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Introduction

Atherosclerosis is the leading cause of death in the western 
world, and is responsible for the majority of cerebrovascu-
lar and cardiovascular events such as ischemic stroke and 
myocardial infarction [1]. Atherosclerosis consists in the for-
mation of “plaques” in the arterial vessel wall. Endothelial 
dysfunction, mainly related to local reduction of wall shear 
stress in the presence of non-laminar flow profiles, plays 
a pivotal role in the initiation and progression of athero-
genesis. Disruption of the endothelial barrier facilitates the 
subendothelial accumulation of lipids, which triggers the 
initial inflammatory response that leads to plaque formation. 
Subsequent progression of atherosclerotic disease involves 
numerous processes that continuously alter vessel wall com-
position, including smooth muscle proliferation and angio-
genesis, as well as the formation of intraplaque hemorrhage 
(IPH), lipid necrotic core and calcifications [2, 3].

Non-invasive imaging techniques have played an impor-
tant role in the assessment of different plaque phenotypes, 
as well as in measuring changes in biological processes 
that occur during the different stages of atherosclerosis 
development [4]. Vessel wall magnetic resonance imaging 
(MRI) has proven to be a powerful technique for charac-
terizing atherosclerosis in various regions of the vascular 
system, including the carotid and coronary arteries, aorta, 
and peripheral and intracranial arteries [5–10]. By ena-
bling the evaluation of plaque composition and physiology, 
in vivo vessel wall MRI has helped refine the assessment 
of plaque risk profiles for rupture and subsequent cardio-
vascular events beyond simple lesion size [11, 12]. Initial 
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studies used qualitative imaging primarily for identifying 
distinct patterns of high/low signal intensity associated with 
different phenotypes of atherosclerotic plaque. In the past 
few years, however, there has been increasing interest in 
developing imaging methods that provide quantitative data 
related to vessel wall structure and function. Not only does 
this improve longitudinal monitoring of the progression of 
atherosclerosis; it also provides sensitive disease markers 
that may serve as surrogate endpoints for evaluating the 
effect of novel treatment strategies.

Contrast between different plaque components may origi-
nate from differences in their relaxation time constants T1 
and T2. These values can be quantified in each voxel by 
parametric fitting of several images with different contrast 
weighting. The resulting T1 and T2 maps enable automated 
plaque segmentation in its various constituents. Addition-
ally, the MR signal can be made sensitive to water diffusion, 
which can be used to map the spatial variation in the appar-
ent diffusion coefficient (ADC) within the plaque. This is 
of particular interest for detecting lipid accumulation, one 
of the major risk factors associated with plaque rupture. 
Contrast-enhanced MRI has been used to assess changes 
in vessel wall permeability, which can be increased both 
through disruption of the luminal endothelial layer and by 
the formation of leaky angiogenic vessels within the plaque. 
More specifically, imaging with dynamic contrast-enhanced 
(DCE) MRI, a technique that samples the influx of contrast 
agent in the plaque over time using fast T1-weighted (T1w) 
imaging sequences, has enabled the quantification of several 
pharmacokinetic parameters, including endothelial perme-
ability and microvascular volume. Finally, blood flow meas-
urements with phase-contrast MRI can be used to quantify 
pulse wave velocity (PWV), which is a common evaluation 
of vessel wall stiffness. More recently, 4D flow MRI has ena-
bled local measurement of wall shear stress (WSS), which 
plays a crucial role in vascular endothelial function.

In this review, we present emerging techniques for quan-
titative MR imaging of the vessel wall. While the main 
focus will be on the carotid arteries, the most extensively 
studied vascular bed, examples in other vascular regions 
(aorta, intracranial vessels) will also be touched upon. We 
will present the latest developments in MR sequence and 
protocol design, and discuss their advantages and pitfalls in 
the quantification of vessel wall composition and function. 
While vessel wall thickness reflects anatomical rather than 
structural/functional information, it is still considered an 
important quantitative parameter in characterizing athero-
sclerotic burden. We therefore start with a short overview 
of different two- and three-dimensional sequences that are 
used for this purpose, which are often the basis for other 
quantitative methods as well. Finally, we will present cur-
rent promising developments in MRI that will allow further 
improvement in the techniques presented here.

Plaque burden

Vessel wall thickening is one of the early visible manifesta-
tions of atherosclerosis, and therefore remains one of the 
most important diagnostic readouts of atherosclerotic bur-
den. Large clinical studies have demonstrated an associa-
tion between carotid intima-media thickness as measured 
with ultrasound, and overall risk for cardiovascular events 
such as stroke or myocardial infarction [13, 14]. Ultrasound 
still remains the first choice in clinical practice for assess-
ing carotid stenosis after ischemic events, not least for its 
cost effectiveness. However, black-blood MRI techniques 
for measuring plaque burden have improved tremendously in 
recent years, and are increasingly used in studies on athero-
sclerosis progression or treatment effect [15–17]. Moreover, 
MRI has no limitations in depth penetration and is thus a 
powerful tool for investigating not only superficial arteries 
such as the carotids, but also those such as the intracranial 
[18] and coronary arteries [7].

2D black‑blood MRI

Blood suppression is essential for achieving accurate deline-
ation of the vessel wall, which would otherwise be compro-
mised by smearing of the bright-blood lumen signal. Two-
dimensional (2D) T2-weighted (T2w) spin-echo sequences 
have inherent blood suppression due to outflow effects at 
long echo times; however, this mechanism is not compatible 
with short echo times needed for T1w imaging.

The first robust technique allowing for 2D T1w black-
blood imaging of the arterial vessel wall was proposed by 
Edelman et al. [19]. This spin-echo-based method achieves 
blood suppression by using a pair of non-selective and slice-
selective inversion pulses (double-inversion recovery axial 
image recovery, or DIR), thereby effectively inverting only 
the tissue and blood outside the imaging slice (Fig. 1a). The 
inversion time (TI) between the inversion pulses and imag-
ing readout is chosen such that blood longitudinal magneti-
zation is nulled (as a result of T1 relaxation), while at the 
same time non-inverted blood flows out of the imaging slice. 
The slightly higher signal-to-noise ratio (SNR) and robust 
blood suppression make T1w imaging the preferred choice 
for 2D vessel wall thickness measurements.

Unfortunately, the dependency on blood outflow from 
the imaging slice renders a multi-slice or three-dimensional 
(3D) implementation ineffective [20]. Another problem 
obviously arises when post-contrast measurements are per-
formed, where the T1 of blood decreases significantly, and 
the optimal TI is difficult to determine beforehand. Yarnykh, 
however, has proposed an elegant solution by introducing 
a second inversion pair (quadruple inversion recovery, or 
QIR), making blood suppression effective over a much larger 
range of T1 values [21].
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3D black‑blood MRI

Increasing interest in isotropic 3D imaging protocols 
has led to the development of 3D black-blood imaging 
sequences that do not rely on outflow effects and are there-
fore more robust against slow flow artifacts. 3D turbo spin-
echo (TSE) sequences actually have inherent black-blood 
properties themselves, caused by the buildup of intravoxel 
dephasing as a result of the positive gradient moment of 
the readout gradient during the echo train. While this was 
presented in the early literature as an alternative to bright-
blood brain angiography [22], successful implementation 
for vessel wall imaging required novel variable-flip-angle 
(VFA) refocusing schemes [23–25] that also allowed a 
stable signal response for longer echo trains (Fig. 1b). 

This ensures a favorable point-spread function to pre-
vent blurring of the thin vessel wall. Naturally, this can 
only be achieved for specific values of T1 and T2, and 
the exact choice of flip angle scheme will always be a 
trade-off between tissue contrast and effectiveness of flow 
suppression.

Another class of black-blood methods achieves blood 
suppression independent of the acquisition scheme through 
the use of black-blood preparation modules. One method, 
motion-sensitized driven equilibrium (MSDE, Fig.  1c), 
combines T2 preparation with flow-sensitizing gradients 
[26, 27]. If the first moment of the preparation module is 
sufficiently high, intravoxel dephasing for flowing blood 
occurs, while the static tissue effectively only undergoes T2 
relaxation during the time interval  TEprep .

Fig. 1  2D/3D blood suppres-
sion techniques. a 2D double/
quadruple inversion recovery. 
Non-selective inversion of 
inflowing blood generates 
black-blood at a correctly timed 
inversion time. b 3D variable 
flip angle TSE. Frequency 
encoding gradients within the 
TSE readout have flow suppres-
sion properties in that direction. 
The point-spread function of 
the acquisition can be improved 
by variable flip angle schemes. 
c 3D motion-sensitized driven 
equilibrium (MSDE). Within a 
T2 preparation module, strong 
gradients dephase moving 
spins within a voxel, effectively 
crushing the blood signal. 
Magnetization of static tissue, 
although slightly T2-weighted, 
is restored by a final tip-up 
pulse. Subsequently, a 3D TFE/
TSE readout can be applied
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The final tip-up pulse restores the static tissue longi-
tudinal magnetization for subsequent readout using turbo 
field-echo (TFE) or TSE acquisition schemes. As shown 
by Fan et al. [23], the latter seems the more effective 
strategy, as it adds the black-blood properties of the TSE 
readout.

An alternative preparation method uses so called-
DANTE (delay alternating with nutation for tailored 
excitation), consisting of a non-selective train of small-
flip-angle RF pulses [28, 29]. While this preparation is 
much longer than MSDE (~100–150 ms), static tissue 
signal is better preserved and suppression occurs even 
at low velocities. DANTE is particularly promising for 
intracranial imaging, where it also enhances suppression 
of cerebrospinal fluid closely surrounding the vessels 
[30–33].

2D versus 3D imaging

Figure 2a shows examples of 3D MSDE TFE and VFA TSE 
carotid scans in the same volunteer, illustrating the ability to 
acquire black-blood coronal images covering the common and 
internal carotid arteries. Because of the isotropic voxels, these 
data can easily be reformatted into sagittal and axial views. 
Figure 2b clearly illustrates that 2D compared to 3D imaging 
may result in overestimation of wall thickness in regions near 
or within the bifurcation, where the vessel diameter changes 
quickly. On the other hand, we also know that in locations 
with less curvature, ECG-gated 2D DIR scans with in-plane 
resolution of 0.25 mm have optimal vessel wall delineation, as 
shown in Fig. 2c. These measurements were validated against 
histology and ultrasound in a pig model [34], and resulted in a 
mean carotid vessel wall thickness of 0.49 mm [35].

Fig. 2  Vessel wall imaging using 2D and 3D imaging sequences. 
Sequence parameters: a FOV  =  144  ×  144  ×  35  mm, resolu-
tion  =  0.7  ×  0.7  ×  0.7  mm. 3D MSDE, TR/TE  =  10.0/3.5  ms, 
 TEprep  =  11.5  ms, TFE factor  =  60, Acq time  =  3  min. 3D 
VFA TSE, TR/TE  =  1000/28  ms, ∆TE  =  4.3  ms, TSE fac-

tor = 40, start-up echoes = 4, Acq time = 6 min. b 3D TSE, same 
as (a), 2D DIR, ST  =  2  mm, resolution  =  0.5  ×  0.5  mm, TR/
TE  =  1000/3.5  ms, TI  =  400  ms c 2D DIR, same as (b), but with 
resolution = 0.25 × 0.25 mm
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Given the current resolution in 3D MRI protocols, over-
estimation of vessel wall thickness is likely to occur [36]—
especially considering smaller vessels such as the intracra-
nial or coronary arteries [37, 38]—although this issue may 
be less problematic in later stages of atherosclerosis, where 
plaque formation has caused significant wall thickening [39].

While excellent reproducibility values for 2D thickness 
measurements have been reported for carotid and aortic 
vessel walls [40, 41], a great advantage of 3D imaging is 
that it requires no tedious, accurate planning of the imag-
ing slices, while still allowing reconstructions in arbitrary 
planes. This may partly explain the good reproducibility of 
3D black-blood methods reported for various applications, 
such as the carotid arteries [42, 43], thoracic aortic wall [8, 
24, 44], abdominal aorta [44] and even the coronary arteries 
[38]. While generally not applied, ECG and/or respiratory 
triggering can further minimize blurring due to vessel wall 
pulsation or breathing motion [8].

Although different black-blood mechanisms can be easily 
described, their exact performance in terms of SNR, tissue/
lumen contrast-to-noise ratio (CNR), and effective resolu-
tion are highly dependent on the exact sequence parame-
ters, including both the preparation module and the specific 
acquisition scheme (e.g. TFE vs. TSE).

While comparisons between different methods have been 
reported [29], the large number of sequence parameters 
makes a fair comparison very challenging. Consequently, 
no consensus on optimal vessel wall imaging protocols has 
been reported thus far.

Plaque composition

The excellent intrinsic soft tissue contrast of MRI has ena-
bled visualization of different structural components within 
the plaque, such as lipid-rich necrotic core (LRNC), calci-
fication (CA), fibrous tissue (FIB) and intraplaque hemor-
rhage (IPH). To this end, many studies have used multi-
contrast-weighted imaging, in which each component can be 
identified by the specific combination of hypo- and/or hyper-
intense signal intensities on T1-,  T2(*) - and protein density-
weighted (PDw) images [6, 45, 46]. Although accumulating 
evidence from imaging studies shows that the presence or 
absence of these components can be related to subsequent 
cardiovascular events [11, 47], qualitative interpretation of 
these images or the need to calculate relative signal inten-
sities (e.g. compared to sternocleidomastoid muscle) gives 
rise to high intra/inter-observer variability [48]. This is 
mainly due to the strong influence of spatial variations in 
coil sensitivity on relative signal intensity, as well as the 
specific choice of MR sequence parameters. Therefore, the 
quantification of T1 and  T2(*) relaxation time constants of 
tissue on a voxel-wise basis—as quantitative measures of the 

underlying tissue composition—is of great interest. While 
quantitative T1 and  T2(*) values have been reported in his-
tological studies of carotid endarterectomy specimens [49, 
50], translation of existing techniques to in vivo vessel wall 
imaging has long been complicated by the additional need 
for high-resolution imaging, blood suppression and cardiac 
gating. The following sections will present the newest tech-
niques that have overcome most of these challenges.

T1 and  T2(*) relaxometry

Results from multi-contrast imaging studies show that 
LRNC has lower T2 than healthy intima/media. Although 
IPH may show large changes in T2 over time [51], the most 
commonly found “recent IPH” is associated with elevated 
T2 values. A traditional way of measuring T2 is by expo-
nential fitting of signal intensities acquired with multi-echo 
spin-echo sequences (Fig. 3a). While the early literature 
had already reported in vivo vessel wall T2 quantification 
from dual spin-echo sequences [52], Biasiolli et al. have 
only recently improved this approach, allowing for acquisi-
tion of multiple echoes between 25 and 100 ms [53]. Since 
the need for relatively short echo times reduces the outflow 
effect compared to regular T2w spin-echo sequences, blood 
suppression was enhanced using DIR preparation (Fig. 1a). 
Figure 3b nicely illustrates a T2w image of an advanced 
plaque, along with corresponding quantitative T2 maps. In 
this study, the mean values for FIB and LRNC were 56 ± 9 
and 37 ± 5 ms, while various patches of IPH had T2 values 
>90 ms. By training a Bayes classifier using expert readings 
of co-registered multi-contrast data, the authors developed 
an automated segmentation algorithm that discriminates the 
various plaque components based on their absolute T2 val-
ues. A significant drawback of the method is that it is limited 
to 2D imaging, with a relatively long acquisition time of 320 
R–R intervals despite the use of 5/8 partial Fourier accelera-
tion. Nonetheless, these results show that all relevant plaque 
components may be discriminated on the basis of T2 alone.

Instead of using multi-echo spin-echo-based sequences, 
T2* can be determined using a blood-suppressed multi-echo 
gradient echo approach, with typical echo times of 3–40 ms. 
Unlike T2, T2* is strongly affected by the presence of mag-
netic field inhomogeneities and thus might not solely reflect 
tissue structure. At the same time, this makes T2* imag-
ing very sensitive in detecting protein-bound iron. Raman 
et al. [54] were the first to conduct an extensive study of 
the role of iron in atherosclerosis using quantitative T2* 
measurements. They found a significant decrease in T2* 
between asymptomatic (34.4 ± 2.7 ms) and symptomatic 
patients (20.0 ± 1.8 ms). Furthermore, ex vivo iron quan-
tification in endarterectomy specimens showed equal total 
iron content in both groups, but greatly reduced levels of 
paramagnetic Fe(III) complexes. Overall, these results 
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strongly suggest that symptomatic plaques are associated 
with higher amounts of ferritin-bound iron, which was sen-
sitively assessed using quantitative T2* MRI. In addition to 
endogenous iron, T2*-weighted imaging has also been fre-
quently used to detect macrophage-mediated uptake of intra-
venously injected superparamagnetic iron oxide (SPIO) par-
ticles as a surrogate marker of plaque inflammation [55, 56]. 
However, such studies still suffered from the use qualitative 
MRI methods [57]. In more recent studies, quantitative T2* 
mapping has been applied in combination with QIR blood 
suppression in order to increase the accuracy in assessing 
SPIO accumulation by calculating ΔT2* or ΔR2* between 
pre- and post-contrast scans [58, 59]. While T2* values can 
be prone to magnetic field inhomogeneities, both studies did 
report similar baseline T2* values of approximately 25 ms, 
indicating good reproducibility with this approach. Unfor-
tunately, 3D implementation of these multi-echo techniques 
has not yet proven feasible, most likely due to the inevitable 
increase in repetition time, leading to clinically unacceptable 
acquisition times.

T1 mapping methods are well validated in areas such as 
brain or cardiac imaging, and in these areas they are gener-
ally based on steady-state imaging at multiple flip angles 
or sampling of the inversion recovery longitudinal relaxa-
tion curve [60, 61]. Unfortunately, these are all bright-blood 
techniques that compromise vessel wall delineation and 
are susceptible to flow artifacts. We recently developed a 

black-blood version of the DESPOT1 approach [60] by using 
MSDE blood suppression with short pre-pulses of 11.5 ms 
and maintaining steady-state conditions of the 3D RF spoiled 
gradient echo train by adding dummy pulses after signal 
acquisition [62]. This enabled 3D vessel wall T1 mapping 
with isotropic resolution of 0.7 mm. Moreover, T2 mapping 
was possible using the same sequence by varying the  TEprep 
time of the MSDE pre-pulse. While good reproducibility of 
this 3D approach was shown, both carotid T1 and T2 values 
(844 ± 96 ms/39 ± 5) were lower than with single-slice 
TSE-based measurements (1227 ± 47/55 ± 11 ms) [63]. 
Furthermore, the use of MSDE pre-pulses causes T1 modu-
lation in k-space, which can lead to some blurring of the 
resulting T1 maps. Figure 4a shows quantitative T1 mapping 
results from a carotid plaque where significantly reduced T1 
is indicative of IPH. Simultaneous non-contrast angiography 
and intraplaque hemorrhage (SNAP) is a recently published 
method for detecting IPH, which can identify regions of IPH 
by phase-sensitive reconstruction of inversion recovery data 
[64]. Figure 4b shows  SNAP+ and  SNAP− images corre-
sponding to the region shown in Fig. 4a, representing IPH 
and arterial blood, respectively. Since the sign of the SNAP 
signal changes below a specific T1 value, we can show that 
the IPH region visible in the  SNAP+ image can be recreated 
from the quantitative T1 map by simple thresholding.

While the main benefit in using quantitative T1 and  T2(*) 
mapping—compared to multi-contrast T1w and  T2(*)w 

Fig. 3  a Quantitative vessel 
wall T2 mapping. ECG-gated 
multi-echo spin-echo data 
are acquired with echo times 
between 25–100 ms. Blood 
suppression is obtained through 
double-inversion recovery 
preparation. b T2w image along 
with quantitative T2 map of an 
advanced plaque (SM smooth 
muscle, * lumen). Semi-auto-
mated segmentation of plaque 
components from the T2 map 
is shown on the right. Adapted 
from Biasiolli et al. (19) and 
Chai et al. [66]
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imaging—is to improve reproducibility and facilitate lon-
gitudinal monitoring of changes in plaque composition, it 
still does not allow for direct assessment of the relative con-
tribution of different tissues in each voxel. In contrast, for 
instance, Koppal et al. were able to assess quantitative maps 
of fat content based on Dixon imaging, showing significant 
differences between the lipid core (12.6%) and surround-
ing tissue (9.2%) [65]. On the other hand, the use of multi-
contrast imaging to detect different plaque components (i.e. 
LRNC, IPH) has been well validated against histology [45, 
51]. Quantitative relaxation parameter mapping extends this 
concept and might enable better definition of thresholds for 
discriminating between these different tissue types. Indeed, 
a recent study reported that LRNC detection based on T2 
mapping—pixels with T2 <42 or T2 >90 ms when IPH 
was included—showed very good correlation with histol-
ogy (R = 0.85) and had good sensitivity (AUC = 0.79) for 
detecting recently symptomatic plaques [66].

Diffusion

MRI is also able to quantify water diffusion within tissues. 
Strong field gradients applied on each side of a 180° refocus-
ing pulse cause diffusion-mediated signal attenuation due 
to phase dispersion of spins. Conversely, in static tissue, the 
effect of both gradients cancels out and the signal is main-
tained. The degree of diffusion weighting is given by the 
b-value, which depends on the gradient strength, duration 
and spacing [67]. Similar to varying TE to quantify  T2(*), 
the apparent diffusion coefficient (ADC) can be estimated by 
an exponential fit of signals acquired at different b-values, 
which determines the amount of diffusion weighting. In ves-
sel wall imaging, diffusion weighting is of particular interest 
for detecting the presence of an LRNC, which from ex vivo 
studies has been known to have a strongly decreased ADC 
[68, 69]. In fact, Clarke et al. showed that, compared to T1 
and T2 quantification, ADC was the parameter that could 
best distinguish LRNC from FIB [70].

Diffusion-weighted imaging (DWI) is typically performed 
using 2D single-shot echo-planar imaging (EPI) sequences, 
which provides time efficiency for sufficient averaging of 
the low DW signal (because of the additional need for long 
TEs). However, EPI is very susceptible to  B0 inhomoge-
neities, because phase errors accumulate for each addi-
tional phase encoding step. Kim et al. [71] were the first 
to apply inner-volume imaging for vessel wall applications, 
reducing the effective field of view (FOV) and thereby the 
echo train length by a factor of 4. In this way, good-quality 
ADC maps of 2-mm slices were obtained with a resolu-
tion of 1 × 1 mm2. This spatial resolution, however, is still 
inferior to the resolution used for vessel wall thickness 
measurements.

A novel approach enabling 3D vessel wall DWI was 
recently presented by Xie et al. [72]. They decoupled dif-
fusion weighting from the imaging readout through the 
use of a motion-compensated diffusion-weighted pre-pulse 
(Fig. 5a). Combined with 3D TSE acquisitions, this resulted 
in high-resolution imaging of 0.6 × 0.6 × 2 mm3 (Fig. 5b). 
Additional double-inversion recovery preparation and 
low-b-value motion-sensitized gradient on top of diffusion 
weighting further guaranteed efficient blood suppression. 
A large decrease in LRNC ADC values compared to FIB 
(0.6 × 10−3 vs. 1.27 × 10−3  mm2/s) was shown, indicat-
ing that ADC mapping may serve as a sensitive and quan-
titative non-contrast technique for plaque characterization 
(Fig. 5c). Using a similar approach but with a stimulated 
echo pathway, Zhang et al. [73] recently showed that phase 
errors arising from eddy currents could be prevented. This 
resulted in stable carotid artery ADC values across subjects 
of 1.4 ± 0.23 × 10−3, which is comparable to results of ear-
lier studies.

Fig. 4  a Quantitative 3D vessel wall T1 mapping. The slice on the 
left shows regions of greatly reduced T1, indicating IPH. Adapted 
from Coolen et  al. [31] b Masked images corresponding to panel 
a showing regions with T1 <400  ms, alongside registered SNAP 
images showing regions of IPH  (SNAP+) or arterial blood  (SNAP−). 
Regions with low quantitative T1 values match IPH-positive regions 
from SNAP (unpublished data)
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While challenging, extension of DWI to a diffusion tensor 
imaging (DTI) protocol using multiple gradient directions 
would allow calculation of the fractional anisotropy (FA) of 
the vessel wall microscopic fiber structure. Opriessnig et al. 
[74] were recently the first to apply a 2D DTI sequence using 
four b-values and 18 diffusion directions on a 10-mm carotid 
artery segment. In 12 healthy volunteers, the authors found a 
significant correlation between FA and age, indicating pos-
sible alterations of the vessel wall microstructural integrity. 
Moreover, the reproducibility of FA measurements appeared 
very high, with CV values no higher than approximately 5%.

Quantification of permeability with dynamic 
contrast‑enhanced MRI

Inflammation in vulnerable atherosclerotic plaques, at high 
risk for causing severe, acute cardiovascular events, is accom-
panied by the proliferation of existing and new microvessels 
with high endothelial permeability [75]. Dynamic contrast-
enhanced (DCE) MRI, a technique widely used to quan-
tify endothelial permeability and microvascular volume in 
tumors [76], has been widely adopted in the past 15 years for 
quantification of these parameters in atherosclerotic plaques 
as well. DCE-MRI consists in the rapid serial acquisition 
of T1-weighted MR images of a volume of interest while 
a T1-shortening, gadolinium (Gd)-based contrast agent is 
injected [76]. During imaging, the contrast agent extravasates 
from the plasma compartment, and causes MR signal enhance-
ment in permeable tissues. Tissue microvascular volume and 
permeability can then be extracted from the kinetics of tissue 

signal enhancement over time. To calculate these quantities, 
MR signal enhancement curves are first converted to con-
trast agent concentration values, either by estimating the T1 

Fig. 5  3D quantitative diffusion vessel wall imaging a ECG-gated 
3D diffusion-prepared variable-flip-angle TSE sequence. Motion-
compensated diffusion gradients are combined with low b-value flow-
sensitizing gradients for additional blood suppression. b Diffusion-
weighted vessel wall images of a healthy volunteer at b values of 30 

and 300 mm2/s, along with corresponding quantitative ADC map. c 
Diffusion-weighted imaging of a lipid-rich atherosclerotic plaque 
with high signal on the b = 300 mm2/s image and corresponding low 
ADC values. Adapted from Xie et al. [72]

Fig. 6  a Representative concentration versus time curve kinetics in 
atherosclerotic plaques. Data fitting is shown with 4 different models. 
Ext. extended. b Example of pixel-by-pixel parametric Ktrans maps of 
the carotid arteries, calculated using a Patlak model. Both maps were 
generated from the same individual and from images acquired 1 week 
apart, in order to evaluate inter-scan reproducibility. Adapted from 
Gaens et al. [79]
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relaxation time at each dynamic time frame, or by assuming 
a linear relationship between MR signal intensity and con-
trast agent concentration. After conversion to concentration, 
pixel-by-pixel or region of interest (ROI) concentration curves 
are typically analyzed using either model-based or non-model 
based approaches to calculate tissue properties (Fig. 6a), such 
as microvascular volume, permeability (Fig. 6b) and extravas-
cular extra-cellular space volume. The most common kinetic 
models used for analysis of DCE-MRI are typically based on 
the modified Tofts model [77]:

Ctissue(t) = vp ⋅ Cp(t) + K
trans

t

∫
0

Cp(t
�) ⋅ e−K

trans∕ve⋅(t
�−t)dt�,

 where Ctissue (t) is the concentration of contrast agent in the 
tissue of interest, Cp is the contrast agent concentration in the 
plasma compartment, vp (%) is the fractional microvascular 
volume, Ktrans indicates the permeability  (min−1), ve (%) is 
the extravascular extracellular space fraction, and t is time. 
In atherosclerosis, this model has often been used under the 
Patlak assumption [78, 79], which assumes no contrast agent 
“backflow” from the tissue to the plasma compartment, as 
shown below:

In the literature, average plaque Ktrans values calcu-
lated using this model have ranged from 0.05 to 0.3 min−1 
[80–88], while average vp values were found to vary between 
4 and 25% [78, 83, 85, 87, 89]. These broad ranges may 
reflect differences in patient populations and/or disease 
stages in animal models, or different acquisition or analysis 
methods. Using a 2D bright-blood (i.e. allowing sampling 
of the MR signal in the blood plasma during the dynamic 
acquisition) spoiled gradient recalled echo (SPGR) MR 
sequence and Patlak kinetic analysis, Kerwin et al. [78] were 
the first to demonstrate a significant, positive correlation 
between microvessel density in human carotid atheroscle-
rotic plaques (CD31 immunostaining) and the parameter vp 
(fractional microvascular volume) derived from DCE-MRI. 
Using this methodology, the same group also demonstrated 
a significant, positive relationship between vp, Ktrans (perme-
ability) and plaque macrophages, neovasculature and loose 
matrix (LM) [83]. As for clinical parameters, Ktrans was 
found to correlate with lower levels of high-density lipo-
proteins (HDL) [83] and higher levels of C-reactive pro-
tein [80], and was higher in smokers than non-smokers [80, 
83]. This analysis was extended to quantify the difference 
in DCE-MRI parameters between different plaque compo-
nents including LRNC, IPH, LM, FIB and CA [89]. It was 
demonstrated that while LM and FIB showed relatively high 
values of Ktrans and vp, NC, IPH and CA exhibited signifi-
cantly lower Ktrans and vp. O’Brien et al. [85, 90] recently 
demonstrated a relationship between the duration of statin 
therapy and vp from DCE-MRI: the shorter the duration 
of statin therapy, the higher the vp values. The presence of 
metabolic syndrome, higher body mass index and plasma 
lipoprotein(a) values were also associated with higher vp 
values.

While the Patlak model has been widely used for quanti-
fying endothelial permeability and microvascular volume in 
atherosclerosis, the best choice of model for analyzing DCE-
MRI data of the vessel wall is still a topic of investigation 
[79, 91]. As an alternative to kinetic modeling, non-model-
based approaches, such as area under the enhancement curve 

Ctissue(t) = vp ⋅ Cp(t) + K
trans

t

∫
0

Cp(t
�) dt�.

Fig. 7  3D vessel wall imaging. a Multiplanar reconstruction (MPR) 
of 3D images acquired after the injection of Gd-DTPA into the aorta 
of an atherosclerotic rabbit. TFE turbo field echo. b Representative 
2D turbo spin-echo (TSE) double-inversion recovery axial image 
acquired after injection of Gd-DTPA into the aorta of an atheroscle-
rotic rabbit. c Corresponding AUC permeability maps (MPR) from 
3D TFE DCE-MRI and near-infrared fluorescence (NIRF) after 
Evans blue (EB) injection in one representative atherosclerotic and 
control rabbit. Prominent uptake of MR contrast and EB is shown in 
the diseased animals compared to the control. Adapted from [86]
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(AUC), uptake slope, time to peak or maximum concentra-
tion, can also be used to analyze DCE-MRI data. While the 
relationship between these non-model based parameters and 
microvascular volume and permeability is not straightfor-
ward, AUC has been particularly valuable as a surrogate 
measure of plaque neovascularization and permeability 
calculated from so-called black-blood DCE-MRI data, 
where the MR signal from the blood plasma is purposively 
suppressed to improve vessel wall delineation, and kinetic 
modeling cannot be easily performed. Using black-blood 
DCE-MRI, Calcagno et al. [92] demonstrated a positive, 
significant correlation between the parameter AUC and 
plaque microvessels count (CD31 immunostaining) in aortic 
plaques of atherosclerotic rabbits. The reproducibility of this 
technique was also evaluated and was found to be very good 
[93]. In addition, AUC has been used as a surrogate marker 
of drug efficacy to evaluate the impact on vascular perme-
ability/inflammation of several approved (atorvastatin [94], 
pioglitazone [95]) and novel (liposomal corticosteroids [96], 
liver X receptor [LXR] agonist [94]) drugs. Chen et al. [97] 
showed an increase in both plaque Ktrans relative to skeletal 
muscle [98] and AUC in aortic plaques of atherosclerotic 
rabbits between 3 and 6 months of an atherosclerotic diet. 
AUC was also used by Calcagno et al. [99] to compare per-
fusion/permeability by DCE-MRI to vascular inflammation 
by 18F-fluorodeoxyglucose (FDG) uptake by positron emis-
sion tomography with computed tomography (PET/CT) in 
sub-clinical plaques of patients with risk factor for coronary 
artery disease (CAD). In this case the authors found a weak 
negative relationship between the two techniques in this 
patient population.

Since these initial applications, several significant devel-
opments have occurred in DCE-MRI of atherosclerosis. For 
example, both bright- and black-blood studies described 
above primarily employed 2D single- or multi-slice imaging 
with high spatial and temporal resolution, but offered lim-
ited coverage along the vascular bed examined. More recent 
studies have improved upon this aspect [86, 88, 100–102], 
and proposed the use of 3D isotropic high-resolution vessel 
wall imaging with extensive coverage for vascular DCE-
MRI. Using a bright-blood 3D gradient recalled echo (GRE) 
approach, Taqueti et al. [100] demonstrated a positive, sig-
nificant relationship between permeability by DCE-MRI and 
18F-FDG PET/CT in patients with advanced carotid disease. 
The authors also confirmed a positive, significant relation-
ship between Ktrans and microvessels (CD31 immunostain-
ing) and inflammation (CD68 and major histocompatibility 
complex II [MHCII] immunostaining) in the same patient 
population. Similarly, van Hoof et al. [88] demonstrated a 
correlation between the vessel wall and adventitial Ktrans and 
plaque microvessels by histology in patients with carotid 
atherosclerosis. Using black-blood DCE-MRI instead, Kim 

et al. [103], Lobatto et al. [102] and Calcagno et al. [86] 
were able to quantify endothelial permeability in the whole 
abdominal aorta of atherosclerotic rabbits. These find-
ings were confirmed by a positive, significant relationship 
between AUC by 3D DCE-MRI and endothelial permeabil-
ity by ex vivo near-infrared fluorescence using fluorescent 
albumin or Evans blue dye (Fig. 7). 

Despite these significant advances, vascular DCE-MRI is 
still significantly challenged in achieving accurate quantifi-
cation of plaque microvascular burden and permeability. As 
mentioned above, it is difficult to extract fully quantitative 
information from black-blood vascular DCE-MRI (either 
2D or 3D), due to the inability to sample the concentration 
of contrast agent in the blood plasma (the so-called arte-
rial input function, AIF), which is a necessary input for 
kinetic models. On the other hand, even bright-blood vas-
cular DCE-MRI approaches may carry some degree of error 
in the quantification of vascular permeability parameters, 
also stemming from potential inaccuracies when estimating 
the AIF from the MR signal itself. As with all other ves-
sel wall imaging techniques, vascular DCE-MRI requires 
imaging with high spatial resolution, which may render the 
temporal resolution of the acquisition inadequate for sam-
pling the fast contrast agent kinetics in the blood plasma. 
In addition, MR sequence parameters used for DCE-MRI 
are typically optimized to accurately capture the dynamic 
signal range of enhancement in atherosclerotic plaques, and 
may not be adequate to accurately capture signal enhance-
ment in the vessel lumen, where contrast agent concentra-
tions are much higher, and T1 much lower, during dynamic 
imaging. Recent studies have focused on overcoming these 
challenges by proposing either 2D [104] or 3D [105, 106] 
sequences that allow for accurate sampling of both blood 
and plaque kinetics, interleaving the acquisition of images 
with different spatial and temporal resolution and differ-
ent imaging parameters. For example, AIF images can be 
acquired with lower spatial resolution, which allows for 
faster imaging (high temporal resolution) and imaging 
parameters optimized for the high signal enhancement (low 
T1 values) found in the vessel lumen. Conversely, plaque 
dynamic images can be acquired with high spatial resolu-
tion, lower temporal resolution, and imaging parameters 
optimized to capture the signal enhancement of the arterial 
vessel wall. Other authors have instead explored the use of 
phased-based rather than magnitude-based AIFs for kinetic 
modeling of vascular DCE-MRI data [107]. Using simu-
lations and phantom experiments, the authors found that 
phase-based AIF offered a more accurate sampling of the 
true contrast agent kinetics in the blood plasma. While the 
absolute value of kinetic parameters derived from magni-
tude- and phase-based AIF were different, they were shown 
to be highly correlated.
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Alternative techniques for measuring permeability

In addition to DCE-MRI, various other techniques have 
been proposed for quantifying endothelial permeability in 
atherosclerotic plaques. Delayed-enhancement imaging 
with either low molecular weight gadolinium chelates or 
albumin-binding agents has been used as a semi-quantitative 
measure of plaque permeability in both animal models (mice 
[108], rabbits [109–111]) and humans [112, 113]. Phinika-
ridou et al. [114] and Bar et al. [115] quantified endothelial 
permeability in the brachiocephalic artery of atherosclerotic 
mice as a change in the vessel wall relaxation rate (R1,  s−1) 
30 min after injection of an albumin-binding contrast agent 
(gadofosveset trisodium). This technique has also been 
used successfully to quantify changes in permeability in the 
murine brachiocephalic artery after therapeutic intervention 
[111, 116]. More recently, Phinikaridou et al. [117] used 
this same technique to quantify endothelial permeability in 
aortic plaques in atherosclerotic rabbits, and demonstrated 
higher R1 (indicative of higher permeability) in aortic seg-
ments more prone to disruption after injection of Russell’s 
viper venom. Unlike quantitative dynamic imaging with 
DCE-MRI, these techniques measure signal enhancement 
or quantify tissue relaxation time only at a fixed point after 
contrast agent injection. This approach is particularly well 
suited for higher molecular weight or albumin-binding con-
trast agents, whose plaque uptake kinetics are intrinsically 
slower. While failing to capture the dynamic uptake of con-
trast agents over time, these techniques offer a simpler and 
robust alternative to DCE-MRI for quantification of plaque 
microvascularization and permeability.

Flow‑derived biomechanical wall parameters

Wall shear stress

Atherosclerosis originates predominantly at regions with 
perturbed flow that can occur at the outer edges of vessel 
bifurcations. In these regions, hemodynamic wall shear 
stress (WSS), the frictional force sensitized by endothelial 
cells forming the inner lining of blood vessels, is weaker 
than in protected regions and can even exhibit direction 
reversal. The atherogenic endothelial phenotype result-
ing from low WSS mediates recruitment and activation of 
monocytes, which can subsequently lead to plaque forma-
tion [118]. WSS is also known to increase with increasing 
blood flow. In response, the vessel dilates to reduce blood 
flow such that WSS returns to normal values. Regions where 
WSS is chronically elevated, such as the apices of bifurca-
tions in the cerebral vasculature, are predisposed to the for-
mation of aneurysms [119]. WSS therefore represents a key 

Fig. 8  a Peak systolic WSS vectors along the carotid (left) and tho-
racic aorta (right). Adapted from Potters et  al. [135]. b Example of 
a 3D wall thickness (WT [mm]) map of the carotid bifurcation and 
corresponding time-averaged 3D wall shear stress WSS (Pa) map of 
the same subject (top). WT was significantly different in each tertile 
and the highest WT was found in the lowest WSS tertile (bottom). 
Adapted from Cibis et al. [136]



212 Magn Reson Mater Phy (2018) 31:201–222

1 3

link between blood flow and alterations in biomechanical 
vessel wall parameters.

Flow measurement using MRI has traditionally been per-
formed using 2D phase-contrast imaging in most vascular 
beds. With gating to the cardiac cycle, a time-resolved (cine) 
measurement can be performed [120]. Currently, a com-
prehensive assessment of flow in an entire 3D volume (3D 
cine phase-contrast MRI or 4D flow MRI) is feasible [121], 
enabling the measurement of full time-varying 3D velocity 
fields in a wide variety of cardiovascular regions [122].

The importance of WSS in vascular disease has led to 
widespread interest among researchers in obtaining reli-
able estimates of WSS from MRI-measured velocity data. 
Oshinski et al. were the first to develop a method based on 
linear fitting through velocity values to obtain the velocity 
derivative (the shear rate) at the wall [123]. Multiplication 
of the shear rate by dynamic viscosity yields the WSS. Other 
groups developed WSS estimation based on parabolic fitting, 
which showed greater accuracy than linear fitting [124, 125]. 
Stalder et al. used cubic B-splines to derive the shear rate 
at the wall [126]. Another important hemodynamic param-
eter shown to correlate with atherosclerosis is the oscilla-
tory shear index (OSI) [127]. OSI represents the temporal 
oscillation of WSS during the cardiac cycle, the deviation of 
WSS from its predominant direction parallel to the vessel. 

Thus, the OSI can be calculated using methods to estimate 
time-resolved WSS.

These techniques applied to MRI-measured flow data 
have provided valuable insight into the relation between 
abnormal WSS and pathophysiology. Duivenvoorden et al. 
showed that WSS was an independent predictor of carotid 
wall thickness, lumen area and vessel size [128]. Mutsaerts 
et al. found that WSS was associated with periventricular 
white matter lesions and cerebral infarcts [129]. Markl et al. 
observed that low WSS and high OSI, which are potentially 
atherogenic wall parameters, were predominantly concen-
trated at the posterior wall of the internal carotid artery in 
normal controls, a region known to be prone to atheroscle-
rosis [130]. Wentzel et al. reported that the presence of ath-
erosclerotic plaques in the descending aorta was associated 
with low WSS [131]. Other studies showed that WSS on the 
ascending aorta was elevated compared to healthy controls 
in bicuspid valve disease, which implicates a relationship 
between elevated WSS and aortic dilation [132, 133].

However, these algorithms were based on 2D phase-
contrast MRI or the manual placement of planes in 4D flow 
MRI data perpendicular to the vessel of interest. With 2D 
techniques highly focused on specific vascular landmarks, 
focal abnormal WSS expression on the vessel of interest 
may be missed. Also, the manual placement of 2D planes 

Fig. 9  Different techniques for 
determing pulse wave velocity 
(PWV) in the aorta. a foot-
foot method. The path length 
between two slices perpendicu-
lar to the aorta is divided by 
the time difference between the 
initial upslopes of the two flow 
curves. b QA-method. Lumen 
area is plotted as function of 
flow during the cardiac cycle. 
PWV is defined as the change in 
lumen area (A) divided by the 
change in flow (Q) during the 
linear portion of the QA-plot. 
Adapted from [148]
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for WSS analysis can be a laborious task. Bieging et al. were 
the first to develop a WSS algorithm based on 4D flow MRI 
that was capable of estimating WSS along the entire wall of 
the ascending aorta [134]. The linear least squares method 
was used to fit a line through three velocity vectors along the 
inward normal. Potters et al. expanded on this method with 
the use of smoothing spline fitting to mitigate the influence 
of noise. The feasibility of estimating WSS along the entire 
aorta (the arch and descending part included) and the carotid 
bifurcation was also demonstrated (see Fig. 8a [135]). Cibis 
et al. recently found an inverse relationship between wall 
thickness and time-averaged WSS in patients with asymp-
tomatic plaque, calculated with the algorithm described in 
Potters et al. in the carotid bifurcation (Fig. 8b) [136]. 

Some important considerations should be kept in mind 
when estimating 4D flow MRI-derived WSS. First, several 
studies showed that an accurate definition of the vessel wall 
is paramount [125, 135]. Nonetheless, low inter-observer 
variability in WSS was found for both 2D (<10%) and 3D 
(<5%) WSS algorithms [137, 138]. Second, the absolute 
value of WSS decreases with spatial resolution [126, 135]. 
Thus, 4D flow MRI-derived WSS is always underestimated 
compared to computational fluid dynamics where fine 
meshes are used [139]. Qualitatively, however, regions of 
high and low WSS and the direction of WSS tend to cor-
respond well [140–142](Fig. 7).

Arterial stiffness

Another parameter that can be assessed using phase-contrast 
MRI is pulse wave velocity (PWV), which characterizes the 
speed of the arterial pulse through a specific part of the cir-
culation. PWV is a measure of arterial stiffness and can be 
directly correlated with the vessel wall elastic modulus E 
using the Moens-Korteweg equation:

 where h is the vessel wall thickness, ρ is the blood den-
sity and d is the vessel diameter. The elasticity of the vessel 
wall decreases as part of natural aging. MRI-based PWV 
measurements have indeed shown significant increases in 
PWV as a function of age in the carotid arteries and the 
aorta [143], ranging from roughly 5 m/s for young adults 
to 7–8 m/s in the elderly. More importantly, arterial stiff-
ness has also been associated with atherosclerosis [144], and 
studies have shown that the measurement of PWV in various 
vascular beds significantly improves the prediction of future 
cardiovascular events [145–147].

While Doppler ultrasound is the clinical workhorse for 
determining PWV, MRI might offer several advantages. 
Particularly in 3D anatomical imaging, MRI enables 

PWV =

√

Eh

�d
,

better visualization of each vessel segment, independent 
of angle and depth. This likely improves reproducibility 
due to ease of planning, as well as by a more accurate 
determination of the path length of the pulse wave [148, 
149]. Many approaches to calculate PWV are mentioned 
in the literature and unfortunately no clear consensus 
exists on which method produces most reliable PWV val-
ues. The most widely used method is by measuring flow-
time curves at two different slices along the vessel. The 
so-called foot–foot method can then be used to calculate 
PWV by dividing the path length between the slices by 
the time difference between the initial up-slopes of the 
two flow curves (Fig. 9a). The exact location of the foot 
is slightly affected by the baseline definition and the num-
ber of points used to define the linear part of the up-slope 
(usually 20–80% of the maximum flow). Another analysis 
method finds the time shift at which both curves have the 
highest correlation; however, this can be affected by the 
correlation window and presence of wave reflections start-
ing from the systolic downslope [150]. Instead of relying 
on phase-contrast acquisitions in two slices, PWV could 
be calculated from measurements in a single or multiple 
oblique sagittal slices [151, 152]. Flow–time curves could 
then be plotted for each pixel along a centerline of the 
vessel, which produces a set of time shifts as a function 
of distance, presumably resulting in a more reliable esti-
mate of PWV. For the aorta, this has been extended to 
volumetric flow measurements using highly accelerated 4D 
flow acquisitions, which further facilitates the planning of 
the imaging volume (see [153], Fig. 8). Tortuous vessels 
such as the carotids could benefit from this methodology, 
although temporal and spatial resolution still appear to be 
too low for this specific application. A third method pro-
vides even more local vessel wall PWV values by assessing 
changes in lumen diameter (A) as a function of flow (Q) at 
different time points during the cardiac cycle, where PWV 
is given by ΔQ/ΔA during the initial up-slope of this rela-
tion (Fig. 9b). In a study comparing the above-mentioned 
methods for the aorta, Ibrahim et al. found the best agree-
ment between the foot–foot and cross-correlation methods, 
which also showed the highest reproducibility [148]. While 
analytical methods vary widely among studies, results for 
group-averaged aortic PWV have been quite consistent 
(4–5 m/s) in young adults [149–151, 154]. Unfortunately, 
less data is available on carotid PWV (~5.5 m/s) and femo-
ral arteries (~7 m/s) [143, 155], for which the latter inter-
estingly seems to decrease with age. Finally, while repeated 
measurements on the same day have shown good repeat-
ability [149, 156], day-to-day physiological variations in 
blood pressure and blood flow might limit the applicability 
of PWV measurements for sensitive monitoring of gradual 
changes over time.
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Summary and future perspectives

In the last decade, technological advances have strength-
ened the position of MRI in the assessment of quantita-
tive, physiological parameters regarding tissue structure 
and pathology. 3D blood suppression techniques and 3D 
time-resolved (4D) imaging have enabled the development 
of strategies for assessing the anatomical, structural and 
functional status of the vessel wall. A few consensus state-
ments have been published on specific applications dis-
cussed in this review [157, 158]. Similar publications on 
“best practice” vessel wall imaging protocols are needed, 
and will help to propel this novel research field forward. In 
this respect, reproducibility studies on quantitative vessel 
wall T1/T2(*), DCE and flow imaging protocols are highly 
important.

Aside from what is presented in this review, the search 
continues for MR techniques that quantify other specific 
markers related to vessel wall pathology, e.g. strain [159], 
or other contrast mechanisms to increase sensitivity for spe-
cific atherosclerotic plaque features. The latter might include 
 T1rho imaging for assessment of fibrosis [160] or suscepti-
bility-weighted imaging to detect calcifications [161]. While 
there is much interest in techniques that do not rely on the 
use of MRI contrast agents, this review has shown the rel-
evance of DCE imaging for measuring plaque microvascular 
volume and permeability, which are strongly associated with 
vessel wall inflammation. The use of untargeted iron oxide 
nanoparticles has also been briefly discussed here. Novel 
“smart” nanoparticles that specifically target biomarkers of 
inflammation have yielded very promising results in ani-
mal models of atherosclerosis [162–164]. By labeling with 
MRI contrast agents, accumulation of these nanoparticles 
could be quantified using T1 and/or T2 mapping protocols as 
described in this review. MRI of nuclei other than 1H, such 
as 19F, is also a topic of active investigation for the absolute 
quantification of plaque inflammation using perfluorocar-
bons [165].

Quantifying physiologically relevant parameters in addi-
tion to standard anatomical imaging naturally entails longer 
acquisition times and/or reduced SNR. Furthermore, several 
sources of errors, such as the choice of fitting algorithm, 
motion artifacts, and data SNR, may affect parameter quan-
tification. Aside from developing new quantitative readouts, 
current efforts are predominantly focused on improving the 
accuracy, precision and scan efficiency of existing methods 
by making use of ultra-high-field imaging as well as novel 
reconstruction algorithms.

7T MRI

Recent years have seen the introduction of 7T imaging in 
clinical research, with the direct advantage of an increase 

in SNR directly proportional to the strength of the magnetic 
field [166].

While challenging at 3T [167], this makes 7T MRI 
of particular interest for characterization of intracra-
nial atherosclerosis, where the even smaller vessel size 
requires sufficient signal for accurate delineation of the 
vessel wall. Researchers from UMC Utrecht have been 
pioneers in this field by developing 7T intracranial ves-
sel wall imaging protocols [168], as well as evaluating 
the benefit of 7T versus 3T MRI in detecting atheroscle-
rotic plaques (see also Fig. 10) [18]. On the one hand, 
they found that 7T MRI resulted in better wall definition. 
This was mainly achieved by exploiting the increased 
SNR for higher acceleration factors, enabling the use 
of very robust but inherently time-inefficient inversion 
recovery-based cerebrospinal fluid (CSF) suppression. 
Although in many cases lesions were detected only at 
7T, the authors also noted a significant number of cases 
showing the opposite. Similarly, studies to date on carotid 
plaque characterization have shown no strong indications 
of the superiority of 7T over 3T [169, 170], which might 
be related to the more inhomogeneous transmit field at 
7T compromising non-selective blood suppression tech-
niques, as well as signal homogeneity. In this respect, 
there is a considerable need for better-designed high-field 
carotid coils in order to achieve improved transmit and 
receive characteristics [171, 172]. Similarly, develop-
ments in cardiac 7T coil design may boost the field of 
coronary imaging by exploiting the increase in SNR for 
obtaining higher spatial resolution [173].

Advanced reconstruction techniques

Quantitative imaging generally comes with the need to 
acquire multiple images, either having different sensitiv-
ity to the parameter of interest (T1, T2, ADC) or sam-
pling a dynamic process over time (DCE, flow). Long 
acquisition times are therefore one of the big hurdles in 
this field, and complicate the translation of such methods 
to a clinical environment. What may be able to change 
this in the near future is the rapid improvements in recon-
struction and post-processing techniques. In recent years, 
mathematics has played an increasingly important role in 
advancing MRI technology. In particular, the introduction 
of “compressed sensing” has taught us that images can 
be reconstructed with far less data than was considered 
necessary using assumptions of image sparsity in combi-
nation with iterative reconstruction algorithms [174]. As 
this is quite a generally applicable concept, many research-
ers have already experimented with compressed sensing 
to improve vessel wall MRI. For example, 3D MSDE 
acquisitions were accelerated to a factor of 5 without 
significant deviations in assessing vessel wall or plaque 
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component dimensions [175, 176]. Gong et al. realized 
that multi-contrast vessel wall MRI could be significantly 
accelerated by assuming significant shareable information 
between the different contrast acquisitions [177]. The use 
of their proposed reconstruction algorithm allowed for 
highly accelerated T2w and PDw scans (up to a factor 
of 6) once a moderately accelerated T1w scan (e.g. using 
SENSE) was available. Using regular CS techniques, Yuan 
et al. reduced a 3D MSDE-based T2 mapping protocol 
to a clinically acceptable imaging time of 7 min [178]; 
reconstruction of separate images was done independently. 
A more promising technique related to quantitative relaxa-
tion time (T1/T2) mapping are model-based algorithms 
that use prior knowledge of the relaxation equations to 
reconstruct undersampled scans at multiple inversion or 
echo times [179, 180]

For dynamic or time-resolved imaging, temporal rela-
tions between images are used in order to achieve high 
undersampling factors for the individual time frames. 
This technique shows great promise for achieving higher-
temporal-resolution 3D DCE imaging [86] or allowing 

interleaved sampling of black- and bright-blood images for 
the simultaneous measurement of the arterial input func-
tion and vessel wall signal response [106]. For 4D flow 
applications, the use of k-t GRAPPA has enabled accelera-
tion factors of up to 5 without substantial errors in derived 
WSS parameters [181].

Perhaps the greatest benefit of freely undersampling 
k-space data is the ability to select the optimal data ret-
rospectively. This can be used to circumvent the need for 
cardiac and respiratory gating, without losing scan effi-
ciency, and order the data in the reconstruction process 
based on available data of cardiac and respiratory motion 
from either sensors or MR navigators. Using appropriate 
motion correction algorithms, this even allows for 100% 
scan efficiency [182, 183]. Recent impressive data from 
Ginami et al. [184] showed high-quality coronary vessel 
wall imaging by making reconstructions using different 
timings of the acquisition window within the cardiac cycle 
in order to retrospectively achieve the optimal vessel wall 
delineation.

Multimodal imaging: PET/MRI

In addition to the development of novel MR methods and 
contrast mechanisms, the integration of MRI with other 
imaging modalities that interrogate different aspects of 
plaque physiology is quickly becoming a reality. As a nota-
ble example, the introduction of simultaneous PET/MRI 
systems allows for the seamless combination of anatomi-
cal and physiological imaging with MRI, and metabolic/
functional imaging with PET. PET is a highly sensitive 
modality, and has already been extensively validated for 
quantification of plaque macrophages with 18F-FDG [185, 
186]. However, PET is an imaging modality with intrinsi-
cally low spatial resolution, and it is traditionally combined 
with computed tomography (CT) for improved anatomical 
localization. Combining PET with MRI instead of CT offers 
several advantages. MRI provides high-spatial-resolution 
imaging and better soft tissue contrast than CT, and enables 
the quantification of several physiological parameters in the 
vessel wall, as previously described in this review. The better 
anatomical definition of MRI can be used to apply partial 
volume and motion corrections to improve the localization 
of the PET signal [187, 188].

Last but not least, combining PET with MRI instead 
of CT reduces patient exposure to ionizing radiation—a 
highly desirable feature for longitudinal, repeated imaging 
in patients with chronic diseases (such as atherosclerosis). 
The fact that the two modalities are intrinsically co-regis-
tered allows for easier image interpretation, image analysis 
and experimental design [188, 189]. However, there are also 
specific challenges that may arise when combining these two 

Fig. 10  Comparison of post-contrast intracranial vessel wall imag-
ing using 3T and 7T MRI. 7T MRI largely resulted in enhanced ves-
sel wall delineation (due to enhanced CSF suppression) and more 
frequent detection of atherosclerotic lesions that were missed at 3T 
(rows 3 and 4). Depicted are the right proximal artery (row 1), left 
proximal vertebral artery (rows 2 and 3) and M1 segment of the mid-
dle cerebral artery (row 4). Adapted from Harteveld et al. [18]
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modalities, such as the effective conversion of MR images to 
accurate PET attenuation maps, which are still the subject of 
active investigation [189].

Compliance with ethical standards 

Conflict of interest The authors declare that they do not have a con-
flict of interest.

Informed consent Informed consent was obtained from all indi-
vidual participants included for the purpose of generating exemplary 
data sp ecifically for this review article. Experiments were done in 
accordance with the Declaration of Helsinki and in compliance with 
current Good Clinical Practice guidelines.

Funding BF.C. is funded by a VENI Grant (#14348) from the Dutch 
Technology Foundation STW. C.C. and Z.A.F. are supported by NIH/
NHLBI R01 HL071021. C.C. is also supported by American Heart 
Association Scientist Development Grant 16SDG27250090. P.v.O., 
G.J.S. and A.J.N. are supported by Grants from the Dutch Technology 
Foundation STW (HTSM 13928 and CARISMA 11631).

Open Access This article is distributed under the terms of the 
Creative Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to 
the Creative Commons license, and indicate if changes were made.

References

 1. Lozano R, Naghavi M, Foreman K (2012) Global and regional 
mortality from 235 causes of death for 20 age groups in 1990 
and 2010: a systematic analysis for the Global Burden of Disease 
Study 2010. Lancet 380:2095–2128

 2. Libby P (2002) Inflammation and atherosclerosis. Circulation 
105:1135–1143

 3. Moore K, Tabas I (2011) Macrophages in the pathogenesis of 
atherosclerosis. Cell 145:341–355

 4. Owen DJR, Lindsay AC, Choudhury RP, Fayad ZA (2011) Imag-
ing of atherosclerosis. Annu Rev Med 62:25–40

 5. Yuan C, Mitsumori LM, Beach KW, Maravilla KR (2001) 
Carotid atherosclerotic plaque: noninvasive MR characterization 
and identification of vulnerable lesions. Radiology 221:285–299

 6. Fayad Za, Fuster V (2001) Clinical imaging of the high-risk or 
vulnerable atherosclerotic plaque. Circ Res 89:305–316

 7. Botnar RM, Kim WY, Brnert P, Stuber M, Spuentrup E, Man-
ning WJ (2001) 3D coronary vessel wall imaging utilizing a local 
inversion technique with spiral image acquisition. Magn Reson 
Med 46:848–854

 8. Roes SD, Westenberg JJM, Doornbos J, van der Geest RJ, Angeli 
E, de Roos A, Stuber M (2009) Aortic vessel wall magnetic reso-
nance imaging at 3.0Tesla: a reproducibility study of respiratory 
navigator gated free-breathing 3D black blood magnetic reso-
nance imaging. Magn Reson Med 61:35–44

 9. Zhang Z, Fan Z, Carroll TJ, Chung Y, Weale P, Jerecic R, Li 
D (2009) Three-dimensional T2-weighted MRI of the human 
femoral arterial vessel wall at 3.0Tesla. Invest Radiol 44:619–626

 10. Swartz RH, Bhuta SS, Farb RI, Agid R, Willinsky RA, Ter-
Brugge KG, Butany J, Wasserman BA, Johnstone DM, Silver 
FL, Mikulis DJ (2009) Intracranial arterial wall imaging using 

high-resolution 3-Tesla contrast-enhanced MRI. Neurology 
72:627–634

 11. Gupta A, Baradaran H, Schweitzer AD, Kamel H, Pandya A, 
Delgado D, Dunning A, Mushlin AI, Sanelli PC (2013) Carotid 
plaque MRI and stroke risk: a systematic review and meta-
analysis. Stroke 44:3071–3077

 12. Marnane M, Prendeville S, McDonnell C, Noone I, Barry M, 
Crowe M, Mulligan N, Kelly PJ (2014) Plaque inflammation 
and unstable morphology are associated with early stroke 
recurrence in symptomatic carotid stenosis. Stroke 45:801–806

 13. O’Leary DH, Polak JF, Kronmal Ra, Manolio Ta, Burke GL, 
Wolfson SK (1999) Carotid-artery intima and media thickness 
as a risk factor for myocardial infarction and stroke in older 
adults. N Engl J Med 340:14–22

 14. Lorenz MW, Markus HS, Bots ML, Rosvall M, Sitzer M 
(2007) Prediction of clinical cardiovascular events with carotid 
intima-media thickness: a systematic review and meta-analysis. 
Circulation 115:459–467

 15. Corti R, Fuster V, Fayad ZA, Worthley SG, Helft G, Smith 
D, Weinberger J, Wentzel J, Mizsei G, Mercuri M, Badimon 
JJ (2002) Lipid lowering by simvastatin induces regression 
of human atherosclerotic lesions: 2 years’ follow-up by high-
resolution noninvasive magnetic resonance imaging. Circula-
tion 106:2884–2887

 16. Zhao X-Q, Dong L, Hatsukami T, Phan BA, Chu B, Moore A, 
Lane T, Neradilek MB, Polissar N, Monick D, Lee C, Underhill 
H, Yuan C (2011) MR imaging of carotid plaque composi-
tion during lipid-lowering therapy. JACC Cardiovasc Imaging 
4:977–986

 17. Underhill HR, Yuan C, Zhao X-Q, Kraiss LW, Parker DL, Saam 
T, Chu B, Takaya N, Liu F, Polissar NL, Neradilek B, Raichlen 
JS, Cain VA, Waterton JC, Hamar W, Hatsukami TS (2008) 
Effect of rosuvastatin therapy on carotid plaque morphology 
and composition in moderately hypercholesterolemic patients: 
A high-resolution magnetic resonance imaging trial. Am Heart 
J 155:584

 18. Harteveld AA, van der Kolk AG, van der Worp HB, Dieleman 
N, Siero JCW, Kuijf HJ, Frijns CJM, Luijten PR, Zwanenburg 
JJM, Hendrikse J (2017) High-resolution intracranial vessel 
wall MRI in an elderly asymptomatic population: comparison 
of 3 and 7T. Eur Radiol 27:1585–1595

 19. Edelman RR, Chien D, Kim D (1991) Fast selective black 
blood MR imaging. Radiology 181:655–660

 20. Itskovich VV, Mani V, Mizsei G, Aguinaldo JGS, Samber DD, 
Macaluso F, Wisdom P, Fayad ZA (2004) Parallel and non-
parallel simultaneous multislice black-blood double inversion 
recovery techniques for vessel wall imaging. J Magn Reson 
Imaging 19:459–467

 21. Yarnykh VL, Yuan C (2002) T1-insensitive flow suppres-
sion using quadruple inversion-recovery. Magn Reson Med 
48:899–905

 22. Jara H, Yu BC, Caruthers SD, Melhem ER, Yucel EK (1999) 
Voxel sensitivity function description of flow-induced signal 
loss in MR imaging: implications for black-blood MR angi-
ography with turbo spin-echo sequences. Magn Reson Med 
41:575–590

 23. Fan Z, Zhang Z, Chung YC, Weale P, Zuehlsdorff S, Carr J, Li 
D (2010) Carotid arterial wall MRI at 3T using 3D variable-
flip-angle turbo spin-echo (TSE) with flow-sensitive dephasing 
(FSD). J Magn Reson Imaging 31:645–654

 24. Eikendal ALM, Blomberg BA, Haaring C, Saam T, van der Geest 
RJ, Visser F, Bots ML, den Ruijter HM, Hoefer IE, Leiner T 
(2016) 3D black blood VISTA vessel wall cardiovascular mag-
netic resonance of the thoracic aorta wall in young, healthy 
adults: reproducibility and implications for efficacy trial sample 
sizes: a cross-sectional study. J Cardiovasc Magn Reson 18:20

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


217Magn Reson Mater Phy (2018) 31:201–222 

1 3

 25. van der Kolk AG, Hendrikse J, Brundel M, Biessels GJ, Smit EJ, 
Visser F, Luijten PR, Zwanenburg JJM (2013) Multi-sequence 
whole-brain intracranial vessel wall imaging at 7.0Tesla. Eur 
Radiol 23:2996–3004

 26. Koktzoglou I, Li D (2007) Diffusion-prepared segmented 
steady-state free precession: application to 3D black-blood 
cardiovascular magnetic resonance of the thoracic aorta and 
carotid artery walls. J Cardiovasc Magn Reson 9:33–42

 27. Wang J, Yarnykh VL, Yuan C (2010) Enhanced image qual-
ity in black-blood MRI using the improved motion-sensitized 
driven-equilibrium (iMSDE) sequence. J Magn Reson Imaging 
31:1256–1263

 28. Li L, Miller KL, Jezzard P (2012) DANTE-prepared pulse 
trains: a novel approach to motion-sensitized and motion-
suppressed quantitative magnetic resonance imaging. Magn 
Reson Med 68:1423–1438

 29. Li L, Chai JT, Biasiolli L, Robson MD, Choudhury RP, Handa 
AI, Near J, Jezzard P (2014) Black-blood multicontrast imag-
ing of carotid arteries with DANTE-prepared 2D and 3D MR 
imaging. Radiology 273:560–569

 30. Viessmann O, Li L, Benjamin P, Jezzard P (2017) T2-Weighted 
intracranial vessel wall imaging at 7 Tesla using a DANTE-
prepared variable flip angle turbo spin echo readout (DANTE-
SPACE). Magn Reson Med 77:655–663

 31. Xie Y, Yang Q, Xie G, Pang J, Fan Z, Li D (2016) Improved 
black-blood imaging using DANTE-SPACE for simultaneous 
carotid and intracranial vessel wall evaluation. Magn Reson 
Med 75:2286–2294

 32. Wang J, Helle M, Zhou Z, Brnert P, Hatsukami TS, Yuan C 
(2016) Joint blood and cerebrospinal fluid suppression for 
intracranial vessel wall MRI. Magn Reson Med 75:831–838

 33. Yang H, Zhang X, Qin Q, Liu L, Wasserman BA, Qiao Y 
(2016) Improved cerebrospinal fluid suppression for intracra-
nial vessel wall MRI. J Magn Reson Imaging 44:665–672

 34. Duivenvoorden R, de Groot E, Afzali H, VanBavel ET, de Boer 
OJ, Lamris JS, Fayad ZA, Stroes ESG, Kastelein JJP, Neder-
veen AJ (2009) Comparison of in vivo carotid 3.0-T magnetic 
resonance to B-mode ultrasound imaging and histology in a 
porcine model. JACC Cardiovasc Imaging 2:744–750

 35. Duivenvoorden R, De Groot E, Elsen BM, Lameŕis JS, Van 
Der Geest RJ, Stroes ES, Kastelein JJP, Nederveen AJ (2009) 
In  vivo quantification of carotid artery wall dimensions 
3.0Tesla MRI versus b-mode ultrasound imaging. Circ Car-
diovasc Imaging 2:235–242

 36. van den Berg AM, Coolen BF, Nederveen AJ (2013) 2D 
T1-weighted TSE vs. 3D MERGE in carotid artery wall imag-
ing. In: Proceedings of the SMRT, Salt Lake City

 37. Qiao Y, Guallar E, Suri FK, Liu L, Zhang Y, Anwar Z, Mir-
bagheri S, Xie YJ, Nezami N, Intrapiromkul J, Zhang S, 
Alonso A, Chu H, Couper D, Wasserman BA (2016) MR imag-
ing measures of intracranial atherosclerosis in a population-
based study. Radiology 280:860–868

 38. Desai MY, Lai S, Barmet C, Weiss RG, Stuber M (2005) 
Reproducibility of 3D free-breathing magnetic resonance coro-
nary vessel wall imaging. Eur Heart J 26:2320–2324

 39. Balu N, Chu B, Hatsukami TS, Yuan C, Yarnykh VL (2008) 
Comparison between 2D and 3D high-resolution black-blood 
techniques for carotid artery wall imaging in clinically signifi-
cant atherosclerosis. J Magn Reson Imaging 27:918–924

 40. El Aidi H, Mani V, Weinshelbaum KB, Aguiar SH, Taniguchi 
H, Postley JE, Samber DD, Cohen EI, Stern J, van der Geest 
RJ, Reiber JH, Woodward M, Fuster V, Gidding SS, Fayad ZA 
(2009) Cross-sectional, prospective study of MRI reproducibil-
ity in the assessment of plaque burden of the carotid arteries 
and aorta. Nat Clin Pract Cardiovasc Med 6:219–228

 41. Sun J, Zhao X-Q, Balu N, Hippe DS, Hatsukami TS, Isquith 
DA, Yamada K, Neradilek MB, Cantn G, Xue Y, Fleg JL, 
Desvigne-Nickens P, Klimas MT, Padley RJ, Vassileva MT, 
Wyman BT, Yuan C (2015) Carotid magnetic resonance 
imaging for monitoring atherosclerotic plaque progression: 
a multicenter reproducibility study. Int J Cardiovasc Imaging 
31:95–103

 42. Varghese A, Crowe LA, Mohiaddin RH, Gatehouse PD, Yang 
GZ, Firmin DN, Pennell DJ (2005) Interstudy reproducibility 
of 3D volume selective fast spin echo sequence for quantifying 
carotid artery wall volume in asymptomatic subjects. Atheroscle-
rosis 183:361–366

 43. Balu N, Sun J, Hippe DS, Zhu D, Kim SE, Roberts J, De Marco 
JK, Parker DL, Salonder D, McConnell MV, Yuan C, Hatsukami 
TS (2014) Multiplatform reproducbility of 3D carotid vessel wall 
MRI. In: Proceedings of the Annual Meeting ISMRM, Milan

 44. Mihai G, Varghese J, Lu B, Zhu H, Simonetti OP, Rajagopa-
lan S (2015) Reproducibility of thoracic and abdominal aortic 
wall measurements with three-dimensional, variable flip angle 
(SPACE) MRI. J Magn Reson Imaging 41:202–212

 45. Cai JM, Hatsukami TS, Ferguson MS, Small R, Polissar NL, 
Yuan C (2002) Classification of human carotid atherosclerotic 
lesions with in vivo multicontrast magnetic resonance imaging. 
Circulation 106:1368–1373

 46. Truijman MTB, Kooi ME, van Dijk AC, de Rotte AAJ, van der 
Kolk AG, Liem MI, Schreuder FHBM, Boersma E, Mess WH, 
van Oostenbrugge RJ, Koudstaal PJ, Kappelle LJ, Nederkoorn 
PJ, Nederveen AJ, Hendrikse J, van der Steen AFW, Daemen 
MJAP, van der Lugt A (2014) Plaque at RISK (PARISK): pro-
spective multicenter study to improve diagnosis of high-risk 
carotid plaques. Int J Stroke 9:747–754

 47. Saam T, Hetterich H, Hoffmann V, Yuan C, Dichgans M, Pop-
pert H, Koeppel T, Hoffmann U, Reiser MF, Bamberg F (2013) 
Meta-analysis and systematic review of the predictive value of 
carotid plaque hemorrhage on cerebrovascular events by mag-
netic resonance imaging. J Am Coll Cardiol 62:1081–1091

 48. Gao S, van t Klooster R, van Wijk DF, Nederveen AJ, Lelieveldt 
BPF, van der Geest RJ (2015) Repeatability of in vivo quanti-
fication of atherosclerotic carotid artery plaque components by 
supervised multispectral classification. Magn Reson Mater Phy 
28:535–545

 49. Degnan AJ, Young VE, Tang TY, Gill AB, Graves MJ, Gillard 
JH, Patterson AJ (2012) Ex vivo study of carotid endarterectomy 
specimens: quantitative relaxation times within atherosclerotic 
plaque tissues. Magn Reson Imaging 30:1017–1021

 50. Morrisett J, Vick W, Sharma R, Lawrie G, Reardon M, Ezell 
E, Schwartz J, Hunter G, Gorenstein D (2003) Discrimination 
of components in atherosclerotic plaques from human carotid 
endarterectomy specimens by magnetic resonance imaging 
ex vivo. Magn Reson Imaging 21:465–474

 51. Chu B, Kampschulte A, Ferguson MS, Kerwin WS, Yarnykh VL, 
O’Brien KD, Polissar NL, Hatsukami TS, Yuan C (2004) Hemor-
rhage in the atherosclerotic carotid plaque: a high-resolution MRI 
study. Stroke 35:1079–1084

 52. Toussaint JF, LaMuraglia GM, Southern JF, Fuster V, Kantor HL 
(1996) Magnetic resonance images lipid, fibrous, calcified, hem-
orrhagic, and thrombotic components of human atherosclerosis 
in vivo. Circulation 94:932–938

 53. Biasiolli L, Lindsay AC, Chai JT, Choudhury RP, Robson MD 
(2013) In-vivo quantitative T2 mapping of carotid arteries in 
atherosclerotic patients: segmentation and T2 measurement of 
plaque components. J Cardiovasc Magn Reson 15:69

 54. Raman SV, Winner MW, Tran T, Velayutham M, Simonetti 
OP, Baker PB, Olesik J, McCarthy B, Ferketich AK, Zweier 
JL (2008) In vivo atherosclerotic plaque characterization using 



218 Magn Reson Mater Phy (2018) 31:201–222

1 3

magnetic susceptibility distinguishes symptom-producing 
plaques. JACC Cardiovasc Imaging 1:49–57

 55. Kooi ME, Cappendijk VC, Cleutjens KBJM, Kessels AGH, Kit-
slaar PJEHM, Borgers M, Frederik PM, Daemen MJAP, Van 
Engelshoven JMA (2003) Accumulation of ultrasmall super-
paramagnetic particles of iron oxide in human atherosclerotic 
plaques can be detected by in vivo magnetic resonance imaging. 
Circulation 107:2453–2458

 56. Tang TY, Howarth SP, Miller SR, Graves MJ, Patterson AJ, JM 
UK-I, Li ZY, Walsh SR, Brown AP, Kirkpatrick PJ, Warbur-
ton EA, Hayes PD, Varty K, Boyle JR, Gaunt ME, Zalewski 
A, Gillard JH (2009) The ATHEROMA (Atorvastatin therapy: 
effects on reduction of macrophage activity) Study. Evaluation 
using ultrasmall superparamagnetic iron oxide-enhanced mag-
netic resonance imaging in carotid disease. J Am Coll Cardiol 
53:2039–2050

 57. Fayad ZA, Razzouk L, Briley-Saebo KC, Mani V (2009) 
Iron oxide magnetic resonance imaging for atherosclero-
sis therapeutic evaluation. still “rusty?”. J Am Coll Cardiol 
53:2051–2052

 58. Patterson AJ, Tang TY, Graves MJ, Müller KH, Gillard JH (2011) 
In vivo carotid plaque MRI using quantitative T2* measurements 
with ultrasmall superparamagnetic iron oxide particles: a dose-
response study to statin therapy. NMR Biomed 24:89–95

 59. Smits LP, Tiessens F, Zheng KH, Stroes ES, Nederveen AJ, 
Coolen BF (2017) Evaluation of ultrasmall superparamagnetic 
iron-oxide (USPIO) enhanced MRI with ferumoxytol to quantify 
arterial wall inflammation. Atherosclerosis 263:211–218

 60. Deoni SCL, Rutt BK, Peters TM (2003) Rapid combined T1 
and T2 mapping using gradient recalled acquisition in the steady 
state. Magn Reson Med 49:515–526

 61. Messroghli DR, Radjenovic A, Kozerke S, Higgins DM, Sivanan-
than MU, Ridgway JP (2004) Modified look-locker inversion 
recovery (MOLLI) for high-resolution T 1 mapping of the heart. 
Magn Reson Med 52:141–146

 62. Coolen BF, Poot DHJ, Liem MI, Smits LP, Gao S, Kotek G, 
Klein S, Nederveen AJ (2016) Three-dimensional quantitative 
T 1 and T 2 mapping of the carotid artery: sequence design and 
in vivo feasibility. Magn Reson Med 75:1008–1017

 63. Koning W, de Rotte AAJ, Bluemink JJ, van der Velden TA, 
Luijten PR, Klomp DWJ, Zwanenburg JJM (2015) MRI of the 
carotid artery at 7Tesla: quantitative comparison with 3Tesla. J 
Magn Reson Imaging 41:773–780

 64. Wang J, Börnert P, Zhao H, Hippe DS, Zhao X, Balu N, Ferguson 
MS, Hatsukami TS, Xu J, Yuan C, Kerwin WS (2013) Simul-
taneous noncontrast angiography and intraPlaque hemorrhage 
(SNAP) imaging for carotid atherosclerotic disease evaluation. 
Magn Reson Med 69:337–345

 65. Koppal S, Warntjes M, Swann J, Dyverfeldt P, Kihlberg J, 
Moreno R, Magee D, Roberts N, Zachrisson H, Forssell C, Lnne 
T, Treanor D, de Muinck ED (2017) Quantitative fat and R2* 
mapping in vivo to measure lipid-rich necrotic core and intra-
plaque hemorrhage in carotid atherosclerosis. Magn Reson Med 
78:285–296

 66. Chai JT, Biasiolli L, Li L, Alkhalil M, Galassi F, Darby C, Hal-
liday AW, Hands L, Magee T, Perkins J, Sideso E, Handa A, 
Jezzard P, Robson MD, Choudhury RP (2017) Quantification 
of lipid-rich core in carotid atherosclerosis using magnetic reso-
nance T2 mapping. JACC Cardiovasc Imaging 10:747–756

 67. Stejskal EO, Tanner JE (1965) Spin diffusion measurements: spin 
echoes in the presence of a time-dependent field gradient. J Chem 
Phys 42:288–292

 68. Toussaint JF, Southern JF, Fuster V, Kantor HL (1997) Water 
diffusion properties of human atherosclerosis and thrombosis 
measured by pulse field gradient nuclear magnetic resonance. 
Arterioscler Thromb Vasc Biol 17:542–546

 69. Qiao Y, Ronen I, Viereck J, Ruberg FL, Hamilton JA (2007) 
Identification of atherosclerotic lipid deposits by diffusion-
weighted imaging. Arterioscler Thromb Vasc Biol 27:1440–1446

 70. Clarke SE, Hammond RR, Mitchell JR, Rutt BK (2003) Quan-
titative assessment of carotid plaque composition using mul-
ticontrast MRI and registered histology. Magn Reson Med 
50:1199–1208

 71. Kim SE, Jeong EK, Shi XF, Morrell G, Treiman GS, Parker DL 
(2009) Diffusion-weighted imaging of human carotid artery 
using 2D single-shot interleaved multislice inner volume dif-
fusion-weighted echo planar imaging (2D ss-IMIV-DWEPI) at 
3T: diffusion measurement in atherosclerotic plaque. J Magn 
Reson Imaging 30:1068–1077

 72. Xie Y, Yu W, Fan Z, Nguyen C, Bi X, An J, Zhang T, Zhang 
Z, Li D (2014) High resolution 3D diffusion cardiovascular 
magnetic resonance of carotid vessel wall to detect lipid core 
without contrast media. J Cardiovasc Magn Reson 16:67

 73. Zhang Q, Coolen BF, Versluis MJ, Strijkers GJ, Nederveen 
AJ (2017) Diffusion-prepared stimulated-echo turbo spin 
echo (DPsti-TSE): an eddy current-insensitive sequence for 
three-dimensional high-resolution and undistorted diffusion-
weighted imaging. NMR Biomed. doi:10.1002/nbm.3719

 74. Opriessnig P, Mangge H, Stollberger R, Deutschmann H, 
Reishofer G (2016) In vivo cardiovascular magnetic resonance 
of 2D vessel wall diffusion anisotropy in carotid arteries. J 
Cardiovasc Magn Reson 18:81

 75. Ruparelia N, Chai JT, Fisher EA, Choudhury RP (2016) 
Inflammatory processes in cardiovascular disease: a route to 
targeted therapies. Nat Rev Cardiol 14:133–144

 76. van Hoof RHM, Heeneman S, Wildberger JE, Kooi ME (2016) 
Dynamic contrast-enhanced MRI to study atherosclerotic 
plaque microvasculature. Curr Atheroscler Rep 18:33

 77. Tofts PS, Brix G, Buckley DL, Evelhoch JL, Henderson E, 
Knopp MV, Larsson HB, Lee TY, Mayr NA, Parker GJ, Port 
RE, Taylor J, Weisskoff RM (1999) Estimating kinetic param-
eters from dynamic contrast-enhanced T(1)-weighted MRI of a 
diffusable tracer: standardized quantities and symbols. J Magn 
Reson Imaging 10:223–232

 78. Kerwin W, Hooker A, Spilker M, Vicini P, Ferguson M, Hat-
sukami T, Yuan C (2003) Quantitative magnetic resonance 
imaging analysis of neovasculature volume in carotid athero-
sclerotic plaque. Circulation 107:851–856

 79. Gaens ME, Backes WH, Rozel S, Lipperts M, Sanders SN, 
Jaspers K, Cleutjens JPM, Sluimer JC, Heeneman S, Daemen 
MJAP, Welten RJTJ, Daemen J-WH, Wildberger JE, Kwee 
RM, Kooi ME (2013) Dynamic contrast-enhanced MR imaging 
of carotid atherosclerotic plaque: model selection, reproduc-
ibility, and validation. Radiology 266:271–279

 80. Kerwin WS, Oikawa M, Yuan C, Jarvik GP, Hatsukami TS 
(2008) MR imaging of adventitial vasa vasorum in carotid ath-
erosclerosis. Magn Reson Med 59:507–514

 81. Chen H, Li F, Zhao X, Yuan C, Rutt B, Kerwin WS (2011) 
Extended graphical model for analysis of dynamic contrast-
enhanced MRI. Magn Reson Med 66:868–878

 82. Chen H, Ricks J, Rosenfeld M, Kerwin WS (2013) Progres-
sion of experimental lesions of atherosclerosis: assessment by 
kinetic modeling of black-blood dynamic contrast-enhanced 
MRI. Magn Reson Med 69:1712–1720

 83. Kerwin WS, O’Brien KD, Ferguson MS, Polissar N, Hatsu-
kami TS, Yuan C (2006) Inflammation in carotid atheroscle-
rotic plaque: a dynamic contrast-enhanced MR imaging study. 
Radiology 241:459–468

 84. Truijman MTB, Kwee RM, van Hoof RHM, Hermeling 
E, van Oostenbrugge RJ, Mess WH, Backes WH, Daemen 
MJ, Bucerius J, Wildberger JE, Kooi ME (2013) Combined 
18F-FDG PET-CT and DCE-MRI to assess inflammation 

https://doi.org/10.1002/nbm.3719


219Magn Reson Mater Phy (2018) 31:201–222 

1 3

and microvascularization in atherosclerotic plaques. Stroke 
44:3568–3570

 85. O’Brien KD, Hippe DS, Chen H, Neradilek MB, Probstfield JL, 
Peck S, Isquith DA, Canton G, Yuan C, Polissar NL, Zhao X, 
Kerwin WS (2016) Longer duration of statin therapy is asso-
ciated with decreased carotid plaque vascularity by magnetic 
resonance imaging. Atherosclerosis 245:74–81

 86. Calcagno C, Lobatto ME, Dyvorne H, Robson PM, Millon A, 
Senders ML, Lairez O, Ramachandran S, Coolen BF, Black A, 
Mulder WJM, Fayad ZA (2015) Three-dimensional dynamic 
contrast-enhanced MRI for the accurate, extensive quantifica-
tion of microvascular permeability in atherosclerotic plaques. 
NMR Biomed 28:1304–1314

 87. Chen H, Sun J, Kerwin WS, Balu N, Neradilek MB, Hippe DS, 
Isquith D, Xue Y, Yamada K, Peck S, Yuan C, O’Brien KD, 
Zhao X-Q (2014) Scan-rescan reproducibility of quantitative 
assessment of inflammatory carotid atherosclerotic plaque using 
dynamic contrast-enhanced 3T CMR in a multi-center study. J 
Cardiovasc Magn Reson 16:51

 88. van Hoof RHM, Vöö SA, Sluimer JC, Wijnen NJA, Hermeling E, 
Schreuder FHBM, Truijman MT, Cleutjens JPM, Daemen MJAP, 
Daemen JH, van Oostenbrugge RJ, Mess WH, Wildberger JE, 
Heeneman S, Kooi ME (2017) Vessel wall and adventitial DCE-
MRI parameters demonstrate similar correlations with carotid 
plaque microvasculature on histology. J Magn Reson Imaging. 
doi:10.1002/jmri.25648

 89. Chen H, Cai J, Zhao X, Underhill H, Ota H, Oikawa M, Dong 
L, Yuan C, Kerwin WS (2010) Localized measurement of ath-
erosclerotic plaque inflammatory burden with dynamic contrast-
enhanced MRI. Magn Reson Med 64:567–573

 90. O’Brien KD, Hippe DS, Chen H, Neradilek MB, Probstfield JL, 
Peck S, Isquith DA, Canton G, Yuan C, Polissar NL, Zhao X, 
Kerwin WS (2016) Summary of clinical and laboratory data of 
study subjects with and without DCE-MRI plaque measurements 
in the AIM-HIGH clinical trial. Data Brief 6:476–481

 91. Wan T, Madabhushi A, Phinikaridou A, Hamilton JA, Hua N, 
Pham T, Danagoulian J, Kleiman R, Buckler AJ (2014) Spatio-
temporal texture (SpTeT) for distinguishing vulnerable from 
stable atherosclerotic plaque on dynamic contrast enhancement 
(DCE) MRI in a rabbit model. Med Phys 41:42303

 92. Calcagno C, Cornily J-C, Hyafil F, Rudd JHF, Briley-Saebo 
KC, Mani V, Goldschlager G, Machac J, Fuster V, Fayad ZA 
(2008) Detection of neovessels in atherosclerotic plaques of rab-
bits using dynamic contrast enhanced MRI and 18F-FDG PET. 
Arterioscler Thromb Vasc Biol 28:1311–1317

 93. Calcagno C, Vucic E, Mani V, Goldschlager G, Fayad ZA (2010) 
Reproducibility of black blood dynamic contrast-enhanced mag-
netic resonance imaging in aortic plaques of atherosclerotic rab-
bits. J Magn Reson Imaging 32:191–198

 94. Vucic E, Calcagno C, Dickson SD, Rudd JHF, Hayashi K, Buc-
erius J, Moshier E, Mounessa JS, Roytman M, Moon MJ, Lin J, 
Ramachandran S, Tanimoto T, Brown K, Kotsuma M, Tsimikas 
S, Fisher EA, Nicolay K, Fuster V, Fayad ZA (2012) Regression 
of inflammation in atherosclerosis by the LXR agonist R211945. 
JACC Cardiovasc Imaging 5:819–828

 95. Vucic E, Dickson SD, Calcagno C, Rudd JHF, Moshier E, 
Hayashi K, Mounessa JS, Roytman M, Moon MJ, Lin J, Tsimikas 
S, Fisher EA, Nicolay K, Fuster V, Fayad ZA (2011) Pioglita-
zone modulates vascular inflammation in atherosclerotic rabbits. 
JACC Cardiovasc Imaging 4:1100–1109

 96. Lobatto ME, Fayad ZA, Silvera S, Vucic E, Calcagno C, Mani 
V, Dickson SD, Nicolay K, Banciu M, Schiffelers RM, Met-
selaar JM, van Bloois L, Wu H-S, Fallon JT, Rudd JH, Fus-
ter V, Fisher EA, Storm G, Mulder WJM (2010) Multimodal 
clinical imaging to longitudinally assess a nanomedical 

anti-inflammatory treatment in experimental atherosclerosis. 
Mol Pharm 7:2020–2029

 97. Chen H, Ricks J, Rosenfeld M, Kerwin WS (2013) Progression 
of experimental lesions of atherosclerosis: assessment by kinetic 
modeling of black-blood dynamic contrast-enhanced MRI. Magn 
Reson Med 69:1712–1720

 98. Yankeelov TE, Luci JJ, Lepage M, Li R, Debusk L, Lin PC, Price 
RR, Gore JC (2005) Quantitative pharmacokinetic analysis of 
DCE-MRI data without an arterial input function: a reference 
region model. Magn Reson Imaging 23:519–529

 99. Calcagno C, Ramachandran S, Izquierdo-Garcia D, Mani V, Mil-
lon A, Rosenbaum D, Tawakol A, Woodward M, Bucerius J, 
Moshier E, Godbold J, Kallend D, Farkouh ME, Fuster V, Rudd 
JHF, Fayad ZA (2013) The complementary roles of dynamic 
contrast-enhanced MRI and 18F-fluorodeoxyglucose PET/CT for 
imaging of carotid atherosclerosis. Eur J Nucl Med Mol Imaging 
40:1884–1893

 100. Taqueti VR, Di Carli MF, Jerosch-Herold M, Sukhova GK, Mur-
thy VL, Folco EJ, Kwong RY, Ozaki CK, Belkin M, Nahrendorf 
M, Weissleder R, Libby P (2014) Increased microvascularization 
and vessel permeability associate with active inflammation in 
human atheromata. Circ Cardiovasc Imaging 7:920–929

 101. Kim Y, Lobatto ME, Kawahara T, Lee Chung B, Mieszawska AJ, 
Sanchez-Gaytan BL, Fay F, Senders ML, Calcagno C, Becraft J, 
Tun Saung M, Gordon RE, Stroes ESG, Ma M, Farokhzad OC, 
Fayad ZA, Mulder WJM, Langer R (2014) Probing nanoparticle 
translocation across the permeable endothelium in experimental 
atherosclerosis. Proc Natl Acad Sci 111:1078–1083

 102. Lobatto ME, Calcagno C, Millon A, Senders ML, Fay F, Rob-
son PM, Ramachandran S, Binderup T, Paridaans MPM, Sen-
sarn S, Rogalla S, Gordon RE, Cardoso L, Storm G, Metselaar 
JM, Contag CH, Stroes ESG, Fayad ZA, Mulder WJM (2015) 
Atherosclerotic plaque targeting mechanism of long-circulating 
nanoparticles established by multimodal imaging. ACS Nano 
9:1837–1847

 103. Kim Y, Lobatto ME, Kawahara T, Lee Chung B, Mieszawska AJ, 
Sanchez-Gaytan BL, Fay F, Senders ML, Calcagno C, Becraft J, 
Tun Saung M, Gordon RE, Stroes ESG, Ma M, Farokhzad OC, 
Fayad ZA, Mulder WJM, Langer R (2014) Probing nanoparticle 
translocation across the permeable endothelium in experimental 
atherosclerosis. Proc Natl Acad Sci 111:1078–1083

 104. Calcagno C, Robson PM, Ramachandran S, Mani V, Kotys-
Traughber M, Cham M, Fischer SE, Fayad ZA (2013) SHILO, 
a novel dual imaging approach for simultaneous HI-/LOw tem-
poral (Low-/Hi-spatial) resolution imaging for vascular dynamic 
contrast enhanced cardiovascular magnetic resonance: numerical 
simulations and feasibility in the carotid arteries. J Cardiovasc 
Magn Reson 15:42

 105. Mendes J, Parker DL, McNally S, DiBella E, Bolster BD, Trei-
man GS (2014) Three-dimensional dynamic contrast enhanced 
imaging of the carotid artery with direct arterial input function 
measurement. Magn Reson Med 72:816–822

 106. Qi H, Huang F, Zhou Z, Koken P, Balu N, Zhang B, Yuan C, 
Chen H (2017) Large coverage black-bright blood interleaved 
imaging sequence (LaBBI) for 3D dynamic contrast-enhanced 
MRI of vessel wall. Magn Reson Med. doi:10.1002/mrm.26786

 107. van Hoof RHM, Hermeling E, Truijman MTB, van Oosten-
brugge RJ, Daemen JWH, van der Geest RJ, van Orshoven NP, 
Schreuder AH, Backes WH, Daemen MJAP, Wildberger JE, 
Kooi ME (2015) Phase-based vascular input function: improved 
quantitative DCE-MRI of atherosclerotic plaques. Med Phys 
42:4619–4628

 108. Tang J, Lobatto ME, Hassing L, van der Staay S, van Rijs 
SM, Calcagno C, Braza MS, Baxter S, Fay F, Sanchez-Gaytan 
BL, Duivenvoorden R, Sager HB, Astudillo YM, Leong W, 

https://doi.org/10.1002/jmri.25648
https://doi.org/10.1002/mrm.26786


220 Magn Reson Mater Phy (2018) 31:201–222

1 3

Ramachandran S, Storm G, Perez-Medina C, Reiner T, Cormode 
DP, Strijkers GJ, Stroes ESG, Swirski FK, Nahrendorf M, Fisher 
EA, Fayad ZA, Mulder WJM (2015) Inhibiting macrophage pro-
liferation suppresses atherosclerotic plaque inflammation. Sci 
Adv 1:e1400223

 109. Pham TA, Hua N, Phinikaridou A, Killiany R, Hamilton J (2016) 
Early in vivo discrimination of vulnerable atherosclerotic plaques 
that disrupt: a serial MRI study. Atherosclerosis 244:101–107

 110. Hua N, Baik F, Pham T, Phinikaridou A, Giordano N, Friedman 
B, Whitney M, Nguyen QT, Tsien RY, Hamilton JA (2015) Iden-
tification of high-risk plaques by MRI and fluorescence imaging 
in a rabbit model of atherothrombosis. PLoS One 10:e0139833

 111. Phinikaridou A, Andia ME, Passacquale G, Ferro A, Botnar RM 
(2013) Noninvasive MRI monitoring of the effect of interven-
tions on endothelial permeability in murine atherosclerosis using 
an albumin-binding contrast agent. J Am Heart Assoc 2:e000402

 112. Wasserman BA, Smith WI, Trout HH, Cannon RO, Balaban RS, 
Arai AE (2002) Carotid artery atherosclerosis. In vivo morpho-
logic characterization with gadolinium-enhanced double-oblique 
MR imaging—initial results. Radiology 223:566–573

 113. Lobbes MBI, Heeneman S, Passos VL, Welten R, Kwee RM, 
van der Geest RJ, Wiethoff AJ, Caravan P, Misselwitz B, Dae-
men MJAP, van Engelshoven JMA, Leiner T, Kooi ME (2010) 
Gadofosveset-enhanced magnetic resonance imaging of human 
carotid atherosclerotic plaques: a proof-of-concept study. Invest 
Radiol 45:275–281

 114. Phinikaridou A, Andia ME, Protti A, Indermuehle A, Shah A, 
Smith A, Warley A, Botnar RM (2012) Noninvasive magnetic 
resonance imaging evaluation of endothelial permeability in 
murine atherosclerosis using an albumin-binding contrast agent. 
Circulation 126:707–719

 115. Bar A, Skórka T, Jasiński K, Sternak M, Bartel Ż, Tyrankie-
wicz U, Chlopicki S (2016) Retrospectively gated MRI for 
in vivo assessment of endothelium-dependent vasodilatation 
and endothelial permeability in murine models of endothelial 
dysfunction. NMR Biomed 29:1088–1097

 116. Lavin B, Phinikaridou A, Lorrio S, Zaragoza C, Botnar RM 
(2015) Monitoring vascular permeability and remodeling after 
endothelial injury in a murine model using a magnetic reso-
nance albumin-binding contrast agent. Circ Cardiovasc Imaging 
8:e002417

 117. Phinikaridou A, Andia ME, Lavin B, Smith A, Saha P, Botnar 
RM (2016) Increased vascular permeability measured with an 
albumin-binding magnetic resonance contrast agent is a surrogate 
marker of rupture-prone atherosclerotic plaque. Circ Cardiovasc 
Imaging 9:e004910

 118. Malek AM, Alper SL, Izumo S (1999) Hemodynamic shear stress 
and its role in atherosclerosis. JAMA 282:2035–2042

 119. Dolan JM, Kolega J, Meng H (2013) High wall shear stress and 
spatial gradients in vascular pathology: a review. Ann Biomed 
Eng 41:1411–1427

 120. Lenz GW, Haacke EM, White RD (1989) Retrospective cardiac 
gating: a review of technical aspects and future directions. Magn 
Reson Imaging 7:445–455

 121. Wigstrom L, Sjoqvist L, Wranne B (1996) Temporally resolved 
3D phase-contrast imaging. Magn Reson Med 36:800–803

 122. Markl M, Frydrychowicz A, Kozerke S, Hope M, Wieben O 
(2012) 4D flow MRI. J Magn Reson Imaging 36:1015–1036

 123. Oshinski JN, Ku DN, Mukundan S Jr, Loth F, Pettigrew RI 
(1995) Determination of wall shear stress in the aorta with the 
use of MR phase velocity mapping. J Magn Reson Imaging 
5:640–647

 124. Oyre S, Ringgaard S, Kozerke S, Paaske WP, Scheidegger MB, 
Boesiger P, Pedersen EM (1998) Quantitation of circumferential 
subpixel vessel wall position and wall shear stress by multiple 

sectored three-dimensional paraboloid modeling of velocity 
encoded cine MR. Magn Reson Med 40:645–655

 125. Petersson S, Dyverfeldt P, Ebbers T (2012) Assessment of the 
accuracy of MRI wall shear stress estimation using numerical 
simulations. J Magn Reson Imaging 36:128–138

 126. Stalder AF, Russe MF, Frydrychowicz A, Bock J, Hennig J, 
Markl M (2008) Quantitative 2D and 3D phase contrast MRI: 
optimized analysis of blood flow and vessel wall parameters. 
Magn Reson Med 60:1218–1231

 127. Ku DN, Giddens DP, Zarins CK, Glagov S (1985) Pulsatile 
flow and atherosclerosis in the human carotid bifurcation. Posi-
tive correlation between plaque location and low oscillating 
shear stress. Arteriosclerosis 5:293–302

 128. Duivenvoorden R, VanBavel E, de Groot E, Stroes ESG, Dis-
selhorst JA, Hutten BA, Lameris JS, Kastelein JJP, Nederveen 
AJ (2010) Endothelial shear stress: a critical determinant of 
arterial remodeling and arterial stiffness in humans—a carotid 
3.0-T MRI study. Circ Cardiovasc Imaging 3:578–585

 129. Mutsaerts HJMM, Palm-Meinders IH, de Craen AJM, Reiber 
JHC, Blauw GJ, van Buchem MA, van der Grond J, Box FMA 
(2011) Diastolic carotid artery wall shear stress is associated 
with cerebral infarcts and periventricular white matter lesions. 
Stroke 42:3497–3501

 130. Markl M, Wegent F, Zech T, Bauer S, Strecker C, Schumacher 
M, Weiller C, Hennig J, Harloff A (2010) In vivo wall shear 
stress distribution in the carotid artery: effect of bifurcation 
geometry, internal carotid artery stenosis, and recanalization 
therapy. Circ Cardiovasc Imaging 3:647–655

 131. Wentzel JJ, Corti R, Fayad ZA, Wisdom P, Macaluso F, Win-
kelman MO, Fuster V, Badimon JJ (2005) Does shear stress 
modulate both plaque progression and regression in the tho-
racic aorta? Human study using serial magnetic resonance 
imaging. J Am Coll Cardiol 45:846–854

 132. Barker AJ, Markl M, Burk J, Lorenz R, Bock J, Bauer S, 
Schulz-Menger J, von Knobelsdorff-Brenkenhoff F (2012) 
Bicuspid aortic valve is associated with altered wall shear 
stress in the ascending aorta. Circ Cardiovasc Imaging 
5:457–466

 133. Bissell MM, Hess AT, Biasiolli L, Glaze SJ, Loudon M, Pitcher 
A, Davis A, Prendergast B, Markl M, Barker AJ, Neubauer S, 
Myerson SG (2013) Aortic dilation in bicuspid aortic valve dis-
ease: flow pattern is a major contributor and differs with valve 
fusion type. Circ Cardiovasc Imaging 6:499–507

 134. Bieging ET, Frydrychowicz A, Wentland A, Landgraf BR, John-
son KM, Wieben O, Francois CJ (2011) In vivo three-dimen-
sional MR wall shear stress estimation in ascending aortic dilata-
tion. J Magn Reson Imaging 33:589–597

 135. Potters WV, van Ooij P, Marquering H, VanBavel E, Nederveen 
AJ (2015) Volumetric arterial wall shear stress calculation based 
on cine phase contrast MRI. J Magn Reson Imaging 41:505–516

 136. Cibis M, Potters WV, Selwaness M, Gijsen FJ, Franco OH, Arias 
Lorza AM, de Bruijne M, Hofman A, van der Lugt A, Neder-
veen AJ, Wentzel JJ (2016) Relation between wall shear stress 
and carotid artery wall thickening MRI versus CFD. J Biomech 
49:735–741

 137. Markl M, Wallis W, Harloff A (2011) Reproducibility of flow and 
wall shear stress analysis using flow-sensitive four-dimensional 
MRI. J Magn Reson Imaging 33:988–994

 138. van Ooij P, Powell AL, Potters WV, Carr JC, Markl M, Barker 
AAJ (2016) Reproducibility and interobserver variability of 
systolic blood flow velocity and 3D wall shear stress derived 
from 4D flow MRI in the healthy aorta. J Magn Reson Imaging 
43:236–248

 139. Köhler U, Marshall I, Robertson MB, Long Q, Xu XY, Hoskins 
PR (2001) MRI measurement of wall shear stress vectors in 



221Magn Reson Mater Phy (2018) 31:201–222 

1 3

bifurcation models and comparison with CFD predictions. J 
Magn Reson Imaging 14:563–573

 140. Papathanasopoulou P, Zhao S, Köhler U, Robertson MB, Long 
Q, Hoskins P, Yun XuX, Marshall I (2003) MRI measurement 
of time-resolved wall shear stress vectors in a carotid bifurcation 
model, and comparison with CFD predictions. J Magn Reson 
Imaging 17:153–162

 141. van Ooij P, Potters WV, Guedon A, Schneiders JJ, Marquer-
ing HA, Majoie CB, VanBavel E, Nederveen AJ (2013) Wall 
shear stress estimated with phase contrast MRI in an in vitro 
and in vivo intracranial aneurysm. J Magn Reson Imaging 
38:876–884

 142. Cibis M, Potters WV, Gijsen FJ, Marquering H, vanBavel E, 
van der Steen AF, Nederveen AJ, Wentzel JJ (2014) Wall shear 
stress calculations based on 3D cine phase contrast MRI and 
computational fluid dynamics: a comparison study in healthy 
carotid arteries. NMR Biomed 27:826–834

 143. Kröner ESJ, Lamb HJ, Siebelink H-MJ, Cannegieter SC, van 
den Boogaard PJ, van der Wall EE, de Roos A, Westenberg 
JJM (2014) Pulse wave velocity and flow in the carotid artery 
versus the aortic arch: effects of aging. J Magn Reson Imaging 
40:287–293

 144. van Popele NM, Grobbee DE, Bots ML, Asmar R, Topouchian 
J, Reneman RS, Hoeks PGa, van der Kuip MDa, Hofman A, 
Witteman JCM (2001) Association between arterial stiffness 
and atherosclerosis: the Rotterdam study. Stroke 32:454–460

 145. Vlachopoulos C, Aznaouridis K, Stefanadis C (2010) Predic-
tion of cardiovascular events and all-cause mortality with arte-
rial stiffness. J Am Coll Cardiol 55:1318–1327

 146. Ben-Shlomo Y, Spears M, Boustred C, May M, Anderson SG, 
Benjamin EJ, Boutouyrie P, Cameron J, Chen CH, Cruickshank 
JK, Hwang SJ, Lakatta EG, Laurent S, Maldonado J, Mitchell 
GF, Najjar SS, Newman AB, Ohishi M, Pannier B, Pereira 
T, Vasan RS, Shokawa T, Sutton-Tyrell K, Verbeke F, Wang 
KL, Webb DJ, Willum Hansen T, Zoungas S, McEniery CM, 
Cockcroft JR, Wilkinson IB (2014) Aortic pulse wave velocity 
improves cardiovascular event prediction: an individual par-
ticipant meta-analysis of prospective observational data from 
17,635 subjects. J Am Coll Cardiol 63:636–646

 147. van Sloten TT, Schram MT, van den Hurk K, Dekker JM, 
Nijpels G, Henry RMA, Stehouwer CDA (2014) Local stiff-
ness of the carotid and femoral artery is associated with inci-
dent cardiovascular events and all-cause mortality. J Am Coll 
Cardiol 63:1739–1747

 148. Ibrahim E-SH, Johnson KR, Miller AB, Shaffer JM, White RD 
(2010) Measuring aortic pulse wave velocity using high-field 
cardiovascular magnetic resonance: comparison of techniques. 
J Cardiovasc Magn Reson 12:26

 149. Grotenhuis HB, Westenberg JJM, Steendijk P, Van Der Geest 
RJ, Ottenkamp J, Bax JJ, Jukema JW, De Roos A (2009) Vali-
dation and reproducibility of aortic pulse wave velocity as 
assessed with velocity-encoded MRI. J Magn Reson Imaging 
30:521–526

 150. Bargiotas I, Mousseaux E, Yu W-C, Venkatesh BA, Bollache E, 
de Cesare A, Lima JAC, Redheuil A, Kachenoura N (2015) Esti-
mation of aortic pulse wave transit time in cardiovascular mag-
netic resonance using complex wavelet cross-spectrum analysis. 
J Cardiovasc Magn Reson 17:65

 151. Fielden SW, Fornwalt BK, Jerosch-Herold M, Eisner RL, Still-
man AE, Oshinski JN (2008) A new method for the determina-
tion of aortic pulse wave velocity using cross-correlation on 2D 
PCMR velocity data. J Magn Reson Imaging 27:1382–1387

 152. Westenberg JJM, de Roos A, Grotenhuis HB, Steendijk P, Hen-
driksen D, van den Boogaard PJ, van der Geest RJ, Bax JJ, 
Jukema JW, Reiber JHC (2010) Improved aortic pulse wave 
velocity assessment from multislice two-directional in-plane 

velocity-encoded magnetic resonance imaging. J Magn Reson 
Imaging 32:1086–1094

 153. Wentland AL, Grist TM, Wieben O (2014) Review of MRI-based 
measurements of pulse wave velocity: a biomarker of arterial 
stiffness. Cardiovasc Diagn Ther 4:193–206

 154. Wentland AL, Wieben O, François CJ, Boncyk C, Munoz Del 
Rio A, Johnson KM, Grist TM, Frydrychowicz A (2013) Aortic 
pulse wave velocity measurements with undersampled 4D flow-
sensitive MRI: comparison with 2D and algorithm determina-
tion. J Magn Reson Imaging 37:853–859

 155. Langham MC, Li C, Wehrli FW (2011) Non-triggered quantifica-
tion of central and peripheral pulse-wave velocity. J Cardiovasc 
Magn Reson 13:81

 156. Markl M, Wallis W, Strecker C, Gladstone BP, Vach W, Harloff 
A (2012) Analysis of pulse wave velocity in the thoracic aorta by 
flow-sensitive four-dimensional MRI: reproducibility and corre-
lation with characteristics in patients with aortic atherosclerosis. 
J Magn Reson Imaging 35:1162–1168

 157. Mandell DM, Mossa-Basha M, Qiao Y, Hess CP, Hui F, Matouk 
C, Johnson MH, Daemen MJAP, Vossough A, Edjlali M, Saloner 
D, Ansari SA, Wasserman BA, Mikulis DJ (2017) Intracranial 
vessel wall MRI: principles and expert consensus recommenda-
tions of the American society of neuroradiology. Am J Neurora-
diol 38:218–229

 158. Dyverfeldt P, Bissell M, Barker AJ, Bolger AF, Carlhäll C-J, 
Ebbers T, Francios CJ, Frydrychowicz A, Geiger J, Giese D, 
Hope MD, Kilner PJ, Kozerke S, Myerson S, Neubauer S, 
Wieben O, Markl M (2015) 4D flow cardiovascular magnetic 
resonance consensus statement. J Cardiovasc Magn Reson 
17:72

 159. Nederveen AJ, Avril S, Speelman L (2014) MRI strain imaging 
of the carotid artery: present limitations and future challenges. J 
Biomech 47:824–833

 160. van Oorschot JWM, Gho JMIH, van Hout GPJ, Froeling M, 
Jansen of Lorkeers SJ, Hoefer IE, Doevendans PA, Luijten PR, 
Chamuleau SAJ, Zwanenburg JJM (2015) Endogenous contrast 
MRI of cardiac fibrosis: beyond late gadolinium enhancement. J 
Magn Reson Imaging 41:1181–1189

 161. Yang Q, Liu J, Barnes SRS, Wu Z, Li K, Neelavalli J, Hu J, 
Haacke EM (2009) Imaging the vessel wall in major peripheral 
arteries using susceptibility-weighted imaging. J Magn Reson 
Imaging 30:357–365

 162. Makowski MR, Botnar RM (2013) MR imaging of the arterial 
vessel wall: molecular imaging from bench to bedside. Radiology 
269:34–51

 163. Mulder WJM, Jaffer FA, Fayad ZA, Nahrendorf M (2014) 
Imaging and nanomedicine in inflammatory atherosclerosis. Sci 
Transl Med 6:239

 164. Duivenvoorden R, Tang J, Cormode DP, Mieszawska AJ, Izqui-
erdo-Garcia D, Ozcan C, Otten MJ, Zaidi N, Lobatto ME, van 
Rijs SM, Priem B, Kuan EL, Martel C, Hewing B, Sager H, 
Nahrendorf M, Randolph GJ, Stroes ESG, Fuster V, Fisher EA, 
Fayad ZA, Mulder WJM (2014) A statin-loaded reconstituted 
high-density lipoprotein nanoparticle inhibits atherosclerotic 
plaque inflammation. Nat Commun 5:3065

 165. van Heeswijk RB, Pellegrin M, Flögel U, Gonzales C, Aubert 
J-F, Mazzolai L, Schwitter J, Stuber M (2015) Fluorine MR 
imaging of inflammation in atherosclerotic plaque in vivo. Radi-
ology 275:421–429

 166. Hess AT, Bissell MM, Ntusi NAB, Lewis AJM, Tunnicliffe EM, 
Greiser A, Stalder AF, Francis JM, Myerson SG, Neubauer S, 
Robson MD (2015) Aortic 4D flow: quantification of signal-to-
noise ratio as a function of field strength and contrast enhance-
ment for 1.5, 3, and 7T. Magn Reson Med 73:1864–1871

 167. Qiao Y, Steinman DA, Qin Q, Etesami M, Schär M, Astor BC, 
Wasserman BA (2011) Intracranial arterial wall imaging using 



222 Magn Reson Mater Phy (2018) 31:201–222

1 3

three-dimensional high isotropic resolution black blood MRI at 
3.0T. J Magn Reson Imaging 34:22–30

 168. van der Kolk AG, Zwanenburg JJM, Brundel M, Biessels G-J, 
Visser F, Luijten PR, Hendrikse J (2011) Intracranial vessel wall 
imaging at 7.0-T MRI. Stroke 42:2478–2484

 169. de Rotte AAJ, Koning W, Truijman MTB, den Hartog AG, 
Bovens SM, Vink A, Sepehrkhouy S, Zwanenburg JJM, Klomp 
DWJ, Pasterkamp G, Moll FL, Luijten PR, Hendrikse J, de Borst 
GJ (2014) Seven-Tesla magnetic resonance imaging of athero-
sclerotic plaque in the significantly stenosed carotid artery. Invest 
Radiol 49:749–757

 170. Kröner ESJ, van Schinkel LD, Versluis MJ, Brouwer NJ, van den 
Boogaard PJ, van der Wall EE, de Roos A, Webb AG, Siebelink 
H-MJ, Lamb HJ (2012) Ultrahigh-field 7-T magnetic resonance 
carotid vessel wall imaging: initial experience in comparison 
with 3-T field strength. Invest Radiol 47:697–704

 171. Calcagno C, Coolen BF, Zhang B, Boeykens G, Robson PM, 
Mani V, Nederveen AJ, Mulder WJM, Fayad ZA (2016) Opti-
mization of 3D high resolution T2 weighted SPACE for carotid 
vessel wall imaging on a 7T whole-body clinical scanner. Proc 
Annu Meet ISMRM 968

 172. Koning W, Bluemink JJ, Langenhuizen EAJ, Raaijmakers AJ, 
Andreychenko A, van den Berg CAT, Luijten PR, Zwanenburg 
JJM, Klomp DWJ (2013) High-resolution MRI of the carotid 
arteries using a leaky waveguide transmitter and a high-density 
receive array at 7T. Magn Reson Med 69:1186–1193

 173. Thalhammer C, Renz W, Winter L, Hezel F, Rieger J, Pfeiffer 
H, Graessl A, Seifert F, Hoffmann W, von Knobelsdorff-Bren-
kenhoff F, Tkachenko V, Schulz-Menger J, Kellman P, Niendorf 
T (2012) Two-dimensional sixteen channel transmit/receive coil 
array for cardiac MRI at 7.0 T: design, evaluation, and applica-
tion. J Magn Reson Imaging 36:847–857

 174. Lustig M, Donoho DL, Santos JM, Pauly JM (2008) Compressed 
sensing MRI. IEEE Signal Process Mag 25:72–82

 175. Makhijani MK, Balu N, Yamada K, Yuan C, Nayak KS (2012) 
Accelerated 3D MERGE carotid imaging using compressed sens-
ing with a hidden markov tree model. J Magn Reson Imaging 
36:1194–1202

 176. Li B, Dong L, Chen B, Ji S, Cai W, Wang Y, Zhang J, Zhang 
Z, Wang X, Fang J (2013) Turbo fast three-dimensional carotid 
artery black-blood MRI by combining three-dimensional 
MERGE sequence with compressed sensing. Magn Reson Med 
70:1347–1352

 177. Gong E, Huang F, Ying K, Wu W, Wang S, Yuan C (2015) 
PROMISE: parallel-imaging and compressed-sensing 

reconstruction of multicontrast imaging using SharablE infor-
mation. Magn Reson Med 73:523–535

 178. Yuan J, Usman A, Reid SA, King KF, Patterson AJ, Gillard JH, 
Graves MJ (2017) Three-dimensional black-blood T 2 mapping 
with compressed sensing and data-driven parallel imaging in the 
carotid artery. Magn Reson Imaging 37:62–69

 179. Velikina JV, Alexander AL, Samsonov A (2013) Accelerating 
MR parameter mapping using sparsity-promoting regularization 
in parametric dimension. Magn Reson Med 70:1263–1273

 180. Doneva M, Börnert P, Eggers H, Stehning C, Sénégas J, Mertins 
A (2010) Compressed sensing reconstruction for magnetic reso-
nance parameter mapping. Magn Reson Med 64:1114–1120

 181. Schnell S, Markl M, Entezari P, Mahadewia RJ, Semaan E, 
Stankovic Z, Collins J, Carr J, Jung B (2014) k-t GRAPPA accel-
erated four-dimensional flow MRI in the aorta: effect on scan 
time, image quality, and quantification of flow and wall shear 
stress. Magn Reson Med 72:522–533

 182. Piccini D, Feng L, Bonanno G, Coppo S, Yerly J, Lim RP, 
Schwitter J, Sodickson DK, Otazo R, Stuber M (2017) Four-
dimensional respiratory motion-resolved whole heart coronary 
MR angiography. Magn Reson Med 77:1473–1484

 183. Bhat H, Ge L, Nielles-Vallespin S, Zuehlsdorff S, Li D (2011) 
3D radial sampling and 3D affine transform-based respiratory 
motion correction technique for free-breathing whole-heart cor-
onary MRA with 100% imaging efficiency. Magn Reson Med 
65:1269–1277

 184. Ginami G, Yerly J, Masci PG, Stuber M (2017) Golden angle 
dual-inversion recovery acquisition coupled with a flexible 
time-resolved sparse reconstruction facilitates sequence timing 
in high-resolution coronary vessel wall MRI at 3T. Magn Reson 
Med 77:961–969

 185. Dweck MR, Aikawa E, Newby DE, Tarkin JM, Rudd JH, Narula 
J, Fayad ZA (2016) Noninvasive molecular imaging of disease 
activity in atherosclerosis. Circ Res 119:330–340

 186. Tarkin JM, Joshi FR, Rudd JH (2014) PET imaging of inflam-
mation in atherosclerosis. Nat Rev Cardiol 11:443–457

 187. Bini J, Eldib M, Robson PM, Fayad ZA (2014) Wavelet-based 
partial volume effect correction for simultaneous MR/PET of the 
carotid arteries. EJNMMI Phys 1:A71

 188. LaForest R, Woodard PK, Gropler RJ (2016) Cardiovascular 
PET/MRI: challenges and opportunities. Cardiol Clin 34:25–35

 189. Jung JH, Choi Y, Im KC (2016) PET/MRI: technical challenges 
and recent advances. Nucl Med Mol Imaging 50:3–12


	Vessel wall characterization using quantitative MRI: what’s in a number?
	Abstract 
	Introduction
	Plaque burden
	2D black-blood MRI
	3D black-blood MRI
	2D versus 3D imaging

	Plaque composition
	T1 and T2(*) relaxometry
	Diffusion

	Quantification of permeability with dynamic contrast-enhanced MRI
	Alternative techniques for measuring permeability

	Flow-derived biomechanical wall parameters
	Wall shear stress
	Arterial stiffness

	Summary and future perspectives
	7T MRI
	Advanced reconstruction techniques
	Multimodal imaging: PETMRI

	References




