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Abstract

Molecular imaging aims to improve the identification and char-
acterization of pathological processes in vivo by visualizing the
underlying biological mechanisms. Molecular imaging tech-
niques are increasingly used to assess vascular inflammation,
remodeling, cell migration, angioneogenesis and apoptosis. In
cardiovascular diseases, molecular magnetic resonance imag-
ing (MRI) offers new insights into the in vivo biology of path-
ological vessel wall processes of the coronary and carotid arter-
ies and the aorta. This includes detection of early vascular
changes preceding plaque development, visualization of unsta-
ble plaques and assessment of response to therapy. The current
review focuses on recent developments in the field of molecular
MRI to characterise different stages of atherosclerotic vessel
wall disease. A variety of molecular MR-probes have been
developed to improve the non-invasive detection and character-
ization of atherosclerotic plaques. Specifically targeted molec-
ular probes allow for the visualization of key biological steps in
the cascade leading to the development of arterial vessel wall
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lesions. Early detection of processes which lead to the develop-
ment of atherosclerosis and the identification of vulnerable ath-
erosclerotic plaques may enable the early assessment of re-
sponse to therapy, improve therapy planning, foster the preven-
tion of cardiovascular events and may open the door for the
development of patient-specific treatment strategies.

Key Points

o Targeted MR-probes allow the characterization of athero-
sclerosis on a molecular level.

* Molecular MRI can identify in vivo markers for the differen-
tiation of stable and unstable plaques.

* Visualization of early molecular changes has the potential to
improve patient-individualized risk-assessment.

Keywords Molecular imaging - Magnetic resonance
imaging - Atherosclerotic vessel wall disease - MRI contrast
agents - Cardiovascular disease

Introduction

Molecular imaging represents a technique for the visualisation
of molecular and cellular processes in vivo. Molecular imag-
ing techniques such as magnetic resonance imaging (MRI),
computed tomography (CT), ultrasound (US), positron emis-
sion tomography (PET), single photon emission computed
tomography (SPECT) and optical imaging are increasingly
used to characterise vascular inflammation, remodeling, cell
migration, angioneogenesis and apoptosis. Ongoing advances
have contributed to the development and use of multimodality
imaging tools, both in the preclinical and the clinical settings.
Hybrid PET/CT systems have emerged as the preferred sys-
tem for clinical nuclear medicine, and PET/MRI systems are
subject to modern molecular imaging studies.
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Cardiovascular disease, including atherosclerosis of the
aorta, carotid and coronary arteries, is still the leading cause
of morbidity and mortality worldwide [1]. In the arterial vessel
wall, smoldering inflammatory processes result in either a
slow narrowing of the arterial lumen or, in the case of unstable
plaque, in a sudden narrowing of the lumen [2]. X-ray angi-
ography currently represents the clinical gold standard for the
evaluation of atherosclerotic stenosis. Traditional invasive and
non-invasive techniques (e.g. CT-angiography) are focused on
the grading of luminal narrowing. The degree of luminal
narrowing is, however, not a parameter that allows for the
differentiation between stable or vulnerable plaques [3-5].
This represents one of the main limitations of traditional im-
aging approaches. As plaque rupture occurs, in most cases,
without preceding warning signs, this type of plaque causes
the most immediate life-threatening cardiovascular events [6].
Therefore, there is a clinical need to introduce novel tech-
niques and imaging approaches for the early detection of vul-
nerable plaques and for the characterization of plaque compo-
sition into the clinical setting. In the past, considerable
achievements have been made using 18 F-
fluorodeoxyglucose (18 F-FDG) and sodium-18 F-fluoride
(18 F-NaF) PET/CT for characterizing plaque biology, inflam-
mation and vulnerability [7-9]. Other more widely available
techniques such as contrast-enhanced US successfully con-
tributed to the visualisation of vulnerable carotid plaque by
imaging intraplaque neovascularization [10]. Molecular MRI
has shown potential for the characterization of plaque compo-
sition, progression and mechanisms associated with plaque
destabilization in human studies [11, 12]. Techniques for the
visualisation and quantification of plaque components of the
carotid, aortic and coronary arteries with traditional non-
specific extracellular gadolinium-based agents have already
been introduced into the clinical setting [13—15]. In terms of
molecular MR-probes, a wide range of specific and non-
specific agents have been validated in animal models and
initial human trials. The most common molecular MR-
probes can be broadly divided into two categories: (1) T1-
shortening paramagnetic gadolinium-(Gd)-based-probes and
(2) T2-shortening superparamagnetic-(iron-oxide-based)-
nanoparticles. Previous studies in small/large animal models
and initial human studies demonstrated the potential of these
molecular probes to assess plaque biology (e.g. the expression
of'endothelial adhesion molecules) [16], plaque lipid and mac-
rophage content [17-20], neovascularisation [17, 21] and
plaque thrombosis [22-26]. In summary, specific molecular
MR-probes allow the visualisation and characterization of
pathological processes at a molecular and cellular level, which
is the key for early disease detection and the characterization
of vulnerable atherosclerotic plaques.

The aim of this review is to outline the most promising
molecular MR imaging strategies and targeted MR-probes
for the characterization of atherosclerotic vessel wall disease.

Pathophysiology of atherosclerosis

As atherosclerotic plaques develop and progress slowly in
most cases, it can take decades until initial clinical symptoms
become apparent [27]. Key steps in the inflammatory cascade
of early plaque development include endothelial dysfunction,
activation of cell adhesion molecules, docking of monocytes
to activated endothelium, influx of low density lipoprotein
(LDL) into the subendothelial tissue and differentiation of
monocytes into macrophages (Fig. 1) [27, 28]. Subsequent
steps include activation of platelets and smooth muscle cell
proliferation followed by expression of extracellular matrix
(ECM) components, e.g. elastin and collagen, which results
in positive and negative vascular remodelling [5]. Positive
vascular remodeling is a process that is defined by an outward
increase of the ECM. An increase in positive vascular remod-
eling was shown to be associated with vulnerable plaque [29].
This type of remodeling cannot be detected using traditional
imaging techniques relying on the angiographic visualisation
of the arterial lumen. Negative vascular remodeling, on the
other hand, refers to a process that is associated with a de-
crease of the luminal area [5]. This type of vascular remodel-
ing can be detected and graded by traditional luminographic
imaging techniques. Continous negative remodeling of the
arterial vessel wall progressively narrows the arterial lumen
and can cause a flow-relevant constriction in advanced stages
of plaque development. Further crucial steps during the devel-
opment of stable and unstable atherosclerotic plaques include
extracellular matrix degradation, apoptosis and angiogenesis
[27]. In the past, landmark intravascular ultrasound (IVUS)
studies of the coronary arteries have identified distinct charac-
teristics of vulnerable plaques such as large plaque volume,
large necrotic core, thin fibrous cap, positive vascular remod-
eling and high density of neovascularization in patients [29].
In the following sections we will outline which probes can
be used to target and visualise the different steps during the
development of atherosclerotic vessel wall disease.

Probes for molecular magnetic resonance imaging
(MRI)

T1-shortening MR probes

To increase signal intensity on T1-weighted imaging se-
quences, MR probes can be applied to shorten local T1 relax-
ation times. Gadolinium-(Gd)-based MR agents represent the
most commonly administered agents in the clinical setting
[30]. The detection limit of MRI for Gd-chelates is significant-
ly higher compared to nuclear probes such as 18 F-FDG.
Greater knowledge of the structurally related relaxation mech-
anisms constantly fosters the development of new chelate de-
signs to improve signal enhancement and therefore the
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Fig. 1 Pathogenesis of plaque development. Endothelial dysfunction
initiates inflammatory processes and leads to the migration of immune
cells and low density lipoprotein (LDL) into the subendothelial tissue
leading to the differentiation of monocytes into macrophages which
transform, with increasing intake of lipids and cholesterol, into foam
cells. Subsequently atherosclerotic plaques develop, which are
characterised by activation of platelets and smooth muscle cells,
followed by deposition of extracellular connective matrix (ECM)

sensitivity for the detection of probes [31]. To target key mol-
ecules or proteins involved in plaque development, T1-
shortening Gd-based probes are conjugated with a specific
vector, e.g. antibodies, peptides or more Gd-chelates. Such
an approach was used with targeted probes loaded with high
amounts of amphipathic Gd-chelates embedded in their outer
membrane: liposomes [32], perfluorocarbon lipid emulsions
[33] and micelles [34] (see below).

T2-shortening MR probes

Recently, much research has been conducted regarding the
synthesis and application of iron oxide particles, which
shorten the local T2/T2* relaxation time and thus result
in a focal hypointensity on T2/T2*-weighted images [35].
This effect is especially pronounced in the liver, spleen and
bone marrow as a result of uptake of iron oxide particles by
cells of the reticuloendothelial system (RES), usually 2448
hours after administration of the probe [36]. In the past
years, superparamagnetic iron oxide MR probes have
been optimized for a variety of applications [36]. The size
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components and endothelial proliferation and the formation of lipid-rich
necrotic cores. Vulnerable plaques are characterised by a large plaque
volume, a large necrotic core, a thin fibrous cap, positive vascular
remodeling and a high density of neovascularization and are
responsible for the majority of acute cardiovascular events, e.g.
myocardial infarction due to intravascular thrombus formation. EEM
external elastic membrane, /CAM] intercellular adhesion molecule-1
IEM internal elastic membrane. Adapted from [84]

of iron oxide particles also has an effect on the extravasation
and biodistribution of probes. Their size ranges from mono-
crystalline iron oxide nanoparticles (MIONs) with 3 nm, ul-
trasmall superparamagnetic iron oxide particles (USPIO) with
15-30 nm, superparamagnetic iron oxide particles (SPIO)
with 60—180 nm to micro-sized iron oxide particles (MPIO)
up to 10 pm. In vivo, SPIOs aggregate in solution and are
rapidly cleared by cells of the reticuloendothelial system
(RES), which can limit their clinical application. In order to
realize a longer blood-circulation half-life, superparamagnetic
iron oxide nanoparticles have been stabilized with either hy-
drophilic (e.g. dextran or derivates of glucose such as the P904
ultrasmall superparamagnetic iron oxide nanoparticles
(USPIO) or electrostatic coating (e.g. citrate) [18]. USPIOs
are among the more predominantly used particles for molec-
ular imaging in atherosclerosis [36]. Various studies in hyper-
lipidaemic rabbits and humans have measured USPIO accu-
mulation in macrophages of vulnerable atherosclerotic
plaques [34, 37-39]. In contrast to directly targeted molecular
MR probes with a specific targeting ligand, T2-shortening
iron oxide nanoparticles target phagocytic cells passively by
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unselective phagocytic uptake. Both the uptake of iron oxide
particles by macrophages as well as increased influx of nano-
particles in inflamed tissues due to increased permeability and
neovascularization are the basis for the most commonly used
strategy to image macrophages in plaque [36]. This molecular
imaging strategy has been successfully translated into the clin-
ic setting [40].

Molecular vessel wall imaging in atherosclerosis
and clinical applications

Endothelial dysfunction and imaging of surface molecules

Initial inflammatory vessel wall processes lead to an impaired
vasodilatation by a decreased bioavailability of nitric oxide,
which is thought to increase VEGF-induced endothelial per-
meability [41]. Endothelial dysfunction induces the expres-
sion of specific adhesion-molecules on the endothelial sur-
face, ¢.g. E-selectin and vascular adhesion molecule
(VCAM)-, and correlates significantly with local plaque bur-
den, thus representing an interesting target in early stages of
atherosclerotic disease [42]. Gadofosveset trisodium, an MRI
probe binding to albumin, has successfully been used to visu-
alise endothelial dysfunction in a mouse model of atheroscle-
rosis (Fig. 2) [43, 44]. Tt is assumed that gadofosveset bound
to albumin enters plaques through leaky endothelium and sub-
sequently accumulates in the plaque matrix [43]. Furthermore,
several promising animal studies demonstrated a considerable
uptake of VCAM-1 specific nanoparticles in the aortic root of
mice in early stages of atherosclerosis (Fig. 3) [16, 45]. These
VCAM-1-binding nanoparticles consist of linear peptides
conjugated in multivalent form to VINP-28 (VCAM-1 inter-
nalizing peptide-28 nanoparticles), which is responsible for
target specificity [16].

Targeting extracellular plaque components

Vascular remodeling involves the synthesis, degradation and
reorganization of ECM proteins, which are one of the major
components of atherosclerotic lesions [46]. Smooth muscle
cells and macrophages induce ECM formation, e.g. collagen
and elastin [27]. ECM protein expression is associated with
neoangiogenesis and unstable plaques [47]. Positive vascular
remodeling of coronary atherosclerotic plaques has been
found postmortem in the majority of patients with a myocar-
dial infarction [48]. To detect and characterise these mecha-
nisms, an elastin-specific Gd-labeled low-molecular-weight
probe (855.95 Da) has been successfully used to target elastin
expression in initial stages of coronary artery disease in a
mouse and swine model of atherosclerosis (Fig. 4) [49-51].
Using electron microscopic mapping of gadolinium, it was
shown that the probe co-localizes with elastic fibres. The exact

12 weeks HFD

12 weeks HFD
& Minocycline

12 weeks HFD
& Ebselen

0.5 Relaxivity [1/s] 3.0

Fig. 2 Plaque burden, endothelial dysfunction and uptake of Gd-based
gadofosveset in plaque in an ApoE—/— mouse model. Mice on
antiatherosclerotic therapy show a significantly lower delayed vessel
wall enhancement in contrast-enhanced T1-weighted magnetic
resonance (MR) sequences (A3, A4), and thus reduced plaque burden,
in comparison to untreated mice (A2) following gadofosveset
administration. Corresponding R1 maps demonstrate lower
gadofosveset concentrations after treatment with minocycline and
ebselen (B3, B4) compared to untreated mice (B2); yellow signal
intensity indicates high gadofosveset concentrations. DE-MRI delayed-
enhancement magnetic resonance imaging, R/ maps relaxation rate maps,
HFD high-fat diet. Adapted from Phinikaridou et al. [44]

binding mechanism of the probe is, however, not fully eluci-
dated yet. ESMA additionally allows for the quantification of
elastin content in the matrix of atherosclerotic plaques by
measuring the signal intensity derived from this molecular
probe. This enables the quantification of the overall plaque
burden with a high signal-to-noise ratio. In clinical studies
the overall plaque burden was shown to be one of the most
important markers for plaque instability [50]. Gadofluorine
M, a Gd-based macrocyclic probe, was shown to co-localize
with the ECM of lipid-rich plaques in the aortic wall of
hyperlipidemic rabbits [52, 53]. It was observed that
gadofluorine-M accumulates in lipid-rich regions of athero-
sclerotic plaques due to its inherit lipophilic properties [53].
The exact mechanism responsible for gadofluorine-M accu-
mulation into plaque is not fully elucidated yet.
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Fig. 3 In vivo imaging of angiogenesis in the aortic wall of cholesterol-
fed rabbits after administration of Gd-based avl33-targeted nanoparticles
combined with drug delivery of fumagilin (Al, B1) and without
fumagillin (A2, B2). The magnetic resonance (MR) signal intensity is
depicted as a coloured overlay of percent signal enhancement on T1-
weighted MR images at the time of treatment (A1, A2) and 1 week after
treatment (B1, B2). Drug delivery of fumagilin to the target results in
significantly reduced signal enhancement after 1 week of treatment
(B1), indicating a decrease of the inflammatory plaque burden. Adapted
from Winter et al. [75]

Targeting fibrin in atherosclerotic plaques

Fibrin plays a central role in thrombus formation and is mainly
found in the matrix of the thrombus and within fissures on the
surface of vulnerable atherosclerotic plaques [54]. Different
fibrin-specific MR probes have been developed to assess in-
travascular thrombosis and early plaque detection. Gd-labeled
fibrin avid nanoparticles [55] and other small peptides (e.g.
EP-2104R) have been successfully used for imaging of throm-
bus formation in the jugular vein, aorta, pulmonary and coro-
nary arteries in animal studies [22, 24, 26, 56] (Fig. 5). EP-
2104R was among the first molecular MR probes to be trans-
lated into and evaluated in clinical trials where it was demon-
strated to directly image thrombi in the cardiovascular system
[56].

Imaging macrophages
The presence of macrophages within atherosclerotic lesions

can be imaged using different molecular imaging approaches.
Iron oxide nanoparticles target phagocytic cells passively by

@ Springer

unselective phagocytic uptake, which has been demonstrated
predominantly using SPIO and USPIO in hyperlipidaemic
rabbits [18, 38, 57-61], mice (Fig. 6) [62] and in human stud-
ies [39, 63—65]. Macrophages have a considerable impact on
plaque vulnerability and represent an attractive target in both
early as well as advanced stages of arterial vessel wall disease.
Thus, it is clinically relevant to monitor macrophage infiltra-
tion in the fibrous cap, allowing for example the assessment of
plaque inflammation in response to therapy. To reach a higher
specificity in detection of SPIO- and USPIO-labelled cells,
significant progress in the development of advanced
positive-contrast imaging techniques has been made. Among
the specific imaging sequences are: spectrally selective inver-
sion RF pulses to pre-saturate on resonant water (IRON) [66,
67], golden angle radial sparse parallel (GRASP) [68] and
susceptibility gradient mapping (SGM) techniques [69].
Other molecular imaging techniques for the detection of mac-
rophages are based on gadolinium-loaded micelles targeting
scavenger receptors [34], gadolinium-loaded LDL-based
nanoparticles [70] and modified HDL nanoparticles [19].
These MR probes have, however, not been tested in a clinical
setting.

Imaging neovascularisation

It has been shown that neovascularization promotes plaque
instability and can result in intraplaque haemorrhage (IPH)
[71, 72]. More recently, neovessel-rich regions have been suc-
cessfully visualised with gadofosveset trisodium, an albumin-
binding MR probe, in rabbit aortic plaques [21, 43, 73]. In
contrast to healthy tissues, activated endothelial cells in areas
of neovascularity characteristically express unique surface
marker proteins such as av[33-integrin, a heterodimeric pro-
tein that is expressed in human atherosclerotic plaques. To
visualise this process, an MR probe based on gadolinium-
loaded liposomes targeting ocv[33-integrin has been success-
fully used to detect angioneogenesis in a rabbit model of ath-
erosclerosis [74]. Av33 expression can be imaged in early
atherosclerotic lesions by lipid-encapsulated gadolinium-coat-
ed perfluorocarbon nanoparticles conjugated with an arginine
lycine aspartic acid (RGD) peptidometic molecule, which
specifically binds to av[33-integrin expressed on activat-
ed endothelial cells [33, 74]. The xvf33-targeted probe
showed persistent plaque signal enhancement on in vivo MR
images in cholesterol-fed rabbits with intimal hyperplasia [33,
74]. A different study using Gd-based «v33-targeted nanopar-
ticles demonstrated the potential of combining molecular im-
aging with drug delivery to the target side and thereby moni-
toring the local response-to-treatment [75]. In detail, axvB3-
targeted nanoparticles have been used to assess the inflamma-
tory plaque burden, specifically neovascularization, in an an-
imal model of cholesterol-fed rabbits, in which fumagilin
could be successfully delivered with avb3-targeted
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Fig. 4 Plaque imaging in a mouse model of atherosclerosis using a small
molecular weight gadolinium-based elastin-binding contrast agent
(ESMA). (a) Chemical structure of the elastin-binding contrast agent.
(b) Transmission electronmicroscopy (left) and mapping of gadolinium
distribution in the vessel wall sample (right) successfully targeting elastin
expression. (¢) High-resolution T1-weighted delayed-enhancement cross-

nanoparticles to the target, resulting in a decrease of neovas-
cularization after treatment (Fig. 3). Avf33-targeted MR nano-
particles have so far not been tested in humans.

Targeting proteolytic enzymes and imaging of apoptosis

Another approach to image inflammatory mechanisms in ear-
ly plaque progression is targeting proteolytic enzymes such as
matrix metalloproteinases (MMPs), which are known to be a
major contributor to plaque destabilization [46, 76]. In vivo
MR imaging of MMP-rich plaques was successfully tested in
animal models of atherosclerosis with an MMP-inhibitor con-
jugated to a Gd-chelate (P947) [77, 78]. Further evidence has

Control Treatment 12 weeks HFD

sectional views (upper row) and time-of-flight images (lower row) of the
brachiocephalic artery in a mouse model of apolipoprotein E—knockout
mice demonstrate a significant increase in plaque burden after 12 weeks
of HFD in comparison to the control group. Treatment with statins
resulted in a significant decrease in plaque burden. Ph phenylalanine.
Adapted from Makowski et al. [50]

emerged that other members of the heme peroxidase super-
family, such as myeloperoxidase (MPO), represent a major
factor of tissue damage during initiation and acute complica-
tion phases of atherosclerosis [79]. It has been shown that
significant MPO-activity can be detected in early atheroscle-
rotic plaques of hypercholesterolaemic rabbits by non-
invasive MR imaging using bis-5-hydroxytryptamide-
diethylenetriamin-pentaacetate-gadolinium (MPO-Gd) [80].
MPO-Gd co-localized with regions of MPO-expressing mac-
rophages and thus showed high focal signal intensities in the
aortic wall of hypercholesterolemic rabbits [52]. Furthermore,
apoptosis is known to correlate with plaque vulnerability
and instability [81]. In this case especially annexin-AS

Subacute thrombosis (1 day post RVV)

b ® : c

-

y y o

24h post RVV

baseline 30min post EP-1873

Fig. 5 In vivo imaging of subacute thrombosis after plaque rupture in
hyperlipidaemic New Zealand White rabbits by administration of
fibrin-targeting Gd-based EP-1873 (a) In-plane view of the
baseline T1-weighted image does not show an increase in signal
intensity which would indicate thrombus formation. T1-weighted

60min post EP-1873

-

d
3mm|

o~

20h post EP-1873

%)

histology

images after administration of EP-1873 (b) at 30 min, 60 min and 20 h
(c-e) show a well-delineated intramural thrombus subsequently
increasing in size and signal intensity. Matched histological section
confirms the results (f). Adapted from Botnar et al. [26]
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Fig. 6 In vivo imaging of intraplaque macrophages using susceptibility
gradient mapping in an ApoE—/— mouse model of atherosclerosis after
administration of iron oxide particles (USPIO). Transverse T2*-weighted
images show considerable USPIO uptake (signal void) in the plaque in
mice on HFD which can be observed as a positive signal on susceptibility

can be used as a molecular target to detect cells that express
phosphatidylserine and phosphatidylethanolamine on their
cell surface. Therefore, MR imaging of apoptosis in athero-
sclerotic lesions has been successfully validated in a mouse
model of atherosclerosis with small micellar fluorescent nano-
particles, which are composed of Gd-labeled and PEGylated
lipids conjugated with annexin-AS5 for target specificity [82].
The small size of these annexin-A5-functionalized nanoparti-
cles allows fast extravasation in areas with enhanced endothe-
lial permeability such as atherosclerotic lesions [82]. This mo-
lecular probe has so far not been tested in humans.

Targeting lipid content in atherosclerotic plaques

One of the initiating events in the formation of atherosclerotic
lesions is the accumulation of cholesterol, lipoproteins and
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gradient images (lower line; arrow heads). In contrast, the control group
does not show any signal alteration after iron oxide injection. A matched
histological section confirms the results. HFD high fat diet. Adapted from
Cormode et al. [62]

macrophages. Since lipoproteins represent major cardiovascu-
lar risk factors, the high lipid content of atherosclerotic
plaques represents an attractive target for molecular im-
aging. As described earlier gadofluorine-M showed a
high accumulation in atherosclerotic plaques in hyperlip-
idaemic rabbits [53]. Moreover, recombinant HDL-like
nanoparticles (tHDL), conjugated with a carboxyfluoresceine-
labelled apolipoprotein E-derived lipopeptide P2fA2,
were used for non-invasive molecular MR imaging of
atheroslerotic plaques in a mouse model of atheroscle-
rosis [20]. These modified HDL-particles can cross the
endothelial border and were shown to co-localize with
macrophage-rich regions in atherosclerotic plaques in mice
[19, 20, 83].

An overview about the most promising molecular MR-
probes is given in supplementary Table 1.
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Current limitations and challenges of molecular MRI

The main challenge of molecular MRI and the translation of
molecular MR probes into clinical practice compared to nu-
clear techniques, such as PET, is the lower sensitivity of
MRI for the detection of molecular probes (in the range
of 107°-107°). Most of the molecular probes described,
which bear the potential to be translated into a clinical setting,
have not gained approval from the respective American or
European agencies. One of the reasons is that molecular
MR-probes have to be administered in higher doses, com-
pared to PET probes, which is associated with potential side
effects. Therefore, molecular MR probes have to be evaluated
in extensive and expensive toxicology trials. Regarding trans-
lation, this is a major drawback, as a substantial financial
investment is required before these probes can be tested in
human trials. Such high investments are usually beyond the
financial capabilities of academic institutions; in most cases
support from industrial partners is required. One suggested
path for the development of targeted MR probes is the evalu-
ation of these probes linked to a nuclear PET carrier for a first
in vivo evaluation. If these results are promising such a tracer
can be developed into an MR probe with the advantages of for
example the high spatial resolution and the lack of ionizing
radiation. A further potential challenge for MRI, compared to
PET is that MRI is a more focused imaging technique, which
is used to target to a specific vascular bed with high temporal
and spatial resolution. PET on the other hand is more suitable
for whole body imaging, enabling the visualisation of almost
all vascular beds in a single scan. However, PET only achieves
a relatively low spatial resolution, which can be especially
problematic for the visualisation of the coronary arteries and
the detection of initial atherosclerotic vessel wall changes and
small atherosclerotic plaques.

Conclusion and future directions

The field of molecular MR imaging is constantly expanding
due to the ongoing development of novel molecular MR
probes and demonstrated great potential for the non-invasive
characterization of arterial vessel wall disease without the
need for ionizing radiation. Molecular MRI using targeted
molecular probes specifically enables the visualisation and
quantification of proteins and cells in the atherosclerotic ves-
sel wall with high spatial resolution. This spatially localized
molecular information may represent the key for the noninva-
sive differentiation of stable and unstable plaques. Several
recent studies investigated the feasibility of molecular MRI
techniques for the characterization of early atherosclerotic
changes, positive vascular remodelling and plaque burden of
the aorta, carotid and coronary arteries in patients with sub-
clinical and advanced arterial vessel wall disease. The direct

visualisation of early molecular changes may foster patient-
individualized risk assessment and open the door for a more
sensitive, specific and cost-effective diagnostic assessment
and therapy of atherosclerosis in all vascular beds.
Regarding the translation of novel molecular probes into clin-
ical practice, probes with comparable molecular size and
biodistribution to already clinically approved contrast agents
(small molecular weight gadolinium-based agents, iron oxide
agents), have the highest probability to be translated into clin-
ical practice in the short term. Regarding early disease detec-
tion, follow-up and the monitoring of response to treatment it
will be important to define a suitable target to visualise these
processes in vivo. In conclusion, molecular MRI of the arterial
vessel wall has unique potential for the non-invasive charac-
terization of atherosclerosis on a morphological, functional
and biological level. The urgent need for early detection of
atherosclerotic plaques susceptible to rupture drives molecular
MRI toward a further clinical translation.
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