions (see figure 8.7). The first reinversion slab of the modified dark blood preparation was orientated
to reinvert the RCA whilst minimizing revinversion of the chest wall and the left ventricular blood pool.
Similarly the second reinversion slab was positioned to reinvert the LAD. The low and high resolution
acquisitions performed in even RR-intervals were positioned to image the RCA and the low and high
resolution acquisitions performed in odd RR-intervals were positioned to image the LAD. Fine adjustment of
the positioning of the RCA reinversion slab was performed to minimise reinversion of tissue within the LAD
imaging volume and vice-versa. The acquired resolution of the high and low resolution volumes was

0.7 x 0.7 x 3.0mm and 4.8 x 4.8 x 3.0mm respectively for both the LAD and RCA imaging volumes. The dark
blood inversion time was 400ms for both arteries, which is optimal for 1RR gating at 60BPM. As in previous
sections, data acquired at extreme diaphragm displacements (>*10mm outside the normal tidal range) were
rejected using the diaphragmatic navigator. The remaining respiratory motion was corrected independently

for each artery using B2B-RMC as described in chapter 3.
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Figure 8.7: Location of the imaging volumes and the dark blood reinversion slabs used for simultaneous

left and right coronary artery imaging

a. Planning LAD vessel wall imaging b. Planning RCA vessel wall imaging

The imaging setup is more complex for simultaneous left and right coronary vessel wall imaging, as shown on
these 2D MR coronary angiography images used in the planning stages. The position of the RCA imaging volume
is shown in blue and the LAD imaging volume in red. The selective reinversion slab relating to the RCA is shown
in cyan and the equivalent slab for the LAD is shown in magenta. Both reinversion slabs must be positioned to
minimise the amount of blood in the aorta and tissue in the chest wall that is reinverted. In addition, the LAD
reinversion slab must be positioned to minimise the volume of revinverted tissue in the RCA imaging slab and
vice versa for the RCA imaging slab.

8.c.iii Results

Images of the RCA and LAD were obtained in all three subjects using the simultaneous imaging technique.
Figure 8.8 shows vessel wall images acquired in the first healthy subject with an acquisition duration of 600
RR-intervals (respiratory efficiency 100%). The RCA vessel wall (a - c) is clearly visible and the vessel wall of
the LAD is visible (green arrow) but the CNR is insufficient to confidently delineate the full LAD wall. The
poorer quality images in the LAD in this example (d - f) are the result of reduced experience in imaging this
vessel, its deeper location which reduces the SNR available and poorer fat suppression in these images,
thought to be the result of a poorer shim in this region. Figure 8.9 shows vessel wall images acquired in 600
RR-intervals (respiratory efficiency 100%) in a second subject. The vessel walls of the RCA (a - ¢) and LAD
(d - f) are clearly visible. There is, however, some chest wall ghosting artefact (see section 3.c.iv) present in
both sets of images due to the increased difficulty in avoiding chest wall reinversion while positioning two
reinversion slabs. This is particularly detrimental in the LAD images due to the already reduced SNR and
smaller vessel size. Figure 8.10 shows example cross-sectional images of the RCA vessel wall (a - c¢) from a
standard B2B-RMC 3D spiral acquisition with 2RR gating compared to the equivalent images acquired with
the simultaneous technique (d - f). Example images of the LAD vessel wall from the same acquisition (g - i)
are also shown. The RCA images acquired with the standard technique (a - c) were acquired in 650 RR-
intervals (respiratory efficiency 92%) whereas the simultaneous acquisition (d - i) was acquired in 629 RR-
intervals (respiratory efficiency 95%). The standard acquisition demonstrates good delineation of the
anatomy, but there is some residual signal in the centre of the RCA. This subject had a particularly low heart

rate of 44BPM, corresponding to an optimal dark blood inversion time of 500ms for 1RR gating and 715ms
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for 2RR gating. As a result, the inversion time of 625ms in the standard acquisition resulted in insufficient
longitudinal relaxation for complete blood signal nulling with 2RR gating, hence the residual signal within the
RCA lumen. The anatomy in the RCA images from the simultaneous acquisition closely resembles that from
the standard acquisition, although blood suppression within the ventricles is less complete. The LAD vessel
wall images from the simultaneous acquisition show a clearly delineated vessel wall with good blood
suppression. The simultaneous acquisition was incorrectly performed with an inversion time of 625ms
(400ms is optimal for the gating regime in the simultaneous acquisitions with a heart rate of 60BPM), but
good blood suppression within the vessel lumen is present in the images. This is likely to be the result of the

particularly low heart rate of this subject (optimal inversion time 500ms at 44BPM).

Figure 8.8: Example images from a simultaneous left and right 3D coronary vessel wall acquisition with
B2B-RMC

;

d. Slice 1 f. Slice 3

Images of the RCA (a - c) and LAD (d - f) vessel wall obtained in one healthy subject in one acquisition over 600
RR-intervals (100% respiratory efficiency). While the RCA vessel wall is clearly delineated, the LAD vessel wall is
barely visible (green arrow) due to reduced SNR and poorer fat suppression at this deeper anatomical location.
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Figure 8.9: Example images from a simultaneous left and right 3D coronary vessel wall acquisition with
B2B-RMC

RCA

LAD

s’
S,

s A
f. Slice 3

Images of the RCA (a - c) and LAD (d - f) vessel wall obtained in one healthy subject in one acquisition over 600
RR-intervals. The vessel wall of the large RCA is clearly visible and the LAD vessel wall is also visible (green
arrow) as is the coronary vein (magenta arrow) with slow flow and, therefore unsuppressed blood signal. In
both sets of images some ghosting is present from unsuppressed chest wall signal

Figure 8.10: Example images from a simultaneous left and right 3D coronary vessel wall acquisition
with B2B-RMC compared to a standard acquisition

RCA standard

RCA combined

LAD combingad

g. Slice 1 h. Slice 2 i. Slice 3

Images of the RCA vessel wall acquired with the standard B2B-RMC 3D spiral acquisition (a - c) in 650 RR-
intervals compared to the equivalent RCA vessel wall images acquired in 625 RR-intervals with the simultaneous
acquisition (d - f) and the LAD vessel wall images acquired in the same acquisition (g - h). All images were
acquired with a dark blood inversion time of 625ms, which resulted in some residual signal in the vessel lumen in
the images from the standard acquisition, due to the particularly low heart rate of this subject (44BPM). The
vessel wall is clearly delineated in both sets of images from the simultaneous acquisition.
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8.c.iv Discussion

Using a novel simultaneous acquisition strategy, cross-sectional images of the LAD and RCA vessel wall have
been acquired in ~10minutes, which is the same duration as an equivalent standard acquisition of one artery.
Images were obtained of both arteries in three subjects with good vessel delineation in five of the six arteries
imaged. By modifying the dark blood preparation to reinvert two user defined slabs in every RR-interval, the
effective TR experienced by tissue in the vessel wall is 2 RR-intervals, hence maintaining the SNR increase of
2RR gating. B2B-RMC was used independently for each artery, correcting for vessel specific respiratory

motion with near 100% respiratory efficiency.

There are several limitations to this initial demonstration. Time restrictions meant that only three healthy
subjects were acquired and the LAD vessel wall images from one subject were poor (figure 8.9 (d - f)).
Furthermore, imaging time is relatively long (~80 minutes for a study including a comparison of the
combined acquisition and individual B2B-RMC 3D spiral acquisitions in both arteries) due to the complexity
of planning the acquisitions. However, imaging is likely to be more reliable and more rapid with increased
operator experience. A direct comparison between the simultaneous and standard acquisition was only
performed successfully in one subject, again due to time constraints and inexperience. As the signal within
the blood and surrounding tissue experiences an effective TR of 1RR interval, it remains to be seen how
robust this sequence is to variations in RR-interval. Further direct comparisons between the standard and

simultaneous technique should clarify this.

While studies have demonstrated simultaneous TSE imaging of multiple 2D slices within the carotid arteries
using similar techniques, this is the first time that this modification of dark blood preparation to reinvert
multiple slabs has been used to perform simultaneous imaging of multiple 3D volumes. Itis also the first time
that this technique has been used to simultaneously image multiple arteries. Furthermore, while reinversion
of multiple slices has been used to image multiple slices of the coronary artery wall within the same cardiac
cycle using TSE imaging and a long cardiac acquisition window (~200ms, (Song et al., 2002)), this is the first
time that reinversion of multiple slabs has been applied to maintain SNR in coronary artery vessel wall

imaging.

The simultaneous left and right coronary imaging technique described here performed well in this small pilot
study. This technique is not limited to cross-sectional imaging and future studies should consider
simultaneous in-plane coronary vessel wall imaging. Similarly, multiple non-overlapping cross-sectional
imaging planes could be positioned along the same artery (as in the carotids (Parker et al., 2002)) to obtain
non-contiguous volumes. This simultaneous acquisition strategy may also benefit from the use of 2D pencil
beam selective reinversion rather than the slab selective reinversion applied here. This would ease the

complexity of the setup by reducing the possibility of reinverting sections of the chest wall.
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In conclusion, this preliminary study has demonstrated the feasibility of simultaneous 3D high resolution left
and right coronary artery wall imaging in ~10minutes using a modified 3D spiral acquisition with B2B-RMC.
In future studies this may permit more rapid assessment of disease or more extensive coverage of the

coronary arteries within the same imaging duration.

8.d Preliminary experience using 3D spiral imaging with B2B-RMC for

coronary vessel wall imaging in patients

8.d.i Introduction

Previous sections have demonstrated the performance and reproducibility of 3D spiral imaging with B2B-
RMC for coronary artery vessel wall imaging and its ability to detect small changes in wall thickness with age.
Nevertheless, for widespread clinical use, the performance of this technique must be established in a patient
cohort with known coronary artery disease. The increased drift and irregularity of respiratory motion in
patients when compared to healthy subjects is expected to accentuate the benefits of B2B-RMC over
navigator gating. However, coronary artery imaging is more challenging in patients due to their: generally
increased BMI; often limited ability to breath-hold during planning acquisitions; increased heart rates and
frequent arrhythmias; and increased anxiety about such procedures. This section describes initial experience

imaging the coronary vessel walls in five patients with confirmed coronary artery disease.

8.d.ii Methods

8.d.ii.1 Recruitment

Patients were recruited from the clinical cardiovascular MR scanning list at the Royal Brompton Hospital over
a period of 9 months according to local ethics regulations and approval. The referral letters of patients
scheduled for ischemic heart disease related MR imaging studies were examined in relation to the inclusion
criteria (see below). Suitable patients were asked to return to the cardiovascular MR department for the

research scan at a later date.
Inclusion criteria
Patients recruited for this study fulfilled the following inclusion criteria:

1. Confirmed coronary artery disease by x-ray contrast angiography in the proximal or mid RCA, LAD or
LCX.

No previous coronary stent implantation or coronary artery bypass graft surgery.

Resting heart rate (in MR scanner) of <80BPM.

Absence of arrhythmias on the ECG trace which may affect triggering.

Previous successful CMR scan at the Royal Brompton Hospital (a condition of the ethics approval).
No contra-indications to MR imaging.

AN
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7. Able and willing to return to the Royal Brompton Hospital for a CMR scan, self-consent, lie still for

~1hour and perform breath-holds for the planning images.

8.d.ii.2 MR imaging

Coronary vessel wall imaging was planned according to the protocol described in section 3. The imaging

plane for vessel wall imaging was centred on the expected location of the coronary stenosis in the left or right

coronary arteries according to the original referral letter for clinical CMR and aided by the MR coronary

angiography studies performed in the planning stages. Cross-sectional or in-plane coronary vessel wall

imaging using the 3D spiral acquisition with B2B-RMC was performed using the parameters described in

section 3.fand 8.a.

8.d.iii Results

Fifteen patients conforming to the inclusion criteria were approached and five returned for coronary vessel

wall imaging. The age, weight, sex, location of coronary disease and extent of the known coronary artery

disease is given in table 8.1 for the five patients imaged.

Table 8.1: Patient characteristics and the corresponding B2B-RMC 3D spiral acquisition parameters

Patient Age BMI Disease Heart Respiratory Diaphragm
(yrs) (kgm?2) rate efficiency motion
(BPM) (%) (mm)
1 60 317 No significant stenosis but mildly 50 93.2 31
atheromatous and slow flow.
B-blockers.
2 64 26.5 99% occlusion of mid RCA. 50 92.0 53
Significant stenosis in LAD.
B-blockers.
3 56 30.3 Occluded RCA. 65 100 27
Severe lesion to mid LAD.
4* 59 26.1 Proximally occluded RCA. 75 99.3 45
Diffuse disease in proximal LAD.
5 38 25.7 Complicated disease of proximal 60 99.7 51
RCA. Occluded LAD.
Mean 55 28.6 60 96.2 41
(SD) (11 (29) (8) (4.2) (13)

* The coronary vessel wall acquisition of patient 4 was a failure and not included in further analysis.

yrs - years.

BMI - body mass index
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All five subjects were male, mean age 55+10 years old (range 38 - 64 years old). The RCA was imaged in
cross-section in 4 patients and the LAD in one (patient 4). The respiratory efficiency and range of diaphragm
motion during the 3D spiral with B2B-RMC acquisitions is given in table 8.1. The coronary vessel wall is
visible in the cross-sectional images acquired using the B2B-RMC 3D spiral imaging technique for all patients
except patient 4 where low SNR due to the deeper location of the LAD resulted in poor image quality. In-
plane images of the RCA were also acquired for patient 5. Figures 8.11 shows 12 slices from the 3D spiral
acquisition with B2B-RMC positioned in a curved section of the RCA from patient 1. Slices 1 (a) and 2 (b)
clearly show the vessel wall of the RCA before the artery curves into the through-plane (z) direction. This
vessel curvature is such that the more proximal RCA is seen partially in-plane (slices 11 and 12). Severe
ghosting of the chest wall is present in the area of interest around the vessel wall. The patient’s referral letter
described an x-ray contrast angiography study which found mild atheroma and slow flow within all coronary
arteries. While there is no clear localised thickening of the vessel wall, the signal within the lumen is not
completely suppressed, particularly within the curved section of the artery, which is likely to be the result of

the known slow flow within this patient’s coronary arteries.
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Figure 8.11: Cross-sectional BZB-RMC 3D spiral images acquired in patient 1

i. Slice9 j. Slice 10 k. Slice 11 I. Slice 12
Twelve consecutive slices of the BZB-RMC 3D spiral acquisition in the RCA of patient 1. Images were acquired in

a curved section of artery, resulting in the partially in-plane images shown in slices 10 - 12 (j - I).

Figure 8.12 shows a 2D in-plane MR coronary angiography study of patient 2 acquired in the planning stages,
showing the location of the B2B-RMC 3D spiral coronary vessel wall imaging acquisition. The location of the
mid RCA occlusion is also highlighted. The equivalent coronary vessel wall images are shown in figure 8.13.
While the SNR of these images is low, a vessel wall can be delineated in slices 1 - 3 (a - c¢). However, in
subsequent slices there is no clear distinction between vessel wall and lumen. This is consistent with a near

total occlusion of the RCA as reported from the x-ray contrast angiogram.
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Figure 8.12: MR coronary angiography planning study for patient 2 showing the location of the

coronary vessel wall imaging volume

A 2D MR coronary angiography image used in the planning of the B2B-RMC 3D spiral acquisition for patient 2.
The approximate location of the 3D coronary vessel wall imaging volume is shown in yellow and the location of a
stenosis is highlighted by the red arrow.

Figure 8.13: Cross-sectional B2B-RMC 3D spiral images acquired in patient 2

i. Slice9 j. Slice 10 k. Slice 11 I. Slice 12

Twelve consecutive slices of the B2B-RMC 3D spiral acquisition in the RCA of patient 2. The vessel wall is
delineated in slices 1 - 3 (a - c), while there is no clear distinction between the lumen and vessel wall in the later
slices. This is consistent with the x-ray contrast angiography finding of a near total occlusion.
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Figure 8.14 shows a 2D in-plane MR coronary angiography planning image from patient 3, with the location
of the coronary vessel wall imaging volume superimposed (yellow box) and the location of a narrowing in the
RCA highlighted (red arrow). The equivalent cross-sectional B2B-RMC 3D spiral vessel wall images in figure
8.15 show a thickening vessel wall and a reducing total vessel diameter in the first 4 slices (a - d), followed by
an apparently almost completely blocked lumen in the remaining slices (e - j). This may be consistent with

the occluded RCA described in this patient’s referral letter.

Figure 8.14: MR coronary angiography planning study for patient 3 showing the location of the

coronary vessel wall imaging volume

A 2D MR coronary angiography image used in the planning of the BZB-RMC 3D spiral acquisition for patient 2.
The approximate location of the 3D coronary vessel wall imaging volume is shown in yellow and the location of
an almost total occlusion of the RCA is highlighted by the red arrow.

Figure 8.15: Cross-sectional B2B-RMC 3D spiral images acquired in patient 3

g. Slice 7 'h. Slice 8 i. Slice 9 j. Slice 10

Ten consecutive slices of the B2ZB-RMC 3D spiral acquisition in the RCA of patient 3. The vessel wall appears thin
and the lumen large in slice 1 (a). However, the vessel wall thickens in slices 2 (b) and 3 (c), the outer diameter
of the vessel reduces and the boundary between the lumen and the vessel wall is not clearly visible from slice 4
(d) through slice 10 (j).
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Figure 8.16 shows a 2D in-plane MR coronary angiography image (a) used in planning the vessel wall imaging
for patient 5 and a curved planar reformat of the in-plane B2B-RMC 3D spiral coronary vessel wall acquisition
in the same plane (b). The location of the cross-sectional coronary vessel wall imaging volume near the origin
of the RCA is shown in (a) (green box). The corresponding individual slices of the in-plane vessel wall
acquisition are shown in figure 8.17. A region with high signal within the vessel lumen is evident in the in-
plane images (8.16 (b) and 8.17 - red arrow). This is thought to be the result of a branch vessel bifurcating in
the through-plane direction. The corresponding cross-sectional coronary vessel wall images with B2ZB-RMC
are shown in figure 8.18. There is some residual signal within the lumen in the first five slices (a - e) and the
vessel wall appears thin. In contrast, the vessel wall appears to thicken while the lumen signal reduces in
slices 6 - 10 (f - j), which is partially the result of the curvature of the RCA in this region. This incomplete
suppression of the signal within the proximal lumen is unlikely to be disease as the in-plane images and MR
coronary angiography images appear to show a patent lumen. This signal is more likely to be the result of a

combination of noise and ghosting artefacts.

Figure 8.16: In-plane MR coronary angiography and coronary vessel wall images acquired in patient 5

e o
a. MR coronary angiography b. Curved planar reformat of
planning acquistion in-plane B2B-RMC 3D spiral

coronary vessel wall acquisition

An in-plane MR coronary angiography 2D bSSFP planning image showing the location of the subsequent cross-
sectional B2ZB-RMC 3D spiral coronary vessel wall acquisition (green box) (a) and an equivalent curved plane
reformatted image from the in-plane B2B-RMC 3D spiral acquisition (b) from patient 5. There is some signal
within the lumen of the coronary vessel wall image (red arrow) caused by a through-through plane bifurcation
of this vessel.
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Figure 8.17: In-plane B2B-RMC 3D spiral images acquired in patient 5

d. Slice 4 e. Slice 5 f. Slice 6

Six consecutive slices of the BZB-RMC 3D spiral acquisition performed in the RCA of patient 5. As in the
equivalent curved planar reformatted image shown in figure 8.16 (b) some signal is present within the lumen
(red arrow), which is thought to correspond to a branch vessel bifurcating in the through-plane direction.

Figure 8.18: Cross-sectional B2B-RMC 3D spiral images acquired in patient 5

d. Slice 4

"g. Slice 7 “h. Slice 8 j. Slice 10

Ten consecutive slices of the BZB-RMC 3D spiral acquisition in the RCA of patient 5. The vessel wall is visible in
each of the slices. However, there is some residual signal from the lumen in slices 1 - 6 (a - f) and the vessel is
not perpendicular to the imaging plane in slices 6 - 10 (f - j).

8.d.iv Discussion

For the first time, this work has demonstrated the application of B2B-RMC in a small group of patients. While
no clear coronary disease was identified, the results obtained were not inconsistent with the descriptions of
disease given in the patients’ referral letters. In the case of patients 2 and 3 the appearance of the vessel wall

(figures 8.13 and 8.15) is highly suggestive of the stenoses described in the referral letters. Future studies
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should make use of the images from the x-ray contrast angiography studies or other coronary imaging
procedures performed clinically in each of these patients but which were not available for this study without

additional ethics approval.

The B2B-RMC 3D spiral acquisition for cross-sectional coronary vessel wall imaging was successful in four of
the five patients imaged. The failed acquisition was performed in the only patient where the LAD was imaged
and the failure was due to insufficient SNR. In future, improved dedicated cardiac receive coils and higher
field strengths should improve this. In-plane imaging of the RCA vessel wall using the 3D spiral technique

with B2B-RMC was also successfully performed in one of the patients.

B2B-RMC performed well in this patient cohort despite a much greater range of diaphragm motion than in
normal subjects (mean range of displacements 41+13mm compared to 19+6mm in the healthy subjects
studied in chapter 6), resulting in a high respiratory efficiency (96.2+4.2%). However, in future studies,
image quality may be improved by using a diaphragmatic navigator to eliminate more of the very large
respiratory displacements with a corresponding small loss of respiratory efficiency. B2B-RMC was not
compared to navigator gating or any other respiratory motion compensation techniques in this small study.
The duration of an equivalent navigator gated 3D spiral coronary vessel wall acquisition with the large
respiratory displacements and frequent respiratory drift demonstrated by patients is likely to be prohibitive.
Furthermore, the performance of B2ZB-RMC 3D spiral imaging for coronary vessel wall imaging compared to
navigator gated techniques was demonstrated in previous chapters (in a phantom in chapter 4 and in-vivo in

chapter 6).

In conclusion, 3D spiral with B2B-RMC has been successfully used to image the RCA vessel wall in a small
patient cohort with confirmed coronary artery disease. The imaging of patients is more challenging than

healthy subjects but results were not inconsistent with the patterns of disease expected.
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9. Discussion

There is a current lack of non-invasive techniques which can reliably and reproducibly obtain images of the
coronary vessel wall. MR coronary vessel wall imaging has considerable potential, but is a challenging
technique due to the motion of the arteries with the cardiac and respiratory cycles. While breath-holding has
been used to suspend respiratory motion, this limits the acquisition duration, and therefore the imaging
resolution. Alternatively, high resolution 3D studies have been performed with navigator gating, but this
results in low respiratory efficiencies and considerable numbers of failed acquisitions. Despite this, very little
published work has so far considered respiratory motion in MR coronary vessel wall imaging. The work
described in this thesis is based on a highly efficient technique for respiratory motion correction (B2B-RMC),
which is well suited to cross-sectional coronary vessel wall imaging with 3D spiral acquisitions (Keegan et al.,
2007). B2B-RMC has a respiratory efficiency close to 100% which allows high resolution 3D imaging of the
vessel wall in a fixed and clinically reasonable acquisition time. This thesis describes the further
development of this technique and investigations into the performance, reproducibility and reliability

performed in a variety of phantom and in-vivo applications.
9.a Summary of findings

Developments to the B2B-RMC and associated high resolution 3D spiral acquisition (described in chapter 3)
focused on improving both the performance of the respiratory motion correction provided by B2B-RMC and
the quality of the high resolution 3D spiral vessel wall images. The resolution of the low resolution fat images
was increased without lengthening the low resolution acquisition window, in order to improve the
performance of the motion correction. Navigator gating was introduced to the B2B-RMC acquisitions to
eliminate data acquired at very extreme respiratory positions where the respiratory motion of the heart is
likely to be non-rigid (yet maintaining >99% respiratory efficiency). A number of reconstruction, processing
and analysis tools were also developed, including techniques for evaluation of the ROIs used in localizing
B2B-RMC. Developments to the high resolution acquisition for coronary vessel wall imaging included
increasing in-plane resolution to 0.7 x 0.7mm and increasing the FOV for reliable SNR at the higher resolution.
Artefacts caused by the non-rigid relationship between the motion of the heart and chest wall were also
considered, along with methods of minimising these artefacts via careful positioning of the dark blood

reinversion slab and navigator.
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The design, construction, testing and use of an MR compatible respiratory motion phantom with associated
realistic coronary artery and coronary vessel wall test objects was described in chapter 4. This provided a
means to test the performance of B2ZB-RMC in response to tightly controlled parameters. The performance of
B2B-RMC in correcting for sinusoidal and physiological respiratory motion was evaluated, which highlighted
the degradation of the motion correction with increased respiratory amplitude or decreased respiratory
period. B2B-RMC was found to outperform navigator gating with a 5mm window for a range of physiological
respiratory traces obtained from healthy subjects. Further studies considered the effect of resolution and
SNR of the low resolution data on the final quality of the reconstructed high resolution images. While both
decreasing SNR and resolution result in decreasing quality of the corrected images, the magnitude of the
degradation was much less for the reductions in SNR considered here. As a result, future improvements in
the resolution of the low resolution images may be obtained at the expense of SNR to improve respiratory
motion correction performance. However, additional tests are required to confirm that the performance of

B2B-RMC is similarly invariant to an equivalent loss of SNR in the in-vivo low resolution data.

In-vivo studies in chapters 5 and 6 compared 3D spiral imaging with B2ZB-RMC to navigator gated techniques.
In both cases B2B-RMC was significantly and substantially more efficient than navigator gating (99.5+0.5%
vs. 44.0£8.9% in chapter 5 and 99.6+1.2% vs. 39.0£7.5% in chapter 6 for B2ZB-RMC vs. navigator gating
respectively). In addition, the variability of the respiratory efficiency when using B2B-RMC is low, meaning

that, in contrast to navigator gating, the acquisition duration can be accurately predicted.

In chapter 5, respiratory motion correction using B2ZB-RMC was, for the first time in-vivo, compared to
navigator gating with a 5mm window using in-plane MR coronary angiography of the RCA. Despite the
inherently different contrast between the 3D spiral images acquired with B2B-RMC and the T2-prep bSSFP
images acquired with navigator gating, proximal and mid vessel sharpness and mid vessel diameter were not
significantly different between techniques. As expected, the motion of the proximal and distal RCA could not
be simultaneously corrected with B2B-RMC due to local differences in respiratory motion of the heart.
However, a rudimentary combination of the datasets corrected for proximal and distal respiratory motion

resulted in B2B-RMC images which were sharp along the vessel length.

Chapter 6 presents a major comparison of the performance and reproducibility of MR coronary vessel wall
imaging techniques including 80 coronary vessel wall acquisitions. 3D spiral imaging with B2B-RMC was
compared to both 2D TSE and 2D spiral imaging with navigator gating. B2B-RMC 3D spiral acquisitions were
performed with both 1RR and 2RR gating allowing the first direct comparison between these two cardiac
gating regimes in coronary vessel wall imaging. 2D TSE acquisitions resulted in the greatest number of high
quality images, but were also most likely to fail, largely due to cardiac motion. The short acquisition window
of the spiral techniques resulted in very few failed acquisitions. The reduced SNR and robustness to
variations in RR-interval associated with 1RR gating resulted in unreliable image quality and should be

avoided, despite the improved imaging efficiency. This chapter also presented the first comparison of
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coronary vessel wall thickness obtained using different MR vessel wall imaging techniques, together with an
assessment of their reproducibility. There was no significant difference in wall thickness between
techniques and reproducibility was excellent for B2B-RMC 3D spiral imaging using 2RR gating and good for
all the other techniques. While the B2B-RMC 3D spiral techniques were more time consuming, the imaging
efficiency - assessed as acquisition duration per slice - was much improved over the 2D navigator gated
techniques. This resulted in greater vessel coverage with multiple thin contiguous slices in a reasonable
timescale. Overall, of the techniques assessed, 3D spiral imaging with B2B-RMC and 2RR gating is the

preferred technique for imaging the coronary vessel wall.

The B2B-RMC 3D spiral technique was used to study ageing of the coronary vessel wall in chapter 7. While
the cohort was too small for separate analysis of male and female data, when combined, the average coronary
vessel wall thickness and the proportion of the total vessel area that is vessel wall (presented as the W/0W
ratio) were shown to increase with subject age. This was the first time that non-invasive imaging (MR or
otherwise) has demonstrated coronary vessel wall thickening with age in healthy subjects. Also, the total
vessel area (lumen + vessel wall) increased significantly with vessel wall thickness while the lumen area

remained constant, which is consistent with outward (Glagov) remodelling of the coronary vessel wall.

A number of other coronary vessel wall applications of B2B-RMC 3D spiral imaging were presented in
chapter 8. The first B2B-RMC cross-sectional images of the LAD vessel wall were successfully acquired and
in-plane images of both the RCA and LAD vessel wall were also obtained using this technique. Subsequently,
a new method for increasing the overall imaging efficiency of coronary vessel wall imaging while maintaining
SNR was demonstrated. This technique simultaneously targets the left and right coronary arteries in
alternate cardiac cycles with independent correction for respiratory motion using B2ZB-RMC. Further work is
required to assess the robustness of this technique to changes in RR-interval. Finally, the first results of MR
coronary vessel wall imaging using 3D spiral acquisitions with B2B-RMC in a small group of patients with

known coronary artery disease were presented.

9.b Limitations

There are a number of limitations to the B2B-RMC 3D spiral technique. In chapter 4 the respiratory motion
phantom was used to demonstrate that B2B-RMC is able to produce high quality images from ungated data
and the performance of B2B-RMC exceeds that of navigator gating with a 5mm window. However,
quantitative assessment of these images showed that B2ZB-RMC images are not equivalent to images of
stationary phantom. Not all motion can be fully corrected, including non-rigid motion (in-vivo) and motion
during and between the high and low resolution acquisitions. The phantom work also demonstrated
problems that can arise when tracking motion in the through-plane direction. While the low resolution
images were reconstructed to 0.5 x 0.5mm pixels with a 260 x 260mm FOV in the in-plane direction, the

reconstructed resolution was 1.5mm with a slab thickness of 24mm in the through-plane direction. Future
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studies should consider increasing the reconstructed resolution in the through-plane direction. In addition,
anatomy with only subtle differences in shape between slices is difficult to track through-plane at the low
resolutions used in the fat selective images. The limited slab thickness and the similarity of the target
anatomy in the through-plane direction for cross-sectional coronary imaging result in a lower precision and
greater error in the corrections obtained in this direction. The magnitude of the through-plane component of
respiratory motion is dependent on the amplitude of respiratory motion and on the orientation of the
imaging plane, both of which are highly subject-specific. In a review of the B2B-RMC displacements obtained
for the ten subjects imaged in the initial studies of chapter 6, the mean of the maximum amount of motion per
subject in the through-plane direction that was detected using B2B-RMC was, 5.1+2.8mm (range 1.9 -
10.5mm). In the phantom studies using the coronary vessel wall test object (chapter 4), 4.5mm of through-
plane motion (15mm sinusoid) was fully corrected for, while 7.5mm (25mm sinusoid) was insufficiently
tracked. As a result, future studies should consider gating acquisitions to limit the through-plane motion at
the expense of a small loss in respiratory efficiency. While, as discussed above, 4.5mm of through-plane
motion has been successfully corrected in phantom studies undergoing sinusoidal motion, this would be a
conservative estimate for the amount of through-plane motion that can be corrected in-vivo. As shown in
chapter 4, sinusoidal motion is more difficult to correct than physiological respiratory motion and the
through-plane distribution of epicardial fat in-vivo is less homogeneous than that simulated using the
coronary artery test objects constructed in chapter 4. Consequently, the amount of through plane motion that
may be corrected is likely to be larger and indeed, all 10 initial studies in chapter 6 produced image quality

sufficient for vessel wall thickness measurement after B2B-RMC.

In chapter 4 B2B-RMC was directly compared with gating motion to a 5mm window in otherwise identical
imaging sequences, using the respiratory motion phantom following physiological respiratory traces. In-vivo,
B2B-RMC 3D spiral imaging was compared to commonly used navigator gated techniques for MR coronary
angiography (chapter 5) and coronary vessel wall imaging (chapters 6). Both study designs would have
benefited from the inclusion of an additional acquisition (navigator gated 3D spiral imaging) for direct
comparison of respiratory motion correction techniques using otherwise identical imaging sequences.
However, this was not possible due to the long and unpredictable acquisition durations which result from

navigator gating.

A further limitation is that the large majority of the work presented here was applied to cross-sectional
imaging of the RCA vessel wall in healthy subjects. While the left coronary artery system is less mobile, it is
located deeper within the body, which results in lower SNR and the volume of surrounding epicardial fat is
lower, potentially making B2B-RMC more difficult. Despite this, the LAD was successfully imaged with B2B-
RMC in several healthy subjects. In a small group of patients with confirmed coronary artery disease, the RCA
vessel wall was successfully imaged. However, in the single patient where LAD vessel wall imaging was
attempted, it was unsuccessful. The increased size of this patient, his high heart rate and the large range of

respiratory motion (diaphragm range 45mm) combined to result in poor SNR.
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9.c  Further work

9.c.i Processing

All reconstruction and processing has, as yet, been performed offline due to its complexity and the required
computational time. The majority of the images presented here were corrected and reconstructed on multi-
core workstations with large amounts of RAM (most recently a workstation with eight Intel Xeon 2.4GHz CPU
cores and 12 GB of RAM running a 64-bit Linux operating system). Even with basic parallelization of the
NSPCC, a full correlation of 300 low resolution volumes can take several hours. In future, however, iterative
peak finding techniques, highly parallelized cross-correlation using graphical processing units or multi-

resolution template matching may be used to reduce processing time or even perform on-the-fly B2B-RMC.

9.c.ii Improved left coronary artery and in-plane vessel wall imaging

As discussed in section 9.b, left coronary artery vessel wall imaging is more challenging due to the deeper
location of these arteries, which results in reduced SNR. In future studies however, SNR will be improved by
imaging at 3T and by using dedicated cardiac receive coils, which typically make use of 32 receive channels.
While in-plane MR coronary angiography and in-plane coronary vessel wall imaging was successfully
performed, the non-rigid respiratory motion of the heart means that future in-plane studies should consider
using non-rigid motion correction. The larger spatial extent of the anatomy of interestin in-plane imaging
also means that the image quality of the high resolution spiral acquisitions is likely to benefit from By field

map corrections and correction for errors in the actual spiral trajectories (Delattre etal., 2010).

9.c.iii Parallel imaging and compressed sensing

Recently, there has been much interest in parallel imaging (Larkman and Nunes, 2007) and compressed
sensing techniques (Lustig et al., 2007) for increasing overall imaging efficiency. The loss of SNR associated
with parallel imaging renders it unsuitable for use in high resolution coronary vessel wall imaging, although it
may enable valuable increases in the resolution of the low resolution data. However, the sparseness of the
high resolution coronary vessel wall images presented in this work mean that compressed sensing may be a

useful future strategy for reducing acquisition durations or for further increases in image resolution.

9.c.iv Clinical studies

As yet, no published in-vivo study has compared MR coronary vessel wall imaging to intravascular imaging of
coronary artery disease. A comparison of vessel wall thickening in patients with coronary artery disease
using B2B-RMC 3D spiral imaging and IVUS and /or histology would, therefore seem pertinent. Subsequently,
longitudinal studies of coronary artery disease progression in response to therapy, changes in lifestyle or

ageing will be possible with this technique.
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The implications of this work extend beyond atherosclerotic disease; the effects of other diseases on the
coronary vessel wall, such as Kawasaki disease (Greil et al,, 2007b), may also be evaluated using the B2B-RMC
3D spiral technique. Furthermore, B2B-RMC is not limited to 3D spiral imaging; sequence modifications
could replace the high resolution spiral readouts with bSSFP segments and T2 -prep, for use in MR coronary
angiography. Basic modifications to the existing sequence would permit T1 weighted imaging of the coronary
vessel wall for use with or without contrast agent in differentiating plaque types (see section 1.e.ii.6). Neither
is B2B-RMC limited to coronary artery imaging; these same modifications to the dark blood preparation with
the addition of non-rigid motion correction capabilities could be used for 3D late gadolinium enhanced
myocardial imaging. All of these alternative applications would benefit from the reliable, highly efficient

respiratory motion compensation provided by B2B-RMC.

9.d Conclusion

In conclusion, 3D spiral imaging with B2B-RMC is an effective, reliable and reproducible technique for MR
coronary vessel wall imaging when used with 2RR gating. B2B-RMC can effectively correct respiratory
motion with respiratory efficiency close to 100% and is well suited to cross-sectional coronary vessel wall
imaging. Small changes in normal vessel walls have been demonstrated and imaging was demonstrated in a
small patient cohort. As a result of these developments 3D spiral imaging with B2ZB-RMC may, in future, be
used in assessing the progression or regression of coronary atherosclerotic plaque with time or in response

to therapy.
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