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Abstract

Atherosclerosis is the major underlying pathologic cause of coronary artery
disease. An early detection of the disease can prevent clinical sequellae such as
angina, myocardial infarction, and stroke. The different imaging techniques
employed to visualize the atherosclerotic plaque provide information with
diagnostic and prognostic value. Furthermore, the use of contrast agents helps to
improve signal-to-noise ratio and provides better images although for certain
imaging techniques (PET, SPECT) are absolutely necessary. We report on the
different contrast agents that have been used, are used or may be used in future
in animals, humans, or excised tissues for the distinct imaging modalities for

atherosclerotic plaque imaging.
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Introduction

Atherosclerosis is a chronic systemic disease that is characterized by hardening
of the arteries through accumulation of lipids and fibrous elements to form
atherosclerotic plaques. This process may be present as early as in the first
decade (fatty streak), which is common in infants and young children,! and may
progress to where the atheromatous plaque clinically manifests by blocking the
lumen of the artery (ischemia) or ruptures to release the thrombogenic contents
of its lipid core into the lumen with subsequent thrombus formation
(thrombosis). Depending on the vascular territory affected, the clinical sequellae
may be angina, myocardial infarction, stroke, or acute limb ischemia. In early
atherogenesis, it is well known that lipoproteins accumulate in the
subendothelial space of dysfunctional endothelium. This lipid material promotes
the release of chemokines and increased endothelial cell expression of adhesion
molecules, namely ICAM-1, VCAM-1 and P-selectin, which help recruit
inflammatory leukocytes, especially monocyte-derived macrophages and T
lymphocytes that are the key biomarkers and typically used for targeting the
lesion for imaging.234.5.6.7

This complex disease process progresses from endothelial dysfunction to the
formation of an atheromatous core. Proteins (ovf3 integrin, matrix
metalloproteinases (MMPs), VCAM-1, P-selectin, oxidized LDL, fibrin, collagen)
and cells (endothelial, mast, resident macrophages, etc) that are critical in this
process have been targeted using different molecular imaging probes.8210 Some
of these imaging probes can also be utilized to identify myocardial damage and

cardiac remodeling.11.1213 Qver the past years, great advances have been made in
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imaging techniques that enable visualization and characterization of
atherosclerotic plaques at the cellular and molecular levels, as well as
monitoring their progression or regression (Table 1).14 The identification of
atherosclerotic plaques by researchers has benefited from improvements in the
different imaging techniques that are currently available. Among the most used
for medical examinations of patients that could be at risk we find; magnetic
resonance imaging (MRI), computed tomography (CT), positron emission
tomography (PET), single photon emission computed tomography (SPECT),
ultrasound (US), and optical imaging (0I).151¢ An early detection of this chronic

disease may direct therapies to prevent its complications.

Insert Table 1

Molecular imaging has been defined as the visualization, characterization, and
noninvasive measurement of biological processes at the molecular and cellular
levels in humans and other living systems spatially and temporally.1? This
discipline can help to identify the stage of disease, facilitate early diagnosis, offer
fundamental information on pathological processes, and be applied to follow the
efficacy of therapy. Molecular imaging may provide additional unique molecular
and pathophysiological insight that will allow a more personalized approach to
the evaluation and management of the cardiovascular disease. This application is
based on the use of molecular probes or biomarkers to detect biological
processes without disturbing their function.18

Imaging techniques can make use of contrast agents (CAs) to improve the quality

of the images in the body by altering or enhancing tissues and thus, providing
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contrast from other tissues. There are a large variety of elements that can be
used as contrast agents for different imaging modalities. Metal ions play an
important role in medicine and a large number of them are involved in the
formulations of the different solutions employed for imaging studies. Non-
metallic elements also serve an important role as imaging agents.1° The variety
of carriers utilized to deliver the contrast agents to the lesion is large; micelles,
liposomes, dendrimers, polymers, modified proteins, lipoproteins, metallic
nanoparticles, etc.13.20

It is complex from the chemical point of view to target the lesion because
clinically approved contrast agents are non-specific for plaque imaging and it is
complicated to clearly visualize the boundaries of the lesion in the vessels. Just in
the case of gadofluorine M the agent targets the atherosclerotic plaque for
imaging purposes without the presence of a homing moiety such a peptide or
antibody to target any specific marker of the atheromata.

During the last years the term “theranostic” or “theragnostic” has strongly
broken into literature. The term is a treatment strategy that combines
therapeutic and diagnosis capabilities in a single agent. Although in cancer exists
a large number of studies dealing with the theranostic concept, there are few

examples of theranostic agents used to treat atherosclerotic lesions.21

Magnetic resonance imaging

Magnetic resonance imaging (MRI) is a noninvasive, nondestructive, 3-D imaging
modality that makes use of the different relaxivity in water, fat, and other
macromolecules within the body to produce an image. It has the advantage of

providing very high spatial and temporal resolution along with excellent soft

4
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tissue contrast for characterization of detailed cardiac anatomy and function.
The main element for visualizing the plaques by MRI is hydrogen (H) and the
characterization of atherosclerotic plaques without contrast agents is well
documented.222324 However, contrast agents can be included in order to obtain
better images. These substances provide larger contrast differences between the
tissues based on differential distribution and can be classified whether they alter
the longitudinal relaxation rate (1/T1) more than the transverse relaxation rate
(1/T2) or vice versa. For contrast MRI, there are two main elements that are used

with opposite features: gadolinium (Gd)?> and iron (Fe).26:27.28

 Gadolinium
Gd is known as a positive contrast agent, since its dispensation increases the
signal in the plaque due to an increase in 1/T1 and 1/T> relaxation rates of

nearby water molecules (Table 2).29

Insert Table 2

Since gadolinium ions are toxic, these must be chelated to reduce their toxicity.
Two main chelating scaffolds are used to complex Gd3* ions; an open lineal
polyamine (diethylenetriamine) and a polyazamacrocyle (1,4,7,10-
tetraazacyclododecane) both of them functionalized with carboxylic side arms to
complete the coordination of the ion. Depending on the nature of the side arms
there is a wide variety of contrast agents that have been used to visualize the

atherosclerotic lesions. The following compounds shown in figures 1 and 2 have
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been used to visualize the atherosclerotic plaque by MRI: Gd-DOTA, Gd-DTPA,
Gd-DTPA-BMA, Gd-DO3A-butrol, Gd-HP-DO3A, Gd-BOPTA, Gd-Motexafin, MS-
325, Gd-DTPA-BSA, Gd-DO3A-0OA, Gd-DTPA-EB, Gd-DTPA-MPO, Gd-DOTAC16,
Gd-DTPA-DMPE, Gadofluorine M, Gadomer 17, GdsN@Cso, B-22956/1,
BMS753951, EP-2104R, P947, P792, Gd-DTPA-mimRGD, Gd-DTPA-g-R826, P717

and Gd-AAZTAC17.
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Figure 1. First generation of Gadolinium chelates for MRI.

Gd-DOTA (Fig. 1) revealed on carotid plaques that the enhancement obtained is
associated with vulnerable plaque phenotypes and related to an inflammatory
process.3031  Gd-DTPA (Fig. 1) has shown a strong association between
intraplaque enhancement in severe intracranial atherosclerotic disease lesions
and ischemic events with the use of conventional MR imaging.32 By dynamic
contrast-enhanced (DCE) MRI technique Gd-DTPA was used to image aortic or

carotid plaques resulting in promising results that could be applied to monitor
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high-risk patients and in longitudinal clinical drugs trials.333¢ Using Gd-DTPA-
BMA (Fig. 1) in combination with several 3D imaging sequences have provided
enough contrast to distinguish necrotic core (NC), calcification (CA), loose matrix
(LM).35 Measures of plaque eccentricity are also associated with total cholesterol
and non HDL-cholesterol in atherosclerotic plaques.3¢ Gd-DO3A-butrol (Fig. 1)
used in patients under chronic lipid apheresis therapy showed lower cholesterol,
LDL and LDL/HDL when compared to a control group with similar degree of
carotid stenosis.3” Gd-HP-DO3A was compared with iodine for percutaneous
intervention in atherosclerotic renal artery stenosis.3® Gd-BOPTA (Fig. 1) was
compared with Gd-DTPA-BMA. The authors found that the choice of the contrast
agent has little impact on morphological characterization of carotid
atherosclerotic plaque although DCE measurements showed differences.3? Gd-
Motexafin (Fig. 1) is an agent where the chelating moiety is derived from a
pyrrole based ligand. This substance can generate contrast between various
vascular tissue types and may be useful for plaque characterization of deep-
seated arteries since is not quickly washout from blood stream.#0 This first
generation of contrast agents are known to be extracellular. Thus the
enhancement may be due to increased wash-in of gadolinium-based contrast
agent, increased distribution volume and/or decrease washout.

A second generation of gadolinium contrast agents makes use of the chelating
moieties and include features that allow incorporation to supramolecular
aggregates (micelles, liposomes, lipoproteins); which increases the loading of
gadolinium ions amplifying the signal, or contain molecules that recognize

substances present in the atheromata (Fig. 2 and 3).
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MS-325 (Fig. 2) was injected in patients with carotid artery stenosis for the
detection of vulnerable plaque features. This contrast agent may add significant
information to measurement of stenosis. Additionally, conjugation with contrast
enhancement magnetic resonance angiography may help to stratify patients at
risk and direct therapies to avoid complications.*? The presence of two Cis
aliphatic chains allows Gd-DTPA-BSA (Fig. 2) to be incorporated into
lipoproteins#2 or liposomes.#344 These flexible supramolecular nanoagents can
incorporate homing molecules such as antibodies,*> proteins*¢ or peptides*? that
target specific components into the atherosclerotic plaque. Following the
previous design Gd-DO3A-0OA (Fig. 2), a macrocycle that incorporates an
aliphatic chain with a double bond was incorporated onto low-density
lipoproteins (LDL). This gadolinium loaded LDL (>200 Gd3*+ atoms per particle)
led to discrete enhancement of aortic wall bearing atheroplaques.*® Gd-DTPA-EB

(Fig. 2) incorporates Evans blue dye that interacts with extracellular matrix and
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vascular smooth cells of dysfunctional endothelium. The agent detected
atherosclerotic plaques in the aorta and the T; signal intensity was increasingly
enhanced with age.#950 Gd-DTPA-MPO (Fig. 2) is a contrast agent that achieves
signal amplification by enzymatic addition instead of cleavage as previous
enzyme-sensitive MRI agents were based. Gd-DTPA-MPO is highly sensitive and
specific to myeloperoxidase activity.> In advanced human atherosclerotic
vulnerable plaques, myeloperoxidase is expressed predominantly by activated
macrophages and macrophage-derived foam cell. The agent demonstrated
increased and prolonged contrast of atherosclerotic aortic wall, revealed areas of
increased myeloperoxidase activity in atherosclerotic plaques and imaging
results in more than a 2-fold increase in contrast in areas with increased
myeloperoxidase activity.>2 Micelles and immunomicelles (macrophage
scavenger receptor A, MSR-A antibody anti-CD204) of around 100 nm of
diameter were prepared containing Gd-DOTAC16 (Fig. 2). Both preparations in
in vitro and ex vivo experiments are superior MRI contrast agents compared to
standard agents such as Gd-DTPA. Furthermore, immunomicelles enabled
targeted macrophage MRI.>3 Gd-DTPA-DMPE (Fig. 2) is a phospholipidic agent
where DTPA is bound to the phospholipids DMPE. This amphipatic agent was
incorporated into the phospholipid surface of high-density lipoproteins (HDL).54
Results show that the agent targets atherosclerotic lesions without the present of
a homing molecule.55 Gadofluorine M (Fig. 2) is a DOTA derived contrast agent
that contains a perfluoroalkyl chain. Unlike aliphatic chains of Gd-DOTAC16, Gd-
DTPA-BSA or Gd-DO3A-OA the fluorinated chain is not incorporated onto
lipoproteins or liposomes but autoassemble in small size micelles (~ 6 nm).

Gadofluorine M accumulates within the fibrous plaque or in the fibrous cap of a

9
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plaque containing high amounts of extracellular matrix components but not in
the lipid rich areas enabling detection of thin-cap fibroatheromas at multiple
time points after injection widening the imaging window for assessing plaque
stability.>657 Gadomer-17 (Fig. 2) is a dendritic macromolecular blood pool
contrast agent with a DO3A moiety carries 24 Gd per molecule.585° This agent
improves coronary MR imaging and assessment of the coronary arteries in
patients with substantial coronary artery disease.t® GA3N@C80 (Fig. 2) is a
contrast agent where the gadolinium atoms are inside of a Cgo fullerene.®! This
platform is further functionalized for intercalation within liposome bilayer
membrane.®2 The resulting liposomes can incorporate antibodies for specific
targeting. Conjugation with antibody CD36 provided enhanced visualization of
foam cells present in the atherosclerotic lesions compared with non-targeted
compounds that were not taken up either in vitro or in vivo.63 B-22956/1 (Fig. 3)
is a blood pool agent with a DTPA and deoxycholic acid moieties by means of a
flexible spacer that binds with high affinity to serum albumin. At early time
points injection of B-22956/1 produces enhancement of atherosclerotic plaques
with MRI correlated with neovessel density and at later time points with
macrophage density.64 BMS753951 (Fig. 3) is an elastin-specific magnetic
resonance contrast agent based on a functionalized DTPA. It has been used to
demonstrate the feasibility of non-invasive assessment of progression and
regression of plaque burden in a mouse model of accelerated atherosclerosis by
quantifying changes in the content of elastin present in the extracellular matrix
by signal intensity and T1 measurements.®> Fibrin is an important component of
atherosclerotic plaque especially abundant in advanced lesions. EP-2104R (Fig.

3) is a gadolinium-based fibrin contrast agent that allows selective imaging and

10
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quantification  of intraplaque and endothelial fibrin.6667  Matrix
metalloproteinases (MMPs) is a broad family of endopeptidases that are
overexpressed in prone-to rupture atherosclerotic lesions as a consequence of
inflammation and play a key role in the degradation and remodeling of the
extracellular matrix. P947 (Fig. 3) is a DOTA derived agent with affinity for
several MMPs that accumulates in atherosclerotic lesions.¢86% P792 (Fig. 3) is a
gadolinium blood-pool agent derived from DOTA that was used for aortic arch
and carotid imaging.’® Integrin avf3 mediates cell locomotion and migration
through the extracellular matrix and seems to be a critical molecule for several
processes involved in atherosclerosis progression and in restenosis. Gd-DTPA-
mimRGD (Fig. 3) is a contrast that targets ovf3 in vulnerable atherosclerotic
plaques with a low washout compared to Gd-DTPA.7! Gd-DTPA-g-R826 (Fig .3) is
a DTPA derived agent that incorporates the peptide LIKKPF. This compound
binds phosphatidylserine which is exposed on apoptotic macrophages within the
lipid core in atherosclerotic plaques.”’? F-P717 and P717 (Fig. 3) are slow-
clearance blood-pool macromolecular paramagnetic agents for targeting
inflammation in vessel walls.7374 A new type of contrast agent based on a
modified diazepine has been also employed to image the atherosclerotic plaque

Gd-AAZTA-C17 (Fig. 3).7576

11
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e [ron

In 1978, Ohgushi established that magnetic nanoparticles have the ability to
shorten the T relaxation times of water, and shortly thereafter, were used for
magnetic resonance imaging.”? Several types of iron oxide nanoparticles have
been investigated for medical imaging applications.”87? Depending on their size
we can classify iron oxide particles in: Ultrasmall superparamagnetic iron oxide
(USPIO), with a diameter between 10 and 40 nm which has allowed detection of
intraplaque macrophages of the aortic wall;8081 SPIO (superparamagnetic iron
oxide) particles with an average size between 60 and 150 nm are internalized by
macrophages present in the atherosclerotic plaques to an extent that can be
detected by MRI;8283 and Microparticles of iron oxide (MP10)84 that have a mean

diameter between 500 nm and 5 pm. There are two subcategories of USPIO

12
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called monocrystalline iron oxide nanoparticles: MION8> (with a diameter
between 10 and 30 nm) and CLIO,8¢ a form of MION with cross-linked dextran
coating with a diameter around 10 and 30 nm. Iron nanoparticles are coated
with different polymers to solubilize them such as dextran, carboxydextran,
starch, PEG or as starting point for later functionalization with homing molecules
or fluorescent probes. These nanoparticles have in common their specific uptake
by the monocyte-macrophage system. Iron oxide is a negative contrast since its
administration produces a darkening of the images in the plaque by a large
increase in 1/T2.87

e Other elements

Both elements described above, gadolinium and iron, have found utility as MR
contrast agents for in vivo imaging not only for animal models but also have been
used for clinical diagnosis. Apart from them, however, there are some other
elements that have been or are starting to be used for atherosclerosis detection.
For instance, using fresh ex vivo human aortic samples with atheromata
suspended in manganese chloride, Gold et al. were able to identify normal vessel
wall components and other plaque components such as fibrous tissue, lipids, and
possible areas of hemorrhage and hemosiderin deposition and correlated the MR
characteristics with their histologic appearance.88 Mn-DTPA has been included in
the core of micelles for targeting oxidation-specific epitopes within the arterial
wall.8?

MRI of phosphorus (31P) has been employed to observe calcification directly in
ex vivo atherosclerotic plaques. Since calcification is composed of calcium
phosphate and is the only source of crystalline 31P in plaques this nucleus

provides a fingerprint of calcification.??
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A dysprosium diethylenetriaminepentaacetic acid hexamethylenediamine
copolymer (Dy-DTPA polymer) (Fig. 4) a compound with a T, effect was
employed to assess the arterial lumen size in areas of stenosis by black blood
magnetic resonance angiography (MRA) in a rabbit model of atherosclerosis.”1
Fluorine (1°F) is another element that is acquiring relevance in MRI since it is a
nucleus that exhibits no background in the body compared with other nuclei that
are omnipresent. 19F permits absolute quantification of the concentration of
tissue and it has unique spectral signatures. Perfluorocarbon-core nanoparticles
are semipermeable agents able to reveal the presence of profound endothelial
barrier disruption in later stage plaques.?2

Hyperpolarized carbon-13 (13C) molecules are gaining attention since
background signal is extremely low because the natural abundance of 13C is
negligible. The long relaxation times (T1 and T2 up to ~60 and 5 s, respectively)
make it possible to perform “real-time” vascular imaging with 13C molecules to
examine pathological conditions such as atherosclerosis.?3 Hyperpolarized TFPP
(Fig. 4) is a compound that has shown to bind to the lipid content of

atherosclerotic lesions in the aorta of LDLR-deficient mice.%4
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Figure 4. Hyperpolarized TFPP and a Dysprosium chelate for MRI of atherosclerosis.

Computed tomography

14
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CT is a powerful anatomical imaging modality, which can be used for attenuation
correction and adjustment of partial volume errors. CT technology has evolved
from single image acquisition in minutes to obtaining multiple image slices in a
single second with multidetector computed tomography scanners (MDCT) that
provide submillimeter spatial resolution, allowing excellent visualization of the
coronary arteries.?> Due to the low electron-dense permeable soft tissues in the
human body, unenhanced X-ray imaging cannot differentiate between different
components of the atherosclerotic plaque. Therefore, appropriate electron-dense
contrast agents that absorb light in the range of X-rays 10-0.01 nm
corresponding to energies of 120 eV to 120 keV are required. To reach this goal
several contrast agents mainly based on iodine substances, materials and even
noble gases have been used in clinical procedures or experimental assays to
visualize the atherosclerotic lesion.¢

¢ [odine

lIodine (1) is the principal element used for CT imaging contrast agents. There are
a large number of agents (ionic, nonionic, dimers) that have been used to
highlight the plaques.

lodinated oil was formulated with quantum dots for dual imaging. The
nanoemulsion specifically targeted macrophages and visualized atherosclerotic
plaques by dual CT/fluorescence imaging.?? lodixanol (Fig. 5) is a dimeric
nonionic agent that encapsulated into liposomes provides enough contrast from
uptake of macrophages for atherosclerotic plaque imaging by a dual source
micro-CT system.?8 Iohexol (Fig. 5), a monomeric nonionic compound, was
encapsulated in immunoliposomes to target atherosclerotic plaques. This

formulation is able to recognize inflammatory molecules (ICAM-1) and also to
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deliver a high concentration of contrast agent for CT imaging.?® lomeprol (Fig. 5)
a monomeric nonionic contrast agent has been used to locate atherosclerotic
plaques in low-dose coronary CT angiography.100.101 The monomeric nonionic
agent iopamidol (Fig. 5) was used with FDG to assess high risk morphological
features in plaques.192 A monomeric nonionic iodine contrast agent, iopromide
(Fig. 5) was employed for coronary artery calcium identification and
quantification based on dual-energy coronary CT.103 The iodine CT contrast
agent ioversol (monomeric nonionic) (Fig. 5) was injected for a CT protocol of a
triple rule-out coronary CT angiography that identifies noncoronary diagnoses
limiting additional diagnostic testing to a low-to-moderate risk acute coronary
syndrome (ACS) population.19¢ N1177 (Fig. 5) a monomeric nonionic agent is
uptaken by macrophages demonstrating a significantly increase enhancement in

plaque two hours after injection (Fig. 5).105
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Figure 5. lodinated compounds used as CT contrast agents.

e Other elements

Another element that is gaining more acceptance as a contrast agent for CT is

gold (Au).106 Gold, with its higher atomic number, has a higher X-ray absorption

16
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coefficient than iodine. Imaging at 80-100 keV reduces interference from bone
absorption and takes advantage of lower soft tissue absorption. In a murine
model of atherosclerosis, the injection of a gold-based contrast agent showed
signal enhancement in the aorta due to uptake of the contrast agent by
macrophages present in the plaque.107

In the early 20t century, thorium (Th) was widely used as an X-ray contrast
agent. Duff et al. demonstrated the uptake of colloidal thorium dioxide by
atherosclerotic lesions in rabbits, although the aortas did not show shadows in
roentgenograms when lesions infiltrated with the thorium contrast agent were
exposed to X-rays.108 This contrast was discarded since almost all systematically
administrated ThO2 was retained by the body and the toxicity arose from its
radioactive isotope 232Th, an o emitter.

In patients with contraindications for the use of iodine based contrast agents,
such as azotemia or severe contrast allergy, gadolinium can be employed as an
alternative. Gd has been used for carotid angiography in patients with suspected
carotid stenosis showing a slightly inferior quality of images as compared with
an iodine based contrast agent.10?

A noble gas like xenon (Xe) with a high Z is the most commonly used for CT
imaging. Xenon-CT has been used for several decades to evaluate cerebral blood

flow and perfusion in patients with cerebrovascular disorders.110.111,112

PET and SPECT
Nuclear imaging techniques such as PET and SPECT make use of radionuclides
and enable imaging of molecular interactions of biological processes including

17
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inflammation and apoptosis.113 Both techniques have sensitivities in the
picomolar range but have the disadvantages of low spatial resolution and long
acquisition time (Table 1), although rapid advances in technology are improving
these drawbacks.114 Additionally, the development of dual PET/CT, SPECT/CT,
and PET/MRI machines makes possible the acquisition of morphological and
molecular data with spatial co-registration in a single scanning session
facilitating data interpretation and increased time efficiency.115116

The variety of elements used for nuclear imaging of atherosclerotic lesions is
quite large.117.118119 The radionuclides can be classified in two categories: non-
metallic and metallic radioisotopes. Among the non-metallic radiotracers that
have been utilized to image the atherosclerotic plaque we can cite tritium (3H),
carbon (11/14C), fluorine (18F) and iodine (123/124/125/131]), Metallic tracers are
mainly based on technetium (°°mTc) and indium (111In), although other elements
such as copper (¢4Cu), gallium (¢8Ga), cobalt (55Co), zirconium (89Zr) can also be
employed. Selection reasons of different elements for imaging purposes should
be based on their half-life, energy, or the ease in varying the ligand for altering

endogenous distribution of metal ions to the lesion (Table 3).

Insert Table 3

99mTc, which represents nearly 80% of all nuclear medicine procedures, and 111In

are the most commonly used isotopes in diagnostic nuclear medicine. Both

tracers have been widely used in SPECT imaging of atherosclerotic lesions.120.121

18
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e Technetium

9mTc s an excellent nuclide for developing molecular imaging
radiopharmaceuticals for SPECT. Among the large variety of chelates that have
been employed for atherosclerotic plaque imaging we can cite:

99mTc-ApsA (Fig. 6), this compound competes at ADP association sites on
platelets making them potentially highly selective pharmacological agents for
vascular lesions where platelets show early localization and aggregation.122
99mTc(CO)3 was conjugated to annexin A5 that contains a fluorescent probe
(AF568).123 The uptake of the tracer increased in atherosclerotic carotid
vasculature compared to control arteries.124 99mTc-HSA (human serum albumin)
was used in a study with 111In-tropolone labeled plateles for the study of a novel
antiplatelet agent.125 99mTc-HYNIC has been conjugated to annexin V a protein
with high affinity for phosphatidylserine an inner component of the plasma

membrane that in apoptosis is exposed on the outer surface of smooth muscle
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cells present in coronary atherosclerosis.126 Since low-density lipoproteins are
present in atheromata ?9mTc-LDL was used to image the plaque although the
background ratio obtained was not optimal since half-life of LDL in plasma
ranges from 2 to 6 days while half-life of 9mTc is only 6 hours.127 99mTc-MAGs3
(Fig. 6) has been used to image atherosclerotic plaques at an early stage when is
combined with antisense oligonucleotides.128 99mTc-sestamibi and 29mTc-
tetrofosmin (Fig. 6) were used joint with CT imaging for assessing plaque extent
and location.12? 99mT¢c-N3S (Fig. 6) has been coupled to interleukin-2 (IL2) for
carotid plaque imaging since IL2 is a cytokine that acts by binding to its receptor
(IL2R) expressed mainly on activated T lymphocytes.130 9°mT¢c-NC100692 (Fig. 6)
has been employed for carotid plaque imaging since NC100692 binds to awf3
integrin  expressed by monocyte-derived macrophages.l31  Reduced
pertechnetate (°°mTc047) binds to sulfhydryl groups on proteins. MDAZ2 is an
antibody against murine malondialdehyde LDL (MDA-LDL) and specifically
recognizes MDA-lysine epitopes. The °°mTc-MDAZ2 is accumulated in thoracic and
abdominal aorta as determined by gamma imaging and also by pathological
analysis.132 99mTC-RP805 (Fig. 6) a MMP inhibitor compound has allowed
molecular imaging detection of MMP activity in a wide spectrum of
atherosclerotic lesion severities in transgenic mouse models.133 99mTc-ZK
167054 is an endothelin derivative utilized for atherosclerosis imaging due to
the micro- to nanomolar affinity of ZK 167054 for endothelin-A and -B receptors
implicated in the pathogenesis of atherosclerosis and restenosis.134

e Indium

A 111In-DOTA (Fig. 7) derived tetrameric linear peptide (111In-DOTA-TLP) that

targets vascular cell adhesion molecule 1 (VCAM-1) has shown accumulation in
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the root of excised aortas of apoE-/- mice.135 111]n-oxine (Fig. 7), a compound
approved for human use was utilized to monitor and quantify early
biodistribution in a murine model of progenitor cell therapy for
atherosclerosis.120 111[n-RP782 is a tracer with specificity for activated MMPs.
Since MMP activation plays a key role in vascular morbidity, mortality and is a
key mediator of aneurysm expansion and rupture MMP-targeted imaging
potentially may identify high-risk patients.13¢ 111[n-SCN-Bz-DTPA (Fig. 7) was
conjugated to LDL for plaque imaging. The results suggested that LDL is a good
carrier but labeling with longer-lived radionuclides hold great promise.137 111[n-
tropolone (Fig. 7) was used to label autologous platelets for deposition on active
atherothrombotic lesions in order to study short-term E551 (an antiplatelet

agent) therapy.13>

111n-DOTA 1in-oxine 111]n-SCN-Bz-DTPA "in-tropolone

Figure 7. 111In derivatives used as SPECT contrast agents.

e Fluor

For the development of PET radiopharmaceuticals, 18F appears to be an ideal
radionuclide due to several reasons; i) low positron energy, ii) it can be
produced in high specific activity and large amounts, iii) it can react as an
electrophile or a nucleophile, and iv) it has relatively high labeling yields.

18F-EF5 (Fig. 8) is a specific marker of hypoxia labeled for PET in mouse
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atherosclerosis plaques. The tracer showed uptake in large atherosclerotic
plaques since these lesions contain hypoxic areas.138 18F-AIF-NOTA-EBM (Fig. 8)
is an elastin binding radiotracer. Elastin is considered a key player in human
vascular diseases and it might contribute to the development of atherosclerosis.
However no statistical significance was evident in vitro for accumulation in
plaque samples compared to control samples of normal arteries.139 18F-
AppCHFppA (Fig. 8) has been used for quantifying the up-regulation of purine
and specific oligonucleotide receptors in atherosclerotic lesions for noninvasive
in vivo detection of plaque formation.149 18F-FCH (Fig. 8) is a novel agent for
imaging relevant aspects of plaque biology. Its colocalization with plaque
macrophages may render it an additional marker of vascular inflammation
suggesting vulnerability of an atherosclerotic plaque.l¥l For atherosclerotic
plaque imaging 18F has been conjugated to glucose (18F-FDG, Fig. 8) since this
fluorodeoxyglucose is internalized by cells with a high metabolism
(macrophages) and can distinguish between inflamed from non-inflamed
plaque.142 18F-galacto-RGD (Fig. 8) is a peptide tracer for PET imaging that binds
with high specificity to ovp3 integrin since its targeting imaging has been
proposed as a strategy for detection of inflammation and angiogenesis in
atherosclerotic lesions. 18F-galacto-RGD showed focal, specific uptake in
atherosclerotic plaques in the aorta of hypercholesterolemic mice. In this model
uptake was highest in plaques with dense cell infiltrate composed mainly of
macrophages.143 18F-NaF has been used to measure active calcification of the
coronary atherosclerosis in vivo.1** 4-18F-Fluorobenzoic acid (!8F-FBA, Fig. 8)
was used to label LyP-1, a cyclic peptide which receptor is expressed in

macrophages and foam cells present in atherosclerotic plaques.145 18F-4V was
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obtained from labeling peptide TLP with 4-18F-fluorobenzaldehyde. 18F-4V
accumulates in atherosclerotic plaques due to detection of VCAM-1
expression.’3® Nowadays a new compound, 18F-7 (Fig. 8), with inhibitory
properties over MMP2/MMP9 is being tested for atherosclerosis imaging.146
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Figure 8. 18F compounds used as PET radiopharmaceuticals.

e [odine

There are four isotopes of iodine (1231, 124], 125] and 131[) that have been utilized to
image atherosclerotic lesions in animal models and humans.147.148,149

123]-HO-CGS 27023A (Fig. 9) is a broad-spectrum MMP inhibitor for in vivo
imaging of MMP activity. This radioligand was capable to image MMP activity in
vivo in the MMP-rich vascular lesion developed in carotid artery of apoE-KO
mice.150 Interleukin 2 (IL2) was iodinated with Nal23] (1,3,4,6-tetrachloro-3,6-
diphenylglycoluril, lodo-Gen) to produce 123]-IL2. The purpose of the study was
to identify inflamed plaques in a high-risk group of patients.1>1 123[-LDL was
iodinated with Nal23] and injected to patients for scintigraphic studies. Patients
showed accumulation in certain vascular areas with lipid entry ratio.152 SP4 is a
oligopeptide fragment of apolipoprotein B that has demonstrated pronounced

uptake in the healing edges of balloon-injured rabbit aortic endothelium. SP4
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was iodinated, 1231-SP4, for identification of atherosclerotic plaques. The results
revealed that 123]-SP4 localize specifically in the aortic atherosclerotic lesion.153
124] was introduced in antibody CD68 where plays a key role in atherosclerotic
lesion formation. Imaging of 124[-CD68 correlated well with plaque extension
when compared with histopathological studies of the aortic arch.154 Hypericin a
natural photodynamic pigment was labeled with 124] (124]-Hypericin, Fig. 9) for
PET imaging of apoptosis and necrosis in atherosclerosis. The radiotracer is
uptaken in the lesion and was able to target necrosis.124

Cholesteryl ipanoate was radiolabeled with 125 via an iodine exchange reaction
in a pivalic acid melt. 125]-CI was transported to the lesion by acetylated LDL
(acLDL) and resulted in selective uptake and retention at the site of early
atherosclerotic lesion.’>> Cholesteryl 1,3-diiopanoate glyceryl ether (C2I) was
labeled with 125] via an iodine-exchange reaction. Results from animal studies
demonstrated selective uptake and retention of radiolabeled C2I in rabbit
atherosclerotic lesions when 125[-C2I (Fig. 9) was carried via acLDL.156 Platelet
glycoprotein VI (GPVI) has been identified as the major platelet collagen receptor
in vivo. 125]-GPVI was obtained via 125] iodination Iodo-Gen. In vivo and ex vivo
imaging revealed substantial accumulation of 125[-GPVI in the injured artery
wall.157 125]-[K17 is a human autoantibody iodinated with Enzymobeads that
localizes to atherosclerotic lesions of LDLR-/- mice, suggesting that it specifically
binds to oxidation-specific epitopes in the lesions.!>8 LDL was radiolabeled with
125] by use of the iodine monochloride method. 125-LDL accumulated in human
atherosclerotic plaque and this accumulation by macrophages provides strong
support to the hypothesis that these cells play a crucial role in the pathogenesis

of atherosclerosis.’>? 119 is a specific antibody against extra-domain B (ED-B) of
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fibronectin a marker of tissue remodeling and angiogenesis. L19 was labeled
with Nal?5] (Iodo-Gen) to afford 1251-L19 that is able to selectively target
atherosclerotic plaques in apoE/- mice.l47 125]-MDA2 an oxidation-specific
antibody to malondialdehyde LDL (MDA-LDL) produced by iodination with
Nal25] showed aortic uptake reflects changes in plaque composition that are
consistent with established features plaque stabilization, such as enhanced
collagen and SMC content.160 125[-SIB (Fig. 9) was conjugated with a peptide that
binds to oxidized LDL (oxLDL) to afford 125I-AHP7. This radiocompound showed
selective and specific binding to oxLDL in atherosclerotic plaques mirroring
oxLDL distribution.161 125[-SP4 was obtained according to the adaption of the
chloramine-T method. The radiotracer specifically localizes in aortic
atherosclerotic plaques in cholesterol fed rabbits.162

131]-LDL was obtained by iodination of LDL with iodine monochloride and Na131l.
The compound accumulated in treated patients with confirmed atherosclerotic

lesions (Fig. 9).147
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Figure 9. [odinated radioligands.

e Gallium
In atherosclerosis imaging ¢8Ga-DOTA (Fig. 10) derivatives such as ©8Ga-DOTA-

TATE,163 68Ga-DOTA-TOC64 and ¢8Ga-DOTA-RGD165 have showed clear plaque
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uptake in atherosclerotic plaques. The uptake has shown strong association with
known risk factors of cardiovascular disease.

e Copper

A tracer for PET imaging that avoids the rapid radioactive decay of 18F is 64Cu. 18F
in a modified sugar targets areas of high metabolic rate, which may not
necessarily represent the enhanced metabolic activity seen with inflammatory
cells. 64Cu-DOTA (Fig. 10) derivatives show uptake at the site of
atherosclerosis.166167 64Cy-DTPA (Fig. 10) provides a different means of
identifying atherosclerosis by accumulating in regions of mouse atheroma where
phagocytic cells uptake the tracer.168

e Zirconium

897Zr-DNP (dextran nanoparticles) were obtained by mixing cross-linked dextran
and 8%Zr-SCN-Bz-Df (p-isothiocyanatobenzyl desferoxamine, Fig. 10). The
nanoparticles were injected in atherosclerotic animals revealing that the
majority of the signal derived from macrophages in the atherosclerotic
plaques.16® Bevacizumab conjugation and labeling with 8%Zr was achieved by
succinylate desferal (8%Zr-sucDf). The tracer targets intraplaque released
vascular endothelial growth factor (VEGF) that is known to be an important

process linked to plaque vulnerability (Fig. 10).170
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Figure 10. PET radiotracers for atherosclerosis imaging.
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e Carbon

11C offers the greatest potential to develop radiotracers for routine clinical
applications because 11C, as a label, can be easily substituted for a stable carbon
in an organic compound without changing the biochemical and pharmacological
properties of the molecule. Furthermore, the short half-life of 11C provides
favorable radiation dosimetry to perform multiple studies in the same subject
under different conditions.171

11C-acetate (Fig. 11) has been used for imaging of fatty acid synthesis in the
atherosclerotic vessel wall.172 11C-choline (Fig. 11) for visualizing the synthesis of
phospholipids is a promising marker of plaque inflammation with potential
advantages over 18F-FDG. Elevated uptake of 11C-choline was found in the carotid
arteries and rarely correspond to calcification sites.173 11C-PK11195 (Fig. 11) is a
selective ligand of the translocator protein (TSPO) which is highly expressed by
activated macrophages. Imaging intraplaque inflammation in vivo with 11C-
PK11195 can distinguish between recently symptomatic and asymptomatic
plaques.174

14C-antipyrine (Fig. 11) a metabolically inert diffusible indicator was evaluated
for tracer distribution across the thoracic and abdominal aortas.17> 14C-FDG (Fig.

11) was used to compare uptake of 18F-FCH.141
e Tritium
3H-DAA1106 (Fig. 11) binds to atherosclerotic plaques with same topography as

3H-PK11195 (Fig. 11). Both tracers had statistically significant topographical co-

incidence within each plaque which was largely restricted to the shoulder and
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cap regions a macrophage rich area.176
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Figure 11. PET radiotracers for atherosclerosis imaging.

Ultrasound

US is the most widely used imaging technique in the world. It is a versatile,
noninvasive, low risk, low cost, and portable real-time imaging technique. US CAs
are typically gas micrometer size bubbles, encapsulated by a protein, polymer, or
lipid shell. The rationale for using microbubbles as an ultrasound contrast agent
is based primarily on their compressibility. Because they are gas filled and
smaller than the diagnostic ultrasound’s wavelength, microbubbles undergo
volumetric oscillation in an acoustic field, such that they compress during the
pressure peaks and expand during the pressure nadirs.177.178

Few elements are employed as contrast agents for US imaging. The micro-size

bubbles have been filled with low molecular weight perfluorocarbons (CnF2n+2, n
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= 3, 4),179.180 SF¢ 181 N»182 or ajr (Fig, 12).183
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Figure 12. Ultrasound contrast agents.

Optical imaging

Ol techniques offer several advantages such as high sensitivity, spatial
resolution, non-ionizing radiation, and uses relatively simple instrumentation. It
also enables rapid acquisition of images and is relatively inexpensive. There are
several optical imaging techniques such as fluorescence and bioluminescence
imaging, which can be used to non-invasively visualize biological processes.184185
These fluorescent probes are a moiety of a whole multifunctional contrast agent.
There are a wide variety of chromophores that are used to visualize the
atherosclerotic lesion. Near infrared fluorescent (NIRF) dyes are based on
organic molecules with common elements (C, H, N, O, and S) where an aliphatic
conjugated chain of an odd number of carbons (polymethines) is linked to two
nitrogens of an aromatic system, benzoindolic or indolic, which determines the
excitation and fluorescence emission wavelength range. These dyes have been
used to image ex vivo and in vivo atherosclerotic lesions by reporting metabolic
processes present in the plaque. Among them we can cite cyanine dyes such as
Cy5.5 (Fig. 13),186 Cy7 (Fig. 13),143 VivoTag,187 AngioSPARK,188 NIR-664,18% FITC
(Fig. 13),190 Photofrin II (Fig. 13),1°1 Alexa Fluor 568 (AF568, Fig. 13),124 Di0O and

Dil (Fig. 13).192 Quantum dots (Qdots) are another type of contrast agents
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employed to image atherosclerotic lesions.193

An expanded porphyrin (texaphyrin) chelate to lutetium (Lu-motexafin, Fig.
13)19%has been used for photoangioplasty of the atheromatous plaque and a
DOTA derivative (Eu-P947, Fig. 13)1°> have been employed recently to detect
unstable atherosclerosis due to its accumulation in the fibrous cap region of
plaques.

Gold nanoparticles (AuNPs), with their biocompatibility, high optical scattering
coefficients, and the fact that the optical spectra can be tuned by changing the
size and/or shape of the particles, have been used to image atherosclerotic
plaques ex vivo in rabbit aorta by intravascular photoacoustic (IVPA) imaging.19¢
Rhodamine (Fig. 13),197 blue nile (Fig. 13),198 hypericin'2¢ and NBD (Fig. 13)55
dyes have been utilized in liposomes preparations for plaque imaging co-

localization.

Rhodamine

Lu-Motexafin
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L)L \)\L\)L ,YNJL o *

Eu-P947 Blue Nile NBD

Figure 13. Contrast agents for optical imaging.
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Hybrid contrast agents

Hybrid imaging techniques are of increasing relevance in the field of molecular
imaging. The clinical machines that bring together imaging techniques such as
PET/MRI, PET/CT, SPECT/CT, MRI/OI or experimental equipment such as
FMT/CT (fluorescence microscopy tomography, FMT) just reveal the necessity of
new contrast agents that join in a single molecule or nanoscaffold the distinct
atoms necessary to produce the contrast for the different imaging modalities. At
this respect there is a large number of studies of MRI/OI where the platform;
usually a liposome, micelle, or iron oxide nanoparticle, incorporates a
fluorescent probe. Although scarce, contrast agents that are suitable for
FMT/CT,187 SPECT/CT,*°* PET/MRL7 PET/CT, %8 CT/MRIL17 PET or

SPECT /01290 and a PET/MRI/0I168 can be found in the literature.

Practical Considerations from a Chemical Perspective

As it has been exposed above, there are a high variety of extracellular contrast
agents for the different imaging technologies that have been used for
atherosclerotic plaque imaging. Single molecules are difficult to target the lesion
without any help from homing moieties despite the fact of a dysfunctional
endothelium that facilitates the permeability from the vessels. Just in few cases
the contrast agents were capable to target the lesion. For the rest of contrast
agents presented targeting to the atheromata is achieved by anchoring the agent
to a vehicle that incorporates a targeting moiety or direct attach to an antibody.
The use of nanoscaffolds produces an amplification of the signal and the
possibility to incorporate contrast agents for different imaging technologies.

For MR], in particular gadolinium agents, there is still improvement capacity of
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the relaxivity for high and ultrahigh magnetic field strengths (3-16.4 T) since the
efficacy of targeted and responsive contrast agents still depends on this.z01
Iodine plays a major role in CT imaging since practically all contrast agents
employed are based on this element. However, gold nanoparticles and are
becoming an alternative as they are easily produced and have higher absorption
coefficientsMetal-based radioagents has made great strides in radioisotope
coordination, production and their behavior in vivo.292203 The major drawback
concerning radioelements is that some unpredictable supply shortages are
becoming a perennial cycling and a growing threat due to their production in
different accelerators or reactors. Fluorine and sulfur as different gas
compounds are mainly used as ultrasound contrast agents. The carriers that
entrap the gas are based on proteins, polymers or phospholipids that can be
functionalized for specific targeting.2%4 Finally, optical agents can be cataloged in
three main groups: organic, inorganic or hybrid in nature.2%5 Optical agents are
usually a moiety added to help to characterize the lesion but due to the high
sensitivity of fluorescence techniques they are becoming an independent way to

assess atherosclerotic lesions.
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Figure 14. (A) MRI of atherosclerotic lesion with Gd. Arrow points the abdominal aorta, inset
denotes magnification [Reproduced from ref 55 with permission]. (B) CT of atherosclerotic
plaques in aorta with I. The white arrows point to red spots where atherosclerotic plaques were
detected [Reproduced from ref 105 with permission]. (C) PET imaging with 18F of carotid and
aortic arch arteries [Reproduced from ref 142 with permission]. (D) Ultrasound targeted
microbubbles in aortic arch for early stages of intimal xanthoma [Reproduced from ref 178 with
permission]. (E) Fluorescence image of aorta injected with Qdots. The red color is due to the

presence of plaques [Reproduced from ref 13 with permission].

Conclusion

Nowadays, atherosclerosis can be detected by a variety of imaging technologies
at a cellular and molecular level. Progress has made possible the presence of dual
machines PET/CT, SPECT/CT, PET/MRI, and more recently FMT/CT and IVPA,
where different imaging modalities exist facilitating the acquisition of data. In a
near future, advances in technology will improve detection limits and image
quality of the techniques allowing to obtain images with lower doses of contrast

agents. Also, new elements of the periodic table are employed as CAs. F and C can
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be good candidates for MR imaging since previous assays have shown that both
elements have no background signal within the body resulting in clear images.
Au and Bi2% have already been used as CAs for CT and also for I[VPA. The choice
of the right element joint with the carrier and the ligand in the case of metal ions,
and imaging technology can favor to obtain quality images of the atherosclerotic

lesion.
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Table 1 Summary of imaging modalities

Radiation
Imaging Spatial Acquisition used in
Depth Sensitivity Cost
technique resolution Time imaging
generation
No
MRI 10-100 pm nmol (10-9) min/h radiowaves High
limit
No
CT 50-200 pm umol (10-6) min X-rays Medium
limit
high-
No
PET 1-2 mm fmol (10-15) s/h energy y High
limit
rays
No low-energy
SPECT 1-2 mm fmol (10-14) min/h Medium
limit y rays
high-
mm to
us 50-500 pm nmol (10-8) s/min frequency Medium
cm
sound
<1-2 pmol (10 Vis-NIR Low-
01 1-5 mm s/min
mm 12) light medium
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Table 2 Relaxivity of the gadolinium complexes used for atherosclerotic plaque

imaging
Compound r1 (mM-1s-1) 1H freq (MHz) Temp (°C) Ref

Gd-DOTA 3.56 20 39 25
Gd-DTPA 3.8 20 25 25
Gd-DTPA-BMA 3.96 20 35 25
Gd-DO3A-butrol 3,6 40 40 25
Gd-HP-DO3A 3.7 20 40 25
Gd-BOPTA 5.2 20 25 25
Gd-Motexafin 5.3 50 25 25
MS-325 6.6 20 37 25
Gd-DTPA-BSA 7.8 60 40 44
Gd-DO3A-0A 20.2 60 25 47
Gd-DTPA-EB 49 60 37 50
Gd-DTPA-MPO 4.3 20 40 51
Gd-DOTAC16 37.3 60 25 53
Gd-DTPA-DMPE 12 20 25 54
Gadofluorine M 17.5 60 37 57
Gadomer-17 17.3 20 39 25
Gd3N@Csgo 20 400 30 61
B-22956/1 27 60 39 (h.s.) 64
BMS753951 4.68 128 65
EP-2104R 11.1 20 37 67
P947 5.5 60 37 68
P792 39 20 37 70
Gd-DTPA-mimRGD 4.3 60 37 70
Gd-DTPA-g-R826 9,6 20

P717 9.41 60 72
F-P717 11.7 60 73
Gd-AAZTA-C17 25 20 37 74
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Table 3 Radionuclides used in PET and SPECT imaging for atherosclerosis

Energy? (keV)
Radionuclides ti/2 Decay E E, E,
1C 20.38 min B* 386 511
68Ga 67.71 min EC, B+ 836 511
18F 109.77 min  EC, B+ 250 511
. 64Cu 12.70 h EC, B+, B~ 278 191 511
& 897y 7841h  EC,B° 395
124] 4.18d EC, B+ 687 603
3H 12.32y B 5.7
14C 5700y B 49.5
99mTc 6.01h IT, B 140
123] 13.22h EC, B+ 159
E 11]n 2.80d EC 245
Z 131] 8.02d B 606 364
125] 59.40d EC 27
min, minutes; h, hours; d, days; y, years
EC, electron capture; IT, isomeric transition; B+, positron decay; p-, beta decay
2 National Nuclear Data Center, information extracted from the NuDat 2 database,

http://www.nndc.bnl.gov/nudat2/.
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