Molecular Imaging of Atherothrombotic Diseases
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Abstract—Molecular imaging, with major advances in the development of both innovative targeted contrast agents/particles
and radiotracers, as well as various imaging technologies, is a fascinating, rapidly growing field with many preclinical and
clinical applications, particularly for personalized medicine. Thrombosis in either the venous or the arterial system, the latter
typically caused by rupture of unstable atherosclerotic plaques, is a major determinant of mortality and morbidity in patients.
However, imaging of the various thrombotic complications and the identification of plaques that are prone to rupture are at best
indirect, mostly unreliable, or not available at all. The development of molecular imaging toward diagnosis and prevention
of thrombotic disease holds promise for major advance in this clinically important field. Here, we review the medical need
and clinical importance of direct molecular imaging of thrombi and unstable atherosclerotic plaques that are prone to
rupture, thereby causing thrombotic complications such as myocardial infarction and ischemic stroke. We systematically
compare the advantages/disadvantages of the various molecular imaging modalities, including X-ray computed tomography,
magnetic resonance imaging, positron emission tomography, single-photon emission computed tomography, fluorescence
imaging, and ultrasound. We further systematically discuss molecular targets specific for thrombi and those characterizing
unstable, potentially thrombogenic atherosclerotic plaques. Finally, we provide examples for first theranostic approaches
in thrombosis, combining diagnosis, targeted therapy, and monitoring of therapeutic success or failure. Overall, molecular
imaging is a rapidly advancing field that holds promise of major benefits to many patients with atherothrombotic diseases.
Visual Overview—An online visual overview is available for this article.   (Arterioscler Thromb Vasc Biol. 2017;37:1029-1040.
DOI: 10.1161/ATVBAHA.116.306483.)
Key Words: atherosclerosis ◼ coronary artery disease ◼ imaging ◼ magnetic resonance imaging
◼ positron emission tomography ◼ thrombosis ◼ ultrasound

C

ardiovascular disease (CVD) is the leading cause of
mortality and morbidity worldwide and represents an
immense economic burden.1 Coronary artery disease and
stroke are the most frequent direct causes of death.2 Arterial
thrombosis is the common end point for both coronary artery
disease, causing acute myocardial infarction, and cerebrovascular disease, causing stroke. Typically, the underlying disease is atherosclerosis, a chronic inflammatory disease that is
usually asymptomatic until unstable atherosclerotic plaques
rupture, and thereby trigger the formation of thrombi.3,4
Molecular imaging, particularly of unstable atherosclerosis
and thrombosis, is a rapidly advancing field that has the potential to make a major difference in prevention and therapy and,
ultimately, outcome of CVD.5
Molecular imaging is a biomedical discipline that enables
the visualization, characterization, and quantification of physiological and pathological processes at the whole-body, organ,
cellular, and subcellular levels within intact living organisms.
This emerging field of research has demonstrated breathtaking progress in the development of many new and innovative
biotechnological imaging tools over the past 2 decades. In

parallel, impressive advances in imaging technologies have
been achieved, with a wide spectrum of modalities now available for clinical and preclinical imaging, progress that has been
made possible through a remarkable cross-disciplinary collaboration of chemists, physicists, biologists, and physicians
working hand in hand on the development of novel imaging
technologies and innovative imaging agents. Molecular imaging promotes the establishment of personalized medicine, the
successful implementation of which we are already witnessing in the field of cancer treatment. This review focuses on
new developments and the enormous potential offered by
molecular imaging for patients with CVD, particularly those
with atherosclerotic or thrombotic diseases.
Molecular imaging goes beyond the anatomy of the
respective disease and provides additional functional characterization of disease states using specific functional imaging
probes. It is based on often complex but rapidly advancing
technologies which typically require several components: (1)
a solid understanding of biomarkers and their relevance in disease; (2) an in-depth knowledge of imaging contrast agents,
their pharmacokinetic properties, and the chemistry required
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Nonstandard Abbreviations and Acronyms
ApoE
CVD
CT
FI
GPVI
LDL
MMP
MRI
NIR
PET
RGD
scFv
SPECT
SPIO
VCAM-1

apolipoprotein E
cardiovascular disease
computed tomography
fluorescence imaging
glycoprotein VI
low-density lipoprotein
matrix metalloproteinase
magnetic resonance imaging
near-infrared
positron emission tomography
arginine–glycine–aspartic acid
single-chain antibody
single-photon emission computed tomography
superparamagnetic iron oxide
vascular cell adhesion molecule 1
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for their conjugation; and (3) the skilled application of highend imaging equipment to achieve optimal resolution, sensitivity, and real-time imaging. However, these efforts are well
rewarded by providing early detection of diseases before the
manifestation of clinical symptoms, the ability to follow disease progression or regression over time, and the unique capability to monitor the efficacy of therapy.
We present a brief overview of the clinical need to image
atherothrombotic diseases, discuss potential molecular targets, and compare the various molecular imaging modalities,
including computed tomography (CT), magnetic resonance
imaging (MRI), positron emission tomography (PET),
single-photon emission computed tomography (SPECT),
fluorescence imaging (FI), bioluminescence imaging, and
ultrasound.

Major Clinical Need for Imaging of
Atherothrombotic Disease
Thrombotic diseases such as myocardial infarction, ischemic
stroke, pulmonary embolism, and deep vein thrombosis are
presenting major challenges in clinical medicine.6 Currently,
the diagnosis is mainly based on indirect detection via reduction of flow in the respective vessels. A direct visualization
of thrombi through molecular imaging via several possible
modalities would increase the reliability and rapidness of
diagnosis, and, ultimately, substantially improve the clinical
outcome of thrombotic disease. Similarly, the identification of
rupture-prone plaques that are associated with an increased
risk of thrombotic occlusion is a highly sought-after imaging
capability that indeed has often been called the “holy grail of
cardiology”.

Imaging Modalities
Several imaging platforms are used for molecular imaging.
Some are already being used in current clinical practice and
contributing to clinical decision-making, whereas others are
currently at advanced development stages.7–9 Although each
of these imaging modalities has its own strengths and weaknesses (Table), they are often complementary to one another

and hence lead to the development of multimodality and
hybrid imaging.
X-ray–based CT has been used for imaging of anatomic
structures based on its short scanning time and its high spatial
resolution. Invasive coronary angiography, based on the use of
a radio-opaque contrast agent and X-rays, is the current gold
standard for the diagnosis of coronary artery disease. Recently,
coronary CT angiograms have become increasingly used as a
gatekeeper for further invasive diagnostic procedures, particularly coronary angiograms.10 However, CT exposes patients to
ionizing radiation. In comparison, MRI incorporates high spatial and temporal resolution, thereby providing excellent softtissue contrast and functional imaging capabilities with no
requirement of radiation; however, the scanning time needed
for an MRI can be lengthy, and its noise level is sometimes
irritating for patients. The cost is substantial and patients have
to remain still, as even slight movement can reduce image
quality. Only a small number of contrast agents are available
and patients with certain metallic implants are not able to use
this imaging modality. In addition, patients frequently feel
claustrophobic in MRI scanners.
PET provides high sensitivity with relatively limited spatial resolution; however, PET imaging relies on radiotracer
handling and production in a cyclotron, and scans are usually expensive. To include detailed structural information,
PET is often applied in a hybrid approach with CT imaging. However, the combination of PET and CT comes with
the concern of radiation safety. Most recently, the hybrid
approach of PET and MRI has become highly attractive based
on technical advances in the development of positron detectors that can be used in MRI scanners. Another limitation of
PET is the short half-life of the PET tracers that are currently
used clinically. Although this might not be an issue for conventional, nontargeted imaging, the additional time needed
for bioconjugation to ligands has to be taken into account
and therefore a targeted molecular imaging approach may be
limited by time constraints. However, newer developments
of PET tracers and local devices for PET tracer production
have the potential to overcome this disadvantage. SPECT
technology has similar properties to PET, but it comes with
slightly lower cost and higher general availability. The tracers for SPECT also have a longer half-life when compared
with those of PET.
Ultrasound imaging is a low-cost modality, with scanners
generally available in hospitals and many outpatient settings.
Newer generations of ultrasound scanners are also highly portable compared with most other imaging technologies, which
enables imaging to be performed at the bedside, in emergency
situations, or outside of hospitals. Ultrasound is real-time,
has high temporal resolution, and does not involve ionizing
radiation; however, ultrasound has restricted depth penetration
and is operator dependent. The prototypical contrast agent for
ultrasound imaging is microbubbles, which are already Food
and Drug Administration approved.
In addition to these established modalities, other highly
promising imaging platforms are currently being used in preclinical small-animal imaging, but are still under development for molecular imaging in patients. The most promising
is optical imaging, which offers low cost, obviates radiation,
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Table.

Characterization of Current Noninvasive Molecular Imaging Modalities
Imaging Agents

Sensitivity of
Agents, mol/L

Translation into
the Clinic

Yes

Iodinated molecules

≈10−9 to 10−12

Yes

min–h

Yes

Gd-chelates,
superparamagnetic nanoparticles
(SPIO, USPIO, and VSOP)

≈10−3 to 10−5

Yes

Not limited

min–h

Yes

11

C, 18F, 64Cu, 68Ga, 89Zr
radiotracers

≈10−10 to 10−12

Yes

0.5–2 (micro-SPECT)
7–15 (clinical)

Not limited

min–h

Yes

99m

Tc, 23/124/125/131I, 111In
radiotracers

≈10−10 to 10−11

Yes

0.03–0.1 (preclinical)
0.15–1 (clinical)

cm

s–min

Yes

Microbubbles

Individual

Yes

0.05

cm

min–h

Yes

NIR dyes

≈10−9 to 10−12

Experimental only

FMT

1

cm

min

Yes

NIR dyes

−12

≈10 to 10

Experimental only

BLI

2–5

cm

min

No

Luciferins

≈10−15 to 10−17

Experimental only

Technique

Acquisition
Time
Quantitative

Spatial Resolution, mm

Depth

CT

0.02–0.3 (micro-CT)
0.5–2 (clinical)

Not limited

s– min

MRI

0.01–0.1 (preclinical)
1–1.5 (clinical)

Not limited

PET

1–2 (micro-PET)
6–10 (clinical)

SPECT
CEU
OI

−9
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BLI indicates bioluminescence imaging; CEU, contrast-enhanced ultrasound; CT, computed tomography; FMT, fluorescence molecular tomography; Gd, gadolinium;
MRI, magnetic resonance imaging; NIR, near infrared; OI, optical imaging; PET, positron emission tomography; SPECT, single-photon emission computed tomography;
SPIO, superparamagnetic iron oxide; USPIO, ultrasmall superparamagnetic iron oxide; and VSOP, very small iron oxide particle.

and is highly versatile based on its simultaneous multispectral
recording and high resolution. But this modality is so far limited by the low depth penetration of light through tissues, and,
therefore, for cardiovascular applications, the accessibility of
arteries deep in the tissue/body is a major challenge, at least
with the currently available technology. This type of application would require invasive (catheter based) approaches.
Nevertheless, both fluorescence molecular tomography and
bioluminescence imaging provide efficient, low-cost imaging which is fast and sensitive. However, further technical
advances are necessary to overcome the current restriction to
low depth penetration.
Most recently, photoacoustic imaging has developed into
a highly promising molecular imaging technology. In this
modality, short pulses of light are absorbed in the tissue, creating ultrasonic waves that are received by ultrasound transducers, thereby converting light into sound.

Molecular Imaging of Thrombus Components
Thrombosis, in general, is an ideal pathology to be diagnosed
by molecular imaging. Thrombi expose numerous epitopes
that are specific and not existent on other tissues; these include
activated coagulation factors, the end product of the coagulation pathway, which is fibrin, as well as various epitopes on
activated platelets.
Currently, there is a lack of targeting tools for coagulation
factors such as peptides that specifically recognize activated
coagulation factors and antibodies that reliably discriminate
between circulating zymogens (proenzymes) and activated
coagulation factors. This has hindered the broader application
of coagulation factors as targets in molecular imaging. Jaffer
et al11 coupled a peptide that specifically binds to activated
factor XIII to a near-infrared (NIR) FI agent and showed its
binding specificity in thrombi in vivo via intravital microscopy. Chen et al12 also demonstrated, in a mouse model of

silent brain ischemia, that factor XIII targeting enabled imaging of clotting activity using SPECT/CT.

Fibrin
Fibrin is a frequently used target epitope for molecular imaging. Botnar et al13 demonstrated the successful use of a small,
fibrin-binding, gadolinium-labeled peptide derivative for targeted MRI of thrombosis after atherosclerotic plaque rupture
in a rabbit model. Oliveira et al14 showed a specific uptake of
a fibrin-binding peptide conjugated to different radiotracers
(68Ga, 111In, or 99mTc) via multimodal SPECT/PET/CT imaging in a thrombotic rat model. In addition, Blasi et al15 demonstrated, using the same fibrin-binding peptide conjugated
to 64Cu, that a single whole-body PET scan is feasible for the
detection of multisite thrombi. The fibrin-specific contrast
agent EP-2104R conjugated to gadolinium has been used for
the visualization of acute coronary, cardiac, and pulmonary
thrombi in MRI.16–18 A dual PET/MRI using EP-2104R and
64
Cu also allowed visualization of thrombi in the carotid artery
of rats.19 The use of EP-2104R has advanced to an initial phase
II trial in humans with thrombi in the left ventricle, left/right
atrium, thoracic aorta, or carotid artery on a 1.5-T MRI.20 The
group concluded that there was localization of contrast at the
thrombus; furthermore, there were no major adverse events.20
More recently, the same fibrin-binding peptide labeled with
the PET-tracer 64Cu successfully imaged thrombosis and
clot dissolution after treatment with fibrinolytic agents.21
Ciesienski et al22 have also worked on a new fibrin-targeting
probe for PET imaging and shown success in detection of
arterial thrombi. Using optical coherence tomography, Hara
et al used a fibrin-targeted NIR fluorescence agent to image
fibrin that was overlying stent struts, comparing bare-metal
stents and drug-eluting stents.23 Using a fibrin-targeting peptide (cysteine–arginine–glutamic acid–lysine–alanine) conjugated onto fluorophore-labeled superparamagnetic iron oxide
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(SPIO) particles, Song et al24 successfully imaged a rat model
of myocardial ischemia–reperfusion with both MRI and FI.

Activated Platelets
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Besides fibrin, activated platelets are the other most abundant and specific target for molecular imaging of thrombi.
Various epitopes on the platelet surface have been targeted,
although the number of target epitopes and their specificity
for activated platelets vary strongly. Targeting of P-selectin,
which is mobilized from alpha granules to the platelet surface
membrane upon platelet activation, allows discrimination of
activated versus nonactivated platelets. However, P-selectin
is not specific for platelets and is also expressed on macrophages, as well as endothelial cells, which limits its suitability as a target epitope for molecular imaging of activated
platelets in thrombi. Nevertheless, using fucoidan, a polysaccharidic ligand of P-selectin, Suzuki et al25 demonstrated that
the relative abundance of P-selectin on thrombi was sufficient
to allow strong binding of fucoidan-coupled ultra small SPIO
particles to thrombi, as directly shown in electron microscopy, and it can be used for imaging of intraluminal thrombi
in MRI. Using P-selectin targeted microbubbles, Davidson et
al26 were able to visualize enhanced ultrasound signals in the
postischemic region after left anterior descending coronary
artery ischemia–reperfusion injury in mice. This technology
was further shown to detect myocardial ischemia in nonhuman primates.27 Using this method, other probes, such as tetrasaccharide ligand sialyl Lewis X28 and E-selectin,29 have also
been proven to be successful in imaging of cardiac ischemia.
In addition to selectins, several other groups have targeted von Willebrand factor30,31 and glycoprotein VI (GPVI).32
Using atherosclerotic murine models, Shim et al31 showed
selective signal enhancement of the aorta using microbubbles
targeted to the A1 domain of von Willebrand factor on ultrasound imaging. Bigalke et al33 observed increased uptake of
64
Cu-labeled GPVI antibody fragments on exposed subendothelial collagen in apolipoprotein E knock out (ApoE−/−) mice
on high-fat diet, when compared with healthy mice, using
MRI and PET dual imaging. Metzger et al34 also demonstrated
that GPVI-targeted microbubbles bound to the vessel wall of
murine atherosclerotic lesions and could be visualized using
high-resolution ultrasound.

Activated GPIIb/IIIa
The GPIIb/IIIa receptor (integrin αIIbβ3, CD41/CD61) is the
most abundant receptor on platelets (60 000–80 000 receptors
per platelet). It is only expressed on platelets and their precursors and undergoes a conformational change during platelet activation. The combination of high abundance, cell specificity, and
the ability to discriminate between activated and nonactivated
platelets makes this epitope an ideal target epitope for molecular imaging. Several groups used arginine–glycine–aspartic acid
(RGD) analogs, which mimic binding epitopes of GPIIb/IIIa’s
natural ligand fibrinogen, to perform molecular imaging of
thrombi using several modalities, such as ultrasound,35–39 MRI,40
PET,41 and SPECT.42 However, RGD analogs are ligand mimetics that are not specific for activated platelets; consequently,
these peptides bind to all circulating platelets and, in addition,
they are not GPIIb/IIIa specific, consequently binding to several

other integrins that use RGD interaction sites. Indeed, these
peptides are widely used for imaging of the vitronectin receptor
(integrin αvβ3, CD51/CD61)43,44 and cancer imaging.45–47 Other
groups have used the antibody fragment abciximab, which
binds to GPIIb/IIIa independent of its activation state, and
thus binds to all circulating platelets and also cross-reacts with
other integrin receptors.48,49 Abciximab exhibits a strong affinity to the GPIIb/IIIa receptor; as it blocks fibrinogen binding,
it inhibits platelet function for several days, which results in an
increased risk of bleeding, and thus it may not be an ideal imaging agent.50,51 Despite these limitations in specificity, the use of
RGD peptides and abciximab has been successful in molecular imaging. This can probably be explained by the extremely
high abundance of GPIIb/IIIa in the thrombus relative to other
competing receptors on other cells and to circulating platelets in
blood. Nevertheless, these reports highlight the unique suitability of GPIIb/IIIa for molecular imaging of thrombi.
Single-chain antibodies (scFv) that specifically bind to
activated GPIIb/IIIa receptors have been developed and used
for the specific targeting of activated platelets in an array of
imaging technologies, including MRI,52–55 PET,56 SPECT,57
and ultrasound.58–60 scFvanti-GPIIb/IIIa was conjugated to microparticles of iron oxide, and von zur Muhlen et al52 demonstrated
in vivo MRI of activated platelets and its ability to monitor
thrombolytic therapy. In a mouse model of nonocclusive coronary artery thrombosis by Duerschmied et al,54 the authors
showed that this approach allowed the molecular MRI of
coronary thrombosis. In a myocardial ischemia–reperfusion
injury mouse model, von Elverfeldt et al55 successfully imaged
platelet-driven inflammation and late gadolinium enhancement to depict myocardial necrosis in MRI using these scFvs.
Using nuclear imaging, these scFvs were conjugated to 111In
to demonstrate their high sensitivity in detecting platelet activation in vitro and ex vivo, resulting in a significant increase
in the target/background ratio of the injured carotid artery in
SPECT-CT.57 In a similar study using PET, localization of
targeted 18F was specific to the thrombus area.56 In a mouse
cardiac ischemia–reperfusion model, the use of scFv-targeted
64
Cu allowed the detection of small degrees of ischemia early
on, whereas sensitive serological biomarkers did not detect the
minimal degrees of ischemia (Figure 1).61 Using ultrasound
imaging, these scFvs conjugated onto microbubbles, allowing
for rapid and real-time contrast-enhanced imaging of ferric
chloride–induced thrombosis of the carotid artery (Figure 2).58
These activated GPIIb/IIIa-targeting scFvs can also be used to
monitor the success or failure of thrombolysis after the administration of therapeutic agents such as urokinase.58,59 More
recently, in a first in vivo 3-dimensional FI study, our group
also demonstrated that activated GPIIb/IIIa-targeted NIRconjugates facilitated the detection of thrombi in the carotid
artery, as well as emboli in the pulmonary artery (Figure 3).62

Molecular Imaging of Epitopes That Signal
the Risk of Thrombosis
The development of molecular imaging methods that allow
identification of atherosclerotic plaques that are prone to rupture, and thereby to develop thrombotic complications, has
attracted major interest. Independently of the individual risk
factors, atherogenesis typically includes common features
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Figure 1. Positron emission tomographic imaging using activated glycoprotein IIb (GPIIb)/IIIa–targeted radiotracers in a cardiac ischemia/
reperfusion mouse model. Reproduced from Ziegler et al61 with permission. Copyright © 2016, The Authors. No radioactivity in the heart
was detected after the injection of activated GPIIb/IIIa-targeted 64Cu in sham-operated mice. Specific binding of GPIIb/IIIa-targeted 64Cu
was imaged 2 hours after different degrees of ischemia (10, 20, and 60 minutes).

such as inflammatory changes in endothelial cells, subendothelial retention of cholesterol and associated plasma lipoprotein, and accumulation of inflammatory cells.3 The common
final development of plaque instability is particularly associated with distinctive biological processes that can potentially
be used as markers of plaque instability and risk for arterial
thrombosis. The inflammatory markers on endothelial cells are
potentially suitable as targeting epitopes for molecular imaging include vascular cell adhesion molecule 1 (VCAM-1),
intercellular adhesion molecule-1, platelet endothelial cellular
adhesion molecule, E-selectin, L-selectin, and P-selectin.63–65

VCAM-1 and Intercellular
Adhesion Molecule-1
VCAM-1 is an endothelial-specific adhesion molecule that
is strongly upregulated upon activation of endothelial cells.
Atherosclerotic plaques are typically lined with endothelial cells strongly expressing VCAM-1 on their surfaces.
Therefore, numerous groups have targeted this particular celladhesion molecule as their choice for molecular imaging of
atherosclerosis.66–69 Nahrendorf et al66 used phage display and
identified a peptide mimicking the VCAM-1–binding partner
very late antigen-4 to targeted VCAM-1. The authors conjugated this peptide to magnetofluorescent nanoparticles and
visualized lesions in ApoE−/− mice using both MRI and optical imaging. Using PET/CT imaging with 18F-labeled tetrametric peptide-targeting VCAM-1, Nahrendorf et al70 showed

in vivo binding of atherosclerotic lesions that correlated to
histology and VCAM-1 RNA levels. In a recent study, Bala
et al71 also demonstrated successful imaging of inflamed atherosclerosis plaques using VCAM-1 targeting nanobodies.
Kaufmann et al67 performed contrast-enhanced ultrasound
imaging using a monoclonal IgG1 against VCAM-1 coupled
with biotinylated lipid-shelled decafluorobutane microbubbles; their study showed selective signal enhancement of
these VCAM-1–targeted microbubbles in the aortas of atherosclerotic mice. This signal increment clearly correlated
with the extent of atherosclerosis.67 Peptides derived from
the major histocompatibility complex-1 molecule, which also
bind to VCAM-1, were labeled with 125I, 123I, and 99mTc and
successfully used to image atherosclerotic plaques.68 Ex vivo
data showed a higher uptake of radioactivity in the aortas of
Watanabe heritable hyperlipidemic rabbits when compared
with controls.68 Using MRI, VCAM-1-targeted ultra small
SPIOs enabled the visualization of atherosclerotic plaques in
mice fed on Western diet.72 In a recent study using SPECT
and FI, Liu et al73 demonstrated that scFvs directed against
VCAM-1, which had been labeled with 99mTC and Cyanine
5 dye, enabled dual-modality detection of atherosclerotic
plaques in both mice and rabbits. Another study demonstrated
imaging of atherosclerosis using VCAM-1–targeted tobacco
mosaic virus in a dual-modal MRI and FI approach.74 Paulis
et al75 established intercellular adhesion molecule-1–targeted liposomes containing Gd as future MRI agents. Using
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Figure 2. Molecular ultrasound imaging using microbubbles (MBs) targeted to activated glycoprotein IIb/IIIa in vivo in a ferric chloride–
induced thrombus. Reproduced from Wang et al58 with permission. Copyright © 2012, American Heart Association, Inc. A, Brightness
mode ultrasound images showing the carotid artery before and immediately after the injection of MBs. The carotid artery is a dark lumen
before the injection. On MB injection, the vessel lumen becomes a bright and white area. B, Real-time brightness mode ultrasound
images 20 minutes after the injection of MBs. The dark lumen of the carotid artery shows a light gray area for the thrombus after injection
with nonconjugated MBs or nonbinding single-chain antibody control MBs. A white and bright area was seen after the injection of ligandinduced binding site (LIBS)-MBs, where these targeted MBs were attached to the thrombus. C, A significant increase in the decibel values
was measured for thrombi coated with LIBS-MBs, when compared with MBs or control MBs (P<0.01). D, Digital subtraction of frames in
which areas that are brighter than baseline before the injection of MBs are shown in green. A green thrombus area was observed after the
injection of LIBS-MBs, while only nonspecific artifacts were observed for MBs and control MBs.58

intercellular adhesion molecule-1–targeted microbubbles,
Villanueva et al76 demonstrated in vitro binding to activated
endothelial cells and Demos et al77 showed in vivo binding to
regions of atherosclerotic plaques.

P-Selectin
The adhesion molecule P-selectin (CD62P) is expressed on
endothelial cells. Upon their activation, P-selectin is rapidly

translocated from the Weibel–Palade bodies to the cell membrane and, as such, is an effective and accessible marker of
endothelial cell activation. Kaufmann et al67 coupled a monoclonal IgG1 against P-selectin with microbubbles and showed
selective ultrasound signal enhancement in the aortas of atherosclerotic mice, demonstrating the suitability of P-selectin
as a target for molecular imaging of atherosclerosis. Li et al78
also demonstrated that 68Ga-labeled fucoidan can be used for
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Figure 3. Fluorescence emission computed tomography (FLECT) using an activated glycoprotein IIb/IIIa–targeted near infrared Cy7 dye.
Reproduced from Lim et al62 with permission. Copyright © 2017, The Authors. A, In a ferric chloride–induced mouse thrombosis model,
targ-Cy7 bound to the thrombus in the left carotid artery and could be imaged via FLECT, while the nonbinding single-chain antibodycontrol-Cy7 did not deliver a specific signal. B, Verification of the FLECT signal was performed using the 2-dimensional planar IVIS Lumina
scanner after FLECT imaging was completed.
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targeting of P-selectin expressed on plaques using PET and
showed that their imaging signal correlated with histology, as
well as ultrahigh-field MRI.

Vitronectin Receptor αVβ3

The vitronectin receptor, integrin αVβ3, is a potential marker
of endothelial activation, particularly in neovascularization
as typically seen in vulnerable atherosclerotic plaques. RGD
analogs bind to the vitronectin receptor and thus, this represents a tool for the targeting of activated endothelial cells.44,79
Using MRI in a rabbit model of atherosclerosis, Winter et al79
demonstrated increased αvβ3 presence within the atherosclerotic wall. Also using RGD peptides (conjugated to 99mTc),
Sun Yoo et al44 demonstrated a significantly higher uptake of
targeted tracers in murine atherosclerotic aortas in SPECT/
CT. Using the64Cu PET-labeled, divalent knottin miniprotein,

which targets the αVβ3 receptor, Jiang et al80 successfully
imaged atherosclerotic lesions in the carotid artery.
Several research groups have also examined the use of
dual-targeting contrast agents.81–83 In vitro experiments investigating the binding of dual-targeted (VCAM-1 and E-selectin)
micron-sized iron oxide particles to activated endothelial cells
under flow conditions concluded that these particles bound
under shear stress and were detectable via optical coherence
tomography.82 Using a dual-targeting iron oxide microparticle
(VCAM-1 and P-selectin), McAteer et al83 identified atherosclerotic changes in mice using ex vivo MRI.

Macrophages and Oxidized Low-Density
Lipoprotein
Cellular infiltration and proliferation of inflammatory cells
characterize plaques that are prone to rupture and to cause

Figure 4 . 19Fluorine magnetic resonance imaging (MRI) of the atherosclerotic plaque in the aortic arches of mice. Reprinted from van
Heeswijk et al86 with permission of the publisher. Copyright © 2015, Radiological Society of North America. A, En-face view of aortic
arches, showing white patches in the apolipoprotein E (ApoE−/−) animals (arrows), but not in the wild-type control. B, 19F MRI shows contrast patterns that correlate to the respective en-face photographs. C, 3-Dimensional rendering of the aortic arch in pink and 19F contrast
signals in orange, showing that the contrast signals are located on the inner surface of the aorta.
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thrombotic complications. Macrophages are one of the major
inflammatory cells driving atherosclerosis, also playing a key
role in the development of plaque instability.84 As many contrast agents, such as 18F-fluorodeoxyglucose and iron oxidebased nanoparticles (SPIOs and ultra small SPIOs), as well
as perfluorocarbon nanoemulsions, undergo phagocytosis by
macrophages, these contrast agents accumulate at the site of
inflammation and therefore particularly at inflamed, unstable
atherosclerotic plaques. Temme et al85 showed that 19F perfluorocarbon nanoemulsions are taken up by macrophages,
thereby enabling imaging of inflammation via MRI. Another
study showed 19F perfluorocarbon accumulating at the site
of inflammation in atherosclerotic plaques in a mouse model
of atherosclerosis (Figure 4).86 Majmudar et al87 demonstrated
that dextran nanoparticles accumulated in macrophages,
thereby enabling the assessment of inflammation in atherosclerotic plaques using PET/MRI.
Macrophages can also be targeted via their surface receptors/markers or their metabolic activity. Tahara et al88 used
18F-fluorodeoxyglucose to image activated macrophages in
atherosclerotic lesions in rabbits in PET imaging. Tarin et al89
used gold-coated iron oxide nanoparticles conjugated with an
anti-CD163 antibody to demonstrate via MRI the targeting of
these particles to macrophages in plaques of ApoE−/− mice.
The macrophages in atherosclerotic plaques are known to
overexpress class A macrophage scavenger receptors, which,
in turn, mediate the uptake of modified lipoproteins, such
as acetylated and oxidized low-density lipoprotein (LDL).
Micelles containing paramagnetic gadolinium–diethylenetriamine pentaacetic acid complexes conjugated to class A
macrophage scavenger receptor–specific antibodies showed
significant signal enhancement in aortic plaques in vivo in
ApoE−/− mice on MRI.90,91
Oxidized LDL has long been recognized as a trigger of
atherosclerosis. Tsimikas et al92 demonstrated enrichment
of 125I radiotracer coupled to a monoclonal antibody against
malondialdehyde–lysine epitopes in oxidized LDL toward
atherosclerotic plaques. Using an autoantibody that reacts
with malondialdehyde-conjugated LDL labeled with an NIR
fluorescence dye on multimodality imaging with fluorescence
molecular tomography/CT, Khamis et al93 demonstrated specific focal accumulation within the aortic arch and its branches
in atherosclerotic LDLR−/− mice. Using a scFv directed against
oxidized LDL/β2-glycoprotein 1 complexes coupled to 64Cu,
Sasaki et al94 recently observed signal accumulation at the
atherosclerotic lesions of Watanabe heritable hyperlipidemic
rabbits in PET/CT imaging.

Matrix Metalloproteinases
Matrix metalloproteinases (MMPs), a large family of calcium- and zinc-dependent proteases, play an important role
in changes in the vessel scaffold95; therefore, MMPs and
their activities have been useful targets of unstable plaque for
SPECT, MRI, and fluorescence molecular tomography imaging.96–101 Using 99mTc-labeled MMP inhibitors, several groups
have demonstrated uptake in the atherosclerotic plaque in
SPECT imaging, and its correlation with the immunohistochemistry of macrophage infiltration in the vessel.96,97 By

changing the diet of rabbits or placing the animals on statin
treatment, Fujimoto et al97 also showed a reduction in MMP
activity. Imaging with microSPECT/CT and using RP782 (an
111
In-labeled tracer targeting activated MMPs), Razavian et
al98 demonstrated radioactivity uptake in the aorta and plaque
area, as well as a reduction in MMP activity post treatment.

Facilitating Theranostic Approaches
In future, molecular imaging could benefit not only diagnostic approaches but also theranostic approaches, where simultaneous diagnosis and direct disease-targeted therapy can be
combined and, in addition, the outcome of the applied treatment can be directly monitored. Targeted delivery of drugs
or genes using molecular imaging and their contrast agents
provides a beneficial platform for personalized medicine.
Several research groups are already working on this cuttingedge approach, showing promising data in the preclinical field
of atherosclerosis and thrombosis. Winter et al,102 following
their success in imaging with paramagnetic nanoparticles targeted to the integrin αvβ3, loaded their particles with fumagillin and observed decreased MRI signal 7 days post theranostic
approach, demonstrating the potential to reduce the plaque
burden with these nanoparticles. Using macrophage-targeting iron oxide nanoparticles loaded with NIR dyes and
phototoxic agents, McCarthy et al103 showed that activation
by light resulted in the eradication of these macrophages, an
approach that may ultimately help to stabilize the unstable
plaque. Wang et al60 have demonstrated that, using dual-targeted microbubbles conjugated to an scFv that is specific for
activated GPIIb/IIIa and also a thrombolytic drug, excellent
ultrasound visualization of thrombi, successful clot lysis, and
success or failure of thrombolytic therapy can be monitored in
real time. In addition to conventional drugs, microRNA therapeutics are becoming increasingly popular for theranostic
approaches. Kheirolomoon et al104 used a VCAM-1–targeted
cationic liposome for the delivery of anti-miR-712 and demonstrated inhibition of atherosclerosis in mice. Although the
theranostic field is relatively new for cardiovascular medicine,
substantial technical progress in the development of imaging
agents, technical improvements of various imaging modalities, and advances in the development of targeted therapeutics hold strong promise for personalized medicine in patients
with CVD.

Future of Molecular Imaging
The clinical translation of molecular imaging has the potential
to become an important aspect of the management of CVD,
for which diagnostic imaging is already extensively used.
Through selecting the correct biomarkers/targeting epitopes
and contrast agents, molecular imaging has the ability to
diagnose thrombotic diseases, as well as high-risk vulnerable
plaques. Molecular imaging will provide a better understanding of disease progress, which will be highly advantageous
for the planning and selection of treatment, thereby allowing
for individualized and tailored therapy. The different molecular markers expressed at the various stages of disease also
facilitate analysis of the treatment efficiency. Further advancement toward a simultaneous theranostic approach will allow a
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detailed and informed application of personalized medicine.
Overall, the clinical use of molecular imaging has the potential to provide substantial benefits to patients with atherothrombotic disease.
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There is a strong medical need for direct visualization of thrombi and the identification of unstable, rupture-prone atherosclerotic plaques.
Molecular imaging provides information beyond structure and tissue characterization by targeting of function-specific epitopes.
Both thrombi and unstable atherosclerotic plaques offer abundant and specific epitopes that can be specifically targeted by molecular imaging.
Technical advances in scanner technologies and the development of many new and innovative biotechnological imaging tools have resulted in
attractive molecular imaging approaches using various imaging modalities, such as ultrasound, positron emission tomography, fluorescence
imaging and magnetic resonance imaging.
• The demonstrated and discussed examples of molecular imaging of atherothrombotic diseases highlights not only the potential benefits for
diagnostic but also theranostic approaches in cardiovascular diseases.
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