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MRI Magnetic resonance imaging
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1 Introduction

For about half a century invasive angiography has been
considered the gold standard in cardiovascular imaging.
Angiography provides a high-resolution image of the lumen
diameter which makes it able to accurately identify the
presence of a lumen narrowing atherosclerotic plaque. In
clinical practice the degree of lumen stenosis determined
by angiography is frequently the main determinant for the
initiation of invasive therapy.

In recent decades it has become apparent that the majority
of acute cardiovascular events result from plaques that do
not cause a significant stenosis on angiography. A plaque’s
composition, morphology, and biological processes influence
its risk on rupture and thrombosis, which consequently
may cause acute cardiovascular events [1–4]. Plaques with
properties that make it at risk for rupture and thrombosis have
been defined as vulnerable plaques [5]. Two major types of
vulnerable plaques have been identified, the rupture prone
plaques and the eroded plaques. The rupture prone plaques
are thin-cap fibroatheromas, which are characterized by a
thin fibrous cap overlying a large necrotic core, contain-
ing little smooth muscle cells but numerous macrophages.
Eroded plaques have a loss or dysfunction of the luminal en-
dothelium leading to thrombosis, without structural defect to
the plaque beyond the endothelium. Eroded plaques are often
rich in smooth muscle cells and proteoglycans (Fig. 24.1)
[6, 7].

The identification of these vulnerable plaques is expected
to improve the prediction of future cardiovascular events.
The noninvasive imaging techniques currently available in
clinical practice are, besides identifying the degree of lumen
stenosis, capable of evaluating plaque size, plaque mor-
phology, and a number of plaque components. However,
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Fig. 24.1 Different types of vulnerable plaque as underlying cause
of acute coronary events and sudden cardiac death. (a) Rupture-
prone plaque with large lipid core and thin fibrous cap infiltrated by
macrophages. (b) Ruptured plaque with subocclusive thrombus and
early organization. (c) Erosion-prone plaque with proteoglycan matrix

in a smooth muscle cell-rich plaque. (d) Eroded plaque with suboc-
clusive thrombus. (e) Intraplaque hemorrhage secondary to leaking
vasa vasorum. (f) Calcific nodule protruding into the vessel lumen. (g)
Chronically stenotic plaque with severe calcification, old thrombus, and
eccentric lumen. Reproduced with permission from Naghavi et al. [5]

especially in the early stages of development the size of most
plaque components is too small to accurately image with the
current spatial resolution [8, 9]. To date the identification
of individual plaque components has not yet resulted in a
clinically relevant improvement in prediction [10].

The use of molecular imaging to identify biological pro-
cesses associated with plaque development and vulnerability
could further improve prediction of cardiovascular events.
Additionally molecular imaging could detect plaque in an
earlier phase of development and provide new insights into
the natural history of atherosclerotic disease, and aid the de-
velopment of new therapies by target selection and validation
in vivo, and monitoring of treatment effects [11–13].

The members of the Molecular Imaging Center of
Excellence Standard Definitions Task Force have defined
molecular imaging as the visualization, characterization,
and measurement of biological processes at the molecular
and cellular levels in humans or other living systems [14].
Jaffer and Weisleder have formulated four key questions
that need to be addressed before molecular imaging can be
applied [15].
1. Is there a molecular target relevant to the disease of

interest?
2. Once the target is selected, is there a high-affinity ligand

that will bind to the target?
3. What is the appropriate molecular imaging modality to

provide the required spatial resolution, sensitivity, and
depth penetration for the disease?

4. For a given imaging modality, can a molecular imaging
agent be synthesized to detect the desired molecular
target?
This chapter will review the use of noninvasive molecular

imaging for the detection of inflammation and intraplaque
neovascularization, two closely related and essential
factors in plaque vulnerability. We will focus on the
challenges in molecular imaging using nuclear imaging,

magnetic resonance imaging (MRI), ultrasound, computed
tomography (CT), and multimodality imaging for the
evaluation of vulnerable plaques. Implementation of these
modalities, for both molecular imaging and molecular guided
therapy, will be addressed.

2 Inflammation and Intraplaque
Neovascularization

Several molecular targets involved in atherosclerosis have
been identified in basic research [16]. Inflammation and
neovascularization are of special interest for molecular imag-
ing due to their expression of endothelial markers in the
lumen. Many of the molecular contrast agents are relatively
large and are therefore restricted to intraluminal targets.
The intraluminal expression of molecules associated with
neovascularization and inflammation allows for easy target-
ing. Furthermore, their involvement in the earliest stages
of plaque development makes them interesting targets for
early detection of plaque development, even before intimal
thickening occurs.

The development of an atherosclerotic plaque has long
been thought of as a disease originating from the lumen–
intima border, initiated by the diffusion of lipids and trans-
portation of monocytes over the luminal endothelium. How-
ever, in recent years evidence has been gathered to support
the role of the adventitial side of the vessel wall, especially
the vasa vasorum, in plaque development [17]. The vasa
vasorum form a microvascular network in the vessel wall of
large arteries that provides the vessel wall with oxygen and
nutrients. The vasa vasorum have been reported to provide
an additional endothelial surface area of 17% of the main
lumen endothelial surface in normal coronary arteries [18].
This number can rise to about almost 70% in regions with
non-calcified plaques [18, 19].
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Fig. 24.2 Sketches of the three
types of vasa vasorum found in
the wall of cow aortae [inspired
by Schoenenberger and Mueller
157]. In the Schoenenberger and
Mueller study, vasa vasorum
interna (left panel) originated
directly from the aorta’s main
lumen, and vasa vasorum externa
(mid panel) originated from
intercostal branches deriving
from the main lumen and dived
back into the aortic wall. Venous
vasa vasorum (right panel)
developed in the aortic wall and
finally drained into branches of
concomitant veins. Reproduced
with permission from Gössl et al.
[25]

All cells in the human body are dependent on the vascular
system for delivery of oxygen and nutrients. The majority
of cells of the arterial vessel wall obtain their oxygen and
nutrients by diffusion from the main lumen. However, in
vessel walls more than 29 lamellar units thick, diffusion from
the lumen is no longer sufficient. In these arteries the delivery
to the adventitia and outer media is supplemented by vasa
vasorum [20–24].

In humans vasa vasorum are present in all arteries with
a vessel wall thickness >0.5 mm [24]. The majority of vasa
vasorum originate from side branches of the main artery and
enter the arterial wall from the abluminal side (vasa vasorum
externa; Fig. 24.2), though vasa vasorum originating directly
from the main lumen (vasa vasorum interna) are present as
well. Additionally a network of venous vasa vasorum has
been identified that drains to veins in proximity to the artery
[25]. In a normal vessel the vasa vasorum are restricted to
the adventitia and outer parts of the media. However, in
atherosclerotic vessels neovascularization sprouting from the
vasa vasorum into the intimal parts of the plaque has been
found [26, 27]

Intraplaque neovascularization has gained interest as a
factor in the development, progression, and vulnerability
of atherosclerotic plaques. Pathologic studies have shown
that the presence of intraplaque neovascularization, espe-
cially in the plaque shoulder where the plaque is most
vulnerable to rupture, is associated with vulnerable and
symptomatic plaques [18, 26–28]. Additionally, the presence
of intraplaque neovascularization has been found to be an
independent predictor of intraplaque hemorrhage and plaque
rupture [27, 29]. Hellings et al. [30] investigated whether
plaque composition is associated with the occurrence of fu-
ture cardiovascular events. Endarterectomy specimens were
collected for histology and patients were followed for 3

years after endarterectomy. Patients with intraplaque neo-
vascularization or intraplaque hemorrhage were found to be
at increased risk for a combined endpoint of cardiovascular
events (fatal or nonfatal stroke, fatal or nonfatal myocardial
infarction, sudden death or other vascular death) and any
arterial vascular intervention not planned at time of inclusion
(Fig. 24.3). The presence of macrophages, a large lipid
core, calcifications, collagen, or smooth muscle cells was not
associated with clinical outcome [30].

The association between intraplaque neovascularization,
intraplaque hemorrhage, and cardiovascular events is thought
to be due to the poor structural integrity of the newly
formed vasa vasorum [31]. The majority of neovessels in
symptomatic plaques are highly irregular in shape, while
very few of these irregular vessels are present in asymp-
tomatic plaques [32]. The newly formed microvessels are
thin-walled, with incomplete or absent endothelial gap junc-
tions. This may result in the extravasation of lipids, inflam-
matory cells, and red blood cells, and risks the collapse of
microvessels, causing intraplaque hemorrhage (Fig. 24.4).
This will contribute to lipid core growth and sustained
plaque inflammation, thus the progression into more ad-
vanced plaques [33, 34]. Consequently plaques with a high
density of neovascularization are at an increased risk of
plaque rupture [35, 36].

Angiogenesis, the sprouting of new microvessels from an
existing microvascular network, is the main process resulting
in neovascularization of atherosclerotic plaques [35, 37].
Key factors initiating angiogenesis in atherosclerosis are
still largely unknown. Developments in tumor research
have greatly increased our knowledge about the processes
that take place during neovascularization and identified
several factors that can initiate neovascularization such as
metabolic stress (hypoxia, acidosis, or hypoglycaemia),
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Fig. 24.3 Kaplan–Meier
survival curves of plaque
histology vs. primary outcome
(vascular event and vascular
intervention) for plaque
hemorrhage (a): absent (dashed
line) vs. present (continuous line)
and intraplaque vessel density
(b): <8 (average number of
vessels per hot spot, dashed line)
vs. �8 vessels (continuous line).
The number of patients at risk for
systemic cardiovascular events at
0, 1, 2, and 3 years is provided.
Reproduced with permission
from Hellings et al. [30]

Fig. 24.4 Plaque microvessels
show a compromised structural
integrity and a modified
expression profile of adhesion
and junctional molecules, thus
permitting extravasation of
inflammatory cells and soluble
factors as well as the occurrence
of microhemorrhages. The
resulting reactive
microenvironment may support
further plaque growth and plaque
vulnerability. Ang angiopoietin,
FGF fibroblast growth factor, Hb
hemoglobin, HGF hepatocyte
growth factor, HIF
hypoxia-inducible factor, PDGF
platelet-derived growth factor, VE
vascular endothelial, VEGF
vascular endothelial growth
factor. Figure illustration by Rob
Flewell. Reproduced with
permission from Mause and
Weber [31]

mechanical stress (pressure generated by proliferating cells),
immune/inflammatory response (immune/inflammatory cells
that have infiltrated the tissue), and genetic mutations [38].

Hypoxia has been found to be one of the most impor-
tant stimuli for angiogenesis in several diseases [39, 40].
Upregulation of hypoxia-inducible factors has been found in
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Table 24.1 Brief comparison of technological features of noninvasive imaging modalities used in clinical practice

Imaging
modality

Spatial
resolution
(mm)

Acquisition
time/frame (s)

Sensitivity of
detection (g/ml)

Anatomical
detail

Plaque
composition Advantages Disadvantages

PET 3–8 1–300 <10�12 � � Quantitative
measurements

Ionizing radiation

Short half-life
tracers
Expensive
equipment
Requires on-site
cyclotron

SPECT 5–12 60–2,000 >10�9 � � Multiple isotope
imaging

Ionizing radiation

MRI 0.1–0.2 50–3,000 >10�6 CC CCC No ionizing radiation Contrast-induced
systemic fibrosis

Widely available
Ultrasound 0.1–1.0 0.05–1 NA C C No ionizing radiation Limited penetration

depth
Widely available Obligatory

intravascular
contrast agent

Inexpensive
Real-time imaging

CT 0.5–1 1–300 >10�3 CCC C Coronary imaging Ionizing radiation
Widely available Contrast

nephrotoxicity

CT computed tomography, MRI magnetic resonance imaging, NA not available, PET positron emission tomography, SPECT single photon emission
computed tomography. Table based on ten Kate et al. [154]

atherosclerotic plaques [41, 42]. Though hypoxia may arise
due to the increasing distance between the vessel lumen and
plaque core, this is unlikely to be the main culprit, since
angiogenesis is already present in early stages of plaque
development when intimal thickening is negligible [43–46].
Hypoxia is thought to be primarily determined by the in-
creased oxygen demand caused by plaque inflammation [35].

Inflammation is one of the hallmarks of plaque develop-
ment and vulnerability and inflammatory cells have generally
been accepted to play a key role in the early stages of
plaque formation. In the early stages the vessel wall is
infiltrated by lipoproteins and as a response the endothelium
expresses leukocyte adhesion molecules. Monocytes in the
lumen adhere to the adhesion molecules and extravasate
into the subintimal space [47]. The influx of monocytes and
their subsequent differentiation into mature and activated
inflammatory cells increases the metabolic demand in the
vessel wall. If the supporting vasculature is insufficient this
will result in a hypoxic state and increased oxidative stress.
This hypothesis has been supported by the presence of
both hypoxic and inflammatory factors, such as hypoxia-
inducible factor-1’ (HIF-1’), nuclear transcription factor-
kappa B, tumor necrosis factor-’, and interleukin-6 and an
increased number of superoxide anions in atherosclerotic
plaques. Furthermore, these factors have been found to be co-
localized with intraplaque neovascularization [41, 48, 49].

3 Imaging Modalities

The noninvasive imaging modalities currently utilized in
clinical practice are after the administration of a specialized
contrast agent (e.g., iron oxide, gadolinium, microbubbles,
radionuclides, iodine, gold, bismuth) capable of molecular
imaging (Table 24.1).

Nuclear Imaging Nuclear imaging includes a number of
techniques that are all dependent on a physical signal emitted
by a radionuclide tracer. The two predominant techniques
currently in use are positron emission tomography (PET)
and single photon emission computed tomography (SPECT).
Both techniques have a high penetration depth and are
capable of 3D whole body scanning.

Inherent to the dependency on a physical signal is the
very high sensitivity with which nuclear imaging can detect
the molecular tracer [50]. The main drawbacks of nuclear
imaging are the limited spatial resolution, and the lack of
anatomical information. This is partially overcome by co-
registration with either CT or MRI to provide high-resolution
anatomical information. The use of radionuclide tracers has
the inherent problem of radiation exposure of both personnel
and patient. Though the radiation doses currently used in
clinical practice are safe, the effect of cumulative radiation
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exposure should be taken into account when performing
repeated measurements.

Magnetic Resonance Imaging MRI molecular imaging is
performed using either gadolinium or superparamagnetic
iron oxide compounds (SPIOs) that influence the magnetic
resonance signal. MRI provides a sub-millimeter spatial
resolution and good soft tissue contrast, thus providing
an excellent evaluation of anatomical structures. In recent
years increasing field strengths and improved coil designs
have resulted in higher signal-to-noise ratios, contrast-to-
noise ratios, and resolutions, while reducing scanning times.
Additionally MRI can obtain anatomic, physiologic, and
metabolic information in one session.

The primary disadvantage is the low sensitivity for the
detection of the contrast agent compared to nuclear tech-
niques [51]. Additionally the use of gadolinium has been
associated with nephrogenic systemic fibrosis, especially in
patients with reduced renal function [52].

Ultrasound B-mode and Doppler ultrasound are the most
frequently utilized imaging modalities in clinical practice.
Ultrasound has a high spatial resolution, which provided
excellent anatomical information. Ultrasound contrast agents
consist of gas-filled microbubbles stabilized by a lipid or
protein shell. For molecular imaging ligands can be bound
to these microbubbles. When using specific pulse sequences
ultrasound is capable of specific contrast imaging, which
eliminates the signal of the surrounding tissue. This makes
ultrasound very sensitive for the detection of contrast agent
[53]. Untargeted ultrasound contrast agents have been used
in echocardiography for decades and have been proven safe
in large multicenter studies [54, 55].

Ultrasound has a superior temporal resolution, which
makes it the only technique currently available for real-time
imaging. However, the penetration depth and 3D scanning
capabilities are limited. Another important limitation is the
relatively large size (1–5 �m) of the microbubbles, making
them obligatory intravascular tracers. However, this makes
them well suited for identifying the presence of vasculature,
since the presence of contrast agent indicates the presence of
a vessel.

Computed Tomography CT (especially the latest genera-
tions of multislice and dual source CT) provides a high-
resolution image with very short acquisition times, good
penetration depth, and full body scanning capabilities. CT
is currently the only noninvasive technique in clinical prac-
tice with sufficient resolution, penetration, and speed to
accurately image the coronary arteries in a beating heart.
CT provides good anatomical information; however, it is
poor in soft tissue contrast. However, the use of CT for

molecular imaging of the coronary arteries has not yet been
investigated.

Molecular CT contrast agents are in early stage of
development. Molecular contrast agents based on iodine,
gold, and bismuth have been developed; however, they have
not yet been investigated in humans [56–59]. The use of
ionizing radiation potentially limits the use of CT, though
the radiation dose in cardiovascular imaging has substantially
been reduced in recent years [60]. From clinical practice it
is known that iodine contrast agents can induce a contrast
nephropathy, limiting its use in patients with decreased renal
function [61].

Multimodality Imaging is being explored to improve the
accuracy of examinations. The currently available modalities
each have their limitations as previously described. When
using multiple imaging modalities the advantages of each
individual modality can be used to the other modalities’
limitations, in order to improve the overall accuracy. In
clinical practice multimodality imaging is already used by
combining nuclear imaging with co-registration of either
CT or MRI. This allows for the combination of the highly
accurate and quantifiable assessment of biological activity
by nuclear imaging with the high-resolution anatomical in-
formation provided by CT or MRI (Fig. 24.5) [62, 63].

The use of multimodal contrast agents is currently lim-
ited to preclinical research. A number of probes have been
developed that enable both in vivo and ex vivo molecular
imaging (e.g., MRI and fluorescence [64]). However, probes
that are detectable with multiple in vivo imaging modalities
(e.g., MRI and PET [65]) are sparse. The development of
multimodal probes could help achieve high sensitivity and
high spatial resolution.

4 Molecular Targets

Leukocyte Adhesion Molecules The expression of leukocyte
adhesion molecules is a marker of endothelial dysfunction
and is pivotal in the initiation of vessel wall inflammation
[47]. Since adhesion molecules are expressed in the vascular
lumen they are easily accessible to molecular contrast agents.
Frequently investigated adhesion molecules include vascular
cell adhesion molecule-1 (VCAM-1), intercellular adhesion
molecule-1 (ICAM-1), and selectins. VCAM-1 and ICAM-1
and selectins are expressed by the luminal endothelium over-
lying the atherosclerotic plaque. However, the most dominant
expression has been found at the adventitial site of the plaque
and correlated with sites of vasa vasorum neovascularization,
vascular permeability, and a high number of inflammatory
cells [66, 67].
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Fig. 24.5 The upper row (from left to right) shows PET, contrast
CT, and co-registered PET/CT images in the sagittal plane, from
a 63-year-old man who had experienced two episodes of left-sided
hemiparesis. Angiography demonstrated stenosis of the proximal right
internal carotid artery; this was confirmed on the CT image (black
arrow). The white arrows show FDG uptake at the level of the plaque in
the carotid artery. As expected, there was high FDG uptake in the brain,

jaw muscles, and facial soft tissues. The lower row (from left to right)
demonstrates a low level of FDG uptake in an asymptomatic carotid
stenosis. The black arrow highlights the stenosis on the CT angiogram,
and the white arrows demonstrate minimal FDG accumulation at this
site on the FDG-PET and co-registered PET/CT images. Reproduced
with permission from Ross et al. [93]

VCAM-1-targeted MRI contrast agents have utilized
VCAM-1’s ability to internalize ligands, resulting in
accumulation of the contrast agent. In vivo VCAM-1-
targeted magnetofluorescent nanoparticles were shown to
be able to identify VCAM-1 expression in atherosclerotic
lesions by MRI, which was confirmed by fluorescence
imaging and histology [68, 69]. In ex vivo endarterectomy
specimens it was confirmed that the VCAM-1-targeted
contrast agents co-localized with VCAM-1 expressing
endothelial cells in human plaques as well [69]. Additionally
it was shown that statin therapy reduced the contrast
enhancement caused by the VCAM-1-targeted contrast on
MRI and fluorescence imaging (Fig. 24.6), which correlated
with reduced expression of VCAM-1 on histology [69].
(Table 24.2).

A VCAM-1-targeted contrast agent has also been de-
veloped for ultrasound [70]. In vitro experiments showed
that VCAM-1-targeted microbubbles were able to attach to
activated murine endothelial cells, even under a pulsatile
high shear stress condition. Subsequent in vivo experiments
showed ultrasound signal enhancement in the aortic plaques
of apoE-deficient mice within 10 min after contrast injection
[70]. These results suggest that VCAM-1-targeted microbub-
bles could provide a fast molecular imaging technique. The
availability of a fast molecular imaging technique could be
advantageous for clinical practice.

Similarly, ICAM-1-targeted microbubbles were shown to
specifically bind to endothelial cells expressing ICAM-1

in vitro [71]. In vivo ICAM-1-targeted microbubbles were
found to attach to what are described as early stages of the
atherosclerotic plaque (Fig. 24.7) [72]. Though this study
showed that ultrasound might be capable of identifying the
early stages of atherosclerotic vascular disease, no histology
was performed to confirm this finding.

Selectin-targeted contrast agents have been developed
but not yet investigated for the imaging of atherosclerotic
plaques. Both e-selectin- and p-selectin-targeted SPIO com-
pounds have shown binding to human endothelial cells in
vitro and a concomitant significant T2 signal decrease on
MRI [73–75]. e-Selectin-targeted MRI contrast agents have
been used in vivo to identify inflammation in hepatic and
muscle tissue of mice [76, 77].

Inflammatory Cells The activated endothelium releases
chemoattractants to recruit monocytes. These subsequently
enter into the sub-endothelial space where they differentiate
in mature inflammatory cells. Macrophages are the most
prevalent inflammatory cell in the atherosclerotic plaque
and play a major role in the pathophysiology of plaque
vulnerability [78]. The macrophages can cause a maladapted
chronic inflammatory response that will aid the expansion
of the sub-endothelial layer due to the accumulation of
cells, lipids, and matrixmolecules [78]. The presence
of macrophages in the plaque has been found to be
closely associated with intraplaque neovascularization [79].
Macrophages both use the vasa vasorum neovascularization
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Fig. 24.6 Noninvasive MRI assessment of VCAM-1 expression after
atorvastatin administration. (a) Short-axis MRI of the aortic root of
an untreated apoE�/� mouse on a high cholesterol diet (HCD) after
injection of a VCAM-1-targeted nanoparticle (VINP-28) with color-
coded signal intensity. The red color encodes high VCAM-1 expression.
(b) MRI of HCD C atorvastatin-treated apoE�/� mouse after VINP-
28 injection. An attenuated signal drop in the aortic root wall com-
pared with untreated mouse was noted. (c) After injection of VINP-
28, the MRI contrast-to-noise ratio diminished in atorvastatin-treated

mice (mean ˙ SD; *P < 0.05 versus HCD). (d, e) Near-infrared (NIR)
microscopy of the aortic roots depicted in a and b. Fluorescent signal
originating from VINP-28 comprised the whole-root circumference (d),
but less so in atorvastatin-treated mice (e). (f, g) Fluorescent reflectance
imaging of the excised aorta of an untreated (f) and atorvastatin-
treated (g) mouse showed reduced NIR signal in statin-treated mice.
(h) The target-to-background ratio was reduced in aortas of treated mice
(mean ˙ SD;*P < 0.05 treated vs. untreated mice). Reproduced with
permission from Nahrendorf et al. [69]

Table 24.2 Available studies on potential molecular targets involved in neovascularization and inflammation of the atherosclerotic plaque

Target Nuclear imaging MRI Ultrasound CT
In vivo
imaging

Atherosclerosis
model

Leukocyte adhesion molecules

VCAM-1 [68, 69, 75] [70, 132] Animal Yes
ICAM-1 [155] [71, 72, 133] Animal Yes
e-Selectin [73, 74, 76, 77] [133] Animal No
p-Selectin [75] [132, 134] No Yes

Inflammatory cells

Phagocytosis [80–87] [56] Animal Yes
Macrophage metabolism [88–100] Animal Yes

Human Yes
MMP [103] [102] Animal Yes
Myeloperoxidase [104] Animal Yes

Angiogenesis

VEGFR2 [113–115, 134] Animal No
Endoglin [112] [113] Animal No
Integrin ’v“3 [122–125] [120, 121] [114, 126, 127, 134] Animal Yes

Human No
Fibronectin ED-B [130, 131] Animal No

Human No

CT computed tomography, ED-B extra-domain B, MRI magnetic resonance imaging, VEGFR2 vascular endothelial growth factor receptor 2,
ICAM-1 intercellular adhesion molecule-1, MMP matrix metalloproteinase, MRI magnetic resonance imaging, VCAM-1 vascular cell adhesion
molecule-1

as a port of entry into the plaque and excrete a myriad
of proangiogenic molecules aiding the expansion of the
microvascular network.

Macrophages provide a number of attractive targets for
molecular imaging. Their ability to phagocytose molecules

can be utilized to accumulated contrast agent. This should
improve the target-to-background ratio and thus the ac-
curacy with which contrast agent can be detected. Ac-
tivated macrophages have been shown to internalize and
concentrate a number of nanoparticles. For example, in
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Fig. 24.7 Transvascular
ultrasound images of an
atherosclerotic left carotid artery
of a Yucatan miniswine. (a) After
injection of saline. (b) After
injection of unconjugated
liposomes (arrows point to
liposomes within the lumen). (c)
After injection of
anti-ICAM-1-labeled liposomes
(arrows point to liposomes
attached to the atherosclerotic
plaque). Reproduced with
permission from Demos
et al. [72]

vitro macrophages have been shown to actively phagocytose
dextran-coated SPIO nanoparticles under the influence of
cytokines, serum components, and statin treatment [80]. Sim-
ilarly, both gadolinium micelles and iodinated nanoparticles
have been shown to be internalized by macrophages [56, 81].

Dextran-coated SPIO nanoparticles have been investi-
gated in human endarterectomy patients. The SPIO nanopar-
ticles were shown to be to be able to identify macrophages
in vivo [82–86]. However, due to the long interval between
pre- and post-contrast scans (�24 h) the clinical application
of SPIO nanoparticles seems limited.

The Atorvastatin Therapy: Effects on Reduction of
Macrophage Activity (ATHEROMA) Study investigated
the effects of low-dose (10 mg) and high-dose (80 mg)
atorvastatin on carotid plaque inflammation as determined
by ultrasmall SPIO compound. The primary endpoint was
the change in signal intensity from baseline after 6 and
12 weeks of either low-dose or high-dose atorvastatin.
Both at 6 and 12 weeks there was a significant reduction
in signal intensity from baseline in the high-dose group
(Fig. 24.8). There was no difference observed in the low-dose
group [87].
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Fig. 24.8 T2*-weighted MRI images of the right common carotid
artery of a patient receiving 12 weeks of high-dose atorvastatin (80 mg)
treatment. Imager were taken before (left) and after (right) ultrasmall
superparamagnetic iron oxide (USPIO) infusion at time points 0 (a and
b) and 12 weeks (c and d). (b) USPIO uptake can clearly be seen in
the plaque at baseline (yellow arrowheads). (c) USPIO has been cycled
out of the plaque before reinfusion at 12 weeks (red arrowheads).
(d) The plaque enhances at 12 weeks (blue arrowheads), indicating

that the high-dose statin treatment has damped the USPIO-defined
inflammation. Plaque segmentation was performed using a combination
of multicontrast sequences. The cross hairs centered through the middle
of the lumen divide the vessel into quadrants. Signal from artifact,
extravascular structures, and the luminal blood pool (green asterisks)
are excluded from the analysis. Reproduced with permission from Tang
et al. [87]

To further improve the accumulation of contrast agent
molecular contrast agents have been targeted at the
macrophage scavenger receptors, to induce uptake of the
molecule. In an in vivo study Lipinski et al. showed that
the uptake of gadolinium immuno-micelles targeted at the
macrophage scavenger receptor was significantly higher than
nontargeted micelles. These promising results suggest that
scavenger receptor-targeted contrast agents may improve the
detection of macrophages [81].

A second characteristic that can be identified is the
high metabolic activity of activated macrophages. The
presence of activated macrophages in the atherosclerotic
plaque will increase the metabolic activity at that location.
The increased metabolic activity can be visualized by 18F-
fluorodeoxyglucose (FDG) PET, a radionuclide-labeled
glucose analogue taken up by cells in proportion to their
metabolism, especially glycolysis. FDG-PET is readily used
in clinical practice to identify the presence of malignant
metastasis. In cancer patients it was observed that the
presence of FDG uptake in the arterial wall was associated

with the presence of atherosclerotic vascular disease [88]
Subsequently, the in vivo visualization and quantification
of plaque inflammation by FDG-PET has been validated
against histology in animals [89–92] and humans [93–97].

The use of FDG-PET has been shown to identify possi-
ble culprit lesions that were not identified by angiography.
Davies et al. [98] investigated 12 patients who had all
suffered a recent transient ischemic attack. Ten patients had
a high FDG uptake in a plaque in the vascular territory com-
patible with the symptoms. Three of those were non-stenotic
plaques which were not identified as the culprit lesion on
angiography. This study shows the possibility of FDG-PET
to identify relevant carotid lesions beyond stenosis. However,
no histology was obtained to confirm the findings [98].

Rominger et al. [99] followed a cohort of 334 cancer
patients asymptomatic for cardiovascular disease who had
undergone FDG-PET/CT. Maximal standard uptake values
were measured and calcifications were recorded for in both
common carotid arteries, ascending aorta, aortic arch, de-
scending aorta, abdominal aorta, and both iliac arteries.



24 Molecular Imaging of Inflammation and Intraplaque Vasa Vasorum 309

Fig. 24.9 (a) As-acquired (top; 5-cm field-of-view) and higher mag-
nification (bottom; centered around aorta) early-phase (�10 min)
MRI images of diseased wall in rabbit fed a cholesterol diet for
17 months, taken after administration of a gadolinium contrast agent
(DTPA(Gd)) (left) and a functional myeloperoxidase activity imaging
sensor (MPO(Gd)) (right). Similar levels of enhancement were seen at
this time point with both agents. (b) Delayed MPO(Gd) images (�2 h;
right) showed substantially increased enhancement compared with both
late-phase (�2 h; left) and early-phase (seen in a) DTPA(Gd) images.
(c) Kinetics study. Increased and prolonged contrast was found with
MPO(Gd) compared with DTPA(Gd) (n D 3 animals). (d) Analysis

of pre-contrast and 2-h post-contrast [MPO(Gd) and DTPA(Gd)] MR
images of rabbits fed a cholesterol diet for 28–29 months (n D 8)
and age-matched controls (n D 4). � contrast-to-noise ratio (CNR)
in both focal wall areas (left) and the entire wall (right) revealed no
difference from MPO(Gd) and DTPA(Gd) in normal wall (n D 4, 11
sections analyzed). Diseased wall imaged with DTPA(Gd) (n D 8, 24
sections analyzed) also showed no difference compared with normal
wall imaged with either agent. In distinction, diseased wall imaged with
MPO(Gd) (n D 8, 24 sections analyzed) showed significantly higher
�CNR (�2�) than all other values. Reproduced with permission from
Ronald et al. [104]

Fifteen patients developed a cardiovascular event in a median
follow-up of 29 months. The mean target-to-background ra-
tio (hazard ratio, 14.144; p D 0.001) and calcified plaque sum
(hazard ratio, 3.560; p D 0.025) were significant independent
predictors for the occurrence of cardio- or cerebrovascular
events [99]. Additionally Tahara et al. [100] have shown
the potential of FDG-PET to evaluate the effect of statin
treatment on plaque inflammation. After 3 months of statin
treatment FDG uptake in the atherosclerotic plaque was
significantly decreased, compared to dietary management
only [100].

Macrophages also secrete numerous pro-angiogenic fac-
tors that are associated with plaque vulnerability, such as
matrix metalloproteinases (MMPs). MMPs are a group of
enzymes that aid in angiogenesis by degrading the ECM.
ECM degradation is necessary to allow for the migration
of endothelial cells across the basement membrane. Besides
aiding in angiogenesis MMPs have a direct effect on plaque
vulnerability by weakening the fibrotic cap overlying the
lipid necrotic core [101]. MMP-targeted tracers have been

developed for MRI and SPECT [102, 103]. Ohshima et
al. investigated a 99mTc-labeled broad spectrum MMP in-
hibitor to identify MMP activity in vivo. The tracer uptake
was a significantly correlated with regions stained positive
for macrophages, MMP-2 and MMP-9 on histology [103].
Enzymatic activity provides a possibility to use functional
contrast agents that are only expressed in after enzymatic
conversion. These agents are expected to improve the target-
to-background ratio. Ronald et al. [104] investigated a func-
tional contrast agent that was expected to oligomerize and
bind to resident proteins as a result of myeloperoxidase-
mediated activation. It was expected that this would result in
a higher magnetic resonance signal and prolonged retention
of the contrast agent within myeloperoxidase-rich plaque.
The functional contrast agent created focal areas of twofold
MRI signal intensity increase in the diseased vessel wall
of NZW rabbits, while untargeted contrast agents showed
no increase in signal intensity (Fig. 24.9) [104]. Functional
contrast agents are an interesting development in in vivo
imaging and might result in significant improvements in
molecular imaging.
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Neovascularization Angiogenesis is seen in numerous ma-
lignant, inflammatory, and ischemic diseases. In a healthy
person the vascular endothelium is quiescent with less than
0.01% of the endothelial cells undergoing division. This
makes angiogenic activity a specific marker for the pres-
ence of a disease process. In vascular disease excessive
angiogenesis is seen in vascular malformations, heman-
gioma, hemangioendothelioma, and atherosclerosis [105].

Both MRI and ultrasound can identify the presence of
vascularization in an atherosclerotic plaque, using a nontar-
geted contrast agent. The capability of ultrasound to detect
individual microbubbles, which are obligatory intravascular,
allows it to detect individual vessels in the plaque [106].
Several studies have shown an association between contrast
enhancement in the plaque and intraplaque neovascular-
ization on histology [107–109]. Kerwin et al. investigated
dynamic contrast-enhanced MRI measurements of Ktrans (a
contrast transfer constant) and plasma volume in the plaque
as measurement of intraplaque neovascularization. A sig-
nificant correlation was found between dynamic contrast-
enhanced MRI measurements and the amount of plaque
neovascularization seen on histology [110, 111]. However,
both ultrasound and dynamic contrast-enhanced MRI do not
show whether there is active angiogenesis in the plaque.

Active angiogenesis can be identified by imaging tar-
gets that are overexpressed by proliferating endothelium but
not by normal endothelium. The VEGF receptors and the
transforming growth factor-“ binding receptor endoglin are
promising targets which are upregulated in the proliferating
endothelium under the influence of HIF-1’ [39]. Known
for their involvement in tumor angiogenesis both have been
targeted in vivo for the detection of tumor angiogenesis in
mice using microbubbles or radionuclides [112–115]. The
first study using VEGF receptor 2-targeted microbubbles in
humans is currently being performed in patients with prostate
cancer (clinicaltrials.gov; study no: NCT01253213). Studies
investigating the molecular imaging of the VEGF receptors
or endoglin have not yet been performed in an atherosclerosis
model.

Integrin ’v“3 is a cell surface receptor involved in the
migration of endothelial cells across the basement membrane
during angiogenesis. Integrin ’v“3 is part of a large family of
cell surface receptors, present in both healthy and angiogenic
vessels [116]. However, the expression of integrin ’v“3 has
been shown to be a marker for angiogenesis present in the
adventitial vasa vasorum and intraplaque neovascularization
[117–119].

Integrin ’v“3-targeted contrast agents have extensively
been investigated in tumor models using MRI [120, 121],
PET [122], SPECT [123–125], and ultrasound [114, 126,
127]. In vivo imaging of an atherosclerosis model has only

been performed using integrin ’v“3-targeted gadolinium
compounds. These compounds were shown to create a sig-
nificant increase in the MRI signal in the vessel wall at
locations of atherosclerosis. The expression of integrin ’v“3,
proliferation of angiogenic vessels, and neointima formation
was confirmed by histology [120, 121]. However, the results
of a clinical trial investigating a 99mTc-labeled anti-’v“3
antibody in metastatic cancer patients have thus far been
disappointing [128].

During angiogenesis ECM molecules are seen that are not
present otherwise. The fibronectin extra-domain B (ED-B) is
an isoform of fibronectin, resulting from alternative splicing,
which is present in the temporary extracellular matrix formed
during tissue remodeling and is hardly present in normal
vascular tissue [129]. Increased expression of ED-B has been
found in both murine and human plaques. The expression
of ED-B in human plaques was predominantly found around
the vasa vasorum [130]. Matter et al. developed 125I-labeled
monoclonal antibodies against ED-B and found it to specif-
ically target atherosclerotic plaques in apoE knockout mice
[130]. However, only ex vivo imaging was performed.

In vivo imaging of the ED-B has been performed in pa-
tients with brain, lung, or colorectal cancer. Twenty patients
with several different types of malignant tumors received
an injection of a 123I-labeled monoclonal antibody against
the ED-B (L19). SPECT images were obtained at 4 and
24 h after contrast injection. Sixteen of the patients showed
uptake in the tumor or metastasis. Of the four negative
tumors one was an astrocytoma that of which it is known
that it does not express ED-B. The other three could not be
explained. Importantly no adverse events were seen [131].
This study showed that accurate specific targeting of the ED-
B is possible. However, the spatial resolution of SPECT will
probably not be sufficient to image atherosclerotic targets.

Multitargeted Contrast Agents Recently dual- and triple-
targeted contrast agents have emerged in an attempt to
improve ligand to target binding. Especially under high shear
stress conditions attachment of the contrast agent to the
target can be impaired. A number of studies have shown
that the use of multitargeted contrast agent significantly
improves contrast to target binding [75, 114, 132–134]. The
investigated multitargeted contrast agents are of relatively
large size (microbubbles and microparticles of iron oxide)
and are therefore only targeted at intravascular targets.

Dual combinations of VEGF receptor 2 and ’v“3-integrin
[114], p-selectin and VCAM-1 [132], and ICAM-1 and
sialyl Lewisx (selectins) [133] have been developed for ul-
trasound and p-selectin and VCAM-1 for MRI [75]. A triple-
targeted microbubble targeting p-selectin, VEGF-receptor2,
and ’v“3-integrin has been developed for ultrasound [134].
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5 Theranostics

Molecular imaging allows the simultaneous detection of
therapeutic targets and monitoring of treatment effect, a
diagnosis-treatment strategy referred to as theranostics. Fu-
ture theranostic strategies in the field of stabilization of
atherosclerotic plaques could be targeted against inflamma-
tion and modulation of angiogenesis.

Theranostic Probes The delivery of targeted contrast agents
to the atherosclerotic plaque presents clear opportunities
for simultaneous drug delivery [135] Nanoparticles and mi-
crobubbles can be used for both in vivo diagnostic imag-
ing and therapeutic drug delivery (theranostic probes). By
localized delivery of drugs lower dosages of more potent
drugs can be used, while reaching higher concentrations
at the disease location. Due to decreased concentration at
non-diseased sites the adverse effects of the drugs may be
reduced. Theranostic agents can also transport drugs that
cannot be administered otherwise (lipophilic drugs, proteins,
silencing RNAs, DNA, etc). The development of theranostic
nanoparticles is rapid and several types of nanoparticles have
been developed [136–138].

Winter et al. [139] demonstrated the potential of theranos-
tics in atherosclerosis. They used theranostic nanoparticles
to identify the presence of integrin ’v“3 expressing vasa
vasorum in the aortas of cholesterol fed rabbits and evaluate
the effect of targeted treatment on angiogenesis. The lipid
soluble anti-angiogenic agent fumagillin was incorporated
in a integrin ’v“3-targeted paramagnetic nanoparticle. They
evaluated the presence of integrin ’v“3 expressing vasa
vasorum by MRI during treatment and 1-week posttreatment.
The expression of integrin ’v“3 significantly decreased in
the targeted fumagillin treated group, while the nontargeted
fumagillin and no-drug group showed no change [139].

In the field of theranostic probes ultrasound microbubbles
have a special interest because they can both deliver drugs

and actively stimulate the uptake of the drugs. Microbubbles
can be loaded with drugs and destroyed at the location of
interest by the application of a high acoustic pressure ultra-
sound wave (within the limits of standard ultrasound equip-
ment), releasing the drug [140, 141]. Besides the transporta-
tion of drugs to the target location this has also been shown
to cause sonoporation and induction of endocytosis, which
increases the local uptake of the drug (Fig. 24.10) [142–
144]. Sonoporation is the creation of transient micropores in
the cellular membrane due to the oscillation and implosion
of microbubbles in an ultrasound beam, thus temporarily
increasing cellular membrane permeability. Ultrasound has
been shown to be able to induce the uptake of DNA and
RNA molecules giving it an interesting prospective for gene
therapy [140, 145, 146].

6 Angiogenesis Modulating Therapy

Anti-angiogenic Treatment Treatment of intraplaque neo-
vascularization has been proposed as a possible method
to stabilize the atherosclerotic plaque [147]. Inhibition of
intraplaque neovascularization in animals has already shown
to reduce the macrophage accumulation and progression of
atherosclerosis [148–150]. Several anti-angiogenic agents
are available or under evaluation in clinical trials for the
treatment of cancer (http://www.cancer.gov/clinicaltrials/).

However, there are potential problems that need to be
accounted for in transferring the anti-angiogenic strategy
from cancer to atherosclerosis. First and foremost, the goal
for the treatment of cancer is destruction of the tumor, while
destruction of the vessel wall, atherosclerotic or not, is not
necessarily a good idea. Atherosclerosis demands a different
strategy to attack the vasculature. Furthermore, inhibition of
angiogenesis might aggravate ischemic end-organ damage.
Several strategies for inducing angiogenesis are being inves-
tigated to restore blood flow to regions affected by ischemia

Fig. 24.10 Proposed model of the oscillating microbubble enforced
pore formation (sonoporation) in the cell membrane. The pushing
and pulling behavior of the microbubble causes rupture of the cell

membrane creating a hydrophilic pore allowing trans-membrane flux
of fluid and macromolecules. Reproduced with permission from van
Wamel et al. [143]

http://www.cancer.gov/clinicaltrials/
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Fig. 24.11 Proposed ‘normalization’ of plaque microvasculature and
its implications in atherosclerotic angiogenesis. Images of 150 m-thick
sections of (a) normal human coronary artery, and (b) fibroatheroma
without and (c) fibroatheroma with intraplaque hemorrhage. The en-
dothelium was visualized by use of Ulex europaeus immunohistochem-
ical staining. (a) Adventitial vasa vasorum can be seen (arrows). (b)
In non-hemorrhagic fibroatheroma the vasa vasorum are intimal and
show tortuosity and branching. (c) In fibroatheromas with intraplaque
hemorrhage the vasa vasorum are disrupted (arrows) with surrounding

hemorrhage. Intraplaque hemorrhage has been shown to contribute
to the necrotic core enlargement and vulnerability to rupture. These
specimens (a–c) are illustrated in corresponding schematics below
them. (d) Jain et al. hypothesize that normalization of the vasa vasorum
with “muscularization” of the capillaries leads to stable vessels that
will prevent plaque progression. The absence of leaky vessels should
promote plaque stabilization by preventing plaque hemorrhages. A
adventitia, I intima, M media, VV vasa vasorum. Reproduced with
permission from Jain et al. [156]

[151]. This might be overcome by using theranostics to
locally deliver antiangiogenic therapy to the plaque.

Destruction of the intraplaque neovasculature could lead
to sustained or increased hypoxia. This in turn could lead to
further upregulation of genes that promote plaque vulnera-
bility. Rather than eliminating the neovasculature it has been
proposed that normalization of the vasculature could help
stabilize the plaque [152]. The normalization of the immature
intraplaque neovascularization should prevent leakage of
erythrocytes, extravasation of lipids, and inflammatory cells
that contribute to plaque progression (Fig. 24.11). Further-
more, the presence of these vessels should alleviate hypoxia,
thus removing the underlying cause of angiogenesis.

Pro-angiogenic Treatment The induction of angiogenesis
by ultrasound contrast agents is currently being explored
as a means to restore blood flow in regions affected by
ischemia. Targeted stimulation of neovascularization could
be of clinical relevance for patients with myocardial ischemia
or critical limb ischemia as an alternative treatment strategy
for surgical revascularization. Chappell et al. [151] stud-
ied microvascular remodeling in a mouse gracilis muscle

model. After high-dose administration of microbubble con-
trast agent and ultrasonic destruction of the microbubbles an
impermanent microvascular remodeling response occurred.
In contrast to that study, Johnson et al. [152] reported on the
bioeffects of microbubble destruction in a gracilis muscle
model of 23 Sprague–Dawley rats. Ultrasonic destruction
of microbubble contrast agent caused an acute decrease
in capillary density, followed by an incomplete angiogenic
healing response. In a subsequent study, the gracilis muscles
of 150 Sprague–Dawley rats were studied. A statistically sig-
nificant change in vascular endothelial growth factor (VEGF)
was observed, while capillary density was not changed by
ultrasonic destruction of microbubble contrast agent [153].
Clearly, further studies are needed to explore the mechanism
of action and treatment effect of pro-angiogenic therapy.

7 Conclusions

– Inflammation and angiogenesis are closely related and
important factors in early plaque development and plaque
vulnerability.
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– Molecular imaging can aid in the early detection of
plaque formation, provide insights into the natural history
of cardiovascular diseases, and function as a surrogate
endpoint in clinical trials.

– Several molecular targets involving inflammation and
angiogenesis have been identified and tested in vivo; how-
ever, the number of contrast agents available for human
studies is limited.

– Multimodality imaging and multitargeted contrast agents
may improve the accuracy with which a biological process
can be identified.

– Future developments in theranostics and antiangiogenic
therapy might provide a noninvasive technique for stabi-
lizing the vulnerable plaque.
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