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Atherosclerosis and coronary artery disease 

Atherosclerosis is a chronic inflammatory disease of the large and medium 
sized arteries and remains one of the most important causes of morbidity and 
mortality worldwide, despite advances in diagnosis and treatment1,2. The term 
atherosclerosis is derived from latin and means gruel-like (athero) hardening 
(sclerosis) of the arteries. It is characterized by the build-up of cholesterol, 
fibrous tissue and inflammatory cells in the arterial vessel wall3–5. In early sta-
ges of atherosclerosis, the vessel wall exhibits positive, outward or Glagov-
type remodeling6. This process is characterized by expansion of the elastic 
lamina but maintenance of luminal diameter. In later stages, negative, inward 
remodeling can take place, which leads to luminal narrowing7. 

Complications of atherosclerosis can occur when there is lumen obstruc-
tion due to plaque rupture or erosion with thrombus formation or after em-
bolization of a formed thrombus4,5,8. In the coronary arteries, this leads to 
transient myocardial ischemia or myocardial infarction. These complications 
occur not only in severely stenosed vessels, but also in arteries with mild to 
moderate stenoses9,10. In these mild to moderate stenotic arteries, there are 
often plaques demonstrating outward remodeling, a big necrotic core, a thin 
and inflamed fibrous cap, proliferation of the adventitial vasa vasorum and 
intraplaque neovascularization and intraplaque hemorrhage, and are there-
fore considered vulnerable for rupture8,11. 

Burden of Disease 

By any measure cardiovascular disease remains one of the foremost causes of 
morbidity and mortality. In the Netherlands in 2007, 41.355 (31%) of all 
132.752 deaths were due to cardiovascular diseases like ischemic heart dis-
ease, stroke, heart failure etc12. In subjects presenting with cardiovascular 
diseases, 29% of deaths and 26% of clinical admissions in hospitals were due 
to ischemic heart disease. Total healthcare costs in the Netherlands in 2005 
were €68.5 billion of which €5.5 billion (8%) were spent on cardiovascular 
disease, which is the second most expensive group of diseases after psycho-
logical disorders. Of the €5.5 billion, 23% (€1.3 billion) was spent on patients 
with coronary artery disease13. More recent data from the US also demon-
strate the large financial burden on society: the estimated costs for the USA 
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for 2010 associated with coronary heart disease are approximately $177.1 
billion1. 

Complications of atherosclerosis often arise unexpectedly. In 30- 50% of 
asymptomatic subjects, the first indicator of coronary atherosclerosis is a 
heart attack, which is often fatal14. 80% of all individuals who suffer sudden 
cardiac death have coronary artery disease15, and about 20–25% of all sudden 
cardiac deaths occur in subjects without prior clinical evidence of coronary 
artery disease16. However, due to ongoing improvement in prevention and 
treatment, there is a decrease in deaths in the western world2. 

Imaging of the coronary arteries and vessel wall 

Visualization of the coronary arteries is usually done with X-ray coronary an-
giography. Although this is a highly invasive technique it remains the standard 
of reference for imaging coronary artery luminal narrowing because of its 
unmatched spatial and temporal resolution. However, because X-ray coronary 
angiography can only be used to depict the arterial lumen, earlier and subtler 
forms of coronary atherosclerosis such as atherosclerotic plaques in positive 
remodeled arteries can be underestimated or even remain undetected. 

Excellent techniques for imaging of the arterial vessel wall are intravascu-
lar ultrasound (IVUS)17–20 and optical coherence tomography (OCT)21–23. These 
techniques both give detailed information about both the coronary lumen and 
vessel wall, although OCT is currently mainly used in research studies whereas 
IVUS is already implemented in clinical practice in some institutions. IVUS is a 
highly reliable technique for vessel wall imaging as has been demonstrated in 
many studies, and can even give information about certain plaque character-
istics that might be related to risk for complications of atherosclerosis, 10,24–26. 
However, due to risks and high costs, IVUS cannot justifiably be used for serial 
imaging in asymptomatic subjects. This dilemma has sparked the search for 
alternative modalities which are capable of unmasking occult coronary ath-
erosclerotic plaques in a patient-friendly way, 

Nowadays many investigators are researching magnetic resonance imag-
ing (MRI) and computed tomography (CT) as potential alternatives to X-ray 
angiography and IVUS as these modalities can also be used to visualize athero-
sclerosis in coronary arteries27–31. Both MRI and CT offer the promise for non-
invasive imaging of the coronary arteries and vessel wall and their use may 
lead to improved individualized risk assessment because of direct visualization 
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of coronary plaque burden. Despite the technical challenges, MRI ultimately is 
the more attractive of the two methods, as it holds not only the promise of 
coronary plaque detection, but also of characterization, without the use of 
contrast media or ionizing radiation. Especially these latter two properties 
take away significant hurdles to widespread application in asymptomatic, 
otherwise healthy individuals. 

Objective of this thesis 

The objective of this thesis was to evaluate the potential of MRI for detection 
of coronary artery disease by visualization of the coronary vessel wall in hu-
mans. 
 
Specific questions are: 
1. How accurate is MR coronary vessel wall imaging in comparison to IVUS, 

the established standard of reference, for detection of coronary wall 
thickening? 

2. Can differences in wall characteristics and thickness be detected between 
patients and healthy volunteers with MR coronary vessel wall imaging? 

3. How can MR coronary vessel wall imaging be technically optimized? 
4. What are the issues associated with migration from 1.5T to 3T for cardiac 

imaging, and how can some of the problems be solved? 

Outline of the thesis 

In Chapter 2 an overview is provided of MR techniques for imaging of athero-
sclerosis. 
 
In Chapter 3, the use of MRI for imaging the coronary arteries is discussed as 
well as the role of MRI in relation to recent developments in coronary CT. 
 
In Chapter 4 the ability of MRI of the coronary vessel wall to detect coronary 
artery disease is validated by comparing MRI to intravascular ultrasound. 
 
In Chapter 5, MRI-derived characteristics of the coronary vessel wall from a 
sample of healthy subjects are compared to a control group of patients with 
angiographically confirmed coronary artery disease. 
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In Chapter 6 a novel and more time efficient MR technique is presented for 
coronary vessel wall imaging which will facilitate improved image quality. 
 
In Chapter 7 some of the problems associated with migration from 1.5T to 3T 
for cardiac imaging are discussed and a solution is presented to address issues 
with cine imaging of the heart. 
 
Finally, in chapter 8 the findings of these thesis will be placed in a broader 
perspective. Ongoing and future developments are discussed, including the 
role of MRI for coronary imaging in everyday clinical practice compared to the 
currently booming CT-techniques. 
 
The research for this thesis was performed at the departments of Radiology 
and Cardiology of the Maastricht University Medical Center, the Cardiovascu-
lar Research Institute Maastricht (CARIM) and the Vascular Imaging Labora-
tory at Washington University, Seattle, Washington, USA, and in collaboration 
with the Department of Radiology, Division of Image Postprocessing (LKEB) at 
Leiden University Medical Center in Leiden, the Netherlands. 
Funding was provided by the Netherlands Organisation for Scientific Research 
(NWO, VENI-scheme, grant 916.46.034) and Bayer Schering Pharma 
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Abstract 

Abundant data now link composition of the vascular wall rather than the de-
gree of luminal narrowing with the risk for acute ischemic syndromes in the 
coronary, central nervous system and peripheral arterial beds. Over the past 
years, magnetic resonance angiography has evolved as a well established 
method to determine the location and severity of advanced, lumen encroach-
ing atherosclerotic lesions. In addition, more recent studies have shown that 
high spatial resolution, multi-sequence MRI is also a promising tool for non-
invasive, serial imaging of the aortic and carotid vessel wall, which potentially 
can be applied in the clinical setting. Because of the limited spatial resolution 
of current MRI techniques characterization of coronary vessel wall atheroscle-
rosis, however, is not yet possible and remains the holy grail of plaque imag-
ing. Recent technical developments in MRI technology such as dedicated sur-
face coils, the introduction of 3.0T high-field systems and parallel imaging as 
well as developments in the field of molecular imaging such as contrast agents 
targeted to specific plaque constituents are likely to lead to the necessary 
improvements in signal-to-noise ratio, imaging speed and specificity. These 
improvements will ultimately lead to more widespread application of this 
technology in clinical practice. In the present review the current status and 
future role of MRI for plaque detection and characterization are summarized. 
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Introduction 

Despite advances in treatment and prevention, clinical manifestations of ad-
vanced atherosclerosis such as myocardial infarction and stroke remain the 
primary cause of death in the Western world. The most recent figures pub-
lished by the American Heart Association estimated 700.000 new and 500.000 
recurrent heart attacks and 500.000 new and 200.000 recurrent strokes in 
2003, in the United States alone. The costs associated with coronary heart 
disease and stroke in 2004 are expected to total over $180 billion (€ 144 bil-
lion)1. 

Abundant data now link composition of the vascular wall rather than the 
degree of luminal narrowing with the risk for acute ischemic syndromes in the 
coronary, central nervous system and peripheral arterial beds2, 3. However, in 
the absence of a clinically reliable method to characterize atherosclerotic pla-
que composition, current clinical decision making is still largely based on loca-
tion and degree of stenosis, as determined with color Doppler ultrasonogra-
phy4, magnetic resonance angiography (MRA)5 and intra-arterial digital sub-
traction angiography (IA-DSA) – the last of these is currently still widely con-
sidered to be the standard of care. Recent studies have shown that MRI now 
has the ability to differentiate plaque components in addition to accurate 
quantification of location and degree of luminal narrowing6. In addition, evi-
dence is emerging that multiple detector row CT may also be suitable for 
plaque characterization7. 

In the present review the current status and future role of MRI for plaque 
detection and characterization are summarized. 

Atherosclerotic plaque composition and development 

Atherosclerosis is considered to be a chronic inflammatory disease of the lar-
ge arteries. The disease already starts at an early age, and remains clinically 
silent for decades.  

The initiation of atherosclerosis is characterized by upregulation of leuko-
cyte adhesion molecules, subsequent adhesion and migration of monocytes 
into the arterial neointima and differentiation of these monocytes in macro-
phages2. Once macrophages are present in the arterial intima, they are able to 
ingest unlimited amounts of modified lipoproteins. Accumulations of these 
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lipid filled macrophages are the major component of the first macroscopically 
visible, but clinically silent, atherosclerotic plaque: the intimal xanthoma or 
fatty streak 8. 

When atherosclerotic lesions progress, more and more (inflammatory) 
cells enter the lesion. Besides accumulations of lipid filled macrophages, in-
creased amounts of T-lymphocytes, smooth muscle cells and (myo)fibroblasts 
enter the atherosclerotic plaque and form a ‘pathological intimal thickening’8. 
When this process advances, (myo)fibroblasts and vascular smooth muscle 
cells migrate further into the atherosclerotic lesion, deposit extracellular ma-
trix, and form a fibrous cap that overlies the atherosclerotic plaque. In the 
mean time, the center of the plaque is deprived of oxygen, and a necrotic core 
develops. The necrotic core contains extracellular lipids, cholesterol crystal 
esters, and sometimes calcification2, 9. Apoptosis of vascular smooth muscle 
cells may be a key factor in this process10. Moreover, activation of angiogenic 
pathways results in an increased number of neo-vessels in the plaque11. 
Atherosclerotic lesions containing a fibrous cap and/or a lipid core are called 
‘atheromata’8. With the progression of atherosclerosis, the arterial wall re-
shapes. When atherosclerotic plaques encroach the lumen, the circumference 
of the artery increases, thereby partially or totally maintaining the original 
luminal diameter, a process called ‘outward remodeling’. Therefore, luminal 
arteriography often masks the severity of atherosclerosis12. Although there 
are multiple modalities which are capable of assessing plaque morphology, 
MRI is at present the sole non-invasive modality with the potential to detect 
outward remodeling in asymptomatic subjects13. 

Depending on their composition, atheromata are subdivided in ‘fibrous 
cap atheromata’ and ‘thin fibrous cap atheromata’ (fibrous cap thickness < 65 
μm)8. The latter are characterized by large lipid accumulations, large lipid co-
res, increased amounts of inflammatory cells and intra-plaque capillaries and 
thin fibrous caps8. These atherosclerotic lesions are designated ‘vulnerable 
plaques’2 and are considered precursors for the lesions that are responsible 
for the majority of cardiovascular complications of atherosclerosis: the rup-
tured atherosclerotic plaque. When atherosclerotic plaques rupture, throm-
bogenic components of the atherosclerotic plaques come into contact with 
the blood and a thrombus develops that can occlude the artery, thereby re-
sulting in myocardial infarction, stroke or renal infarction, depending of the 
arterial bed affected. Morphologically, plaque rupture is defined as ‘an area of 
fibrous cap disruption whereby the overlying thrombus is in continuity with 
the lipid core’8. 
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Factors correlated with plaque vulnerability and plaque rupture are increased 
activity of inflammatory (e.g. leukocyte adhesion molecules, chemokines and 
cytokines) and proteolytic pathways (e.g. matrix-metalloproteinases and ca-
thepsins)14. Other factors associated with plaque vulnerability and plaque 
rupture are increased thrombogenicity and an increased angiogenesis. 

It is important to realize that plaque rupture does not always imply a fatal 
event. In patients who died of non-cardiovascular causes, plaque rupture was 
present in 10% of atherosclerotic lesions15. Non-fatal lesions can contain areas 
of (repeated) plaque rupture and thrombosis. If a thrombus remains mural 
rather than occlusive and its lysis is incomplete, re-endothelialization followed 
by fibrous thrombus organization results in accelerated plaque growth. Be-
sides true plaque ruptures, intra-plaque hemorrhage is described as a phe-
nomenon in lesions that are not necessarily associated with plaque rupture. In 
figure 1 the process of plaque development is schematically shown. 
 

 
Figure 1. Different stages of plaque development (see text for description). Black lines denote
transitions between different stages. T signifies thrombus. 

 
Recently, it has been stated that plaque rupture does not occur as an isolated 
phenomenon, but rather as a systemic disease. In this view, it is preferable to 
refer to the ‘vulnerable patient’ instead of a patient with a localized vulner-
able atherosclerotic plaque. ‘Vulnerable patients’ often present with multiple 
ruptured plaques. In an angiography study of patients with an acute coronary 
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syndrome (ACS), 39.5% of the patients had multiple complex plaques that 
were associated with an increased incidence of recurrent ACS15. In another 
study using IVUS, 79% of the patients presenting with an ACS had multiple 
ruptured plaques at sites other than the culprit lesion that caused the clinical 
symptoms16. It can therefore be postulated that the occluding thrombus at 
the culprit lesion determines the clinical presentation, but is only a focal mani-
festation of an underlying systemic disease process that includes several rup-
ture prone or vulnerable lesions. Systemic factors that are correlated with 
plaque rupture are altered blood rheology, increased coagulability, increased 
systemic inflammation and recurrent infections14. 

MRI characteristics of atherosclerotic plaques 

In 1996, Toussaint and co-workers were among the first to demonstrate that 
MRI is able to differentiate lipid core, fibrous cap, calcifications, intraplaque 
hemorrhage, normal intima, and adventitia in vivo in human atherosclerotic 
plaques. They showed that in T2-weighted sequences the atheromatous core 
has low signal intensity relative to the fibrous cap and outer layers of the ves-
sel wall, and that areas of the plaque that contain calcified tissue exhibit very 
low signal intensity due to low water proton content. Calcified tissue also ex-
hibited low signal intensity on T1-weighted sequences17. Intraplaque hemor-
rhage exhibits bright signal intensity on T1-weighted sequences18–20 because 
of the presence of methemoglobin, a breakdown product of hemoglobin, 
which is formed about 12 hours after the hemorrhage. This produces a short-
ening of T1 and hence an increase in signal intensity in T1-weighted images21. 
Although it is known that signal intensity of intracerebral hemorrhage changes 
over time because of changes in hemoglobin structure and oxidation state21, 
not much is known about the development over time of the MR signal inten-
sity of hemorrhage in human atherosclerotic plaque. 

By combining different MRI weightings (T1, T2, proton-density (PD), and 
time-of-flight (TOF)) it has been possible to determine the location and com-
position of advanced atherosclerotic plaques. Shinnar et al. and Yuan et al. 
definitively established that multi-sequence MRI is capable of identifying dif-
ferent plaque components with high sensitivity, specificity and accuracy ex 
vivo22 as well as in vivo23. Serfaty et al. have demonstrated that T2-weighted 
MR imaging of human carotid atherosclerotic plaque specimens can accu-
rately identify type Vb fibrocalcific plaques on the basis of the American Heart 
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Association classification24. In table 1, MRI signal intensity criteria to identify 
different plaque components are listed. 
 
Table 1. Relative MRI signal intensities for identification of different plaque components 

 MRI weighting 
Plaque 
component  

T1 T2 Proton Density Time-of-
Flight 

Lipid core hyperintense hypointense iso- / hyperintense N / A 
Fibrous cap iso- / hyperintense iso- / hyperintense iso- / hyperintense low* 
Calcification hypointense hypointense hypointense N / A 
Intraplaque 
hemorrhage 

variable / hyperintense variable iso- / hyperintense N / A 

Based on 17, 18, 20, 22, 23, 50, 82, 83; all signal intensities are in relation to that of muscle;  
N/A: not applicable; * low signal intensity band between bright lumen and underlying plaque 
components. 

 
In a recent landmark paper, Cai et al. demonstrated that in-vivo multi-contrast 
high resolution MRI is capable of classifying intermediate to advanced athero-
sclerotic lesions and is also capable of distinguishing advanced lesions from 
early and intermediate atherosclerotic plaque, in accordance with the classifi-
cation used by the American Heart Association (table 2)25. 
 
Table 2. AHA classification of atherosclerotic plaques as modified for MRI* 

 AHA classification Modified AHA classification for MRI Sensitivity/ 
Specificity 

Type I Initial lesion with foam 
cells 

Type I-II Near-normal wall thickness, no 
calcification 

67% / 100% 

Type II Fatty streak with multiple 
foam cell layers 

   

Type III Preatheroma with 
extracellular lipid pools 

Type III Diffuse intimal thickening or small 
eccentric plaque with no 
calcification 

81% / 98% 

Type IV Atheroma with a 
confluent extracellular 
lipid core 

Type IV-V Plaque with a lipid or necrotic core 
surrounded by fibrous tissue with 
possible calcification 

84% / 90% 

Type V Fibroatheroma    
Type VI Complex plaque with 

possible surface defect, 
hemorrhage, or thrombus

Type VI Complex plaque with possible 
surface defect, hemorrhage or 
thrombus 

82% / 91% 

Type VII Calcified plaque Type VII Calcified plaque 80% / 94% 
Type VIII Fibrotic plaque without 

lipid core 
Type VIII Fibrotic plaque without lipid core 

and with possible small 
calcifications 

56% / 100% 

* As modified from 25 
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Because preoperative MRI correlated well with paraffin section histology of 
carotid endarterectomy specimens, this study essentially demonstrated the 
feasibility of non-invasive ‘biopsy’ of carotid atherosclerotic plaques. Except 
for the previously mentioned study, most investigations to date were per-
formed on advanced atherosclerotic plaques and it remains to be determined 
if very early plaques exhibit similar MRI characteristics. 

Magnetic Resonance techniques for imaging atherosclerosis 

Because of the versatility of currently available pulse sequences, the superior 
ability to differentiate different soft tissues, and MRI’s non-invasive nature, 
MRI is uniquely suited for serial imaging of both the arterial lumen and the 
vessel wall. The basic MRI sequence requirements for vessel wall imaging are 
high spatial resolution, high contrast between different plaque components, 
and suppression of extrinsic motion, as well as signal from flowing blood. 

In vivo vessel wall imaging is commonly performed using fast spin-echo 
sequences with multiple contrast weightings6, 26. Several investigators have 
reported promising results using gradient echo sequences18, 20. The minimum 
field strength at which vessel wall imaging can be performed clinically is 1.5T. 
To suppress motion artifacts, data are commonly acquired using cardiac trig-
gering. In addition, fat-saturation prepulses are used to suppress signal from 
subcutaneous and perivascular fat. This does not affect the MR signal of pla-
que because lipids in subcutaneous and perivascular fat are predominantly 
made up of triglycerides as opposed to lipids in plaques which predominantly 
consist of cholesteryl esters and free cholesterol27. 

Successful clinical use of plaque imaging demands the use of dedicated 
phased-array radiofrequency coils that provide high signal-to-noise of differ-
ent vessel wall components, good signal penetration for imaging arteries deep 
within the body, and excellent homogeneity over the entire region of investi-
gation28-31. 

In phantom studies Schär et al. have demonstrated that at least one pixel 
is needed across the different tissue layers of the vessel wall in order to char-
acterize different vessel wall components reliably32. In the same study these 
authors demonstrated that differentiation of the thin fibrous cap from the 
adjacent lipid core required ≥2 pixels across these two tissues. While these 
boundary conditions can be met with state-of-the-art imaging protocols for 
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large arteries like the aorta and carotid artery, it is currently very difficult to 
do so for the coronary arteries. 

To maximize signal enhancement at the shortest possible imaging time it 
is preferably that multi-element (i.e. multi-channel) phased array surface coils 
with parallel imaging capabilities are used. Parallel imaging is a technique to 
speed up data acquisition by using an array of multiple reception coils, which 
exhibit strongly inhomogenous, mutually distinct spatial sensitivity33. With 
parallel imaging, acquisition times can theoretically be decreased by a factor 
equal to the number of coil elements. This is beneficial considering the rela-
tively long imaging times of current MRI vessel wall sequences which are in 
the order of several minutes for each weighting. 

Recently, the first intravascular coils for vessel wall imaging have been de-
scribed34, 35, including coils with parallel imaging capabilities36. The obvious 
drawback of this approach lies in its invasiveness. Another exciting concept of 
intravascular MRI employs stents as intravascular RF antennas for high resolu-
tion MR imaging37. Stents can be used as reception coils using a coaxial cable 
attached to the scanner, but by using the principle of inductive coupling they 
can also be used as intravascular signal amplifiers whose signal can be de-
tected non-invasively from the outside38. For overviews of coil requirements, 
different coils that have been used for imaging the vessel wall and parallel 
imaging technology, we refer to the excellent review articles by Quick et al.31 
and Weiger et al.39. 

Non-enhanced MRI techniques 

As discussed above, multiple contrast weightings using both black blood and 
bright blood acquisition schemes are necessary to identify different plaque 
components. 

Black blood techniques are designed to suppress the signal from flowing 
blood40 with the aim of improving visualization and delineation of the athero-
sclerotic plaque from the arterial lumen. The most commonly used technique 
to achieve flow suppression is double inversion recovery (IR)41. The double IR 
pulse consists of a nonselective inversion radiofrequency (RF) pulse to invert 
the longitudinal magnetization in the entire body, immediately followed by a 
slice selective RF pulse that reinverts the longitudinal magnetization in the 
imaging slice of interest41. Placement of the double IR pulse (determined by 
the delay time or inversion time) is such that the longitudinal magnetization 
from blood is zero during readout, and is determined by heart rate and the T1 
value of arterial blood42. Signal from the vessel lumen is suppressed by placing 
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a double IR prepulse before a period of fast flow, and acquiring data during 
slow flow. In this way flow suppression of intraluminal signal due to outflow is 
maximized and artifacts due to vessel motion are minimized43. The disadvan-
tage of double IR imaging is that acquisition duration is relatively lengthy. 
Recently, several investigators have introduced optimized IR techniques to 
increase scan efficiency by introducing simultaneous multi-slice acquisitions 
and combining this strategy with parallel imaging44–47. A second technique to 
suppress the signal from flowing blood is by RF spatial saturation. The major 
problem with this technique, however, is that slow and complex flow patterns 
may lead to residual blood signal within the lumen, suggestive of wall thicken-
ing and atherosclerotic plaque48. Therefore this technique is infrequently used 
today. 

Bright blood techniques are used to visualize intimal calcifications and to 
assess fibrous cap thickness and integrity. Hatsukami 49 and Mitsumori et al.50 
demonstrated that by using a time-of-flight sequence they could differentiate 
intact, thick fibrous caps from intact thin and from ruptured fibrous caps in 
vivo in human carotid arteries. Intact, thick fibrous caps appear as a uniform 
dark band between bright lumen and gray plaque core. Conversely, in sites 
with ruptured caps, the dark band bordering the lumen is absent and a hyper-
intense bright region is seen adjacent to the lumen (figure 2)49, 50. 
 

 
Figure 2. Example of a luminal contour abnormality. A focal concavity of the luminal surface
(arrowhead), best depicted on the ToF and T1-weighted images, correlates with an unstable, 
ruptured cap on the corresponding histologic section. Reproduced with permission from (50). 
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Contrast-enhanced MRI techniques 

Contrast-enhanced MRI techniques using commercially available extracellular 
contrast agents have been extremely well received for the depiction of the 
vascular lumen in the neurovascular, upper and lower extremity vascular 
beds5. Recently, they have also been shown to be useful for improving plaque  
characterization. In two studies in patients scheduled for carotid endarterec-
tomy, Yuan et al. and Wasserman et al. demonstrated that after injection of 
0.1 mmol/kg of a 0.5M extracellular agent, improved differentiation of ath-
erosclerotic tissue types was possible compared to non-enhanced imaging. In 
addition, Yuan et al. found that the degree of enhancement correlated signifi-
cantly with the degree of neovasculature51, 52. Further work by the same group 
revealed that kinetic modeling of dynamic contrast-enhanced MRI not only 
provides an indication of the location but also of the amount of neovascula-
ture in carotid artery plaques53, 54. 

Although injection of extracellular contrast agents improves plaque char-
acterization, the use of new, high-relaxivity agents will necessitate novel MRI 
methods to optimally take advantage of the contrast properties. A disadvan-
tage of injecting these agents is that they pose significant difficulties for dou-
ble IR post-contrast black-blood imaging because of their prolonged T1-
shortening effects. In an effort to overcome this problem Yarnykh et al. added 
an additional double IR preparatory pulse to the standard double IR sequence 
(i.e. quadruple IR) to effectively null the signal from blood after injection of 
contrast medium. By addition of a second double IR preparatory pulse the 
longitudinal magnetization of blood basically becomes T1-independent over a 
wide range of contrast medium concentrations55. Another way to suppress 
intravascular signal over a wide range of blood T1-values after contrast injec-
tion is by adding a diffusion flow-nulling preparatory pulse to the double IR 
module56. The diffusion module consists of 3 rectangular RF pulses, separated 
by diffusion gradients in the readout, phase-encoding and slice directions57. In 
the implementation by Sirol, the first 90° nonselective pulse flips the magneti-
zation into the transverse plane; the diffusion gradients, which follow, sup-
press the magnetization of the flowing spins. After the 180° refocusing nonse-
lective pulse, the last 90° RF pulse restores the initial magnetization of the 
stationary spins56. 
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MRI of atherosclerosis in different vascular beds 

MRI has been used to image the human carotid58, aortic59 and coronary vessel 
wall60, 61. At present it has not been definitively established if plaque devel-
opment is similar in different vascular beds, and if the ‘vulnerable plaque’ 
concept applies in a similar fashion. 

MRI of human carotid atherosclerosis 

The carotid artery has proven to be an extremely fruitful model to validate 
multi-contrast vessel wall imaging techniques because of its superficial loca-
tion, straight course, absence of gross motion, relatively large size, and rou-
tine availability of histologic correlation after carotid endarterectomy. It must 
be kept in mind that carotid endarterectomy is only proven to be advanta-
geous in cases of high grade stenosis (more than 70% luminal narrowing), and 
therefore only MRI of advanced, lumen encroaching plaques has been vali-
dated in humans. Toussaint et al. were among the first to demonstrate that 
MRI could differentiate carotid plaque components based on differences in 
T2-value62. The technique was subsequently greatly refined and thoroughly 
validated in a series of studies by Yuan and co-workers. With these studies 
they demonstrated that an MRI protocol with multiple contrast weightings is a 
valid tool to detect and characterize different plaque components such as 
lipid/necrotic core, fibrous tissue, calcifications, thrombus, the presence of 
neovasculature and the integrity of the fibrous cap in vivo23, 53, 63, 64. In perhaps 
the most significant work, Yuan65 and Mitsumori50 demonstrated that MRI is 
able to correctly identify fibrous cap status with high sensitivity and specificity 
(i.e. intact, thick fibrous cap, or ‘ruptured’ cap), and that MRI identification of 
ruptured fibrous cap is highly associated with a recent history of transient 
ischemic attack or stroke. These results are the first to suggest that MRI can 
enable recognition of a vulnerable plaque prior to the development of an 
ischemic event. Recent work by our group has demonstrated that for carotid 
arteries only a limited number of sequences is needed to identify different 
plaque components. We found that T1-weighted TFE (segmented gradient 
echo) and T2-weighted TSE are essential to characterize the plaque (figure 3). 
In addition, an arbitrary pair of the sequences partial T2-weighted TSE, proton 
density-weighted TSE, and T1-weighted TSE is needed to identify calcified 
tissue66. 
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Figure 3. Carotid atherosclerotic plaque imaging with multisequence MRI. (A) T1-weighted TFE 
overview of the right side of the neck. The box is placed around the internal carotid artery. 
Different MRI weightings are: T1-weighted TFE (B); PD-weighted TSE (C); T2-weighted TSE (D); 
T1-weighted TSE (E); and Partial T2-weighted TSE (F). The corresponding haematoxylin-eosin 
stained histological slice (magnified 12.5x) is shown in (G). For the T1-weighted TFE sequence 
(B), the in-plane resolution was 0.39x0.49 mm with a slice thickness of 3.0 mm and no slice gap.
For the other sequences, the in-plane resolution was 0.39x0.39 mm with a slice thickness of 2.5
mm and a slice gap of 0.5 mm. Hemorrhage (h) was well differentiated from fibrous (asterisk) 
tissue (high and iso-intense relative signal intensity, respectively) on the T1-weighted TFE image 
(B). On the T2-weighted TSE image (D) fibrous tissue (asterisk) has high signal intensity, while 
calcification has very low signal intensity (arrowhead). Calcification also has very low signal 
intensity on PD-weighted TSE (C), T1-weighted TSE (E) and Partial T2-weighted TSE (F). Lipid 
core has low signal intensity on T2-weighted TSE (D; arrow) and is low/iso-intense on T1-
weighted TFE. 
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MRI of human aortic atherosclerosis 

Several authors have demonstrated that MRI is an accurate tool to probe for 
and characterize ascending and descending aortic atherosclerosis. Fayad et al. 
were the first to succeed in characterizing aortic plaque using multi-contrast 
MRI. Plaque composition, extent and size were assessed from black blood T1-, 
T2-, and proton density-weighted images and correlated highly with transe-
sophageal echocardiography59. 

As a foundation for determining the potential clinical utility of MRI as a 
tool for tracking plaque development over time, Chan et al. demonstrated 
that the reproducibility of MRI assessment of aortic lumen area, lumen cir-
cumference, and plaque area is high67. In addition, Jaffer et al. showed that 
non-invasive assessment of aortic atherosclerosis in 318 asymptomatic sub-
jects with MRI correlates strongly with more traditional cardiovascular risk 
measures such as the Framingham Coronary Risk Score68. 

MRI of human coronary atherosclerosis 

Despite obvious difficulties such as cardiac and respiratory motion, tortuous 
course and small size of the coronary arteries, it is possible to image the coro-
nary vessel wall for the detection of coronary atherosclerosis using MRI (fig-
ure 4). In landmark studies Botnar and Fayad were the first to demonstrate 
that MRI with submillimeter in-plane resolution is able to non-invasively as-
sess the location of increased coronary artery wall thickness in patients with 
coronary artery disease using both free-breathing61 and breath-hold ap-
proaches60. Although the studies were performed in a limited number of sub-
jects, both authors demonstrated that coronary artery wall thickness is signifi-
cantly higher in patients with advanced, lumen encroaching CAD60, 61 as op-
posed to healthy adult subjects. In perhaps an even more important study, 
Kim recently demonstrated that free-breathing MRI with isotropic resolution 
can detect increased coronary wall thickness in patients with non-significant 
coronary artery disease, when the coronary lumen is still normal (figure 5)13, 
i.e. before the development of symptoms. The latter study opens up the tan-
talizing possibility to non-invasively track coronary wall thickness in asympto-
matic subjects and correlate the progression over time with clinical events. 
Despite these promising studies, it has, however, not been possible yet to 
identify the different components in coronary atherosclerotic plaques be-
cause of the limited in-plane resolution that was used.  
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Figure 4. Cross-sectional (A) and 
corresponding magnified (B) view 
of RCA wall of a patient with coro-
nary artery disease, revealing lu-
men as dark and wall as bright 
signal area. Wall can readily be 
distinguished from sur-rounding 
epicardial fat and coronary blood 
(arrow).  

 

 

Figure 5. X-ray angiography in 2 
patients with (A) a focal 40% steno-
sis (white arrow) and (C) minor 
(~10% stenoses) luminal iregulari-
ties (white arrows) of the proximal 
RCA. The corresponding black-
blood 3D CMR vessel wall scans (B, 
D) demonstrate an irregularly 
thickened RCA wall (>2 mm) indica-
tive of an increased atherosclerotic 
plaque burden. The inner and outer 
RCA walls are indicated by the 
white dotted arrows. The catheter 
size for the x-ray was 6F. Repro-
duced with permission from (13). 
 

Clinical applications: is MRI of atherosclerosis ready for routine 
clinical use? 

As has become clear over the past years, MRI is the potential imaging modal-
ity of choice for non-invasive and serial evaluation of atherosclerosis. How-
ever, prior to incorporation in the clinical setting a number of issues still have 
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to be clarified. Many of the validation studies that have been published to 
date and discussed above were done on imaging slice level, and not on pa-
tient level. In addition, in most publications MRI images that were non-
evaluable because of artifacts were excluded from the analyses. Although 
reasonable in the context of the studies that were performed, this limitation 
must be kept in mind when the clinical utility of these techniques is assessed. 

Despite these issues, MRI of atherosclerosis is now ready for clinical use 
and provides unprecedented opportunity to track plaque modification over 
time in the aorta and the carotid arteries. In a study in 21 asymptomatic pa-
tients with hypercholesterolemia, Corti et al. demonstrated that MRI could be 
used to measure the effect of lipid lowering treatment with simvastatin69. The 
significance of this study is that it demonstrated that plaque regression as 
measured with MRI could perhaps be used as a surrogate clinical endpoint for 
lipid lowering drugs like 3-hydroxy-3-methylglutaryl coenzyme A reductase 
inhibitors (‘statins’). Prospective, randomized efficacy studies of these drugs 
have traditionally necessitated enormous trials with inclusion of thousands of 
patients in treatment and control arms. Given the fact that plaque morphol-
ogy is highly correlated with subsequent clinical events and the ability of MRI 
to track plaque progression over time, such large studies might no longer be 
needed in the near future. 

MRI of atherosclerosis has the potential to fundamentally change how this 
disease is managed in humans. Current clinical practice is to treat risk factors 
such as abnormal glucose, hypercholesterolemia and hypertension which 
affect atherosclerotic lesions that modulate clinical sequela of atherosclerosis. 
In case an event has already taken place, impaired flow is remedied and risk 
factors are treated aggressively. It makes sense that in the future, prevention 
of (additional) clinical events can be improved by knowledge of the presence 
of high-risk plaques as identified in vivo with non-invasive imaging modalities 
such as MRI. 

Another promising imaging modality for plaque characterization is com-
puted tomography (CT). Although detailed discussion of the relative merits 
and shortcomings of CT is beyond the scope of this article, early experience 
with single slice scanners was disappointing70. However, the recent introduc-
tion of multiple detector row CT scanners has yielded encouraging results with 
regards to atherosclerotic plaque characterization71, 72, 73. Future studies will 
have to determine the respective clinical contributions of both modalities. 
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Future developments 

In the short term, advances in image analysis and quantification will lead to 
improved, observer-independent plaque characterization. For instance, Yuan 
and Kerwin proposed the development of algorithms to characterize plaque 
components automatically based on T1- and T2-maps on the individual pixel 
level74. 

Current non-invasive MR techniques for imaging plaque are mainly limited 
by the available signal-to-noise ratio in clinically feasible imaging times. With 
the introduction of improved receiver coils and whole body ultra-high field-
strength magnets such as 3.0T and 7.0T this issue might be overcome. Pre-
liminary data obtained at 3.0T demonstrated the feasibility of imaging the 
coronary vessel wall75, which should allow for improvements over 1.5T proto-
cols (figure 6). Different contrast mechanisms such as diffusion weighting may 
also help to improve plaque characterization, although at present imaging 
times are still prohibitively long76. 
 

 
Figure 6. Coronary vessel wall imaging at 3.0T. The vessel wall scan (B) was planned from a
double oblique view (A) of the right coronary artery (RCA). The RCA vessel wall is readily visible 
on a magnified view (C). RA: right atrium, RV: right ventricle, LV: left ventricle. Reproduced with 
permission from (75). 

 
Newer contrast agents that will soon become commercially available may 
further improve plaque characterization. In a study intended to demonstrate 
the feasibility of steady-state MRA for the detection of aortoiliac peripheral 
arterial occlusive disease using the intravascular contrast agent MS-325, Maki 
et al. found equilibrium phase enhancement of the arterial wall in diseased 
aortoiliac vessels. To explain this finding the authors hypothesized that MS-
325 enters the vessel wall by way of newly formed, leaky plaque capillaries 
and vessel wall enhancement is consequently observed because MS-325 ex-
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periences strong relaxation enhancement after binding to albumin, which is 
known to be present in the wall of atherosclerotic arteries in concentrations 
correlating with disease severity. Thus, injection of MS-325 might possibly 
allow quantification of vessel wall inflammation77. 

Targeted contrast agents 

One of the most exciting and promising developments is the use of contrast 
agents with the ability to target specific plaque components or even specific 
cell surface receptors or other proteins (‘molecular imaging’). Examples of 
promising target molecules are vascular cell adhesion molecule 1 (VCAM-1) 
and P- and E-selectin, because endothelial cells express these molecules selec-
tively in areas prone to atherosclerotic lesion formation3. The attraction of MR 
molecular plaque imaging is the combination of the potential for sensitive 
disease detection because of the relatively high spatial resolution and non-
invasiveness as well as the widespread availability of whole body clinical MR 
imaging systems. Currently, several of such agents are under investigation, 
mostly in animal models, but also in humans. An overview of different agents 
as well as their mechanism of action is listed in table 3. 

Although the exact mechanism is still unknown, Sirol et al. found that the 
lipophilic gadolinium chelate complex gadofluorine specifically targets the 
lipid core of atherosclerotic plaques in hyperlipidemic rabbits56. In another 
recent study by our group, we found that the ultra-small particulate iron oxide 
(USPIO) agent Sinerem was taken up by and allowed localization of macro-
phages in carotid plaques of patients with a recent history of transient 
ischemic attack (figure 7)78. 

Another set of studies has been performed to investigate the feasibility of 
direct thrombus visualization. Yu79 as well as Flacke80 demonstrated that MRI 
can detect human thrombi by using gadolinium loaded lipid-encapsulated 
perfluorocarbon nanoparticles targeted to fibrin. Using a novel gadolinium-
labeled peptide, Botnar et al. also demonstrated the feasibility of detecting 
acute and subacute thrombosis in a rabbit model of aortic atherosclerosis81, 
and in a pig model of coronary thrombosis84. Potential clinical applications of 
these agents include rapid, noninvasive thrombus detection and localization 
in patients with acute coronary syndromes and stroke. 
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Table 3. Contrast agents 

Class Agent Mechanism 
(U)SPIO Sinerem (Ferumoxtran-10, 

Guerbet, Aulnay sur Bois, France) 
(Ultra-) small particles of iron oxide; 
phagocytosed by macrophages; signal 
voids on gradient-echo sequences 

Gd-chelate Gadofluorine (Schering, Berlin, 
Germany) 

Exact mechanism of uptake and 
accumulation in atherosclerotic plaques 
unknown; predominantly localized in lipid 
core; T1-weighted enhancement 

Perfluorocarbon Gadolinium-loaded lipid-
encapsulated perfluoro- 

Fibrin binding by addition of anti-fibrin 
monoclonal antibody; 

nanoparticle carbon nanoparticles  T1-weighted enhancement 
Small molecule EP-1873 (Epix Pharmaceuticals, 

Cambridge, MA, USA) 
Fibrin binding; T1-weighted enhancement 
peptide derivative 

Targeted MRI contrast agents currently under investigation and mechanism of contrast genera-
tion Based on 56, 78–80 81, 84 

 

 

Figure 7. Corresponding in vivo MR 
images of the external (above) and 
internal (below) carotid artery. (A) 
PDw fast spin echo MR image; (B) 
T2*w gradient-echo MR image 
before administration of ferumox-
tran-10; (C) T2*w gradient-echo 
MR image 24 hours after admini-
stration of ferumoxtran-10. A 
signal decrease can be observed 
on the postcontrast T2*w MR 
image (circle) in the part of the 
vessel wall that showed a large 
number of Fe-positive cells in the 
corresponding histological section. 
Perl’s reading in the lower quad-
rants was many and very many 
iron positive cells, respectively, 
whereas it was hardly any for both 
the upper quadrants. Reproduced 
with permission from (78). 
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Conclusions 

After having been extensively validated, MR imaging of atherosclerosis is cur-
rently being introduced in the clinical setting. Future studies will have to dem-
onstrate the feasibility of multi-sequence MRI for coronary plaque characteri-
zation and whether targeted contrast agents will improve plaque characteri-
zation and can safely be used in humans. In addition, prospective studies in 
asymptomatic patients are needed to determine the predictive value of the 
presence of different plaque components as visualized with MRI for risk of 
subsequent ischemic events. One of the most important questions remains 
whether MRI guided treatment will improve outcome in patients with symp-
tomatic and asymptomatic carotid, peripheral and coronary atherosclerosis. 
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Abstract 

Despite progress in prevention and early diagnosis, coronary artery disease 
(CAD) remains one of the leading causes of mortality in the world. For many 
years, invasive X-ray coronary angiography has been the method of choice for 
the diagnosis of significant CAD. However, up to 40% of patients referred for 
elective X-ray coronary angiography have no clinically significant stenoses. 
These patients still remain subjected to the potential risks of X-ray angiogra-
phy. As an alternative, magnetic resonance imaging (MRI) is currently one of 
the most promising techniques for non-invasive imaging of the coronary arter-
ies. Over the past two decades, many technical developments have been im-
plemented that have led to major improvements in coronary MRI. Nowadays, 
both anatomical and functional information can be obtained with high tempo-
ral and spatial resolution and good image quality. In this review we will dis-
cuss the technical foundations and current status of clinical coronary MRI, and 
some potential future applications. 
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Introduction 

Despite progress in prevention and early diagnosis, coronary artery disease 
(CAD) remains the leading cause of mortality in the world, accounting for 13% 
of all deaths worldwide1, 2. For many years, invasive X-ray coronary angiogra-
phy has been the method of choice for the diagnosis of significant CAD (de-
fined as more than 50% stenosis of the coronary artery lumen). Although sev-
eral non-invasive tests are available to help discriminate between patients 
with and without significant angiographic disease, studies demonstrated that 
up to 40% of patients referred for elective X-ray coronary angiography have 
no clinically significant stenoses3, 4. Despite the absence of significant narrow-
ing, these patients remain subjected to the potential risks of X-ray angiogra-
phy. Therefore, development of a clinically useful non-invasive technique is 
desirable. 

Of the non-invasive techniques, multi-detector row computed tomogra-
phy (MDCT) and magnetic resonance imaging (MRI) are currently the most 
promising for non-invasive imaging of the coronary arteries. MDCT is a rapidly 
evolving technique with the main advantage of isotropic high spatial resolu-
tion. MRI, however, is the established standard technique for studying cardiac 
anatomical structure and function and does not involve exposure to ionising 
radiation. Furthermore, MRI contrast agents are much safer than the iodi-
nated contrast agents, as evidenced by the much lower rate of allergic reac-
tions and the absence of clinically detectable nephrotoxicity5. 

This review will focus on the technical foundations and the current status 
of clinical coronary MRI. Since the coronary arteries were first depicted with 
MRI in the mid 1980s6, 7, many technical developments have been imple-
mented that have led to major improvements in image quality. Nowadays it is 
possible to routinely visualise the proximal and middle parts of the coronary 
arteries and their branches with high accuracy. In addition, development of 
vessel wall imaging techniques is promising for detection of wall abnormalities 
in the absence of significant CAD. 

Technical aspects of coronary magnetic resonance imaging 

A thorough understanding of the relative merits and shortcomings of coronary 
MRI demands a basic knowledge of equipment and technical principles, which 
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will be discussed below. Currently, coronary MRI demands a compromise be-
tween spatial resolution, scan duration and vessel-to-background contrast. 

Equipment considerations 

State-of-the-art coronary MRI is performed on 1.5 Tesla (T) MR-systems using 
dedicated cardiac phased-array radio-frequency coils applied to the chest 
wall. Technological advances in MR system architecture now enable acceler-
ated data acquisition by simultaneously using 16- or 32-receiver channels8. 

Appropriate cardiac receiver coils are required to meet the high in-plane 
spatial resolution requirements for coronary MRI while maintaining a suffi-
cient signal-to-noise ratio (SNR) in comparison with use of the standard sys-
tem built-in body coil. The use of these coils should be standard for all coro-
nary MRI examinations9. Because the SNR decreases with the distance from 
the surface receiver coil, cardiac specific coils have been optimised for the size 
of the heart and the distance of the heart from the chest wall. The right, left 
main and left anterior descending (LAD) coronary arteries are located rela-
tively close to the anterior chest wall and can therefore be visualised with 
good image quality. However, the more distal parts of the circumflex artery 
are more difficult to depict. 

With phased-array coils, parallel imaging techniques such as sensitivity 
encoding (SENSE)10, simultaneous acquisition of spatial harmonics (SMASH)11, 
and generalised autocalibrating partially parallel acquisitions (GRAPPA)12 can 
be used to accelerate image acquisition by using the locally differing sensitivi-
ties of the separate receiver-coil elements. The acceleration factor is depend-
ent on the coil type, and is typically two- to three-fold. With the newest gen-
eration of 16- and 32-receiver channel systems, even higher factors can be 
reached8, 13. However, a trade-off must be made between image quality and 
scan duration since the use of high-acceleration factors will lead to decreased 
SNR and contrast-to-noise ratio (CNR)10, 14. 

In recent years, 3.0 T high-field MRI systems have become more widely 
available and are starting to be used for coronary imaging. The potential dou-
bling of the SNR at 3.0 T could lead to further progress in cardiac applications, 
including coronary MRI. However, increased susceptibility effects and specific 
absorption rate (SAR) limitations due to altered penetration of radio-
frequency (RF) pulses are potentially disadvantageous15. Nevertheless, first 
results of cardiac and coronary MRI at 3 T are promising (figure 1) and show 
increased SNR and CNR compared to the results at 1.5 T16–18. However, the 
theoretically predicted two-fold gain in SNR has not yet been achieved and 
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current techniques do not result in significantly improved image quality and 
diagnostic accuracy compared with the quality and accuracy at 1.5 T19. On the 
other hand, Huber et al. found the added SNR at 3 T to be sufficient to use 
parallel imaging with a reduction factor of two. This resulted in a 50% reduc-
tion in scan duration, with largely preserved image quality despite inevitable 
SNR loss relative to conventional full acquisition at 3 T20. 
 

 
Figure 1. Three Tesla images of the right coronary artery (RCA). (A) Three-dimensional gradient 
echo sequence of the RCA using a T2 pre-pulse and fat saturation. (B) Dual inversion recovery 
(DIR) and fat-saturated gradient echo sequence of the RCA vessel wall. Both images show a high 
signal-to-noise ratio (SNR). The coronary vessel wall is clearly visible in B (arrows). Ao: aorta.
(Courtesy M Stuber, Johns Hopkins University, Baltimore, MD, USA.) 

Spatial resolution requirements 

Coronary MRI data acquisition is technically challenging because of the tortu-
osity and small calibre (on average 1.5−5.5 mm21) of the coronary arteries. In 
this context, it is important to realise that accurate assessment of the degree 
of stenosis demands at least three pixels across the normal vascular lumen, as 
has been demonstrated by Hoogeveen et al.22 This constraint imposes a sub-
millimetre in-plane resolution on coronary artery MRI protocols, especially in 
protocols used for stenosis detection. 

The use of modern MR systems in combination with dedicated surface 
coils and optimised pulse sequences readily enables sub-millimetre in-plane 
resolution with current best pixel sizes of around 0.7 × 0.7 mm and slice 
thickness in the order of 1 mm. Despite satisfying the resolution requirement, 
the spatial resolution of coronary MRI is currently lower compared to the 
resolution of X-ray angiography (in the order of 0.2−0.3 mm), and MDCT (pixel 
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sizes of around 0.5 mm). A drawback of coronary MRI is that higher-resolution 
images increase acquisition time and lead to lower SNR when all other pa-
rameters are kept constant. 

Motion compensation 

Because the MR data acquisition process is inherently motion sensitive, tech-
niques must be applied to compensate for cardiac and respiratory motion. 
During the cardiac cycle, in-plane coronary artery displacement can be up to 5 
mm23, 24. The right coronary artery is more motion sensitive than the left co-
ronary system. The data points needed to reconstruct an image of the heart 
and coronary arteries are generally obtained over multiple consecutive car-
diac cycles. This strategy is also known as ‘segmented’ k-space sampling and 
demands accurate four-lead vector ECG registration25 and a regular cardiac 
rhythm. 

Studies by Hofman et al. and Wang et al. have demonstrated that coro-
nary artery motion is minimal during mid-diastolic diastasis, the cardiac rest 
period24, 26, and that best image quality is obtained when the acquisition win-
dow is optimised by using a subject-specific trigger delay27 after detection of 
the R-wave. The length of both the end-systolic and mid-diastolic rest periods 
depends on heart rate and can be individually determined from high temporal 
resolution ciné images. To obtain good image quality, an individually tailored 
acquisition window, preferably less than 120 ms, is advised24, 28, 29. 

An additional important source of motion artefacts is beat-to-beat varia-
tions in heart rate and premature heartbeats. Leiner et al. have demonstrated 
improved coronary MR image quality with the use of combined respiratory 
gating and arrhythmia rejection30. The possibility of exactly tailoring acquisi-
tion duration and correcting for variations in heart rate is a major strength of 
MR imaging. In contrast, MDCT acquisition times are generally not individually 
tailored and almost always exceed the length of mid-diastolic diastasis. This 
has led to preventative use of beta-blockers to lower heart rate during CT 
imaging, a strategy not routinely used in MR imaging. 

In addition to taking into account cardiac contraction, respiratory motion 
has to be compensated for. At present, two techniques are used for respira-
tory motion compensation: holding the breath, and navigator gating. Holding 
the breath is highly dependent on patient cooperation. In addition, patients 
with pulmonary disease or heart failure are often not able to hold their breath 
long enough. Furthermore, slow cranial shifting of the diaphragm (drift) dur-
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ing breath hold can still cause motion of the heart and the coronary arteries 
during acquisition31. 

The navigator gating technique, on the other hand, uses a two-
dimensional pencil beam that is placed on an interface that reflects respira-
tory motion, eg the lung−liver or lung−myocardium interface32. The navigator 
monitors the motion of this interface during free breathing. Data are accepted 
only when the selected interface falls within a user-defined window posi-
tioned around the end-expiratory level of the interface. With this technique, 
less patient cooperation is required. However, diaphragmatic drift can also 
occur during free breathing. Therefore, drift correction of the navigator win-
dow during the scan is essential to maintain sufficient efficiency and reason-
able scan duration. 

In terms of image quality and diagnostic accuracy, the free-breathing 
navigator technique is superior to breath-hold coronary MRI33, 34. Because of 
longer scan duration (not limited by breath hold), better SNR or spatial resolu-
tion can be achieved. 

Pulse sequences and vessel-to-background contrast 

The optimal coronary MRI sequence has not yet been established. Essential 
elements are cardiac gating, respiratory motion suppression and pre-pulses to 
increase the signal of coronary arterial blood in relation to surrounding tissue 
(ie, increased CNR). Furthermore, SNR should be optimised while at the same 
time keeping scan duration within acceptable limits. 

Both bright-blood and black-blood techniques have been evaluated in 
two-dimensional (2-D) and three-dimensional (3-D) pulse sequences. Bright-
blood sequences tend to overestimate atherosclerotic lesions because of arti-
ficial darkening caused by focal turbulent flow35. The vessel luminal diameter 
may therefore be underestimated in comparison with conventional X-ray an-
giography. On the other hand, the signal intensity of thrombus, vessel wall 
and various components of plaque may appear high on bright-blood coronary 
MR angiography (MRA), thereby obscuring focal stenoses. 

Despite these drawbacks, the majority of sequences for coronary artery 
lumen imaging are bright-blood approaches with 2-D or 3-D gradient echo 
sequences with Cartesian segmented k-space sampling. Two-dimensional 
breath-hold coronary MRA has been shown to be a promising and valuable 
method for assessment of the native coronary arteries. With 3-D methods, 
scan duration is longer but these methods also have inherent advantages, 
including minimising bulk cardiac motion, superior SNR, the acquisition of thin 
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contiguous sections and the ability to post-process and reformat the data 
set36. Recently, bright-blood balanced steady-state free-precession (bSSFP) 
sequences have gained considerable interest. SSFP imaging is a very promising 
technique for coronary MRA MRI at 1.5 T with high SNR and CNR37. Neverthe-
less, this sequence is more sensitive to magnetic field inhomogeneities. The 
increased main field inhomogeneity and B1 field variations at 3 T can poten-
tially be problematic for SSFP imaging16. 

By contrast, black-blood coronary imaging is performed using spin echo 
sequences. With this technique, there is a potential for enhancing CNR in 
comparison with gradient echo approaches. In addition, black-blood se-
quences appear to be particularly advantageous for patients with implants 
such as vascular clips or sternal wires because spin echo techniques are less 
sensitive to the susceptibility artefacts from metallic implants38, 39. 

The coronary arteries can be imaged using either a double-oblique, tar-
geted approach or a whole-heart scan. With the former technique, a 3-D slab 
is acquired in a user-defined orientation around the coronary arteries. The 
vessel of interest can be covered with high spatial resolution, and scan dura-
tion is shorter compared to whole-heart MRI. Although extensive parts of the 
coronary arteries can be depicted with this technique36, multiple scans are 
required since not all coronary arteries can be covered with one scan (figure 
2A, B). The whole-heart technique, first described by Weber et al.40, is a mag-
netisation prepared bSSFP sequence using an acquisition volume covering the 
whole heart. The major advantages of the technique are that positioning of 
the imaging volume is relatively simple, it facilitates high-quality coronary 
MRA of the complete coronary artery tree in a single measurement and it 
allows post-processing and display of data sets similar to MDCT (figure 2C). A 
drawback at present is the relatively long acquisition duration, although this 
will change with more widespread use of parallel imaging techniques. 

An important aspect of coronary imaging is the contrast between coro-
nary arteries and surrounding epicardial fat and myocardium. In comparison 
with MDCT, exogenous contrast media are not necessary to achieve coronary 
artery enhancement. Several techniques have been developed to increase 
CNR between the blood and myocardium. Perivascular fat can be suppressed 
by applying fat saturation41 or spectral pre-saturation with inversion recovery 
(SPIR) pre-pulses. Suppression of the myocardium can be achieved by the use 
of a T2-preparatory pre-pulse, a technique in which a dedicated pre-pulse is 
used to achieve a decreased signal from the myocardium while maintaining 



 MRI of the coronary arteries 
  

- 49 - 

the signal from the blood, leading to an improved CNR between blood and 
myocardium and better vessel definition28, 42. 
 

 
Figure 2. (A) Targeted images of the left anterior descending artery (LAD), (B) right coronary 
artery (RCA) and (C) whole-heart scan in healthy volunteers. With the targeted approach, high-
resolution images of the coronary arteries and some branches can be obtained in a relatively
short scan time. By using a whole-heart approach, all coronary arteries are imaged in one scan, 
and the data set allows for post-processing and display of anatomy similar to multi-detector 
computed tomography. LCX: left circumflex artery, Ao: aorta. 

 
The role of exogenous contrast agents remains to be established, as the use of 
contrast medium can actually reduce vessel-to-background contrast. For in-
stance, commonly used extracellular agents extravasate into the myocardium 
and perivascular fat, thereby decreasing the contrast between the coronaries 
and the myocardium. The use of intravascular contrast agents could be an 
alternative since these agents exhibit prolonged intravascular retention and 
have a longer plasma half-life and shorter T1, resulting in higher signal inten-
sity. This allows imaging over a longer period of time so navigator techniques 
can be used to obtain images of high quality with high blood/muscle contrast 
and better vessel delineation43, 44 In addition, contrast agents may become an 
important adjunct to coronary imaging at 3 T as these agents ameliorate some 
of the imaging artefacts encountered at higher field strengths45. 
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Clinical indications for coronary MRI 

Detection of anomalous coronary arteries 

Although congenital coronary artery anomalies are relatively uncommon – the 
estimated incidence is about 1% in the general population – they can be the 
cause of severe myocardial ischaemia, infarction or sudden cardiac death46. 
These adverse events commonly occur during or immediately following in-
tense exercise and are thought to be related to compression or proximal 
angulation, which obstructs blood flow within the anomalous vessels, leading 
to distal ischaemia, ventricular tachycardia and ventricular fibrillation47. 
Therefore, it is vital that the precise anatomical arrangement is identified to 
enable the appropriate management plan to be followed48. 

Projection X-ray angiography used to be the imaging test of choice for the 
diagnosis and characterisation of these anomalies. However, detection of 
anomalies may be difficult and the exact anatomical course can be difficult to 
determine. One of the main advantages of using MRI instead of X-ray an-
giography is the visualisation of the coronary arteries in relation to other me-
diastinal structures such as the right ventricular outflow tract. Three-
dimensional coronary MRI is well suited for the depiction of anomalous coro-
nary artery origins (figure 3). Several studies have demonstrated that MR an-
giography is highly accurate in detecting anomalous coronary arteries and 
delineating the proximal course48–50. Coronary MRI is now the method of 
choice in young patients in whom coronary artery anomaly is suspected or 
needs to be further clarified, or if the patient has another cardiac anomaly 
associated with coronary anomalies51. 

A coronary artery fistula is the most important haemodynamically signifi-
cant coronary artery anomaly. It is characterised by an abnormal communica-
tion between a coronary artery and a cardiac chamber, major vessel or other 
vascular structure. Surgical repair of the fistula is recommended for sympto-
matic patients and for asymptomatic patients at risk for future complications 
(steal, aneurysms, large shunts)52. As a non-invasive technique, MRI is very 
suitable for detection and follow-up of these fistulae (figure 4). 
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Figure 3. Three-dimensional balanced steady-state free precession (bSSFP) coronary MRI at 1.5 
T in a 51-year-old female with aberrant right coronary artery (RCA). The RCA originates from
the left coronary artery sinus and traverses between the aorta (Ao) and the right ventricular 
outflow tract (RVOT). LM indicates the left main stem. 

 

 
Figure 4. (A) Targeted Cartesian balanced steady-state free precession (bSSFP) and (B) whole-
heart source image in a patient with a coronary arteriovenous fistula. Note the enlarged LCX 
compared to the left anterior descending artery (LAD) and right coronary artery (RCA). There is
a connection (arrowhead) between the left circumflex artery (LCX) and the coronary sinus. GCV: 
great cardiac vein, Ao: aorta. 

Kawasaki disease and follow-up of coronary artery aneurysms 

Kawasaki disease, an acute vasculitis of unknown origin, is the leading cause 
of acquired coronary artery disease in children in developing countries and is 
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now reported as a potential risk factor for adult ischaemic heart disease and 
sudden death in early adulthood53. There is a 25% chance of serious cardio-
vascular damage if treatment is not initiated early in the course of the dis-
ease54. Coronary damage, including dilatation, aneurysms (defined as coro-
nary diameter > 4 mm) and giant aneurysms (coronary diameter > 8 mm) de-
velop in up to 5% of timeously treated patients. In addition to aneurysm de-
velopment in infants and children, this syndrome may eventually lead to 
thrombotic occlusion, premature atherosclerosis and progression to ischaemic 
heart disease53. Serial evaluation of coronary aneurysms is important, and 
regression of these aneurysms has been reported in approximately 50% of the 
patients55. In young children, transthoracic echocardiography is usually ade-
quate for detecting and following these aneurysms, but this technique often 
becomes inadequate as children grow. An alternative method for follow up is 
MRI, which is considered equivalent to coronary angiography56, 57 (figure 5). 
 

 

Figure 5. Post-processed whole-
heart scan of a 12-year-old boy 
diagnosed with Kawasaki disease. 
Dilatation of the left and right 
coronary artery can be seen. 
Note the kinking and aneurys-
matic distal part (diameter 4.4 
mm) of the left main stem (LM) in 
comparison with the diameter of
the ostium (diameter 2.8 mm). 
Ao: aorta, LAD: left anterior 
descending artery, LCX: left cir-
cumflex artery, RCA: right coro-
nary artery. 
 

Detection of stenoses in native coronary arteries 

The most important potential clinical application of coronary MRI is detection 
of stenoses in native coronary arteries. For this purpose, bSSFP bright-blood 
techniques are mostly used where areas of focal stenosis produce signal voids 
of varying severity related to the angiographic degree of stenosis (figure 6). 
However, gradient echo coronary MRI may sometimes overestimate the de-
gree of stenosis as blood flow alterations in stenotic segments can cause sig-
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nal loss in the segment distal to the lesion58. Similarly, the presence of heavy 
calcification in the coronary vessel wall may lead to signal voids that artificially 
suggest the presence of significant stenoses. On the other hand, adequate 
collateral blood flow is readily detected as it results in signal in the lumen 
distal to an occlusion. 
 

 
Figure 6. Correlation between coronary X-ray angiography and MRI. X-ray angiography (A) and 
a targeted Cartesian balanced steady-state free precession (bSSFP) MR sequence (B) in a 62-
year-old patient with left coronary artery disease. X-ray angiography (C) and radial bSSFP im-
ages (D) in a different 53-year-old patient with stable angina. A diffuse, long and severe stenosis
of the proximal right coronary artery (RCA) can be seen with both techniques. In both cases, 
there is a good correlation between angiography and MRI (arrows). 

 
A meta-analysis by Danias et al. summarising the diagnostic performance of 
39 studies of coronary MRA found the technique to have moderately high 
sensitivity for detecting significant proximal stenoses and to be of value for 
exclusion of significant multi-vessel CAD in subjects with suspected CAD con-
sidered for diagnostic catheterisation (Table 1). The study found coronary 
MRA to have high diagnostic performance in all vessels except the left circum-
flex coronary artery, and it was particularly useful to rule out the presence of 
significant CAD to a probability below 5%, especially in individuals with mod-
est suspicion for CAD (pre-test probability for CAD below 20%). However, this 
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meta-analysis showed large heterogeneity of the results, indicating that the 
performance of coronary MRA is, at present, probably still centre-
dependent59. 
 
Table 1. Diagnostic Accuracy of Coronary MRA Compared to Conventional X-Ray Angiography 

*Statistically significant (p < 0.10) between-study heterogeneity. 
†Four studies evaluated the left main together with the proximal segment of the LAD. These 
data were included in the LAD analysis. 
 CI = confidence interval; LAD = left anterior descending; LCx = left circumflex; RCA = right coro-
nary artery; RE = random effects. 
 [modified from: Danias et al. J Am Coll Cardiol 44(9) 2004.] 

 
Of note, the largest multi-centre coronary MRA study to date reported on 109 
patients scheduled for elective X-ray angiography because of suspected CAD. 
This study found high sensitivity, modest specificity and high negative predic-
tive value and overall accuracy of coronary MRA for the identification of coro-
nary disease, especially in subjects with left main coronary artery disease or 
three-vessel disease3. 

An infrequent cause of chest pain is myocardial bridging, a condition in 
which part of a coronary artery is situated in the myocardium and compressed 
during systole. Long tunnelled segments of coronary arteries, more severe 
systolic diameter narrowing of the tunnelled segment and tachycardia may 
result in myocardial ischaemia.52 MRI using systolic and diastolic acquisition 
windows can be used to non-invasively detect and follow patients with myo-
cardial bridging60 (figure 7). 
 

Analysis Weighted sensitivity 
RE (%) (95% CI) 

Weighted specificity 
RE (%) (95% CI) 

Segment level 73 (69−77)* 86 (80−90)* 
 Left main† 69 (56−79) 91 (84−95)* 
 LAD 79 (73−84)* 81 (71−88)* 
 LCx 61 (52−69) 85 (78−90)* 
 RCA 71 (64−78)* 84 (77−88)* 
Subject level 88 (82−92) 56 (43−68)* 
Vessel level 75 (68−80)* 85 (78−90)* 
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Figure 7. Coronary angiogram (A, B) and targeted Cartesian balanced steady-state free preces-
sion (bSSFP) MRI with mid-diastolic (C) and systolic imaging (D) in a 52-year-old man with acute 
anterior wall myocardial infarction. Coronary angiography revealed single-vessel disease of the 
left anterior descending artery (LAD). In A, distal occlusion of the LAD can be seen (arrow). B, 
systolic squeezing of the intramyocardial mid-LAD (arrowheads). C, the proximal and mid-
segment of the LAD can be seen during diastole, however, this segment disappears during 
systole (D, arrowheads). Ao: aorta, LM: left main stem.  

Assessment of coronary artery bypass grafts (CABG) 

Occlusion or stenosis of grafts can occur after coronary artery bypass grafting 
and this incidence increases over time61. Because of their fixed position and 
large lumen size, bypass grafts are relatively easy to image despite possible 
artefacts due to the presence of sternal wires or metal clips. Langerak et al. 
have demonstrated that MRI can be used to determine graft patency and to 
assess the presence of vein graft disease with a fair diagnostic accuracy. Sensi-
tivity and specificity for identifying graft occlusion and stenosis ranged from 
65−83% and 80−100%, respectively62. 

Intracoronary stents 

Nowadays, intracoronary stents are routinely used as adjunct to percutaneous 
coronary artery revascularisations for CAD. Early MRI can be safely performed 
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as early as one to three days after stent implantation63–66. Depending on the 
material of the stent, local susceptibility effects lead to signal voids and arte-
facts. The size of the artefact is influenced by the type of MR sequence (larger 
with gradient echo sequences), imaging parameters and stent material (less 
with titanium, larger with stainless steel)67, 68. At present, these artefacts pre-
vent the direct visualisation of in-stent restenosis. Recently, a new MR-lucent 
stent was developed by Spuentrup et al. In an animal model, this stent al-
lowed for completely artefact-free coronary MRA and vessel wall imaging68, 69. 

Flow and perfusion measurements 

The functional significance of a stenosis cannot only be determined by as-
sessment of the anatomical severity. In a substantial number of cases, func-
tional information is therefore obtained by measuring coronary blood flow 
and flow reserve. The latter parameter is the ratio of maximal hyperaemic 
coronary flow to baseline coronary flow70. Assessment of the functional sig-
nificance of a stenosis is particularly important in lesions with intermediate 
severity because the interpretation of such lesions significantly influences 
therapeutic decisions in patients with coronary artery disease71. 

Fast phase-contrast ciné MRI is an application that can provide non-
invasive assessment of blood flow and flow reserve in human coronary arter-
ies. The technique has recently been used for detection of flow in native 
coronary arteries before and after interventions, and in bypass grafts for de-
tection of graft stenosis70, 72. Additionally, MRI of coronary anatomy and flow 
can be combined with wall motion and stress perfusion studies73–76. 

Future developments: vessel wall and plaque imaging 

Although luminography is the established method for detection of atheroscle-
rotic lesions, it is well known to underestimate early atherosclerosis, since 
atherosclerotic plaques can be present without visible luminal narrowing. This 
phenomenon was first described by Glagov et al. and is also known as ‘posi-
tive remodelling’77, 78. Falk et al. and Schoenhagen et al. found that patients 
with only mild-to-moderate luminal narrowing actually have a higher risk of a 
future acute coronary syndrome when compared to patients with more sig-
nificant luminal narrowing79, 80. This is especially the case when plaques have a 
large lipid-rich necrotic core and a thin fibrous cap. 
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Since these publications, MR vessel wall imaging has become a topic of con-
siderable interest. Because of the superior ability of MRI to differentiate dif-
ferent soft tissues, it is uniquely suited for non-invasive serial imaging of the 
arterial vessel wall, which might be useful for monitoring progression or re-
gression of atherosclerotic plaque during treatment of atherosclerosis with 
statins81, even in the absence of significant luminal narrowing82. Additionally, 
MRI can potentially be used for risk stratification, eg. identification of those 
plaques with increased risk of causing ischaemic complications. MR imaging of 
the vessel wall has been performed in the aorta83 and the carotid arteries84, 85. 
In these vessels, detection and characterisation of plaque components is fea-
sible. Fayad et al.86 and Botnar et al.29 were the first to succeed in using MRI 
to directly visualise coronary vessel wall disease. However, MRI of the coro-
nary vessel wall is still considered to be an experimental technique. 

The coronary vessel wall can be visualised with high spatial resolution in 
cross-sectional or longitudinal fashion. With MRI, increased coronary vessel 
wall thickness and wall area could be detected in patients with angiographi-
cally proven CAD compared to healthy volunteers29, 86. In addition, Kim et al. 
found that positive remodelling in patients with non-significant coronary ar-
tery disease could be detected87. Furthermore, Desai et al. demonstrated that 
assessment of coronary vessel wall thickness from MR images is highly repro-
ducible88. In contrast to larger arteries such as the carotids, however, in vivo 
detection of plaque components in human coronaries is currently limited by 
scan duration, SNR and spatial resolution. 

Coronary vessel wall thickness is only 0.5−0.75 mm in healthy young sub-
jects. In the diseased vessel wall, thickness increases to over 1 mm. With cur-
rent pixel sizes of about 0.7 × 0.7 mm, only one or two pixels usually cover the 
vessel wall. For accurate plaque characterisation however, at least one pixel in 
each vessel wall layer should be present89. In addition, motion compensation 
strategies for coronary vessel wall imaging are more stringent than for coro-
nary MRA27. The feasibility of coronary vessel wall imaging at 3 T has recently 
been demonstrated. With more experience with higher field systems, further 
improvements in scan duration, resolution and image quality can be ex-
pected90, 91. 
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Figure 8. Radial balanced steady-state free precession (bSSFP) (A) and vessel wall scan (B) of the
right coronary artery (RCA) in a 62-year-old healthy female. The proximal and middle part of the 
RCA were free of atherosclerotic disease. The vessel wall (arrowheads) is well delineated, thin 
and has a uniform signal intensity. BSSFP (C) and vessel wall scan (D) in a 59-year-old female 
without history of coronary artery disease. In D, note the thickening and bright signal intensity
of the posterior wall of the RCA (arrowhead) compared to the anterior wall (arrows). 

 
MR coronary vessel wall imaging can be performed with several techniques. 
To distinguish the vessel wall from the lumen, the use of dual inversion pre-
pulses for suppression of blood signal is essential. Two-dimensional tech-
niques perpendicular to the vessel axis have been used, but with these tech-
niques there is limited coverage of the artery of interest. In vivo multi-
sequence imaging, as was done previously in, for instance, the carotid arter-
ies92, 93, is very time consuming in the coronary arteries94. By contrast, 3-D 
imaging offers the opportunity for more extensive longitudinal coverage of 
the coronaries, improved SNR and higher spatial resolution95 (figures 1, 8). 
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Another promising development in the field of (coronary) plaque imaging is 
the use of contrast agents targeted to thrombus or endothelial cell surface 
markers. For instance, a fibrin-binding MR contrast agent has successfully 
been used for the detection of fresh thrombus in a variety of animal models 
and humans96–99. When conventional extracellular agents are used, a delayed 
enhancement-like phenomenon, similar to that observed in stunned myocar-
dium, can be observed within the coronary vessel wall100, 101. The exact signifi-
cance of this finding remains to be elucidated, however. 

Coronary MRI in relation to other techniques 

There are many techniques, both non-invasive as well as invasive, that can be 
used to obtain information about the coronary artery lumen and vessel wall. 
Invasive techniques include X-ray coronary angiography, coronary intravascu-
lar ultrasonography (IVUS)102–104, optical coherence tomography (OCT)105–108, 
angioscopy109, 110, intravascular MRI111 and thermography112, 113. Except for 
IVUS, these techniques are currently only used in pre-clinical studies, but they 
might become useful in detection of coronary (vulnerable) plaque. 

The most promising non-invasive alternative to MRI is MDCT, which can 
be performed with reliable results in selected patient populations, especially 
with the latest generation of 64-detector row scanners which combine thin-
slice collimation with short gantry rotation times114. Currently, MDCT is used 
for the evaluation of patients with a low pre-test likelihood of a significant 
coronary stenosis, patients with recurrent angina, follow-up of patients with 
previous coronary artery bypass grafting or coronary stents when they are 
located in proximal branches, the evaluation of chronic total coronary occlu-
sion before percutaneous recanalisation, detection of coronary artery anoma-
lies, and for the quantification of coronary artery calcium115. A pre-clinical 
application of coronary CT is plaque imaging. It has been reported that coro-
nary CT angiography has the potential to detect coronary plaques, quantify 
their volumes and eventually characterise their composition116, 117. However, 
extensive calcification has a major influence on these results, preventing ade-
quate assessment of plaque composition in combined calcified/non-calcified 
plaques. 

It is clear from the previous discussions that there are still questions about 
the future roles of both CT and MRI for coronary artery imaging. The evalua-
tion of CAD by MRI or CT uses various strategies: detection of coronary calcifi-
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cations (CT), direct imaging of coronary artery stenoses (MRI or CT) and detec-
tion of reduced coronary perfusion reserve (stress ciné MRI and stress perfu-
sion MRI)118. Both CT and MRI can be used for direct imaging of atheroscle-
rotic lesions, measurement of atherosclerotic burden and possibly characteri-
sation of plaque components119. Appropriate selection of patients is important 
for the successful application of these emerging imaging modalities. 

At present both MRI and MDCT have proven to be clinically useful in the 
assessment of individuals with low and intermediate pre-test probability of 
significant CAD. Patients with high pre-test probability are best served by 
CAG118. For emergency patients presenting with atypical chest pain, MDCT has 
major advantages because it is fast and the coronary arteries can be visualised 
with high isotropic spatial resolution while at the same time the presence of 
pulmonary embolism and aortic dissection can be assessed. However, screen-
ing for coronary artery disease or the follow-up of patients is not advised 
since the use of iodinated contrast agents is not without risks and radiation 
dose is high, varying from 1.5−16.3 mSv for MDCT (compared to 3−5 mSv for 
conventional CAG)120, 121. 

MRI is more favourable for screening and follow-up because of its lack of 
ionising radiation and the use of safer contrast agents, but it currently lacks 
spatial resolution. However, intrinsic contrast-resolution is higher for MRI 
compared to CT. This is advantageous in tissue characterisation. Another ma-
jor advantage of MRI is the integration of anatomical coronary imaging in a 
more comprehensive cardiac examination in which cardiac morphology, 
global cardiac function, regional wall motion and the extent of myocardial 
infarction can be assessed. 

Conclusions 

Coronary MRI is a reliable, non-invasive and patient-friendly technique that 
can be used in combination with perfusion and wall motion studies to assess 
the presence of coronary artery anomalies, for follow-up of patients with co-
ronary artery aneurysms as a complication of Kawasaki disease, to rule out 
proximal coronary artery stenoses in patients with a low and intermediate 
pre-test likelihood of CAD, and to detect myocardial infarction. The develop-
ment of MR coronary vessel wall imaging and contrast agents targeted to 
plaque components will allow for fundamental in vivo insight into plaque de-
velopment. Additional benefits can be expected from the transition to higher 



 MRI of the coronary arteries 
  

- 61 - 

field-strength systems and the implementation of parallel imaging techniques 
in combination with dedicated coils and blood-pool contrast agents. 
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Abstract 

Introduction: The current standard of reference for coronary imaging, X-ray 
coronary angiography (CAG), is limited to visualization of the coronary lumen. 
Imaging of the vessel wall with MR-CVW may provide more detailed informa-
tion about true plaque burden and coronary remodeling in individual subjects. 
The purpose of this study was to compare MR imaging of the coronary vessel 
wall (MR-CVW) to intravascular ultrasound (IVUS), the standard of reference 
for coronary vessel wall imaging, with regard to plaque detection and wall 
thickness measurements. 
Methods: In this prospective study 17 patients (15M, 2F, mean age 60.1 yrs) 
with chest pain referred for CAG were included. All patients underwent both 
IVUS and MR-CVW imaging of the right coronary artery (RCA). Subsequently 
the proximal and middle parts of the RCA coronary vessel wall were analyzed 
for the presence and location of coronary plaques. 
Results: In total, 52 matching RCA regions of interest were available for com-
parison. There was good visual agreement between IVUS and MR-CVW for 
qualitative assessment of presence of disease, with sensitivity of 94% and 
specificity of 76%. Absolute wall thickness measurements demonstrated a 
significant difference between measured mean wall thickness on IVUS and 
MR-CVW (0.48 vs 1.24 mm, p<0.001), but a large heterogeneity between wall 
thickness measurements resulting in a low correlation between IVUS and MR-
CVW. 
Conclusion: MR-CVW is able to accurately detect coronary vessel wall thicken-
ing in the RCA when compared to IVUS although there is a low correlation 
between both modalities in terms of absolute wall thickness measurements. 
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Introduction 

Detection of atherosclerotic plaque can be helpful in individual risk assess-
ment, prevention and treatment of complications of atherosclerosis. For im-
aging of coronary artery disease (CAD), the current standard of reference is 
invasive X-ray coronary angiography (CAG). This technique is able to image the 
coronary arteries with high spatial resolution but is limited to assessment of 
the coronary lumen. The vessel wall is not visualized with CAG and plaque 
burden is often underestimated since positive or outward remodeling pre-
cedes the development of angiographically detectable stenosis1, 2. Positive 
remodeling refers to a focal compensatory increase in vessel size, due to ex-
pansion of the internal elastic lamina, without narrowing of the lumen in re-
sponse to increasing plaque burden1, 3, 4. A study by Schoenhagen et al. found 
that positive remodeling and larger plaque areas are associated with unstable 
clinical presentation3, showing that complications of atherosclerotic plaques 
can arise in vessels without a hemodynamically significant stenosis. These 
findings suggest a potential role for imaging of the coronary vessel wall as a 
novel tool to improve risk stratification by non-invasive identification of coro-
nary plaques. 

The current standard of reference for in-vivo visualization of coronary ves-
sel wall abnormalities is intravascular ultrasonography (IVUS). At present, 
IVUS is the most accurate and widely used imaging modality for assessment of 
coronary vessel wall geometry in patients, but it is an invasive and costly tech-
nique that is not suitable for screening asymptomatic subjects. 

Because of its non-invasiveness and the ability to visualize and distinguish 
soft tissues, magnetic resonance imaging (MRI) has emerged as a potential 
alternative to IVUS for imaging of the arterial vessel wall5, 6. Due to its lack of 
ionizing radiation, MRI is well-suited for serial imaging, offering the possibility 
to monitor the effect of pharmacologic intervention on plaques7, 8. Previous 
studies have demonstrated the capability of MRI to visualize the coronary 
vessel wall with high spatial resolution as well as vessel wall thickening and 
positive remodeling in patients9, 10. Despite these encouraging results it re-
mains unclear if and to what extent changes found with MR coronary vessel 
wall imaging (MR-CVW) accurately reflect true underlying coronary wall thick-
ening. 
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The aim of this study was to investigate the ability of MR-CVW to accurately 
detect right coronary artery (RCA) wall thickening and positive remodeling in 
comparison to the established standard of reference, IVUS. 

Methods 

Subjects 

Consecutive patients with symptoms of chest pain who were referred for CAG 
were included in this study if they were older than 18 years and after giving 
informed consent. Exclusion criteria were hemodynamic instability, severe 
arrhythmia and contra-indications for MRI. Approval of the institutional re-
view board was obtained prior to the start of this study. 

MR Imaging protocol 

All scans were performed on a clinical 1.5 T system (Intera, Release 11.1 Phil-
ips Medical Systems, Best, The Netherlands) using a dedicated 5-element pha-
sed-array cardiac coil. Subjects were examined in the supine position. First, 
localizing scans were obtained and the subject specific trigger delay and ac-
quisition window were determined. These scans were followed by coronary 
MR angiography (CMRA) of the RCA. The imaging plane through the RCA was 
determined by a 3-point plan scan tool, resulting in targeted, longitudinal 
visualization of the entire RCA in a double oblique plane. For CMRA we used a 
bright blood balanced steady state free precession (bSSFP) sequence 
(TR/TE/FA: 6.2/3.1/120°, in-plane spatial resolution: 0.98x0.98 and slice thick-
ness 3 mm). In the same orientation, a coronary vessel wall scan was acquired 
with a proton density weighted 3D fast gradient echo sequence employing 
radial k-space sampling. A localized double inversion recovery (DIR) prepulse, 
as previously published10, 11, was used to visualize the coronary wall. In brief, 
imaging parameters for the vessel wall scan were: Data acquisition: every 
other heartbeat, TR: 8.0 ms, TE: 2.0 ms, flip angle: 30°, field of view: 
300x300mm, matrix: 384x384. The resulting acquired in-plane spatial resolu-
tion was 0.78 x 0.78 mm with a slice thickness of 3 mm. Subsequently, slices 
were interpolated to 1.5 mm. SPIR was used for fat suppression. For reduction 
of cardiac motion artefacts, cardiac triggering was used and images were ac-
quired in mid-diastole. To prevent respiratory motion artifacts during this 
free-breathing acquisition, navigator gating was used to select end-expiratory 
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data. Scan duration was approximately 8.9 minutes excluding navigator effi-
ciency at a heart rate of 65 beats per second. 

IVUS imaging protocol 

After performing CAG of the RCA, IVUS imaging was performed in the same 
vessel after administration of 0.2 mg intracoronary nitroglycerin. A commer-
cially available IVUS imaging console (Galaxy 2, Boston Scientific, California, 
USA) and a 40 MHz catheter (Atlantis SR Pro, Boston scientific) were used. 
Images were acquired during continuous pullback at a speed of 0.5 mm/s with 
30 frames per second. 

Image analysis 

For analysis purposes the RCA was divided into three segments according to 
the American Heart Association classification12. Only the proximal and middle 
segments of the RCA (segments 1 and 2) were analyzed. In these two seg-
ments four regions of interest (ROIs) were defined in consensus by 2 observ-
ers who were blinded to IVUS results. In both the anterior and posterior vessel 
wall one ROI per segment was identified (figure 1). Due to tortuousity of the 
coronary arteries and performing measurements on source images instead of 
multiplanar reformats to prevent reconstruction errors, multiple short ROIs 
were delineated. Thickened as well as non-thickened parts of the vessel wall 
were included to ensure a mix of diseased and non-diseased ROIs. After selec-
tion of ROIs in the MR-CVW datasets, one observer independently matched 
the MR images with the IVUS datasets using dedicated viewing and analysis 
software for the IVUS (QCU-CMS, (Leiden University Medical Center, Depart-
ment of Radiology, Division of Image Processing, Leiden, The Netherlands, in 
cooperation with MEDIS13) and MR datasets (VesselMASS, Leiden University 
Medical Center, Department of Radiology, Division of Image Processing, Lei-
den, The Netherlands14), which allow for rotational display of stretches vessel 
wall views of both the IVUS and MR-CVW images of the RCA. Due to the ani-
sotropic resolution of MR-CVW, reconstructed axial MR-CVW images are not 
suited for analysis and therefore a stretched view of the IVUS data was recon-
structed and compared to the longitudinal MR-CVW data for matching pur-
poses. Matching was performed by visual comparison of regions with and 
without wall thickening followed by measuring the distance of the ROI to 
landmarks like the ostium of the RCA and the nearest bifurcation points (side 
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branches) on both MRI and IVUS to be sure that the same area of the vessel 
was included (figure 2). 
 

 

 
Each ROI in the MR images was analyzed by 2 observers in consensus regard-
ing the presence of disease. Because of anticipated differences between abso-
lute vessel wall thickness and measured wall thickness due to limitations in 
spatial resolution of MR-CVW, regions of interest were visually compared to 

 
Figure 1. Measurement of vessel wall thickness on source images. The anterior and posterior 
vessel walls are delineated as separate ROIs in segment 2 of the right coronary artery (A). In 
each ROI 100 measurements are made of the anterior (yellow) and posterior (red) wall thick-
ness (B). The custom made software program calculates wall thickness over the entire length of
the measured ROIs for the anterior (index 1) and posterior (index 2) vessel wall (C). 

 
Figure 2. 61 y/o female with stable angina. X-ray angiography (A) and coronary MRA (B) dem-
onstrate high grade stenosis in the proximal RCA. C) corresponding MR vessel wall scan demon-
strate several area’s with vessel wall thickening and high signal intensity. E (distal RCA), F (dis-
eased area) and G (proximal RCA) are cross-sectional IVUS images and refer to the correspond-
ing area’s as shown on stretched MPR of the vessel wall scan (D) and the longitudinal IVUS-
reformat (H). F is the area of maximum stenosis. 
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the rest of the vessel wall. A ROI was considered ‘diseased’ if there was focal 
vessel wall thickening or clearly increased signal intensity as well as corre-
sponding luminal narrowing compared to adjacent, regularly delineated seg-
ments. If there was no luminal narrowing but the vessel wall was thickened 
compared to the adjacent vessel wall, the ROI was classified as “positive re-
modeling” and therefore also classified as a diseased segment. ROIs with 
normal lumen diameter compared to the rest of the vessel and with a vessel 
wall that had no areas of focal wall thickening or focal high signal intensity, 
were classified as “not diseased”. The probability of disease in the MR-CVW 
images was scored using the following 5-point scale: 5 = certainly diseased, 4 
= probably diseased, 3 = uncertain, 2 = probably not diseased, 1 = certainly 
not diseased. On IVUS images, the high spatial resolution allows for more ac-
curate quantification of vessel wall thickness. A ROI was classified as normal if 
there was no intimal thickening or intimal thickening less than 0.3 mm. A 
segment was classified as “diseased” on IVUS if there was visible plaque or 
wall thickening more than 0.3 mm15. 

Quantitative evaluation of the MR images of the RCA vessel wall was per-
formed with the custom made software package VesselMASS. In the prede-
fined ROIs, the inner and outer borders of the vessel wall were manually de-
lineated. To avoid errors in thickness measurement due to reconstruction 
errors, only source images were used for measurements. For each ROI, mini-
mal, maximal and mean vessel wall thickness of the right coronary vessel wall 
were measured. 

Quantitative analysis of IVUS images was performed in QCU-CMS and con-
sisted of offline measurement of minimal, mean and maximal vessel wall 
thickness in each ROI on axial source images after choosing the correct radial 
through the vessel. 

Statistical analysis 

Statistical analysis was performed with SPSS 15 for Windows (SPSS Inc, Chi-
cago, IL, USA). Sensitivity, specificity, negative predictive value (NPV) and posi-
tive predictive value (PPV) were calculated based on the final diagnosis on 
MRI using IVUS as the standard of reference. Sensitivity and specificity for 
different degrees of certainty for diagnosing the presence of disease on MR-
CVW were compared to the final diagnosis on IVUS, and visualized using re-
ceiver operating characteristic (ROC) curve analysis and the corresponding 
area under the curve (AUC). In addition, mean wall thickness as measured in 
matched ROIs at MR-CVW and IVUS was compared using the paired samples t-
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test. The relationship between measurements with both techniques were 
evaluated with linear regression analysis and visualized with Bland Altman and 
scatterplots. Significance was established at a p value of less than 0.05. 

Results 

Of the 23 patients enrolled in this study, evaluable IVUS and MR images were 
obtained in 17 patients. Six out of 23 patients were excluded from analysis 
because of unexpected claustrophobia and therefore inability to undergo MRI 
(n=2), withdrawal from the study after MRI but before IVUS (n=2), difficulties 
to perform IVUS (n=1) or inability to delineate the coronary vessel wall with 
certainty on MR-CVW due to higher signal intensity of the surrounding tissue, 
probably due to insufficient fat suppression (n=1). Demographic data and 
known risk factors of the remaining 17 patients are summarized in table 1. No 
data about coronary calcium score was available for our subjects. MRI and 
IVUS were performed in random order, with a mean interval of 12 ± 10 days 
(range: 1–30 days).  

CAG revealed significant stenoses (≥50%) in the proximal and mid RCA of 
six subjects, one subject had a significant stenosis in the distal RCA, 7 subjects 
had non-significant (< 50%) stenoses in the RCA and 3 subjects had no an-
giographically visible stenoses in the RCA. Five out of these 7 subjects with 
non-significant stenoses in the RCA underwent percutaneous intervention of 
lesions in the left anterior descending or circumflex artery. 
 
Table 1. Patient characteristics. 

 Evaluable patients 
(N=17) 

characteristics  
Male sex, n (%) 15 (88) 
Age, y (±SD) 60.12 (9.06) 
≥50% stenosis in proximal and mid RCA, n (%) 6 (35) 
Weight, kg (±SD) 83.47 (12.89) 
Systolic blood pressure, mm Hg (±SD) 134 (11.03) 
Diastolic blood pressure, mm Hg (±SD) 77 (9.94) 
Diabetes, n (%) 1 (5.9) 
Current smoker, n (%) 4 (24) 
Hypertension, n (%) 9 (59) 
Cholesterol lowering medication, n (%) 16 (94) 
Patient characteristics of the 17 patients with evaluable images. 
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In the included patients, the proximal, middle and often the distal part of the 
RCA were visualized on the MR-CVW scan. As explained above, multiple short 
vessel wall segments in the proximal and middle RCA were used for analysis 
since only short ROIs could be delineated per slice. Not all of the 68 (17x4) 
potential ROIs could be analyzed because there was a discrepancy between 
IVUS and MR-CVW in the number of available ROIs. In 8 patients, less than 4 
ROIs were available on MR-CVW due to the inability to distinguish the vessel 
wall from the lumen (n=6, all distally located in the middle RCA segments) or 
surrounding tissue (n=2). In addition, IVUS pullback distance was sometimes 
shorter than the visualized vessel wall on MR-CVW due to inability to insert 
the IVUS catheter deep enough in the RCA beyond a severe stenosis or tortu-
ousity of the RCA (n=3), and in some patients the origin of the RCA was not 
well visualized on IVUS due to the need to insert the guiding catheter into the 
origin (n=3). In the 17 subjects in whom both MR-CVW and IVUS were avail-
able a comparison between IVUS and MR-CVW was eventually performed in 
52 matched ROIs located in the proximal and middle RCA, consisting of both 
diseased and non-diseased segments. The mean length per ROI was 10.6 ± 2.6 
mm (range 6.2–18.5 mm). In figure 2 results are shown of a patient with ste-
nosis of the proximal RCA. 

 

 
Figure 3. Receiver operating characteristic (ROC) curve. ROC curve for different degrees of 
certainty for diagnosing the presence of disease. The area under the curve (AUC) is 0.88. 
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Based on MRI, 15/52 (29%) segments were classified as normal and 37/52 
(71%) as diseased. On IVUS, 17/52 ROIs (33%) were classified as normal, and 
35/52 ROIs (67%) were classified as diseased. Based on IVUS, there was only 
one patient completely free of vessel wall thickening in all visualized seg-
ments. There was good agreement between MR-CVW and IVUS with regard to 
the assessment of disease. Based on qualitative assessment of presence of 
disease, sensitivity was 94%, specificity was 77%, NPV was 87% and PPV was 
89%. The ROC-curve demonstrated an AUC of 0.88 (95% CI 0.76–0.99; figure 
3). In all subjects with significant stenoses in the proximal and middle RCA as 
demonstrated by CAG, the lesion was also visualized with both IVUS and MRI. 

There was disagreement between IVUS and MR-CVW with regard to the 
presence of disease in 6/52 vessel wall segments (12%). MR-CVW was false 
negative in 2 ROIs, and false positive in 4 ROIs. Comparison of IVUS and MR-
CVW images demonstrated heavy calcification of the coronary vessel wall in 
the 2 false negative ROIs (in the same patient), with preservation of normal 
lumen diameter. The four false positive ROIs that were seen (3 patients) had 
mild intima hyperplasia at IVUS with a thickness of less than 0.3 mm in 2 ROIs 
and normal vessel wall thickness in the other 2 ROIs.  

Results of vessel wall thickness measurements are listed in table 2. With 
IVUS a significantly lower vessel wall thickness was found when compared to 
MR-CVW (0.48 vs 1.24 mm, p<0.001). There was large heterogeneity between 
the different measurements resulting in a low R2 value of 0.17 (figure 4). 
Bland Altman analysis demonstrated that the heterogeneity of measurements 
was independent of average vessel wall thickness (figure 4). However, there 
was a significant difference in vessel wall thickness between segments classi-
fied as normal versus segments classified as diseased on both MR-CVW (1.07 
vs 1.32 mm, p=0.004) and IVUS (0.27 vs 0.59 mm, p<0.001). 
 
Table 2. Wall thickness measurements. 

 Overall 
(N=52) 

diseased ROI’s 
(N=35) 

normal ROI’s 
(N=17) 

P (normal vs 
diseased) 

MR-CVW (mm (±SD)) 1.24 (±0.30) 1.32 (±0.30) 1.07 (±0.22) 0.004 
IVUS (mm (±SD)) 0.48 (±0.25) 0.59 (±0.22) 0.27 (±0.14) <0.001 
Ratio (MR / IVUS) 3.3 (±1.89) 2.6 (±1.25) 4.9 (±2.1) <0.001 
p <0.001 <0.001 <0.001  
Mean vessel wall thickness (mm (±SD)) in 52 matched regions of interest (ROI’s) as measured 
on coronary vessel wall MRI (MR-CVW) and intravascular ultrasound (IVUS) and divided in 
diseased and normal ROI’s. 
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Figure 4. Correlation of coronary vessel wall thickness measurements. Bland Altman plot (A) 
and scatterplot (B) for coronary vessel wall thickness as measured on intravascular Ultrasound
(IVUS) and the MR coronary vessel wall scan (MR-CVW). There is a large heterogeneity of wall 
thickness measurements when IVUS is compared to MR-CVW, resulting in a low correlation 
coefficient (R2=0.17). 

Discussion 

In the current study we found that MR-CVW imaging is able to detect focal 
coronary artery vessel wall thickening with high accuracy compared to the 
established standard of reference IVUS. Both positive remodeling as well as 
wall thickening associated with coronary stenosis could reliably be detected 
with MR-CVW, although the accuracy of absolute quantification of wall thick-
ness is limited by the lower spatial resolution of MRI. 

Vessel wall imaging is an area of research that has attracted intense inter-
est over the past few years. MRI was first used to visualize the carotid and 
aortic vessel wall5, 6, 16. With improvements in MR hardware and sequences, 
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imaging of the coronary vessel wall became feasible9, 10. Coronary artery dis-
ease is the leading cause of mortality and morbidity in the western world17, 
and prevention of its complications is of great importance. The ultimate aim 
of imaging the vessel wall is detection and subsequent preventive treatment 
of relevant lesions prior to the development of symptoms due to 
atherothrombosis. Risk assessment scores like PROCAM18 or Framingham19 
give an indication of risk for complications due to atherosclerosis, but these 
risks are based on population level rather than on an individual basis. 

To our knowledge, this is the first study to demonstrate that atheroscle-
rotic changes in the vessel wall as seen with MR-CVW accurately mirror the 
findings as obtained with the established standard of reference, IVUS. Al-
though 17 subjects is a limited amount of subjects, we analyzed multiple seg-
ments per subject and we believe that the segment-by-segment analysis from 
this pilot study gives a good impression about the possibilities and limitations 
of MR-CVW compared to IVUS. Due to time constraints we limited imaging to 
the RCA. However, MR-CVW can also be performed in the LAD11. Further-
more, MR-CVW is not only capable of detecting advanced atherosclerosis, but 
also early stages of the disease process such as positive remodeling. 

Despite the capability to accurately identify segments of the coronary wall 
that harbored disease, we found a low correlation between absolute meas-
urements of vessel wall thickness. Presumably due to limitations in spatial 
resolution of MRI we found a systematic overestimation of wall thickness by 
MR-CVW compared to IVUS. A thickness of the intima-media complex smaller 
than 0.3 mm is suggested as an empirical arbitrary cut-off to distinguish be-
tween atherosclerotic plaque and mild physiological intimal thickening15. This 
value of 0.3 mm at IVUS was used as the cutoff value to distinguish diseased 
from non-diseased coronary artery segments. The in-plane spatial resolution 
of the MR vessel wall sequence as used in our study was 0.78 mm. According 
to physics, the minimal distance between two points which can be visually 
distinguished at full width at half maximum (FWHM) is 2 times the pixel dis-
tance, in our study this would be 1.6 mm. Therefore, with currently used spa-
tial resolution, small changes in wall thickness as found by IVUS cannot accu-
rately be distinguished by measuring wall thickness on MR-CVW but are prob-
ably distinguished by changes in pixel intensity due to partial volume effects. 
Due to the non-isotropic voxel size and the chosen imaging plane, these par-
tial volume effects are mostly encountered in the slice-direction. In figure 4, it 
can be seen that the mean overestimation of MR-CVW versus IVUS is ap-
proximately 0.8 mm, i.e. one pixel width. It is likely that studies using opti-
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mized protocols, axial imaging planes or high field MR-systems would demon-
strate better results. However, in our study we chose for large coverage of the 
RCA and we validated the most commonly used technique for coronary vessel 
wall imaging. Despite the limited spatial resolution of this technique, MR-CVW 
was still capable of detecting thickened coronary vessel wall by using qualita-
tive evaluation of vessel wall characteristics such as identification of areas 
with a focal increase in signal intensity, or focal wall thickening, as demon-
strated by the good agreement in detection of wall thickening between MR-
CVW and IVUS. 

Apart from the lower spatial resolution there are other potential reasons 
that could have caused the discrepancies that were found between MR-CVW 
imaging and IVUS. In this study, there was a difference in the layers of the 
vessel wall that were included in the measurement. On IVUS, only intima-
thickness was measured. With the current spatial resolution of MR-CVW, dif-
ferent vessel wall layers cannot be distinguished. Measurement of wall thick-
ness on MRI therefore includes intima, media and adventitia. Secondly, 
matching of images was challenging, mainly because of difficulties in identify-
ing the best matching longitudinal cross-section on IVUS for the ROIs drawn 
on MR-CVW and also due to some distortions of the RCA on IVUS, which was 
caused by the presence of an intravascular catheter and rotation of the IVUS 
catheter in the vessel due to vessel curvature. To minimize errors, we corre-
lated the position of the ROIs to the origin of the RCA and the position of side 
branches. In our study, only vessel wall thickness was measured on both IVUS 
and MRI. For future studies, plaque area or volume as measured on axial MR 
images instead of wall thickness measurements on longitudinal images might 
be a more accurate representation of plaque burden. Furthermore the use of 
axial MR-CVW imaging decreases the chance for matching-errors due to par-
tial volume effects in the slice encoding direction. However, this implies that 
the currently used, relatively fast longitudinal MR-CVW should be changed to 
a more time consuming axial vessel wall scan, which limits the area of the 
coronary artery that can be covered in the same imaging time. For instance, 
axial imaging was performed in a large cohort in the Multi-Ethnic Study of 
Atherosclerosis (MESA)20 although in that study only the proximal portions of 
the main coronary arteries were analyzed due to time constraints, and only a 
maximum of 7 slices were acquired per patient. 

Thirdly, we used a double inversion recovery technique to suppress blood 
in the RCA. This technique is flow dependent, and in the present study, only 
the blood in the proximal and middle parts could reliably be suppressed on 
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MR-CVW. Inadequate suppression of (slow-flowing) blood at the lumen-vessel 
wall interface might be the cause of overestimation of wall thickness in the 
four false positive vessel segments. As expected this phenomenon occurred 
mostly in the non-proximal parts of the RCA (3/4 cases). Finally, calcification 
of the vessel wall can lead to underestimation of wall thickness or even the 
inability to visualize the vessel wall in heavily calcified vessel walls, since calci-
fication has a very low signal intensity on MR-sequences16, 21. In our study we 
encountered 2 false negative ROIs on MR-CVW, corresponding IVUS images 
demonstrated calcification of the vessel wall with preservation of the lumen. 
However, in other calcified ROIs as seen with IVUS, there was agreement be-
tween IVUS and MR-CVW. Thus, a pitfall for MR-CVW would be the presence 
of calcified plaque, especially in an area with positive remodeling. However, 
the presence of (heavily) calcified plaques in the coronary vessel wall also 
causes artefacts in IVUS and in Computed Tomography (CT), thereby decreas-
ing the ability for analysis of plaques and, especially in CT, the degree of ste-
nosis22, 23. 

Although the main goal of our study was to validate the MR-CVW tech-
nique by comparing it to the standard of reference IVUS, it must be men-
tioned that CT is more widely available for patient care and in recent studies 
good results were reported for detection of coronary artery disease24, 25. One 
of the main advantages of CT is that scan time is very short, which allows for 
fast assessment of the whole coronary artery tree instead of only the RCA. CT 
correlates better to IVUS than MR-CVW, which is probably related to differ-
ences in spatial resolution (0.4x0.4x0.4 mm in CT26 versus 0.8x0.8x3 mm in 
MR-CVW in the current study). However, there was still some disagreement 
between measurements on CT and IVUS with both overestimation and under-
estimation of plaque volumes, lumen and vessel diameters on CT depending 
on plaque composition (calcified versus non-calcified plaques) and scan pa-
rameters27–29. In addition, although reported radiation doses in the literature 
vary greatly depending on the technique that was used, from 1 mSv to even 
more than 20 mSv30, 31, radiation dose has decreased with newer CT tech-
niques32 But even with low radiation dose, CT still exposes patients to ionizing 
radiation and iodinated contrast agents, both of which make CT less attractive 
for serial imaging, in young or asymptomatic patients and patients with aller-
gies for iodinated contrast agents. MRI can safely be used in these cases. Since 
cardiac MRI already is the standard of reference for measurements of cardiac 
function or detection of scar tissue after myocardial infarction, incorporation 
of coronary lumen and vessel wall sequences in current cardiac protocols 
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could lead to a comprehensive cardiac and coronary evaluation in one exami-
nation. 

Conclusion 

This study demonstrated the ability of MR-CVW to accurately detect coronary 
vessel wall thickening in the RCA when compared to IVUS, the standard of 
reference for coronary vessel wall imaging. However, MR-CVW systematically 
overestimates absolute coronary vessel wall thickness. 
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Abstract 

Introduction: Magnetic resonance imaging (MRI) is sensitive to early athero-
sclerotic changes such as positive remodeling in patients with coronary artery 
disease (CAD). We assessed prevalence, quality and extent of coronary athero-
sclerosis in a group of healthy subjects compared to patients with confirmed 
CAD. 
Methods: Twenty -two patients with confirmed CAD (15M, 7F, mean age 60.4 ± 
10.4 years) and 26 healthy subjects without history of CAD (11M, 15F, mean age 
56.1 ± 4.4 years) underwent MRI of the right coronary artery (RCA) and vessel 
wall (MR-CVW) on a clinical 1.5T MR-scanner. Wall thickness measurements of 
both groups were compared. 
Results: Stenoses of the RCA (both < and ≥50% on CAG) were present in all pa-
tients. In 21/22 patients, stenoses detected at MRI corresponded to stenoses 
detected with conventional angiography. In 19/26 asymptomatic subjects, there 
was visible luminal narrowing in the MR luminography images. Fourteen of the-
se subjects demonstrated corresponding increase in vessel wall thickness. In 
4/26 asymptomatic subjects vessel wall thickening without luminal narrowing 
was present. Maximum and mean wall thickness in patients were significantly 
higher (2.16 vs 1.92 mm, and 1.38 vs 1.22 mm, both p<0.05). 
Conclusion: In this cohort of middle-aged individuals, both patients with stable 
angina and angiographically proven coronary artery disease as well as age-
matched asymptomatic subjects exhibited coronary vessel wall thickening de-
tectable with MR coronary vessel wall imaging. Maximum and mean wall thick-
ness were significantly higher in patients. The vast majority of asymptomatic 
subjects had either positive remodeling without luminal narrowing, or non-
significant stenosis. 
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Introduction 

Coronary artery disease (CAD) remains the leading cause of mortality and mor-
bidity in the Western World and developing countries despite continued im-
provements in prevention and early diagnosis1, 2. The most frequent cause un-
derlying an acute coronary event is disruption of an atherosclerotic plaque3, 4. 
Rupture-prone plaques are referred to as thin-cap fibroatheroma and charac-
terized pathologically as having a large necrotic core, high macrophage content 
and a thin, fibrous cap3, 4. 

In asymptomatic individuals acute myocardial infarction and sudden death 
may be the first clinical manifestation of coronary atherosclerosis5. About 50–
64% of all sudden cardiac deaths occur without prior recognition of coronary 
heart disease1. Well-established risk factors for coronary atherosclerosis are 
hypercholesterolaemia, hypertension, cigarette smoking, diabetes mellitus, and 
systemic inflammation6, 7. However, despite their usefulness for global risk as-
sessment, these parameters lack specificity for prediction of individual coronary 
plaque burden. 

Detection of subclinical coronary atherosclerosis in high-risk patients might 
become an important strategy to prevent clinical coronary heart disease. Com-
pared to other imaging modalities magnetic resonance imaging (MRI) has supe-
rior ability to differentiate soft tissues and has shown to facilitate characteriza-
tion of atherosclerotic plaque components in the aorta and carotid artery by 
using multisequence MRI8–10. These properties make it uniquely suited for serial 
non-invasive imaging of the vessel wall, and for monitoring effects of pharma-
ceuticals on plaque progression or regression. Prior work has demonstrated the 
capability of MRI to visualize the coronary vessel wall (CVW) with high spatial 
resolution, as well as vessel wall thickening and positive Glagov-type remodel-
ing in patients11–13. 

In this study we sought to evaluate the prevalence and extent of coronary 
atherosclerosis in a cohort of middle-aged subjects without clinical CAD. MR 
coronary vessel wall (MR-CVW) characteristics were compared to a positive 
control group of patients with angiographically confirmed CAD. 
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Materials and Methods 

Subjects 

Between October 2005 and February 2007, 26 middle-aged subjects without 
previous history or clinical symptoms of CAD and 25 patients with symptoms of 
stable angina and angiographically confirmed CAD were enrolled. Healthy sub-
jects were recruited via newspaper advertisement. Patients were recruited from 
the cardiology outpatient clinic of our hospital after having x-ray coronary an-
giography (CAG). Patients with confirmed CAD underwent MRI prior to percuta-
neous coronary intervention. Hemodynamically unstable patients or patients 
with previous interventions in the right coronary artery (RCA) as well as patients 
with severe arrhythmia or contra-indications for MRI were excluded. Approval 
of the Maastricht University Medical Center review board and written informed 
consent of all participants were obtained prior to inclusion. 

In addition to registration of demographic data and risk factors, the esti-
mated glomerular filtration rate (eGFR) and PROCAM-score14 were calculated 
whenever data were available. 

MR Imaging protocol 

All MR studies were performed on a clinical 1.5T system (Intera, Release 11.1 
Philips Medical Systems, Best, The Netherlands) using a dedicated 5-element 
phased-array cardiac radiofrequency (RF) coil. Subjects were examined in the 
supine position. First, localizer scans were obtained and the subject specific 
middiastolic trigger delay and acquisition window were determined. These 
scans were followed by a double oblique oriented three-dimensional (3D) bright 
blood balanced steady state free precession (bSSFP) coronary MR angiography 
(CMRA) of the RCA (TR/TE/FA: 6.2/3.1/120°, resolution: 0.98x0.98x3 mm). In 
the same orientation, a vessel wall scan was acquired (3D FFE, radial k-space 
sampling, modified double inversion recovery (DIR) prepulse) as previously de-
scribed13, 15, 16. Imaging parameters for the vessel wall scan were: TR: 8 ms, re-
peated every other heartbeat for good blood suppression, TE: 2.0 ms, Flip An-
gle: 30°, Field of view: 300x300mm and matrix: 384x384. Twenty interpolated 
slices of 1 mm were obtained. The resulting (acquired) spatial resolution was 
0.78x0.78x2 mm. Cardiac gating and a 2D navigator beam were used for com-
pensation of cardiac and respiratory motion. This protocol has previously been 
shown to result in highly reproducible images of the coronary vessel wall in 
healthy volunteers16. No contrast agents or sublingual nitroglycerin were used. 
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Evaluation of coronary artery stenosis and plaque burden 

Image quality (IQ) of the vessel wall datasets was scored by two experienced, 
independent blinded observers on a 4 point scale: 1=well-defined vessel wall 
borders and high vessel wall-to-background contrast; 2=some blurring of the 
vessel wall borders, average to good vessel-wall to background contrast; 
3=major artifacts or severe blurring of the vessel wall borders, low to average 
vessel wall-to-background contrast, and 4=vessel wall cannot be identified, very 
low vessel wall-to-background contrast (modified from Zhang et al.17 and 
Spuentrup et al.18). An experienced cardiologist blinded to the results of the 
vessel wall scans assessed the location and degree of a stenosis on the CMRA 
images. Coronary artery luminograms were classified as negative when there 
was no visible sign of disease or mild to moderate luminal narrowing (stenosis 
<50%). Significant disease (stenosis ≥50%) was considered to be present in 
cases of obvious narrowing of the vessel or marked attenuation of coronary 
lumen signal19. X-ray coronary angiography (CAG) - available in all CAD patients 
– was visually interpreted by different cardiologists prior to MRI. 

Subsequently, an observer blinded to clinical data quantitatively analyzed 
coronary artery wall images. Minimum, mean and maximum wall thickness 
were measured on the 3D vessel wall sequence. Lumen diameter was measured 
on both bSSFP and MR-CVW images. For measurements, a custom made soft-
ware package was used (VesselMASS, Leiden University Medical Center, de-
partment of Radiology, division Image Processing, Leiden, the Netherlands)20, 
adapted for viewing and analysis of longitudinal coronary vessel wall images. 
For analysis purposes the RCA vessel wall was divided into three segments ac-
cording to the American Heart Association classification21. 

To prevent errors in wall thickness and lumen diameter measurements due 
to reconstruction errors, only source images were used for measurements. In 
source images where the vessel wall was visible, the inner and outer borders of 
the anterior and posterior vessel wall were manually delineated (figure 1). Each 
resulting region of interest (ROI) was automatically divided in 100 subsegments 
for quantitative analysis of wall thickness. Because measurements in adjacent 
subsegments are not independent due to partial volume effects we corrected 
for the length of the measured segment and spatial resolution by only using 
subsegments from separate voxels and discarding measurements in between. 
The number of included segments equals the number of voxels in the ROI, 
which was calculated by dividing the length of the ROI by the in-plane spatial 
resolution. Coronary plaque burden was quantified as the mean and maximum 
RCA vessel wall thickness along the proximal two vessel segments19. In addition 
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to measuring wall thickness, a normalized wall index was calculated 
(100*(diameter lumen divided by the sum of anterior and posterior wall thick-
ness)) to get a better quantitative impression about the degree of positive re-
modeling. 

 

 
Figure 1. Measurement of vessel wall thickness and signal intensity on source images. The ante-
rior and posterior vessel walls are delineated (A). In each segment 100 measurements are made 
of the thickness and signal intensity of the proximal and distal RCA vessel wall and the diameter of 
the lumen (B,C). The custom made software program calculates wall thickness, signal intensity, 
and lumen diameter (D-F) over the entire length of the measured segment. 

 
Based on both CMRA and MR-CVW, areas could be classified as diseased or not-
diseased according to the following criteria: ROIs with vessel wall thickening 
were classified as diseased. This could either be in areas of stenosis (combina-
tion of luminal narrowing with vessel wall thickening) or in areas with positive 
remodeling (wall thickening without luminal narrowing. ROIs with normal lumen 
diameter compared to the rest of the vessel and with a vessel wall that had no 
areas of focal wall thickening or focal high signal intensity, were classified as 
“not diseased”. Since calcified plaques demonstrate low signal intensity on all 
MR sequences and can therefore be difficult to visualize, ROIs with obvious 
luminal narrowing but without visible vessel wall thickening were interpreted as 
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diseased with (heavily) calcified plaque if overall image quality of the vessel wall 
scan was good and if the vessel wall and lumen could be distinguished in other 
segments of the vessel. 

Statistical analysis 

Statistical analysis was performed using SPSS 11.5 (SPSS Inc., Chicago, IL, USA). 
Differences in IQ between the patient and control group were compared using a 
Wilcoxon rank-sum test. Minimum, maximum and mean wall thickness and the 
normalized wall index in both groups were compared using an unpaired student 
t-test. Differences between men and women in both groups were analyzed us-
ing a Wilcoxon rank-sum test. In addition, we pooled the results by testing the 
global hypothesis that all results of the measurements (minimum, maximum 
and mean values) of vessel wall thickness were equal using the ordinary least 
square test22, 23. Significance was assumed at two-tailed p values of less than 
0.05. 

Results 

Subject characteristics 

All 51 subjects underwent coronary MRI without complications. In three pa-
tients, the coronary vessel wall sequence could not be performed due to severe 
back pain (1 patient) and software problems (2 patients). This resulted in evalu-
able vessel wall scans in 26 asymptomatic subjects (11 M, mean age 56±4 yrs) 
and 22 patients (15 M, mean age 60±10 yrs). 

Clinical characteristics of this study cohort are listed in table 1. There was a 
significant difference in subjects’ weight and the presence of hypercholes-
terolemia and hypertension between both groups. In the patient group, there 
was a trend towards higher prevalence of males and higher age, higher inci-
dence of diabetes, and higher PROCAM score. In patients (n=12) in whom a 
PROCAM score could be calculated, a 10-year risk for acute coronary events of 
12.0% (±8.1, range: 1.3–25.1%) was present, versus 4.8% (±2.4, range: 1.9–8%) 
in control subjects (n=6). Linear regression showed a weak correlation between 
eGFR and mean wall thickness (R: 0.54, p<0.01). In subjects with low eGFR de-
creased vessel wall thickness was found. 
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Table 1. Subject characteristics. 

 Patients 
(N=22) 

Asymptomatic subjects 
(N=26) 

P 

characteristics    
Gender, male n (%) 15 (68) 11 (42) 0.08 
Age, y (±SD) 60.41 (10.35) 56.08 (4.43) 0.08 
Weight, kg (±SD) 81.27 (15.59) 71.35 (13.73) 0.02 
Systolic blood pressure, mm Hg (±SD) 137 (14.16) 133 (16.38) 0.39 
Diastolic blood pressure, mm Hg (±SD) 80 (9.28) 79 (11.46) 0.87 
Diabetes, n (%) 3 (13.6) 0 (0) 0.08 
Current smoker, n (%) 3 (13.6) 5 (19.2) 0.61 
Hypertension, n (%) 13 (59.1) 1 (3.8) <0.01 
Hypercholesterolemia, n (%) 11 (50) 2 (7.7) 0.01 
eGFR (±SD) mL*min-2*1.73 m-2 88.61 (27.5) (n=22) 76.01 (24.2) (n=9) 0.24 
PROCAM-score (±SD)† 44.6 (9.7) (n=12) 36.0 (6.0) (n=6) 0.07 
* eGFR: estimated Glomerular Filtration Rate. 
† PROCAM-score: based on the PROspective CArdiovascular Muenster study-scoring scheme. 

Coronary artery atherosclerosis 

The prevalence of coronary stenoses as identified by CMRA in the 48 subjects 
with complete scans is listed in Table 2. Significant coronary artery stenoses 
(≥50%) were found in 17 patients on CMRA, but only in 16 patients on CAG. In 
19/26 asymptomatic subjects (73%), there was evidence of at least some lu-
minal narrowing on CMRA. Nine of these 19 asymptomatic subjects had a sig-
nificant stenosis (≥ 50%). In the patient group, the degree of stenosis as esti-
mated on CMRA (< or ≥ than 50%) was compared to the results of CAG. In 21 
out of 22 patients (95%), location of stenoses detected on CMRA corresponded 
to stenoses detected with CAG, although in some segments there was overes-
timation of the degree of stenosis on CMRA. Agreement between CAG and 
CMRA for detection of lesions is demonstrated in table 3. Sensitivity and speci-
ficity were 100% and 83%, respectively. 
 
Table 2. Stenoses on coronary MRA. 

 Patients 
(N=22) 

Asymptomatic 
Subjects (N=26) 

No stenoses  0 (0) 7 (27) 
<50% stenoses 5(23) 10 (38) 
≥50% stenoses 17 (77) 9 (35) 
Prevalence of stenoses (number (%)) in the right coronary artery as seen with coronary MRA. 
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Table 3. Comparison between CMRA and CAG on segment level. 

  CAG 
 0–50% ≥50% 

Non-evaluable 
segments 

CMRA proximal <50% 
≥50% 

10 
2 

0 
10 

0 

CMRA mid (*) <50% 
≥50% 

10 
3 

0 
8 

1 (CAG) 

<50% 10 0 CMRA distal 
≥50% 5 2 

4 (CMRA) 
1 (CAG) 

Agreement between coronary MRA (CMRA) and X-ray coronary angiography (CAG) on degree of 
stenoses in the right coronary artery in patients with coronary artery disease (N=22) in the proxi-
mal, mid and distal RCA. Values represent number of segments. 

 
Lumen diameter as measured on MR-CVW, was slightly smaller compared to 
diameters measured on CMRA. In patients, lumen diameter on CMRA was 
1.86±0.46 mm, versus 1.66±0.53 mm on MR-CVW (p= 0.02). In asymptomatic 
subjects, lumen diameter was 2.01±0.55 mm on CMRA and 1.64±0.63 mm on 
MR-CVW (p<0.01). The slight difference in in-plane spatial resolution between 
both techniques (0.99 mm on CMRA, 0.78 mm on MR-CVW), can theoretically 
lead to overestimation of the lumen diameter on CMRA, but also overestima-
tion of coronary stenoses, or underestimation of lumen diameter on MR-CVW. 
However, on MR-CVW partial volume may play a more important role since the 
lumen is surrounded by vessel wall. It is more probable that lumen measure-
ments are more accurate on CMRA, although a slight influence of the signal of 
the vessel wall on diameter measurements on CMRA cannot be ruled out com-
pletely. In theory however, we expect that this effect is minimal due to the 
technique used for suppression of myocardial signal (T2prep). Since the vessel 
wall is mainly composed of smooth muscle cells, collagen and elastin, the T2 is 
expected to be similar to the T2 of myocardium. Because of signal suppression 
due to T2prep, only little signal contribution of the vessel wall can be expected. 

There was a trend towards smaller minimum lumen diameter as measured 
on the luminography sequence in the patient group (1.06±0.58 mm in patients 
vs 1.35±0.53 mm in asymptomatic subjects, p=0.08). However, no significant 
differences could be demonstrated between mean (1.86±0.46 mm in patients, 
2.0±0.55 mm in asymptomatic subjects, p=0.35) and maximum (2.91±0.57 mm 
in patients, 2.73±0.70 mm in subjects, p=0.35) luminal diameters of the two 
groups (Table 4). 

IQ of the vessel wall scans was good in the majority of cases with a mean 
score of 1.42±0.58 for all subjects. There was no significant difference in IQ be-
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tween patients and asymptomatic subjects (1.32±0.57 vs 1.5±0.58 for observer 
1, p=0.21, 1.42±0.58 vs 1.41±0.59 for observer 2, p=0.9). 
 
Table 4. Vessel wall thickness and lumen diameter measurements. 

 Patients 
(N=22) 

Asymptomatic 
subjects (N=26) 

p 

Vessel wall:    
Minimal vessel wall thickness (mm) (±SD) 0.71 (0.19) 0.65 (0.16) 0.269 
Maximal vessel wall thickness (mm) (±SD) 2.16 (0.37) 1.92 (0.44) 0.048 
Mean vessel wall thickness (mm) (±SD) 1.38 (0.18) 1.22 (0.22) 0.011 
Overall (standardized) wall thickness (±SD)  0.87 (2.25) -0.74 (2.57) 0.026 
Lumen CMRA    
Minimal lumen diameter (mm) (±SD) 1.06 (0.58) 1.35 (0.53) 0.080 
Maximal lumen diameter (mm) (±SD) 2.91 (0.57) 2.73 (0.70) 0.354 
Mean lumen diameter (mm) (±SD) 1.86 (0.46) 2.01 (0.55) 0.346 
Lumen MR-CVW    
Minimal lumen diameter (mm) (±SD) 0.91 (0.58) 1.02 (0.53) 0.475 
Maximal lumen diameter (mm) (±SD) 2.57 (0.66) 2.39 (0.81) 0.396 
Mean lumen diameter (mm) (±SD) 1.66 (0.53) 1.64 (0.63) 0.930 
Normalized wall index (%), (±SD) 68.2 (17.0) 82.8 (20.7) 0.012 
Vessel wall thickness and lumen diameter measurements (±SD) measured on both CMRA and MR-
CVW in patients and healthy volunteers. Normalized wall index was calculated as a value to rep-
resent positive remodeling according to the following formula: 100*(lumen diameter / sum of 
anterior and posterior wall thickness). 
 
Various degrees of non-uniform vessel wall thickening were seen on the MR-
CVW scans in patients and asymptomatic subjects (figures 2 and 3). Quantita-
tive results are summarized in Table 4. Maximum and mean wall thicknesses 
were significantly larger in the patient group. The normalized wall index was 
higher in asymptomatic subjects when compared to patients (82.8 ± 20.7 versus 
68.2 ± 17.0, p=0.012), representing an increased wall thickness in all patients 
and asymptomatic subjects but a relatively thicker vessel wall compared to lu-
men diameter in patients. Pooled results of wall thickness also demonstrated a 
significant difference between the groups (p=0.03). 
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Figure 2. MRA and MR-CVW in asymptomatic subjects. Balanced steady state free precession 
(bSSFP) coronary MRA (A,C) and corresponding vessel wall scans (B,D) of the right coronary artery 
(RCA) in asymptomatic subjects. A and B represent the RCA of a 62 y/o female (A,B). There is a 
thin vessel wall with uniform signal intensity (arrows in B). In C and D, the RCA of a 54 y/o female 
is shown. In this subject, the posterior proximal vessel wall is thicker and has higher signal inten-
sity compared to the anterior vessel wall (arrows in D), indicating the presence of positive remod-
eling. Ao indicates aorta. 

 
Overall, there was good agreement between luminal narrowing at CMRA and 
increased wall thickness at MR-CVW in all patients. Agreement between CMRA 
and MR-CVW in asymptomatic subjects is demonstrated in Table 5. There were 
5 asymptomatic subjects with stenoses without wall thickening: in three of the-
se subjects, the area of stenosis was not well visualized on the vessel wall scan, 
in one subject vessel wall and lumen could hardly be distinguished and in one 
subject the location of the vessel wall thickening did not correspond to the area 
of stenosis on CMRA. 
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Figure 3. MRA and MR-CVW in patients with stable angina. X-ray coronary angiography (A,D), 
balanced steady state free precession (bSSFP) coronary MRA (B,E) and corresponding vessel wall 
scans (C,F) of the right coronary artery (RCA) in two patients with stable angina. In a 40 y/o male 
(A-C), vessel wall thickness and signal intensity are increased in areas of stenosis and wall irregu-
larities (arrows). In a 67 y/o female (D-F) the culprit lesion was located in the left anterior de-
scending artery (not imaged). However, the proximal RCA demonstrated wall focal luminal irregu-
larities (arrows in D,E). In F, corresponding focal heterogeneity in wall thickness and signal inten-
sity of the entire vessel wall are clearly visible. Ao indicates aorta. 

 
Table 5. MR-CVW versus CMRA 

CMRA   
No stenoses Stenoses 

MR-CVW No Wall thickening 3 5 
 Wall thickening 4 14 
Agreement between MR coronary vessel wall imaging (MR-CVW) and coronary magnetic reso-
nance imaging (CMRA) for detection of stenoses and vessel wall thickening in asymptomatic 
volunteers. Values represent number of subjects 

 
The groups were age-matched, but not matched for gender. There was a trend 
towards a higher prevalence of women in the group of healthy volunteers (Ta-
ble 1). In patients, there were no significant differences between men and wo-
men. However, in the group of healthy volunteers, there was a significant dif-
ference in mean vessel wall thickness, mean luminal diameter on CMRA, mean 
luminal diameter on MR-CVW and a trend towards difference in normalized 
wall index (Table 6). 
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Table 6. Gender related differences 

 Men Women p 
Patients (15M, 7F)    
Mean vessel wall thickness (mm) (±SD) 1.41 (0.18) 1.32 (0.18) 0.341 
Lumen diameter on CMRA (mm) (±SD) 1.90 (0.38) 1.79 (0.61) 0.307 
Lumen diameter on MR-CVW (mm) (±SD) 1.66 (0.49) 1.65 (0.63) 0.805 
Normalized wall index (%), (±SD) 67.8 (13.0) 69.1 (24.9) 0.916 
Healthy subjects (11M, 15F)    
Mean vessel wall thickness (mm) (±SD) 1.34 (0.24) 1.14 (0.18) 0.046 
Lumen diameter on CMRA (mm) (±SD) 2.43 (0.57) 1.69 (0.26) 0.001 
Lumen diameter on MR-CVW (mm) (±SD) 2.04 (0.75) 1.36 (0.31) 0.005 
Normalized wall index (%), (±SD) 94.0 (26.6) 74.6 (9.3) 0.092 
Gender related differences in the group of patients (n=22) and the group of healthy volunteers 
(n=26). 

Discussion 

This is one of the few studies to use non-invasive MRI to assess coronary artery 
plaque burden in an asymptomatic population-based cohort of adults using 
magnetic resonance CVW imaging. The most significant finding of this study is 
the high prevalence of coronary wall plaque in asymptomatic adults free of 
known CAD. Four out of 26 healthy subjects exhibited evidence of positive re-
modeling without luminal narrowing and the majority of subjects (19/26) exhib-
ited evidence of luminal narrowing at CMRA, in some cases even exceeding 
50%. As expected, the burden of coronary atherosclerosis was higher in the 
positive control group, which consisted of patients with angiographically con-
firmed CAD. Despite the lack of a gold standard for visualization of the coronary 
vessel wall (i.e. intravascular ultrasound), these data suggest that MRI may help 
to non-invasively identify not only late stages of atherosclerosis but also the 
early manifestations of atherosclerotic disease in the coronary vessel wall. 

Our results corroborate the findings of Kim et al., who investigated subjects 
with longstanding diabetes type 1 but without cardiovascular symptoms19. In 
these asymptomatic patients, only 10% of patients with nephropathy and 0% of 
patients with normoalbuminuria had evidence of coronary stenoses although 
the prevalence of visually identifiable coronary plaque in the RCA was higher 
(76% in patients with nephropathy versus 15% in patients with normoalbuminu-
ria). The prevalence of vessel wall thickening in the RCA is in the same range as 
in our study group, however, we found more cases of luminal narrowing, prob-
ably reflecting differences in study populations. Although diabetic subjects tend 
to have more atherosclerosis, our asymptomatic subjects were older than the 
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subjects with diabetic nephropathy from the study by Kim et al. (mean age of 56 
vs 48 years). Additionally, MRI is known to overestimate stenosis and possible 
slight differences in spatial resolution between the used techniques can con-
tribute to differences in assessment of stenosis. Tuzcu et al.24 studied a popula-
tion of 262 subjects and found vessel wall thickening of more than 0.5 mm on 
intravascular ultrasonography (IVUS) in >70% of asymptomatic subjects by the 
age of 40, while only 8% of X-ray coronary angiograms of the entire cohort 
demonstrated mild luminal irregularities. While the study by Tuzcu once again 
underscores that early vessel wall abnormalities go undetected at coronary 
angiography, there was a large difference in prevalence of luminal irregularities 
compared to our study. The fact that our study demonstrated luminal irregulari-
ties on CMRA in >70% of subjects compared to 8% in the study by Tuzcu et al. 
can be explained by the better spatial resolution of X-ray coronary angiography 
compared to CMRA, the fact that flow disturbances on CMRA can lead to over-
estimation of the degree of stenoses, and the difference in age and case-mix 
between the populations. 

A recent publication from the Multi-Ethnic Study of Atherosclerosis (MESA) 
also found positive remodeling in a large cohort of 179 subjects without known 
coronary artery disease25. In contrast to our study, the MESA study did not find 
any significant stenoses (≥50%), despite the use of similar spatial resolution as 
well as an identical technique for suppressing blood flow25. Axial images of all 
three coronary arteries (LM, RCA and LAD) were acquired, but due to time con-
strains this was limited to the proximal parts of the vessels of interest, with only 
one slice in the LM and 3 slices in the RCA and LAD. Axial imaging of the coro-
nary vessel wall is very time consuming, and the longitudinal technique that we 
used offers an overview of the vessel wall in a much larger part of the coronary 
artery of interest. The difference in acquisition approach, especially the chosen 
imaging plane and resulting differences in partial volume artefacts, between our 
study and the MESA study is one of the likely explanations for the discordant 
results. 

Clinical CAD has a long asymptomatic period during which biological risk fac-
tors interact with genetic and environmental influences to initiate and promote 
the development of coronary atherosclerotic plaque26, 27. Once established, 
atherosclerosis can exist in a subclinical state characterized by the presence of 
plaque but an absence of clinical signs and symptoms. Acute clinical manifesta-
tions of coronary atherosclerosis such as unstable angina and myocardial infarc-
tion are usually the consequence of acute rupture of the atherosclerotic plaque, 
leading to exposure of thrombogenic components to the bloodstream, with 



 MR-CVW: patients versus asymptomatic subjects 
  

- 103 - 

superimposed thrombus formation28. Although traditional risk factors and risk 
scores such as the Framingham7, 29 and PROCAM14 scores are accurate at pre-
dicting risk to experience a cardiovascular event in the near future for groups of 
patients, they often lack discriminative power to characterize individual subjects 
risk. Approximately 40% of the adult population in the U.S. and Western Europe 
are at intermediate (0.5–2.0%) and 10% at high risk (>15%) for developing an 
acute coronary event over the next decade30. Therefore, further risk stratifica-
tion of individual patients with CAD using novel biochemical markers as well as 
noninvasive imaging techniques may be important. Our study was motivated by 
the paucity of data on the prevalence and characteristics of early CAD and 
coronary atherosclerotic plaque burden at MRI in an unselected cohort of as-
ymptomatic middle aged adults free of known CAD at baseline. However, it is 
known that the measured degree of coronary stenosis that was taken as signifi-
cant in this study (i.e. ≥50%) often is not associated with significant impairment 
in coronary blood flow. This might be the reason why none of the control sub-
jects with stenoses ≥50% at MRI were symptomatic. An alternative explanation 
could be that with MRI luminal irregularities are erroneously overestimated31–33, 
which is one of the shortcomings of MRI in comparison to conventional X ray 
angiography. 

Whether MR-CVW confers additional information over more established 
non-invasive imaging techniques such as calcium scoring34, 35 and multislice 
computed tomography (MSCT)36, 37 is unknown. Spatial resolution of CT is bet-
ter. However, in comparison to epicardial coronary artery calcium scoring, MRI 
can detect earlier changes such as outward remodeling. Outward remodeling 
has been shown to be associated with plaques that have a higher relative con-
tent of fibrofatty components as opposed to calcification38, as well as with pla-
ques that ultimately exhibit an unstable clinical presentation39. The excellent 
soft-tissue resolution of MRI enables better characterization of plaque compo-
nents than CT. Furthermore, no contrast agents are needed to visualize the 
coronary vessel wall with MRI, which is beneficial in patients with renal failure 
or allergies. An additional advantage of MRI is that it does not require radiation 
exposure, an issue that takes on considerable importance when weighing risks 
and benefits in asymptomatic subjects, and when follow-up studies are de-
sired40. 

Limitations of this study should be considered. Due to ethical considera-
tions, no comparison to a standard of reference was obtained in asymptomatic 
volunteers and therefore, there is no certainty about actual prevalence of ab-
normalities in this group. Furthermore, the groups were matched for age but 
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not for gender. It is known that there are gender related differences in coronary 
artery disease. In general, women have a less typical clinical presentation and 
often have fewer angiographic high-risk features41, 42. In our group of asympto-
matic volunteers, there were several significant differences between men and 
women. Women had thinner vessel walls and smaller lumen diameter, how-
ever, the lower normalized wall index in women indicates a relatively thick ves-
sel wall compared to lumen diameter, which could be related to more positive 
remodeling. In patients, these differences between men and women were not 
found. Our results are supported by the study by Miao et al. who also found 
gender related differences in lumen size, vessel wall area and mean vessel wall 
thickness in a large cohort of asymptomatic men and women who underwent 
MRI of the coronary vessel wall 25. However, in both men and women, they 
found a similar, significant, relationship between vessel wall thickness and outer 
lumen area or lumen area, both measures for the degree of positive remodel-
ing. In the study by Miao et al., there was no comparison between patients with 
CAD and healthy subjects. Due to the difference in the amount of women be-
tween both groups in our study, future studies should not only match for age 
but also for gender to further study possible gender-related differences. 

Currently, there are still some limitations in scan technique for coronary 
vessel wall imaging. With currently used in-plane spatial resolution of 0.78 mm, 
detection of small variations in wall thickness due to partial volume effects are 
not yet possible. Additionally, due to the current spatial resolution, it can be 
expected that partial volume effects account for overestimation of coronary 
vessel wall thickness. Other factors that lead to overestimation of wall thickness 
are curvature of the vessel and out of plane orientation of the vessel. However, 
these factors play a more important role with multiplanar reformatting, and to 
minimize errors due to these factors, measurements were performed on source 
images. 

Furthermore, because the obvious long-term goal of MR-CVW imaging is not 
only measurement of plaque size but also composition, increased spatial resolu-
tion is needed to characterize plaque components. This is important, as it is 
known that a large lipid-rich necrotic core and a thin fibrous cap portend a poor 
prognosis. First attempts at characterization of coronary plaques using contrast-
enhanced MR-CVW imaging have been made by Maintz et al.43 and Yeon et al.44, 
who demonstrated that use of contrast-enhanced MR CVW imaging allowed 
identification of areas of delayed enhancement that correlated with severity of 
atherosclerosis by MSCT and quantitative X-ray angiography. Also, whether 
therapeutic intervention guided by imaging modalities will influence clinical 
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event rates remains an important focus of research. Imaging cannot be re-
garded as an isolated tool to determine prognosis. However, it is highly likely 
that imaging will only confer additional information in selected subgroups of 
subjects in combination with traditional risk factors and (novel) serological 
markers. This concept is also known as the ‘vulnerable patient’45. Further limita-
tions include the relatively low sample size and, because of an attempt to limit 
total scantime in our subjects, analysis of coronary plaque burden was re-
stricted to the RCA. 

In conclusion, although there was low prevalence of significant coronary 
stenoses, we found coronary atherosclerotic plaque in a large proportion of 
asymptomatic middle-aged subjects at MR CVW imaging. As expected, there 
were less stenoses and asymptomatic subjects exhibited lower mean coronary 
vessel wall thickness compared to a control group of patients with angiographi-
cally proven coronary artery disease. Because the time-course from subclinical 
disease to clinical events is highly variable, it is important that future studies 
focus on the association between MR CVW evidence of disease and clinically 
manifest incident CAD. 
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Abstract 

Introduction: Coronary artery disease remains the number one cause of death 
in the western world. Accurate detection of subclinical atherosclerotic lesions 
of the coronary artery using non-invasive imaging approaches has intense clini-
cal interest. The aim of this study is to explore the feasibility and reproducibil-
ity of a time-efficient coronary vessel wall measurement approach using an 
improved motion-sensitized driven equilibrium (iMSDE) pulse sequence. 
Methods: In this study, the iMSDE pulse sequence was first optimized for in 
vivo coronary wall imaging to achieve sufficient blood suppression. It was then 
applied on a group of healthy volunteers (N=8) to evaluate its feasibility of 
vessel wall visualization. The same technique was also applied on a separate 
group of volunteers (N=19) for reproducibility study by scanning the same sub-
ject in two separate scanning sessions. 
Results: The iMSDE sequence was found to provide good coronary vessel wall 
delineation on healthy volunteers. It was also found to provide reproducible 
coronary vessel wall diameter and thickness measurements in both proximal 
and middle segments of the right coronary artery. The study also found a sig-
nificantly increased vessel wall thickness in a subgroup of old volunteers, when 
compared to their young counterparts. 
Conclusion: As a summary, the feasibility of iMSDE based coronary vessel wall 
imaging was proved and its reproducibility was demonstrated in the first time. 
This technique can potentially be utilized for fast and accurate coronary artery 
disease detection in a clinical environment. 
 
 
 



 IMSDE: feasibility & reproducibility 
  

- 111 - 

Introduction 

Coronary artery disease (CAD) remains the number one cause of death in the 
Western world1 and over half of all patients with sudden cardiac death do not 
experience typical chest pain symptoms prior to this event2, 3. In order to iden-
tify patients with relevant but unrecognized CAD, clinical algorithms such as 
the Framingham Risk Index4 and Prospective Cardiovascular Münster Heart 
Study (PROCAM)5 risk scores have been developed. Although the use of these 
and other risk scores is a major advance over clinical risk prediction based on 
relative risk estimates, they still remain imperfect for predicting cardiovascular 
events in individual patients6. 

To overcome this limitation, a lot of efforts have been directed to detect 
the presence of subclinical atherosclerotic lesions using non-invasive imaging 
approaches, such as computed tomography angiography7 and intravascular 
ultrasonography8. Magnetic resonance imaging (MRI) is also an attractive 
technique for this purpose as it is totally non-invasive, does not require the 
injection of contrast medium, and is well suited for repetitive imaging in cases 
when follow-up is desired. Furthermore, with the inherent soft tissue contrast, 
MRI is capable of detecting not only luminal narrowing9, but also positive re-
modeling10 of the coronary vessel wall (CVW)11. This latter phenomenon has 
been traditionally regarded as a pivotal sign of clinically relevant future coro-
nary artery disease12, and might influence individual treatment decisions. 

MRI black-blood techniques, which can suppress the usually hyperintense 
blood signal for better visualization of the vessel wall, are important for coro-
nary artery vessel wall measurements. The currently used method for MR CVW 
imaging is based on a double inversion recovery (DIR) prepulse11. This tech-
nique, however, is limited in a few aspects when applied for CVW imaging. 
First, it requires a relatively long inversion time (TI), usually 400–500ms, to 
achieve sufficient blood nulling. As a result, imaging of a single coronary artery 
may take up to 10–15 minutes with this method since a repetition time (TR) of 
two heartbeats is required to achieve sufficient blood suppression. Second, DIR 
based techniques can achieve only suboptimal blood suppression if the imag-
ing plane is not perpendicular to the flow direction. As a result, when an artery 
with tortuous segments is imaged, flow artifacts can be observed. Further-
more, as has been shown in carotid artery imaging, the DIR technique is known 
to suffer from high signal-intensity slow flow artifacts at the boundary be-
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tween the vessel wall and lumen as it requires complete blood replenishing to 
achieve luminal blood suppression13. 

An improved motion-sensitized driven equilibrium (iMSDE) technique that 
was originally developed for carotid artery imaging13, 14, has been recently 
shown to achieve more time efficient acquisition and more accurate depiction 
of the luminal boundaries. We hypothesize that robust and reproducible in 
vivo MR imaging of the human CVW can be achieved in a more time-efficient 
manner by using the iMSDE technique. The objective of the current study was 
to investigate whether the iMSDE preparation14 could also be applied for CVW 
imaging and whether the measurements are reproducible. 

Materials and Methods 

Study design 

In the first part of the study, the iMSDE sequence was tested for feasibility and 
optimized to acquire CVW in a time efficient manner. After the imaging pa-
rameters were determined, the reproducibility of the new method was investi-
gated in the second part of the study. All scans were performed on a clinical 
3.0T system (Philips Achieva, Release 2.5, Best, The Netherlands), using a 
commercially available 6-element phased-array cardiac coil. Subjects were 
examined in the supine position. This study has been approved by the local 
institutional review board and signed informed consent was obtained from all 
participants. 

MR Pulse Sequence 

The pulse sequence diagram of the iMSDE sequence is shown in figure 1a. 
Compared to the traditional MSDE13, the iMSDE technique was selected for 
this study because it provides better immunity to local magnetic field inho-
mogeneities as well as image degradation caused by eddy currents14. This is a 
particularly important merit for high-field cardiac applications where signifi-
cant field inhomogeneities are more likely to present. 

The imaging diagram for iMSDE based CVW imaging is shown in figure 1b. 
Benefiting from the short duration of the iMSDE sequence (~20ms), only 1 R-R 
interval was required for CVW imaging. The turbo field echo (TFE) acquisition 
window had a total duration of less than 120 ms. The trigger delay time ranged 
from 550–750 ms (figure 1b), based on subject heart rate. Other scanning pa-
rameters for the optimized iMSDE-prepared black-blood coronary vessel wall 
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imaging protocol include: 3D TFE sequence, TR/TE 10/2.3 ms, flip angle 20º, 
TFE factor 19, FOV 300×264×30mm, pixel size 0.9×0.9×1.5mm, in-plane recon-
struction matrix 512×512, fat saturation, and two averages. The total scan time 
was 4 min 6 sec with 100% navigator efficiency (Calculated for heart rate of 60 
beats/min). 
 

 
Figure 1. Imaging diagram of the pulse sequence used for this study: (a) the improved MSDE
(iMSDE) pulse sequence used to suppress blood signal; and (b) the timing of iMSDE prepulse and
TFE acquisition sequence in a CVW imaging process. 

 

Feasibility Testing and Sequence Optimization 

The feasibility of iMSDE CVW MR imaging was tested in eight healthy volun-
teers (5 males, age range: 28–63 years) without known cardiovascular disease. 

Localizing scans were obtained and the subject specific trigger delay and 
acquisition window were determined as previously described15. These scans 
were followed by coronary MRA (CMRA) using a bright blood three-
dimensional (3D) turbo field echo (TFE) sequence in combination with spec-
trally selective fat saturation to image the RCA lumen. Imaging parameters 
were: TR/TE 6.2/3.1 ms, 120° flip angle, 10 slices; acquired resolution: 
0.98x0.98x3 mm. The imaging slab was oriented to cover the entire RCA up to 
the origin of the posterior descending branch. In the same orientation, the 
CVW scans of the RCA were acquired. 
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After the feasibility was established, the first gradient moment of the iMSDE 
sequence was optimized to balance the blood suppression capability and over-
all image quality. For this purpose a series of images with 1.5 ms dephasing 
gradient duration were acquired at the same location of one volunteer (male, 
33 years) while changing the gradient strength, and correspondingly, the first 
gradient moment. The m1 varied from 0–300 mTms2/m, in steps of approxi-
mately 75 mTms2/m. Cardiac synchronization was used to trigger the signal 
acquisition and respiratory navigator was used to compensate for involuntary 
motions caused by breathing. The total scanning time was 2 min 30 sec with-
out considering navigator efficiency. 

The signal-to-noise ratio (SNR) was defined as the ratio between the signal 
of the region of interest (ROI) and the standard deviation of an ROI from car-
diac muscle16. Contrast-to-noise (CNR) between two tissues was defined as the 
difference of the SNR between two tissues. 

Due to the limited size of the coronary wall itself, cardiac wall was selected 
for contrast-to-noise ratio optimization. The CNR between the left ventricle 
chamber wall and ventricle lumen, as well as lumen and muscle SNR were used 
for optimization. 

Reproducibility study 

The feasibility of robust CVW MR imaging using the iMSDE sequence was 
tested in a reproducibility study in 19 healthy volunteers without any known 
symptoms of coronary atherosclerosis. In order to image a range of CVW 
thicknesses, 10 younger volunteers (8 males; mean age 25 ± 4.7 years (mean ± 
standard deviation), as well as 9 older volunteers (7 males; mean age 59 ± 9.2 
years) were recruited. 

A stack of images, parallel to each other, were planned based on the scout 
right coronary artery angiogram scan by using the three-point planning. The 
slice package contained 20 slices so that the whole target artery was covered, 
even when the arteries are tortuous. 

To assess the reproducibility of the CVW MR imaging protocol, all subjects 
were imaged twice. After the first scanning session was complete, patients 
were completely taken out of the magnet and off the scanner table. Subse-
quently, a second session was initiated within 15 minutes after completion of 
the first. In the second scanning session, the entire exam was repeated includ-
ing patient and tabletop re-positioning, acquisition of scout views as well as a 
fresh determination of subject specific trigger delays followed by acquisition of 
the coronary artery luminogram and vessel wall images. 
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Image processing and analysis 

For viewing purposes, all coronary artery lumen and vessel wall images were 
processed with a curved multiplanar reformation algorithm by using the Soap-
bubble research tool (Soapbubble, Philips Healthcare). The curved multiplanar 
reformation process allowed for the simultaneous display of multiple coronary 
segments in one two-dimensional (2D) representation, to facilitate further 
image analysis. Two experienced MR reviewers with 7–10 years of cardiovascu-
lar image review experience then evaluated the reformatted images. The MR 
reviewers first evaluated the image quality according to the readability of the 
coronary arteriograms and vessel wall images on a three-point scale. A grade 
of 1 was given when images were uninterpretable due to motion artifacts 
and/or suboptimal suppression of luminal signal; a grade of 2 denoted accept-
able image quality with only minor artifacts; and a grade of 3 was given in case 
of good artifact-free image quality. For images graded with score 2 or 3, the 
black blood images were then evaluated for quantitative measurements. 

For quantitative analyses, the RCA was divided into proximal and middle 
parts in accordance with the AHA classification17. Lumen diameter and mean 
wall thickness of the vessel wall were measured on source images using cus-
tom-written software (VesselMASS, Laboratory for Image Processing (LKEB), 
Leiden, The Netherlands). First, the mean lumen diameter was measured in 
both proximal and middle segments, from both the bright and black blood 
images. Subsequently, visible parts of the vessel wall were outlined and mean 
anterior and posterior wall thickness was measured. In segments where there 
was no visible vessel wall, CVW thickness was set an arbitrary value of 0.1 mm. 

Statistical Analysis 

Mean image quality was compared using a paired Student’s t-test. The repro-
ducibility of iMSDE CVW imaging was evaluated using the Bland-Altman plots 
to investigate the segment-by-segment agreement between the two meas-
urements. The agreement between two measurements with regard to mean 
lumen diameter and vessel wall thickness between different scanning sessions 
was compared using Wilcoxon signed rank test. A P value below 0.05 was ta-
ken to indicate statistical significance. 
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Results 

Sequence optimization 

iMSDE coronary vessel wall imaging was found to provide good image quality 
(figures 2 and 3). Lumen SNR demonstrated monotonic decrease with an in-
crease of the dephasing gradient strengths (figure 2). At the same time, the 
CNR between blood and cardiac muscle was maximized when the first gradient 
moment was 153.5 mTms2/m as seen in figure 4. With a further increase of 
the gradient strength, the loss of the cardiac muscle signal becomes apparent, 
while no significant improvement in blood suppression is achieved. As a result, 
the optimal value of the first gradient moment based on CNR consideration 
(153.5 mTms2/m) was used in the following experiments. 
 

 
Figure 2. Results after sequence optimization in a 78 y/o male volunteer. A) Bright blood coro-
nary MRA of the right coronary artery (RCA). The RCA can be visualized with excellent image
quality. B) Good delineation of the vessel wall (arrowheads) with excellent suppression of lu-
minal blood was obtained. Note the focal area of wall thickening (arrow). 

 
 



 IMSDE: feasibility & reproducibility 
  

- 117 - 

 

 
Figure 3. Results after sequence optimization in a 33 y/o female volunteer. A) Again, the right
coronary artery (RCA) can be visualized with good image quality on bright blood coronary MRA.
Ao indicates aorta. B) Good delineation of the vessel wall (arrowheads) with good suppression of 
luminal blood was obtained. C-F) demonstrate 4 cross-sectional iMSDE images in different areas 
of the RCA with good delineation of the vessel wall (arrow). RV indicates right ventricle, LV indi-
cates left ventricle. 

 

 
Figure 4. iMSDE sequence parameter optimization for fast human heart imaging. The CNR of LV 
chamber (black bar) maximizes when the first gradient moment is 153.5 mTms2/m. 
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Reproducibility study 

In 17 of 19 subjects two measurements of the coronary lumen were acquired 
successfully. Coronary lumen images of the other 2 subjects were excluded 
because of persistent problems with erratic vectorcardiograms. Of the 136 
potential vessel wall measurements (17 subjects x 4 measurements at 2 time 
points), 12 measurements in 3 subjects could not be obtained due to VCG pro-
blems (n=4), susceptibility artifacts (n=4) or motion artifacts (n=4) in 1 of the 2 
acquisitions. In 84 segments the vessel wall was identified and measured, and 
68 segments (34 pairs) were matched for the Bland-Altman analysis. Among all 
segments, 40 vessel segments exhibited no discernable vessel wall. 

Image quality of the images was generally rated as ‘good and artifact free’ 
(grade 3 as defined above). Mean image quality of the proximal and middle 
segments of the RCA with both bright and black blood acquisitions is listed in 
table 1. 
 
Table 1 Image quality score 

Sequence Location* Scan 1 
(mean ± SD) 

Scan 2 
(mean ± SD) 

P-value 

Proximal (n=17) 2.88 ± 0.33 2.82 ± 0.39 0.32 Bright Blood 
Middle (n=17) 2.94 ± 0.24 2.94 ± 0.24 1.00 
Proximal (n=15) 2.63 ± 0.50 2.44 ± 0.51 0.08 Black Blood 

(iMSDE) Middle (n=15) 2.69 ± 0.48 2.69 ± 0.60 1.00 
Image quality of the visualized proximal and middle segments in both the bright blood scan and 
iMSDE vessel wall sequence for both scanning sessions; Values represent number of paired 
measurements, standard deviations (SD) represent variation between subjects. 

 
Reproducibility of both the lumen and vessel wall measurements was good, as 
evidenced by similar mean luminal diameter and wall thickness at the two 
different time points (tables 2 and 3), as well as low bias in the Bland-Altman 
analyses (figures 5 and 6). Of note, there was a substantial difference in lu-
minal diameter between bright and black blood imaging (table 2), most likely 
due to partial volume effects and the difference in spatial resolution between 
the two sequences. Comparing the vessel wall thickness between old and 
young subjects, a significantly thickened vessel wall was observed on in the old 
population (Young: 1.09±0.34 mm, Old: 1.69±0.37 mm, p<0.01). Examples of 
CVW images at different time points in the younger and older age groups are 
shown in figures 7 and 8. 
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Table 2. Reproducibility of lumen diameter measurements 

Sequence Location* Scan 1 (mm ± SD) Scan 2 (mm ± SD) P-value 
Proximal (n=17) 3.57 ± 0.80 3.65 ± 0.87 0.74 Bright Blood 
Middle (n=17) 3.47 ± 1.02 3.44 ± 1.00 0.14 
Proximal (n=16) 2.49 ± 0.75 2.40 ± 0.73 0.23 Black Blood 

(iMSDE) Middle (n=15) 2.54 ± 0.87 2.37 ± 0.89 0.31 
Measurements of lumen diameter (in mm ± SD) were performed on both bright blood coronary 
MRA and the black blood vessel wall scans of the first and second scanning session. There are no 
significant differences in absolute lumen diameter measurements; Values represent number of 
paired measurements, standard deviations (SD) represent variation between subjects. 
 
Table 3. Reproducibility of Vessel Wall Imaging using the iMSDE prepulse 

Location* Scan 1 (mm ± SD) Scan 2 (mm ± SD) P-value 
Anterior Proximal (n=8) 1.15 ± 0.37 1.16 ± 0.43 0.92 
Posterior Proximal (n=8) 1.23 ± 0.50 1.43 ± 0.37 0.27 
Anterior Middle (n=9) 1.12 ± 0.30 1.28 ± 0.31 0.23 
Posterior Middle (n=9) 1.47 ± 0.30 1.31 ± 0.13 0.64 
Measurements of vessel wall thickness (in mm ± SD) were performed in both the anterior and 
posterior vessel wall in proximal and middle right coronary artery segments. There are no signifi-
cant differences in measured vessel wall thickness between the first and second scanning ses-
sion; * Values represent number of paired measurements. Only segments with discernable 
vessel wall were taken into account. 

 

 
Figure 5. Agreement of lumen diameter measurements. Bland Altman plots for right coronary
artery (RCA) lumen diameter as measured on the bright blood coronary MRA (A, C) and on 
iMSDE vessel wall scans (B, D) demonstrate low bias between results of the first and second 
scanning session. Measurements were performed in proximal (A, B) and middle (C, D) RCA seg-
ments. 
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Figure 6. Agreement of vessel wall thickness measurements. Bland Altman plots for right coro-
nary artery (RCA) vessel wall thickness measured on iMSDE images in both the anterior (A, C)
and posterior vessel wall (B, D) demonstrate good agreement between results of the first and
second scanning session. Measurements were performed in proximal (A, B) and middle (C, D) 
RCA segments. 

 

 

Figure 7. Bright blood coro-
nary MRA (A, C) and iMSDE 
vessel wall scan (B, D) in a 23 
y/o male. A and B represents 
the first scanning session, C 
and D represent the second 
session. The right coronary 
artery (RCA) was visualized in 
both sessions, and on the 
iMSDE scan there is good 
delineation of the vessel wall 
(arrowheads). Note excellent 
suppression of blood signal. 
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Figure 8. Bright blood coro-
nary MRA (A, C) and iMSDE 
vessel wall scan (B, D) in a 76 
y/o male. A and B represents 
the first scanning session, C 
and D represent the second 
session. Excellent visualization 
of the right coronary artery 
(RCA) (A, C) and vessel wall 
(arrowheads) (B, D) was 
achieved in both sessions. 
Note excellent suppression of 
blood signal. 

Discussion 

In this work we have demonstrated the feasibility and reproducibility of a no-
vel and more time-efficient method of coronary vessel wall (CVW) imaging 
using the improved motion-sensitized driven equilibrium (iMSDE) technique. 

Compared to the traditional DIR technique18, iMSDE technique is advanta-
geous in a few aspects. First, it has improved time efficiency due to the much 
shorter preparation time (iMSDE ~20ms vs. DIR 400–500ms13). Since the iMSDE 
sequence does not rely on the long TI for blood suppression, it is more proper 
for the coronary artery imaging application. As demonstrated in this study, the 
iMSDE prepulse fits within a single heart beat, which allowed imaging with 
doubled time efficiency (i.e. half the acquisition time) when compared to the 
DIR-based sequences. Second, iMSDE can suppress blood flow in virtually any 
direction and thus promises improved flow suppression efficiency, especially 
for tortuous arteries. The longitudinal images obtained in this study can de-
lineate an extended coverage of the coronary artery clearly in a stack of thin 
slices, which will be very helpful for the early and fast diagnosis of any possible 
atherosclerotic plaque. 

The reproducibility of the new technique has been proved to be good, as 
evidenced by the small bias and variation in the Bland Altman analyses. Fur-
thermore, to our best knowledge, this is the first report that has investigated 
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the reproducibility of CVW imaging at 3.0T. Good reproducibility is a key fea-
ture of any technique that is to be applied to follow changes in coronary wall 
geometry over time. Although good reproducibility was found in both age 
groups, as the reproducibility in the elder group was found to be higher. We 
believe fewer partial volume effects in the vessel wall measurements cause 
this difference, since elderly people presented thicker vessel walls compared 
to the younger counterparts. 

The current study has several limitations. In the reproducibility part of the 
study, only the RCA from a relatively small group of subjects were imaged due 
to the scanning time limitation. This fact, however, does not negatively affect 
the conclusion of this study since the primary goal of this study was to test the 
feasibility and reproducibility of the new iMSDE based CVW imaging technique. 
No technical obstacles are anticipated for transferring this technique to a lar-
ger population or for visualizing other coronary arteries. Another limitation of 
this study is that the study population has been limited to volunteers with no 
known coronary diseases. However, we would anticipate seeing this technique 
more robustly applied to patients with diagnosed diseases since the thickened 
coronary artery vessel wall generally allows for better visualization, particularly 
for a resolution and signal-to-noise limited application like this. 

Also, the spatial resolution used in this study is relatively low, which pre-
vented finer segments to be quantified using MRI CVW imaging. However, the 
primary goal of this study was to explore the feasibility and reproducibility of 
CVW imaging at 3T rather than optimizing the technique for all segments. The 
low resolution makes it sometimes hard to visualize normal coronary artery 
wall because of the partial volume effect. A higher SNR generally allows higher 
spatial resolution images to be used and vessel wall more robustly imaged, as 
has been demonstrated by Gerretsen et al. who have described acquired voxel 
sizes of 0.78 x 0.78 x 2.0 mm3 19. Advances in hardware such as a 32-channel 
cardiac coil and the recently proposed parallel transmission technique20 have 
both been demonstrated for higher SNR imaging. We anticipate that these 
technical advancements will further improve the current coronary artery imag-
ing technique by increasing the current spatial resolution used. 

Finally, this study lacks a direct comparison between iMSDE and DIR based 
CVW imaging. The shorter magnetization recovery period (a single R-R) used by 
iMSDE allows for much improved acquisition efficiency compared to the multi-
ple R-R intervals used by the DIR technique. This approach, however, will also 
lead to reduced magnetization recovery during each heartbeat, thus limiting 
the overall SNR achievable. Theoretically, by averaging two acquisitions of 
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iMSDE acquired with shorter TR, the overall SNR should still be higher than the 
single acquisition of DIR with longer TR. Besides, the improved flow suppres-
sion13 and no T1 dependency can also justify the usage of this technique. 

Other than MR, multidetector row computed tomography (MDCT) based 
coronary imaging has also been applied to evaluate the coronary artery wall. 
CT relies primarily on the calcium score, which quantifies the amount of cal-
cium around the coronary artery for risk evaluation. Although elevated calcium 
scores have been linked with increased cardiac symptoms21, the role of calci-
fied lesions in atherosclerosis lesions is still controversial. Some recent studies 
indicate that calcified lesions have been found to, instead of promoting plaque 
rupture, stabilize the atherosclerotic plaque. As a result, the applicability of 
using calcium scores for plaque rupture risk assessment is still undetermined. 
However, the newest generation of MDCT equipment is now also capable of 
imaging the coronary vessel wall, with even better spatial and temporal resolu-
tion than MR CVW imaging22–24. Nevertheless, radiation and contrast burdens 
remain non-negligible concerns, especially for repeated imaging25. Further-
more, coronary MRA and MR CVW imaging would make helpful complements 
to more established cardiac MR imaging techniques such as black blood imag-
ing to delineate cardiac anatomy26, steady state free precession cine imaging27 
and myocardial perfusion imaging28. 

In conclusion, we have demonstrated the feasibility and reproducibility of a 
new method to improve the time-efficiency of coronary artery vessel wall im-
aging. The reproducibility of the study has also been well established in a 
group of volunteers in two age groups. This technique can potentially be util-
ized for fast and accurate coronary artery disease detection. 
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Abstract 

Introduction: Cardiac cine imaging using balanced steady state free precession 
sequences (bSSFP) suffers from artefacts at 3.0 T. We compared bSSFP cardiac 
cine imaging at 1.5 T with gradient echo imaging at 3.0 T with and without a 
blood pool contrast agent. 
Methods: Eleven patients referred for cardiac cine imaging underwent imaging 
at 1.5 T and 3.0 T. At 3.0 T images were acquired before and after administra-
tion of 0.03 mmol/kg gadofosveset. Blood pool signal-to-noise ratio (SNR), 
temporal variations in SNR, ejection fraction and myocardial mass were com-
pared. Subjective image quality was scored on a four-point scale. 
Results: Blood pool SNR increased with more than 75% at 3.0 T compared to 
1.5 T (p < 0.001); after contrast administration at 3.0 T SNR increased with 
139% (p < 0.001). However, variations in blood pool SNR at 3.0 T were nearly 
three times as high versus those at 1.5 T in the absence of contrast medium (p 
< 0.001); after contrast administration this was reduced to approximately a 
factor 1.4 (p = 0.21). Saturation artefacts led to significant overestimation of 
ejection fraction in the absence of contrast administration (1.5 T: 44.7±3.1 vs. 
3.0 T: 50.7±4.2 [p = 0.04] vs. 3.0 T post contrast: 43.4±2.9 [p = 0.55]). Subjec-
tive image quality was highest for 1.5 T (2.8±0.3), and lowest for non-enhanced 
3.0 T (1.7±0.6; p = 0.006). 
Conclusion: GRE cardiac cine imaging at 3.0 T after injection of the blood pool 
agent gadofosveset leads to improved objective and subjective cardiac cine 
image quality at 3.0 T and to the same conclusions regarding cardiac ejection 
fraction compared to bSSFP imaging at 1.5 T. 
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Introduction 

Despite the relatively widespread availability of 3.0 T MR scanners their exact 
role in cardiac imaging remains to be defined. Problems with B0- and B1-
inhomogenity at 3.0 T lead to problems with off-resonance artefacts, poten-
tially compromising the reliability of the current standard, balanced steady 
state free precession (bSSFP) cardiac cine imaging. Because of these reasons it 
might be useful to revert to regular gradient echo (GRE) cardiac cine imaging 
given that saturation artifacts, which prompted the switch to bSSFP in the first 
place1, can be over-come. Fonseca et al. have already demonstrated in a swine 
model that the addition of the blood pool agent Gadomer-17 (BayerSchering 
Pharma, Berlin, Germany) greatly improved GREcardiac cine imaging at 3.0 T2. 
Gadomer-17, however, is still in clinical trials and not yet clinically available. 

Recently the first blood pool agent, gadofosveset trisodium (Vasovist, Bay-
erSchering Pharma, Berlin, Germany) has been approved for clinical use in the 
European Union. Gadofosveset exhibits reversible binding to albumin, which 
results in prolonged intravascular retention of at least 85% of the injected 
dose3. Because of the prolonged intravascular retention and resultant pro-
longed reduction in blood T1 this agent might also be useful for GRE cardiac 
cine imaging. 

The purpose of the current study was to investigate the clinical feasibility 
of non-enhanced and blood pool-enhanced GRE cardiac cine MRI at 3.0 T in 
patients referred for cardiac cine imaging and to compare image quality and 
functional parameters with non-enhanced bSSFP cardiac cine MRI obtained at 
1.5 T. 

Materials and methods 

Patients 

Eleven male patients referred for cardiac cine MRI at 1.5 T were also imaged at 
3.0 T before and after administration of gadofosveset trisodium. The mean age 
of the patients was 56.5 years (range: 33–83 years). Indications for imaging 
were determination of left ventricular function after recent myocardial infarc-
tion (n = 6), suspected cardiomyopathy (n = 2), suspected valve leakage (n = 1), 
suspected arrhythmogenic right ventricular dysplasia (n = 1) and suspected 



Chapter 7  
  

- 130 - 

intracardiac shunt (n = 1). The study was approved by the local medical ethics 
committee and all patients were required to give informed consent before 
they were included in the study. 

MR imaging 

MR Imaging was performed on both 1.5 T and 3.0 T commercially available 
systems. The 1.5T MR imager was a Philips Intera (Software version 11.1; Phil-
ips Medical Systems, Best, The Netherlands) equipped with a gradient strength 
of 30 mT/m and a maximum slew rate of 150 mT/(m ms). For all examinations 
on 1.5 T the commercially available 5-element cardiac coil was used. The stud-
ies at 3.0 T were acquired on a Philips Achieva 3.0 T magnet (Software version 
1.1; Philips Medical Systems) equipped with a gradient strength of 80 mT/m 
and a maximum slew rate of 200 mT/(m ms). At 3.0 T a 6-element cardiac coil 
was used. The temporal resolution of the scans was 25 ms. The number of 
phases acquired depended on the heart rate. 

After patient positioning, interactive scout views were obtained of the 
chest and heart followed by either bSSFP cardiac cine imaging at 1.5 T, or GRE 
cardiac cine imaging at 3.0 T. Images were obtained in the short axis, and the 
horizontal and vertical left ventricular long axes as well as the left ventricular 
outflow tract. As good as possible it was attempted to obtain the same imaging 
planes in each orientation. At 3.0 T the exact same cine sequences were ob-
tained before and after contrast administration. Imaging parameters used at 
both field strengths are listed in table 1. 
 
Table 1. MR imaging parameters 

 Field strength 
 1.5 T 3.0 T 
Pulse sequence  bSSFP GRE 
TR (ms)  3.8 5.4 
TE (ms)  1.9 3.2 
Flip angle (◦)  50 15 
Field-of-view (mm)  350×300 350×300 
Matrix  246×192 192×152 
Slice thickness (mm)  6.0 8.0 
Acquired voxel size (mm3)  1.4×1.6×6.0 1.8×2.0×8.0 
bSSFP: balanced steady state free precession; GRE: gradient recalled echo. 
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Contrast medium 

At 3.0 T each patient received 0.03 mmol/kg of the blood pool agent gadofos-
veset trisodium after cine images were obtained in the aforementioned orien-
tations. A few minutes after injection, cine images were obtained for a second 
time. Contrast was injected by means of an MR compatible power remote con-
tolled power injector (Spectris, Medrad, Maastricht, The Netherlands) at a rate 
of 1.0 mL/s through 18-gauge intravenous canulla placed in an antecubital 
vein. 

Quantitative image evaluation 

For quantitative evaluation, the signal-to-noise (SNR) and blood pool-to-
myocardium (B/M) ratios were calculated over the cardiac cycle in both the 
short and vertical long axis orientations at the different field strengths. In addi-
tion, functional parameters were calculated. 

SNR was measured on the middle slice of the acquisitions and determined 
by dividing the signal obtained in a region of interest (ROI) placed in the blood 
pool by the standard deviation of noise measured in a ROI outside the body. 
Noise was corrected by the Rayleigh factor4. Care was taken not to include 
overt artefacts due to ghosting in the phase-encoding direction. The B/M ratio 
was determined by dividing the signal from the blood pool ROI by the signal in 
a region of interest placed in the septal part of the myocardium. 

Functional parameters were calculated using the CAAS MRV software 
package (Version 3.0, Pie Medical, Maastricht, The Netherlands). Endocardial 
end-diastolic volume (EDV), end-systolic volume (ESV), myocardial mass and 
ejection fraction (EF) were determined by manual placement of contours. The 
boundary of the left ventricle, the mitral valve plane and apex were marked 
manually on the two- and four-chamber long axis images. Subsequently epi-
cardial and endocardial contours were drawn on the short axis images. Papil-
lary muscles and trabeculations were considered part of the blood pool and 
excluded from the myocardium. After determination of EDV and ESV ejection 
fraction was calculated by subtracting ESV from EDV and dividing by EDV. 

Qualitative image evaluation 

Subjective image quality was scored for both the short axis and vertical long 
axis images on a three-point scale by a single observer with 7 years of experi-
ence in evaluation of cardiac MRI studies. Images were scored on a four point 
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scale with 0 = non-diagnostic images, 1 = marginally diagnostic with marked 
artefacts hindering interpretation, 2 = diagnostic image quality with only minor 
artefacts present and 3 = excellent image quality without noticable artefacts. 

Statistical analysis 

Mean SNR and B/M ratios over the cardiac cycle as well as the maximum dif-
ference in these values over the cardiac cycle were compared with using analy-
sis of variance. Ejection fraction and myocardial mass were compared using a 
paired samples ttest. Subjective image quality was compared with Wilcoxon’s 
signed rank test. Significance was assumed when p-values were below 0.05. 

Results 

All examinations were technically successfully and there were no adverse reac-
tions after injection of the contrast medium. Although the B/M ratio was high-
est for 1.5 T, the SNR of the bloodpool was significantly higher at 3.0 T and 
increased even further after contrast administration (table 2). As expected, the 
administration of contrast also led to a substantial decrease in B/M ratio be-
cause of increased signal intensity of the myocardium. In contrast to 1.5 T 
there were large and significant variations in the SNR of the non-enhanced 
blood pool over the cardiac cycle at 3.0 T. Adminstration of contrast medium 
largely mitigated these variations, especially in the long axis orientation (figure 
1). 
 
Table 2. SNR and SNR variations over the cardiac cycle for the different field strengths and imag-
ing orientations and B/M ratio. 

Field strength and orientation 
1.5 T 3.0 T 3.0 T contrast-enhanced 
ShAx L2CH ShAx L2CH ShAx L2CH 

SNR  98.7±12.1 103.1±16.5 175.5±27.8 168.7±22.9 239.2±24.3 258.4±17.6 
p-Valuea  NA NA <0.001 <0.001 <0.001 <0.001 
Maximum SNR 
variation (%)  

10.9±4.2 15.3±3.9 27.9±8.5 38.6±10.7 14.3±2.4 20.7±5.8 

p-Valuea  NA NA <0.001 < 0.001 0.21 0.12 
B/M ratio  2.97±0.29 3.16±0.40 2.69±0.45 2.55±0.55 1.98±0.17 2.21±0.34 
p-Valuea  NA NA 0.12 0.08 0.02 0.04 
ShAx: short axis; L2CH: left ventricular vertical long axis; SNR: signal-to-noise ratio. B/M ratio: 
blood pool to myocardium ratio; a p-Value versus imaging at 1.5 T; NA: not applicable. 
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Figure 1. Fifty-five year old male patient imaged post myocardial infarction to determine left
ventricular function. Short-axis images (a) obtained at 1.5 T (left panel); 3.0 T (middle panel) and 
3.0 T post contrast administration (right panel). Note the more homogenous appearance of the
left ventricular blood pool at 3.0 T after contrast administration and the better delineation of the
myocardium from the blood pool (arrowheads in b). 

 

 
Figure 2. Seventy-two year old male patient imaged post myocardial infarction to determine left
ventricular function. Vertical long axis images obtained at 1.5 T (left column); 3.0 T (middle
column) and 3.0 T post contrast administration (right column). Images in the upper row were 
acquired at end-diastole; images in the lower row at end-systole. Without contrast administra-
tion the left ventricular blood pool is strongly inhomogeneous. 
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Table 3. Ejection fractions and myocardial mass at the different field strengths 

 Field strength  
 1.5 T 3.0 T 3.0 T contrast-enhanced 
Ejection fraction (%)  44.7±3.1 50.7±4.2 43.4±2.9 
p-Valuea  NA 0.04 0.55 
Myocardial mass (g)  103±29.1 126±32.5 111±29.4 
p-Valuea  NA 0.04 0.69 
a p-Value versus imaging at 1.5 T; NA: not applicable. 
 

Table 4. Mean subjective image quality by field strength and orientation 

 Field strength  
 1.5 T 3.0 T 3.0 T contrast-enhanced 
Short axis  2.8±0.3 1.7±0.6 2.5±0.4 
p-Valuea  NA 0.006 0.12 
Vertical long axis  2.7±0.4 1.4±0.5 2.3±0.3 
p-Valuea  NA <0.001 0.08 
a p-Value versus imaging at 1.5 T; NA: not applicable. 

 

 
Figure 3. Zoomed images of same patient as in figure 2. Slow flowing blood at the interface
between the endocardium and the left ventricular blood pool (a, asterisk) give rise to saturation 
artefacts leading to overestimation of myocardial thickness (a, arrowheads in left panel). After
administration of contrast, blood pool, myocardium and trabeculae can be clearly differentiated.
Images were obtained at end-diastole. A similar effect is seen in the end systolic quiescent pe-
riod (b) where the presence of slow flowing blood at the interface between endocardium and
the left ventricular blood pool (b, asterisk) also lead to saturation artefacts (b, arrow in left 
panel). After administration of contrast, blood pool, myocardium and trabeculae can be clearly 
differentiated. 
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The mean ejection fractions determined from the images obtained at 1.5 T and 
the contrast-enhanced 3.0 T images were nearly identical. The variations in 
signal of the non-enhanced blood pool at 3.0 T, however, led to overestimation 
of myocardial mass and ejection fraction when compared to contrast-
enhanced 3.0 T imaging (table 3). 

Subjective image quality was rated highest at 1.5 T, followed by the 3.0 T 
post contrast images (table 4). Images obtained at 3.0 T without adminstration 
of contrast medium were deemed to be of significantly lower subjective image 
quality. Because of the temporal variations in signal intensity of the blood pool 
there were significant artefacts hindering interpretation in many nonenhanced 
3.0 T studies, especially in the long axis orientations (figures 2 and 3). 

Discussion 

Recently, whole body 3.0 T MR imaging systems have become available and 
these systems have demonstrated advantages over imaging at 1.5 T for a bro-
ad range of applications. Since the SNR scales approximately linearly with the 
magnetic field strength B0, the improved SNR at 3.0 T has led to noticable im-
provements in musculoskeletal5 and neuroimaging applications6, 7 as well as 
neurovascular8, peripheral vascular imaging9, prostate perfusion imaging10 and 
renal perfusion imaging11 compared to imaging at 1.5 T. 

With regard to imaging of the heart, migration to 3.0 T in favour of 1.5 T 
seems especially advantageous for myocardial perfusion imaging as evidenced 
by a better T1-weighted perfusion effect12 and a lack of subendocardial band-
ing artefacts13 at 3.0 T compared to 1.5 T. However, problems with radiofre-
quency uniformity can be a problem at 3.0 T relative to imaging at 1.5 T. In 
addition, the fourfold increase in radiofrequency power deposition limits the 
allowable flip angles and minimum achievable TR. Also, the increased magnetic 
susceptibility effects at 3.0 T heighten the sensitivity to off-resonance artifacts. 
In an attempt to overcome the issues associated with bSSFP cine cardiac imag-
ing at 3.0 T, Fonseca et al. proposed to use the experimental blood pool agent 
gadomer-17 (Bayer-Schering Pharma, Berlin, Germany) in combination with a 
GRE pulse sequence2. In their study in 12 pigs they reported a significant in-
crease in SNR of the left ventricular blood pool and a significant decrease in 
temporal fluctuations of blood pool SNR over the cardiac cycle2. 

Motivated by these promising results, we asked ourselves the question 
whether the commercially available blood pool agent gadofosveset would yield 
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the same results in terms of SNR improvement and fluctuation over the cardiac 
cycle, but also in terms of the directly clinically relevant parameter ejection 
fraction. Although this contrast medium has been developed primarily for 
high-resolution MRA during the equilibrium phase, cardiac imaging seems an 
interesting application. The reversible binding of gadofosveset trisodium to 
plasma albumin, an effect that takes place immediately after injection, in-
creases the T1-relaxation enhancement effect of the gadolinium complex. 
Moreover, the protein binding results in a much longer intravascular half life 
compared to extracellular MR contrast media, which has the potential to pro-
long the imaging window for cardiovascular imaging and improve spatial reso-
lution and contrast. 

Cine imaging of the beating heart remains the most important part of func-
tional cardiac imaging. Until the widespread introduction of bSSFP sequences 
cine imaging involved the use of spoiled GRE pulse sequences to generate 
gated cine and gated velocity imaging. The difference between the various 
types of GRE sequences is a different gradient switching pattern applied be-
tween consecutive excitation pulses. Different gradient time courses produce 
different (spatially dependent) dephasings θ within the TR, which finally results 
in different types of steady states, and more importantly, in different image 
contrasts. Balanced SSFP is a special type of SSFP sequence where the gradi-
ent-induced dephasing within TR is exactly zero. In other words, within TR each 
applied gradient pulse is compensated by a gradient pulse with opposite polar-
ity1. In clinical terms, bSSFP offers a much higher contrast between myocar-
dium and blood compared to conventional GRE imaging. The high contrast of 
bSSFP is produced both by the different ratio of T2 and T1 of blood and myo-
cardium and by inflow effects. A second advantage of bSSFP is its high SNR 
even for very short TR. A conventional non-balanced GRE sequence with com-
parable TR and optimized Ernst flip angle exhibits a much lower SNR and CNR1. 

Since spoiled GRE is largely a T1-weighted sequence it is dependent on 
through-plane flow enhancement to generate contrast between the blood and 
the myocardium, analogous to time-of-flight angiography14, 15. Analogous to 
time-of-flight imaging, if the TR is too short or the flow too slow, the blood 
becomes satured, especially in cases where very short TR values are used. This 
saturation phenomenon is the basis of the observed fluctuations in SNR of the 
left ventricular blood pool, and not only leads to degradation in objective and 
subjective image quality but also to overestimation of myocardial mass and 
subsequently, ejection fraction. The improved differentiation of the blood pool 
from ventricular myocardium may also facilitate (semi-)automated left ven-
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tricular analysis by dedicated software packages, although this was not investi-
gated in the current study. The current study has limitations. In the present 
study the comparison between 1.5 T and 3.0 T only focused on differences in 
quantitative measures of image quality, a single morphological parameter – 
myocardial mass – and ejection fraction. We did not investigate possible dif-
ferences in late enhancement patterns between both field strengths. In addi-
tion, the sample size was rather limited. Despite these limitations, however, 
we found clinically significant differences in image quality, and more impor-
tant, in ejection fraction if no exogenous contrast medium was used to amelio-
rate the fluctuations in blood pool SNR over the cardiac cycle. 

In conclusion, prolonged T1 reduction by means of injection of the in-
travascular blood pool agent gadofosveset leads to improved objective and 
subjective cardiac cine image quality at 3.0 T and to the same conclusions re-
garding cardiac ejection fraction. Combined with improved perfusion imaging 
at 3.0 T this might enable migration of comprehensive cardiac imaging to 3.0 T. 
It remains to be determined how well blood pool imaging is suited for delineat-
ing areas of myocardial scar tissue and assessment of myocardial viability. 
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Despite advances in treatment and prevention, clinical manifestations of ad-
vanced atherosclerosis such as myocardial infarction and stroke remain the 
primary cause of death in the Western world and one of the primary sources of 
health care expenditure. Because of the high prevalence and the high mortality 
and morbidity due to cardiovascular diseases and the increasing financial bur-
den on society, public health authorities are effecting a paradigm shift by in-
creasingly focusing on prevention and early detection of cardiovascular dis-
ease, as opposed to treating complications with evermore sophisticated and 
expensive equipment and medications. As Braunwald noted in a recent edito-
rial: ‘the ultimate goal [in prevention of cardiovascular disease] will be to iden-
tify such [coronary] plaques by noninvasive imaging. Such an achievement, 
which still seems far off, could be the real solution to this critical medical prob-
lem’1. 

This thesis addresses non-invasive imaging of the coronary arteries and the 
coronary vessel wall using MRI. The overall aims of this thesis were 1) to study 
the capability of cardiovascular MR imaging of the human coronary vessel wall 
for detection and characterization of coronary artery disease (CAD) and 2) to 
investigate possibilities for advancement of cardiovascular MR imaging using 
the latest generation of 3.0T imaging equipment. 

In order to achieve these aims we performed several studies. We com-
pared the ability of MRI of the coronary vessel wall to accurately detect coro-
nary vessel wall thickening to the current standard of reference for coronary 
vessel wall imaging: intravascular ultrasound (IVUS). This first-time validation 
study demonstrates and validates the potential of MRI as a non-invasive tech-
nique for the detection of atherosclerosis. We also compared MRI of the coro-
nary vessel wall in patients with CAD and in healthy subjects. This study not 
only demonstrated a significant larger vessel wall thickness and higher signal 
intensity in subjects with CAD, but also revealed a high prevalence of subclini-
cal atherosclerosis in middle-aged healthy subjects. In addition, we demon-
strate a possibility to optimize coronary vessel wall imaging by using a newly 
developed technique (improved motion sensitized driven equilibrium, iMSDE) 
for flow suppression in the coronary arteries. Furthermore, we describe a 
method to improve contrast enhanced cine MR imaging of the heart at 3T. 
Both techniques open new opportunities to improve image quality and can 
potentially result in transfer of coronary and cardiac imaging from 1.5T to 3.0T. 
In this discussion, the results of the aforementioned studies will be placed in a 
broader context by discussing MRI in relation to other noninvasive imaging 
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modalities such as coronary CT, and by discussing the potential role of coro-
nary vessel wall imaging in clinical practice. 

Part I - Results of this thesis 

Validation of MR coronary vessel wall imaging with intravascular ultrasound 

In chapter 4 we found that with MRI of the coronary vessel wall (MR-CVW), 
accurate detection of atherosclerotic plaque is possible. Good sensitivity and 
specificity for the visual assessment of the presence and location of disease, 
defined as more than 300 μm wall thickening on IVUS, were achieved (94 and 
76%, respectively), which confirmed that coronary vessel wall MRI is a promis-
ing noninvasive technique for detecting coronary artery disease. Although the 
presence and location of atherosclerosis could accurately be detected, there 
was a large difference and spread in absolute measurements of coronary ves-
sel wall thickness between MR-CVW and IVUS. MRI consistently overestimated 
coronary wall thickness compared to IVUS. There are several possible explana-
tions for this as discussed in chapter 4, and most of them can be related to 
differences in spatial and temporal resolution between both techniques. 

Despite the differences between MRI and IVUS, MRI was still capable of de-
tecting coronary artery disease with high sensitivity and specificity. Further-
more, the value of absolute wall thickness might be less important than local-
ized relative differences in vessel wall thickness and signal intensity which, as 
the present thesis demonstrated, also reliably signify the presence of CAD. In 
order to further investigate the ability of coronary vessel wall MRI to identify 
vulnerable plaque, prospective studies with the occurrence of acute coronary 
events as endpoint are needed. 

To our knowledge, the study in chapter 4 is the first to compare in vivo MRI 
of the coronary arteries with IVUS as the standard of reference. For obvious 
reasons histological analysis of the coronary arteries is usually not possible, in 
contrast to studies on carotid arteries in which carotid endarterectomy is often 
performed that allows for histological correlation. Many studies have been 
performed in which MR imaging of the carotid vessel wall was performed in 
humans, and plaque characterization was possible by using a combination of 
different MR sequences. However, carotid arteries are larger, more superfi-
cially located, and are not subjected to as much motion as the coronary arter-
ies. Multi-sequence coronary vessel wall imaging with the aim of subsequent 
plaque characterization is possible, although scan duration is very long and 
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requirements for high-resolution imaging of the coronary vessel walls and 
plaque components make it much more challenging than in the carotid arter-
ies2. Depending on future developments in coronary artery and vessel wall MRI 
including MR hardware, other techniques also have to be considered for char-
acterization of coronary plaque vulnerability or plaque components. The use of 
specific MR contrast agents, e.g. targeted to thrombi or extracellular matrix 
components in the vessel wall like elastin, is probably a very promising way for 
detection of coronary plaques within acceptable scan duration, and perhaps 
even to distinguish between the vulnerable and non-vulnerable plaque3–6. 

MRI of the coronary vessel wall in patients and asymptomatic subjects 

In chapter 5, MRI of the coronary vessel wall in patients with CAD was com-
pared to MR- CVW in age-matched healthy volunteers. Although coronary 
plaque burden as measured with MR was higher in patients with confirmed 
CAD, MR-CVW also demonstrated extensive, but asymptomatic atherosclerotic 
changes in the right coronary vessel wall in the majority of subjects without 
previously known CAD. This finding supports the widely held belief that the 
group of patients with symptomatic CAD is only the proverbial ‘tip of the ice-
berg’ of all subjects with CAD. However, because of the small sample size in 
this study, the cross-sectional study design, and the low absolute event rate, it 
remains unclear if and which of the subjects are at increased risk for future 
acute events. 

The frequency of atherosclerotic changes in asymptomatic subjects was 
high, although this was not completely unexpected since the development of 
atherosclerosis starts at young age and remains clinically silent for decades. It 
is not until severe stenosis or plaque rupture occurs that coronary atheroscle-
rosis manifests itself by the occurrence of chest pain or myocardial infarction. 
Furthermore, current understandings in the field of atherogenesis attributes 
an important role to plaques with a large lipid-rich and necrotic core and a thin 
fibrous cap which underscores the need for characterization of plaque compo-
nents in addition to simply detecting their presence. Although our study con-
firms the ability of MRI to detect coronary plaque, prospective studies are 
needed to evaluate the ability of MRI to further characterize these high-risk 
plaques to be able to predict the occurrence of acute coronary syndromes. 
Once this is possible, individualized treatment strategies can then be used with 
the aim to prevent acute coronary syndromes. 
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A novel MR technique for coronary vessel wall imaging 

In chapter 6, a novel technique for coronary vessel wall imaging is described. 
This technique is based on an improved version of the motion sensitized driven 
equilibrium (iMSDE) prepulse and enables selective visualization of the coro-
nary vessel wall by improved suppression of the signal of blood present in the 
coronary arteries. With iMSDE, 3 nonselective RF pulses with flip angles of 90° 
– 180° – 90° and symmetric gradients around the 180° pulse result in phase 
dispersion among moving spins but not in stationary spins, thereby suppress-
ing blood flow. In contrast to DIR, motion in all directions is suppressed and 
excellent black blood conditions are achieved regardless of the magnitude and 
direction of blood flow, as demonstrated in the aorta and carotid arteries 7, 8. 
The coronary arteries are still mainly imaged using double inversion recovery 
(DIR) techniques. Our study is the first to apply the iMSDE prepulse for coro-
nary vessel wall imaging at 3T and demonstrates that the coronary vessel wall 
can be visualized in half the scan duration compared to DIR methods. In addi-
tion to demonstrating the feasibility of the new method, we also found iMSDE 
to be a consistent technique as evidenced by the good reproducibility of mea-
surements of lumen diameter and vessel wall thickness. 

The DIR technique as described by Kim et al.9 and in chapters 4 and 5 of 
this thesis is primarily suited for use on 1.5T scanners. The DIR technique re-
quires high-fidelity targeted inversion slabs that can be difficult to achieve at 
3.0T given the well-known B0 and B1 magnetic field inhomogeneities. Adjust-
ments using adiabatic prepulses which are insensitive to RF inhomogeneities 
improve the performance of DIR at 3T10, 11, although RF penetration with cur-
rent clinical systems is not optimal yet. 

An important disadvantage of DIR is that the technique is flow dependent 
and harbors the potential for high signal-intensity slow flow artefacts at the 
lumen-vessel wall interface, which may lead to overestimation of coronary 
vessel wall thickness. Furthermore, long inversion times of approximately 520–
850 ms and an effective repetition time (TR) of 2 heart beats are needed to 
suppress the signal of blood in more than the first few centimeters of the 
coronary arteries by replacing sufficient non-suppressed blood. However, even 
with a TR of 2 heartbeats, the inversion times are usually too short to cause 
sufficient outflow of non-suppressed blood in the more distal parts of the 
coronary arteries. 

In contrast to the currently used DIR technique, the iMSDE technique is ca-
pable of better suppression of slow flowing blood8, which reduces the occur-
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rence of flow artefacts at the lumen-vessel wall interface and improves sup-
pression of blood signal in distal parts of the vessel, leading to improved de-
lineation of the vessel wall. Moreover, the technique can easily be used on 
3.0T MR scanners. Most importantly, the scan time is reduced by half since the 
TR can be reduced from 2 to 1 heart beats. 

A shift from 1.5T to 3T scanners is potentially advantageous as it offers 
shorter scan duration and/or higher signal to noise ratio, which can be ex-
changed for higher spatial resolution. Future research will be directed at com-
parisons of iMSDE and DIR considering flow suppression, especially in the more 
distal parts of the coronary arteries, and overall image quality, to compare wall 
thickness measurements with iMSDE with IVUS and to evaluate the potential 
of these refined coronary vessel wall imaging sequences in prospective studies 
with the aim to predict acute clinical events. 

Cardiac cine imaging at 3T: improvements by using an intravascular contrast-
agent. 

In chapter 7, another important limitation of cardiac imaging at 3T is ad-
dressed. Cardiac MRI at 1.5T is the current standard for evaluation of cardiac 
motion, perfusion defects and myocardial viability. There are potential benefits 
of using higher field strengths, like higher spatial or temporal resolution or a 
better signal-to-noise ratio. However, there are some technical challenges as 
well. Current protocols cannot be directly translated to 3T and need adjust-
ment and with increasing field strength, magnetic field inhomogeneities also 
increase. These inhomogeneities cause artefacts that potentially degrade im-
age quality unless better B0 (main static magnetic field) and B1 (RF excitation) 
shimming is performed. Balanced SSFP (bSSFP) sequences are especially sus-
ceptible to magnetic field distortions and therefore, gradient echo (GRE) se-
quences might be more suitable for 3T cardiac imaging. 

Previous studies in swine demonstrated the ability of Gadomer12, an in-
travascular MR contrast agent, to improve cardiac cine GRE MR imaging at 3T 
by reducing artefacts that were caused by long T1 relaxation time of the blood 
pool. However, Gadomer is not clinically available. In contrast to Gadomer, the 
intravascular albumin-binding contrast agent gadofosveset trisodium is ap-
proved for clinical use in humans in the European Union, the United States and 
several other countries. 

We describe the use of gadofosveset trisodium to improve cardiac MRI at 
3T. Our study demonstrated that this agent improves objective and subjective 
image quality of cine MRI at 3T. However, cardiac MRI at 1.5 T still has better 
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image quality and does not require administration of contrast agents for cine 
imaging due to robust “balanced Steady State Free Precession” (bSSFP) imag-
ing. Therefore further improvements in pulse sequences and/or hardware are 
needed to make cardiac imaging at 3T more robust in clinical practice. To de-
termine if migration to comprehensive cardiac imaging at 3T is possible, also 
perfusion imaging is of importance in addition to cine imaging. Several groups 
demonstrated improved perfusion imaging at 3T compared to 1.5T due to bet-
ter T1 perfusion effects and a lack of subendocardial banding artefacts, al-
though there are also limitations in specific absorption rate (SAR), limitations in 
several scan parameters (like TR and flip angle (FA)) and off resonance arte-
facts13, 14. An important advance that will mitigate many of these concerns is 
the introduction of multi-transmit technology15, 16. 

Part II – Future developments of coronary vessel wall MRI 

Future development of coronary vessel wall MRI should focus on detection of 
the vulnerable plaque. To reach this goal, several important aspects should be 
considered. First, there is a need for technical improvements leading to faster 
acquisition techniques and higher spatial resolution. Once these building 
blocks are in place, visualization of the coronary vessel wall can be improved, 
and perhaps plaque components can be distinguished. Second, the use of (tar-
geted) contrast agents might enable the detection of the true vulnerable pla-
que. 

Improvements in MR hardware and software. 

Technical improvements can be expected from hardware and sequence design. 
In hardware, the shift towards 3T and even 7T imaging and multi-element ra-
diofrequency coils is important. As previously described, imaging at higher 
fields offers potential advantages like higher SNR which can be traded for fas-
ter acquisitions or higher spatial resolution. Both faster acquisitions and higher 
spatial resolution are desired for coronary imaging, since current protocols are 
time-consuming (8–10 minutes for coronary vessel wall scanning, navigator 
efficiency excluded). Improvement of spatial resolution results in more reliable 
measurements of vessel wall thickness or, in coronary angiography, more ade-
quate classification of coronary stenoses. 

Improvements in coil design will not only offer a better signal-to-noise ratio 
(SNR) or image quality, but can also offer the opportunity for faster acquisition 
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due to parallel imaging17, 18. With parallel imaging, the spatial variation in RF 
detector coil sensitivities is used to encode simultaneous spatial information. 
Undersampled data are acquired using a multi-element RF coil array, with a 
reduced number of phase encoding steps. The missing information is recon-
structed instead of being acquired, thereby reducing scan duration. This de-
creases signal to noise ratio, although part of this can be compensated for by 
optimizing coil arrays and shifting from 1.5 to 3.0T. Compared to the currently 
mostly used 6-channel coil, a 32-channel coil array can reduce scanning time 
for coronary artery imaging with maintained image quality at 3T19. Additional 
advantages of parallel imaging at 3T is a reduction in specific absorption rate 
by reducing scan time and therefore a reduction in the total energy depos-
ited20. Additional technical improvements that will certainly improve image 
quality are the use of adiabatic RF excitation pulses10 as well as multitransmit 
coil arrays. Nowadays, there are further developments in MR data acquisition 
techniques, like radial EPI21, or advancement in reconstruction techniques that 
retrospectively correct for (respiratory) motion22. These techniques lead to 
significant reduction of scan time and a decrease in motion artifacts due to 
respiratory and cardiac motion. 

Contrast enhanced plaque imaging. 

In the whole spectrum of available MR contrast agents, there are the conven-
tional extracellular contrast agents (i.e. Gd-DTPA), but also the newer class of 
intravascular agents, the prototype of which is Gadofosveset trisodium. Gado-
fosveset trisodium is a blood pool agent that reversibly binds to serum albumin 
after intravenous administration. This leads to increased r1 relaxivity, resulting 
in high signal intensity on T1 weighted MR sequences, and increased elimina-
tion half-life. 

Several studies demonstrated uptake of the extravascular contrast agent 
Gd-DTPA in atherosclerotic plaque in the coronary arteries. The exact underly-
ing mechanism is still unclear, although it might be associated with endothelial 
dysfunction, neovascularization, inflammation and/or fibrosis3, 4. Lobbes et al. 
demonstrated a significantly larger signal enhancement after the administra-
tion of the blood pool agent gadofosveset trisodium in carotid atherosclerotic 
plaques of patients with symptomatic carotid stenosis (Transient Ischemic At-
tack (TIA) or stroke) compared to subjects with asymptomatic carotid steno-
sis5. This difference was associated with differences in intra-plaque albumin 
content. Albumin is thought to enter the plaque through adventitial and intra-
plaque microvessels. Lobbes et al. found no significant correlation with intra-
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plaque microvessel density, although nothing could be said about adventitial 
microvessel density since the adventitia is not surgically removed in endarter-
ectomy. 

Targeted contrast agents like EP-2104R (Lantheus Medical Imaging) or a al-
pha2-antiplasmin-based contrast agent have demonstrated their use in detec-
tion of thrombi in vitro, in vivo in animal studies (alpha2-antiplasmin-based 
agent and EP-2104R) and in humans (EP-2104R)23–26. These agents could there-
fore be used for detection of ruptured or erosive plaques, but further studies 
and optimization of imaging protocols and contrast agents are needed to guar-
antee sufficient visualization of coronary atherosclerotic plaques with clinical 
imaging systems. Although the use of targeted contrast agents seems very 
promising in theory, only results of preliminary studies in humans have been 
published yet. Further studies are needed to examine the value for clinical 
practice. 

To make coronary vessel wall imaging with MR clinically applicable in this 
stage, the most important factor is probably to achieve faster image acquisi-
tion instead of higher spatial resolution. Considering the high sensitivity and 
specificity of MR-CVW for the detection of diseased vessel wall that was re-
ported in this thesis, MR-CVW is already able to detect disease with the spatial 
resolution that can presently be achieved. The fact that a lot of asymptomatic 
subjects demonstrate wall thickening, indicates that absolute wall thickness is 
not directly related to the occurrence of symptoms. As we know, other factors 
than vessel wall thickening play a role in the occurrence of symptoms of coro-
nary artery disease. The detection of the vulnerable plaque in the coronary 
arteries might not be achieved by visualization of plaque components using 
multisequence MRI but by other ways like using contrast agents. 

Part III – MR imaging in relation to coronary CT and other noninvasive 
imaging techniques 

There are many techniques, both non-invasive as well as invasive, that can be 
used to obtain information about the coronary artery lumen and vessel wall. 
Invasive techniques used in clinical practice include X-ray coronary angiogra-
phy and coronary intravascular ultrasonography (IVUS)27, 28. Other invasive 
techniques like optical coherence tomography (OCT)29, 30, angioscopy31, 32, in-
travascular MRI33 and thermography34, 35 are currently only used in preclinical 
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studies, although OCT is especially promising because of its unrivalled spatial 
resolution. 

For non-invasive coronary imaging, both MRI and CT are promising tech-
niques. Over the past decade, huge advances have been made in CT technol-
ogy and accordingly the use of coronary CT has entered daily clinical practice, 
making it currently the most used technique as alternative to diagnostic con-
ventional X-ray coronary angiography. However, the increased use of CT re-
sults in a major increase of radiation exposure of the population, and radiation 
dose can be high in CT, up to >20 mSv and varies greatly between different 
acquisition techniques and different institutions36–38. Newer generations of CT 
scanners expose patients to much lower doses37, 39. However, increasing 
amounts of radiation due to an increase in the number of CT examinations in 
general, result in an increasing risk of imaging-induced cancer. This risk is 
small, but actual risk depends greatly on age and sex of the subjects36. This has 
implications for detecting disease in asymptomatic individuals. The use of CT in 
young or asymptomatic subjects should therefore be minimized, especially if 
alternative imaging modalities like MRI are available. However, the risk for 
developing cancer should always be weighed against the risk for developing 
coronary events. 

Evaluation of CAD by MRI or CT is done with various strategies depending 
on the risk in the individual patient: detection of coronary calcifications (CT), 
direct imaging of coronary artery stenoses (MRI or CT), visualization of coro-
nary lesions (MRI or CT) and detection of reduced coronary perfusion reserve 
(stress cine MRI and stress perfusion MRI)40. Both CT and MRI can be used for 
measurement of atherosclerotic burden and possibly characterization of 
plaque components41, although MRI is superior to CT for discrimination of dif-
ferent types of soft tissue and can visualize the coronary vessel wall without 
the use of contrast agents. Appropriate selection of patients is important for 
the successful application of these emerging imaging modalities. At present 
both MRI and MDCT have proven to be clinically useful in the assessment of 
individuals with low and intermediate pre-test probability of significant CAD. 
Patients with high pre-test probability are currently best served by CAG40. 

MDCT can be performed with reliable results in selected patient popula-
tions, i.e. patients with a low or intermediate pre-test likelihood of a significant 
coronary stenosis or patients with recurrent angina, especially with the latest 
generation multidetector row scanners which combine thin slice collimation 
with short gantry rotation times42. These scanners can obtain information 
about the heart and coronary arteries with high spatial resolution. With newer 
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scanners, especially dual source CT scanners, temporal resolution also im-
proves, down to approximately 80 msec, which is still much slower compared 
to the temporal resolution of MRI, but allows for imaging of the heart within 
10 seconds43. This further increases diagnostic accuracy for detection of coro-
nary artery stenosis especially at higher or irregular heart rates. Dual source CT 
can also be used for dual energy acquisition, which has the potential for better 
analysis of calcified coronary arteries or visualization of the coronary artery 
lumen within stents by reducing blooming artefacts43. 

For the detection of coronary artery disease, CT has high sensitivity and 
specificity and good accuracy and is cost effective in the low- to intermediate 
risk category of patients44. Sensitivity ranges between 86–100%, specificity 
ranges between 92–98% (for 64-detector scanners or dual source CT)43. In 
comparison, sensitivity and specificity of coronary MRA for detection of any 
coronary artery disease are 93% and 42% respectively. These numbers increase 
to a sensitivity of 100% and specificity of 85% for detection of stenoses of the 
left main coronary artery or detection of 3-vessel disease45–47. With latest gen-
eration CT scanners, the numbers of inevaluable segments in the coronary 
arteries decreases mainly due to improved temporal resolution and decrease 
in the number of non-evaluable coronary artery segments due to motion arte-
facts. However, heavy calcification still remains a problem for adequate analy-
sis of the degree of stenosis.48. In MR imaging, there are no blooming artefacts 
from calcification, although calcification has low signal intensity on all weight-
ings which can cause underestimation of true vessel wall thickness. 

A preclinical application of coronary CT is plaque imaging. It has been re-
ported that coronary CT Angiography has the potential to detect coronary 
plaques, to quantify their volumes and to characterize their composition49, 50. 
However, extensive calcification has a major influence on these results, pre-
venting adequate assessment of plaque composition in combined calcified/non 
calcified plaques. Also, contrast agents influence the density – expressed in 
Hounsfield units - of plaque components which, in turn, influences reliability of 
characterization of plaque components51. Compared to MRI, CT lacks the excel-
lent soft-tissue discrimination, which is needed for reliable detection of plaque 
components. Other advantages of MRI for vessel wall and plaque imaging 
compared to CT are the opportunity to use black blood techniques to visualize 
the vessel wall itself, the fact that contrast agents are not necessarily needed 
and the lack of ionizing radiation which makes serial imaging and imaging in 
asymptomatic or young subjects possible and safe. 
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Another development in the detection of coronary plaques with CT is the re-
cent use of PET-CT, to investigate the uptake of FDG in plaques in the coronary 
arteries. A study by Wykrzykowska et al. demonstrated coronary plaque FDG 
uptake in about half of the patients in a trend to significance when correlated 
with angiographic disease, although there was only a small difference in tracer 
uptake between the target (coronary plaque) and the background (myocar-
dium)52. To study uptake of FDG in the coronary arteries, a low-carbohydrate, 
high fat meal the night before as well as a vegetable oil on the morning of the 
PET-CT was needed to suppress high FDG uptake by the myocardium. This re-
quires good patient cooperation, something that was not achieved in about 
one third of patients. Another recent study by Rominger et al. used a soma-
tostatin receptor binding PET ligand (68Ga-DOTATATE) as an alternative to look 
at macrophages in the coronary arteries and found significant differences in 
uptake between a series of oncologic patients with and without calcified coro-
nary plaques and prior cardiovascular events53. Although the idea of detection 
of (vulnerable) plaques with FDG uptake is interesting, it still is challenging. 

Part IV – Atherosclerosis and the (potential) role of coronary vessel 
wall imaging in clinical practice 

The development of atherosclerosis is a continuous process that starts at 
young age and slowly progresses over decades to a subclinical, and eventually, 
clinical state. In the development of atherosclerosis, luminal narrowing can 
occur. However, in early stages vessel wall thickening causes outward expan-
sion of the vessel wall instead of luminal narrowing54. Therefore, atheroscle-
rotic plaques can be missed on X-ray coronary angiography. The extent of out-
ward remodeling is affected by plaque composition 55, 56, e.g. large lipid-rich 
plaques show more outward remodeling than fibrotic or calcified plaques. 
There are several processes that can lead to clinical symptoms. Most common 
is plaque rupture, in which the fibrous cap ruptures and plaque contents come 
into contact with the blood pool, which leads to thrombus formation and sub-
sequent vessel occlusion. Another process is erosion of the surface of the cap. 
This can also cause thrombus formation. Third, intraplaque hemorrhage can 
cause sudden increase in plaque size and therefore narrowing of vessel diame-
ter. And finally, emboli from anywhere in the body can migrate and cause oc-
clusion of arteries elsewhere. 
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Atherosclerosis is considered to be a systemic disease instead of a localized 
disorder. Patient outcome of atherosclerosis is not only determined by the 
presence of vulnerable, rupture-prone plaques, but also by vulnerable blood 
(prone to thrombosis) and vulnerable myocardium (prone to fatal arrhythmia). 
This insight led Naghavi and coworkers to coin the term “vulnerable patient” in 
an attempt to place the concept of the “vulnerable plaque”57 into the broader 
context of the individual patient. 

Current insights into plaque biology and the phenomenon of plaque rup-
ture seem to point to a more important role for plaque composition than just 
the degree of stenosis, since also mild to moderate stenoses can often cause 
erosion or rupture of plaque58 and thereby acute ischemic syndromes involving 
the coronary arteries, central nervous system or the peripheral arterial bed. 
However, current clinical decision-making is largely based on location and de-
gree of stenosis, as determined with intra-arterial digital subtraction angiogra-
phy (IA-DSA). Numerous studies have shown that MRI not only has the ability 
to detect and quantify stenoses but can also differentiate plaque components 
in the carotid arteries and the aorta59–64. Different soft tissues have different 
signal intensities depending on the sequence that is used for imaging. Focal 
differences of signal intensity can represent differences in plaque composition, 
which is related to plaque vulnerability as demonstrated previously in the ca-
rotid arteries and the aorta. However, due to previously described challenges, 
this is not feasible in the coronary arteries yet. 

Except for imaging of the coronary arteries, MRI also is the standard of ref-
erence for evaluation and characterization of the myocardium, especially wall 
motion and perfusion. Myocardial abnormalities can be the result of coronary 
atherosclerosis and ischemia, and if present, they have prognostic implications. 
Furthermore, on an entirely different level, MRI can be used for spectroscopy 
of plasma65, 66, thereby giving information about specific markers for inflamma-
tion or more specific for coronary atherosclerosis. Combination of several MR 
techniques might give a comprehensive overview of an individual’s health-
status. 

The ultimate goal of coronary imaging is to detect the ‘vulnerable’ plaque, 
or even the vulnerable patient, to improve patient stratification for interven-
tions to prevent potentially life-threatening complications of coronary athero-
sclerosis. Identification of patients at risk is currently done by assessing risk 
factors like hypercholesterolemia, hypertension, smoking and diabetes melli-
tus. These risk factors, together with age and gender, constitute the basis of 
the Framingham risk score67, 68. With this score, patients can be classified into 
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low- (<0.5% per year), intermediate- (0.5%-2% per year) and high-risk (>2% per 
year) categories for the likelihood of development of acute coronary events. In 
the high-risk population it is believed that a small group of very-high-risk sub-
jects can be identified with a risk of more than 15% per year. Braunwald pro-
posed an algorithm for further evaluation of intermediate and high-risk sub-
jects1. Further risk stratification of the intermediate risk subjects can be done 
by additional tests such as the amount of high-sensitivity C-reactive protein in 
the blood or the ankle-brachial index, to reclassify patients into the low- or 
high-risk group. 

It is likely that imaging studies can also give additional (prognostic) infor-
mation. Ultrasonographic measurement of carotid artery intimal-medial wall 
thickness, coronary calcium score with CT, or MRI of (the walls of) the aorta 
and carotid arteries are all promising techniques in this regard. Imaging of the 
coronary arteries and vessel wall can also potentially be of great value since it 
directly visualizes the vessels of interest. The high-risk group needs intense 
global risk factor reduction. Further stratification is needed to identify and 
treat the very high-risk subjects (>15% per year) to prevent acute coronary 
events. 

The accuracy and cost-effectiveness of the non-invasive imaging tests have 
to be further established. Currently, there is a lack of prospective studies. In 
the US, there currently is a large prospective study, the BioImage study69. This 
study is a part of the “high risk plaque initiative”, a research program focused 
on the understanding, recognition and management of atherosclerotic plaques 
(http://www.hrpinitiative.com). It aims at follow-up of a large asymptomatic 
population with several techniques which include MRI and CT, but unfortu-
nately, at this time no data are published. Another prospective study was per-
formed by Motoyama et al. in a large population of patients with suspected 
coronary artery disease who underwent coronary CT angiography70. In this 
study, positive remodeling and the presence of low attenuation plaques were 
associated with a higher risk for acute coronary syndrome. The feasibility of 
imaging studies has already been demonstrated, but larger prospective studies 
are needed to evaluate the real potential of non-invasive imaging techniques 
in the detection of the vulnerable atherosclerotic plaque or the vulnerable 
patient. 

The strength of MRI is that is has the capability to visualize the whole 
ischemic cascade, from early vessel wall thickening to late consequences of 
myocardial infarction, without the use of ionizing radiation. This makes MRI a 
safe technique, which can be easily used for serial evaluation, also in young 
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and/or asymptomatic subjects. Cardiac MRI has already established itself for 
the detection of motion abnormalities, perfusion defects and assessment of 
myocardial viability71–73. Optimization of current coronary lumen and vessel 
wall sequences and implementation of these sequences in current cardiac pro-
tocols offers a comprehensive one-stop shop. 

Conclusions 

In conclusion, the studies performed for this thesis demonstrate that MRI of 
the coronary vessel wall is able to accurately detect areas of focal wall thicken-
ing with or without stenoses when compared to the current standard of refer-
ence for coronary vessel wall imaging. Furthermore, MR-CVW was able to de-
tect significant differences in vessel wall thickness and signal intensity of the 
coronary vessel wall of patients with CAD compared to age-matched healthy 
volunteers. This thesis also describes several possibilities to further optimize 
coronary vessel wall imaging and cardiac cine imaging. With the promising 
results of this thesis and other previous studies, there is ground for further 
development and optimization towards a clinically comprehensive cardiac and 
coronary exam. Eventually, this may result in early and individualized risk as-
sessment for complications of coronary atherosclerosis and for the follow up 
of treatment. 
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Atherosclerosis is a chronic inflammatory disease of the vessel wall of large 
and medium sized arteries and, despite advancement in diagnosis and treat-
ment, remains one of the most important causes of morbidity and mortality 
worldwide. Complications of atherosclerosis can occur when there is obstruc-
tion of the vascular lumen due to plaque rupture or erosion with subsequent 
thrombus formation, or after embolization of a preexisting thrombus. In the 
coronary arteries, this can lead to myocardial ischemia, infarction or even sud-
den cardiac death. 

Until recently, X-ray coronary angiography was the preferred method for 
visualization of the coronary arteries. However, advances in our understanding 
of the development of atherosclerosis in concert with the introduction of ad-
vanced MR and CT imaging systems have led to a shift towards non-invasive 
imaging. One of the potential advantages of MR and CT is their capability to 
visualize the coronary vessel wall, although clinically, the accepted standard of 
reference for imaging of the coronary vessel wall remains intravascular ultra-
sonography (IVUS). 

The primary objective of this thesis was to evaluate the potential of MRI 
for detection of coronary artery disease by visualization of the coronary vessel 
wall in patients with coronary artery disease (CAD). To place findings in pa-
tients in perspective, a cohort of asymptomatic subjects was also imaged. A 
secondary objective of this thesis was to develop techniques for optimization 
of MR imaging of the heart and coronary vessel wall at 3T. In order to achieve 
these objectives several studies were performed. 
 
Chapter 2 presents an overview of the literature about the status and future 
role of MRI for the detection of atherosclerosis and characterization of athero-
sclerotic plaques. 
 
Chapter 3 reviews the literature about MRI of the coronary arteries. The tech-
nical aspects, clinical indications and potential future applications of MRI of the 
coronary arteries are discussed. 
 
In chapter 4, MR imaging of the coronary vessel wall was compared to in-
travascular ultrasound, the current standard of reference for coronary vessel 
wall imaging. This study demonstrated that MRI of the coronary vessel wall is 
able to accurately detect positive remodeling and coronary vessel wall thicken-
ing. However, mainly due to differences in spatial resolution and possible flow-
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related artefacts on MRI, there is a low correlation between both modalities in 
terms of absolute wall thickness measurements. 
 
The study presented in chapter 5 investigated the prevalence and extent of 
coronary atherosclerosis in middle-aged asymptomatic volunteers and patients 
with angiographically proven coronary artery disease. As expected, the burden 
of coronary atherosclerosis, as determined by measured vessel wall thickness, 
was higher in patients. However, the majority of asymptomatic subjects also 
demonstrated various degrees of coronary atherosclerosis, which is consistent 
with current theories about plaque development. 
 
Chapter 6 presents a new MR technique for black blood coronary vessel wall 
imaging. Motion sensitized driven equilibrium (MSDE) techniques have previ-
ously been used in the carotid arteries and the aorta. The aim of the study 
presented in this thesis was to explore the feasibility and reproducibility of a 
time-efficient coronary vessel wall measurement approach using an improved 
motion-sensitized driven equilibrium (iMSDE) pulse sequence. In this study, the 
feasibility of iMSDE based coronary vessel wall imaging was proved and its 
good reproducibility was demonstrated. In addition, scan duration of the iMS-
DE vessel wall scan was 50% shorter than with the currently used double inver-
sion recovery technique, which makes iMSDE potentially interesting for fast 
and accurate coronary artery disease detection in a clinical environment. 
 
Complications of coronary atherosclerosis include myocardial ischemia and 
infarction. MRI is the standard of reference for evaluation and characterization 
of the myocardium, especially for studying wall motion and perfusion. Clini-
cally, cardiac MRI is currently mainly performed on 1.5T clinical scanners. Al-
though migration from 1.5T to 3T is still challenging due to the presence of 
artefacts and limitations in several scan parameters, imaging at 3T potentially 
offers benefits considering improved spatial resolution, signal to noise ratio 
and scan duration. In Chapter 7 we describe a solution for one of the problems 
associated with cardiac cine MRI at 3T. We investigated the effect of the ad-
ministration of the blood pool agent gadofosveset on image quality. Although 
objective and subjective image quality was best at 1.5T, administration of gad-
ofosveset clearly improved image quality at 3T compared to non-enhanced 
imaging at 3T. Since perfusion imaging at 3T is known to be superior to perfu-
sion imaging at 1.5T, the results of this study are promising for future migra-
tion of comprehensive cardiac imaging at 3T. 
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In Chapter 8, the findings of our studies are placed in perspective and dis-
cussed in relation to the published literature. Furthermore, the role of MRI is 
compared to other non-invasive imaging modalities and finally, the potential 
role of coronary (vessel wall) imaging in clinical practice is discussed. 
 
From the studies in this thesis we conclude that: 
 

1. MRI of the coronary vessel wall is able to accurately detect coronary 
vessel wall thickening in the RCA when compared to IVUS, although 
there is a low correlation between both modalities in terms of abso-
lute wall thickness measurements. 

2. Both middle-aged patients with stable angina and angiographically 
proven coronary artery disease as well as age-matched asymptomatic 
subjects exhibit coronary vessel wall thickening detectable with MR 
coronary vessel wall imaging. Maximum and mean wall thickness were 
significantly higher in patients. The vast majority of asymptomatic sub-
jects had either positive remodeling without luminal narrowing, or 
non-significant stenoses. 

3. Motion-sensitized black blood coronary vessel wall imaging is feasible, 
reproducible and more time efficient compared to the currently used 
double inversion recovery sequences. 

4. Injection of the blood pool agent gadofosveset leads to improved ob-
jective and subjective cardiac cine image quality at 3T and to the same 
conclusions regarding cardiac ejection fraction compared to bSSFP im-
aging at 1.5T. 
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Atherosclerose, in de volksmond aderverkalking genoemd, is een chronische 
aandoening van de vaatwand van de grote en middelgrote arteriën.  De afwij-
kingen beginnen al op jonge leeftijd en vormen de basis van ernstige ziekten 
zoals hartinfarct, beroerte en perifeer vaatlijden.  Ondanks vooruitgang in dia-
gnose en behandeling blijft atherosclerose een van de belangrijkste doodsoor-
zaken in de Westerse wereld.  

Complicaties van atherosclerose ontstaan door afsluiting van een slagader 
waarna de bloedtoevoer naar het achterliggende orgaan stopt. Voorheen werd 
verondersteld dat vooral de mate van vernauwing (stenose) van een bloedvat 
hiervoor bepalend was. Recent is echter duidelijk geworden dat ook niet-
stenoserend atherosclerotisch vaatlijden geassocieerd is met acute vaatafslui-
tingen. Afsluiting van een kransslagader, ofwel coronairarterie, kan leiden tot 
zuurstofgebrek van de hartspier, het myocard, en uiteindelijk tot een hartin-
farct of plotselinge hartdood. Het veronderstelde mechanisme dat ten grond-
slag ligt aan dit fenomeen is ruptuur van een ‘instabiele’ plaque.  Instabiele 
plaques worden gekenmerkt door een hoge concentratie aan onstekingscellen 
met een dunne fibreuze overkapping. Daarbij hoeft er geen sprake te zijn van 
een ernstige vaatvernauwing.  

Tot voor kort werden de coronairarteriën door middel van catheterisatie 
en röntgen angiografie in beeld gebracht. Met deze techniek kan alleen het 
lumen van een vat en niet de vaatwand en de daarin aanwezige atheroscleroti-
sche plaques afgebeeld worden.  Afbeelden van de vaatwand kan wel met 
intravasculaire echografie (IVUS). Deze techniek wordt daartoe momenteel in 
de kliniek ook gebruikt maar de methode is invasief vanwege de vereiste hart-
catheterisatie. Een alternatief is dus wenselijk.  Geavanceerde scantechnieken 
(MRI en CT) bieden de mogelijkheid om op niet-invasieve wijze de coronaire 
vaatwand en de daarin aanwezige plaques af te beelden.  
 
Het primaire doel van dit proefschrift was het evalueren van de mogelijkheden 
van MRI voor het detecteren van coronair vaatlijden. Een tweede doel was de 
technieken van MRI van het hart en de coronaire vaatwand te optimaliseren.  
 
Hoofdstuk 2 geeft een overzicht van de literatuur over de status en toekomsti-
ge rol van MRI voor het detecteren van atherosclerose en voor de karakterisa-
tie van atherosclerotische plaques. 
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Hoofdstuk 3 beschrijft de literatuur met betrekking tot MRI van de coronairar-
teriën. De technische aspecten, klinische indicaties en de potentiële toekom-
stige toepassingen van MRI van de coronairarteriën worden besproken. 
 
Om een indruk te krijgen van de nauwkeurigheid van MRI werden in hoofdstuk 
4 de resultaten van MRI van de coronaire vaatwand vergeleken met de resulta-
ten van IVUS als gouden standaard. Deze studie toonde aan dat MRI positieve 
remodelering en wandverdikkingen van de coronair arteriën nauwkeurig kan 
detecteren. Er is echter een slechte correlatie tussen IVUS en MRI met betrek-
king tot de absolute vaatwanddikte. Dit kan verklaard worden door het verschil 
in spatiële resolutie van beide technieken en mogelijk ook door bloedstroom-
gerelateerde artefacten op MRI. 
 
In de studie in hoofdstuk 5 is onderzocht of ook bij gezonde asymptomatische 
personen van middelbare leeftijd met MRI coronaire vaatwandveranderingen 
aangetoond kunnen worden en in hoeverre deze veranderingen verschillen in 
vergelijking met patiënten van dezelfde leeftijd. Met andere woorden: ziet de 
vaatwand er bij gezonden anders uit dan bij personen met klachten? Zoals 
verwacht hadden patiënten in ernstigere mate coronairlijden (dikkere vaat-
wand) dan gezonde leeftijdsgenoten. Echter ook bij een meerderheid van de 
asymptomatische personen werden verschillende stadia van atherosclerose 
van de coronairarteriën gezien. Meestal betrof dit positieve remodellering of 
niet-significante stenosen. Deze bevinding is in overeenstemming met de hui-
dige kennis over de ontwikkeling van atherosclerose.  
 
In Hoofdstuk 6 wordt een nieuwe zwart-bloed MRI techniek beschreven voor 
het afbeelden van de coronaire vaatwand. De zogenaamde “motion sensitized 
driven equilibrium” (MSDE) pulssequentie is eerder gebruikt voor het afbeel-
den van de vaatwand van de arteria carotis en de aorta. Het doel van de studie 
zoals beschreven in dit proefschrift was het beoordelen van de toepasbaarheid 
en reproduceerbaarheid van deze tijdsefficiënte methode voor coronaire  
vaatwandimaging. Hiervoor werd gebruik gemaakt van een verbeterde MSDE 
(iMSDE) pulssequentie. In deze studie zijn de toepasbaarheid en de reprodu-
ceerbaarheid van iMSDE aangetoond. Daarnaast werd aangetoond dat de ac-
quisitieduur met de iMSDE sequentie 50% korter was dan de huidig gebruikte 
“double inversion recovery” techniek. Dit maakt iMSDE potentieel een aan-
trekkelijke techniek voor snelle en accurate detectie van coronair vaatlijden in 
een klinische setting. 
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Complicaties van coronair vaatlijden zijn onder andere myocardischemie en –
infarcering. MRI is de gouden standaard voor evaluatie en karakterisatie van 
het myocard, en dan met name voor beoordeling van de wandbeweging en 
hartspierdoorbloeding (perfusie). In de dagelijkse patiëntenzorg wordt cardiale 
MRI nog veelal op 1.5T MRI scanners verricht. Hoewel de overstap naar 3T de 
nodige uitdagingen oplevert door de aanwezigheid van artefacten en beper-
king in een aantal scanparameters, levert beeldvorming op 3T ook potentiële 
voordelen op zoals verbeterde spatiële resolutie, signaal-ruis-verhouding en/of 
kortere scanduur. In Hoofdstuk 7 wordt een oplossing beschreven voor een 
van de problemen die geassocieerd zijn met cardiale cine MRI op 3T. In dit 
hoofdstuk werd het effect op de beeldkwaliteit van de toediening van het in-
travasculaire contrastmiddel gadofosveset onderzocht. Gadofosveset is een 
middel dat door zijn eigenschappen langer in de bloedbaan verblijft dan de in 
de dagelijkse routine gebruikte contrastmiddelen. Hoewel de objectieve en 
subjectieve beeldkwaliteit van cardiale cine MRI beter was op 1.5 T, waren de 
beelden op 3T duidelijk beter na toediening van contrast in vergelijking met 
niet-contrastversterkte opnamen. Aangezien het afbeelden van de perfusie 
van het myocard op 3T in eerdere onderzoeken beter is gebleken dan op 1.5T, 
zijn de resultaten van de in dit proefschrift beschreven studie behulpzaam in 
het toewerken naar cardiale beeldvorming op 3T. 
 
In hoofdstuk 8 worden de bevindingen uit dit proefschrift besproken en verge-
leken met de eerder gepubliceerde literatuur. Daarnaast wordt de rol van MRI 
vergeleken met andere niet-invasieve beeldvormende technieken en wordt de 
potentiële rol van MRI van de coronairarteriën en van de coronaire vaatwand 
in de klinische praktijk besproken. 
 
Uit de onderzoeken zoals beschreven in dit proefschrift concluderen we dat: 
 

1. MRI van de coronaire vaatwand accuraat afwijkingen in deze wand kan 
detecteren en lokaliseren in vergelijking met IVUS als gouden stan-
daard.  

2. In zowel patiënten met angiografisch aangetoond coronair vaatlijden 
als bij asymptomatische personen afwijkingen van de coronaire vaat-
wand met MRI gedetecteerd kunnen worden. De maximale en gemid-
delde wanddikte was duidelijk groter in patiënten. De meeste asymp-
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tomatische personen hadden milde tot matige vernauwingen van de 
coronairarteriën of een positieve remodelering.  

3. De nieuwe pulssequentie iMSDE een toepasbare, reproduceerbare en 
tijdsefficiënte methode is voor het afbeelden van de coronaire vaat-
wand op 3T in vergelijking met de huidig gebruikte “double inversion 
recovery” scantechniek. 

4. Cardiale cine MRI op 3T na toediening van het contrastmiddel gadofos-
veset resulteert in verbeterde objectieve en subjectieve beeldkwaliteit 
en verbeterde bepaling van de cardiale ejectiefractie in vergelijking 
met niet-contrastversterkte beelden. 
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vele gescande collega’s, patiënten en gezonde proefpersonen, ik weet niet 
hoeveel statistiek-files, vele versies van abstracts en manuscripten, leuke, 
interessante congressen en vele leuke ontmoetingen met allerlei mensen uit 
de radiologie- en MRI-wereld, ligt hier eindelijk mijn boekje. Tja… na al die 
jaren is het nu dus echt af. 

Uiteraard wil ik alle proefpersonen bedanken, alle medeauteurs van de ar-
tikelen en natuurlijk ook de MRI laboranten die me hebben geholpen met het 
leren scannen en bij wie ik altijd terecht kon met vragen. Maar een aantal 
mensen wil ik in het bijzonder noemen. 
 
Geachte professor van Engelshoven, beste Jos, ik ben er trots op dat u nog 
mijn promotor bent. Ik waardeer uw rust, inzichten, adviezen en 
betrokkenheid van de afgelopen jaren enorm. Bedankt voor alles! 

Beste Tim, ik blijf het ongelooflijk vinden hoe jij in alle drukte je werk als 
radioloog, je onderzoek en je gezin weet te combineren. Jij weet daarnaast ook 
prima wat er nodig is om iemand te motiveren als alles allemaal niet helemaal 
ging zoals gepland. Ik wil je ontzettend bedanken voor alles wat je me de laat-
ste jaren hebt bijgebracht, voor alle mogelijkheden die je me hebt gegeven en 
voor je gastvrijheid. 

Beste Eline, je was altijd bereikbaar voor vragen en je nauwkeurigheid in de 
beoordeling van de opzet van een onderzoek of bij het doorlezen van de ma-
nuscripten hielp me om alles nog net wat breder te bekijken en op te schrijven. 
Bedankt voor je inzet! 

Geachte professor Wildberger, ondanks dat mijn onderzoek al vergevor-
derd was op het moment dat u in Maastricht begon, toonde u vanaf het begin 
veel interesse en was u goed op de hoogte van wat er speelt. Uw betrokken-
heid, en uw inzet als voorzitter van de beoordelingscommissie, waardeer ik 
erg. Bedankt daarvoor. 

Geachte professor Daemen, professor Mochtar en dr. Ir. Backes, bedankt 
voor jullie bijdrage voor de beoordelingscommissie. 

Dear professor Stuber, dear Matthias, thank you for your efforts for the 
evaluation of my thesis. I’m very pleased that you will be in Maastricht for the 
defense as a member of the corona. 

Dear professor Botnar, dear Rene, I’m very pleased that you will be in 
Maastricht for the defense as a member of the corona as well. Thank you for 
all your efforts and contributions in the last couple of years. 
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Dear Jinnan, Jeff, Baocheng and professor Yuan, thank you for the opportunity 
to spend a great week in your lab in Seattle. It was really motivating to work 
with you all! 

Beste Fons en Patty, jullie hulp met de statistiek en de discussies over de 
studies hebben enorm geholpen in het krijgen van inzichten in de resultaten. 
Bedankt voor jullie inbreng! 

Susanne, Ine en Emilia, ontzettend bedankt voor jullie bijdrage aan het 
ontwerp van dit boekje en de uitnodigingen! 
 
Natuurlijk wil ik daarnaast al mijn directe collega’s bedanken. Om te beginnen 
de mensen “uit de kelder bij MRI 3” met wie ik al de tijd mijn kamer en de gang 
heb gedeeld en met wie ik hele leuke tijden heb beleefd, zowel in het AzM als 
daarbuiten, en bij wie ik steeds terecht kon als dat nodig was. 

Ook al mijn collega-assistenten “boven op niveau 3” en alle stafleden wil ik 
bedanken. Een goede werksfeer bepaalt zo ontzettend veel, en de sfeer zoals 
die op onze afdeling heerst waardeer ik enorm. Ik ben blij dat ik bij de radiolo-
gie beland ben, en dat ik aan deze tijd niet alleen leuke collega’s over hou maar 
ook een aantal hele goede vrienden! 
 
Lieve Elleke, jij bent een van die collega’s waar ik altijd op kan terugvallen als 
dat nodig zou zijn, en ook jij bent inmiddels meer geworden dan een gewone 
collega! Bedankt dat je er bij bent, en dat je vandaag als paranimf naast me 
staat. Ik wens je heel veel geluk met Bas en Mai, en daarnaast wens ik je ook 
veel succes in je eigen carrière. 

Lieve Joyce, vanaf het moment dat ik je vroeg of je een van mijn paranim-
fen wilde zijn was je al bezig met wat je allemaal voor me kon doen. No wor-
ries, het valt allemaal wel mee. Het is zo leuk hoe die dingen lopen… Vanaf ons 
eerste levensjaar komen we al bij elkaar over de vloer, en ondanks dat er veel 
veranderd is in ons leven blijft die goede vriendschap nog steeds bestaan. Ook 
jij bedankt dat je vandaag naast me staat, en veel geluk met Jordy en Milla! 
 
Door de jaren heen leer je mensen kennen, je leert vooral je echte vrienden 
kennen en steeds meer te waarderen. Om een lang verhaal kort en vooral 
leesbaar te houden ga ik niet iedereen bij naam noemen en bedanken, maar 
de mensen om wie het hier gaat weten dat wel… Lieve vrienden, ontzettend 
bedankt voor jullie begrip, interesse, alle leuke avondjes, etentjes, uitstapjes 
en vakanties en bedankt voor al die keren dat ik op jullie terug kon vallen als 
dat nodig was! 
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En last but not least: mijn familie, en dan vooral pap, mam, Heleen en Nick: 
ook jullie bedankt voor de steun en jullie geduld, voor alle goedbedoelde ad-
viezen (waar ik misschien niet altijd naar luisterde…) en voor de mogelijkheid 
om te praten en te discussiëren als dat nodig was. Door jullie vertrouwen sta ik 
daar waar ik nu sta. Lieve Lonneke, sinds kort hoor jij er ook bij: welkom in de 
familie en veel geluk gewenst! 
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Chapter 2 - Figure 1. Different stages of plaque development (see text for description). Black
lines denote transitions between different stages. T signifies thrombus. 

 

 
Chapter 2 - Figure 2. Example of a luminal contour abnormality. A focal concavity of the luminal 
surface (arrowhead), best depicted on the ToF and T1-weighted images, correlates with an 
unstable, ruptured cap on the corresponding histologic section. Reproduced with permission 
from (50). 
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Chapter 2 - Figure 3. Carotid atherosclerotic plaque imaging with multisequence MRI. (A)  
T1-weighted TFE overview of the right side of the neck. The box is placed around the internal 
carotid artery. Different MRI weightings are: T1-weighted TFE (B); PD-weighted TSE (C); T2-
weighted TSE (D); T1-weighted TSE (E); and Partial T2-weighted TSE (F). The corresponding 
haematoxylin-eosin stained histological slice (magnified 12.5x) is shown in (G). For the T1-
weighted TFE sequence (B), the in-plane resolution was 0.39x0.49 mm with a slice thickness of 
3.0 mm and no slice gap. For the other sequences, the in-plane resolution was 0.39x0.39 mm 
with a slice thickness of 2.5 mm and a slice gap of 0.5 mm. Hemorrhage (h) was well differenti-
ated from fibrous (asterisk) tissue (high and iso-intense relative signal intensity, respectively) on 
the T1-weighted TFE image (B). On the T2-weighted TSE image (D) fibrous tissue (asterisk) has 
high signal intensity, while calcification has very low signal intensity (arrowhead). Calcification 
also has very low signal intensity on PD-weighted TSE (C), T1-weighted TSE (E) and Partial T2-
weighted TSE (F). Lipid core has low signal intensity on T2-weighted TSE (D; arrow) and is 
low/iso-intense on T1-weighted TFE. 
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Chapter 4 - Figure 1. Measurement of vessel wall thickness on source images. The anterior and
posterior vessel walls are delineated as separate ROIs in segment 2 of the right coronary artery 
(A). In each ROI 100 measurements are made of the anterior (yellow) and posterior (red) wall
thickness (B). The custom made software program calculates wall thickness over the entire 
length of the measured ROIs for the anterior (index 1) and posterior (index 2) vessel wall (C). 

 
Chapter 4 - Figure 2. 61 y/o female with stable angina. X-ray angiography (A) and coronary MRA 
(B) demonstrate high grade stenosis in the proximal RCA. C) corresponding MR vessel wall scan
demonstrate several area’s with vessel wall thickening and high signal intensity. E (distal RCA), F 
(diseased area) and G (proximal RCA) are cross-sectional IVUS images and refer to the corre-
sponding area’s as shown on stretched MPR of the vessel wall scan (D) and the longitudinal 
IVUS-reformat (H). F is the area of maximum stenosis. 



Color figures 
  

- 192 - 

 

 
Chapter 5 - Figure 1. Measurement of vessel wall thickness and signal intensity on source im-
ages. The anterior and posterior vessel walls are delineated (A). In each segment 100 measure-
ments are made of the thickness and signal intensity of the proximal and distal RCA vessel wall 
and the diameter of the lumen (B,C). The custom made software program calculates wall thick-
ness, signal intensity, and lumen diameter (D-F) over the entire length of the measured segment. 
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