@1 Advancesin contrast media for vascular
Imaging of atherosclerosis

Atherosclerosis is a major cause of morbidity and mortality worldwide. Imaging plays a key role in its
diagnosis and management, and contrast-enhanced imaging is widely integrated into current clinical
practice for the imaging of atherosclerosis. Traditional imaging methods have focused on the degree of
stenosis owing to atherosclerotic plaque; however, contrast media now allow for improved detection of
plaque characteristics, which may aid in identifying at-risk lesions in cardiovascular and cerebrovascular
disease. Developments in contrast media may allow imaging to play a much earlier role in diagnosis and,
potentially, therapy for atherosclerosis in the future. This article focuses on the developments in contrast
media for MRI, ultrasound and CT in relation to atherosclerosis.
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Cardiovascular disease, including athero-
sclerosis, accounts for over 850,000 deaths a
year in the USA and constitutes a significant
healthcare burden [201]. Stroke and myocardial
infarction are the leading preventable causes
of death; earlier diagnosis of atherosclerosis
and greater emphasis on disease prevention, as
opposed to treatment of clinical events, could
reduce the impact of atherosclerosis on soci-
ety [202]. Contrast-enhanced imaging plays a
substantial role in the detection of disease at
a subclinical or asymptomatic stage, although
the clinical significance of atherosclerosis in its
early stages is uncertain. This article will briefly
discuss the current clinical role of contrast imag-
ing in atherosclerosis, the wider applications of
currently available contrast media for atheroscle-
rosis imaging and new developments in imaging
with contrast media for atherosclerosis. MRI,
CT and ultrasound will be considered, but
nuclear medicine is outside the scope of this
article. Nevertheless, imaging of atherosclerosis
with F'8-FDG PET appears to be promising in
detecting the presence of an inflamed plaque;
however, limited spatial resolution prevents
widespread clinical use, as there is no means
of assessing the degree of luminal narrow-
ing [1]. Ultimately, contrast agents are becom-
ing increasingly directed at specific molecular
targets; unfortunately, many of these rapid
advances in contrast technology have not yet
been fully vetted in the clinical arena. This arti-
cle will discuss the potential for contrast media
to reach clinical significance to predict the risk
of vascular events in atherosclerotic disease.
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Atherogenesis as a potential target
for contrast media

As the understanding of atherosclerosis has
become more detailed, potential targets for
imaging with contrast media have become
more refined. Standard imaging for current
clinical management is based on a traditional
understanding of disease, which is an expand-
ing plaque, encroaching on the lumen causing
increasing stenosis, with higher degrees warrant-
ing intervention [2-7]. The next stage of under-
standing was the gross morphological features
of the plaque itself, which differ and, depending
on the configuration (i.e., the presence of lipid,
fibrous cap status and the presence of hemor-
rhage), can put the individual at varying risks
of future clinical events leading to the concept
of the vulnerable plaque [8]. Therefore, the next
imaging step was to look at plaque morphologi-
cal characterization, although much of this work
has been done without the use of contrast media,
using the different tissue properties of the com-
ponents on the imaging modalities [9-15]. On a
microscopic level, other features were then iden-
tified, which were also linked to plaque vulnera-
bility, in particular, plaque inflammation [15) and
neovascularization [16). These have made good
potential targets for contrast media in providing
the impetus for several key molecular targets,
such as fibrin for intraplaque hemorrhage and
low-density lipoprotein (LDL) targeted to mac-
rophages to image inflammation. As work on the
atherogenic model progressed, many mediators
involved in early-stage atherogenesis were iden-
tified. Some of these mediators are endothelial
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cell-adhesion molecules [17], lipoproteins [18] and
matrix metalloproteinases [19]. These are attrac-
tive targets for imaging as they might allow
detection of plaque at an earlier stage, although
the clinical significance of identifying plaque
at such an early stage is uncertain considering
atherosclerotic fatty streaks can be identified
in the young without risk factors [20]. Thus,
the challenge of novel contrast media and new
applications of existing media is to specifically
identify atherosclerotic processes that are likely
to progress to clinical events rather than merely
identifying all atherosclerotic lesions that appear
to be ubiquitous in populations.

Current use of contrast media in
clinical practice

Contrast media are widely used in the everyday
practice of atherosclerosis diagnostic imaging,
for invasive and noninvasive angiography, in all
the main vascular territories. The focus of imag-
ing for atherosclerosis is on three main vascular
beds — coronary, carotid and peripheral — of
which two cause life-threatening clinical events
in the form of stroke and myocardial infarction.

Invasive angiography, in the form of digital
subtraction angiography (DSA) with iodine
contrast media, is held as the gold standard for
assessment of stenotic lesions. It is currently
less widely used because of the risks of serious
complications, with permanent neurological
sequelae reported in approximately 0.5-1% of
cerebral angiograms at experienced centers [21],
and the advent of noninvasive methods with
good comparative sensitivities and specificities.
The advantage of DSA in the coronary scenario
over noninvasive methods in the acute setting
is the ability to combine interventions in the
same procedure.

Noninvasive methods of angiography used
to assess atherosclerosis in the carotid and coro-
nary territories are CT angiography (CTA)
with iodine-based contrast media, magnetic
resonance (MR) angiography with gadolinium
(Gd)-based contrast media in the carotid artery
and periphery and, more recently, contrast-
enhanced ultrasound to better distinguish
lumen from arterial wall.

Expanded applications of
conventional, nontargeted

contrast media

H MRI

Gadolinium-based contrast media are used in
imaging of carotid atherosclerosis, not only for
angiography, but also for vessel wall imaging.
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Wall enhancement has been used to improve the
delineation of fibrous cap and lipid-rich necrotic
core when compared with unenhanced imag-
ing [22.23]. The move of plaque imaging with
high-resolution contrast-enhanced MRI, which
is still more widely used in the research arena,
to the clinical setting may be assisted by the
research currently being conducted, such as the
Biolmage study, where the investigators are per-
forming multimodality assessment of patients
with subclinical disease, looking at long-term
outcomes [24].

The wall enhancement produced on delayed
contrast imaging of the carotid artery has
also been related to plaque neovasculariza-
tion, which is thought to be an early marker
of atherogenesis [25]. This concept has been
explored more thoroughly using dynamic
contrast-enhanced (DCE) MRI of the carotid
vessel wall (Fiure 1). Tl—weighted gradient-echo
imaging was performed on 20 individuals who
subsequently underwent carotid endarterectomy
to calculate the fractional blood volume (fBV)
of the plaque [26]. Plaques with high BV were
found to have dense microvasculature on his-
tology. Later work has used the same imaging
technique but different modeling metrics, in
the form of K" and Vp 27]. Both parameters
were correlated with the presence of both mac-
rophages and neovascularization on histology,
and other studies have suggested a link between
these two pathological mechanisms indicating
that these parameters may be noninvasive mark-
ers of inflammation [28,29]. K7* was also found
to be higher in smokers and those with low
high-density lipoprotein (HDL) levels, suggest-
ing a link between K" and pro-inflammatory
atherosclerotic risk factors.

Contrast-enhanced ultrasound

In a similar way to MRI methods, contrast
media available for ultrasound — ‘microbub-
ble’ contrast media — have been used to dem-
onstrate plaque neovascularization. Contrast-
enhanced ultrasound in a femoral swine model
of atherosclerosis demonstrated enhancement
in the early stages of the disease process and
indicated progression, with increased enhance-
ment, as the microvascular network developed
within the plaque, demonstrated with histol-
ogy (30]. Two very similar studies comparing
contrast-enhanced ultrasound and histology
for human subjects with carotid atherosclero-
sis demonstrated significantly greater enhance-
ment in the plaques with more neovasculariza-
tion (Fieure 2) [31,32], but neither characteristic
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correlated with the degree of stenosis [31]. This
reinforces the ever-growing body of literature
declaring degree of stenosis inadequate in iden-
tifying those individuals with high-risk dis-
ease. A larger study examining 64 patients who
underwent surgery following contrast-enhanced
ultrasound found that all nine acutely sympto-
matic patients had enhancement at the base of
the plaque correlating with neovascularization,
but only one of the asymptomatic cohort dis-
played the same enhancement [33]. This repre-
sents further evidence that neovascularization is
an indicator of vulnerable disease, and is further
corroborated by a different study that showed
patients with symptomatic disease to have a
significantly higher plaque-enhanced intensity
compared with asymptomatic individuals on
contrast-enhanced ultrasound [34].

It has also been suggested that late-phase
microbubble contrast ultrasound can be used
as a marker of inflammation, as iz vitro studies
have shown that the microbubbles are phago-
cytosed by monocytes but remain acoustically
active for up to 30 min, and preclinical experi-
ments have also shown microbubbles within
monocytes [3536]. Assessment of late-phase
carotid plaque echogenicity (normalized to the
lumen) following microbubble contrast injec-
tion (n = 37) demonstrated significantly greater
echogenicity in symptomatic versus asympto-
matic individuals, although with some overlap
between groups. There was only a moderate
inverse relationship between late-phase echo-
genicity and grayscale median score, a more tra-
ditional ultrasound assessment; a lower grayscale
median score connotes greater lipid, macrophage
and hemorrhage content and, therefore, greater
echogenicity is associated with a low (high-risk)
grayscale median score (37]. The relative weak-
ness of the relationship reported by these authors
would suggest that microbubble contrast is
potentially more sensitive than grayscale median
score, but there was no direct correlation with
histology in this case and further studies with
histological evaluation would be needed.

mCT

CT provides excellent determination of lumen
status and yields excellent spatial resolution.
Nevertheless, contrast media has been employed
infrequently for the purpose of characteriz-
ing atherosclerotic lesions. A study of contrast-
enhanced CTA of the carotids discovered that
contrast enhancement of the arterial wall was seen
more frequently in patients who were sympto-
matic (p = 0.041) (38]. In addition, supporting
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Figure 1. MRI of carotid plaque perfusion.
A single image, from the fifth time frame of
dynamic contrast-enhanced acquisition, is
shown with the matched contrast-enhanced
T,-weighted image. There is a moderate
stenosis of the left common carotid artery. The
right images are identical perfusion color maps
with and without regions of interest for the
lumen and outer contour drawn. Red on the
color map represents Vp and green K™, The
periphery of the wall demonstrates color where
the vasa vasorum is expected to be, but the
central area of the plaque shows little color —
the contrast-enhanced T,-weighted image
indicates this central area to be a lipid-rich
necrotic core.

the conclusion that contrast-enhanced CT may
aid in atherosclerotic detection, a study demon-
strated that there was delayed enhancement in
the majority of abdominal aortic aneurysms [39].
The mechanism by which CT contrast enhance-
ment occurs within the arterial wall of plaques
may be similar to those of Gd and microbubbles
in the cases of MRI and ultrasound, respectively.
Enhancing regions may occur because of neo-
vascularization, a potential indicator of plaque
instability. The use of contrast enhancement on
CTA could be particularly useful clinically as
CT is quicker, cheaper and more readily avail-
able than high-resolution MRI, and offers a more
rapid means of imaging multiple vascular beds
concurrently in one session. Recently, others
have proposed the use of CT of the intracranial,
extracranial and cardiac vessels for comprehensive
ischemic stroke evaluation [40]. Thus, finding util-
ity in traditional contrast-enhanced CTA would
be a boon for the use of CT as a comprehensive
single evaluation of multiple vascular beds for the
assessment of the degree and risk of atherosclerotic
disease. More work is needed in this field, in par-
ticular, to extend the initial findings of contrast
enhancement in symptomatic carotid stenosis.
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Figure 2. Contrast-enhanced ultrasound of carotid plaque. (A) There is a
hypoechoic plague at the origin of the internal carotid artery on B mode.
(B-D) After contrast injection, enhancement can be seen as hyperechoic areas

within the plaque.

Reprinted with permission from [31], © Elsevier (2008).
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New targeted contrast media

Owing to the range of methods currently being
used to image atherosclerosis, new contrast
media are being developed for all three of the
main modalities: MRI, CT and ultrasound.

H MRI

Many of the new MR contrast media use tra-
ditional Gd within a particle as a basis for the
contrast medium, which is then tagged with a
marker to target a specific area of interest in the
atherogenic pathway [41], while others use parti-
cles of iron oxides as the basis [42], and even fewer
utilize manganese as an alternative to Gd [43.44].
There are multiple different constructs for these
new media including liposomes, micelles and
nanoparticles [45,46]. As much of this work is still
in the preclinical setting, the new compounds
are often co-tagged with an immunofluoroscent
marker to allow concurrent optical imaging for
histological validation of target specificity [47).

Gadolinium-based contrast media

One of the simpler compounds, gadofluorine
M, has used the properties of the molecule
itself, a small molecule of Gd chelate, without
any additional tags [48]. The structure contains
a perfluorinated side chain and sugar moiety,
which makes it hydrophobic and, therefore, it
forms micelles in aqueous solutions. Three rabbit
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models have demonstrated good delineation of
aortic and femoral atherosclerotic plaque versus
controls with this contrast medium [49-51]. More
recently, enhancement of rabbit aortic athero-
sclerosis has been correlated with macrophage
and microvessel density within the plaque [52).

There are newer Gd-based media that have
additional tags added to their structures in
order to target the macrophage and, there-
fore, atherosclerotic inflammation, specifically.
Inflammation can be imaged using a number
of different parts of the inflammatory path-
way. One method that has shown good results
in vitro [53], and against experimental controls
in the mouse aorta model, is the use of immu-
nomicelles targeted at the macrophage scaven-
ger receptor, which is involved in the uptake
of oxidized LDL and implicated in the induc-
tion of thrombosis and atherogenesis [47:54.55].
Nanoparticles, using Gd labeled specifically to
target the macrophage scavenger receptor, have
been used in combination with MRI for excised
specimens of human aorta and have shown
good localization to the fibrous cap, with an
increased contrast-to-noise ratio compared with
untargeted nanoparticles, which infiltrated the
whole atheromatous plaque [s6].

Another method of targeting the macro-
phage-laden areas of the atherosclerotic plaque
is to use HDL. Contrast media combining syn-
thetic compounds imitating HDL with Gd in
nanoparticles have been successfully used in
the mouse model to demonstrate significant
enhancement in the macrophage-laden plaque
areas [57-59]. Gd versions targeted with LDL have
also been explored in tumor imaging, but not in
atherosclerosis animal models [60,61].

It has long been acknowledged that lipid infil-
tration is a key factor in the atherosclerotic pro-
cess, but current imaging needs an established
lipid-rich necrotic core to be present before it
can be detected, otherwise the early infilcration
cannot be imaged. A polyethylene glycol (PEG)
micelle combining a Gd base and functionalized
with tyrosine residues (which are lipophilic) has
been used in ApoE mice to demonstrate aortic
signal enhancement correlated with histological
presence of lipid [62].

Another component of the plaque morpho-
logy, along with a lipid-rich necrotic core, that has
been linked to high-risk disease is the presence
of hemorrhage, which has an association with
fibrous cap rupture and also subsequent clinical
events [63]. Imaging can already be used to detect
the presence of large areas of plaque hemorrhage
but the ability to detect much smaller areas at
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an earlier stage in the disease process could be
beneficial. The feasibility of imaging this in the
acute and subacute setting has been explored
using a number of agents specifically targeting
fibrin, which comprises thrombi.

Microthrombi atop the surface of ruptured
plaque are thought to constitute the originating
element in atheroembolic events. In a canine
model of thrombus, in vivo MRI detected
improved enhancement of external jugular
venous thrombus with use of Gd-bound antifi-
brin nanoparticles (Gd—diethylene triamine pen-
taacetic acid [DTPA]—bis-oleate [BOA]) com-
pared with standard Gd media [64]. This group
also illustrated MRI detection of human plasma
thrombi using this contrast medium. Subsequent
studies have shown that the use of a fibrin-bind-
ing peptide labeled with Gd-EP-1873 (EPIX
Medical Inc.) visualizes thrombi in a rabbit
model of atherosclerosis and plaque rupture with
positive MRI enhancement [65]. The time course
of arterial wall enhancement within 30 min of
contrast administration demonstrates the ability
of EP-1873 to highlight atherosclerotic plaque
rupture rapidly. Media targeting fibrin may offer
additional insight into plaque vulnerability in the
future with clinical development of agents, such
as EP-1873, and improvements in the degree of
enhancement with Gd—DTPA-phosphatidyleth-
anolamine- over Gd—DTPA-BOA-complexed
antifibrin [66]. EP-2104R, another similar anti-
fibrin Gd-based contrast agent, outperformed
noncontrast and nontargeted Gd—-DTPA MRI
in enhancing thrombus in an animal model of
thrombosis from directed injury and stasis [67).
That this method detects thrombus 77 vive and
has a temporal signal-enhancement decrease with
time with detection until 8 weeks after injury
may mean that future development could pro-
duce a fibrin-targeted agent that can both detect
and age thrombus. EP-2104R has been used in a
small Phase II trial of patients with good results
in enhancing intracardiac, aortic and carotid
thrombi on MRI [68,69].

Gadolinium in its currently available com-
mercial form has been used to explore plaque
neovascularization in patients who have a rea-
sonable degree of plaque burden. In the devel-
opment of neovascularization, the endothelial
cells of the microvessels express o B, -integrin, as
do the intimal and medial smooth muscle cells
in the plaque. Therefore, it is suggested that
a B,-integrin can be used as an early marker of
neovascularization and disease. In both rabbit
and mouse aortic models, which have been used
to test a Gd-based contrast media targeted to
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OLVBS—integrin, there have been promising results,
with good enhancement on MRI matched to
angiogenic vessels on histology [70-72]. Improved
enhancement has been gained by producing
a contrast medium targeted to two ligands
(instead of one) to improve uptake, namely of
OLVB3-integrin and galectin-1 [73].

Another potential set of targets expressed
by cells involved in the atherosclerotic process
(e.g., macrophages and smooth muscle cells) is
the endothelial cell-adhesion molecules. Of par-
ticular interest are VCAM-1, ICAM-1, P-selectin
and E-selectin. MRI of the mouse aorta using
VCAM-1-targeted Gd produced signal enhance-
ment, suggesting this as a possible methodology
for atherosclerotic imaging [74].

An overlapping area of interest for many
diseases, including atherosclerosis, as imag-
ing advances, is the ability to target apoptosis.
In the context of atheromatous disease, this is
particularly a concern in the so-called ‘vulner-
able’ plaques. Cells undergoing apoptosis may
now be specifically identified through the use
of annexin A5 (AA5), a 35-kDa plasma pro-
tein that binds to phosphatidylserine, which is
expressed on the surface of dying macrophages
and, to a lesser extent, smooth muscle cells [75].
Several animal models have looked at imaging
AAS5 uptake using nuclear medicine with suc-
cess, and have been extended into pilot clinical
studies to show SPECT detected enhancement
of carotid atherosclerosis [75.76]. To extend the
use of AA5 to take advantage of MRI’s higher
resolution, phantom and iz vitro MRI studies
of AA5 have been performed using AA5 with
crosslinked iron oxide [77] or Gd—DTPA-based
nanoparticles to visualize apoptotic cells [78].
Early animal trials of MRI using a micel-
lar form of AA5 with Gd-DTPA-DSA could
detect atherosclerotic lesions within the abdomi-
nal aorta in a recent study of ApoFE-knockout
mice [79]; also in this mouse model, non-AA5
contrast agents (complexed with Gd), identified
by phage display, demonstrated good colocali-
zation between MR detection of aortic athero-
sclerotic lesions and histological confirmation
of apoptotic cells (80.81). The method of imag-
ing, in the future, may also have the potential
for therapeutic intervention, as suggested by a
recent study showing reduced vascular inflam-
mation in hyperlipidemic mice treated with
AAS5 [82]. Targeted therapies using nanoparti-
cles for simultaneous imaging and treatment of
atherosclerosis are currently in development [83].
An alternative approach being explored ties two
of the previously mentioned pathways together.
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Instead of using phosphatidylserine as the target
of the contrast medium, it is being incorporated
into the Gd liposome. The rationale behind this
is that, as phosphatidylserine residues become
exposed on the apoptotic cell, phagocytosis
occurs through the macrophage scavenger-recep-
tor pathways. [n vitro and in vivo experiments
(mouse aorta) demonstrated signal enhancement
on T -weighted MRI that corresponded to the
presence of macrophages [84].

A number of matrix metalloproteinases
(MMPs) are implicated in the atherogenic
pathway and plaque destabilization. P947 is a
Gd-based contrast medium targeted to MMPs,
which has shown good discrimination between
plaques containing high and low levels of MMPs,
as well as excellent MR delineation of athero-
sclerotic plaque in the mouse model [85,86]. A
similar study in rabbits also demonstrated good
enhancement that correlated to MMP activity
on zymography [87].

Iron oxide-based contrast media

An advance in the use of contrast media for
the imaging of inflammation in atherosclerosis
has been the development of ultra-small para-
magnetic iron oxides (USPIOs) for MRI of the
carotid artery and aorta. Unlike traditional Gd,
USPIOs are taken up by macrophages within
the circulation, rather than being targeted to
receptors on them, and then the USPIO-laden
macrophages migrate into the atheromatous
plaque. Owing to the long circulation time
needed for USPIO to accumulate within plaque,
two imaging sessions are required with a delay
of 2-3 days from initial imaging and injection
of contrast media; the optimal imaging window
established for one of the compounds, ferumox-
tran-10, was 36—48 h postinjection [88]. When
imaged, USPIOs operate as negative contrast
medium, producing a signal loss rather than
enhancement on T, and T,* imaging, although
there can be some enhancement on T -weighted
images at low concentrations before magnetic
susceptibility effects outweigh the T, shorten-
ing effect (Ficure 3) [89]. There are serious limita-
tions preventing widespread clinical adoption
as there are concerns over the reproducibility of
signal change comparison between initial and
postcontrast scans, the need for two imaging ses-
sions and the delay between imaging sessions.
Nevertheless, unlike many of the other new
contrast media that will be discussed, USPIOs
have progressed from animal models [90-94]
and have been in use in humans for some time,
which has enabled contrast media to be used
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to demonstrate both pathogenesis and results of
clinical intervention. The initial human studies
of severe carotid atherosclerosis confirmed that
the signal loss detected matched the presence of
macrophages on histology [95.96], and that signal
loss has an association with vulnerable plaque
morphology [9697]. USPIO has also been used
to demonstrate inflammation in contralateral
mild-to-moderate stenosis of symptomatic indi-
viduals, suggesting that although their symp-
tomatic side has been surgically treated, their
contralateral stenosis is also at high risk of caus-
ing future clinical symptoms, as atherosclerosis
is a systemic, nonfocal disease [98]. One of the
most powerful demonstrations of the application
of contrast media in atherosclerosis has been the
Atorvastatin Therapy: Effects on Reduction of
Macrophage Activity (ATHEROMA) study [99].
This trial used the USPIO, ferumoxtran-10, to
demonstrate that even after only 12 weeks of
treatment, high-dose statin therapy had a ben-
eficial effect on carotid plaque inflammation,
whereas traditional imaging and measurements
demonstrated no changes at this early stage.

An alternative method of imaging inflamma-
tion with iron oxide particles, which is in the
early experimental stages, has used the prin-
ciple of utilizing HDL to target macrophage-
rich regions of plaque, but combined it with an
iron oxide as opposed to a Gd base, which was
described earlier [100]. /7 vitro experiments dem-
onstrated uptake of the iron oxide HDL into
macrophages and mouse studies histologically
showed the presence of the compound with the
atherosclerotic aortic plaque.

In asimilar way to the Gd media, iron oxide has
been used as the basis for targeted contrast media
with tags being attached for specific mediators
of the atherogenic pathway by conjugating with
antibodies. Microparticles of iron oxide (MPIOs)
targeted against endothelial cell-adhesion mol-
ecules, for both VCAM-1 and P-selectin, have
been successfully used in both the mouse model
and ex vivo specimens [101-103]. Early in vitro
and in vivo mouse work using USPIO tagged
for E-selectin showed positive results for vascular
endothelium, suggesting vascular inflammation
as a potential application [104]. A recent study has
also used an E-selectin-targeted USPIO to dem-
onstrate muscle inflammation, although no other
studies with vascular inflammation are currently
available [105].

As with Gd, platelets have also been used
as a potential target for MPIOs, through their
involvement in plaque hemorrhage and throm-
bus formation. Detection of small areas of
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hemorrhage was attempted by imaging activated
platelets using a MPIO targeted at the IIb/I1a
receptor [106]. A mouse carotid thrombus model
used to test the contrast media demonstrated
increased signal loss compared with control
MPIOs on MRI and a reduction in the signal
loss following thrombolysis.

B Manganese-based contrast media
Often overlooked is the potential use of man-
ganese-based agents in MRI. While there have
been initial investigations into the use of tar-
geting of manganese agents to atherosclerotic
plaque targets, these investigations have been
few in number and limited in extent. One study
employed LDL modified with manganese mes-
oporphyrin (MnMeso) with success in vitro
in shortening the T, of foam cells, which are
ubiquitous in the atheromatous plaque [44].
More recently, manganese nanobialys targeted
against fibrin was demonstrated to enhance
human clots in an experimental setting (43]. A
carotid injury model of rabbits using ethylen-
ediaminetetraacetic acid (EDTA)-complexed
manganese showed enhancement in regions of
vascular injury, but these results have not been
extended further [107). Thus, although the pre-
ponderance of contrast media research lies in
Gd and iron oxide particles targeted to athero-
sclerotic processes, there may be some utility in
examining manganese-based agents in greater
detail, as manganese-based agents appear to
avoid the risk of nephrogenic systemic fibrosis
seen infrequently with Gd use [108].

Ultrasound

Much of the new contrast media developments
have focused on MRI, but other imaging options
are also being explored. Ultrasound has many
benefits in terms of good resolution, wide avail-
ability and low cost, which makes it an attractive
option, and a more targeted approach to using
the microbubble contrast media mentioned
carlier is being explored. VCAM-1 is another
target in the atherogenic pathway and this has
been exploited by producing lipid-shelled micro-
bubbles with immunoglobulin against VCAM
attached to the surface [109.110). Enhancement
demonstrated on ultrasound in the mouse aortic
model correlated with microbubble endothelial
attachment to atherosclerotic regions. Recent
work that combined ultrasound imaging for
both VCAM-1 and P-selectin in the mouse aor-
tic model found that as early as at 10 weeks, wall
enhancement could be detected by the micro-
bubbles preferentially attaching to the regions
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Figure 3. T,* images of the common
carotid artery pre- and post-ultra-small
paramagnetic iron-oxide infusion. (A) The
right symptomatic side and (B) the contralateral
left asymptomatic side both demonstrate focal
signal loss due to the uptake of ultra-small
paramagnetic iron oxides, indicated by the
white arrowheads. The left images are
preinfusion for each vessel and right are
matched postinfusion.

of atherosclerosis [111]. This had also been pre-
viously attempted in vitro with ICAM-1 as a
target [112,113], and was progressed to the stage
of animal models in swine [114], but there is no
recent work in the literature using this marker
as a target.

Angiogenesis has been targeted with MR
contrast media for early detection of athero-
sclerosis. This pathogenic process has so far
been explored in the tumor animal model but
not for atherosclerosis using markers such as
ocv—integrin 110,115,116) and VEGF receptors [117.118].

A complication of atherosclerotic disease
is intraplaque and juxtaluminal hemorrhage.
Targeting the hemorrhage through the plate-
lets has shown promising results with the use
of an ‘immunomicrobubble’ containing a
Ib/1Ta-receptor inhibitor, which demonstrated
good detectability of carotid thrombi in a rat
model [119]. Previously high mechanical index
ultrasound pulses have been demonstrated to
have the capacity to lyse thombi in vessels in
conjunction with the administration of micro-
bubbles [120-122]. Activated platelet-targeted
microbubbles, using the glycoprotein 1Ib/I11a

receptor as the mediator, have been tested in
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swine and rats to enhance the localization of
the microbubbles to the thrombus. These were
associated with higher recanalization rates com-
pared with nontargeted microbubbles when
both were combined with high mechanical
index impulses [123,124].

Taking it a stage further, it has been suggested
that the imaging could be used to administer
targeted therapy. To this end, echogenic lipo-
somes, incorporating tissue plasminogen activa-
tor, have been developed and trialed on porcine
clots [125]. Ex vivo studies of the clots demon-
strated release of the drug with ultrasound and
clot lysis. This technique has been trialed, but is
not directly applicable to atherosclerosis, which
has suggested that water-soluble drugs are better
options for this type of drug delivery [126].

mCT

While most efforts in contrast media devel-
opment have been directed towards targeted
contrast media for MRI, there have been some
developments in CT-compatible agents. In a
manner similar to MRI, macrophages have
been targeted with a CT nanoparticle as a way
to detect atherosclerosis [127,128]. As with the tar-
geted MRI nanoparticles, the contrast medium
serves as the scaffold for the nanoparticle. Initial
work demonstrated that this new CT medium,
N1177 (Nanoscan Imaging), accumulated in the
macrophages of atherosclerotic plaques in rabbits,
and showed that this could be identified on CT
(Fieure 4) [129]. This CT enhancement has been
cross-correlated with both PET and histological
detection of inflammation [127].

The other goal identified, so far, for tar-
geted contrast medium in CT is HDL, using
the HDL-macrophage pathway of atheroscle-
rosis described previously. A gold HDL-laden
nanoparticle has been trialed in the mouse aorta
model [129]. CT imaging in conjunction with
iodinated contrast (for luminal delineation)
demonstrated accumulation of the gold nano-
particles in the aorta, which was colocalized to
the macrophages on histology. A potential limi-
tation of gold nanoparticle use in humans is the
limited understanding of their safety, especially
as some 72 vivo experiments show the potential
for cytotoxicity in selected cell types [130,131].

Conclusion

Contrast media is a fundamental part of cur-
rent everyday practice for the assessment of
atherosclerosis. New and exciting develop-
ments are taking place in the field of contrast
media, which are directly linked to increasing

Imaging Med. (2011) 3(3)

knowledge of the pathogenesis of atherosclero-
sis as a disease process. The initial expansion
of the use of contrast media led to the broader
application of existing media for alternative
imaging of the vessel wall as opposed to the
lumen, aiming to delineate neovascularization.
Newer contrast media have been developed for
MRI, ultrasound and CT, using both cellular
and molecular targets within the atherosclerotic
pathway, with the aim to detect specific proc-
esses within atherogenesis and at a much earlier
stage in atherosclerosis.

Future perspective

As the understanding of the disease process devel-
ops and the evidence for the features of vulner-
able disease builds, the remit of contrast media
will expand. We are moving from a diagnostic
methodology of imaging after a clinical event to
eventually, hopefully, imaging in the very early
subclinical stages of disease with the aim to pre-
vent clinical events from occurring. There is a
move to advance imaging from a diagnostic aid to
an interventional procedure, in which molecular
targets can be employed to direct pharmacologic
agents directly to the site of atherosclerosis. For
contrast media, the first stage is to make this a
more targeted imaging approach, which may well
entail multimodality imaging to optimize spatial
resolution and sensitivity to vulnerable plaque
characterization. The next step in the much more
distant future will be to use this targeted imaging
to guide or administer therapeutic intervention,
such as in the case of AA5.

The first step in this exciting field is for many
of these new contrast media to progress from the
preclinical arena into eatly-phase clinical studies
to identify which of these myriad of proposed
compounds are clinically safe and feasible.
Ultimately, a prospective assessment of the asso-
ciation between imaging findings and the risk of
vascular events is the true test of these nascent
targeted imaging compounds. Clinically, per-
tinent contrast media should identify vulner-
able lesions associated with a high incidence of
vascular events, and have a high negative pre-
dictive value to exclude stable atherosclerotic
plaque. Of the many contrast media currently
in development, the most promising advances
have occurred in the realm of MRI. Gd directed
against fibrin for the visualization of thrombi
shows great promise in terms of clinical adop-
tion; in the case of one agent in particular,
EP-2104R, initial Phase II trials have already
been reported and the promise of detecting
intravascular thrombus in vulnerable plaques
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is great. Agents employing iron oxide particles
are still hampered by their delayed nature, the
need for multiple imaging sessions to detect sig-
nal loss owing to paramagnetic effects and the
difficulty in interpreting signal changes result-
ant from iron oxide uptake. Other more novel
agents, such as gold nanoparticles, are presently
limited by a dearth of safety documentation and
scant clinical validation. These non-Gd agents
should be vetted in prospective trials with long-
term follow-up as they may yield great benefit
in averting the uncommon, though concern-
ing, risk of nephrogenic systemic fibrosis seen
in some Gd products.

Attempts to use agents in modalities other
than MRI will become of even greater impor-
tance, as costs of healthcare rise and access to
care widens. A CT contrast media of recent
interest is N1177, which is taken up by macro-
phages in inflamed atherosclerosis. The clini-
cal potential of having a CT-based agent that
is targeted to inflammatory mediators could
offer the amalgamation of the speed, ease and
availability of CT evaluation with detailed
plaque vulnerability characterization formerly
exclusive to MRI-based imaging studies.
Greater research interest in the field of targeted
CT-based contrast media, and particularly,
media that may be jointly used in both CT and
MRI modalities, would offer a broader ability
to detect atherosclerosis.

Contrast-enhanced ultrasound may, in the
future, compete with the high spatial resolu-
tion of MRI but, at present, its research foun-
dation is small. The properties of microbubbles
necessitate rapid imaging after infusion, and
current measures of uptake are largely quali-
tative grading scales. An expansion of plaque
imaging with contrast-enhanced ultrasound
to include 3D imaging and validated quanti-
fication models is needed before this modal-
ity can attain clinical pertinence. In addition,
concerns over the effect of operator skill have
not yet been explored. However, the potential
is great for contrast-enhanced ultrasound as
ultrasound is an affordable, safe and common
method of potentially ascertaining plaque vul-
nerability while assessing degree of stenosis in
the carotid arteries.

Application of these atherosclerosis imag-
ing methods to peripheral vessels outside of the
usual cardiovascular and cerebrovascular and
extracranial vessels will also be important in
the future, with increasing recognition of the
importance of peripheral vascular disease and
its association with atherosclerosis in the other

future science group

Figure 4. Plaque images with a targeted CT
contrast medium in the rabbit aorta. Axial
CT images of the rabbit aorta — atherosclerotic
plaque indicated by white arrowhead —

(A) before administration, (B) during
administration, (C) 2 h after injection of N1177,
a macrophage-targeted CT contrast medium,
and (D) compared with conventional contrast
medium. The plaque is demonstrated on (C),
with the new medium, but not on (A) and (D).
(E) Plague (white arrow) was identified as
high-density regions on CT angiography 2 h
after infusion of N1177, (F) while no plaque was
visualized when standard contrast was
employed and (G) no enhancement was seen in
a control animal. Values in (E-G) are in
Hounsfield units. Asterisks indicate the spleen.
Reprinted with permission from [128], © Nature
Publishing Group (2007).

vascular beds. The challenge remains to develop
contrast media that are targeted to particular
aspects of the atherosclerotic process to yield
clinically useful information about the risk of
vascular events. Only with large, prospective tri-
als of these novel agents will clinicians be able
to infer the relative utility of these advances,
which, to-date, are largely restricted to small
pilot studies. Atherosclerosis is a ubiquitous
problem for developed countries, and the need
for risk stratification of individuals with athero-
sclerotic plaque will only increase with rising
worldwide life expectancy. Contrast media
developments, such as those discussed herein,
may offer a means of addressing this growing
disease burden.
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Executive summary

Atherogenesis as a potential target for contrast media
= Assessment of plaque risk is moving beyond the degree of stenosis to plaque characterization.
= The early stages of the atherogenic process are potential targets for new contrast media.
Current use of contrast media in clinical practice

= lodinated contrast media are used for CT and digital subtraction angiography in the assessment of atherosclerosis.
= Gadolinium-based contrast media is used for carotid and peripheral angiography.
Wider application of standard contrast media

= Gadolinium-based contrast media are used to delineate carotid plague components.
= Gadolinium-based contrast media have been used to demonstrate carotid plaque neovascularization.

= Microbubble contrast media for ultrasound have been used to demonstrate carotid plagque neovascularization.
New contrast media

New targeted contrast media are being developed for all imaging modalities.
Ultra-small paramagnetic iron oxides have been used to image inflammation with MRI in vivo.

Magnetic resonance media have been targeted to multiple parts of the atherosclerotic pathway including macrophages, scavenger
receptors, high-density lipoprotein, low-density lipoprotein, thrombus, neovascularization, o .-integrin, endothelial cell-adhesion

molecules, apoptosis and matrix metalloproteases.

Microbubble imaging with ultrasound has been used to image endothelial cell-adhesion molecules and thrombus.
CT imaging has been performed targeted against macrophages and high-density lipoprotein.
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