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ABSTRACT
Magnetic Resonance Imaging (MRI) of the arterial wall yields a surrogate marker for 
atherosclerosis that can provide an early indication of cardiovascular disease risk and 
enables to assess efficacy of novel cardiovascular drugs.  In this overview we address the 
technical requirements and the clinical relevance of vessel wall MRI. We describe the use of 
“black blood” imaging sequences, which are needed for good discrimination between the 
lumen, and the artery wall. Furthermore, we discuss how multiple contrast weighted 
imaging can enable us to visualize components within the plaque, to help us predict which 
plaques are prone to rupture and cause cerebrovascular events. We also touch on the use 
of contrast agents for imaging biological processes in atherosclerosis. Dynamic contrast-
enhanced MRI performs a kinetic analysis of the uptake of gadolinium-based contrast 
agents in the atherosclerotic plaque, and estimates the area and permeability of 
microvessels in the plaque. Ultra small particle iron oxide is another contrast agent that can 
enter the plaque where it is specifically taken up by macrophages, and hence reflects 
plaque macrophage content. Novel developments in this area include the employment of 
lipoprotein-bearing contrast agents and the use of particles that contain contrast agents as 
well as ligands targeting a specific molecule. In experimental studies this “molecular 
imaging” approach has proved to enable visualization of cellular and molecular targets in 
atherosclerosis. This can be of great use to enhance our understanding of the 
atherosclerotic disease process, and evaluate therapy in the future.

INTRODUCTION
More people die annually from cardiovascular disease than from any other cause. The 
World Health Organization (WHO) reported that the annual worldwide death rate related to 
cardiovascular events was 17.5 million, a number that is projected to rise significantly in the 
years to come.1 The development of cardiovascular disease is a complex succession of 
events that is initiated by endothelial dysfunction, lipid accumulation, and migration of 
inflammatory cells into the arterial wall.2 Eventually, after decades some plaques may 
become instable, rupture, and cause myocardial infarction, stroke, and peripheral artery 
disease. To visualize the presence of atherosclerosis prior to the occurrence of events, 
various vascular imaging modalities are used, including ultrasound, computed tomography, 
positron emission tomography, and magnetic resonance imaging (MRI). MRI has emerged 
as one of the leading non-invasive in vivo imaging techniques for atherosclerosis as it 
enables imaging of all stages of atherosclerosis, from healthy vessels to advanced disease. 
Furthermore, MRI is a sensitive modality for discerning plaque composition and is capable 
of imaging relevant biological processes in atherosclerosis with use of targeted contrast 
agents. In this overview we reflect on the technical principals of vessel wall MRI, and we will 
discuss MRI observations on plaque biology, and cardiovascular drug efficacy.

IMAGING TECHNIQUES
Vessel wall imaging by MR is mainly performed on the carotid arteries as well as the 
abdominal and thoracic aorta. While dedicated surface coils are preferred for carotid 
imaging, for the aorta conventional abdominal, and thorax coils can be used.3 
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The majority of vascular imaging studies in humans have been done at 1.5 Tesla field 
strength. However, recent studies have shown the advantage of higher signal to noise ratios 
at 3.0 Tesla that can be used to either decrease scan time or increase spatial resolution, or 
both.4, 5 
MRI possesses a number of important characteristics that make the technique well suited to 
investigate atherosclerosis. First, MRI is non-invasive, and no ionizing radiation is involved. 
Second, MRI enables reproducible assessment of plaque size, and composition with sub 
millimetre spatial resolution.

Black Blood Imaging
To assess dimension, and morphology of the vessel wall, good discrimination between the 
lumen and wall is essential. Imaging techniques that suppress signal from flowing blood are 
used for this purpose, and are termed “black blood imaging”.
There are two principal techniques for black blood imaging, namely inflow saturation, and 
double inversion recovery. The disadvantage of inflow saturation is that it’s not effective in 
eliminating the entire signal from blood, and the technique is therefore less applicable for 
vessel wall imaging. The principal of double inversion recovery is that a nonselective 180º 
pulse inverts all spins within the transmit coil, followed by a slice selective 180º pulse that 
restores the magnetization of an imaged slice. With a properly chosen inversion time this 
enables full subjugation of signal from flowing blood, even at low flow rates.6 
The main disadvantage is that it increases scan time considerably. To improve scan time 
efficiency, multislice double inversion recovery sequences have recently been developed.7,8 
Another limitation of double inversion recovery arises when contrast agents are used. The 
T1 of blood after administration of contrast agents is dependent on patient characteristics 
(e.g. renal clearance), and procedure specific variables (e.g. contrast dose, time between 
administration, and scanning, etc...). As T1 of contrast-enhanced blood is altered, the 
proper inversion time for the sequence becomes uncertain. A quadruple inversion recovery 
sequence has been proposed to resolve this issue.9

Multiple Contrast-Weighted Imaging of the Vessel Wall
Imaging vessel wall dimensions
In MRI, the obtained signal is described by the tissue dependent spin lattice relaxation time 
(T1), the spin-spin relaxation time (T2), and the proton density (PD). Based on differences in 
T1, T2, and PD, the vessel wall can be differentiated from the surrounding tissues. The 
conventional MR imaging sequence used for vessel wall imaging is a multislice black blood 
prepared two dimensional turbo spin echo sequence with a spectral selective fat 
suppression prepulse. Typically, in plane resolution is around 500µm, although recently with 
use of 3.0 Tesla MRI we were able to decrease resolution to 250µm.6, 7 Slice thickness is 
normally between 2 to 3 mm.
From in vivo T1 weighted images of healthy porcine arteries, the obtained MR signal 
showed to accurately differentiate the intima, and media tissue from adventitial, and 
perivascular tissue, which was validated against histology.10 Also, in vessels with advanced 
atherosclerosis, MRI showed that the in vivo measured plaque volume was in good 
agreement with histology of endarterectomy specimens.11 Thus, MRI can accurately assess 
the dimensions of the vessel wall. 
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Furthermore, imaging vessel wall dimensions has proved to be highly reproducible. The 
interstudy variability in healthy subjects as well as in subjects with evidence of carotid 
atherosclerosis was found to have intraclass correlation coefficients above 0.95.12, 13 

Imaging vessel wall composition
In addition to imaging dimensions various components within the plaque can be 
distinguished, namely lipid-rich necrotic core, intraplaque haemorrhage, calcification, and 
fibrocellular tissue. However, contrast between these tissues cannot be obtained in a single 
image. Therefore, of each slice through the plaque multiple images need to be acquired, 
each differently weighted for T1, T2, and PD. Figure 1 shows how the various tissues can be 
visualized with the different weightings. 
The agreement between multiple contrast weighted MRI, and histology in the assessment 
of plaque composition has been extensively investigated. We started in the late 90s with 
animal studies and ex vivo studies comparing MRI with plaque histology, showing that lipid-
rich necrotic core, intraplaque haemorrhage, and calcification could be detected with high 
sensitivity, and specificity.14, 15 In vivo studies followed, reporting that MRI can depict lipid-
rich necrotic core, and intraplaque haemorrhage with a sensitivity of 85%, and a specificity 
of 92%.16, 18

Although evaluating presence or absence of plaque features was a first important 
milestone, the true challenge started with the attempt to quantify the size of these 
components. In an ex vivo study, the tissue characteristics could be determined in a pixel by 
pixel comparison with histology, showing accurate estimation of the size of the plaque 
components.19 Also, various in vivo imaging studies have been performed in patients 
scheduled for endarterectomy that matched the MR images to corresponding histology 
sections. These studies unanimously conveyed that lipid-rich necrotic core, intra plaque 
haemorrhage, calcification, and fibrous tissue size in MRI measurements are equivalent to 
histology measurements.16, 17, 20

Possibly, the most challenging issue in plaque composition imaging remains quantification 
of the fibrous cap thickness. Fibrous cap thickness is highly relevant as the majority of 
culprit lesions in the carotid artery have been observed to have a fibrous cap thickness 
smaller than 200μm.21 As the in-plane resolution of vessel wall MRI is typically around 
500μm, the specificity of MR to detect thin fibrous cap is relatively low. Nonetheless, various 
reports have been able to discriminate between intact thick, intact thin, or ruptured fibrous 
cap, and validated their findings against histology.22-25 
The previously mentioned studies have mainly been performed with two-dimensional 
sequences, which have the limitation of poorer spatial resolution in the section select 
direction. Therefore, three-dimensional imaging techniques have been designed that use a 
segmented steady-state free precession sequence.26-28 This technique improves assessment 
of plaque component, although two-dimensional imaging still provides higher reliability for 
image quality.

Contrast-Enhanced MRI
In addition to multiple contrast weighted imaging, contrast agents can be of assistance to 
further increase the discrimination between plaque components. Gadolinium-based 
contrast agents are clinically available, and are used in MRI because they shorten T1.
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Figure 1. Example of multiple weighted imaging of atherosclerotic plaque. From top to bottom, Time of Flight (TOF), T1, 

proton density (PD) and T2 weighted images of the internal carotid artery of a 62 year old asymptomatic male, without any risk 
factors for cardiovascular disease, despite smoking and a positive family history for stroke. On the right the image analysis is 

shown, with the lumen (green) and the outer wall boundary (red) delineated. Within the atherosclerotic plaque an area with 

hyper intense signal on all four weightings can be observed, which relates to a large intra plaque haemorrhage (purple). 
Between the lumen and the haemorrhage is an area with hypointense signal on TOF with isointense signal on the other 

weightings which corresponds with dense fibrous tissue (yellow). Images were made with 3.0 Tesla MRI. Courtesy of Aart J. 

Nederveen, Academic Medical Center, Amsterdam, The Netherlands.

For vessel wall imaging the differentiation between lipid-rich necrotic core, and fibrous 
tissue can be improved, because the enhancement of lipid-rich necrotic core on post 
contrast T1 weighted images is little to none, while the signal from surrounding fibrous 
tissue increases. The size of the lipid-rich necrotic core determined with pre, and post 
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contrast T1 weighted MR images was shown to be in high agreement to histological 
measurements.23, 29 Furthermore, the intra-  and inter-reader reproducibility for quantifying 
the lipid-rich necrotic core was shown to improve with gadolinium contrast enhancement.30

Another application of gadolinium-based contrast agents is dynamic contrast-enhanced 
MRI (DCE-MRI). DCE-MRI methods perform kinetic analysis of the contrast agent uptake in 
the atherosclerotic plaque (Figure 2).31-34 Two parameters are mainly derived from DCE-MRI, 
namely fractional plasma volume, and the transfer constant of the contrast agent. Fractional 
plasma volume relates to the total microvessel area in the plaque, which has been validated 
against histology. The transfer constant estimates the permeability of microvessels, and was 
also shown to correlate with macrophage, and microvessel content in plaque on histology. 
These are relevant parameters, as in atherosclerotic plaque increased development of 
microvessels is associated with inflammation, hypoxia in the lipid-rich necrotic core, and 
plaque rupture.31 
Limitations of gadolinium-based contrast agents that need to be addressed are the recently 
observed severe long-term toxicity effects (including nephrogenic sclerosing fibrosis) in 
patients with impaired renal function.35 Therefore, the glomerular filtration rate of each 
patient should be evaluated prior to using gadolinium-based contrast agents.

Figure 2. Dynamic Contrast-Enhanced MRI. This figure shows a cross-sectional MR image of a carotid artery before injection 

(left), and after injection (middle) of a gadolinium-based contrast agent. The image on the right shows the uptake of the 
contrast agent, which reflects the microvessel area and microvessel permeability in the plaque. Courtesy of Claudia Calgagno, 

Mount Sinai School of Medicine, New York, USA.

Molecular MRI
In addition to visualizing vessel wall anatomy, MRI also facilitates imaging of cellular and 
molecular activity within the atherosclerotic plaque. The principle of molecular imaging is 
that an MR contrast agent is used that specifically targets a cell type or molecule that is 
relevant in the disease process.
Iron oxide is a contrast agent that can be used for molecular imaging purposes. This 
contrast agent induces proton dephasing, which is visible as signal drop out on T2* 
weighted images. Ultra small particles of iron oxide (USPIO) are nanometre-sized particles 
that can extravasate passively, and enter the plaque where they are taken up by 
macrophages.36-38 Trivedi et al. showed, in patients scheduled for carotid endarterectomy, 
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that areas of signal intensity reduction on MR images correspond to USPIO/macrophage 
positive histological sections.39 Interestingly, USPIO uptake in the plaque was shown to be 
increased in patients that had experienced a cerebrovascular event as compared to subjects 
with asymptomatic carotid atherosclerosis.40 A limitation of the use of iron oxide is that 
uptake appears as signal loss, which may be problematic due to the poor contrast with 
background signal. However, other sequences that induce signal increase by iron oxide 
uptake, such as gradient echo acquisition for superparamagnetic particles, can be used to 
counter this issue.41 Finally, USPIO particles are currently not clinically approved by USA/
European regulatory authorities for clinical use.
Another approach in molecular imaging, is the use of a carriage vehicle that incorporates 
both a contrast agent as well as a ligand that targets a specific molecule. We were able to 
show that gadolinium-loaded micelles targeted against macrophage scavenger receptor 
induce a significant MRI signal increase, which was correlated with macrophage density in 
plaques in a mouse model.42 Another small gadolinium-bearing compound that can 
specifically bind fibrin was shown to be able to detect organized thrombus in an 
experimental animal model.43 Furthermore, a vehicle targeted against vascular cell-
adhesion molecule 1 enabled MR visualization of the expression of this important 
inflammatory receptor in atherosclerotic mice.44

Yet another promising strategy is the use of lipoproteins to direct the contrast agent to the 
region of interest (Figure 3). High density lipoprotein (HDL)-like particles are especially of 
interest since they are known to enter atherosclerotic plaque and bind lipid-laden 
macrophages via the ATP-binding cassette transporter A-I and G-I and scavenger receptor 
B-I receptors. We have demonstrated that gadolinium or iron-oxide bearing HDL-like 
particles induced accumulation of the imaging label in atherosclerotic plaques in mice, 
detectable with MRI and confirmed with histology. Furthermore, contrast enhancement was 
observed to be highest in plaques with many macrophages.45, 46

These studies clearly illustrate the potential of MRI to visualize cellular and molecular 
targets in atherosclerosis that can be of great use to enhance our understanding of this 
complex disease process, refine diagnosis, and evaluate therapy in the future.

MR IMAGING OF ATHEROSCLEROSIS IN CLINICAL PRACTICE
An appealing facet of vessel wall imaging by MRI is that it gives us the opportunity to 
detect atherosclerosis before it becomes clinically apparent, which gives us a therapeutic 
window for primary prevention. 
Various studies using MRI have reported that subclinical atherosclerosis has a high 
prevalence, and is related to known cardiovascular risk factors. In one of the largest studies 
performed by Oyama et al., 1763 participants (aged 65 ± 9, range 38 to 88 years) of the 
Framingham Heart Study Offspring cohort were investigated. In this study plaque 
prevalence in the aorta assessed by MRI was found to be 46% in subjects without clinically 
apparent CVD, and major risk factors were associated with plaque prevalence.47 
In addition to investigating presence of plaque, MRI can also evaluate plaque vulnerability. 
Pathology studies have shown that plaques most prone to rupture are characterized by a 
lipid-rich necrotic core with an overlying thin fibrous cap, containing many inflammatory 
cells.48 
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Figuur 3. Vessel wall MRI using reconstituted HDL bearing a gadolinium-based contrast agent. (Upper) This figure shows a 

schematic representation of a reconstituted HDL-like nanoparticle. (Lower) From left to right the cross-sectional MR images 
display mouse aorta before and after the injection of reconstituted HDL bearing a gadolinium-based contrast agent. The 

upper series of images are of a mouse injected with a lower dose than the lower images. White arrows point to the abdominal 

aorta; the insets show a magnification of the aorta region. The images show a dose-dependent increase in signal intensity of 
the aorta after 24 hours, indicating the uptake of the particle in the artery wall. The images in this figure are reproduced, with 

permission, from Frias et al.

Underhill et al. performed an observational, prospective study in 85 patients with 50–79% 
carotid stenosis, with no plaque surface disruption on the baseline MRI scan. All participants 
were rescanned after 3 years, to assess which plaque component was the best predictor for 
surface disruption. They found that lipid-rich necrotic core size and intra plaque 
haemorrhage were strong classifiers.49 
Takaya et al. performed a longitudinal follow-up study in 154 patients with asymptomatic 50 
to 79% carotid stenosis, and found that presence of thin or ruptured fibrous cap (hazard 
ratio, 17.0; P < 0.001), and intraplaque haemorrhage (hazard ratio, 5.2; P = 0.005) really 
stood out in the prediction of future ipsilateral cerebrovascular events.50 Similar results were 
found in a prospective longitudinal cohort study in 64 symptomatic patients where intra 
plaque haemorrhage was a strong predictor for future ipsilateral cerebrovascular events 
(hazard ratio 9.8, P = 0.03).51 
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Larger studies that investigate the predictive value for cardiovascular events are currently 
ongoing, and will provide more information on this topic in the near future.52-54

ASSESSMENT OF CARDIOVASCULAR DRUG EFFICACY WITH MRI
Various longitudinal studies have applied MRI to assess the effect of cardiovascular drugs 
on atheroma progression in humans. For example, statins were shown to cause regression 
of aortic, and carotid artery atheroma area over a period of 12, and 24 months.55-58 In fact, 
Lee et al. observed plaque regression already 3 months after initiation of statin therapy in 
treatment-naïve patients with CHD.59 In the randomized controlled ORION trial, 43 patients 
were randomized to receive either a low (5 mg) or high (40/80 mg) dose of rosuvastatin. 
This study showed that high dose rosuvastatin decreased the lipid-rich necrotic core size by 
41.4%.60 Another study has in fact looked at the effect of statin on plaque inflammation as 
assessed by MRI with use of USPIO.61 In this study 12 patients received 10mg atorvastatin, 
and 12 patients received 80mg atorvastatin. USPIO uptake was observed to be markedly 
reduced after 12 weeks of treatment in the aggressive lipid-lowering group.
Besides efficacy of statins, also other lipid-altering drugs have been evaluated with MRI. 
Bezafibrate showed to induce plaque regression on MRI in thoracic, and abdominal aortas.
62 Furthermore, a double blind randomized placebo-controlled MRI study showed that on 
top of conventional lipid-lowering therapy with statins, niacin could reduce carotid 
atherosclerosis significantly.63

MRI Multicontrast-MRI DCE(Gd)-MRI USPIO-MRI

Vascular Bed Carotid
Aorta

Peripheral

Carotid
Aorta

Peripheral

Carotid
Aorta

Peripheral

Carotid
Aorta

Peripheral

Plaque Feature Burden Lipid-rich/necrotic core 
(%LR/NC)

Activity/
Perfusion

Inflammation
Neovessels

Activity
Infllammation

Variability (interstudy) 5-10% 10% 15% N/A

Rx modulation 3, 6*, 12 months
(*niacin+ statins)

Statins, 18months N/A Statins, 3 months

Table 1. Overview of MRI applications for vascular wall imaging. Table 1. Overview of MRI applications for vascular wall imaging. Table 1. Overview of MRI applications for vascular wall imaging. Table 1. Overview of MRI applications for vascular wall imaging. Table 1. Overview of MRI applications for vascular wall imaging. 

The findings of the above mentioned studies show that MRI is capable of depicting the 
effects of drugs both on plaque volume as well as plaque composition and inflammation in 
small sample sizes with short study duration (Table 1).
New ongoing studies such as Carotid plaque characteristics by MRI in Atherothrombosis 
Intervention in Metabolic Syndrome with Low HDL/High Triglycerides and Impact on Global 
Health (AIM-HIGH) (NIH/NHLBI R01HL088214), and the DAL-PLAQUE imaging study 
(ClinicalTrials.gov identifier: NCT00655473) will allow prospective in vivo testing of plaque 
characteristics in response to therapy in a large multicenter setup. 
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