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Introduction

Cardiovascular disease (CVD) remains the leading cause of
death worldwide despite improvements in prevention (e.g.,
blood pressure control, cholesterol lowering, and smoking
cessation) and advances in diagnosis and treatment. Clinical
risk scoring systems do not allow satisfactory identification
of individuals with subclinical disease and at high risk for
coronary events [1, 2]. Coronary artery disease (CAD) and
myocardial infarction account for more than 50% of CVD
deaths and are the result of atherosclerosis and plaque rup-
ture with subsequent thrombosis. A major challenge of CAD
diagnosis is that the majority of patients who die suddenly of
CVD have no previous symptoms according to the 2013
AHA statistics [3]. The clinical challenge is that the majority
of these plaques do not lead to coronary narrowing and/or
ischemia but are characterized by inflammation, increased
plaque burden, outward remodeling, spotty calcification,
neovascularization, and intraplaque hemorrhage.

Current imaging tests such as X-ray angiography and
computed tomography (CT) have failed to identify patients
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that are at risk of coronary plaque rupture and subsequent
heart attack or stroke [4-6]. Catheter-based imaging tech-
niques such as intravascular ultrasound (IVUS), optical
coherence tomography (OCT), and near-infrared spectros-
copy (NIRS) allow some limited plaque characterization but
are invasive and thus not useful as a screening test [7-9].
Therefore, new noninvasive approaches to detect potentially
unstable plaque are urgently needed.

Recent studies with positron emission tomography (PET)/
CT and the radiopharmaceuticals 'F-FDG (inflammation)
[10] and '8F-NaF (spotty calcification) [11] have demon-
strated the feasibility of coronary plaque imaging with prom-
ising results but are beyond the scope of this chapter, and the
reader is referred to recent publications [10, 11].

Molecular magnetic resonance imaging (mMRI) using
target-specific imaging agents is an noninvasive alternative
imaging modality that can provide more accurate informa-
tion about plaque composition and biology including endo-
thelial dysfunction, inflammation, and vascular remodeling
and hemorrhage. Molecular MRI thus may improve the pre-
diction of future coronary events, allow earlier and more
aggressive medical treatment, monitor the effectiveness of
medical and/or interventional treatment in patients, and may
provide novel data on the pathogenesis of atherosclerosis
in vivo. Subclinical atherosclerosis may precede the devel-
opment of clinical disease by many decades, thereby offering
the opportunity to use image-guided diagnosis and to target
primary prevention therapies to those at highest risk [12].

Studies investigating subclinical and clinical coronary
atherosclerosis have included noncontrast-enhanced (NCE)
and contrast-enhanced (CE) coronary vessel wall cardiovas-
cular magnetic resonance (CMR). NCE-CMR can identify
and quantify early atherosclerotic changes and vascular
remodeling [13—17]. Additionally, it can be applied for the
detection of intraplaque hemorrhage [18-21], a known
marker of plaque instability. Selective visualization of resid-
ual coronary thrombus following plaque rupture has been
also demonstrated with NCE-CMR [22] and was confirmed
by optical coherence tomography (OCT) [23]. Furthermore,
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time-resolved bright-blood NCE-CMR in concert with an
endothelium-dependent stressor allows assessment of coro-
nary endothelial function, which represents an important
predictor for cardiovascular events [18, 24-27]. To gain
additional information, CE-CMR can be utilized. Retention
of nontargeted contrast agents is associated with the severity
of atherosclerosis and the degree of coronary inflammation
[28, 29]. The potential of targeted CE-CMR for biological
characterization of coronary thrombus and plaque has also
been demonstrated in small and large animal models and in
humans [30-34].

Pathophysiology of Atherosclerosis

Atherosclerosis is an inflammatory disease that affects
medium and large size arteries and usually remains asymp-
tomatic until late-stage disease when plaques enlarge and
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reduce arterial blood supply or suddenly rupture, thereby
causing thrombotic occlusion and ultimately ischemic events
[12, 35] (Fig. 14.1) [36]. It is widely accepted that vascular
inflammation is the result of endothelial damage and the sub-
sequent accumulation of low density lipoproteins (LDL) that
initiate a complex signalling cascade leading to the recruit-
ment of monocytes and macrophages and the deposition of
extracellular matrix (ECM) proteins in the inner layer of the
vessel wall [12, 37]. Recent studies have also reported a role
of the adventitia [38—40]. Atherosclerosis usually occurs at
predilection sites with disturbed laminar flow, such as branch
points or at sites with oscillating shear stress [41]. The initial
phase is characterized by endothelial dysfunction with struc-
tural and molecular alterations, including increasing width of
the tight junctions [42, 43] and the activation of cell adhesion
molecules, such as intercellular and vascular cell adhesion
molecule-1 (ICAM-1 and VCAM-1) and E- and P-selectins
[12]. Overexpression of ICAM-1 and VCAM-1 molecules is
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Fig. 14.1 Pathogenesis of atherosclerotic plaque development.
Endothelial dysfunction initiates inflammatory processes and leads to the
migration of immune cells and LDL into the vessel wall where monocytes
differentiate into macrophages which transform themselves with increas-
ing intake of lipids and cholesterol into foam cells. Subsequently, athero-
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sclerotic plaques develop which are characterized by activation of platelets
and smooth muscle cells, followed by deposition of extracellular connec-
tive matrix components and endothelial proliferation and necrotic core
formation. (Adapted and reprinted from Springer, © 2014, online, Fig. 1,
Lavin et al. [36], © 2014, with kind permission from Springer Nature)
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Fig. 14.2 Morphological and biological features of vulnerable plaque.
(a) Cross section of a rupture-prone coronary artery plaque with a (1)
large lipid-rich necrotic core (orange asterisk), (2) thin fibrous cap (blue
arrows), (3) expansive remodeling (green arrow), and (4) vasa vasorum
and neovascularization (red circles) [47]. (Adapted and reprinted from

directly related with an increase in monocyte infiltration in
the vessel wall where they differentiate into tissue-resident
macrophages [44]. Recruitment of immune cells into the
artery wall plays a central role in all stages of atherosclero-
sis. Macrophages uptake oxidized LDL using the scavenger
receptors, and as a result of continued intracellular LDL
accumulation in macrophages (cytosolic droplets), they
transform into foam cells [12, 37]. Subsequent steps include
secretion of inflammatory cytokines, activation of platelets,
smooth muscle cell proliferation, accumulation of apoptotic
cells, and deposition of ECM proteins such as collagen and
elastin that collectively contribute to the formation of com-
plex plaque including a necrotic lipid core due to foam cell
apoptosis at advanced stages [45]. Alteration and degrada-
tion of the ECM by the release of matrix metalloproteinases
(MMPs) from macrophages can lead to the progression and
destabilization of the plaque [46]. Clinically, the aim is to
divide atherosclerotic lesions into low risk (stable plaques)
and high risk (vulnerable plaques). Postmortem studies have
demonstrated that vulnerable plaques are characterized by a
large plaque volume and large necrotic core, low amount of
fibrous tissue, accumulation of macrophages, and a thin
fibrous cap (Fig. 14.2).

At advanced disease stages, the enlargement of the plaque
results in intraplaque hypoxia that triggers additional inflam-
matory cell infiltration and promotes local neovasculariza-
tion. Stable plaques are characterized by a thick fibrous cap,
high amounts of fibrous tissues, and a small number of mac-
rophages [49, 50].
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Falk [47], © 2006, with permission from Elsevier). (b) Schematic of a
vulnerable plaque highlighting the features associated with plaque
instability. (Adapted and reprinted by permission from Narula and
Strauss [48], © 2007)

Cardiovascular Imaging

Cardiac MRI has become a clinically accepted imaging
modality for assessment of left ventricular morphology and
function, myocardial perfusion, viability, and tissue charac-
terization including the measurement of diffuse myocardial
fibrosis [51-55]. Due to ongoing technical advances in MR
acquisition and reconstruction and contrast agent develop-
ment, coronary MRI and vessel wall imaging are an emerg-
ing noninvasive imaging technique for comprehensive
coronary assessment. Compared to other clinical imaging
modalities such as single-photon emission computed tomog-
raphy (SPECT) and position emission tomography computed
tomography (PET/CT), MRI provides high spatial and tem-
poral resolution allowing for a comprehensive cardiac evalu-
ation including morphology, function, perfusion, and
myocardial tissue characterization [51-55]. The develop-
ment of novel plaque-specific MR contrast agents also allows
imaging of biological processes in the vessel wall without
exposure of the patient to harmful ionizing radiation or
iodinated contrast agents.

MRI is based on the nuclear magnetic properties of atoms
(mainly hydrogen) and involves the interplay of three compo-
nents to generate tomographic images: the main magnetic
field of the scanner (static magnetic field) which generates a
net magnetization along the scanner axis, the gradient fields
which are used for spatial localization, and the oscillating
magnetic field of the radio-frequency (RF) pulses. RF pulses
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are used to change the orientation of the magnetization,
inducing excitation of the water protons. Following the RF
pulse excitation, protons return to their equilibrium stage, and
specific receiver coils detect the energy emitted during this
relaxation. The most important proton properties used by
MRI are the proton density and two characteristic relaxation
times called spin-lattice relaxation time and spin-spin relax-
ation time, denoted as T, and T,, respectively. Signal intensity
primarily depends on the local values of R; (1/T;) and R, (1/
T,) relaxation rate of water protons [56]. Considering the
relatively low sensitivity of MRI, the use of specific contrast
agents aids the detection of differences between pathological
and normal surrounding tissues. For that, local concentrations
of a contrast agent are needed to alter the relaxation rate of
water protons sufficiently for detectable signal effects. An
important consideration to take into account during vessel
wall imaging is the distribution of the contrast agent in non-
targeted regions and the adjacent blood pool. In some cases,
to distinguish between the luminal area and the vessel wall
contrast uptake, it might be necessary to wait for the contrast
agent to clear sufficiently from the blood.

Imaging Sequences

Vessel wall MRI can be achieved without contrast agents
by exploiting the ability of MRI to suppress signal from
adjacent tissues which mainly include luminal blood and

epicardial fat. Fat suppression is commonly performed
using spectrally selective inversion magnetization prepa-
ration pulses, where the image acquisition is timed to
coincide with the nulling point of the fat signal.
Alternatively, signal from fat can be minimized using
water-selective RF pulses for imaging [57] or using the
DIXON water-fat separation technique [58, 59]. To sup-
press blood signal (so-called black-blood MRI), tradition-
ally, flow-dependent techniques have been employed such
as double inversion recovery (DIR) [60, 61]. However,
DIR is typically limited to two-dimensional cross-sec-
tional imaging of the vessel wall or requires local inver-
sion pulses for three-dimensional coronary vessel wall
imaging [62] (Fig. 14.3). More recently, motion-sensitized
driven equilibrium (MSDE) [63], delay altering with nuta-
tion for tailored excitation (DANTE) [64], and variable
flip-angle turbo spin echo with flow-sensitive dephasing
have been proposed to allow for flow-dependent three-
dimensional coverage [65]. Such volumetric coverage is
desirable due to the long and tortuous geometry of the
coronary arteries and simplifies MRI scan planning com-
pared to DIR. A schematic overview of a ECG-triggered
black-blood imaging sequence is provided in Fig. 14.4.
Blood signal suppression can also be achieved using flow-
independent techniques which typically rely on the differ-
ence in T1 or T2 between vessel wall, thrombus, and blood
[19, 21, 27, 66, 67] or a combination of T2 and T1 [65, 68]
(Fig. 14.5).

Fig. 14.3 Local inversion black-blood coronary wall imaging for the
quantification coronary arterial remodeling and plaque burden. (a) 3D
black-blood vessel wall image of the right coronary artery wall (RCA)

in a patient with nonsignificant coronary artery disease on X-ray coro-
nary angiography. (b) Vessel wall images demonstrate some minor wall
thickening in the proximal and mid RCA segment
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Fig. 14.4 Generic black-blood vessel wall MRI pulse sequence.
Cardiac motion is compensated for by synchronizing the image acquisi-
tion (ACQ) with an electrocardiogram (ECG) and using a trigger delay
from the R-wave to time ACQ to mid-diastole. Respiratory motion
compensation can be performed using respiratory navigation (NAV)
which typically precedes ACQ. Fat suppression is performed prior to
ACQ using a fat-selective RF pulse to null the fat signal. Black-blood
contrast can be achieved either with inversion preparation (IP) where an
inversion delay is used to null signal from the blood or alternatively
using flow preparation (FP) where signal from flowing blood is
destroyed using dephasing gradients or a combination of small RF
pulses and gradients. (Adapted and reprinted from Springer, © 2014,
online, Fig. 2, Lavin et al. [36], © 2014, with kind permission from
Springer Nature)
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Fig. 14.5 Representative images of HIPs with PMRs >1.4.
Representative noncontrast T1-weighted images of high-intensity
plaques (HIPs) (yellow arrowheads) in the proximal left anterior
descending coronary artery (a) and the right coronary artery (c), in
which plaque-to-myocardium signal intensity ratios (PMRs) were 1.91
and 2.05, respectively. These high-intensity signals each correspond to
the left and right coronary plaques on computed tomographic angiogra-
phy (CTA) (yellow arrowheads on curved multiplanar reformation
images), (b) and (d). TIWI = T1-weighted imaging. (e) ROC Curve
Analysis for Developing Coronary Events and Flowchart of Study
Patients on the Basis of PMR. From receiver-operating characteristic
(ROC) curve analysis, a plaque-to-myocardium signal intensity ratio

Flow independence overcomes the problem of inadequate
blood suppression in the case of slow laminar flow and facili-
tates volumetric whole-heart coverage (Fig. 14.6).

Vessel wall MRI can also be performed using contrast
agents, either with T1-shortening gadolinium-based agents
or T2/T2* shortening iron-based agents. Contrast agent
quantification is then typically done using T1 and T2/T2*
mapping sequences of which several implementations exist.
The most commonly used T1 mapping sequences are the
Look Locker (Fig. 14.7), the modified Look Locker inver-
sion recovery (MOLLI) [69], and the saturation recovery
single-shot acquisition (SASHA) [70] sequence and combi-
nations of it [71]. T2 and T2* mapping is typically done with
a multi-echo spin-echo and gradient-echo (Fig. 14.8) tech-
nique, respectively. Recent implementations also include the
use of T2 prep pulses with varying echo times for cardiac T2
mapping [72-74].

An important requirement for coronary vessel wall visu-
alization is high spatial resolution. Although improved spa-
tial resolution can be achieved with the use of dedicated
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(PMR) of 1.4 was identified as the best cutoff value for predicting car-

diac events, with 69.5% sensitivity and 82.3% specificity. The calcu-
lated area under the curve (AUC) was 0.83. (f) Kaplan-Meier curves
comparing the probability of all coronary events. Coronary event—free
survival was worst in the group with plaque-to-myocardium. Signal
intensity ratios (PMRs) > 1.4 and coronary artery disease (CAD) (red
line) and best in the group with PMRs < 1.4 but no CAD group (orange
line). The rate in the group with PMRs > 1.4 and no CAD (green line)
was intermediate but comparable with that in the group with PMRs
<1.4 and CAD (blue line) (Adapted and reprinted from, Noguchi et al.
[19], © 2014, with permission from Elsevier)
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Fig. 14.6 Flow-independent 3D whole heart coronary vessel wall
imaging using an interleaved T2 prep imaging sequence. (a) 3D bright-
blood SSFP coronary artery image in a healthy volunteer without his-
tory of coronary artery disease demonstrating normal left and right
coronary arteries. (b) Corresponding whole heart vessel wall image

clearly delineates the coronary vessel wall both in the proximal and
distal segments due to the flow-insensitive nature of the iT2 prep imag-
ing sequence. (Adapted from, Andia et al. [67], © 2012, with permis-
sion of John Wiley and Sons)
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Fig. 14.7 Schematic of inversion recovery Look Locker (LL) T, map-
ping sequence. The inversion pulse precedes the imaging sequence
(AQ), which allows pixel-wise sampling of the recovery of the Mz mag-
netization of, e.g., tissues, fluids, or blood. A least square fit of the mea-
sured Mz values to the Bloch equation allows pixel-wise estimation of

multichannel cardiac receiver coils, coronary vessel wall
imaging is challenging due to the slow acquisition speed of
MRI relative to the physiological motion. This includes both
cardiac and respiratory motions, which are both one order of
magnitude larger than the achievable spatial resolution.
However, to mitigate the effects of motion, which include

T1 = T1*(M0 + Mék _.1)
Mg

T, and estimation of the local contrast agent concentration [Gd*]. A T,
correction is usually performed as the repetitive use of RF pulses alters
the recovery of the M, magnetization leading to a lower value for the
steady-state magnetization, My* < M,, and thus to a shorter value for
the relaxation time T,* < T,

image blurring and ghosting, cardiac and respiratory motion
compensation methods have been introduced. Cardiac
motion can be effectively minimized by synchronizing the
MRI scanner with an electrocardiogram (ECG) and limit the
data acquisition to the most quiescent cardiac phase.
Although the timing and duration of the cardiac rest period is
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Fig. 14.8 Schematic of T,* mapping sequence using Cartesian k-space
sampling. Acquisition of multiple echoes allows sampling the T,*
decay envelope and thus to estimate the T," relaxation time of tissues
and blood

subject and heart rate dependent, time-resolved MRI cine
scans can be used to identify the most suitable acquisition
window. For respiratory motion compensation, a so-called
respiratory navigator can be used. Conventional respiratory
navigator techniques involve measuring the displacement of
the lung-liver interface in feet-head direction and only accept
data acquired within a narrow “gating window,” typically
defined around end-expiration. Furthermore the measured
navigator position can be used to update the MR image in
real time based on a motion model which is often assumed to
be a linear relationship of 0.6. A drawback of this approach
is that the scan time is prolonged because a large portion of
the data falls outside the gating window and has to be remea-
sured (typically only 20-50% is inside the window), as well
as the indirect motion measurement requiring a motion
model. Recently, technical advances have allowed for direct
measurement of respiratory induced motion using self-gating
or image navigators, which directly measure the respiratory
motion of the heart which and thus obviate the need for a
gating window and reduce scan time [57]. Currently, several
flavors exist which include beat-to-beat [75, 76] or bin-to-bin
[77, 78] motion correction or a combination of it [79, 80].
These techniques now allow correcting for respiratory
motion in two or three dimensions and to apply more sophis-
ticated motion correction algorithms including affine and

nonrigid transformations and also integrating motion correc-
tion directly into image reconstruction [77]. Latest develop-
ments do not require neither ECG synchronization nor
respiratory gating and acquire data continuously throughout
the cardiac cycle [81, 82]. Data are typically acquired with
the golden angle approach and a 3D radial trajectory with
repetitive acquisition of the center k-space line in foot-head
(FH) direction. The self-gating signal allows estimation of
both the ECG and the respiratory signal using principal com-
ponent analysis and thus to retrospectively sort the cardiac
phases and to perform respiratory binning. These 4D datas-
ets allow selecting the cardiac phase with best vessel lumen
and wall visualization.

T1 Contrast Agents

The most commonly used contrast agents are based on gado-
linium (Gd) complexes that lead to positive contrast detected
as a local increase in MRI signal intensity or brightness [83].
Gd(IIl) is a metallic element with seven symmetrical,
unpaired electrons characterized by a strong paramagnetic
susceptibility, which produces a slow electron spin relaxation
rate that significantly affects the surrounding water protons.
Therefore, it has the effect of shortening T, relaxation time in
tissues where it accumulates, enhancing the signal in post-
contrast T;-weighted images. Following Gd(III) administra-
tion, they rapidly distribute into the extracellular fluid space.
Subsequently, they are then gradually excreted via the kid-
neys with a 60-90 min half-life for most small molecular
weight agents (~1000 Da) in patients with normal renal func-
tion and completely eliminated after 24 h [83]. Due to its tox-
icity, Gd(IIT) must be chelated for in vivo application. Several
chelating approaches have been published with cyclic che-
lates (DOTA) demonstrating better metabolic stability than
linear chelates (DTPA) [84]. Another important aspect is the
optimization of the relaxivity properties of these Gd(III) com-
plexes to improve signal enhancement and therefore the sen-
sitivity of these imaging agents. For protein- or cell-specific
imaging, targeting moieties have been attached to Gd(III)
chelates to allow the evaluation of molecular or cellular
changes associated with different disease stages. The relaxiv-
ity of gadolinium chelates is dependent on several parameters
such as molecular motion and water exchange [83] (Fig. 14.9).

A good example of the impact of these two parameters on
relaxivity is the Gd-DTPA analog gadofosveset trisodium,
Ablavar (Lantheus Medical Imaging, North Billerica, USA),
which binds to human serum albumin and increases its relax-
ivity by five-fold compared to the unbound fraction [86]. This
effect is known as receptor-induced magnetization
enhancement (RIME) [87] and has been exploited for other
protein-binding imaging agents including the elastin-binding
contrast agent (ESMA) [88] or a fibrin-binding contrast agent,



236

B. Lavin-Plaza et al.

rotational correlation time 1/tg slow — high r1
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H

Fig. 14.9 Schematic of water exchange between bound and free water
of a gadolinium chelate. The proton bound to gadolinium exchanges its
magnetic properties with the free water leading to a shortening of T, in
the vicinity of the contrast agent. Fast water exchange leads to a more
efficient energy transfer between gadolinium and free water, thereby
creating a higher relaxivity ;. The amount of T; shortening is given by
the relaxivity (r) of the contrast agent, which depends on the number of
bound protons, the water exchange rate (1/t,), and the T, relaxation

EP-2104R [89]. Other approaches to improve 1, relaxivity is
the use of lipid-perfluorocarbon emulsions that allow increas-
ing the number of Gd(III) atoms per probe. A good example
of these lipid-perfluorocarbon emulsions is a fibrin-specific
contrast agent where multiple Gd(III) atoms were targeted
with biotin that can bind to avidin derivatized with an anti-
body to recognize fibrin (present in the clot) [90]. Another
approach is the use of a lipid tail to increase the number of
Gd(III) per molecule. A contrast agent that detects angiogen-
esis by avp3-targeting is an example of this design [91].

T2 and T2* Contrast Agents

Although Gd(III)-based contrast agents usually increase 1/
T, and 1/T, (R, and R,, respectively) in similar amounts [85,
92, 93], it is well established that iron particle-based con-

water exchange rate 1., fast — high r1

O

\

% free water

time of bound water (T,,,). T}, itself depends on several factors includ-
ing the distance to the gadolinium atom and the rotational correlation
time (1/t,). Upon binding to a large protein or cell, 1/t, significantly
decreases thereby increasing r, and thus increasing the T,-shortening
effect of the contrast agent. Construction of macromolecular agents
(e.g., dendrimers) is another means of slowing down the rotational
motion of Gd compounds. (Adapted from Caravan [85])

trast agents have a much stronger effect on increasing R2
[94]. The paramagnetic properties of iron particles usually
disturb the surrounding magnetic field causing a negative
contrast effect detected as a decrease of signal intensity or
darkness. This effect can be accurately detected with T2-
and T2*-weighted imaging sequences. Moreover, it has also
been demonstrated that iron-based particles can provide
higher sensitivity in target detection compared to gadolin-
ium-based contrast agents [95]. Depending on the size range
of these particles, they can be divided into micron-sized iron
oxide particles (MPIO) =~ 10 pm in diameter, monocrystal-
line iron oxide particles (MION) =~ 3 nm in diameter,
ultrasmall ~ superparamagnetic iron oxide particles
(USPIO) =~ 15-30 nm, and superparamagnetic iron oxide
particles (SPIO) ~ 60—180 nm. SPIOs have an iron oxide
core that is stabilized with a monomer or polymer coating.
SPIOs are characterized by good suspensibility, uniform
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particle size distribution, highly reactive surface, and the
possibility of coating modifications to attach specific ligands
for biomedical applications. The size and surface properties
(in particular charge) have a decisive influence on the elimi-
nation, cell response, and toxicity. The maximum effect of
SPIO in tissue is usually detected 24—48 h after administra-
tion [96]. The non-specific uptake of SPIOs by the mono-
nuclear phagocyte system after intravenous administration
is well established. This process allows the use of SPIOs in
both to image organs, in particular the liver, spleen, lymph
nodes, and bone marrow [97]. One of the major drawbacks
of iron-containing particles due to the non-specific uptake
by mononuclear phagocytes is the short blood half-life that
limits their application in MRI. In order to increase the
blood half-life of these particles, several approaches have
been implemented, of which modifying the probe coating
and decreasing their hydrodynamic diameter (e.g., USPIO)
are the most frequent. USPIOs are iron oxide nanoparticles
composed of Fe,O; and Fe;0, stabilized by different coating
agents. USPIOs are predominantly used for molecular imag-
ing of atherosclerosis [98], myocardial infarction [99], and
cancer [100]. Various studies have demonstrated the possi-
bility to identify carotid plaque inflammation noninvasively
using USPIOs in both animals and human [101-104]. The
use of USPIO particles has allowed the direct visualization
of macrophage infiltration in carotid atheroma in vivo [105,
106]. Additionally, USPIOs have a high r,, which produces
an increase in signal intensity using T1-weighted sequences.
At low USPIO concentrations, a T -enhancing effect can be
observed, whereas at higher doses, the susceptibility phe-
nomenon balances the T, effect (nonlinearity in the signal-
concentration relationship). Thus, according to the sequence
and the local concentration of USPIO, T,-, T,-, and T,*-
enhancing effects can be observed independently. In this
regard, USPIOs can also be used for T1-weighted imaging
to acquire angiograms of the coronary arteries, carotid arter-
ies, and aorta.

Contrast Agents
Endothelial Dysfunction

During the first stages of atherosclerosis, the endothelium
develops several functional alterations due to cardiovascular
risk factors such as smoking, diabetes, hypercholesterol-
emia, and obesity, a condition known as endothelial dys-
function [42]. Under these circumstances, endothelial cells
are characterized by a reduction in the net production of
nitric oxide (NO), leading to impaired vasodilation and an
increase in endothelial permeability that allows the influx of
LDL and inflammatory cells into the vessel wall [12].
Additionally, endothelial cells increase the expression of

surface-specific adhesion molecules such as VCAM-I1,
ICAM-1, and E- and P-selectins that contribute to the adhe-
sion and infiltration of immune cells into the vessel wall
[12]. Several studies have observed a correlation between
endothelial dysfunction and plaque burden, representing an
interesting imaging target [24]. Gadofosveset is a clinically
approved contrast agent with a long blood half-life time due
to binding to human serum albumin and thus ideally suited
for MR angiography [85, 86]. Recent studies by our group
have demonstrated the ability of gadofosveset to detect
changes in endothelial permeability in the brachiocephalic
artery of atherosclerotic ApoE™~ mice [107] (Fig. 14.10)
and for monitoring effectiveness of interventions in retard-
ing plaque progression [108].

Gadofosveset enhancement has been also correlated
with leaky neovessels in atherosclerotic rabbits [110],
stent-induced coronary injury in swine [111], and patients
with carotid artery disease [109]. Endothelial adhesion
molecules are highly expressed in the early stages of ath-
erosclerosis, and therefore different approaches have been
developed to specifically image those molecules. In vivo
imaging of atherosclerotic plaque has been successfully
performed in ApoE~~ mice using VCAM-I-specific
nanoparticles [112, 113].

Hypoxia: Angiogenesis and Apoptosis

During the progression of atherosclerosis, the size and com-
position of the vessel wall changes and local hypoxic areas
can contribute to the generation of new vessels, a process
known as angiogenesis [114]. This process plays a central
role in plaque enlargement and disease progression, and the
density of neovessels has been linked with vulnerable or
unstable plaques [115]. Gadofosveset has been successfully
used to image neovessel-rich areas in different animal models
and patients [109, 116, 117]. In contrast to healthy tissues,
endothelial cells of immature neovessels are activated and
express the surface marker a,f; in significant amounts [118,
119]. It has been demonstrated that «,f;-targeted paramag-
netic nanoparticles allow the noninvasive assessment of o, f3;-
integrin expression in the aortic wall of hyperlipidemic
rabbits during the first stages of atherosclerosis [91].
Alternative approaches include the use of dynamic contrast-
enhanced T1-weighted MR imaging using clinically approved
contrast agents such as gadopentetate dimeglumine [120].
Hypoxic conditions can also lead to the apoptosis of
immune cells which has been described as another marker
of plaque instability [121]. During apoptosis, cells express
specific surface markers like annexin 5 or caspases [122].
An annexin A5-functionalized micellar contrast agent has
been successfully used to image apoptosis in atheroscle-
rotic ApoE~~ mice [123]. Moreover, a novel caspase-3/7-
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Fig. 14.10 Uptake of an albumin-binding MR contrast agent corre-
lates with endothelial permeability and plaque progression. Late gado-
linium enhancement (LGE) MRI and T, mapping of endothelial
permeability throughout the course of plaque development in high-fat
diet (HFD)-fed apoE~'~ mice using an albumin-binding contrast agent,
gadofosveset, (a;—d;) and (a;—d;). Evan’s blue dye staining of the artic
arch and brachiocephalic artery shows good agreement (a;—d,). TEM of
endothelial cell (EC) morphology (e) showed gradual disease develop-
ment starting with vacuolation and almost complete EC denudation

activatable Gd-based probe (C-SNAM) has been successfully
used to image apoptosis in experimental mouse tumor
models [124].

Macrophages

During the progression of atherosclerosis, there is a constant
influx of immune cells into the vessel wall. The most promi-
nent immune cells that invade these lesions are monocytes
that differentiate into plaque resident macrophages where
they uptake large amounts of cholesterol to generate so-
called foam cells filled with numerous cholesterol ester
droplets [12]. Macrophages can alter their phenotype and

after 12 weeks of HFD and normalization in mice treated with statins
Fig. 14.10a—e. (Adapted and reprinted from, Phinikaridou et al. [107],
© 2012, with permission from Wolters Kluwer Health). Clinical data (f)
demonstrate increased gadofosveset uptake in patients with symptom-
atic carotid artery disease, which correlated with increased neovessel
density and macrophage count Fig. 14.10f. (Adapted and reprinted
from, Lobbes et al. [109], © 2010, with permission from Wolters
Kluwer Health)

function in response to the local microenvironment also
known as macrophage polarization [125]. In this regard,
there is evidence suggesting that different stages of athero-
sclerosis are associated with distinct macrophage subtypes,
M1, classically activated or pro-inflammatory macrophages,
and M2, alternatively activated or resolving macrophages
[125]. Although different strategies have been developed to
target monocytes, none of them has had the ability to distin-
guish between macrophage subtypes. Thus, the development
of an M1- or M2-specific probe remains an interesting chal-
lenge. The phagocytic properties of macrophages have been
used for the passive targeting using different types of iron
particles in both animal models [103, 126-131] and humans
[97, 104, 132-135] (Fig. 14.11).
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Fig. 14.11 In vivo imaging of macrophages in the brachiocephalic
artery of apoE/mice on HFD. Bright-blood imaging was performed
such that a 2D slice was obtained perpendicular through the brachioce-
phalic artery (a;_,, by, ¢;, and d;;). SGM-positive contrast images
were derived and merged with the bright-blood images (a3 4, b3y, €34,
and d;4). Representative images after the injection of the iron oxide
agent from control as well as mice on the HFD for 4, 8, and 12 weeks
and corresponding elastica van Gieson stain, Perls stain, and immuno-

An alternative to non-specific nanoparticles are receptor-
specific probes. The scavenger receptors are macrophage-
specific surface proteins that are significantly overexpressed
on activated macrophages and foam cells, but not expressed
on other cells [102]. With the use of gadolinium, immu-
nomicelles targeted to the macrophage scavenger receptor
CD206-activated macrophages have been successfully
imaged in atherosclerotic plaque of ApoE~~ mice [102]. An
alternative approach for macrophage imaging has been
developed using gadolinium-loaded LDL-based nanoparti-
cles and modified HDL nanoparticles. Fluorine-containing
nanoparticles are avidly taken up by macrophages and
therefore can be used to quantify the recruitment of inflam-
matory cells into atherosclerotic lesions. Since fluorine is
absent in the human body, the measurement of fluorine
uptake offers a unique possibility to directly detect and

Perls Mac-2

histochemical analysis for Mac-2 (macrophage marker). Contiguous
histological sections were taken in a similar orientation as the in vivo
MRI of the brachiocephalic artery. Perls staining was used to demon-
strate colocalization of iron-positive areas (a4, bg, ¢4, and dg) with Mac-
2-positive (a;, bs, ¢;, and d;) (M indicates media, Pl plaque, and L
lumen). HFD high-fat diet. (Adapted and reprinted from, Makowski
etal. [131], © 2011, with permission from Wolters Kluwer Health)

quantify the temporal and spatial evolution of the inflamma-
tory response. In vivo imaging of cardiac and cerebral isch-
emia has been successfully performed in mice using this
approach [136].

Lipids

Uptake of lipids into the vessel wall is one of the processes
present throughout the development of atherosclerosis [12,
125]. There is a strong relationship between high serum lipid
levels, especially of low-density lipoproteins (LDL), and
coronary risk [137]. Since oxidized LDL is one of the drivers
of vessel wall inflammation, it represents an interesting
imaging target. Gadofluorine M is a gadolinium-based con-
trast agent that has been successfully used to image increased
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neovascularization in advanced lipid-rich atherosclerotic
lesions in rabbits [138]. Moreover, the incorporation of an
apoE-derived lipopeptide (P2fA2) into the lipid layer of
HDL nanoparticles (rHDL-P2A2) has been developed as a
platform for molecular MRI of macrophages in atheroscle-
rotic plaques in vivo [139].

Extracellular Plaque Components
and Proteolytic Enzymes

Another approach to noninvasively image atherosclerosis is
targeting extracellular plaque components. The extracellular
matrix is a protein- and carbohydrate-based lattice. In ath-
erosclerotic vessels, smooth muscle cells and macrophages
increase the synthesis and secretion of ECM components
such as collagen and elastin, and this turnover is related with

4 weeks HFD

vascular wall remodeling [140]. To detect the alteration of
the ECM under pathological conditions, a small molecular
weight elastin-specific gadolinium-based contrast agent
(ESMA) has been developed. The ability of ESMA to detect
plaque burden and ECM remodeling has been demonstrated
at different stages of atherosclerosis in a murine model and
in a porcine model of coronary injury [32, 141] (Figs. 14.12
and 14.13).

In addition to quantifying the plaque burden using the
ESMA, a study using a rabbit model of experimentally
induced thrombosis allowed in vivo classification of vascular
remodeling in negative, intermediate, and positive for the
detection of “high-risk/vulnerable” plaque [142] (Fig. 14.14).

Similarly, to prospective clinical studies in humans with
coronary artery disease [49, 143, 144], the rabbit study
showed that positive remodeling measured after administra-
tion of ESMA was associated with plaque instability.
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Fig. 14.12 MRI of extracellular matrix remodeling in an apoE”~  (b) Tropoelastin content as measured by Western blotting increased

mouse model of accelerated atherosclerosis at 4 and 8 weeks after
commencement of HFD using an elastin-specific MR contrast agent
(a), ESMA (Lantheus Medical Systems, North Billerica, MA, USA).

with the duration of the HFD, which was paralleled by an increased
contrast-to-noise values after ESMA injection (¢) (Adapted from
Makowski [88])
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Fig. 14.13 Elastin imaging of coronary remodeling. Comparison of
coronary MRA (a), delayed-enhancement MRI (b), and positron-
emission CT-like fusion of a and b (c) of stented and control coronary
vessel segments and corresponding histology (d) and (e). Strong
enhancement can be observed at the stent location (dotted white arrow),
whereas little to no enhancement is visible in the normal noninjured left
anterior descending artery segment (b) and (c). Elastica van Gieson

An alternative to directly imaging the ECM is to target
proteolytic enzymes that are implicated in the degradation of
ECM components such as collagen and elastin [140, 145].
These enzymes are mainly secreted by macrophages and are
known as matrix metalloproteinases or MMPs. MMPs have
been linked to plaque instability [145]. Noninvasive imaging
of MMPs has been successfully performed using a gadolin-
ium chelate targeted to a MMP inhibitor (P947) in murine

Fusion

stain of noninjured coronary vessel segment (d) shows intact internal
elastic lamina (IEL) and circular arranged elastin fibers (black) in the
media. Elastica van Gieson of stented vessel segment (e) demonstrates
disruption of IEL and neointima formation with diffuse elastin deposi-
tion (black dots). (Adapted and reprinted from, von Bary et al. [32], ©
2011, with permission from Wolters Kluwer Health)

and rabbit experimental models [146, 147]. Moreover, the
enzyme myeloperoxidase (MPO) has been used as an emerg-
ing biomarker of plaque instability and future acute events
[148]. It has also been demonstrated the feasibility of a spe-
cific gadolinium-based probe that targets MPO-Gd to image
atherosclerosis in hyperlipidemic rabbits [149]. In addition,
MPO-Gd enhancement colocalizes with plaque areas rich in
infiltrated macrophages [149].



B. Lavin-Plaza et al.

Fig. 14.14 Positive vascular remodeling in disrupted plaques. (a—-d)
DE MR images obtained after administration of elastin-specific con-
trast agent show positive remodeling, as defined by enlargement of ves-
sel area (yellow contours). (e) Corresponding en face photograph
verifies presence of positive vascular remodeling. (f) En face photo-
graph of longitudinally open vessel shows thrombus (arrow) attached to
vessel wall at proximal end of positive remodeling. (g) Scatterplot

Fibrin and Thrombus Formation

Fibrin plays a central role in thrombus formation, but it has
been also identified in atherosclerotic lesions of the aorta and
coronary arteries [150]. Fibrin I and II are present in several
types of atherosclerotic plaque, with fibrin II predominating in
later stages and usually colocalizes with macrophages [150].
Although fibrin may enter the intima after mural thrombi orig-
inating from plaque rupture or erosion, fragile newly formed
vessels may also provide a site of entry [151]. Different fibrin-
specific contrast agents have been evaluated in different vascu-
lar beds. Gadolinium-based nanoparticles and small peptides
(EP-2104R) targeted to fibrin have been successfully used to
image atherosclerosis in both animal models and humans [30,
31, 33, 34, 89]. The ability of EP-2104R to detect coronary
thrombosis has been first demonstrated in a swine model of
intrastent thrombus and has been subsequently successfully
translated in a small clinical feasibility study of aortic and
carotid thrombosis [19] (Fig. 14.15).

Conclusion

Molecular MR imaging is a promising approach to evalu-
ate biological processes involved in coronary artery dis-
ease. This methodology has been successfully validated to
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shows change in vessel area measured on consecutive slices along
aorta, starting from left renal branch (0 mm) to iliac bifurcation
(86 mm). Two regions of the vessel wall underwent positive remodel-
ing, with vessel areas falling above the mean + 2 SD margin. Both
plaques disrupted after triggering. Four of seven sections covering the
vulnerable region 2 are illustrated in (a—d). (Adapted and reprinted
from Phinikaridou et al. [142], © 2014, with permission from RSNA)

image cellular and structural changes in the vessel wall
during atherosclerosis progression in animal models and
humans. Coronary vessel wall NCE-MR and CE-MR in
patients after myocardial infarction have shown potential
for the noninvasive characterization of coronary artery
plaque (e.g., endothelial dysfunction, hemorrhage, and
fibrosis) without the use of ionizing radiation. For addi-
tional characterization of atherosclerotic lesions, target-
specific imaging probes have been developed, which
allowed successful imaging of extracellular matrix remod-
eling and coronary thrombosis. In the future, visualization
of both early and late biological changes of coronary
lesions may allow a more accurate assessment of disease
burden and monitoring of the effectiveness of
interventions.
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Fig. 14.15 Phase II clinical trial validating clinical feasibility of
fibrin-specific MR contrast agent. Human thrombus imaging using
EP-2104R, a fibrin-binding contrast agent, in a patient with aortic
thrombus. A mural aortic thrombus is well delineated on in-plane post-
EP-2104R black-blood MR images (a) while differentiation between
thrombus and vessel wall is poor on multi slice CT images (b). Excellent

aortic thrombus visualization on cross-sectional delayed enhancement
images post-EP-2104R (c) while differentiation between thrombus and
vessel wall is poor on pre-contrast black-blood turbo spin echo (d) MR
images. (Adapted and reprinted from Springer, © 2008, Spuentrup et al.
[34], Figs. 3, 5, 7, with kind permission from Springer Nature)
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