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Summary

Stroke is one of the leading causes of death and disability worldwide with 20% of ischemic

strokes attributed to carotid atherosclerosis.

In recent years, morphological characteristics of atherosclerotic plaque such as a thin fibrous
cap, large lipid-rich necrotic core, intraplaque haemorrhage and ulceration have shown
correlations with subsequent clinical events. High resolution, multi-contrast magnetic
resonance imaging (MRI) can qualitatively identify these features and monitor disease
progression. Compared to traditional contrast weighted imaging, quantitative MRI could
provide an objective assessment of disease. Therefore, the general hypothesis investigated
in this thesis is:

Quantitative MRI methods can be used to acquire objective biomarkers of carotid vessel wall

and atherosclerotic plaque, with high accuracy and good repeatability.

The research presented in this thesis describes the use of multiple quantitative MRI methods
to evaluate the carotid vessel wall. These include dynamic contrast-enhanced (DCE) MRI
analysis for the assessment of plaque inflammation/neovascularization and the development
of black-blood quantitative T./T,* mapping sequences for plague component characterisation.
The acceleration of the sequences was also investigated using a combination of

compressed sensing (CS) and parallel imaging (PI).

Chapter 3 investigated the hypothesis that plaque functional characteristics and surface
morphology can be evaluated using a high temporal and spatial resolution 4D contrast-
enhanced MRI/MR angiography (MRA) sequence. Chapter 4 tested the hypothesis that
magnetisation prepared 3D fast-spin-echo (FSE) is the best sequence for in vivo T, mapping.
Four different black-blood T, mapping sequences were developed and compared in
phantom and volunteers. Chapter 5 tested the hypothesis that the optimised iMSDE 3D FSE
T, mapping sequence can be combined with CS and PI to further reduce the acquisition time
without significantly affecting image quality and the measured T, relaxation times. Chapter 6
investigated the hypothesis that compressed sensing can be used to reduce the overall
examination time of a comprehensive multi-contrast MRI protocol, comprising black-blood T,

weighted, T, weighted and proton density weighted sequences. Finally, Chapter 7



investigated the hypothesis that accurate 3D vessel wall Ry* mapping can be achieved

through black-blood preparation.

In summary, this thesis investigated the use of multiple quantitative MRI methods in
evaluating the carotid vessel wall and atherosclerotic plaque. The results demonstrate that
guantitative MRI is an accurate and reproducible method for the carotid plaque

characterization.
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Chapter 1 Stroke and carotid

atherosclerotic disease

This thesis focuses on magnetic resonance imaging (MRI) as a non-invasive tool to quantify
carotid atherosclerotic plaque properties in vivo. In this chapter, the importance of stroke and
carotid atherosclerotic disease is described. The current limitations of carotid disease
management and the use of MRI in assessing carotid plague morphological features are
reviewed. Part of this chapter has been published as a review paper in American Journal of
Neuroradiology. 2017,38(4):664-671 [1].

1.1 Stroke and carotid atherosclerotic disease

Stroke is one of the leading causes of death and disability in the world, killing 4.4 million
people each year and resulting in significant morbidity in 5,000 individuals per million in the
population [2]. In the United Kingdom, stroke is the 3" leading cause of death, accounting for
10% of all deaths, and also the most common cause of adult morbidity. Stroke related
management costs the National Health Service (NHS) £9 billion a year (0.4% of the Gross
Domestic Product, GDP) [3]. Although stroke is the commonest cause of mortality in China

only 0.06% of the GDP (40 billion RMB annually) is spent on managing it [4].

Over 80% of the strokes are ischaemic. It is caused by the occlusion of blood vessels
supplying oxygen and nutrients to the brain [5]. Rupture of atherosclerotic plaques located in

the carotid arteries is a major cause of this kind of stroke, as shown in Figure 1.1.

Atherosclerotic
Plague

Figure 1.1 Atherosclerotic plague at carotid regions. Available online [6].



Carotid plague rupture is found more frequently in symptomatic than asymptomatic patients

(74% vs. 32%) [7]. However, the mechanism of plaque rupture remains poorly understood.

1.2 Pathology of atherosclerosis

Historical evidence of atherosclerosis includes the appearance of large calcified patches in
the aortas of Egyptian mummies dating back ~3500 years [8]. The number of people who
suffer from atherosclerotic disease continues to rise and parallels the spread of diet, lifestyle

and other environmental risk factors associated with modernisation.

The pathogenesis of atherosclerosis includes initial stage disease which begins in childhood
and adolescence with the appearance of fatty streaks [9]. These occur when the low-density
lipoprotein (LDL) levels increase. The LDL complexes accumulate and enter the arterial
intima. The fatty streaks are made up of smooth muscles cells (SMC), lipid-rich

macrophages, foam cells, and the proteoglycan-collagenous matrix [10].

Early fibroatheroma occurs at the second stage of atherosclerosis [9]. At this point, the
lesion accumulates numerous macrophage foam cells and activated inflammatory cells. The
death of macrophages and smooth muscle cells stimulate further inflammatory processes.
Large amounts of extracellular lipids forms into the lipid pool which contains cholesterol and
cholesterol esters. The enlarging lipid-rich necrotic cores may ultimately occupy 30% - 50%
of the artery wall volume [9]. Fibrous tissue forms a fibrous cap overlying the lipid pool to

separate it from the lumen.

The fibrous cap is predisposed to macrophage and T-cell infiltration and becomes thin and
weak. Atherosclerotic plague with thin fibrous cap and large lipid pool is called vulnerable
plague and is prone to rupture without any warning.

More detailed biological and pathological processes during the disease initialisation,

development, and plaque rupture are illustrated in Figure 1.2.
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Figure 1.2 Formation, development, and rupture of atherosclerotic plaque. (a), the normal
artery contains three layers, intima, media and adventitia; (b), adhesion of blood leukocytes
to endothelial monolayer, maturation of monocytes into macrophages, and uptake of lipid,
yielding foam cells; (c), migration of smooth muscle cells (SMCs) from the media to the
intima during lesion progression. The apoptosis of macrophages and SMCs causes
extracellular lipid to form the lipid and necrotic core. Vessel wall thickening causes hypoxia,
resulting the formation of vasa vasorum in the plaque; (d), rupture of the fibrous cap causes
thrombosis. With permission [11].

1.3 Current quantification of carotid disease and their
limitation

Luminal stenosis, which is the current criterion for assessing the carotid disease severity, is
important in clinical decision making. Patients with a high degree of stenosis (70 - 99% using

North American Symptomatic Carotid Endarterectomy Trial (NASCET) measurement criteria)

undergo a carotid endarterectomy (CEA) to remove the lesion [12].

The NASCET trial [13], studied 1212 patients from 50 centres across Canada and the United
States who were randomised to either carotid endarterectomy (616 patients) or medical
therapy (596 patients). This study found that CEA was efficient in reducing the stroke risk in

patients only with severe narrowing (70 - 99%) [13]. However, the benefit of surgery was



reduced for moderate narrowing (50 - 69%). The patients with less than 50% stenosis did
not benefit from CEA [14, 15] although strikingly 50% of strokes occur in patients with less
than 50% stenosis using NASCET criteria.

The European Carotid Surgery Trial (ECST), showed that 44% of the 3018 patients with the
symptomatic carotid disease had only < 30% stenosis using the ECST method [16]. The
above stenosis measurement methods are illustrated in Figure 1.3. In the UK, the NASCET
method is used as it is a more straightforward indicator of the stenosis, as the ICA is
narrowed by the stenosis compared to the original diameter, while the ECST method has to

estimate the full lumen diameter at the stenosis side.

ECA

a

ECST stenosis: (1 — E) X 100%

NASCET stenosis: (1 — %) % 100%

Common carotid stenosis: (1 — %) X 100%

ICA: internal carotid artery
ECA: external carotid artery
CCA: common carotid artery

A
A J

CCA

Figure 1.3 Carotid lumen stenosis definitions in European Carotid Surgery Trial (ECST) [17],
North American Symptomatic Carotid Endarterectomy Trial (NASCET) [13] and common

carotid criteria [18].

Traditionally, X-ray angiography (XRA) was taken as the gold standard for carotid stenosis
measurement. However, due to the invasive nature of XRA and the associated costs, duplex
ultrasound is now the common technique for screening and measuring stenosis. As the flow
velocity measured by duplex ultrasound reflects the degree of the stenosis, the Joint
Working Group formed between the Vascular Society of Great Britain and Ireland, and the
Society for Vascular Technology of Great Britain and Ireland recommended that the peak

systolic velocity of < 125 cm/s for < 50% stenosis and 230 cm/s for = 70% stenosis, with an

4



additional value of > 400 cm/s for = 90% stenosis but less than near occlusion [19]. Figure
1.4 showed the relationship between peak systolic velocity with the angiographic diameter

stenosis.
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Figure 1.4 Relationship between duplex ultrasound peak systolic velocity vs. the stenosis by
the NASCET criteria. With permission [19].

About 80% of plaque rupture occurs in patients with only moderate narrowing (< 69%) [20]
Current luminal stenosis criteria cannot provide accurate assessment for this patient cohort.

Therefore, additional biomarkers/analyses are needed.

In addition, conventional angiographic based techniques cannot capture lesions with

outward remodelling, which might preserve lumen diameter (Figure 1.5) [21, 22].

Figure 1.5 Early stages of lesion development involves lumen enlargement, which cannot be
picked by the angiography. After a certain degree (around 40% of stenosis), the plaque
development caused narrowing of the lumen. Reproduced with permission from [21],

Copyright Massachusetts Medical Society.

1.4 Morphology of vulnerable plaque

1.4.1 Intraplaque components
Plagues with a large lipid pool (> 25% of plaque area) and thin fibrous cap (FC) (< 65 um)

[23] with a prominent macrophage infiltration are characterised as vulnerable plaques, as

shown in Figure 1.6. Histological analysis of the CEA specimen suggests that plaque



morphology and compositional features may be different in symptomatic and asymptomatic
patients. Plague rupture was found more frequently in symptomatic patients than
asymptomatic patients (74% vs. 32%) [7]; the necrotic core was twice as close to the lumen
in symptomatic plagues as compared with asymptomatic plaques, the number of
inflammation cell within the FC was three times higher [24] and the prevalence of intraplaque
haemorrhage (IPH) is much wider [25].

Figure 1.6 Histology of an atherosclerotic plague. (A): A thin FC (arrow) and a ruptured FC at
the top. With permission [7]; (B): Large necrotic core (NC) and overlying thin FC; (C): Plaque
haemorrhage and calcification; and (D) Elastic Trichrome stained plague showing FC with

the abundant inflammatory macrophage cells appearing brown. With permission [26].

1.4.2 Plaque ulceration

Carotid plaque ulceration or surface irregularity is characterised as an indentation, fissure or
erosion on the luminal surface of a plaque, exposing a portion of the inner plaque to direct
contact with the circulating blood [27]. Various factors are involved in the pathogenesis of
ulceration that includes the accumulation of inflammatory cells, proteolytic enzymes released
by macrophages and local hemodynamic factors [28]. These factors weaken the fibrotic cap
leading to plagque rupture and leaving behind the ulceration. These ulcerations act as a
thromboembolic source allowing plague components to be released into the blood. Ulcerated
plagues are considered to be the main foci of cerebral microemboli [29].

Plague ulceration is strongly correlated with ischemic stroke and coronary events with
hazard ratios (HR) ranging from 1.2 to 7.7 [30-35], as summarised in Table 1.1. The hazard



ratio is comparable with other high-risk factors such as large lipid core (HR: 1.75) and
intraplague haemorrhage (IPH) (HR: 5.85) [36].

, Study _ Hazard Ratios
Studies _ Cardiovascular events P value
population (95% ClI)
Eliasziw et al, 659 Ipsilateral stroke at 24 1.24 (0.61-2.52) —
1994 [30] months 3.43 (1.49-7.88)
Handa et al, Stroke events in average
214 . 7.68 (2.15-27.40) 0.002
1995 [31] duration of 16 months
Rothwell et al, ]
3007 Strokes occurring >2 years 2.75 (1.30-5.80) 0.01
2000 [32]
Rothwell et al, _ _ _
3007 Ipsilateral ischemic stroke 1.80 (1.14-2.83) 0.01
2000 [32]
Rothwell et al, Previous myocardial
3007 _ _ 1.82 (1.23-2.64) <0.001
2000 [33] infarction
Rothwell et al,
3007 Non-stroke vascular death 1.67 (1.15-2.44) 0.007
2000 [33]
Rothwell et al, 5-year risk of ipsilateral
1130 _ _ 2.03 (1.31-3.14) 0.002
2005 [34] ischemic stroke
Prabhakaran Ischemic strokes during a
1939 3.1(1.1-8.5) -

et al, 2006 [35]

mean follow-up of 6.2 years

Table 1.1 Summary of hazard ratios of carotid ulceration for future events risk in the

published literature. With permission [1].

1.5 Multi-contrast MRI of carotid plaque

In 1998, Yuan et al. first demonstrated that MRI is highly accurate for carotid artery wall

measurement in vivo compared to histology [37]. Since then, numerous studies have been

undertaken to study carotid plague components and quantify the size and area accordingly.

The results demonstrated that MRI is capable of identifying the components, including

calcium, lipid, IPH and FC with moderate to good accuracy [38]. An example of multi-

contrast MRI is shown in Figure 1.7.



Figure 1.7 Multi-contrast MRI of carotid plaque with thin fibrous cap and large lipid core. The
fibrous cap (white arrow) shows hyperintense signal on the T,w image. The lipid core (yellow

arrow) shows hypointense in the T,w image. The images are acquired by the author.

Table 1.2 summarises the signal intensity of various plaque components on MR images with
different weightings. It should be noticed that haemorrhage is classified into 3 categories
according to its age: fresh haemorrhage (< 1 week) encompasses early clotting mechanisms,
macrophages and inflammatory cell infiltration; recent haemorrhage (1 - 6 weeks) includes
the combination of haemorrhagic debris, intact and degenerating red blood cells; old
haemorrhage (> 6 weeks) in the plaque has mixed components in a heterogeneous
substrate [39]. However, due to the long scanning time and expensive cost, currently MRI is

not used clinically to evaluate the carotid disease.

TOF T,W PDW T,W

0 0/+ 0/+ -/0
IPH (fresh) [39] T -+ -/0 -/0
IPH (recent) [39] + + + +
IPH (old) [39] - - - -
Dense (fibrous) tissue [40]  -/0 0 -/0 +
Loose matrix 0 -/0 + +

Calcification [40] - - - -

Table 1.2 Tissue classification criteria using MRI. All signal intensities are relative to the

adjacent sternocleidomastoid muscle. +: hyper-intense; 0: iso-intense; -: hypo-intense.



1.6 Imaging of carotid plaque and plaque ulceration
1.6.1 X-ray contrast angiography (XRA)

XRA has been widely used in large, randomised clinical trials in early years [13, 17]. Luminal
stenosis measured from the projection of XRA was often used for carotid diseases
management. XRA was a gold standard for observing carotid ulceration. Studies comparing
angiographic surface morphology with detailed histology have concluded that ulceration
detected by XRA was associated with plaque rupture, IPH and overall plaque instability [41].

An example of a carotid DSA demonstrating an ulcerated plaque is shown in Figure 1.8.

Figure 1.8 DSA image of two large ulcerations (arrows) of a right internal carotid artery. The

figure is adapted with permission [1].

However, due to the subtraction procedure, observing intraplaque component using DSA is
difficult. In addition, the use of XRA in the carotid imaging has several limitations. First, it is a
high-cost procedure, time-consuming and requires adequate bed rest after the investigation.
Second, the invasive nature of this procedure increases the risk of creating emboli resulting
in subsequent cerebrovascular events [15, 42, 43]. Third, XRA is not safe in patients with
coagulopathies and bleeding disorders. Fourth, for detecting the ulceration, the accuracy of
XRA also depends on the degree of stenosis [44]. The rate of false positives and false
negatives of DSA were high in identifying ulcerations [45]. One reason for this is that the
XRA generally only uses a limited number of projections. This issue results in failures to
detect ulceration [45, 46] and a tendency to underestimates stenosis [47].

Based on the above mentioned reasons there has been a trend to replace XRA with various
cost effective, safer and less time-consuming carotid imaging modalities which are

discussed below.



1.6.2 Ultrasound

Ultrasound was introduced as the first platform to visualise the in vivo human vessel and
atherosclerosis [48]. The biggest advantage of ultrasound is the low cost. Carotid ultrasound
helps to classify the plague texture either as homogeneous (uniform consistency) or
heterogeneous (non-uniform consistency) [49], determines the plaque location, count the
plague number, measure the intima-media thickness (IMT) and can also observe the plague
surface morphology [50]. The plaque type can be determined by using the ultrasound
images. For instance, a soft plaque contains large lipid core appears echolucent in the

image, while a plague with lots of fibrous tissue and calcification appears as echogenic. An

example of different types of carotid plagues in ultrasound images is shown in Figure 1.9.

Figure 1.9 (A) A single low-risk plaque in shown. The plaque causes moderate stenosis and
has a smooth homogenous surface. (B) Multiple complex high-risk plaques are shown. The
plagues have focal calcification and irregular surface, and cause a higher degree of stenosis.

With permission [50].

In ultrasound images, the plaque surface can be defined as smooth and regular, mildly
irregular, or ulcerated; based on the plaque contour [51]. The application of colour-flow
Doppler-assisted duplex imaging, which combines the B-mode and blood flow velocity
information [52], can measure the flow dynamics in the carotid lumen, which is a useful tool
for determining the stenosis and carotid ulceration. An example of ulceration in Doppler
ultrasound is shown in Figure 1.10. However, it is still difficult to detect plaque ulceration
using ultrasound due to various limitations. Firstly, the overall accuracy of using ultrasound
against gold standard techniques (DSA) is not high (sensitivity and specificity range from 39
- 89% and 72% - 87%, respectively) [53-57]. Several studies have noted that its accuracy
decreases with increasing degree of stenosis [56, 58], and has even failed to detect
ulceration in high-grade stenosis [55]. Secondly, the intra-reader reproducibility of both B-

mode and Doppler ultrasound is low (K ranges from 0.11 to 0.89 [56, 59-61]), which is not
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sufficient for reliable diagnosis. These limitations are mostly due to the native imaging
principle. Two-dimensional (2D) ultrasound can only obtain a 2D cut plane of the carotid
area, this could introduce error when the ultrasound probe is not parallel to the vessel axis or
the orientation of the ulceration [62]. Also, the presence of calcification reflects the acoustic
wave which can obscure ulceration [62]. The recent development of 3D ultrasound, either
using dedicated 3D probes or combining 2D probe and positioning sensors [61, 63], showed
improved image quality, and could be more suitable for plaque morphology, echomorphology,

stenosis and volume measurement and analysis [64, 65].

Figure 1.10 (A) Doppler ultrasound shows an internal carotid artery plague ulceration (white
arrow). The figure is adapted with permission [1]. (B) the calcification in the anterior vessel
wall (white arrow) shadows the colour Doppler signal and opposite wall structures (yellow

arrow). The figure is adapted with permission [1].

1.6.3 Computed Tomography Angiography (CTA)

CTA has been used widely for the head and neck imaging due to the fast acquisition with
high resolution. Studies have shown that CTA can be used for characterization of plaque
composition [66, 67], especially the calcification. Also, CTA would be suitable for detecting
carotid ulceration. CTA showed high sensitivity (94%) and specificity (99%) in detecting
ulceration, when comparing to the surgical observation [68]. However, as CTA is very
sensitive for the carotid calcification, it might fail in detecting ulceration in heavily calcified
plaques [69].
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Figure 1.11 (a) An ulceration (yellow arrow) in a heavily calcified (white arrow) plaque. (b)
the ulcer is clearer with calcification removed by dual energy CTA. (The images are

processed by the author). With permission [1].

The recent development of dual-source CT, which uses two X-ray energies simultaneously
to separate high density calcification and the contrast-enhanced lumen, has shown
advantages for evaluating the densely calcified carotid stenosis and could be more accurate
in evaluating plague components [70, 71]. Figure 1.11 shows that the morphology of
ulcerations cannot be visualised clearly by conventional CTA due to calcification, while dual-

source CTA software could remove the calcification from the image, making the ulcer clearer.

Like XRA, a drawback of CTA is the use of ionising radiation. In imaging the neck vessels,
the radiation dose of CTA is equivalent to or higher compared with DSA [72, 73]. Also, the

use of contrast agents is not suitable for patients with significant renal disease [74].

1.6.4 MRI for ulceration imaging

Non-contrast enhanced Magnetic Resonance Angiography (MRA)

The most common method for MRA is time-of-flight (TOF) which relies on the high MRI
signal from the moving blood, within the vessel lumen to create vascular contrast [75]. Both
2D, i.e. multi-slice [76] and 3D, i.e. volumetric TOF [75, 77] have been used for carotid artery
imaging. One of the biggest advantages of MRA over DSA and US is that the images can be

reformatted into any orientation after the acquisition.
However, one of the well-known limitations of TOF-MRA is that signal saturation and

dephasing of the signal could lead to a signal loss from focal areas of complex flow [78]. The

stenosis measurement accuracy of TOF is dependent on the wash-in efficiency of
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unsaturated spins within the imaging slice/slab. For large ulcerations, the hemodynamic
patterns of blood flow are complicated [79]. Ulceration detection could therefore be limited if
the saturated spins do not get replaced by fresh unsaturated blood flow. Also, the orientation
of the imaging slice/slab is important. TOF techniques are limited to the flow orthogonal or a
certain angle to the imaging slices/slabs. The signal from flowing blood parallel to the
imaging slices/slabs can become saturated [77]. In addition, the ulceration orientation,
location, and shape could also influence the accuracy of measurements using TOF-MRA
[79]. In recent years, other non-contrast enhanced MRA techniques have emerged claiming
to overcome some of the limitations of TOF-MRA, including arterial spin labeling (ASL) [80,
81], inversion-recovery based methods [82], the quiescent interval low-angle shot (QLASH)
method [83] and blood suppression based methods [84]. In particular, a hybrid of pseudo-
continuous and pulsed ASL (hASL) with fast low-angle shot (FLASH) readout has shown
comparable results in detecting carotid luminal irregularity with CE-MRA, which overcomes
the limitation of TOF-MRA [81]. Since these methods have only recently been developed,

more studies are necessary to validate their accuracy in detecting plaque ulceration.

Contrast-Enhanced MRA (CE-MRA)

CE-MRA is an MR imaging technique for vascular imaging that exploits the use of an
intravenously administered paramagnetic contrast agent (i.e. a chelate of gadolinium) to
shorten the T, relaxation time of the blood providing excellent contrast with the background
tissues. Since the images are no longer dependent on the inflow of the blood, CE-MRA
produces high-quality images in a short time frame and may reduce some of the drawbacks
associated with TOF-MRA. In one study the prevalence of plaque ulceration was 86% in a
symptomatic patient cohort compared to 36% in an asymptomatic patient group; indicating
that CE-MRA could be used for detecting ulceration [85]. CE-MRA has also been shown to
detect more ulcers than TOF-MRA [79]. Figure 1.12(a, b) shows an internal carotid artery
with several ulcerations demonstrated by CE-MRA, however all were missed by TOF-MRA.
In addition, CE-MRA has the advantage of visualising ulceration in calcified plaques which is
one of the limitations of standard CTA (Figure 1.12c).

Although CE-MRA shows a high level of accuracy in detecting plaque ulceration, it is still a
relatively expensive examination. MRI is not suitable for patients with contraindications such
as implanted devices. Lastly, the contrast agents should not be used in patients with renal

impairment, which may limit its wider application.
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(a) CE-MRA (b) TOF-M (c)CTA (¢ pre centrast T,w 3iost contrast T,w  (f) Doppler ultrasound

Figure 1.12 High-resolution MRI, CTA and ultrasound of the left carotid artery of a 77-year
old man. Ulcerations (yellow arrow) are shown clearly on CE-MRA (a), pre- and post-
contrast black blood T,w (d, e) images, however missed on TOF-MRA (b). The calcification
on CTA (c, white arrow) brings difficulty when observing ulceration. The Doppler ultrasound
(f) shows no ulceration in the internal carotid artery. (The MR images are acquired by the
author. The CT and ultrasound images are processed by the author.) With permission [1]

Blood suppressed MR Morphological imaging

High-resolution standard MR sequences are widely used for carotid morphological imaging,
however the signal from flowing blood in the lumen makes it difficult to identify the vessel
wall. Blood suppression is usually achieved through a signal preparation scheme applied
prior to the imaging sequence. The most commonly used schemes including double or
guadruple inversion recovery (DIR or QIR) [86, 87], motion sensitive driven equilibrium
(MSDE) [88], and delay alternating with nutation for tailored excitation (DANTE) [89]. These
blood suppressed techniques will be introduced in detail in the subsequent chapter. Multi-
contrast cross-sectional MRI with blood could also be used for ulceration detection [90, 91].
Figure 1.12(d,e) shows an example of carotid ulceration in DANTE prepared pre- and post-

contrast T;w images.

In summary, this chapter introduces the formation, progression of carotid atherosclerosis
plague, current limitation of the management and the use of MRI in assessing plaque
vulnerabilities. One of the high-risk features, carotid ulceration, can be detected by multiple
imaging modalities. CE-MRA may be the best method due to high accuracy. But further work
is warranted to study the effectiveness of non-contrast enhanced MRA in looking at the

ulceration.
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Chapter 2 Principles of Magnetic

Resonance Imaging

This chapter describes the basic magnetic resonance imaging (MRI) principles and some of
the advanced techniques used in this thesis, including the pulse sequences, image contrast

mechanisms and blood suppression techniques.

2.1 Nuclear magnetic resonance

The phenomenon of nuclear magnetic resonance (NMR) was first demonstrated by Felix
Bloch in 1946 at Stanford University [92] and Edward Purcell at the Massachusetts Institute
of Technology [93]. They shared the Nobel Prize in Physics in 1952 for their discoveries.

Spin

The atomic nuclei are characterised by an intrinsic angular momentum spin. The nuclei with
an even number of protons and even number of neutrons have a zero-angular momentum.
Nuclei with odd numbers of nucleons have a non-zero angular momentum and their

magnitude || and projection in the z-direction J, are given by:
Ul = rlI+ DIV, ), = hmy (2.1)

where # is the Plank’s constant divided by 2m, I is the nuclear spin quantum number (0, 1/2,
1, ...) and m; is the magnetic quantum number (-I, -1+1, ..., O, ..., I-1, 1). For the hydrogen
nucleus, | = 1/2 so that m; can either be -1/2 or +1/2. As a result, there are only two possible
orientations for J, in which the spins align with the +z (spin-up state) or —z (spin-down state)
direction. Since the nucleus is electrically charged, the rotating spin generates an electric
current flow around the rotation axis. This results in a magnetic field, which is associated

with magnetic dipole moment u:
w=yl (2.2)

where y is the gyromagnetic ratio. For 'H nucleus, y/2r = 42.57 MHz/T. The gyromagnetic

ratio for other nuclei are shown in Table 2.1.

In the presence of a static magnetic field (B), the energy difference between the two states

of protons is:
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Ae = AuB = yhamB = yh[>—(-3)|B = yhB (2.3)

Given De Broglie’s equation:
AE = Aw (2.4)

where w is the Larmor frequency. Then

W= % = yB (2.5)

The w describes the angular frequency that the magnetic dipoles processes in the presence

of a magnetic field (B).

Ny,

Bg High energy level

F

AE = yhB,

Low energy level

Ndown
Figure 2.1 Boltzmann distribution of the protons at the present of magnetic field B,. There

are more spins at the low energy level (Ngown) than the high energy level (Nyp).

The spins split into two energy states according to the Boltzmann distribution at the

temperature T (Figure 2.1):

Mup exp(Ae/kgT) (2.6)

Ndown
where N, and Ng,,,,, are the number of the spins at the spin up and spin down state. kg is
the Boltzmann constant and T is the absolute temperature. As the energy difference is very

small between the two states, the low energy state is only slightly more populated than the

high energy state (about 10 up spins more per million).

Nucleus 1y Be Wy BV Byg 3lp

Gyromagnetic Ratio, y (MHz/T) 42.58 10.66 3.02 40.27 11.3 17.19

Table 2.1 Gyromagnetic ratio of different nuclei.
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2.2 Magnetic Resonance Imaging

In 1973, Paul Lauterbur [94] applied NMR to imaging by using a linear magnetic field
gradient to provide spatial localisation of the NMR signal. Peter Mansfield introduced the
concept of slice-selection which can be used for 2D excitation [95] and Edelstein with

colleagues proposed the standard method of 2D image encoding [96].

Paul Lauterbur and Peter Mansfield shared the 2003 Noble prize in Physiology or

Medicine "for their discoveries concerning magnetic resonance imaging".

2.2.1 MR system

RF coil

RF ADC |—

Patient J’ Transmit/Receive —

I x-gradient amp I—

! Waveform

RF coil generator
I y-gradient amp I—

Computer

I z-gradient amp I—

Figure 2.2 MRI system overview. ADC: Analog-to-Digital Converter.

There are three main components in an MRI system, comprising a magnet to create a strong
static field (By), gradient coils to generate the linear magnetic field gradients, and a
radiofrequency (RF) system to transmit energy to the object and then detect the MRI signal

from the object.

Magnet

A strong static magnetic field is required to cause the Zeeman splitting in the protons, as
shown in Equation 2.6. A permanent magnet is often used for low field system such as 0.35
T MRI. Nowadays, most clinical system uses superconducting coils to generate high
magnetic fields such as 1.5 T or 3 T. The superconducting coils are immersed in liquid
helium at a temperature of 4 K (-269 °C). At such low temperature, the resistance of the coils
drops to zero that allows strong current to go through without generating any heating. The
strong current inside the coils generates a stable magnetic field through the scanner bore
where the patient lies. To achieve perfect homogeneity of the magnetic field, ferromagnetic
blocks are used as passive shimming and currents are generated in the coils to generate

active shimming.
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Gradients

Three orthogonal gradient coil pairs are placed inside the magnetic bore; they are used to
generate orthogonal gradients which can be used for signal localisation. If the current goes
through the gradient coil, the coil generates a linearly varying magnetic gradient along a
certain direction. For the X and Y direction, a Golay configuration is used to generate the
transverse magnetisation. For the Z direction, a Maxwell pair can be used. The three axes

gradient coil setup is shown in Figure 2.3.

) OB)0==)000)

X Gradient coils Y Gradient coils

Z Gradient coils

Figure 2.3 Gradient coils are used to generate location variation gradient in three axes.

Radiofrequency (RF) system

RF coils generate the RF which transmits into the imaging subject and excite the spins from
the low energy state to the high energy state. Usually a large volume coil, referred to as the
body cail, is used to provide a uniform RF magnetic field across a large field of view. After
the transmitting RF is turned off, the spins at high energy level release the extra energy and
return back to low energy level, and the system returns back to the equilibrium state. This
process forms the MR signal, with includes the spatial information (described below), which
is received by the RF coils to generate an image. The surface coils can be designed to
receive RF signal according to the imaging region, such as a head coil, carotid coil, breast
coil and knee coil et al. The surface coil has high sensitivity over a specific target region. The
RF field that is transmitted is referred to as the By field, and the RF field that is received is

referred to as the By field.

2.2.1 Spin relaxation

MR signals are formed after the RF transmitting pulse, when the spins precess in the
transverse plane. Early NMR studies showed that two different relaxation times can describe
the spin relaxation phenomenon. The first is called the longitudinal or spin-lattice relaxation
which describes the relaxation or recovery of the longitudinal magnetisation along M,. This
mechanism describes the process of spins releasing their energy to the surrounding
environment and returning to the equilibrium state. This is phenomenologically described as

a first order recovery, i.e., an exponential recovery. The T, is the time constant for this
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recovery, is used to describe the recovery of the longitudinal magnetisation from zero to (1-
1/e) of the equilibrium state. The second mechanism is called spin-spin relaxation, which
describes the dephasing of the spins inside the object. Individual spins are influenced by the
local fields caused by the surrounding spins. The interaction between the spins causes the
overall spin dephasing, with no energy changes in this process. The rate that describes the
overall dephasing is called T, relaxation, or spin-spin relaxation. It describes the overall spin
phase decays from 1 to 1/e. In reality, the spins in the imaging subject also experience local
field inhomogeneity, caused by local tissue environment, which may accelerate the spin-spin
relaxation. The rate of the dephasing caused by the spin-spin and local field inhomogeneity

is called T,* relaxation. The relationship between T, and T,* relaxation is:

L 14yAB 2.7)

T, T

where the yAB describes the local field inhomogeneity. The Ty, T, and T,* relaxation curves

are shown in Figure 2.4.
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Figure 2.4 Longitudinal and transverse magnetization of simulated relaxations with T, = 1000,
T, =50 and T,* =30 ms.

Bloch equations
The phenomenon of the magnetisation relaxation can be described using Bloch equations

[92]. The Bloch equations come from the motion of the magnetisation:

dM,(t) M,
== y(M,B, — M,B,) — -

dMy ()

dt )/(MZBX - Msz - (2-8)
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dM(t) _ Mz—M
—Z= y(MyB, — M,B,) — - 0

where M, ,, , is the magnetisation along X, Y and Z axis, and B, and B,, are the B, field in the

X and Y direction. B, = B;cos(wt) and B, = B;sin(wt).

When the transmitting RF is turned off, the transmitting field B; is zero, then the Bloch

equation becomes

dM,(t) M,
= wo M., — =%

dt 0%y g,
dM,(t) M
i ASC A _ Y

i woM, T (2.9)
dM,(t) — M;—Mg

dt T,

Using a 90° excitation pulse as an example, immediately after the transmitting RF, the initial

magnetisation are M, ,, = M, and M, = 0. Therefore, the Bloch equation becomes:
M, (t) = Mycos(wt)exp(—t/T,)
M, (t) = Mysin(wt)exp(—t/T;) (2.10)
M,(t) = Mo(1 — exp(=1/Ty))

This shows that the X and Y component is processing at the Larmor frequency. The T,

relaxation time describes the rate of dephasing. The longitudinal magnetisation recoveries at

the rate of T;.

2.2.2 Slice selection

For a given 2D slice selective magnetic gradient (G,, parallel to B,), the precession

frequency of the spins at location z can be described as

w, = yY(By + zG,) (2.12)
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When both the slice selective gradient and RF pulse are applied simultaneously, the RF
pulse will only excite the protons with the same precession frequency, as shown in Figure
2.5. By changing the centre frequency of the RF, the scanner can select different slices

accordingly.
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Figure 2.5 Diagram of the slice-selective pulse. A linear gradient is applied together with a
sinc type RF pulse. Due to the linear gradient, only a slice of the imaging subject possesses
the same frequency with the RF pulse. So only a certain slice can be selected in the slice-

selective module.

2.2.3 Phase encoding

After the slice selection, the spins within the selected slice plane are then encoded through
phase and frequency encoding. Initially, the spins in the plane process with the same Larmor
frequency and spin phase. During the phase encoding, a gradient Gpe is applied along
phase encoding direction, e.g., Y axis. With this gradient, the spin frequencies change
slightly from the Larmor frequency, according to Equation 2.11. After a short period of time,
the Gpg is switched off. The spins return back to the same frequency again, while different
phase is accumulated according to their position along the Y axis. Therefore, the spin phase

contains the information about the spin location in the Y direction.
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2.2.4 Frequency encoding

After the phase encoding, during the readout, a frequency encoding gradient G is applied
along X direction. The spins at different location process at a different frequency. Therefore
the acquired signal contains a range of frequencies. After the data acquisition, an inversion
Fourier transform is performed and the signal with different frequency can be separated. An

example of frequency encoding and inversion Fourier transform is shown in Figure 2.6.

X axis
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Figure 2.6 An example showing the frequency encoding. The frequency encoding gradient
Gee is applied along the X direction during the readout. The acquired signal consists a range
of frequencies. The inverse Fourier transform could separate different signal according to the

frequency.

2.2.5 k-space formation

The MRI image in the frequency domain is called k-space, which represents the spatial
frequencies in the MR image. The k-space is the Fourier transform of the MR image. Each k-
space point contains the spatial frequency of and phase information about every pixel in the

image.

Magnitude Image k-space

Figure 2.7. Magnitude image of a healthy volunteer and its corresponding k-space.

22



The phase encoding gradient is applied in a cycle, with each time changing the gradient
amplitude, together with a frequency encoding step. Each step acquires a line of k-space (ky).
The element signal at the position r(x,y) can be described as:

M(x,y,t) = p(x,y)ei®t (2.12)
The magnitude M, depends on the spatial position in the subject with different proton density
p(x). If the phase and frequency encoding gradients are applied within the imaging plane, an
additional phase term is added that depends on the time and location

M(x, t) — p(x)ei(wt+(p(x,y,t)) — p(x)eiwtei[tp(x,y,t)] (2.13)

The phase ¢ is from the time course of the phase and frequency encoding gradient

o(x,y,0) = [, Aw(x,y,7)dt = [ yAB(x,y,7)dt = [, y(Grg(D)x + Gpe()y)dr =

v [ Gre(®)drx +v [ Gpe(t)dry = 2k, (Ox + 2wk, )y (2.14)

and where k(t) is the k-space position that is introduced by the gradient
Y (t
k(t) = pw fo G(t)dr (2.15)

Therefore the total signal intensity is

M(x,y,t) = [[ p(x,y)etvt e 2milkx(Ox+ky (Y] gy dy (2.16)
This equation reveals that the MRI signal can be described as the Fourier transformation of
the spatial varying proton density p(x), which can be selectively sampled using time varing
gradient fields.
2.2.6 k-space trajectory
The previous section describes how the readout gradients determine the position of the k-

space. Thus the k-space trajectory can be calculated through the applied gradients pulses.

Several 2D k-space trajectories are illustrated in Figure 2.8.
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Figure 2.8 Three examples of 2D k-space view orderings. (A) Normal linear order. (B) Centre

out and centre in order (C).

2.2.7 Three-dimensional imaging

Three-dimensional (3D) imaging extends 2D slice excitation into 3D volume excitation. A
thick slab is excited in the 3D method for spatial encoding. A second phase encoding
process, along the Z direction, is cycled through together with Y axis phase encoding and X
axis frequency encoding. After the signal acquisition, the signals are processed using a 3D
inverse Fourier transform to reconstruct the imaging volume. The 3D imaging usually
acquires a line of k, within one repetition time (TR), and the filling order in the ky-k, plane

varies, some of these orders are illustrated in Figure 2.9.
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Figure 2.9 Three-dimensional k-space filling orders. (A) Centric out: the data acquisition
starts from the centre of the k,, and then acquires the both side of k,. (B) Radial fan beam:
the k-space points were first sorted by their polar angle into different segments, and in each

segment, the points are acquired by their distance to the k-space centre. (C) Elliptic out: the

data acquisition starts from the k-space centre to the edges.

2.2.8 Magnitude, phase, real and imaginary MR signal

The MR signal is of complex form, as Figure 2.10 shows.

Imaginary
A
Signal = Re +ilm
@
6\@6
S
I Mag = VReZ + Im?
= -1
@ ¢ =tan” *(Im/Re)
>
Real

Figure 2.10 The complex MRI signal and its relationship with magnitude, phase, real and

imaginary signal.

After the Fourier transformation, the complex image is manipulated into different types of
images. Normally, the magnitude images are shown. Magnitude images are the absolute

value of sum of square of real and imaginary parts. It shows mainly the anatomy of the
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tissue. However, other images may be used for as well. For example, the phase image,

calculated as the angle between the real and imaginary image, could be used for flow

measurement. Figure 2.11 shows an example of four types of images.

Magnitude " Phase Real Imaginary

Figure 2.11 Four different types of images.

It has to be noted that the noise in the complex image is the white noise, which means it has
equal intensity at different frequencies, or a constant power spectral density. However, after
the real and imaginary combination, the MR magnitude images no longer have white noise.
The noise distribution becomes Rician in the magnitude image. The Gaussian and Rician
noise distribution are shown in Figure 2.12.

Gaussian noise Rician noise

Pixel count
Pixel count

0 1 0 1

Figure 2.12 Examples of Gaussian and Rician noise images and their histograms.
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The Gaussian and Rician distribution can be described as:

_(x—p)?
f(x|u, 02) = —— e 20’ (2.17)
x x2+v? v
f(x|u,v,0) = —e 27 g (;) (2.18)

where u is the mean of the distribution, v is the noise and ¢ is the standard deviation.

2.2.9 Basic sequences

Spin echo

A spin echo is generated by a 90° excitation pulse followed by an 180° refocusing pulse.
After the 90° pulse, the net magnetisation (the total magnetisation of all the spins) is tipped
from the longitudinal direction into the transverse x-y plane. The spins then begin to dephase
due to spin-spin relaxation and B, non-uniformity plus other susceptibility effects. After a
certain time (half of the echo time, TE/2), the 180° pulse flips the transverse magnetisation,
effectively inverting the phase. Since the phase is inverted the dephasing caused by the By
non-uniformity and other susceptibility effects is reversed and the spins will naturally rephase.
forming a spin echo after a further time period of TE/2. The true spin-spin interactions are
not rephased hence the signal is affected by T, decay. The pulse sequence of the spin-echo

is shown as Figure 2.13A. The TE is defined as echo time.

In the spin echo, the signal is not affected by the B, non-uniformity as this effect is reversed
by the refocusing 180° pulse. Therefore, the amplitude of the spin echo decreases purely

with T, relaxation.

I(TE) = Mye TE/T (2.19)

Gradient echo

The gradient recalled echo (GRE) sequence uses a gradient reversal instead of 180° RF
pulse to produce the echo (Figure 2.13B). GRE typically uses a small flip angle pulses to
avoid longitudinal magnetisation saturation when using short TRs. The B, non-uniformity is
not compensated in the GRE, which makes the image T,* weighted. Normally, a spoil
gradient is applied at the end of GRE sequence, to eliminate any residue magnetisation and
achieve short TR. This type of sequences is called spoiled GRE (SPGR). The signal
intensity in SPGR is given by the following equation
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[ = MOM(?—TE/TE (2.20)

1—cos(a)e~TR/T1

where a is the flip angle, TR is the repetition time and TE is the echo time.
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Figure 2.13 Diagrams of spin echo (A) and gradient echo without gradient spoiling sequence

(B).

Fast spin echo (FSE)

FSE uses a train of refocusing pulses after the first excitation pulse, as Figure 2.14 shows.
Multiple spin echoes are encoded as separate k-space lines within one TR. The number of
echoes acquired in a single TR is called the echo train length (ETL). The time interval
between two refocusing pulses is known as the echo spacing (ESP), and the time from the
90° pulse to the echo that is phase encoded closest to the centre of k-space centre is known
as the effective TE, since the signals in the centre of k-space, i.e. the low spatial frequencies

primarily affect the image contrast.
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Figure 2.14 Diagram of a fast spin echo sequence. The number of echoes per TR is called
Echo Train Length (ETL). ESP: echo spacing. The refocusing RFs can be 180° pulses or
with variable flip angles. The signals in the diagram are only for demonstration and do not
represent the actual amplitudes.

Due to scanning time, the 3D imaging requires more k-space lines in one TR thus a longer
ETL is generally used to keep acquisition times as short as possible. If all the refocusing
pulses are 180°, the signals will decay rapidly according to the T, relaxation, leading to
imaging blurring in the phase encode direction [97]. A series of refocusing pulse with
variable flip angles can be used to reduce this effect. A simulation experiment demonstrating
this principle is shown in Figure 2.15. The Bloch simulation is using a custom algorithm
based on the code from Brian Hargreaves at Stanford  University
(http://mrsrl.stanford.edu/~brian/bloch/), using Matlab (MathWorks, Natick, MA, USA). The
algorithm considers the rotation matrix of magnetisations in the three-dimensional space. By
modulating the flip angles of the refocusing RF pulses, a static pseudo steady state may be

established that exhibits relatively high signal for long ETLs [98, 99].
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Figure 2.15 Diagram of 3D FSE flip angles and signal vs. ETL. ETL = 40 and MR properties

of T, = 1000 ms, T, = 50 ms, esp = 4 ms are used in the simulation.

2.3 Contrast mechanisms

The spin relaxation described above could form three different types of image contrast, i.e.
proton density (PD), T; and T, weighting. Different tissues, for example, have different T,
and T, values [100]. Table 2.2 shows the common tissue T; and T, relaxation time at 1.5 T
and 3 T [101-103].

_ 15T 3T
Tissue

T (mMs) T, (Ms) T, (MS) T, (mMs)
Skeletal muscle 1008 +20 44+6 1412 + 13 50+4
White matter 884 £ 50 72+ 4 1084 + 45 69+3
Gray matter 1124 £ 50 95+8 1820+114 997
Blood 1441 +120 290+30 1932+85 275+50
Plaque fibrous tissue 933 +272 60+ 13 - 56+9
Plaque lipid core 1044 + 304 47 +14 - 37+5

Table 2.2 T, and T, of common tissues at 1.5 Tand 3 T.

2.3.1 Proton Density weighted contrast

In a PDw image, the tissue with a higher concentration of protons produces a higher signal
and appears hyperintense in the image. In order to obtain a PDw image, the effect of T, and
T, relaxation should be minimised. For example, in the spin echo sequence the TE should
be as short as possible to minimise T, effects. Furthermore, a long TR is required to allow
full T, recovery to minimise T, effects. Since TE cannot be infinitely short and TR cannot be

infinitely long we refer to the contrast as proton density weighted.
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Figure 2.16 Diagram of signal evolution in generating image contrast using spin echo. The
red and blue line represents two tissues with different T1/T, values (red: T1/T, = 500/20 ms,
blue: T./T, = 1000/50 ms). Left: longitudinal magnetisation recovery and TR time. Right:
transverse magnetisation dephases and TE times. Short TR and TE results in T;w images.

Long TR and short TE results in PDw image; Long TR and long TE results in T,w images.

2.3.2 T, weighted contrast

In the Tyw images, the T, relaxation should be minimised by the use of the shortest possible
TE. In T;w images, the contrast is primarily controlled by the TR. With short TR, the image
contrast is mainly determined by the tissue T; values. Tissues with short T, time have a
faster longitudinal magnetisation recovery than tissues with longer T, times (Figure 2.16 left),

resulting in signal hyperintensity.

2.3.3 T, weighted contrast

Similar to PDw images, the TR should be long enough to allow substantial recovery of
longitudinal magnetisation. To introduce a T, weighting effect, the TE should also be long to
allow sufficient spin-spin relaxation (Figure 2.16 right). Tissues with long T, result in signal

hyperintensity in the image.

2.4 Quantitative measurements

In addition to traditional contrast weighing methods, MRI can also be used to quantify the
tissue relaxation times. In carotid plaque imaging, quantitative MRI has been used to
quantify the relaxation times of plaque components, such as fibrous tissue, lipid core,
intraplaque haemorrhage, and calcification [104, 105], both in-vivo [104, 106, 107] and ex-
vivo [102, 107-109]. Quantitative MRI allows direct measurement of the MR properties of

plague components, which mitigates the need to perform relative signal comparisons and
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overcomes variability introduced by the surface coil position and field non-uniformities [110].
Quantitative measurements may therefore be more suitable across different MRI systems

and multi-centre studies.

2.4.1 Quantitative T, measurement

There are several methods that can be used for T; measurement.

Inversion-recovery method

In an inversion-recovery sequence, an 180° pulse is applied to invert all the magnetisation
within the imaging plane into the —M, direction. The magnetisations then recover via T;
relaxation. The amount of T, recovery is controlled by the time interval between the 180°
inversion pulse and the excitation pulse, known as the inversion time (TI). To achieve
accurate T, measurement, the TR needs to be long and TE needs to be short enough. The

T, relaxation time could be calculated from multiple acquisitions with different Tls:

TI

I(TI) = My(1 —2e 1) (2.21)

The inversion recovery method is mainly used in 2D imaging. The T; measurement accuracy
depends on the inversion pulse efficiency. Inaccurate flip angles caused by RF transmit field
(B1") nonuniformity may cause errors in T, measurement. Also, as the sequence needs to be
repeated several times to achieve different Tl time, the scanning time for this method is
relatively long. However, poor slice profile in 2D may cause inaccuracy in the inversion

recovery based T, measurement, especially at the edges of the imaging slice.
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Figure 2.17 Inversion recovery based T, calculation. The material property of T; = 1500 ms

is used for simulation.
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Variable flip-angle method
This method determines the tissue T; value based on the spoiled gradient-echo signal
shown in Equation 2.20. If the T, effect can be ignored using the short TE, the signal

intensity is a non-linear function of the flip angle a. Thus the measured signal at variable flip
angles can be fitted to calculate the T, and Mo.

The method can be achieved in fast 3D T, mapping compared to the inversion pulse method,
which overcomes the poor slice profile limitation in the 2D imaging. However, it requires very
uniform flip angle throughout the image volume to get an accurate T; measurement.

Therefore, additional B;" nonuniformity correction is needed for large field-of-views.

o Acquired data |

Signal intensity

0 10 20 30 40 50
Flip angle (°)
Figure 2.18 T, measurement using variable flip angle 3D SPGR sequence. Images are
acquired at different flip angles. In this example, 2°, 3°, 5°, 10° and 15° is used.

2.4.2 Quantitative T, measurement

Quantitative T, measurement requires a long TR multi-echo spin-echo based sequence. The
signal decays following the spin-spin relaxation described in Equation 2.19. Images with
multiple echo times are needed for exponential fitting to calculate the T, values in the tissue.

In real imaging cases, the images normally contain the noise floor, as Figure 2.19 shows.
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Figure 2.19 T, decay with image noise floor. The exist of noise floor will make calculated T,

value to be higher than the true value.
With the noise floor, the Equation 2.19 becomes

I(TE) = Mye TE/™2 + of fset (2.22)
where the offset is the noise floor. Several methods could be used to take the noise floor into
consideration. One method is to use a three-parameter fitting for each of the pixels. However,
it requires more than three echoes in the sequence, which may be limited in some of the
applications. Another method is to consider the noise floor is constant in the image, and
subtract the noise floor before performing the two parameter fitting. Because of the sum-of-
squares algorithm, the noise in the magnitude image has a Rician distribution [111]. Miller's

method can be used to eliminate the noise [112]. In Miller’s method, the complex signal can
be written as

where Ag and A, are the real and imaginary part of the signal. If only the magnitude image is

used, then

M = (4% + AP)1/? (2.24)

The same consideration for the noise component:
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where the noise has standard deviation § = ((N2))/? and average of zero. If the noise

appears in the image:

The magnitude image would be

M = [(Ag + Ng)? + (4; + N))?]Y/? (2.27)

If we consider the square of the images:

M? = (Ag + Np)? + (4; + N))? = A% + A? + 243Ny + 24, N, (2.28)

And

(M?) = A% + A? + 2AR(Ng) + 24, (N,) = A% + 262 (2.29)

the noise contribution can be considered as a normal distribution with an average of zero.

The corrected image is

M? = M? — M3 (2.30)

Therefore, the T, fitting can be simplified as two parameter fitting:

I2(TE) = I¢e ?TE/T2 (2.31)

This method can be applied to sequences of limited echo numbers.
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2.4.3 Quantitative T,* measurement

Similar to T, measurement, the T,* measurement can be obtained using a multi-echo
gradient echo based sequence. The signal decay in the GRE sequence is similar to spin-
echo (SE) sequence, with the consideration of local field inhomogeneity. Miller correction is

also applied to the T,* measurement.

I(TE) = Mye TE/Tz (2.32)

2.5 Blood suppression techniques

For vessel wall imaging, the flowing blood in the lumen produces artefacts which may make
it difficult to identify the vessel wall, therefore blood suppressing preparation schemes are
often required. Several blood suppression techniques which have been used in this thesis

are described below.

2.5.1 Double inversion recovery (DIR)

Double Inversion recovery has been used extensively for vessel wall imaging. The DIR uses
two 180° pulses to prepare the spins. Figure 2.20 shows the diagram of DIR preparation.
The first 180° is non-selective which inverts all the magnetisations to —M,. The second
selective 180° pulse plays out immediately after the first one and selectively re-inverts the
magnetisation within the imaging plane back to +M,. The slice thickness for DIR pulse is
usually thicker than the imaging slice to improve the blood suppression effectiveness. After
the two pulses, the magnetisation inside the imaging plane remains unchanged while the
spins outside the imaging plane undergo T; recovery from the —M, state. Due to the blood
flow, the blood inside the imaging plane is gradually replaced by the blood outside the plane.
The 90° excitation pulse is applied after a set time interval (of the inversion time, or TI) at
which the blood signal crosses zero and hence should not generate any signal. An example

of 2D FSE sequence with and without DIR is shown in Figure 2.21.
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Figure 2.20 (A) Diagram of double inversion recovery (DIR). (B) Bloch simulation of blood
outside the imaging plane and tissue inside the imaging plane responses to the preparation.
Blood T; of 1500 ms is used in the simulation.

FSE DIR FSE

Figure 2.21 Example of 2D FSE without (left) and with DIR preparation (right).

2.5.2 Quadruple inversion rectory (QIR)

The DIR method described above utilises the T, recovery of the blood to achieve the desired
suppression and hence requires prior knowledge of the blood T; value. However, if images

are acquired post administration of a contrast agent, the considerable T, shortening effect of
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the agent will render the blood suppression ineffective since the T, is unknown and hence
the appropriate Tl cannot be calculated. Therefore, QIR was introduced to achieved
adequate blood suppression which is less sensitive to the T, changes in the blood, and also
to ensure that there were no variable magnetisation transfer effects by using a different TI
pre and post contrast [87]. QIR consists of two double-inversion modules followed by two
delays, as shown in Figure 2.22(A). Within each double inversion, a non-selective RF pulse
is applied immediately followed by a slice-selective pulse. The signal for the blood is:

[=1— 2exp(-TIp/T1)[1-exp(-TI1/Ty)] (2.33)
1—exp(-TR/Ty)

In Figure 2.22(B), blood with a wide range of T, values can be suppressed.
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Figure 2.22 (A) Diagram of quadruple inversion recovery (QIR). (B) Bloch simulation of QIR

response of varies blood T; values. TR =800 ms, Tl; =373 ms and Tl, = 126 ms are used in

the simulation.

Due to the complicated flow patterns caused by the carotid bifurcation, the 2D blood
suppressions mentioned above are frequently compromised by artefacts, which bring
difficulty when segmenting the vessel wall. This is mainly due to the insufficient blood
suppression. In recent years, three-dimensional blood suppression techniques which use

non-selective pulses were introduced to achieve better blood suppression.
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2.5.3 Motion sensitive driven equilibrium (MSDE) and improved

MSDE (iMSDE)

The MSDE and iMSDE blood suppression methods were introduced by Wang et al in 2007
[88] and 2010 [113]. They comprise two non-selective 90° pulses to tip-down and tip-up the
magnetisations of both blood and tissue in the preparation. Between the two 90° pulses,
MSDE method utilises a single non-selective 180° pulse with two crusher gradients to
dephase the moving spins (Figure 2.23A); The iIMSDE method utilises two non-selective
180° pulses and four crusher gradients for dephasing (Figure 2.23B). The iIMSDE method
demonstrates better soft tissue Signal-to-Noise Ratio (SNR) and Contrast-to-Noise Radio
(CNR) and is less influenced by the transmit field non-uniformity with respect to the MSDE
method [113].

To consider the mechanism of MSDE preparation, the phase shifts of the moving spins can
be described as [114]

o = v [G)x(t)dt (2.34)

where y is the gyromagnetic ratio, G(t) is the gradient amplitude and x(t) is the location of

the spins. The x(t) can be expanded with the the Taylor series:

x(t) = xo + Vot + 5 @gt? + - (2.35)

so the phase can be written as
o=y[G() (xo +vot +agt? + -~-)dt (2.36)
¢ = ymo(D)xo +ymy (Dvg + Lmy(Dag + -+ (2.37)

The m,, is defined as the n™ gradient moment:
ma(8) = [; Guu"du (2.38)

For moving spins, the higher order terms can be omitted [115]; so the signal attenuation in
a voxel depends on the velocity distribution within this voxel x(v) and is proportional to the

first gradient moment m, (¢t):
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n= ufooo K(v)e'j”vfot_a(u)ud”dv = ,ufooo k(v)e IYmi®?qy (2.39)

where the signal attenuation coefficient n is used to describe the signal lose caused by the

velocity distribution and first gradient moment, v is the velocity of the moving spins.

For the non-moving spins, the gradients either side of the 180° pulses are compensated and
are therefore not influenced by the dephasing gradients. The static tissue undergoes the T,

decay during the MSDE or iMSDE preparation.
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Figure 2.23 Diagram of original MSDE (A) and (B) improved (iIMSDE) preparation.

2.5.4 Delay alternating with nutation for tailored excitation (DANTE)
The DANTE blood suppression method was introduced by Li et al in 2012 [89]. It comprises

a train of small flip angle pulses with interleaved gradients pulses, as shown in Figure 2.24.
To consider a spin with a constant velocity v along the applied gradient, the phase

accumulation of the spins between the (n-1)" and n™ pulse is described as

t s
Ap(n) = yf(r:l_Dl)tD G)x(t)dt =y (xo + %v) Gtp + nyvGts = @o(v) + ne,(v) (2.40)
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where y is the gyromanetic ratio, Xx(t) is the location of the spin at time t. This phase can be

understood as a constant phase increment (¢,) and a time-varying, increasing increment

(ngy).

For the static spins, the phase will increase linearly with fixed increment, leading to a phase
coherent signal. For the moving spins, the phase increment increases with the time (n),
resulting in overall quadratic phase. The quadratic or higher order phase accumulation will

result in magnetisation spoiling [116], achieving the black-blood effect.
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Figure 2.24 Diagram of DANTE preparation. A train of RF and gradient pulses is used in the

preparation. « is the flip angle. tpis the repetition time of the DANTE pulses.

FSPGR iMSDE FSPGR DANTE FSPGR

Figure 2.25 An example of volunteer images using fast spoiled gradient echo sequence
(FSPGR), without blood suppression (left), with iIMSDE (middle) and DANTE preparation

(right).
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Chapter 3 Relationship between carotid
plague surface morphology and
perfusion: a 3D Dynamic contrast-
enhanced MRI study

This chapter evaluates the relationship between plague surface morphology and
neovascularization using a high temporal and spatial resolution 4D contrast-enhanced

MRI/MRA sequence. The specific hypotheses for this chapter are

[Hypothesis 1] plaque functional characteristics and surface morphology can be
evaluated using a high temporal and spatial resolution 4D contrast-enhanced
MRI/MRA sequence.

[Hypothesis 2] there is a difference in pharmacokinetic parameters between the

ulcerated and smooth carotid plaques.

Aspects of this work have been published in Magnetic Resonance Materials in Physics,
Biology and Medicine (2017): 1-9 [117].

3.1 Theory

Dynamic Contrast-Enhanced (DCE)-MRI has been demonstrated as a non-invasive method
to quantify the extent of neovasculature within diseased tissue, for instance, tumour [118] or
carotid plaques [119, 120], with high accuracy and reproducibility. It acquires high temporal
resolution MR images before and after the injection of gadolinium (Gd) based contrast
agents. Image acquisition normally uses a time-resolved spoiled gradient echo sequence
[121]. The acquired signal intensity was given by Equation 2.20. With short TE and TR, the
T,* effect can be eliminated, thus the tissue T, can be calculated from the image signal

directly.

The use of gadolinium could reduce the tissue’s T; value. The relationship between the

gadolinium concentration and inversion of T, value is approximately linear

rl6d] =~ — = (3.1)

Ty, Tip

42



where the r is the reflexivity of the contrast agent, and Ty, is the original T; of the tissue
without contrast agent. By measuring the signal changes before and after the injection, the

gadolinium concentration in the tissue can be calculated.

To calculate the pharmacokinetic parameters, several factors need to be considered,

including:

Artery input function (AIF)
The AIF describes how the contrast concentration changes with time in the vessels feeding
the tissue of interest. It therefore governs the rate that contrast will go into the tissue of

interest. There are currently four categories of determining the AlF:

1. Gold standard AlF

The gold standard AIF requires an arterial catheter inserted into the subject [122]. This
method could accurately measure the contrast concentration in plasma (Cp) at the subject
level over time. However, obvious disadvantages for this technique are (a) its invasive
approach is inconvenient for patients; and (b) it is not suitable for tissues without large

feeding vessels, such as in the breast.

2. Population-based AlF

Population-based AlFs measure the blood supply in a number of subjects and uses the
average value for subsequent larger population studies [123]. The biggest advantage of this
method is that no additional measurement is required and it's very easy and simple to apply.
Limitations of this technique are that the individual variations in each of the subject AlFs are

ignored.

3. Subject-based AlF

This method measures the specific AIF of each subject [124, 125]. In each scan, the AIF is
measured from the artery lumen. This method considers individual variability which ensures
the DCE result to be more accurate. However, this method requires that big vessels must be
inside the region of interest which may not be suitable for some situations, such as the

breast. Image artefact due to motion may also influence the accuracy of this method.
4. Reference tissue based AlF

This method uses the signal changes in a well characterised, healthy reference tissue (such

as muscle), to calibrate the contrast concentration within the region of interest [126]. The
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signal change in the healthy tissue is used to inversely derive the AIF [126]. However, this

method can only apply to the simple DCE models which do not model v, [127]

Compartmental models

- Intravascular space

- Contrast agent

D Extravascular extracellular space

D Extravascular intracellular space

Figure 3.1 A schematic tracer of kinetic modelling. Kt"*" and ke, is the forward and reverse
transfer constant from the blood plasma to tissue. v, v, and v; are the volume fraction of

blood plasma and extravascular extracellular/intracellular space.
Parameters related to tissue neovascularization (shown in Figure 3.1) can be calculated by
analysing the concentration curves. The relationship between the kinetic parameters can be

described as:

dc,(t) _ gtrans

a o (G () = G ()] (3.2)
Ce(®) = v,Cp(t) + v,Co (1) (3.3)
l=vp+ve+vi (3.4)

where C, is concentration change over time in plasma and C, is the concentration in tissue,
K'rans s the forward transfer constant from blood plasma to tissue and k., is the reverse
constant. v,,v, and v; are the volume faction of blood plasma and extravascular

extracellular/intracellular space.

There are several pharmacokinetic models to solve the above equations. The Toft's model is

the most commonly used DCE model [128]. It measures the signal changes in plasma (C,)
and tissue (C;) to calculate the forward transfer constant K"*"Sand reverse constant k.,

and assume that the tissue is weakly vascularized (v, = 0).
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C(t) = Ko [1C, (t")e~*ert=t) g’ (3.5)

However, Toft's model may not be suitable for tissues like a tumour which is heavily
vascularized. Thus, the extended Toft model overcomes this limitation by considering the

vascular contribution [129]
C(t) = v, C, (&) + KT [7C, (e ker=t) gy’ (3.6)

If the reverse constant ke, can be eliminated, then the extended Toft model can be simplified

using Patlak’s model [130]
C(t) = v, Cp(8) + KT [ C, (¢)) dt’ (3.7)

For carotid imaging, the carotid artery can provide sufficient information about the AIF and
Patlak’s model has been shown to be the most reproducible [120]. We have therefore
chosen to use subject-based AlIFs and Patlak’s model to investigate [Hypothesis 1] and
[Hypothesis 2].

3.2 Introduction

The appearance on X-ray angiography of plaque surface irregularity, or ulceration, has been
correlated with increased risk of ischemic stroke [32]. This correlation applies for both
moderate and severe stenosis [32]. Histological analysis of the carotid plaques after
endarterectomy also indicates that ulceration is significantly more common in symptomatic
patients compared with embolic stroke [29]. Ulceration has also been associated with high-
risk factors including plaque rupture, intraplaque haemorrhage and a large lipid-rich necrotic
core (LRNC) [41], indicating this is a sensitive marker of plaque instability [41] and risk of
stroke [7, 30, 32]. Noninvasive imaging modalities offer high accuracy for ulcer detection as
well as stenosis measurement [131-133]. Among different imaging modalities, contrast-
enhanced MR angiography provides high-resolution imaging allowing visualisation of plaque
ulceration [1, 79, 131].

In this study we applied a 4D sequence [134] which acquires data suitable for contrast

enhanced (CE) MRA and dynamic contrast-enhanced (DCE) MRI processing. DCE-MRI has

been demonstrated as a non-invasive method to quantify the extent of neovasculature within
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carotid plagues with high accuracy and reproducibility [120, 135]. Previous studies using
DCE-MRI have shown that plaque neovascularization is closely associated with high-risk
features, such as inflammation [136], and is related to ischemic events [137]. In this study,

we investigated the correlation between plague surface morphology and neovascularization.

3.3 Materials and Methods

Experimental Methods

The study protocol was reviewed and approved by the local ethics committee and written
informed consent was obtained (the patients are from MRCON study: Evaluation of role of
contrast enhanced MRI in carotid atherosclerosis. R&D number: A092483. REC reference
number:13/EE/0421). Twenty-one patients who had a carotid stenosis of at least 40% on
Duplex ultrasound using NASCET criteria [138] were recruited. Ten were symptomatic (nine
males, mean age 72 years, range: 59-86 years) with a recent history (less than 6 months) of
transient ischemic attack (TIA), and eleven were asymptomatic (seven males, mean age 78

years, range: 68-87 years).

MRI protocol

Imaging was performed on a 3 T system (MR750, GE Healthcare, Waukesha, WI), using a
four channel phased-array neck coil (PACC, MachNet, Roden, The Netherlands). The Time-
Resolved Imaging of Contrast KineticS (TRICKS) method [134] was performed to obtain 4D
CE-MRI and MRA data with a reconstructed spatial resolution of 0.3x0.3x0.7 mm®. A
coronal imaging slab was centred at the carotid bifurcation on the side with the highest
degree of stenosis. The coronal acquisition plane was chosen to minimise the inflow artefact
from the blood, and achieve better longitudinal coverage. No spatial saturation was applied.
Total acquisition time was 6 min 23 s, to obtain a mask image and 30 view-shared phases
with a temporal resolution of 10.6 s. Coincident with the third phase, a bolus of 0.1 mmol/kg
Gd-DTPA (Gadovist, Bayer Schering, Berlin, Germany) was administered using a power
injector at the rate of 3 mL/s followed by a 20 mL saline flush. The CE-MRA data was
obtained by subtracting the mask image from the multi-phase acquisition. In addition, for
plague component determination, the following sequences were also performed in the
coronal plane: pre- and post-contrast 3D T;-weighted (T;w) DANTE-prepared fast spin echo
[139], 3D TOF and 3D direct thrombus imaging (MR-DTI, inversion time of 300 ms) [140].
Detailed imaging parameters are listed in Table 3.1. Total scanning time was approximately

30 mins.
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Pre/Post-contrast BB 4D

Sequence 3D TOF 3D DTI
T,w 3D FSE DCE/MRA
Flip angle (°) 20 Variable flip angle 30 20
TE/TR (ms) 2.2/5.9 16.9/540 4.2/8.6 1.5/3.9
FOV (mmxmmxmm) 140%x140x64 140%x140x67 160%x160%x66 140%140%62
Acquired pixel size
0.5%0.5%2.0 0.6x0.6x1.4 1.0x1.0x1.0 0.6x0.6x1.4
(mmxmmxmm)
Reconstruction pixel size
0.5%0.5%2.0 0.3%0.3x%0.7 0.3x0.3x1.0  0.3x0.3x0.7
(mmxmmxmm)
NEX 2 2 1 1
Receiver Bandwidth (xtkHz) 31.25 62.5 25 62.5
Acquisition Time 1min35s 2x6 min 26 s 4min42s 6 min 23 s*

Table 3.1 Scanning parameters of the high-resolution 3D protocol. * temporal resolution of
10.6 s.

Image analysis

The T,w and DCE images were reformatted into the axial plane with a 0.7 mm slice
thickness using a dedicated workstation (AW4.6, GE Healthcare, Buc, France). For each
patient, the carotid arteries on both sides were analysed. Carotid vessel wall and lumen
boundaries at each slice were manually drawn according to the T,w images, using a DICOM
(Digital Imaging and Communications in Medicine) viewer (OsiriX 5.5.2, Pixmeo, Geneva,
Switzerland). The plaque was defined as a focal wall thickness = 1.5 mm [141]. The
subtracted CE-MRA image at the fifth phase, which had the highest image contrast in the
carotid artery, was used for morphological analysis. Plaque surface morphology was
classified as either ulcerated/irregular or smooth using maximum intensity projection (MIP)
images derived from the CE-MRA images, based on previously published standards [41], by
two experienced reviewers, both having more than two years of experience in carotid
imaging. The two reviewers were blinded to the patients’ clinical information and made their
judgment independently. The classification results from the first reviewer were used for

further analysis. Luminal stenosis was measured for each plaque on both CE-MRA MIP and
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3D pre-contrast T;w images separately according to the NASCET criteria [138, 142]. The
stenosis measurements obtained from the CE-MRA MIP images were used for further
analysis as previous work has demonstrated that this method has high Intra- and inter-

observer agreement [32]. IPH was defined as hyperintense signal using the DTI technique.

Pharmacokinetic modeling

Images from the 4D data were processed using the University of Washington (Seattle) Vasa
Vasorum Imaging (VVI) tool [119]. This approach firstly applies a Kalman Filtering
Registration and Smoothing (KFRS) algorithm, to reduce the noise level in the image and
correct patient motion [143]. A two-compartment Patlak model is then used to generate a
parametric map known as the “vasa vasorum image (VVI)” showing partial plasma volume
(vp) in shades of red and transfer constant (K™™) in shades of green. The relationship

between blood and tissue signal concentration is modelled as Patlak model (Equation 3.7).

Lumen and wall boundaries manually segmented from T;w images were copied to the VVI.
Manual adjustments were performed, as necessary to co-register the ROIs to the VVIs, by
the reviewers who were blinded to the final results. Further details of the analysis can be
found in Kerwin et al [119]. Adventitial pharmacokinetics (PK) measurements were
calculated by averaging all the pixels along the wall boundary. Plague PK measurements
were calculated by averaging all the pixels between the wall and lumen boundary. The
overall PK parameters of each plaque were calculated as the mean value across all the
plague containing slices. To test the interrater reproducibility of this method, two reviewers
performed the analysis independently for all of the patients.

The PK parameter differences were evaluated using both linear and non-linear assumptions
for signal intensity and Gd concentration. For the linear assumption, the signal intensity of
each pixel at different frame was used directly in the Patlak model (Equation 3.7) to calculate
the PK parameters. For the non-linear assumption, the signal intensity was used to calculate
the pixel T, values in enhanced images based on Equation 2.20, with the first unenhanced
image as the initial state. Then Equation 3.1 was used to convert the pixel T, values to
actual Gd concentration (mmol/L). T, and T, (S) is the current and native pixel T; values
(blood T3 = 1500 ms and vessel wall T;o = 1000 ms from the literature value [144] were
used). The corrected Gd concentration was then applied again to the 28 arteries using the
Patlak model. The calculated PK parameters were then compared with the results from the

linear assumption.

Statistical analysis
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The statistical analysis was performed using R (version 3.2.2, R Development Core Team,
Vienna, Austria) [145]. The Shapiro—Wilk’s test was used to test normality assumptions. The
Kappa statistic was performed to evaluate interrater agreement in ulceration detection. The
Student's t-test was used to compare the PK parameters for smooth versus
ulcerated/irregular plaques defined by the first reviewer, and also to compare haemorrhage
and non-hemorrhage plaques. Pearson’s correlation was used to assess the relationship
between PK parameters and luminal stenosis. The concordance correlation coefficient (CCC)
was reported to assess the relationship between the stenosis measured by CE-MRA and 3D
Tiw images. The CCC and Bland-Altman plots were used to compare the differences
between linear and non-linear assumptions of image signal and Gd concentration. The inter-
rater agreement in PK parameters was assessed using the intraclass correlation coefficient
(ICC). A Chi-squared test was used to compare proportions of patients with IPH. Parametric
distributions were presented as the mean * standard deviation (SD). p-values < 0.05 were

considered statistically significant.

3.4 Results

Of the 21 patients, three patients did not finish the examination due to discomfort, four
carotid arteries were excluded from data analysis due to motion artefacts and four arteries
were excluded due to occlusion. The rest of the images were of diagnostic quality, and used
for further analysis. Atherosclerotic plaques were identified in the remaining 28 arteries, with
a mean luminal stenosis of 44% (range 10 to 80%). Fourteen plaques were classified as
ulcerated/irregular and fourteen were classified as smooth. Of the 28 arteries analysed, the
two independent reviewers were in agreement for plague surface morphology classification
in 26 (93%) cases (x = 0.79; 95% CI, 0.56 to 1.00). There was no evidence to suggest that
the PK parameters (K"™ and v, in adventitia and plaque) were not normally distributed (p >
0.05). For the luminal stenosis, the correlation between CE-MRA and 3D T,w was good (r =
0.89).

The images in Figure 3.2 are from a symptomatic patient, with a 52% stenosis on the right

side. The plaque contains a large IPH. Figure 3.2(C) shows the intra-luminal and adventitial

signal change with time following contrast agent administration.
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Figure 3.2 (A) shows DCE images at different time frames at a single slice location within an
internal carotid artery (ICA) branch of the plaque. The dashed red and green lines in frame 5
show the boundary of carotid lumen and adventitia. (B) shows the corresponding black blood
Tiw image with red and green lines delineating the lumen and wall boundary. (C) represents
the mean signal intensity time course within the lumen (red) and adventitia (green). With
permission [117].

Figure 3.3 is the same artery and shows the multi-contrast MR images and calculated VVI.
An ulceration can be clearly seen on the CE-MRA images, but is not so apparent on the 3D
TOF-MRA. Surface irregularity can be observed in both pre- and post-contrast T;w images.
The MR-DTI shows a large region of IPH. The VVI shows regions of high K™" around the

ulceration and at the adventitia boundary, with a relatively low K"™" inside the IPH.
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CE-MRA (MIP) CE-MRA (axial) TOF-MRA Pre-contrast T,w  MR-DTI

Figure 3.3 An ulcerated plaque in the multi-contrast MR protocol, including MIP from CE-
MRA, oblique and axial reformat of CE-MRA, TOF-MRA, Tiw, DTI, CE-T;w and VVI. The
white arrow in CE-MRA suggests the ulcer arises perpendicularly from the lumen. The ulcer
can be clearly seen on the CE-MRA images, while it is not clearly visible on the TOF-MRA
images. The pre-contrast T;w image shows the lumen surface irregularity, and a thin or
ruptured FC can be seen on the post-contrast T;w images (black arrow). The hyperintense
area on MR-DTI represents a large intraplague haemorrhage/thrombus (white arrow). The
VVI shows the v, in red channel, ranging from 0 to 65%, and K™ in green channel, ranging
from 0 to 0.5 min™. The VVI shows a high K™" region around the ulceration and at the

adventitia. With permission [117].

Figure 3.4 shows an example of smooth plague with corresponding VVI. The adventitial and
plaque K™ in ulcerated/irregular plaques were significantly higher compared to smooth
plaques (Figure 3.5A and B, adventitial K™ 0.079 + 0.018 vs. 0.064 + 0.011 min™, p = 0.02;
plague K"™": 0.065 + 0.013 vs. 0.055 = 0.010 min™, p = 0.03, respectively). Whilst v,
demonstrated no significant difference between groups (Figure 3.5C and D, adventitial vp. 9.3
+ 5.3% vs. 9.8 £ 48%, p = 0.81; plaque v, 13.5 + 55% vs. 11.8 + 4.9%, p = 0.32,

respectively).

51



Figure 3.4 Images from a symptomatic patient with a smooth plaque and 20% stenosis.

Ktrans

There were no regions of high observed within the plaque. The VVI shows the v, in red

K" in green channel, ranging from 0 to 0.5 min™.

channel, ranging from 0 to 65%, and
Positive correlations between adventitial K™ and v, with the degree of stenosis were
observed (r = 0.46, p = 0.01 for adventitial K™"; r = 0.55, p = 0.01 for adventitial v,,
respectively). While no significant correlation was observed for plaque K™ or v, with

stenosis (r = 0.23, p = 0.24 for plaque K™"; r = 0.13, p = 0.96 for plague v,, respectively).

The non-linear correction of signal intensity with Gd concentration had little influence on the
calculated PK values. Figure 3.6 shows VVI computed using the linear and non-linear
assumptions and compare signal intensity with Gd concentration. The CCC comparing the
linear and non-linear assumptions for adventitial K", plaque K™", adventitial v, and plaque
v, were: 0.95, 0.93, 0.99 and 0.99, respectively. There was highly significant concordance
between the linear or non-linear assumptions (all p < 0.001). Figure 3.7 demonstrated the

Bland-Altman plots comparing both assumptions.
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Figure 3.5 (A) and (B) show statistically significant differences in the distributions of K"™" for
smooth plaques versus ulcerated plaques for adventitial and plaque K"™" respectively. The
distributions of v,in smooth and ulcerated plaques were not significantly different within the

adventitia (C) or plaque (D). With permission [117].

IPH was found in eight plaques. Within this group, six arteries had ulcerated plagues and
two had smooth plaques. In the 20 plaques without IPH, we noted that smooth plaques were
more common (12 had smooth plaques), however, these respective proportions were not
significantly different (p = 0.28). Plagues with haemorrhage have higher mean adventitial
K"" values compared with plaques with no haemorrhage (0.078 + 0.019 vs. 0.069 + 0.015

min™'), however the difference was not significant (p = 0.2).
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The agreement for the four measured DCE parameters between the two reviewers was good.

The ICC for adventitial K™, plaque K", adventitial v, and plaque v, are 0.88, 0.93, 0.81
and 0.71, respectively.
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Figure 3.6 (A) and (B) show plots of signal intensity and the derived Gd concentration in the
lumen and adventitia respectively. Comparison of the results of VVIs using linear (C) and
non-linear (D) assumptions.
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Figure 3.7 Bland-Altman plots of the PK parameters derived after modelling the linear and
non-linear relationships between signal intensity and Gd concentration. Note that K{"*"S and

Vp1 represent the linear model, and K" and v,, represent the non-linear model. With

permission [117].

3.5 Discussion

To the best of our knowledge, this is the first application of a 4D sequence to acquire both
high spatial and temporal resolution DCE-MRI and CE-MRA of the carotid artery, allowing for
combined morphological and functional assessment of carotid atherosclerosis from a single
contrast administration. The results show that adventitial and plaque K"™" were higher in
ulcerated/irregular plagues compared to smooth plaques. Adventitial K" and v, were also

positively correlated with the degree of luminal stenosis.

Carotid plaque ulceration, characterised as an intimal defect with the intraplaque component
exposed to the lumen [29], can form emboli and thrombosis leading to ischemic neurologic
symptoms. Sitzer et al. showed plague ulceration and lumen thrombus is the main sources

of cerebral microemboli [29]. Multiple studies have also shown that plaque ulceration is
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associated with cerebral infarcts, TIA and amaurosis fugax [30, 32]. In this study, plaque
enhancement could be observed in both smooth and ulcerated plagues and the derived VVI
showed significant differences in PK parameters between both of these plaque types. The
results demonstrate that ulcerated plaques are more prevalent to neovascularization and
possibly inflammation. Plaque ulceration or fibrous cap discontinuity may induce more
inflammatory cell infiltration into the plague, which in turn further weakens the fibrous cap
and eventually causes the plaque to rupture. This suggests quantitative analysis of DCE-
MRI could provide similar information compared with conventional contrast-enhanced
morphological images in identifying lesions at higher risk.

While only adventitial K"™"

and v, are correlated with luminal stenosis, no significant
correlation was observed between whole plaque PK values and the stenosis. This might be
due to a lower sensitivity as a result of averaging PK parameters across the whole plaque
region. While various plaque components such as IPH, lipid core and fibrous tissue have
different PK values [146], simple averaging of PK parameters across the plaque region may
be insufficient for quantitative analysis and risk stratification. A positive correlation between

luminal stenosis and adventitial K""®

and v, was observed in this study, indicating a
relationship between plague growth and adventitial neovascularization. These microvessels
within the atherosclerotic lesion have shown a close association with inflammatory cells [147]
which indicate that these could serve as a pathway for the macrophage entry into the plaque

that leads to chronic inflammation hence promoting plague development.

The presence of IPH has also been found to be associated with increased adventitial K™"
[148]. In our study, plaques with IPH had higher adventitial K", however the difference was
not significant. The reason for this may be due to lack of statistical power, as only a small
number of plaques (eight) contained IPH. Although the exact etiology of the IPH is still
unclear it is suggested that most likely the rupture of fragile and leaky neovessels that
vascularize the developed plaque leads to IPH [149]. The histopathological evidence also
supports the relationship of IPH to the presence of neovessels [150]. The relationship
between PK parameters and surface morphology also applies to the plagues without IPH,
indicating ulceration and a high degree of stenosis were two other factors, apart from IPH,

which could present with increased plague neovascularization and inflammation.

The use of multi-contrast MRI allows for detailed analysis of plaque composition and
vulnerability assessment, which could provide more insight than simple luminal stenosis
measurements [151]. This study demonstrates that a combined 4D DCE-MRI/MRA

acquisition in combination with multi-contrast 3D sequences can aid in the identification of
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high-risk plaque features. Our study also demonstrates that these features can be obtained

in a clinically acceptable scan time of approximately 30 mins.

There are several limitations in this study. Firstly, no histological validation was performed on
the plaques. However the correlation between DCE-MRI and neovascularization as well as
inflammation has been demonstrated in previous studies [119, 135, 136], and CE-MRA is
considered reliable for observing plague surface morphology [79, 131]. The second limitation
is that only a small patient cohort was included in this study. Finally, the view-ordering
sequence used in this study could smooth the temporal information, especially during the
injection period. However, this is thought not to be a large effect and other studies have used
similar analysis for various applications, including breast [152, 153], prostate [154] and in an

animal model [155].

3.6 Conclusion

This study investigated the relationship between PK modelling with carotid plaque surface
morphology by simultaneously acquiring 4D DCE-MRI and CE-MRA. Adventitial and plaque
K" from the DCE-MRI analysis is significantly higher in ulcerated plaques than smooth

ones. Also, adventitial K™ and v, are correlated with luminal stenosis.

The obtained results prove the specific hypotheses in this chapter that [Hypothesis 1] plaque
functional characteristics and surface morphology can be evaluated using a high temporal
and spatial resolution 4D contrast-enhanced MRI/MRA sequence and [Hypothesis 2] the
pharmacokinetic parameters are different between ulcerated and smooth plaques.
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Chapter 4 A comparison of black-blood
T, mapping sequences for carotid
vessel wall imaging at 3 T: an
assessment of accuracy and
repeatability

This chapter documents experiments to test the accuracy and repeatability of four different
black-blood T, mapping sequences which were developed specifically for carotid vessel wall
imaging. The sequences were evaluated and optimised in a phantom and 17 volunteers. T,
measurement accuracy, repeatability, and image sharpness were compared. This chapter

investigates the following hypotheses:

[Hypothesis 3] the in-vivo accuracy and repeatability of the black-blood carotid vessel

wall T, measurement are dependent on the choice of the sequence.

[Hypothesis 4] 3D sequences achieve higher SNReficiency iN the magnitude images

than the 2D sequences.

Aspects of this work have been presented at ISMRM 25" Annual meeting, 2017. No.2786.

4.1 Introduction

Quantitative MRI allows direct measurement of the MR properties of human tissue. Among
the quantitative values, T, has been reported to be statistically different in major plaque
components [102]. Quantitative T, mapping has the potential to assist plaque component

segmentation and plaque type classification [156].

Several pulse sequences could be used to quantify the T, values within the plaque, including
the 2D multi-echo spin echo (MESE) [157, 158], 2D multi-echo fast-spin-echo (MEFSE), 3D
fast-spin-echo (FSE) [159], and 3D fast spoiled gradient echo (FSPGR) [160]. Different
black-blood techniques could be used in combination with the acquisition: double inversion-
recovery (DIR) [156], motion-sensitized driven-equilibrium (MSDE) [113, 159], and delay
alternating with nutation for tailored excitation (DANTE) [89].
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The in-vivo quantitative T, measurement could be influenced by many factors, including By
and B; field inhomogeneity, stimulated echoes, T, effects, choice of fitting methods [161],
and the black-blood preparation regime. Some of these factors have been discussed in
previous studies [156, 161-163]. With the emergence of T, mapping sequences for vessel
wall imaging, the choice of the sequence is another factor that could influence T,
measurement accuracy. However, there is a sparsity of comparative studies comparing in-

vivo T, mapping sequences.

The purpose of this work is to compare four different black-blood prepared quantitative T,
mapping sequences. Initial investigations were performed by consideration of the signal
intensity evolution using Bloch simulations. Phantom experiments were then performed
comparing each respective method to the gold standard sequence. In-vivo volunteer
experiments were then performed to enable comparison of vessel wall relaxivity values,

repeatability, and image quality.

4.2 Materials and Methods

4.2.1 Sequences

Four black-blood T, mapping sequences were developed and tested, including 1) DIR
prepared 2D MESE; 2) DIR prepared 2D MEFSE; 3) iIMSDE prepared 3D FSE with variable
flip angle; and 4) IMSDE prepared 3D FSPGR. The third and fourth sequences were
developed by the author.

In the 3D FSE/FSPGR sequences, different echo times were achieved by varying the RF
and gradient pulse intervals in the IMSDE preparation, while keeping the readout the same
for different echoes. To achieve adequate blood suppression, the first moment of iIMSDE
preparation of the first echo in 3D FSE and FSPGR was 838.0 and 6666.7 mTms?/m,
respectively. The applied first moments were a result of empirical observations to achieve
appropriate blood suppression for each sequence. The 3D FSE flip angle train was designed
accordingly using mean vessel wall MR properties, from the literature (T, = 1000 ms, T, =50
ms) [102]. A segmented multi-shot radial fan-beam trajectory was used for 3D acquisitions.
The FSE based 2D and 3D sequences acquired the different echoes using an interleaved
acquisition order, while the 3D FSPGR sequence acquired the echoes sequentially.

Examples of these two acquisition methods are shown in Figure 4.1.
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Figure 4.1 Sequential (A) and interleaved (B) multi-echo 3D acquisitions using a segmented

multi-shot radial fan-beam trajectory.

In the FSPGR sequence, 200 dummy pulses were used at the beginning of the sequence to
allow the magnetisation to achieve a steady state and 50 dummy pulses were used after the
acquisition to allow the magnetisation recovery to reach an equilibrium state [160]. A delay
time of 400 ms was used at the end of each segment for higher SNR [144, 164]. The time
duration for each segment was about 1200 ms. Fat saturation in the 3D FSE sequence was
achieved by using an Adiabatic SPectral Inversion Recovery (ASPIR) pulse, the other three
sequences used a standard chemical shift selective saturation pulse. Other imaging
parameters are listed in Table 4.1.

Bloch simulations were performed to evaluate the vessel wall signal evolutions for the four
sequences, using T; = 1000 ms and T, = 50 ms [102]. The Bloch simulation code was
available online mentioned in Chapter 2. The author performed the DIR or iMSDE prepared
FSE and FSPGR simulation based on the spin-echo and gradient-echo demonstration
available from the mentioned webpage. Initial tests were carried out to compare the

simulation result with theoretical calculation to ensure the simulation results were correct.
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2D MESE
Sequence 2D MESE 2D MEFSE 3D FSE 3D FSPGR
(reference)

Blood suppression - DIR DIR iIMSDE iIMSDE
Num. of echoes 8 8 8 3 3
Acquisition order interleaved interleaved interleaved interleaved sequential

12.4t099.1 ) )
_ _ 12.9t0 103.2 with 6.7 to 193.7 with  25.8/55.8/85.8 23.2/43.2/63.2
Echo time (ms) with _ _ _ _
_ 12.9 interval 26.7 interval (include prep) (include prep)
12.4 interval
Num. of Averages 0.5 0.5 1 1 1
Repetition time . _
ms) 2000 Two R-R intervals Two R-R intervals 2000 7.1
ms
ETL/VPS 8 8 32 40 50
Bandwidth (kHz) 31.3 31.3 31.3 31.3 31.3
In-plane FOV
140%x140 140%x140 140%x140 140%x140 140%x140
(mmxmm)
Slice thickness
1.4 14 14 14 14
(mm)
Matrix 224x224 224%x224 224x224 224x224x30  224x224x30
Acquisition time 4:10 ~3:03 ~1:27 8:55 7:54

Table 4.1 Scanning parameters of the sequences. VPS: views per segment;
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4.2.2 Phantom and subjects
The four sequences were tested using the Eurospin Test Object gel phantoms (TO5,
Diagnostic Sonar, Livingston, Scotland) with known T, values ranging from 52 to 136 ms at

19 °C. A 2D MESE sequence without blood suppression was used as the gold standard.

Seventeen healthy volunteers (eleven men, mean age 33, range: 23-44 years) were
recruited into this study. The volunteer experiments were conducted under a research ethics
agreement and all volunteers gave informed written consent (R&D number: A091374). For
the 2D sequences, a single axial slice 3 mm below the carotid bifurcation was chosen. For
the 3D sequences, an axial slab was centred at the bifurcation. The slice thickness for all
four sequences was set to 1.4 mm. To assess the repeatability, eight volunteers were
scanned for the second time. The average interval between the two scans was 43 days
(range 28 to 69 days). All the phantom and volunteer scans were performed on a 3 T system
(MR750, GE Healthcare, Waukesha, WI), using a four-channel phased-array neck coll
(PACC, MachNet, Roden, The Netherlands).

4.2.3 Image analysis and T, quantification
Contours of the carotid vessel wall and lumen at matched slice locations across all four
sequences were manually drawn by a single observer, who had three years of carotid

imaging experience, using a DICOM viewer (OsiriX 5.5.2, Pixmeo, Geneva, Switzerland).
T, fitting was performed by considering the noise floor in the power images using the
algorithm described by Miller et al [112], which has previously been demonstrated to yield
accurate T, values [159]:

1.(TE)? = I,(TE)? — I,,(TE)? (4.1)
where I.(TE) and I,(TE) are the signal and background noise intensity, and I.(TE) is the
corrected signal intensity at each echo. The T, map was then generated on a voxelwise

basis by fitting the following equation to the images with different TEs using the Levenberg-

Marqguardt nonlinear least-squares algorithm:

I.(TE)? = I,2e2TE/T (4.2)

where I,% is the estimated power signal at TE = 0.
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In the 2D MESE/MEFSE sequences, the imperfect 180° refocusing pulses cause stimulated
echoes in the second and later echo images. Therefore the first echo image without
stimulated echo contamination were discarded for the T, fitting [156]. In the 3D FSPGR
sequence sequentially acquired images were first co-registered to the first echo before
performing the fitting, using a standard intensity-based registration function (imregister from
Matlab’s Image Processing Toolbox, MathWorks, Natick, MA, USA).

The mean and standard deviation of the measured T, values, SNR, SNRefciency from the first
analysed echo, and the coefficient of variance (CoV) in the carotid vessel wall from all four
sequences were compared. The SNR was defined as the mean wall signal divided by the
standard deviation of the background noise, and considered the four-channel coil correction
[165, 166]

mean wall signal

SNR = 0.659 x =L : (4.3)
standard deviation of noise
The SNReficiency Was defined as:
SNR
SNRefficiency "~ Jacquisition time per echo (4.4)
The CoV was defined as follows within each of the vessels:
CoV = standard deviation of wall signal (4 5)

mean wall signal

4.2.4 Statistical analysis

For the phantom scans, the concordance correlation coefficient (CCC) and Bland-Altman
summary statistics were used to compare the four sequences against the gold standard
method. For the volunteer scans, paired two-tailed Student’s t-tests were used to compare
the results for parametric distributions and the Wilcoxon signed-rank test were used for non-
parametric distributions. The intraclass correlation coefficient (ICC) was used to evaluate the
agreement between the two repeated scans. Statistical significance was defined as a p-
value < 0.05. The statistical analysis was performed using R version 3.2.2 (R Core Team
2015, Vienna, Austria) [167].
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4.3 Results

The Bloch simulation results are shown in Figure 4.2. In the phantom scans, the correlations
for 2D MESE, 2D MEFSE, 3D FSE and FSPGR were all very high: r = 0.999, 0.999, 0.995
and 0.985, respectively, compared with the gold standard sequence (MESE without blood

suppression). The results of the Bland-Altman analysis for the four sequences comparing to
the reference sequence was shown in Table 4.2.

(A) DIR 2D MESE (B) DIR 2D MEFSE
1
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Figure 4.2 Bloch simulations of signal evolution within one segment in four sequences. (A)
DIR 2D MESE, (B) DIR 2D MEFSE, (C) iMSDE 3D FSE, the FSE readouts are plotted out.
The first four echoes (a) are discarded to allow the magnetisation to reach the equilibrium
state before the acquisition (b). (D) IMSDE 3D FSPGR. Subsections: c: delay time; d: IMSDE

and fat sat pulse; e: data acquisition; f: dummy pulses. T; = 1000 ms and T, = 50 ms are

used for the simulations. Detailed descriptions are provided in the method section. Other

parameters are listed in Table 4.1.
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MEFSE
iIMSDE
3D FSE
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150
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TE, TE, TE, T, map

Figure 4.3 An example of volunteer images and T, maps using the four different sequences.

TE, 3 are the first, second and third echoes used within the analysis.

Sequence Bias (ms) 95% CI
DIR 2D MESE -5.9 -11.0to -1.0
DIR 2D MEFSE 7.7 4.7t011
iIMSDE 3D FSE 4.3 -1.5t010.0

iIMSDE 3D FSPGR 2.9 -13.0to 19.0

Table 4.2 Bland-Altman analysis of the four sequences compared to the reference sequence
(2D MESE without black-blood preparation).
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DIR 2D DIR 2D iMSDE 3D iMSDE 3D
MESE MEFSE FSE FSPGR
T, £ SD (ms) 43.5+8.2 52.9+8.6 36.0+£6.5 41.1+9.3
SNR + SD 11.1+2.6 10.8+ 3.9 25.0+8.8 13.8+7.4
SNRef“ficiencyi SD
o 6.3£1.5 9.0+£3.3 146+5.1 86146
(min™)

CoV (Median

. 40 (32-45) 29 (24-44) 35 (32-42) 66 (54-75)
with IQR, %)

Table 4.3 Mean and SD of T, measurement, SNR and SNReficiency and CoV derived from four

seguences in the volunteer scans. IQR: Interquartile range;

All the volunteers completed the MRI studies. In total 34 carotid arteries were analysed.
Example images from a volunteer and the resultant T, maps derived using the four black-
blood sequences are shown in Figure 4.3. The mean T,, SNR, SNReficiency, @and CoV of the
volunteer vessel walls are summarised in Table 4.3. The T, measurements from 2D MESE
and 3D FSE/FSPGR showed no significant difference (43.5 + 8.2, 36.0 + 6.5 and 41.1 + 9.3
ms, respectively, p > 0.05). While the 2D MEFSE yielded significantly higher T, values than
the other three sequences (52.9 £ 8.6 ms, p < 0.05). The highest SNR was found in the 3D
FSE sequence (25.0 £ 8.8, p < 0.05), while the 2D MEFSE had the lowest SNR (10.8 + 3.9).

The 3D FSE also had the highest SNReficiency (14.6 £ 5.1 min™?, p < 0.05), while the other
three sequences had similar SNRefciency (P > 0.05). The CoV for the 2D MESE, 2D MEFSE
and 3D FSE was similar [median and interquartile range: 40% (32-45%), 29% (24-44%)
and 35% (32-42%), respectively, p > 0.05], but they were significantly lower compared to 3D
FSPGR sequence [66% (54—75%), p < 0.01]. The ICCs with 95% CI for the repeated scans
of the four sequences were: 2D MESE: 0.96 (0.88-0.99); 2D MEFSE: 0.82 (0.54-0.93); 3D
FSE: 0.86 (0.63-0.95); 3D FSPGR: 0.65 (0.20-0.88).

4.4 Discussion

This study, for the first time, compared the accuracy of different black-blood T, mapping
sequences in the carotid vessel wall. All four sequences demonstrated accurate T,
guantifications in the phantom scans; however, it is noted that there are significant
differences in the in-vivo results as well as differences in image quality. Though all the in-

vivo T, measurements are comparable with previous studies [156, 159, 160].
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The choice of black-blood technique is an important factor for accurate T, measurement in-
vivo. As the irregular plaque surface and carotid bifurcation could form complex flow patterns,
poor suppression of the blood flow could result in errors in vessel wall T, quantification, due
to partial volume. In these cases, the 3D techniques showed better blood suppression
compared to the 2D methods such as DIR [144, 165]. Another consideration for the black-
blood preparation pulse is whether it is sensitive to B," field non-uniformity, especially on 3 T.
It has been shown that the conventional MSDE method, compared to DIR or DANTE, is
more sensitive to B;" field non-uniformity [144]. This could result in signal variation in the
images leading to inaccurate T, measurement. Our results from the iIMSDE prepared 3D
FSPGR sequence which utilised a higher first order moment of 6666.7 mTms?m support this
finding (Figure 4.3 and CoV in Table 4.3). Careful shimming during the scan and further
optimisation of the MSDE sequence, such as i’MSDE [168] or the use of sinusoidal
gradients [165], could help to reduce these effects. The changing preparation time used in
the IMSDE could potentially result in a magnetisation transfer (MT) effect [87, 169]. However,
the IMSDE prepared 3D sequences demonstrated accurate T, measurements in the
phantom, and comparable T, measurements in the volunteers with the 2D DIR MESE

seguence, indicating that MT is not influencing the T, quantification.

The acquisition method is another consideration for vessel wall imaging. In the current study,
both FSE and GRE based acquisitions were evaluated. The results showed that the 3D FSE
sequence achieves a higher SNR, SNReficiency and lower T, CoV compared to the 3D FSPGR
sequence. This could be explained by the following reasons. First, FSE based readouts
utilise refocusing pulses which are less sensitive to B;" field non-uniformity and resonant
frequency errors than GRE based readouts. Second, during the FSE readout, the movement
of blood spins could induce intra-voxel dephasing which results in intrinsically black-blood
effects, as previously reported in other studies [170, 171]. Consequently, the FSE based
sequences can use less or no black-blood preparation [172] compared to the strong blood
suppression used in GRE readout, and are therefore less influenced by black-blood

preparation as shown in our study.

Both 2D and 3D methods were included in this study. The use of 3D acquisitions has several
advantages over 2D methods. Firstly, it allows greater longitudinal coverage. This could help
with plagues located in the proximal common carotid artery or distal internal carotid artery
[173] which might be missed by the more limited coverage using 2D acquisitions. Secondly,
it could allow thinner slice thickness which results in less partial volume effects and

potentially more accurate plague morphological measurements [174]. Thirdly, the 3D
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seqguences have higher SNR as our results showed. However, this also leads to one of the
disadvantages of the 3D methods. Since the signals are from the entire imaging volume, any
movement during the acquisition could influence the entire dataset, so the 3D methods are
potentially more prone to motion artefact. However, the volunteer images in this study

showed no obvious motion artefact.

For the 2D sequences, the MEFSE demonstrated significantly higher T, values than MESE
in volunteers. Similar results were reported in previous studies [162, 163]. Imperfections in
the 180° refocusing pulses cause stimulated echoes which lead to higher signal intensities in
later echoes [161, 175]. This phenomenon is more obvious in 2D FSE sequences with

longer echo train lengths [163].

The T, calculation based on Miller's method [112] was used in this study. There are other
curve fitting methods used in the literature, such as two-parameter fitting without noise
correction [156, 158] or three-parameter fitting method [176]. Miller's power correction was
applied in this study as the 3D sequences only acquired three echoes. This approach

prevented the noise floor contributing to errors in T, calculations [177].

There are two main limitations in this study. Firstly, the three FSE based sequences
acquired multiple echoes in an interleaved manner, while the FSPGR sequence acquired the
echoes sequentially, which was the same method used in a previous study [160]. Hence
image registration was needed for the 3D FSPGR sequence which may potentially introduce
further errors into the T, analysis. However, in this study, no obvious motion was observed in
the volunteer data, but it may be difficult for patients to keep still given such a long
acquisition time. Thus, an interleaved acquisition may be preferable, further time reduction
strategies such as parallel imaging [178] and compressed sensing [159, 164, 179], should

be investigated. Secondly, these methods were only evaluated in normal volunteers.

4.5 Conclusion

Four different black-blood T, mapping sequences were developed and validated through
Bloch simulation and phantom experiments as well as in a cohort of healthy volunteers.
Although the phantom scans showed accurate T, measurement, the in-vivo measurements
of the four sequences were significantly different. Therefore, a careful choice of T, mapping

sequence is warranted for carotid vessel wall imaging.
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The results prove the specific hypotheses investigated in this chapter that [Hypothesis 3] the
in-vivo accuracy and repeatability of the black-blood carotid vessel wall T, measurement is
different when using different sequences and [Hypothesis 4] 3D sequences achieves higher

SNReficiency IN the magnitude images than the 2D sequences.

69



Chapter 5 Three-dimensional black-
blood T, mapping with compressed
sensing and data-driven parallel
Imaging in the carotid artery

In Chapter 4, it was shown that the iIMSDE prepared 3D FSE sequence achieved the highest
SNR, SNReiciency @nd relative high repeatability. In this chapter, this sequence was combined
with compressed sensing (CS) and parallel imaging (PI) to reduce the acquisition time. The
accelerated sequence was optimised in a phantom and 12 volunteers, and then applied to a

cohort of eight patients. The main hypotheses for this chapter are that

[Hypothesis 5] the CS and PI accelerated 3D T, mapping sequence can achieve

accurate T, measurement with good reproducibility.

[Hypothesis 6] the CS and PI accelerated 3D T, mapping sequence is clinically

feasible and can measure different T, values between plaque components.

Aspects of this work have been published in Magnetic Resonance Imaging 2017, 37:62-69
[180].

5.1 Background
5.1.1 Compressed sensing MRI

Compressed sensing (CS) has been introduced to MRI to improve the efficiency of the
image acquisition. The technique of MRI obeys three key requirements for successful CS
application [181]: (1) MRI is compressible (has a sparse representation) in a known
transform domain. (2) The artefact due to undersampling is incoherence. (3) A nonlinear
reconstruction can be used to enforce both sparsity of image representation and consistency
of the acquired data. To understand the CS in the MRI images, several backgrounds needs

to be introduced.

Sparsity
A sparsity of a vector or image means that most of the coefficients are exact zeros. For
example, in Nyquist sampling, the acquired number of k-space samples equals to the

number of image pixels. However the compressibility of sparseness means the number of
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essential k-space points can be fewer than the number of image voxels. The essential k-
space points must contain enough information to reconstruct the image with adequate

diagnostic quality.

Incoherent Sampling

Uniform undersampling and zero-filled reconstruction are completely coherent as the artefact
is simply the replication of original image. Non-uniform undersampling on the other hand,

could spread the artefact throughout the image, resulting in the incoherent artefact, as

shown in Figure 5.1.

Fully sample Regular undersample  Gaussian undersample

k-space

Magnitude image

Point spread function

Figure 5.1 An example showing the difference between fully sampled, Nyquist and Gaussian
undersample. The corresponding k-space, magnitude image and point spread function are
shown. Nyquist undersample results in coherent artefact and repeated point spread function.
The Gaussian random undersample results in incoherent artefact and similar point spread

function with fully sampled example.

Figure 5.2 shows the diagram of how the incoherent artefact can be removed by the CS

reconstruction.
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Figure 5.2 An example of CS reconstruction from undersampled data. (a) A sparse signal is
under sampled in its 1-D k-space domain by a factor of eight (b). (c) Pseudo-random
undersampling causes the energy leaks away from each nonzero signal, and results in an
incoherent interference and other reconstructed signal (not noise). (d) Equispaced under
sampling with reconstruction by zero-filling results in coherent aliasing, the original signal
and artefact cannot be distinguished. (e-f) A threshold based method firstly recovers the
strong component, to calculate their interference (h). The calculated interference was
subtracted by the original signal to reduce the total interference level, allowing the threshold
for weaker, previously submerged components. By iteratively repeating (e)—(g), the rest of

the component can be recovered. With permission [181].
Reconstruction
The CS reconstruction used in this work includes an L1-norm constraint to recovery the
missing information from the undersampled data:

m = minimize{||¥m||,} such that Fm =y (5.1)
where m is the complex image, ¥ is a sparsifing transform (such as a nearest neighbor finite

difference used in this work), the notion || ||; means the L1 norm, F is the Fourier transform

operator and y is the acquired k-space data. The general p norm is defined as:
lxlly, = Tl PP (5.2)
In the presence of noise, Equation 5.1 can be written as
m = minimize{||¥m||,} such that ||Fm — y||3 < € (5.3)

Where € is used normally under the level of noise.
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Furthermore, Equation 5.3 can be written using a Lagrange multiplier by incorporating the

constraint ||[Fm — y||2 < e to
m = minimize{||[Fm — y||3 + A||¥m]||,} (5.4)

The CS algorithm runs the following loop to reconstruct the final image:
(a) Start with the zero-filled Fourier transform image
(b) Perform the non-linear conjugate gradient to find the image that reduces the ||[¥m||,
(c) Calculate the new k-space data using y = Fm
(d) Replace the measured location in the k-space with measured data to form a new y

(e) Find the new image m = F''y, and repeat step (b) to (e).

Normally, the number of iterations is fixed in the reconstruction pipeline based on prior
empirical observations assessing reconstruction time and accuracy. Fifteen iteration loops

were used in this work.

5.1.2 Autocalibrating Reconstruction for Cartesian imaging (ARC)

The parallel imaging method used in this work is ARC (Autocalibrating Reconstruction for
Cartesian imaging). The k-space is undersampled by a certain factor to reduce the
acquisition time, except the central region, known as the autocalibration signal (ACS), which
is fully sampled. During the reconstruction, the known data from the ACS region is used to
calculate the weighting factors for each coil (eg, the carotid coil has four individual channels).
Missing k-space points are then estimated by considering these global weighting factors as
well as the surrounding acquired data (kernel) for the coil. After filling the empty k-space
points, the magnitude image from the different coil elements is combined using the sum-of-

squares reconstruction algorithm.

5.1.3 CS and ARC combination

In this work, CS and ARC are combined in a sequential way with CS as the first step, and
ARC as the second step [182], as shown in Figure 5.3. There are several reasons for this:
(a) The CS feature can be implemented more easily with our previous acquisition with
parallel imaging reconstruction
(b) This allows easy combinations of different CS and ARC factors in both setup and

reconstruction
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Figure 5.3 CS and ARC are combined in sequential steps to produce the reconstructed

image.

5.2 Introduction

This study applies improved motion-sensitized driven-equilibrium (iIMSDE) as a preparation
pulse to suppress blood flow. Furthermore, the intra-pulse durations within the IMSDE
preparation are varied to change the effective echo time (TE) and enable subsequent T,
quantification. Unlike 2D T, mapping sequences, which acquire multiple TEs in one
repetition time (TR), 3D T, mapping sequences normally repeat the same sequence multiple
times with different effective TEs, resulting in long overall scan times. In addition, patient
movement during long scanning times cannot be eliminated especially when the images at
the different echo times are acquired sequentially. This requires additional image
coregistration which may reduce the accuracy of T, measurements. The sequence in this
study used an interleaved acquisition so that the images at different echo times are

intrinsically coregistered.

This study evaluates an iIMSDE prepared, black-blood, 3D T, mapping sequence with the
combination of compressed sensing and data-driven parallel imaging [182]. Phantom studies
and healthy volunteer scans were carried out to evaluate the accuracy and repeatability of
this sequence. Patients with carotid stenosis >50% were also scanned using this sequence

and the T, maps were compared with conventional multi-contrast images.

5.3 Materials and Methods

Sequence
An IMSDE preparation scheme, with variable TE, was combined with a 3D fast spin echo

(FSE) readout to achieve black-blood T, mapping, as shown in Figure 5.4. A variable flip
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angle refocusing train was used in the readout [183]. The IMSDE preparation is comprised of
two non-selective 90° pulses with two composite 180° pulses between them, together with
motion sensitive gradients along the X, Y and Z axes between the pulses [88]. The first-order
moment was empirically set to 412 mTms?/m. Fat saturation was achieved by using an
Adiabatic SPectral Inversion Recovery (ASPIR) pulse before the FSE readout. A radial view
ordering scheme was used to achieve the shortest possible readout TE [183]. The total TE
for the sequence is the sum of the IMSDE preparation TEuspe and the FSE readout TEgse.
By changing the time interval within the iIMSDE preparation (TEuspe = 4T), images with
different TEs were achieved. Three different values of TEjspe Were interleaved in a single

acquisition.

80°, 90", ) a

RE ' 3D FSE
! ! fat saf] CS + Pl
Gradient XYZ U U spoiler

N 7 k J
Figure 5.4 3D iMSDE prepared compressed sensing FSE. The overall echo times (TEq,

TE,, ..., TE,) are achieved by varying the echo time (TEjuspe = 41) in the IMSDE preparation.

The FSE readout was further modified to incorporate the combined parallel imaging and
compressed sensing approach discussed above. An example of 3D k-space acquired by
ARC is shown in Figure 5.5(a) and (b). Figure 5.5(a) shows the k-space sampling pattern for
a 224 x 40 (ky x k,) matrix size with an ARC acceleration factor of 2 (2 x 1 in ky, x k,
direction). Figure 5.5(b) shows the acceleration factor of 4 (2 x 2). In ARC, the outer region
of k-space is uniformly undersampled whilst the auto-calibration centre is fully sampled [182].
The auto-calibration centre was set to 32 x 32 in this study. For compressed sensing, the
non-calibrated ARC k-space was further undersampled using a Gaussian pseudo-random
distribution. Figure 5.5(c) and (d) shows the k-space using a CS factor 1.5 together with
ARC accelerations of 2 x 1 and 2 x 2 respectively. Figure 5.5(e) and (f) show a higher CS
factor of 2.0. Details of the image reconstruction are mentioned in the introduction section of

this chapter.
The iIMSDE with interleaved 3D FSE was developed by the author, the ARC option is

embeded in the original readout. The CS acquisition and online-reconcontration algorithem

were provided by Dr Scott Reid and Dr Kevin King from GE Healthcare.
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CS no 1.5 2.0

ARC 2x 1 2x%x2 2x 1 2x2 2x 1 2x2
Scantime 10:49 6:56 7:50 5:26 6:20 4:38

Figure 5.5 Under-sampled k-space patterns which are representative of the applied
combinations of ARC (k, x k,) and CS factors.

MRI Experiments

All the imaging experiments were performed using a 3 T system (MR750, GE Healthcare,
Waukesha, WI), using a four channel phased-array neck coil (PACC, MachNet, Roden, The
Netherlands).

Phantom study

The sequence was initially tested using the Eurospin Test Object (TO5) phantom (Diagnostic
Sonar, Livingston, UK) which contains calibrated gels with known relaxivity values at 19° C.
Nine gels were selected with a range of T, values which represent the T, values of plaque
components previously reported in the literature (ranging from 52 to 143 ms). A three echo
FSE sequence (TR = 2000 ms, TE = 21.6, 51.6, 81.6 ms) with the combination of two ARC
values (2 x 1 and 2 x 2), without CS and with CS factors of 1.5 and 2.0 were used to acquire
a total of six T, maps. The imaging matrix was 224x224x40, with field-of-view of
140x140x56 mm?. A 2D multi-echo fast spin echo (MEFSE) sequence was acquired for
comparison, with TR = 2000 ms and eight TEs from 8.6 to 68.8 ms with 8.6 ms intervals.
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The imaging matrix for 2D MEFSE was 224x224, the field-of-view was 140x140 mm? and

the slice thickness was 2 mm.

Volunteer study

Twelve healthy volunteers (eight men, mean age 34, range: 24-55 years) were recruited in
this study, these volunteer experiments were conducted under an existing research ethics
agreement and all volunteers gave informed written consent (R&D number: A091374). The
volunteers were scanned with ARC 2 x 1 and without CS once, and with a CS factor of 1.5
twice. The repeated scan was used to determine the repeatability of the T, measurements,
the average interval between the two scans was 14 days (range 7 to 28 days). Other

scanning parameters of this sequence are listed in the last column of Table 5.1.

Sequence TOF Pre/Post-contrast DANTE T;w FSE MR-DTI iMSDE T, mapping
Flip angle (°) 20 Variable flip angle 30 Variable flip angle
Echo train length - 24 - 40
TE/TR (ms) 2.2/5.9 16.9/540 4.2/8.6 21.6, 51.6 and 81.6/2000
Acquired Matrix size 256x256x32 224%224%x48 160x160x66 224%224%40
Acquired pixel size (mm?) 0.5%0.5x2 0.6x0.6x1.4 0.5x0.5x1.4 0.6x0.6x1.4
Acquisition Time 1min35s 2x6 min 26 s 4mind42s 7 min 48 s

Table 5.1 Imaging protocol for 3D multi-contrast MRI.

Patient study

Six patients (four men, mean age 80, range: 74-87 years) who had a carotid stenosis of at
least 50% on Duplex ultrasound underwent this examination. A vacuum pillow was placed
around the head and neck to minimise the movement. The standard protocol included multi-
contrast 3D sequences in the coronal plane: a 3D time-of-flight (TOF) sequence, pre- and
post-contrast DANTE prepared [89] 3D FSE sequence and pre-contrast MR-Direct
Thrombus Imaging sequence (MR-DTI) [184]. The centre of the imaging volume was
positioned at the middle of carotid bifurcation at both sides. Details of the scanning
parameters are summarised in Table 5.1. The T, mapping sequence with a combination of
CS factor of 1.5 and ARC 2 x 1 was used for the patient scanning. This separate study
protocol was reviewed and approved by a local ethics committee and written informed

consent was obtained from each patient.
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Image analysis

The acquired images were first interpolated to 512x512x80, and then reformatted into the
axial plane with a pixel size of 0.2x0.2x0.3 mm?. For the phantom scans, regions of interest
were defined within each gel and the mean and standard deviation (sd) of the T, values
were recorded for each ARC and CS combination. For the volunteer scans, the analysis was
performed on 10 contiguous slices of the common carotid artery (CCA) below the bifurcation
on both sides. Vessel wall and lumen were manually segmented using a DICOM viewer
(OsiriX 5.5.2, Pixmeo, Geneva, Switzerland). The ARC 2 x 1 without CS accelerated k-
space data of the volunteers was saved and used off-line for simulating higher ARC and CS
acceleration factors. Simulation experiments were performed using in-house software
developed in MATLAB R2015b (MathWorks, Natick, Massachusetts, USA). Wall-lumen
sharpness was quantified to measure the blurring for each of the ARC and CS accelerations
[185]. A single axial slice of the common carotid artery (CCA) 5 mm below the bifurcation
was chosen for the sharpness calculation. The image was first bilinearly interpolated at a
factor of six to increase the image matrix, resulting in an interpolated pixel size of 0.03x0.03
mm?. An intensity profile perpendicular to the vessel wall was drawn from the wall to the
lumen. To determine image sharpness a synthetic image was created with the relative signal
intensity of the lumen set to zero and the highest signal intensity in the vessel wall set to one.

The wall-lumen sharpness was calculated by

Sharpness = 1/d (mm™) (5.4)

Where d is the distance between pixels at an intensity between 0.8 and 0.2.

Data analysis

The statistical analysis was performed using the R programming language (version 3.2.2)
[186]. The Shapiro—Wilk's test was used to test normality assumptions. Normally distributed
data was presented as mean * sd. A one-way ANOVA was used to compare T,
measurements with different ARC and CS combinations. The concordance correlation
coefficient (CCC) and Bland-Altman plots were used to evaluate the correlation and
agreement between the 2D and 3D methods [187]. For the volunteer scans, the coefficient of
variation (CoV: the ratio of the SD divided by the mean value) of T, values within each of the
vessel wall with different CS and ARC combination were calculated. The intraclass
correlation coefficient (ICC) was used to evaluate the agreement between two repeated

scans. Statistical significance was defined as a p-value < 0.05.

78



5.4 Results

Phantom study

Figure 5.6(a) shows the measured T, values with different combinations of ARC and CS
factors, the quantitative comparison found no significant difference between the different
combinations (p = 0.999). Figure 5.6(b) shows the phantom T, values measured by 3D
iIMSDE FSE with ARC 2 x 1 and CS factors of 1.5 compared to the standard 2D MESE. A
high correlation was noted between the two sequences for T, values ranging from 52 to 143
ms (r = 0.991). The CCCs between 2D and other 3D ARC and CS combinations were all
above 0.9. Figure 5.6(c) shows the Bland-Altman plot comparing the two scans, with the bias
of 3.0 ms and 95% limits of agreement -3.1 and 9.0 ms.
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Figure 5.6 (a) Measured T, values of Eurospin phantom gels using a different combination of
ARC and CS acceleration factors. (b) Concordance correlation of T, measurements obtained
using 3D IMSDE FSE (ARC2 x 1 and CS1.5) and 2D MEFSE. (c) Bland-Altman plot of the
difference versus the mean of the T, values using 3D IMSDE FSE (ARC2 x 1 and CS1.5)
and 2D MEFSE.

Volunteer study
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All twelve volunteers (100%) completed the MR studies; good blood suppression being
achieved on all the images. Figure 5.7(a) shows a volunteer image without compressed
sensing (ARC 2 x 1), (b-f) shows the reconstruction image from retrospectively subsampled
k-space from (a). The vessel wall boundaries become blurred with increasing CS factors,
and the noise level increases with increasing ARC parallel acceleration factors. The wall-
lumen sharpness values comparing each combination obtained from 24 arteries across 12
volunteers is shown in Figure 5.8. Figure 5.8(a) shows how the image sharpness was
defined. In Figure 5.8(b), the non-CS accelerated image has the highest wall-lumen
sharpness (1.9 mm™). With ARC 2 x 1 and CS 1.5, the image has a higher wall-lumen
sharpness compared with CS 2.0 (1.7 vs. 1.4 mm™).

ARC 2x1

ARC 2x2

No CS C81.5 CS20

Figure 5.7 Simulation experiment comparing ARC and increasing CS accelerations in a

healthy volunteer. The scaled top-right corner images are the reformatted axial projections.
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Figure 5.8 (a) With blood suppression the signal intensity drops from wall to lumen. The line
profile was drawn from wall to lumen to determine the wall-lumen sharpness. (b) Compares
wall-lumen sharpness for the volunteer cohort using ARC and CS combinations measured in

both carotid arteries (n = 24 arteries).
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Figure 5.9 Images of a volunteer with different echo times and the resultant T, map (with
ARC2 x 1 and CS1.5). (b): Plots the Coefficient of Variation (CoV) compare the ARC and CS

combinations from the volunteers’ arteries (n = 24).

Figure 5.9(a) shows the T, map from one volunteer with a CS factor 1.5 and ARC 2 x 1.
Figure 5.9(b) shows the CoV of T, values of measured slices in each combination. CoV
remains similar when CS factor is below 1.5 and increases when CS factor increased to 2.0.
ARC 2 x 2 has a higher CoV compared to ARC 2 x 1. The mean T, value for the volunteer
carotid wall was 48.0 £ 9.5 ms. Good repeatability was found between the two scans (ICC:
0.93, 95% CI 0.84-0.97). According to the noise level from Figure 5.9 and wall-lumen
sharpness evaluation in Figure 5.8, a combination of ARC 2 x 1 and CS factor of 1.5 was

chosen for the patient study.
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Patient study

Five of the six patients (83%) completed the scans. Eight carotid plagues were found in the
five patients. Recent IPH was found in four plaques, and fibrous tissue was found in two of
the plaques. The overall T, values of the plagques were 54.9 + 12.2 ms. The mean wall-
lumen sharpness of the 10 CCAs from these five patients was 1.5 + 0.3 mm™, which is

similar to volunteer scans.

Figure 5.10 shows an example of a right carotid plague from a patient. The white arrow
shows the region of hyperintensity in Tyw, hypointensity in post-contrast T;w, and
hyperintensity signal in MR-DTI. This region was indicative of recent IPH. T, mapping shows
higher T, values in the recent IPH (88.1 £ 6.8 ms) compared to other plaque regions. Figure
5.11 shows a plaque with fibrous tissue inside. The fibrous shows hyperintense signal in

post-contrast T;w and the third echo of T, mapping sequence (T,w). The T, values for the

TE,
A
'
MR-DTI

Figure 5.10 An example of recent IPH (while arrow) identified using a multi-contrast MRI

fibrous tissue were 62.7 + 9.3 ms.

T, (ms)

protocol. Recent IPH shows higher T, values than the surrounding plaque region.

1

00 1 (ms)
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*
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Figure 5.11 Multi-contrast MRI shows fibrotic tissue in the plaque. The fibrous tissue has

higher T, values than the surrounding plaque components.
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5.5 Discussion

This study, for the first time, shows the combination of compressed sensing and parallel
imaging to reduce the time of 3D T, mapping to a clinically acceptable acquisition time (7
min 48 s) compared with the non-accelerated scans (over 10 mins). T, mapping sequences
in carotid plague have shown the ability to differentiate plaque components [102], which
could be used for plaque segmentation and identification of high-risk components [104, 105].
Whilst compressed sensing [179, 188-190] and parallel imaging [178, 188, 191, 192] have
been introduced for multi-contrast carotid vessel wall imaging, these acceleration techniques
have not yet been reported for 3D T, mapping. In this study, the measured T, values from
the volunteers’ healthy carotid vessel walls and plaque components from patients are similar
to previous studies [104, 106]. Furthermore, this T, mapping sequence could also be used to
simultaneously obtain PD and T, weighted images, with the first echo of TE/TR = 21.6/2000
ms, and the third echo of TE/TR = 81.6/2000 ms.

Rapid 2D T, mapping can be achieved by using multi-echo fast spin echo sequences [102,
104, 106], which can acquire images with different TEs in one TR. However, it becomes
challenging when extending into 3D, since most 3D sequences do not allow interleaved
multi-echo acquisitions and the k-space view-ordering is more complicated. To achieve T,
mapping, one method is to change the TE in the preparation pulse, either in a T, preparation
[193] or preferably combined in a black-blood IMSDE preparation [160]. Studies have
demonstrated that both FSE [193] and GRE [160] based readouts could achieve good T,
mapping results. The long TR in FSE based T, mapping sequences allows the magnetisation
to fully recover after each readout segment, which enables images with different TEs to be
acquired in an interleaved fashion. Therefore the "echoes" are intrinsically registered. In
comparison to acquiring images with different TEs sequentially, this method does not need

additional image registration in the post-processing which could induce extra variability [160].

The main limitation of this study is the absence of histological validation of the plaques.
Since the participating patients were asymptomatic, they were not scheduled for surgery.
However, the phantom validation in this study showed good accuracy and the
measurements of carotid wall T, values in both volunteers and patients are in good
agreement with other studies [102, 104, 106]. The second limitation is that the study only
has a small number of patients. A third limitation is that cardiac gating was not used in these
sequences. However, Zhu et al showed that ungated sequences could achieve comparable
vessel SNR and CNR than gated sequence in black blood FSE based carotid imaging [194].

The accuracy of gated and ungated T, mapping sequences needs further exploration. The
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fourth limitation is that the CS reconstruction algorithm used in this study was developed for
general application, and not specifically optimised for imaging the carotid wall. Further
optimisation of the reconstruction parameters could potentially improve image quality,
however this is outside the scope of this study. The last limitation would be that in this study,
a specific CS reconstruction and the sequential combination of CS and ARC were used,
which may not be the optimum process. There are also other CS algorithms [195-197] and
different combination of CS with Pl [198, 199] or other acceleration methods [200, 201]
existing in the literature that might worth exploring. However this is outside of the scope of
current work. A recent paper described a combination of CS and principal component
analysis could derive T, information from a single scan [202]. However the feasibility of this
method in carotid plaque imaging needs to be explored as blood suppression is necessary
for vessel wall imaging. The method used in the current study is a straightforward

implementation of a black-blood sequence with a combined Pl + CS reconstruction method.

5.6 Conclusion

This study demonstrates the combination of CS and ARC for accelerating 3D blood-
suppressed T, mapping in the carotid artery, using an interleaved variable TE iIMSDE based
black-blood preparation scheme. These acceleration techniques reduce the 3D T, mapping
sequence to a clinically acceptable acquisition time of 7 min 48 s for three echoes with a

high acquired spatial resolution of 0.6x0.6x1.4 mm®.

The specific hypotheses investigated in this chapter, that [Hypothesis 5] the CS and PI
accelerated 3D T, mapping sequence can achieve accurate T, measurement with good
reproducibility and [Hypothesis 6] the CS and PI accelerated 3D T, mapping sequence is
clinically feasible and can measure different T, values between plague components, were

proved.
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Chapter 6 Three-dimensional black-
blood multi-contrast protocol for
carotid imaging using compressed
sensing: a repeatability study

Following Chapter 5, this chapter extends the use of CS to a 3D FSE based multi-contrast
protocol, which comprises DANTE prepared T,w, iMSDE prepared T,w and PDw sequences.
The proposed protocol was tested in a cohort of 12 volunteers and eight patients. Vessel
wall morphological features, including wall/lumen area and wall thickness were measured.
The scan-rescan repeatability, inter/intra-observer agreement were tested. This chapter

investigates the following hypotheses:

[Hypothesis 7] the repeatability of carotid vessel wall measurements is high in

sequences with and without CS acceleration.

[Hypothesis 8] the inter/intra-observer agreement of carotid plaque measurements is

high in patients.

Aspects of this work have been presented at ISMRM 25" Annual meeting, 2017. No.3118.

6.1 Introduction

A multi-contrast MR protocol comprising PDw, T,;w and T,w sequences could identify high-
risk intraplague components with high sensitivity and specificity [203]. Multi-contrast MRI has
been used in the previous studies for plaque classification [203], component segmentation

[204, 205] and also to determine the age of intraplaque hemorrhage [39].

Black-blood techniques have been used to suppress the blood signal in the lumen to
improve vessel wall visualisation. This is usually achieved in 2D imaging with the use of
magnetisation preparation schemes such as DIR [86, 178, 206], or QIR [87]. For 3D imaging,
non-selective preparation schemes such as MSDE [88, 113] or DANTE [89, 144] have been
used. Volumetric (3D) readout based on either FSE [204, 207-209] or GRE [144] allows the
acquisition of near isotropic voxels which could potentially improve the plaque component
guantifications. However, one of the disadvantages of 3D protocols in previous carotid
studies is the long overall acquisition time (approximately 20-45 min), which could lead to

poor patient compliance [117].
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Several techniques have been introduced to reduce the 3D acquisition time. Parallel imaging
(Pl) methods have been introduced, with the use of multi-channel coils [178, 192, 210].
Dedicated pulse sequences have also been developed to acquire multiple contrast
weightings in a single acquisition, such as the Multi-contrast Atherosclerosis
Characterization (MATCH) sequence, which can acquire hyper Tiw, grey blood, and T,w
images in a single 5-min sequence [211]. More recently, the method of compressed sensing
(CS) has been introduced into MRI as an alternative method to accelerate image acquisition
[212], and has been applied to carotid imaging [179, 190, 213]. Whilst the first two
techniques (Pl and MATCH) have been used for multi-contrast purposes, the use of CS has

not previously been validated in a multi-contrast protocol.

The purpose of this work, therefore, is to evaluate the use of CS within a current standard
carotid multi-contrast protocol. Volunteer scans were carried out to evaluate the interscan
reproducibility and patients with carotid atherosclerotic diseases were recruited to validate
inter/intra-observer reproducibility of the morphology measurements based on the CS
accelerated sequences.

6.2 Materials and methods

Study subjects

This study had ethical approval and informed consent was obtained from each volunteer and
patient. Twelve volunteers (eight men, mean age 34, range: 24-55 years) and eight patients
(four men, mean age 75, range: 72-87 years) with a carotid artery stenosis greater than 50%
on duplex ultrasound were scanned on a 3 T MRI system (MR 750, GE Healthcare,
Waukesha, WI), using a four channel phased-array neck coil (PACC, MachNet, Roden, The
Netherlands). To evaluate the interscan reproducibility of the sequences, the twelve
volunteers were scanned for a second time using the same protocol. The time interval

between the two scans was 14 days (range 7 to 28 days).

Imaging protocol
All the subjects were imaged using a multi-contrast protocol listed in Table 6.1. Coronal
imaging slabs of the 3D sequences were centred at the carotid bifurcation. The compressed

sensing was achieved in the similar method describe in Chapter 5.
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Time-of-

Contrast ) Tiw PDw Tow
flight
Sequence 3D SPGR 3D FSE 3D FSE 3D FSE
Blood suppression - DANTE iIMSDE iIMSDE
Echo time (ms) 2.2 16.9 21.6 51.6
Repetition time (ms) 5.9 540 2000 2000
, Variable flip Variable flip Variable flip
Flip angle (°) 20
angle angle angle
FOV (mm?) 140x140%64 140x140%x67 140x140%56 140x140%x56
Acquisition matrix 256x256x%32 224x224%48 224x224%40 224x224%40
ARC Parallel Imaging
_ = - 2x1 2x1
(phasexslice)
CS acceleration Non-CS Non-CS/1.5/2.0 15 15
Acquisition time 1:35 3:16/2:13/1:41 2:36 2:36

Table 6.1 Scanning parameters for the multi-contrast protocol.

Tiw images were acquired by a DANTE [89] prepared 3D FSE sequence. Images were
acquired without CS acceleration, and with CS acceleration factors of 1.5 and 2.0. The
scanning times were 3 min 16 s, 2 min 13 s and 1 min 41 s, respectively. The parameters for
DANTE preparation were: the number of pulses: 150; gradient amplitude: 3 G/cm; gradient
axes: X, Y and Z; flip angle: 13°; DANTE pulse repetition time: 1ms. No parallel imaging was
used for the T;w images. T,w and PDw images were acquired using an iMSDE [88]
prepared 3D FSE sequence. The first-order moment (m,) was set to 412 mTms?*m following
empirical observations to attain sufficient blood suppression [180]. A CS acceleration factor
of 1.5 was used. The scanning time was 2 min 36 s for both of the sequences. The CS and
ARC were combined in a sequential way [214]. Fat suppression was performed using an
Adiabatic SPectral Inversion Recovery (ASPIR) pulse. The acquired resolution for T,w, T,w

and PDw was 0.6x0.6x1.4 mm?®. Cardiac gating was not used in the protocol.

Image analysis

The acquired multi-contrast images were first reformatted into the axial plane, and then
interpolated into a voxel size of 0.2x0.2x0.3 mm?, using MATLAB (The MathWorks, Inc.,
Natick, MA). Carotid artery lumen and outer wall boundaries were manually drawn by an
experienced observer who has more than two years’ experience in carotid imaging, using a
DICOM viewer (OsiriX 5.5.2, Pixmeo, Geneva, Switzerland).
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For the volunteer images, five contiguous slices in the common, internal and external carotid
artery (CCA, ICC and ECA), 5 mm below and 5 mm above the bifurcation were used for
morphological measurements. The lumen area was defined as the area inside the lumen
contour, and the wall area was defined as the area between the outer wall boundary and
inner lumen contour. The mean radius of the lumen and outer wall was calculated by
simplifying the geometry as a circle with the same area. The mean wall thickness was
determined as the difference between lumen radius and outer wall radius. The wall-lumen
sharpness was also calculated for each CS factor in the T,;w sequences [185]. For the
patient images, the vessel wall and lumen boundaries were manually drawn on each of the
slices containing atherosclerotic plaque. The plague was defined as a focal wall thickness
21.5 mm [141]. To test the intra-observer reproducibility, the T;w images with a CS factor of
1.5 were analysed twice by the same observer. To test the inter-observer reproducibility, the
Tiw images were analysed by a second observer who also has 2 years of carotid imaging
experience, and the results were compared with the first observer. Both of the observers
made their measurements independently and were blinded to the subjects’ clinical

information.

Statistical analysis

Interclass correlations (ICCs) were calculated to evaluate the agreement of wall/lumen area
and wall thickness measurements between two volunteer scans. The measurement
differences from T;w images between two scans were analysed using the Bland-Altman
method [187]. The inter/intra-observer variabilities from the patients scans were also
evaluated using the ICC. An ICC value above 0.75 was considered as excellent agreement.
0.40-075 was good agreement and below 0.40 was poor agreement [215]. A two-tailed
paired student’s t-test was used to compare the wall thickness measurements between non-
CS and CS accelerated T;w sequences in patients. Statistical significance was defined if
p<0.05. Continuous data were presented as mean * standard deviation. The statistical

analysis was performed using R (version 3.2.2) [167].

6.3 Results

All the twelve volunteers completed the scans. Seven out of eight patients completed the

scan. One patient did not finish the scan due to discomfort.
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Figure 6.1 Bland-Altman plots of volunteer lumen and wall area measurements from Tiw

sequences between two repeated scans (all units: mm?).

Figure 6.1 shows the Bland-Altman plots of lumen and wall area measurement of volunteer
T,w images between two scans with non-CS, CS factor of 1.5 and 2.0. The ICC (95% CI) for
lumen and wall area measured from the repeated volunteer scans using the three multi-
contrast sequences with CS factor of 1.5 are shown in Table 6.2. Excellent correlation of
wall/lumen area measurement were found between two scans (all ICCs > 0.80). Figure 6.2
shows the wall-lumen sharpness calculated from the T;w volunteer images. The sharpness

decreases with increasing CS factor.

PDw Tiw Tow
Wall area  0.95 (0.92-0.97) 0.81 (0.69-0.88) 0.97 (0.94-0.98)
Lumen area 0.96 (0.92-0.97) 0.92 (0.87-0.95) 0.96 (0.94-0.98)

Table 6.2 The ICC (95% CI) for lumen and wall area measured from repeated volunteer

scans at three contrast weighted sequences with CS factor of 1.5.
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Figure 6.2 The wall-lumen sharpness measured from volunteer T;w images with different CS

factors.

Figure 6.3 shows an example of a patient image with intra-plaque haemorrhage. From the
T,w images, the wall-lumen and outer wall boundaries become blurred with increasing CS
factor. However, for the wall thickness measurement, there are no significant differences
comparing the CS accelerated sequence with the non-CS sequence (Non-CS vs. CS1.5:
2.43 £0.57 vs. 2.58 £ 0.87 mm, p = 0.58; Non-CS vs. CS2.0: 2.43 £ 0.57 mm vs. 2.39 + 0.85
mm, p = 0.59). When compared to the volunteers, the patients have a thicker wall thickness
(p<0.01), as shown in Figure 6.4.
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Figure 6.3 Multi-contrast carotid images of an 80-year-old male. The plaque contains an
intra-plaque haemorrhage.
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Figure 6.4 Volunteer and patient’s wall thickness at different CS factors of T;w images.

Table 6.3 shows the ICC with 95% CI of the intra-observer reproducibility in measuring the

lumen/wall area and wall thickness in multi-contrast sequences from the patients. All the
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ICCs were above 0.81. Table 6.4 shows the inter-observer reproducibility of lumen/wall area
and wall thickness of the patients using PDw, T;w and T,w images. The ICCs were all higher
than 0.83.

PDw Tiw Tow
Wall area  0.86 (0.51-0.98) 0.84 (0.50-0.96) 0.82 (0.43-0.97)
Lumen area  0.98 (0.95-0.99) 0.98 (0.92-1.00) 0.98 (0.96-0.99)
Wall thickness 0.98 (0.96-0.99) 0.86 (0.57-0.96) 0.97 (0.95-0.99)

Table 6.3 ICC (95% CI) for the intra-observer measurements of the multi-contrast protocol

using CS factor of 1.5 from patients’ scans.

PDw Tiw Tow

Wall area  0.84 (0.50-0.96) 0.87 (0.40-0.98) 0.86 (0.51-0.97)
Lumen area  0.98 (0.95-0.99) 0.95 (0.77-0.99) 0.98 (0.93-0.99)
Wall thickness 0.98 (0.94-0.99) 0.92 (0.63-0.97) 0.95 (0.89-0.99)

Table 6.4 ICC (95% CI) for the inter-observer measurements of the multi-contrast protocol

using CS factor of 1.5 from patients' scans.

6.4 Discussion

This study demonstrates, for the first time, the usefulness of CS acceleration in a multi-
contrast black-blood carotid protocol to reduce the overall acquisition time at 3 T. The results
show that CS accelerated sequences have a good scan-rescan reproducibility in carotid
morphological measurement in volunteers, and good inter/intra-observer reproducibility of

morphological measurement in patients.

Multi-contrast MRI has been used widely in assessing plague components and vulnerability
[144, 203, 204, 216-224]. Originally this was performed at 1.5 T [203, 216-220], however the
studies are now more commonly performed at 3 T due to the superior signal-to-noise ratio
(SNR) and contrast-to-noise ratio (CNR) [221-223, 225-227]. In addition, the development of
3D sequences allows for larger coverage, better through-plane resolution, higher scanning
efficiency, less motion artefact and more precise plaque segmentation [144, 204, 211].
Whilst acceleration techniques such as Pl have been introduced and validated [178], the use
of CS has not previously been validated for the multi-contrast protocol. The CS techniques
has been used in carotid studies to reduce the acquisition time of the sequences, such as
MERGE [164, 179, 190, 228] and black-blood dynamic contrast enhance MRI [229]. The
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studies showed the CS can be used to accelerate the carotid MRI scanning time without
impacting the diagnostic quality, reduce the motion artefact and achieve higher temporal
resolution in the dynamic images. Previous study also has demonstrated that CS produces
better image quality than PI [230], and that the combination of CS and PI can achieve even
better image quality than either of the techniques used alone [231]. This study for the first
time, tested the scan-rescan reproducibility and intra-inter observer repeatability of carotid
morphological measurement in a multi-contrast protocol. The results showed that wall area,
lumen area and wall thickness is reproducible in a CS accelerated multi-contrast protocol.
The CS algorithm used in this study is a productised reconstruction with accepted

reconstruction time.

The results in this study showed that the wall-lumen sharpness decreases as the CS factor
increases (Figure 6.2), and the CoV of scan-rescan on volunteer T,;w images has increased.

This indicates that the CS could bring extra uncertainty in the morphological measurement.

There are several limitations in this study. Firstly, the number of patients is quite small. Only
eight patients were scanned using the current multi-contrast protocol. Therefore only limited
plaqgue components and examples were investigated. However, good reproducibility of the
guantitative analysis from the volunteer scan demonstrates the feasibility of applying the CS-
accelerated protocol for future large scale patients scanning. The second limitation is that a
coronal acquisition with anisotropic resolution was used in this study to as a trade-off
between blood suppression, image SNR, scanning time and coverage. This may lead to
limitations in the wall thickness measurements and potentially effect the plaque
characterization in the reconstructed axial image. Nevertheless, the result from the current
scanning settings showed good repeatability of the wall thickness measurements. Future
optimisation should consider the use of isotropic resolution acquisitions for better plaque
characterization, especially benefit for axial images. The third limitation is that the CS
reconstruction method used in this study was a vendor provided on-line algorithm which was
optimised for clinically acceptable reconstruction times. Further optimisation of the
acquisition and reconstruction parameters, or to even use the multi-contrast sequences for
joint reconstruction [232], could potentially improve the image quality, albeit probably at the
expense of increased reconstruction time. Fourthly, considering the limited scanning time in
practice, ARC acceleration of 2x1 and only a single CS factor of 1.5 was used for PDw and
Tow sequences. The results from the T;w may not necessarily be extrapolated to these two
contrast weighted images. The last limitation is that a fixed echo train length was used in this

study, as we primarily considered the CS as an additional feature to the existing optimised
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protocol setup. Longer echo train length with optimised flip angle schemes could further

reduce the acquisition time but this is outside the scope of this study.

6.5 Conclusion

In conclusion, this study shows that the current 3D carotid black-blood multi-contrast
protocol could be accelerated by CS, in additional to PI, with robust and reproducible
morphology measurements. With current protocol setup, CS of 1.5 with the combination of
paraller imaging acceleration factor of two can be used for the multi-contrast protocol. Multi-

contrast vessel wall imaging protocol could use CS to further reduce the acquisition time.

The results prove the specific hypotheses investigated in this chapter that [Hypothesis 7] the
repeatability of carotid vessel wall measurements is high in sequences with and without CS
acceleration and [Hypothesis 8] the inter/intra-observer agreement of carotid plaque

measurements is high in patients.
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Chapter 7 The development and )
optimisation of 3D black-blood R,
mapping of the carotid artery wall

This chapter describes the development and optimisation of a 3D black-blood R,* mapping
sequence for carotid vessel wall. Different blood suppression techniques are compared by
Bloch simulation and volunteer image SNR and CNR analysis. Three different k-space view
orderings are compared. Blood-suppression efficiency, vessel wall and adjacent
sternocleidomastoid muscle R,* values are compared with different methods. This chapter

tests the following hypotheses:

[Hypothesis 9] the blood suppression technigues do not influence the measurement

of R,* values in the carotid vessel wall.

[Hypothesis 10] optimal blood suppression, k-space view ordering and acquisitions-

per-short could achieve good black-blood vessel wall R,* mapping.

Aspects of this work have been presented at ISMRM 25" Annual meeting, 2017. No.2787.

7.1 Introduction

The measurement of the T,*/R,* relaxation time has been used to assess iron concentration
in the myocardium [233, 234], and liver [235] as well as being used to monitor the uptake of
Ultra-small Superparamagnetic Particles of Iron Oxide (USPIO) in the vessel wall [236-239].
Good reproducibility has been found when using conventional multi-echo gradient-echo
based T,*/R,* sequences [240]. Recently, black-blood preparation based on DIR has been
introduced for cardiac T,* imaging with improved myocardial-to-blood contrast, clearer
myocardial borders, and less blood signal contamination [241-243]. Black-blood Ty*
sequences have reportedly achieved comparable T,* measurement, and superior

reproducibility compared to bright-blood sequences [241-243].

In vessel wall imaging, the 2D black-blood T.* sequences using DIR or QIR have been used
to distinguish symptomatic from asymptomatic plaque [244]. Significant differences in T,*
values have also been found in different plague components [102]. Changes in T,*-weighted
imaging following the administration of USPIO have been used as a surrogate biomarker for

changes in plaque inflammation [245-249].
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However, currently there are limited studies exploring the application of the advanced blood
suppression techniques, such as IMSDE and DANTE for 3D T,* mapping [250, 251]. The
aim of this study was to develop an optimised a 3D black-blood T,* sequence for carotid
vessel wall imaging. Two different 3D black-blood preparations were compared for the image
quality. Three different k-space view orders were designed to allow the minimal number of
black-blood pulses to be used in the acquisition. The k-space view orders were optimised
through Bloch simulation and evaluated in a volunteer study,. The inversion of T,* relaxivity,
R,* = 1/T,, is used in this study, since it has a positive linear relationship with tissue iron

concentration [235].

7.2 Materials and Methods

Sequence

The basic sequence consists of a blood suppression module, followed by a fat-suppressed
3D multi-echo fast spoiled gradient echo sequence (ME-FSPGR), with a delay time (Td) at
the end. Figure 7.1(A) shows the sequence diagram for one shot. Two black-blood
techniques, IMSDE (Figure 7.1B) [252] and DANTE (Figure 7.1C) [253], were compared.
The IMSDE module consists of a non-selective 90° tip-down pulse, two composite 180°
refocusing pulses and a -90° tip-up pulse. Motion sensitive gradients were used between the
RF pulses for blood suppression. The DANTE preparation comprises a train of low amplitude

hard RF pulses interspersed with gradients applied along all three directions.
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Figure 7.1 Overview of the black-blood ME-FSPGR sequence in one shot. (A) A shot

consists of blood suppression preparation pulse, a standard chemical saturation pulse, and

multiple acquisitions. The number of acquisition is defined as acquisitions-per-shot (APS). A

delay time (Td) is used at the end of each shot. Two different blood suppressions, iIMSDE (B)
and DANTE (C) were used. T is the time interval between the 90° and 180° pulse in iIMSDE.
a is the flip angle in DANTE. tp is the repetition time of DANTE pulse. (D) The ME-FSPGR

acquisition contains six echoes.

Fat saturation was achieved using a standard chemical shift saturation pulse. Each shot

comprises the blood suppression preparation, fat suppression, multiple ME-FSPGR
acquisitions and Td (Figure 7.1D). The number of ME-FSPGR acquisitions-per-shot (APS) is

user selectable. Each ME-FSPGR acquisition comprises six echoes. The delay time (Td) is

applied at the end of the FSPGR acquisitions to allow the magnetisation to recover and

improve the overall SNR. During the readout, the k-space points in the ky-k, plane were

acquired per their distance from the k-space centre to achieve optimal blood suppression.
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Shot 1 Shot 5 Shot 9 Shot 13 Shot 17  Shot N

Figure 7.2 Example of three different k-space orderings using a matrix of 32x32. The colour
bar shows the acquisition order within each of the shot: from the 1% point to the APS™ point;

APS = 32 is used in this example.

Three different k-space view orders were implemented and compared. The first method was
Radial Fan-beam Encoding Ordering (RFEO) [254] (Figure 7.2A). In this method, the k-
space points in the ky-k, plane were first sorted into different shots by their polar angle, and
then within each shot, the points were sorted by their distance from the k-space centre. The
second method was the Distance-Determined Encoding Ordering [255] (DDEO, Figure 7.2B).
In this method, all the k-space points in the ky-k, plane were first sorted by their distance
from the k-space centre, and then the i™ x N points were allocated to the i place in each
shot (i is from 1 to the APS, N is the total number of shots). The third method was Centric
Phase Encoding Order (CPEO, Figure 7.2C), in which each shot consists of a single line

along k..

The other fixed parameters for the acquisition were: Td = 200 ms; TE = 4.9, 10.4, 15.7, 21.1,
26.4 and 31.8 ms; TR = 36.8 ms; flip angle = 15° receiver bandwidth = £31.25 kHz;
acquisition plane: axial; field-of-view (FOV): 140x140x80 mm?® acquisition matrix:
224x224%x40. The images were interpolated to a 512x512x80 reconstructed matrix size
using zero-filling. A unipolar echo acquisition was used to minimise off-resonance effects.
The author implemented both IMSDE and DANTE preparation into the ME-FSPGR
sequence used in this study.
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Bloch simulation

Bloch equation simulations were performed to study the signal evolution of the vessel wall
with the different black-blood methods and k-space view orderings, using the Bloch
simulation algorithm mentioned in Chapter 2 from Brian Hargreaves at Stanford University,
in Matlab (MathWorks, Natick, MA, USA). The relaxation times used in the simulation were:
T,_blood = 1500 ms, T,_blood = 128 ms, T;_wall = 1000 ms and T,_wall = 50 ms [102, 144].

Other parameters were the same as for the volunteer protocol.

Volunteer studies

Fourteen volunteers (seven male, mean age 30.9, range: 24-41 years) were recruited for this
study. The study protocol was reviewed and approved by a local ethics committee and
written informed consent was obtained from each volunteer (R&D number: A091374). All
scans were performed using a 1.5 T system (MR450w, GE Healthcare, Waukesha, WI),
using a 4-channel phased-array neck coil (PACC, MachNet, Roden, The Netherlands).

The volunteers were initially scanned with the ME-FSPGR sequence combined with i)
DANTE, ii) IMSDE, and iii) without black-blood preparation. The readouts used the RFEO
method with a fixed APS of 40. The three different view orders were evaluated using the
DANTE preparation with an APS of 40 for all of the volunteers. The scanning time for the
RFEO and DDEO acquisitions was 6 min 15 s, and 7 minutes for CPEO. To further optimise
the blood suppression, seven volunteers were scanned with the DANTE preparation and
RFEO order using different APS (APS = 10, 40, 70 and 100).

In the Ry* calculation, Miller's method [112] described in Chapter 2 is used.

Image analysis

In all the volunteer images, the lumen and wall contours of three contiguous slices 5 mm
below the bifurcation were manually drawn by an experienced reviewer in OsiriX (OsiriX
5.5.2, Pixmeo, Geneva, Switzerland). Vessel wall SNR and wall-lumen CNR were calculated.
The SNR of a single region drawn in the sternocleidomastoid muscle was also calculated for
each scan. The data are presented as mean * sd (standard deviation). A paired student’s t-
test was used to compare the difference. The statistical analysis was performed using R

[256] (version 3.2.2, R Development Core Team, Vienna, Austria).
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7.3 Results

To achieve adequate blood suppression, the IMSDE preparation was empirically optimised
with a gradient amplitude of 20 mT/m, duration of 1500 ms and slew rate of 120 mT/m/ms.
The DANTE parameters were set at: number of pulses 100, gradient amplitude 20 mT/m, flip

angle 13°, repetition time ~1 ms.

Figure 7.3 shows the Bloch simulation of the vessel wall longitudinal magnetisation change
over time and one corresponding volunteer image using RFEO with an APS of 40. The
DANTE prepared sequence achieves a higher signal compared to the iIMSDE prepared
version. In the volunteer scans, the vessel wall SNR and CNR are significantly higher in
DANTE than iMSDE (SNR: 12.7 £+3.2vs. 8.7+ 1.4,p<0.01;CNR: 70+1.8vs. 5.1+ 1.1, p
< 0.01). The R,* values of the vessel wall were similar (DANTE vs. iIMSDE: 35.8 + 13.3 vs.
35.0 + 7.0 s, p = 0.84). The muscle R,* values were unaffected by the blood suppression
schemes (no blood suppression: 34.9 + 5.0 s* DANTE: 35.8 + 4.6 s, IMSDE: 37.3 + 7.7 s/,
p > 0.05).

ME-FSPGR DANTE ME-FSPGR iMSDE ME-FSPGR

| ] 100

0
R," ()

Figure 7.3 Upper row: Bloch simulation of the ME-FSPGR sequence, and with DANTE or
iIMSDE preparation. Vessel wall material properties of T; = 1000 ms and T, = 50 ms are
used in the simulation. Centre row: corresponding volunteer images with six echoes

acquired. Bottom row: corresponding R,* maps of the vessel wall.
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Figure 7.4 shows the Bloch simulation of the longitudinal magnetisation recovery of blood
using the different k-space view orders. After each black-blood pulse, the blood longitudinal
magnetisation recovers from zero due to T, relaxation. Since the image contrast is mainly
determined by the k-space centre, a method that allocates the low blood signal points to the
k-space centre can achieve optimal blood suppression. Under this assumption, the DDEO

method (centre column) should achieve the best blood suppression.
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Figure 7.4 Blood T, recovery in k-space using three different k-space view orderings. The
upper row shows an example of 32x32 k-space using APS equals to 32. Centre row shows
the example of 224x40 k-space using APS equals to 40. The bottom row shows the one line

of k-space (k, = 0) in 224x40 matrix example.

Figure 7.5 shows a volunteer study acquired using the DANTE prepared sequence with the
three different k-space orders. These T,*w images are obtained using a sum-of-squares
combination of the different echoes. The RFEO and DDEO orders achieved better blood
suppression than the CPEO order. The results show that volunteer wall-lumen CNR of
RFEO (7.0 £ 1.8) and DDEO (6.7 + 2.0) are comparable, and higher than the CPEO method
(6.1 + 2.2). However, none of the differences was significant (p > 0.05).
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RFEO DDEO CPEO

Figure 7.5 An example of volunteer image using three different k-space view ordering. The

sum-of-squares of echoes is presented.

Some of the volunteer images showed insufficient blood suppression with the use of APS =
40. Thus, the effectiveness of changing the APS on blood suppression was further
investigated in seven volunteers. One example of a volunteer study with different APS is
shown in Figure 7.6. The results show that the SNR and R,* value measured from the vessel
wall and the sternocleidomastoid muscle were similar with different APS, while the CNR of
the vessel wall decreases with increasing APS, indicating the blood suppression efficiency

decreases with increasing APS.
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Figure 7.6 Comparison of different APS using DANTE prepared acquisition. (A): A volunteer
image showing different APS. The six different echoes and R,* map is presented. Large
APS results in insufficient blood suppression. (B-D): Measurement of SNR, CNR and R,* of

the vessel wall and sternocleidomastoid muscle.

7.4 Discussion

Vessel wall multi-echo T,* imaging could be used for plaque component classification [102,
257], USPIO uptake quantification [238, 245, 246, 248, 258-260] and potentially also for
susceptibility weighted imaging (SWI) [261, 262] and quantitative susceptibility mapping
(QSM) [263]. Unlike 3D FSE based T, mapping sequences [158, 159, 264, 265], in which
the readout has an intrinsic blood suppression effect, the blood suppression for GRE-based
T.,* mapping is challenging. So far only limited studies have explored black-blood T,*
mapping. This study, for the first time, shows the feasibility of implementing black-blood

techniques into a 3D T,*/R,* mapping sequence.

The IMSDE preparation demonstrated a lower SNR compared to DANTE in this study, which
is in agreement with a previous study [144]. The T, decay during the iIMSDE preparation
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leads to lower image SNR, which may limit the application in some low-signal regions [251].
When applied to high field MRI (e.g., 7T), DANTE may also be more suitable due to the
specific absorption rate (SAR) restrictions [144, 266].

Three different k-space filling orders were implemented and compared. There was no
difference between the RFEO and DDEO orders, in that they both showed better blood
suppression than CPEO. Both RFEO and DDEO fill the k-space centre immediately after the
blood suppression pulse. Therefore, the reconstructed images have the most effective blood
suppression. The results showed non-significant differences between these three methods,
indicating that the choice of view-ordering does not a major influence on image quality. The
choice of the APS, on the other hand, is more important for blood suppression. Larger APS
values allow longer blood T, recovery between the blood suppression pulses, which will
result in insufficient blood suppression. The RFEO and DDEO provide flexible APS during
the scan while the CPEO has limited options for APS (APS must be fractions of slice number,
e.g., 1, 1/2, 1/3 et al of slice number). The DDEO method may be more suitable when the
APS is very short; in this case the RFEO method may not be optimal as the outer k-space
regions cannot be reached even with a small polar angle. The large jumps in the k-space
ordering utilised in the DDEO method may increase eddy current effects, as, has been
previously reported albeit using balanced steady-state free precession (SSFP) sequence

[267, 268]. However, no such eddy current artefact was observed in this study.

It should be noted that cardiac gating was not used in this study. The addition of ECG gating
would result in variable Td values and hence variable magnetisation recovery between
different the shots. Furthermore, a previous study showed that comparable vessel wall
morphological measurement can be achieved with a ungated 3D sequence [269].

7.5 Conclusion

This study has developed and optimised a 3D black-blood R,” mapping sequence through
Bloch simulation and volunteer imaging. The results show that the DANTE preparation is
better than IMSDE in terms of image SNR. In addition the RFEO and DDEO k-space
ordering methods have similar blood suppression efficiency, and are both better than the

CPEO method. Smaller APS could achieve better blood suppression effect.

The results prove the specific hypotheses investigated in this chapter that [Hypothesis 9] the

blood suppression techniques do not influence the measurement of R,* values in the carotid
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vessel wall and [Hypothesis 10] optimal blood suppression, k-space view ordering and short

acquisitions-per-short could achieve good black-blood vessel wall Rx* mapping.
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Chapter 8 Summary and further
developments

The general aim of this dissertation is to evaluate several quantitative MRI methods for
quantifying different biomarkers in carotid vessel wall imaging. The main hypothesis
investigated in this thesis is: Can quantitative MRI methods be used to acquire objective
biomarkers of carotid vessel wall and atherosclerotic plaque with high accuracy and good

repeatability?

Traditional multi-contrast carotid protocol demonstrates high accuracy in differentiating
plague component, with histology as the gold standard. However the sequences and
parameters used in these studies are not identical. These make it difficult to harmonise the
results from multi-centre trials. Quantitative MRI on the other hand, could overcome these
limitations and provide standardised analysis for the carotid plaques independent of
scanners and locations. The use of quantitative MRI would be more suitable for longitudinal

studies such as monitoring the disease progression or studying a certain drug therapy.

The 4D high temporal and spatial resolution sequence used in Chapter 3 demonstrates the
ability to obtain carotid plaque perfusion and surface morphological information
simultaneously. This allows fast and reproducible vessel wall functional and morphological
analysis. Current limitations of this method include an anisotropic resolution and limited
temporal resolution. Future improvement could improve both these aspects of the acquisition
through the use of compressd sensing mentioned in Chapter 4 and 5. The full imaging
protocol applied in the 21 patients normally exceeds 45 mins which is relatively long.
Techniques such as Dilfferential Subsampling with Cartesian Ordering (DISCO) [270] or
recently introduced compressed sensing in dynamic imaging [271] could be investigated to
improve the images quality, or reduce the acquisition time while maintaining the similar

image quality.

Currently there are several groups worldwide performing carotid imaging, however the
sequences they are using are different. Some groups use FSE/TSE (Turbo Spin Echo)
based sequences [272], and others are using GRE based sequences [204, 273]. This makes
it difficult to compare the images from different groups. The quantitative sequences, such as
T, mapping, are also different between the groups. For this reason, Chapter 4 was designed

to compare different T, mapping sequences in the application of carotid wall. The results
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showed that the vessel wall T, values are significantly different in the volunteers’ scans
using different sequences, though the phantom scans showed accurate measurement. The
scan efficiency and SNR are much higher when using 3D sequences compared to 2D
sequences. The FSE readout has higher image SNR and lower CoV in T, maps than GRE
readout. This indicates careful analysis of the signal evolution and choice of sequences are
important factors for accurate T, measurement in the carotid vessel wall. A similar
methodology could be applied to other vessel wall areas such as middle cerebral artery
(MCA) and abdominal aorta. When applied to abdominal imaging, the current 3D sequences
need to be combined with respiratory gating, this will increase scanning time and potentially
reduce the image quality. The long scanning time used in this work (above 8 mins) is still too
long for the patient scan [180]. Therefore Chapter 5 was designed to combine a recent

technique, compressed sensing, to reduce the scanning time.

Chapter 5 demonstrated the compressed sensing (CS) and parallel imaging (PI) can be
used together to reduce the acquisition time of the 3D FSE sequence. The joint acceleration
showed better image quality than when a single technique was used [274]. In under 8
minutes simultaneous PDw, T,w and T, mapping were acquired. Therefore, this sequence
can be used for both quantitative and multi-contrast imaging. There is further work that
needs to be done to optimise this sequence. For instance, the small slice number (40 slices)
and a fixed fully sampled k-space centre (32x32 in kyxk,) limits the use of a higher CS factor.
When compared to other carotid CS studies [164, 190], the CS factor in this study is
relatively low (up to 2). Future work could explore increasing slice number and optimise both
fully sampled k-space centre size and CS factor to further improve the scan efficiency of the
3D T, mapping sequence. Also, this sequence could be combined with reduced-field of view
to increase the resolution and reduce the scanning time as well [275], although at the

expenses of a reduction in SNR.

Chapter 6 applied the CS and PI techniques to the current multi-contrast protocol and
demonstrated good scan-rescan and inter/intra-observer repeatability in volunteer and
patient scan. As CS has only been introduced into MRI in recent years, this is the first work
that validates the use of CS in a multi-contrast protocol in a clinical study. Similar to Chapter
5, one of the limitations of this work is the fixed fully sampled k-space centre and the small
number of slices used, which prevent the use of high CS factor (up to 2 in this study). Thus,
a more comprehensive analysis is necessary to investigate these factors jointly, including

the reconstruction time, to find an optimal protocol.
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The optimised black-blood 3D R,* sequence described in Chapter 7 showed comparable R,*
measurement with non-blood suppressed sequence in the healthy volunteers. The sequence
could be used to differentiate plaque components [102] and can also applied to studies
using USPIOs. The use of USPIOs could help identify plaques inflammation [102, 276].
Currently the majority of these kind of studies are performed in 2D [249, 277]. The proposed
3D sequence could allow whole plague coverage and allow the images to be reformatted
into any plane. The obtained data from this sequence could also have other application as
well. For example, the phase information could be used for susceptibility weighted imaging
(SWI) [278] or quantitative susceptibility mapping (QSM) [279].

The sequences, post-processing algorithm, and methodology described in this thesis could
be applied to other vessel wall imaging area as well, such as middle cerebral artery,
abdominal aorta, and peripheral arteries. Figure 8.1 shows an example of 3D iIMSDE FSE

based T, mapping sequence applied in the MCA of a healthy volunteer.

300

Figure 8.1 3D iIMSDE FSE based T, mapping sequence applied to middle cerebral artery.
The images were acquired by the author using the sequence developed in Chapter 4.

As the traditional quantitative imaging methods used in this thesis usually take much longer
than contrast weighted images, the sequences need to be repeated several times with one
specific parameter varied while others are kept constant. To overcome the drawbacks of
traditional quantitative imaging methods, there are also other quantitative mapping
techniques that have been developed in recent years, such as synthetic MRI [280] and

magnetic resonance fingerprinting (MRF) [281].

Synthetic MRI uses a single sequence with a multi-slice, multi-echo and multi-delay

acquisition to simultaneously obtain PD, T; and T, relaxation time data, which could be used

108



to synthesis conventional image weightings such as Tiw, Tow, PDw T4/T, FLAIR (FLuid

Attenuatedinversion REcovery) and STIR (Short Tl Inversion Recovery).

MRF was introduced in 2013 to provide simultaneous measurement of multiple parameters
such as relative spin density, T;, T, Bo map and et al., using a single time-efficient
acquisition [281]. The MRF technique uses a varying flip angle and TR throughout the
acquisition. Each type of tissue with a typical T,, T, and PD property shows a unique signal
evaluation in the sequence (fingerprints) which can be used to recognize in the post-
processing. Figure 8.2 shows an example of Ty, T, and PD maps from MRF compared with
the T, mapping result from Chapter 4 in a healthy volunteer scan at 3 T. This sequence was
an early version of MRF developed in GE environment with spiral readout. The FOV was
fixed to 180x180 mm? with the in-plane resolution of 0.7x0.7 mm? Future work could
compare these techniques with the ‘traditional quantitative methods’ demonstrate in the

thesis.

T, (ms)
150

75

DIR 2D MESE DIR 2D MEFSE iIMSDE 3D FSE iIMSDE 3D FSPGR

MRF

25000 50000
T, (ms) T, (8) PD

Figure 8.2 First row: T, mapping from the four sequences discussed in Chapter 4. Second
row: MR fingerprinting and the T,, T, and PD maps. The MRF images were acquired by the
author with the help of Dr Joshua Kaggie.
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In conclusion, the quantitative MRI methods used in the thesis have been proven to be
accurate and repeatable techniques to quantify carotid vessel wall biomarkers. Future work
needs to explore the association of these quantitative biomarkers with the development,

procession and severity of the carotid atherosclerotic disease.
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