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1. Introduction

Cardiovascular disease (CVD) still represents an important burden for the
medical and economic world. Despite considerable therapeutic advances
over the past decade and the decline in deaths attributable to CVD, acute
cardiovascular events remain the leading cause of death in the Western
world (1 in every 3 deaths) [1]. Most of these deaths are due to

atherosclerotic plaque rupture.

It is well-established that the majority of acute ischemic events are caused
by the rupture or erosion of an atherosclerotic plaque [2, 3]. The plaques
likely to cause an acute event are called “vulnerable”. Currently,
identification of patients at risk of developing an acute event is based on an
estimate of the 10-year probability of presenting with or dying from an
acute event derived either from the Framingham Risk Evaluation equation
[4] or the Systemic Coronary Risk Evaluation system [5]. Unfortunately,
despite their usefulness in epidemiological surveys of populations, the
predictive accuracy of these models remains insufficient at the individual

patient level [6].

The development of new imaging and functional techniques has led to
considerable interest in predicting the individual risk of plaque
destabilization that could result in an acute ischemic event. Classical
noninvasive tests such as stress single-photon emission computed
tomography (SPECT), and stress echocardiography, and invasive
angiography provide information on the most obstructive plaques that are

flowlimiting, but do not provide precise information on the risk of future




acute events. Over the last few years, several invasive and non-invasive
imaging modalities have been developed to more accurately study the
morphology, biology, and physiology of vulnerable plaques. Recently
developed techniques, including coronary calcium scoring and identification
of biomarkers of plaque inflammation or collagen breakdown, represent
possible additional tools to refine an individual’s risk score. Considerable
interest is focused on the potential role of these techniques in predicting and

hopefully influencing the risk of acute ischemic events.
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II. Atherosclerosis

ILA. Introduction

Atherosclerosis (from the Greek athere — gruel, and sclerosis — hardening)
is a systematic pathological process that can manifest with acute clinical
events, such as myocardial infarction or stroke. More than thirty years ago,
the scientific community understood atherosclerosis as a lipid storage
disease; i.e., lipids are deposited on the surface of arteries and grow until
they decrease and block the blood supply to the tissues. We now have a
better understanding of the mechanisms responsible for the initiation and
development of atherosclerosis [7]. The arteries are recognized as an
organized organ compound of living cells where inflammation plays a key
role. Atherosclerotic plaques develop within, rather than on, the arterial

walls.

I1.B. Atherosclerotic plaque. Initiation and development of atherosclerosis

Human artery walls consist of three distinct regions called the tunica intima,
tunica media, and tunica adventitia. The innermost layer, the tunica intima,
consists of a basement membrane underlying the innermost surface
composed of a continuous layer of endothelial cells (ECs) facing the lumen
of the vessel. The tunica media, in elastic arteries (the aorta and its
branches), consists of resident smooth muscle cells (SMCs) important for

contractility. The outermost layer, the tunica adventitia, consists of SMCs,
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fibroblasts, connective tissue, and blood vessels. The blood vessels present

in the adventitia are called the vasa vasorum.

Atherosclerosis is characterized by the progressive accumulation of lipids
and fibrous elements in the large arteries, but the exact “spark” that initiates
this process is not known in detail. Most of what is known about the process
is derived from pathological studies.

Atherosclerotic plaque development is a slow process that takes several
decades. Inflammation participates in atherosclerosis from its inception and
development to its ultimate endpoint, thrombotic complications [8-11].
Well-known triggers of atherosclerosis, such as the consumption of a high-
saturated-fat diet, smoking, hypertension, diabetes, and obesity, can initiate
the expression of adhesion molecules by ECs, thus allowing the attachment
of leukocytes to the arterial wall. Vascular cell adhesion molecule-1
(VCAM-1) is responsible for the interaction between the endothelium and
leukocytes. VCAM-1 binds monocytes and T lymphocytes, the types of
leukocytes found in early atherosclerotic plaques. The accumulation of
modified lipoprotein particles in the arterial intima is the initiating event that
induces VCAM-1 expression through a pathway mediated by nuclear factor-
kB (NF-«B), interleukin-1 (IL-1B), and tumor necrosis factor-o (TNF-a)
[8].

Laminar blood flow produces shear stress, which elicits several
atheroprotective mechanisms, such as increased nitric oxide synthase
expression. The resulting increase in production of the vasodilator nitric
oxide can limit VCAM-1 gene expression by inhibiting NF-kB activation.
Monocytes adhere to the endothelium surface, and penetrate and enter the

intima by diapedesis between ECs. This process depends in large part on the
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expression of chemoattractant cytokines [12]. Within the intima, the
monocytes mature into macrophages that express scavenger receptors and
engulf modified lipoproteins.

The early stage of atherosclerosis consists of subendothelial accumulation of
macrophages with a high cholesterol content, especially oxidized low
density lipoprotein (LDL) — the so-called “foam cells” [7]. This stage,
termed “fatty streaks”, can be observed in the aorta in the first decade of
life, the coronary arteries in the second decade, and the cerebral arteries in
the third or fourth decades[13]. This early stage is reversible. There are
preferred sites of lesion formation within the arteries, which is the
consequence of differences in blood flow dynamics and shear stress. Fatty
streaks are the precursors of more advanced lesions characterized by lipids
and SMCs accumulation. Such “fibrous lesions” typically have a “fibrous
cap”, consisting of SMCs and extracellular matrix (ECM) that encloses a
lipid-rich “necrotic core”. The accumulation of lipids is tightly correlated
with endothelial dysfunction, infiltration of monocytes, and immigration of
other inflammatory cells. These processes, together with activation of
vascular SMCs and their excessive production of ECM in the arterial wall,
result in vessel wall thickening and a usually asymmetrical narrowing of the
vessel. Early atherosclerotic lesions mainly consist of an excess of lipids,
cholesterol, and ECM components, especially collagen I and III, elastin, and
proteoglycans. These lesions initially involve a thickening of the vessel wall
without any vessel narrowing, extensive vessel wall remodeling, and a
proteolytic degradation of ECM. At later stages, lumen narrowing occurs.
Inflammatory processes within the plaque, together with infiltrated
leukocytes and activated macrophages, are involved in lesion progression

and contribute to plaque vulnerability [14, 15]. Atherosclerotic plaque is
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characterized by a heterogeneous population of macrophages, reflecting the
complexity and diversity of the microenvironment to which cells are
exposed after entry into the arterial wall [16]. After monocyte differentiation
into macrophages, the latter become polarized and their phenotype and
function change under the influence of several cytokines and growth factors.
Several of the phenotypes present in atherosclerotic lesions have been
described [17]. Coexistence of the two main macrophage phenotypes (M1
and M2) has been described in carotid atherosclerotic lesions [18].
Histological analysis of human atherosclerotic plaques revealed a distinct
spatial distribution of macrophage phenotypes in human plaques [19]. The
M1 (so-called "classical") macrophages are found mainly in the shoulder
areas of the plaque, which is considered to be one of the most fragile zones
of the plaque and is also near the lipid core [20]. M1 macrophages, activated
by the lipids, promote the formation of the necrotic core and the
destabilization of the plaque leading to thrombotic events [17].

In contrast, M2 (so-called "alternative") macrophages are located in the
adventitia, in stable areas close to the fibrous cap and in areas of
neovascularization that also contain iron deposits [21, 22]. M2 macrophages
modulate the progression of atherosclerosis by attenuating the inflammatory
response via secretion of anti-inflammatory factors [23] and contribute to
the resolution of inflammation by phagocytizing M1 macrophages in

apoptosis [24].

In later stages of atherosclerosis, plaques can become increasingly complex,
with calcifications, ulcerations at the luminal surface, and hemorrhages from
small vessels (vasa vasorum) that grow into the plaque from the media [25-
27].
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Figure 1: Atherosclerosis lesion progression and potential targets for

molecular imaging.
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The progression of an atherosclerotic lesion is shown in a simplified form, developing from
a normal blood vessel (far left) to a vessel with an atherosclerotic plaque and superimposed
thrombus (far right). Potential targets for molecular imaging at each stage are also listed.
AHA, American Heart Association; ICAMI1, intercellular adhesion molecule 1; LDL, low-
density lipoprotein, MMP, matrix metalloproteinase; VCAMI, vascular cell-adhesion
molecule 1.

JavierSanz&Zahi A. Fayad

Nature 2008, 451, 953-957
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II.C. Vulnerable plaque

Histopathological investigations have revealed that in two-thirds of patients
with acute coronary syndrome (ACS), luminal thrombosis is caused most
frequently by atherosclerotic plaque rupture, followed by plaque erosion.
The least frequent cause is calcified nodules, where disruptive nodular
calcifications protrude into the lumen [28-31]. The mechanisms are similar

in carotid arteries [32, 33].

In plaque rupture, a structural defect in the fibrous cap exposes the lipid
core and other constituents of the plaque to the blood constituents and
promotes thrombosis. Plaque material is sometimes found in the thrombus,
indicating that rupture and thrombosis are simultaneous.

Plaque erosion is described as a thrombus without rupture, where the
surface endothelium is absent but there are no visible distinct morphological

features of the underlying plaque [34].

In the literature, the terms ‘‘vulnerable plaque’” [35-37] or ‘‘rupture-prone
plaque’ are frequently used to define plaques at high risk of causing local

thrombosis.

The most common cause of ACS is hypoperfusion subsequent to plaque
rupture and local thrombosis [38]. Even though plaque rupture with luminal
thrombosis is similarly considered to be the major etiology of carotid
atherosclerosis, artery-to-artery embolism appears to be the dominant
vascular mechanism causing brain ischemia. The large vessel caliber and

increased flow velocity may explain the more embolic nature of carotid
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plaque rupture. Several studies have shown the presence of micro-emboli
distally to a carotid severe stenosis [39], supporting the view of
embolization as the etiology of most strokes. However, in a substantial
proportion of cryptogenic strokes, embolization resulting from non-stenotic

plaques with vulnerable characteristics is suspected [40, 41].

Anatomicopathological studies in sudden coronary deaths [42] established
characteristics of rupture-prone plaque in coronary arteries. These lesions,
usually called thin-cap fibroatheromas (TCFA), showed typical
characteristics including a thin fibrous cap (<65 um) [43] and a large lipid
necrotic core [28] infiltrated by numerous inflammatory cells such as
macrophages and lymphocytes [42], diffuse spotty calcifications, and
neovessels coming from vasa vasorum that are responsible for intraplaque
hemorrhage (IPH) (see Figure 2). This type of plaque presents a substantial
outward remodeling described as a “compensatory enlargement” of the
artery in response to an increase in plaque area, also called “the Glagov
phenomenon[44]. These hallmarks of vulnerable plaque have also been
found in carotid plaque and are supported by histopathology studies [45,
46].
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Figure 2: Thin-cap fibroatheroma
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ESC Textbook of Cardiovascular Imaging, 2d edition

The fibrous cap covering the lipid core consists of proteoglycans, collagen,
and elastin. In the thin cap of the vulnerable plaque, few or no SMCs are
present. The cap thickness is a balance between matrix synthesis by SMCs
and matrix degradation by matrix metalloproteinases (MMPs) produced by

inflammatory cells such as macrophages [47].
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Results derived from analyses of coronary arteries cannot necessarily be
extrapolated to other atherosclerotic vessels, such as the carotid artery.
Indeed, Redgrave et al. [48] performed detailed histological analysis of 526
carotid plaques of symptomatic patients undergoing carotid endarterectomy
(CEA) and determined the thickness of the fibrous cap associated with
plaque rupture. In the ruptured plaques, mean cap thickness was observed to
be 300 um, with a minimum cap thickness of 150 um. For non-ruptured
plaques, mean and minimum cap thickness averaged 500 um and 250 pum,
respectively. Consequently, the optimum cut-offs to discriminate between
ruptured and non-ruptured plaques were set at <200 um for minimum cap
thickness and <500 pm for mean cap thickness. Interestingly, these values
were much greater than those reported for coronary plaques. Based on the
pioneering work of Virmani et al. [49, 50] and Redgrave et al. [45], it has
been proposed that a vulnerable carotid atherosclerotic plaque is one with a

thin fibrous cap of <200 um overlying a large necrotic/lipid core [49-51].

The lipid core is composed mainly of lipids and cholesterol from dead foam
cells [52] and is typically larger in ruptured plaques compare to non-
ruptured plaques [42]. This lipid core is avascular, hypocellular, devoid of
collagen matrix, and extremely thrombogenic due to the presence of tissue

factors produced by macrophages [53, 54].
The inflammatory cell population is predominantly represented by

macrophages; the remainder is composed of a mix of T lymphocytes,

neutrophils, and mast cells.
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Extracellular matrix protein synthesis by vascular SMCs may be inhibited
by interferon-y (IFN-y) secreted by activated T cells, thereby disrupting
collagen synthesis, which may interfere with the maintenance and repair of
the collagen framework supporting the fibrous cap. CD40 ligand expression
on T cells may promote tissue proteolysis through the release and activation
of matrix-degrading enzymes produced by vascular SMCs and inflammatory
macrophages. Activated macrophages within the fibrous cap (the Ml
macrophage phenotype) can secrete tissue proteases that support the
destruction of collagen and elastin. This process can thin and weaken the
fibrous cap. Additional factors involved in the activation of macrophages
include TNF-a, macrophage colony-stimulating factor (M-CSF), and
macrophage chemoattractant protein-1 (MCP-1), among others [55].

Microvessels, called “vasa vasorum”, are present in the adventitia of normal
vessels. They supply oxygen and nutrients to the other components of the
vessel wall [56]. Proliferation of the adventitial vasa vasorum, i.e.
neovascularization, is inherently linked with early atherosclerotic plaque
development due to impairment of oxygen diffusion [57]. These early
stages, fatty streaks and preatheromas, show neovascularization, with
apolipoproteins deposits around neovessels suggesting local lipid deposition
leading to plaque progression [58]. More extensive intraplaque
neovascularization is associated with vulnerable plaque and advanced
lesions 1in coronary [59, 60] and carotid plaques [61]. This
neovascularization appears in a disorganized network with excessively
enlarged and irregular vessels.

Neovascularization is stimulated by hypoxia mediated through hypoxia-

inducible factor-la (HIF-1a) secreted by hypoxic macrophages located in
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the necrotic core. HIF-1a is a subunit of a heterodimeric transcription factor,
HIF-1. Under normoxic conditions, HIF-1a is hydroxylated by an oxygen-
dependent pathway. Under hypoxic conditions, HIF-1a is stabilized, which
allows dimerization with the other subunit, HIF-1B. This active complex
binds to DNA, initiating the transcription of downstream genes involved in
angiogenesis and inflammation (such as vascular endothelial growth factor
(VEGF)) [62-64].

The leaky nature of neovascularization, regulated by VEGF and NF-kB, is
responsible for extravasation of red blood cells (RBCs), leading to IPH.
RBC deposits attract macrophages, participate in enlargement of the
necrotic core, and represent a critical event in the induction of plaque
instability [65].

Expansion of the neovascularization is linked to neointima formation and
growth of the atherosclerotic plaque, whereas regression is accompanied by
a reduction in neointima and plaque size [66].

Moreno et al. [67] hypothesized that neovascularization may contribute to
removal of intimal fat when the concentration of LDL is lower in the
neovessel circulation than in the intima. This efflux of LDL is followed by
regression of neovessels, which may be a marker of plaque stabilization [68,

69].

II.D. Vulnerable patient

In 2003, a review published in Circulation proposed the term
“cardiovascular vulnerable patient”. The aim of this paper was to define
subjects susceptible to an ACS or sudden cardiac death. Criteria were based
on plaque characteristics, but also on blood sample analysis, which was

undertaken to identify conditions that were prone to thrombosis using a set
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of serum markers (markers of inflammation, immune activation, lipid
peroxidation or metabolic syndrome, and coagulation/anticoagulation
balance), and on myocardial vulnerability (favoring fatal arrhythmias) [36,
37].

Several studies have noted the presence of more than one vulnerable plaque
in patients at risk of or presenting with a cardiovascular event [43, 70-72].
The PROSPECT trial demonstrated that only 1% of the patients in whom
intravascular ultrasound (IVUS) had identified a large number of non-culprit
(meaning not related to the acute event) vulnerable plaques experienced a
myocardial infarction related to the non-culprit lesion during the three-year
follow-up [71]. In addition to the aforementioned observations, there is
some evidence in favor of temporal changes in plaque morphology. Indeed,
an IVUS-based study by Kubo et al. revealed that a large proportion (75%)
of TCFA had changed into stable plaque after one year and, conversely, that
new TCFA had developed [73]. These data suggest that a plaque can appear
vulnerable at a given time and less vulnerable at another time, and that
coronary artery disease is an active process that is constantly changing.
Vulnerable plaques frequently rupture without any clinical symptoms [74,
75] and healing of asymptomatic ruptured plaques leads to progressive
lumen obstruction [70, 76]. This mechanism likely explains the results of
Kubo et al. [73].

Because most plaque ruptures do not lead to symptomatic events (e.g.
thrombosis), other factors must be present. Numerous factors other than
plaque characteristics may be involved, including plaque location,
endothelial dysfunction but also coronary flow dynamics, intrinsic
hemostatic/fibrinolytic dysfunction, neurohormonal dysregulation, and

environmental factors/triggers. These different conditions may explain why
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vulnerable plaques with similar characteristics have different clinical
presentations and evolution [77].

This suggests that detection of a vulnerable state in a patient (“vulnerable
patient”) is more important than identification of individual vulnerable

plaque characteristics.
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II1. Imaging modalities

IIILA. Introduction

The diagnostic approach to atherosclerotic diseases often consists of
evaluating luminal patency either directly, by angiography, computed
tomography (CT), magnetic resonance imaging (MRI), or ultrasonography
(for some specific arteries such as the carotid artery), or indirectly, by tissue
perfusion imaging (Positron emission tomography (PET), SPECT, perfusion
MRI, or perfusion CT). These tools offer information about the severity and
location of Iuminal stenosis (or its consequences on distal blood
flow).Nevertheless, they provide little information regarding features that
determine a plaque’s propensity for rupture or erosion. Information on

plaque composition can, however, be partially obtained by CT or MRI.

Studies have shown that the majority of plaques responsible for acute
coronary events are not associated with severe stenosis in angiographic
exams [78, 79]. However, angiography is a luminography technique; as such
it is influenced by remodeling and underestimates the plaque volume.
Conversely, histological and intravascular imaging studies have
demonstrated the importance of positive remodeling [36, 80, 81].

In contrast, the stroke risk in patients with symptomatic stenosis (>50%) is
directly related to the extent of stenosis for the first two years after

symptoms develop [82-84].

Ischemia-based revascularization of coronary stenosis allows symptom

relief but is unlikely to reduce the incidence of acute coronary events
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(sudden death or myocardial infarction),as demonstrated in the COURAGE
and BARI 2D trials [85-87].The focus on treating the few isolated angina-
producing stenosis does not take into account the many non-obstructive

potentially vulnerable plaques.

CEA has been shown to prevent stroke in patients with high-grade carotid
artery stenosis (“benefit of carotid endarterectomy in patients with
symptomatic moderate or severe stenosis” study) [88]. However, it is
becoming increasingly clear that the degree of luminal stenosis alone is not
the optimal clinical decision parameter. Patients with an almost occluded
carotid artery may remain completely asymptomatic throughout their
lifetime, whereas strokes may occur in the absence of severe carotid stenosis

because of outward arterial remodeling of a vulnerable plaque [89].

As discussed earlier, atherosclerosis is a systemic and diffuse disease
involving the entire arterial tree. Studies have reported the presence of
additional vulnerable plaque to the culprit lesion in symptomatic patients
[43, 90, 91]. The usefulness of locating vulnerable plaques remains to be
demonstrated and seems not to be able to predict the occurrence of all
coronary events, though it may provide additional prognostic information.
Therefore, it is questionable whether there is any benefit in detecting an
isolated vulnerable plaque. Indeed, the treatment is based primarily on the
use of well-known systemic medications (aspirin, P2Y12 inhibitors, statins,
etc.). The benefit of individual treatment of a vulnerable plaque (e.g. by
stenting) is currently being investigated in large randomized trials
(PROSPECT-ABSORB trial [NCT02171065], PECTUS trial [NTR5590]
and PREVENT study [NCT02316886]) to assess its therapeutic potential for
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reducing acute events [3]. Nowadays, it might be better to assess the global
extent of the atherosclerotic disease, which may lead to a life-saving change
in diet and lifestyle, and influence the number/dose of medications and
patient’s adherence to the treatment. This global burden can be established
using non-invasive imaging of larger arteries more accessible than coronary

arteries.

This chapter describes the current methods of diagnosing atherosclerotic
plaques. Both non-invasive and invasive imaging as well as their advantages

and limitations are discussed.
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III.B. Non-invasive imaging

Various anatomical components of TCFA, as well as metabolic processes,
have been targeted as candidates for non-invasive imaging. Positron
emission tomography (PET), contrast-enhanced ultrasound (CEUS),
computed tomography angiography (CTA), and magnetic resonance
imaging (MRI) have emerged as possible non-invasive modalities to
visualize the vulnerable plaque. The characteristics of these imaging

modalities are summarized in Table 1 and will be discussed in this section.

Table 1: Non-invasive imaging modalities: technical characteristics and

targeted vulnerable plaque features.

| FDG-PET | CEUS | CTA \ MRI
Technical characteristics
Contrast agent - microbubbles iodine gadolinium
Tonizing radiation yes no yes no
Spatial resolution (mm) 4-5 0.1 04 0.5-1(0.35)%
Vulnerable plaque features
Remodeling - - + +
Lipid core - - + +
Plaque rupture - + -
Thin fibrous cap - - + +
Inflammation + - - )
Neovascularization - + - +
Intraplaquehemorrhage - - - +
Spotty calcification - - + -
*with 3T MRI
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Despite the ability of these techniques to detect some features of a
vulnerable plaque, novel targets for non-invasive imaging of vulnerable
plaques are still required for reliable patient risk stratification. There have
been many advancements in molecular imaging, which visualizes specific
molecular biomarkers or molecular processes in vivo. In particular, various
molecular imaging methods have been developed in cancer imaging to
identify molecular characteristics of tumors. These methods can also be
applied to a vulnerable plaque, which has similar targets (e.g. macrophages,
neovascularization, etc.).At this stage of development, these modalities are
not well-suited for imaging of coronary arteries, mainly due to their small
size and continuous movement. By contrast, they can be used successfully

for carotid imaging. Further developments are needed for coronary imaging.

1. Nuclear imaging : PET-CT

Nuclear imaging methods are not used for anatomical structures imaging
due to their low resolution, but rather provide information about metabolic

activity.

1.a. General principle

PET is based on the detection of the 511 keV annihilation photons that are
released in opposite directions when radionuclides, such as fluorin-18,
carbon-11, and oxygen-15, emit positrons (positively charged electrons)
(B+) that undergo annihilation with electrons in tissues (Fig 3). These

radionuclides are used to synthesize radiopharmaceuticals that are part of
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biochemical pathways in the human body, such as fluoro-deoxy-glucose
(FDG) in glucose metabolism. After radiopharmaceutical injection, patients
are placed in the PET scanner where they are surrounded by a ring of
detectors, and the coincident detection of two photons in opposite detectors
determines a line of response along which the annihilation occurred. By
detecting all the possible lines of response, the system can reconstruct an
image of the activity distribution of the radiopharmaceutical inside the
patient. This “coincidence” detection makes PET much more efficient than
other nuclear medicine procedures. The spatial resolution of the final image
is mainly limited by the size of the detectors: typical spatial resolution of

current PET systems is in the order of 5 mm.
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Figure 3: Annihilation reaction.
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Positrons (B+) released from the nucleus of F-18 annihilate with electrons
(B-), releasing two coincidence 511-keV photons (y), which are detected by
scintillation crystals (rectangles).

Positrons (B+) travel a small distance (a) before annihilating with electrons
(B-). This difference in position between the origin of the positron and its
site of annihilation results in a small deterioration of the spatial resolution
that can be achieved with PET.

N = neutron, P = proton.

18F-flu0r0-2-de0xy-D-gluc0se ("*F-FDG)

Fluorine-18 (‘*F) radionuclide is produced in a cyclotron and used for '*F-
FDG synthesis.

FDG is a radiopharmaceutical glucose analog that concentrates in
metabolically active cells in proportion to cellular demand in glucose.

Like glucose, the FDG is transported into cells by glucose transporters
(GLUTSs) and phosphorylated by hexokinase (HK). As FDG-6-phosphate is
not a suitable substrate for glucose-6-phosphate isomerase, it accumulates

within the cells (Figure 4).

The major advantage of PET is its high sensitivity, allowing the detection of
a picomolar concentration of tracer, which can be used to quantify a
biological process of interest. PET with the tracer '*F-FDG allows
measurement of metabolic activity. In atherosclerosis evaluation, '*F-FDG
reflects the metabolic activity of macrophages and therefore plaque

inflammation[92].
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Figure 4: Comparison between '*F-FDG and glucose metabolization.
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PET-CT Fusion

PET is limited by poor anatomic detail, and correlation with some other
form of imaging, such as CT, is desirable. PET-CT is a technique which
combines, in a single gantry, a PET scanner and an x-ray CT scanner, to
acquire sequential images from both devices in the same session. These
images are combined into a single superimposed (coregistered) image. Thus,
functional imaging obtained by PET, which depicts the spatial distribution
of metabolic activity, can be more precisely aligned or correlated with
anatomic imaging obtained by CT scanning. Common software and control
systems can subsequently produce two- and three-dimensional image

reconstructions.
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Interpretation of Images

PET provides images of quantitative uptake of the radionuclide injected that
can give the concentration of radiotracer activity in kilo becquerels per
milliliter. However, for accurate results, the images must be corrected for
effects of attenuation of the 511-keV photons as they pass through the
patient. PET-CT uses CT transmission data to correct for attenuation
differences.

The conventional methods of measuring radiotracer activity are the
standardized uptake value (SUV) and tissue to background ratio (TBR). The
SUV is a semiquantitative assessment of the radiotracer uptake from a static
(single point in time) PET image. The SUV of a given tissue is calculated
with the following formula: tracer concentration in tissue normalized to
injected radiotracer dose/patient weight. It is important to standardize the
time interval between injection of the radiotracer and the PET study, as the
SUYV variability with time has been well documented.

In contrast, TBR was devised to correct for blood uptake of radiotracer, the
blood pooling effect. TBR is calculated as the ratio of the SUV of a region
of interest (ROI) to the SUV in the mid-lumen of a large vein with no

evident spill-over effect from neighboring tissues.

Limitations and Artefacts of PET-CT

Patient motion in PET-CT imaging can produce significant artefacts on the
fused images and may cause confusion as to the correct position of the
origin of the detected photon. Patients are carefully instructed not to move
for the entire study (during CT, between CT and PET, and during PET) and
placed in a comfortable position before the start of the study. This is

extremely important for proper coregistration of the CT and PET studies, on
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which both accurate spatial localization of tracer activity and valid
attenuation correction depends. Patient motion between the CT and PET
studies appears as a mismatch between the two sets of images. Finally,
normal muscles may take up the radiotracer and show increased activity on
the PET images. This can be the case for myocardial muscle in some basal
situations or for peripheral muscles after strenuous activity preceding or
following injection of FDG. The uptake of FDG in normal muscles is

diffuse and frequently symmetric.

1.b. Imaging of the carotid and coronary plaques

Preclinical studies of vascular injury in the iliac arteries of atherosclerotic
rabbits showed enhanced '*F-FDG uptake in the vessel wall and an
associated increase in macrophage activity at the site of injury [93].

Due to the infiltration and retention of oxidized lipids in the arterial wall,
vulnerable plaques contain a higher density of macrophages compared with
asymptomatic plaques [28]. Activated macrophages have a significantly
increased metabolic rate compared to their non-activated counterparts, and
therefore an increased '*F-FDG uptake. The rate of glucose utilization of
macrophages is high at baseline and can increase 50-fold further when
activated [94].

Rudd et al. found increased'*F-FDG in macrophage-rich regions of carotid
plaques removed at endarterectomy in eight symptomatic patients compared
with contralateral asymptomatic plaques in the same patients [95]. Tawakol

et al. demonstrated that in vivo '"*F-FDGuptake correlated with the degree of
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plaque inflammation in 17 patients when macrophage staining was assessed
histologically [96].

A more recent and larger study of 21 patients confirmed these findings,
demonstrating that '"F-FDG uptake in carotid plaque, expressed as the
maximal standardized uptake value (SUV.x), Was strongly associated with
macrophage density and enhanced tissue expression of VEGF [97].

In addition to its application for detection of carotid atherosclerosis, '“F-
FDG has been used in coronary imaging but studies have reported
conflicting results (see Table 2). These different studies emphasize the
technical limitations of the method with problems related to myocardial

tracer uptake, respiratory motion, and partial volume artifacts [98].

Table 2: Studies evaluating '*F-FDG for coronary imaging.

Study Type of Study Study Results p value
Subjects
Rogers et al. Feasibility ACS post FDG uptake p=10.02
[99] study angioplasty vs | 1is higher in
stable CAD | ACS patients
Cheng et Exploratory | ACS vs stable | FDG uptake p=0.04
al.[100] study CAD 1s higher in
ACS patients
Joshi et Prospective | ACS vs stable | No difference | p=0.34
al.[101] clinical trial CAD between
(FDG and FDG uptake
NaF) by culprit
and non-
culprit plaque
ACS : Acute Coronary Syndrome ; CAD : Coronary Artery Disease ; FDG :

Fluorodeoxyglucose ; NaF : Natrium Fluoride

35




1.c. Technical limitations

In addition to the spatial resolution (4—-5 mm), the difficulties in suppressing
endogenous myocardial glucose uptake and the combined respiratory and
motion artifacts that are associated with cardiac imaging are also obstacles
in terms of coronary plaque imaging (as illustrated in Figure 5).

It would be advantageous to have a method that decreases physiological
myocardial FDG uptake. Indeed, suppressing or minimizing the myocardial
FDG uptake improves the detection of FDG uptake in adjacent structures

and decreases the risk of false-positive studies. It has been demonstrated

that a high-fat low-carbohydrate (HFLC) diet significantly reduces
myocardial FDG uptake [102-104].

Figure 5: Endogenous myocardial FDG uptake makes it difficult to

visualize FDG uptake in coronary arteries.
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1.d. Myocardial metabolism

Glucose and fatty acids are the major oxidative fuels for mammals. The
utilization of free fatty acids (FFAs) and glucose in the mitochondria
accounts for the vast majority of adenosine triphosphate (ATP) production
in the healthy adult heart [105].The adult heart has the ability to switch
energy sources as dictated by substrate availability, hormonal status, and
physiological conditions [106, 107]. Under normal circumstances at rest,
60-90% of the acetyl-CoA that enters the tricarboxylic acid cycle comes
from the B-oxidation of FFAs (diacylglycerol and non-esterified fatty acids),
and 10—40% from the oxidation of pyruvate that is derived in almost equal
amounts from glycolysis and lactate oxidation [108]. However, during
conditions of increased metabolic demands, such as increased heart rate or
blood pressure, in a postprandial state with an increase in plasma glucose
and insulin level, or in hypoxic conditions, there is a shift towards a greater
utilization of glucose to maintain ATP production. During prolonged
starvation, ketone bodies and lactate serve as the fuel for cardiac energy

production.

Cardiac carbohydrate metabolism [109]

Glucose, glycogen, and lactate are the carbohydrates used by the heart to
produce energy. Glucose has a hydrophilic nature and the lipid bilayer of
plasma membrane is impermeable to it. Glucose transport across the plasma
membrane in the cardiomyocyte therefore occurs via glucose transporters.
There are two major classes of glucose transporters: GLUT family (the

facilitative glucose transporters) and the sodium-dependent glucose
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transporters (SGLTs), which are located in the sarcolemma. GLUT proteins

mediate the majority of glucose transport.

In the human heart, the major isoforms of the GLUT family are GLUT4 (up
to 70% of the GLUT found in the cardiomyocyte membrane) and GLUTI.
In basal conditions, GLUT4 is located mainly in intracellular membrane
compartments. In response to stimuli such as insulin or increased heart

work, GLUT4is translocated to the cell surface.

Physiological stimuli initiate distinct signaling mechanisms leading to
enhanced GLUT4 translocation and glucose uptake. Phosphoinositide 3-
kinase (PI3K) is a crucial intermediate in the insulin signaling process; it
activates the serine/threonine kinase protein kinase B (PKB) involved in the
hormonal regulation of the glucose transport that is primarily attributable to
an increase in the plasma membrane recruitment of GLUT4 [110]. The
ability to induce GLUT4 translocation is not restricted to insulin, but can
also be achieved by an increase in the mechanical activity of the heart. This
pathway has been shown to include adenosine monophosphate-activated
protein kinase (AMPK), which appears to function as a “sensor” of the
energy status of cells, and becomes phosphorylated and activated by a
stress-induced rise in intracellular adenosine monophosphate (AMP) and a

concomitant drop in ATP [111].

After uptake, glucose is metabolized via glycolysis and glucose oxidation.
This process produces 30—32 ATP molecules per glucose molecule. The
heart uses glycogen and lactate when the supply of other fuels is inadequate

to meet its requirements.
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Cardiac fatty acid metabolism[112]

Under normal physiological conditions, the heart takes up fatty acids and
converts them to long-chain fatty acyl-CoA esters via the action of fatty
acyl-CoA synthase and exports most of these esters into the mitochondria
for B-oxidation. FFAs enter cardiac myocytes either by via protein carriers
(fatty acid translocase (FAT)/CD36, plasma membrane isoform of fatty acid
binding protein (FABPpm), and fatty acid transport protein (FATP)).
Mitochondrial transport is carried out by the carnitine system, which
contains carnitine palmitoyl transferase 1 and 2 (CPT1 and 2). The activity
of CPT1 is regulated by the cytosolic concentration of malonyl-CoA. Two
enzymes control the cytosolic levels of malonyl-CoA; acetyl-CoA
carboxylase (ACC) and malonyl-CoA decarboxylase. Phosphorylation of
ACC by AMPK induces an inhibition of ACC and therefore a decrease in
malonyl-CoA, thereby stimulating fatty acid oxidation. Several enzymes
whose expression is controlled by peroxisome proliferator activated
receptors (PPARs) act to regulate mitochondrial fatty acid oxidation,
including the retinoid X receptor o (RXRa; a nuclear receptor transcription
factor that complexes with PPAR and coordinates the control of energy
utilization and storage) and the PPAR vy co-activator (PGC) 1a (an essential
regulator of mitochondrial biogenesis and energy metabolism). Increased

fatty acid oxidation occurs in cardiomyocytes during exercise.

39



1.e. Non-coronary cardiac FDG PET/CT

The clinical applications of FDG-PET/CT are extending beyond the area of
oncology. As previously discussed, FDG also accumulates at the sites of
inflammation, such as in atherosclerotic disease but also sarcoidosis, at sites
of infection, for example in endocarditis [113] and during myocardial
ischemia [114]. As discussed previously in the section on technical
limitations (see Section 1.c), a proper myocardial preparation is crucial to

obtain valuable exams.

Sarcoidosis is a multisystemic inflammatory disorder characterized by non-
caseating granuloma in many organs. It most commonly affects the lungs
and the lymph nodes. Clinically, 5% of patient with sarcoidosis have cardiac
involvement. Myocardial FDG uptake in patients with suspected or
confirmed sarcoidosis has prognostic value and is useful in patient
stratification. Among patients with FDG uptake in the heart that is within a
normal range, patients with no uptake at all have significantly lower event

rates than those with a diffuse myocardial uptake pattern.

Infective endocarditis is a severe disease with an increasing incidence rate
globally, especially in the elderly. The current diagnostic gold standard for
endocarditis is the modified Duke criteria, which is based on clinical,
echocardiographic, microbiological and histological findings. Due to the
lack of sensitivity of the Duke criteria (80%), there is a growing interest in
molecular imaging with FDG-PET, which demonstrates increased metabolic
activity at the site of infection before morphologic changes occur.
Combined PET/CT imaging provides complementary morphologic and

metabolic information at the site of infection; this requires a good
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myocardial suppression. FDG-PET/CT has the unique attribute of imaging
the whole body. This is useful in identifying sites of metastatic infections.
Determining the extent of infection is important in deciding the treatment
modality in prosthetic valve infectious endocarditis. When infection extends
into the perivalvular area, early surgical intervention is necessary. In this
early phase, echocardiography may still be negative, since an abscess is not
yet formed. BE_FDG-PET/CT, however, is able to show abnormal
accumulation in the prosthetic valve with extensions into the perivalvular
area, consistent with perivalvular spread. Electronic device infections can

also be imaged in the same way.

The complete deregulation of glycolytic energy metabolism in hypoxic
myocardium is the main reason behind using '*F-FDG-PET/CT to directly
image the hypoxic or ischemic myocardium. Myocytes without available
oxygen are turned towards glycolysis. The conversion occurs rapidly in
several minutes (even when induced by stress testing). When ischemia
occurs, glycolysis remains and lasts for several hours/daysafter the
hypoxic/ischemic period ends, even if the blood supply is restored. The
upregulation of glycolysis by the myocytes is one cause of the increased
FDG accumulation within the postischemic myocardium. However, stress-
induced hypoxic myocardium imaging is not yet clinically established and
the enhanced FDG uptake induced by myocardial ischemia is controversial
[114, 115], since non-ischemic myocardium can also exhibit varying extents

of FDG uptake even under a fasting state.

Finally, abnormal patterns of cardiac FDG activity can be noted in a variety

of other conditions, including lipomatous hypertrophy of the interatrial
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septum, epicardial and pericardial fat, increased atrial activity associated
with atrial fibrillation or a prominent crista terminalis, myocarditis, and

pericarditis.

2. Nuclear imaging : SPECT and other PET tracers

Other tracers, using PET or SPECT radionuclides, have been created to
target metabolic and signaling pathways associated with the characteristics

of plaque vulnerability.
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Table 3: PET (other than FDG) and SPECT radionuclides used to evaluate

plaque vulnerability

Target Process Imaging Imaging Probe Study | Target Artery | TRR | LNR | Ref
Target Subjects
PET
Endothelium P-selectin #Cu-anti P-selectinAb AM Aorta 1.3 5.9 116
®Ga-fucoidan AM Aorta 5.1 1.7-2.4 | [117
Inflammatorycell | Chemokinerece | #Cu-DOTA-vMIP-IT AM Femoral 3437 | [118
ptor
#Cu-DOTA-DAPTA AM Femoral 29-44 | [119]
Mannose I5F-fluoro-D-mannose | AMHu-T Carotid 2348 | [120]
receptor
S5T receptor %Ga-DOTATATE Hu-1 Aoprta/coronary | 1.4-3.7 | 1.2-1.5 | [121-
123]
TSPO HC-PK11195 Hu-I Aorta/carotid 1.1-2.4 | 1.2-2.5 | [124,
125]
Choline BBF11C-choline Hu-I 1.9 [126,
metabolism 127]
Phagocytosis #Cu-nanoparticle AM Aorta 128
Neoangiogenesis | Integrin %Ga-NOTA-RGD AMHu-1 Aorta/carotid 129
15F-flotegatide AM Aorta 1.5-47 | 2.8-5.2 | [130
15F-galactoRGD Hu-I Carotid 2.0 131
VEGFreceptor | ¥Zr-bevacizumab Hu-T Carotid 21 132
Hypoxia Redox IEF-FMISO AM Aorta 5 133
Calcification Chemisorption | 18F-fluoride Hu-I Coronary 13-17 101,
134]
SPECT
Endothelium VCAM-1 PoTe-cAbVCAMI-S AM Aoprta 1.3 135
Inflammatorycell | IL-2 receptor SoTc-HYNIC-IL-2 Hu-T Carotid 1.1-16 | 1.2-1.4 | [136
Folatereceptor | !1In-EC0800 AM Carotid 137
“mTe-folate Hu-T Carotid 138
LOX-1 Hin-liposome-LOX-1 AM Aorta 139
Ab
Proteolysis MMP “oTc-RPROS AM Aorta/carotid 1.3-1.7 | [140,
141]
Neoangiogenesis | Integrin SoTc-NC100692 AM Carotid 6.5 [142]
¥mTc-maraciclatide AM Aoprta 1.6 [143]

Ab = antibody, AM=animal model, Hu-I=humanimaging, Hu-T =human tissue specimen, IL =interleukin,

LDL = low-density lipoprotein, LNR. =lesion-to-normal ratio, LOX =lectin-like oxidized LDL receptor, MMP
= matrix metalloproteinase, S5T = somatostatin, TRR = target-to-reference tissueratio, TSPO = translocator
protein, VCAM =vascular cell adhesion molecule, VEGF = vascular endothelial

Many tracers target activated macrophages. The use of surfaces receptors,

such as the IL-2 receptor [144] and scavenger receptors [145, 146], labeled

with 2™

Technetium was tested over 10 years ago. More recently,

chemokine receptors have been investigated. Proteins or peptides that have

an affinity for chemokine receptors were labeled with ®*Cu and used for

PET imaging [118, 119]. Other surface receptors have been studied, such as
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the folate receptor B [137], mannose receptor [120], lectin-like oxidized
LDL receptor [139], and somatostatin receptors [123]. Choline is used for
cell membrane synthesis, and choline metabolism is enhanced in activated
macrophages. Radiolabeled choline (''C-choline and '®F-choline) is also

available for application in humans [126, 127].

Other inflammation-related processes can be targeted. MMP and cathepsin
are the most important proteases in inflammatory proteolysis; some
radiolabeled imaging tracers have been developed. MMP inhibitors labeled

1 123 99
with "“T or =™

Tc have been used in scintigraphy scans or SPECT [147,
148]. Neoangiogenesis is another hallmark of vulnerable plaque and can be
targeted by the integrin avp3 [130, 131, 143] or other targeting VEGF

receptors [132].

"F_fluoromisonidazole (FMISO), first used for tumor visualization, allows
visualization of hypoxic vulnerable plaques [133]. Apoptosis of

macrophages can be visualized by radiolabeled **™Tc-annexin V [149].

Calcification is the final process in inflammation and can be easily seen on
CT scans. However, visualizing the ongoing calcifying activity in the plaque
is more challenging; imaging can be undertaken using '*F-fluoride PET

[134, 150]. This tracer allows discrimination of symptomatic plaques [151].
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Contrast-enhanced ultrasound (CEUS)

This method can only be applied to large vessels with an ultrasound window
(meaning a segment of the vessel accessible to the ultrasound beam),
typically the carotid artery, and is not applicable to coronary arteries. The
method improves the quality of traditional B-mode ultrasound images, with
a better delineation of structures where the contrast can reach (producing

angiography-like images).

3.a. General principle

CEUS is the application of ultrasound contrast medium to traditional
sonography. Ultrasound contrast agents consist of microbubbles of a low
molecular weight inert gas (e.g. sulfur hexafluoride, octafluoropropanc)
surrounded by a stabilizing shell (e.g. phospholipids, albumin) to improve
circulation time. Microbubble size is fairly uniform; they lie within a range
of 1-4 micrometers in diameter. They are thus smaller than RBCs, which
allows them to flow easily through the circulation, as well as the
microcirculation. These microbubbles stay in the vascular system for a few
minutes and then are eliminated by the respiratory tract. Ultrasound contrast
is not nephrotoxic, does not require radiation, and complications such as
severe anaphylactic reactions are rare (<1 in 100,000). The more common
side effects are minor and include headache, injection site pain, burning, or

paresthesias.

Ultrasound pulses are applied with a frequency near the resonance
frequency of the gas bubbles and the microbubbles expand and contract

(increase and decrease in diameter) with each cycle of pressure pulses,
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producing strong echoes of the imaged region. Trains of ultrasound pulses
with varied frequency, phase, and amplitude are designed to separate

microbubbles and tissue echoes.

Contrast-specific ultrasound modes are required and are based on the
cancellation and/or separation of linear ultrasound signals from tissue and
utilization of the non-linear response from microbubbles. Power-modulation
imaging is a pulse subtraction technique that transmits multiple pulses per
image line, alternating full-amplitude pulses with half-amplitude pulses (as
illustrated in Figure 6). Subtracting twice the return signal of the half-
amplitude pulse from the return signal of the full-amplitude pulse cancels
the linear response from the tissue, but not the non-linear response from

bubbles.

Non-linear harmonic ultrasound signals also arise in tissues themselves from
distortion of the sound wave during its propagation through the tissue. The
extent of this tissue harmonic response increases with the acoustic pressure,
which is proportional to the mechanical index (MI). The precise unit of
measurement for acoustic pressure is the Pascal, but the most common
reference unit is the MI. Minimization of bubble disruption is the main
reason for using low MIs for real-time imaging, but it also reduces tissue
harmonics and artifacts, thus facilitating the separation of signals from
vessels from those of tissue. Low MI is typically below 0.3 [152]. In cases
where the MI is more than 0.5, microbubbles oscillate strongly and expand
beyond their limit, resulting in a disruption of the bubble (as illustrated in

Figure 7).
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Carotid CEUS imaging uses a linear array transducer that transmits
frequencies between 3 and 10 MHz and uses a low-level mechanical index
between 0.06 and 0.2. It requires the use of dedicated contrast imaging
software with a pulse inversion or a harmonic imaging technique. We used
the following protocol: after injection of the ultrasound contrast agent, the
lumen of the carotid artery was enhanced within 10 to 25 seconds. To assess
replenishment kinetics, microbubble destruction was achieved using five on-
demand consecutive high-power frames (mechanical index (MI) 1.0).
Imaging then returned automatically to low-power, real-time scanning (MI

0.13) [153] (as illustrated in Figure 8).
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Figure 6: Pulse subtraction principle. The transmitted pulses are drawn on
the left. The received echoes are in the middle. Combination of the received
echoes is on the right. A: With a linear acoustic response (e.g. tissues), the
received echoes are similar to the transmitted ones. The sum of the two
signals is close to zero. B: When the acoustic response is non-linear (e.g.
microbubbles), the shapes of the received echoes are different and their sum
differs from zero. In this way, identification of the non-linear part of the
acoustic signal is possible.

A. Linear acoustic response

Transmitted pulses Received echoes Combination

Firstimpulsion

Second impulsion U
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Figure 7: Schematic changes of microbubbles by interaction with acoustic
field of various acoustic intensities: using very low MI (< 0.1), resonance is
observed, between 0.1 and 0.5 asymmetrical vibrations with emission of
harmonics, and with MI > 0.5, bubbles burst.

Bubble burst AV A J
<] >

Harmonics
vibrations

Acoustic
pressure

Resonance

Figure 8: Microbubbles replenishment in carotid plaque in seconds after
microbubble destruction.
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3.b. Imaging of the carotid plaque

Doppler and B-mode ultrasound of the carotid artery are the most common
methods used in clinical practice to find carotid atherosclerotic plaques and
to evaluate stenosis. The carotid artery is easily accessible for assessing
patient atherosclerosis. Feinstein et al.[154]first reported the feasibility and
clinical application of CEUS imaging in the carotid artery. Carotid plaque
imaging has largely improved with the introduction of CEUS, for two main
reasons. First, CEUS imaging enhances the carotid lumen, which results in
improved visualization of luminal irregularities including soft plaques,
dissections, and ulcerations [155, 156]. Second, it can detect intraplaque
neovascularization and adventitial vasa vasorum. The microbubbles of
contrast serve as ideal intravascular tracers and allow assessment of carotid
plaque neovascularization [157-159].

A number of studies report histological validation of CEUS; higher contrast
enhancement (visual semiquantitative analysis) correlated with an increase
in vessel density in endarterectomy specimens [158, 160]. Coli et al.
[158]used a double staining of microvessels with a cocktail of CD31/CD34
antibodies. In another study, Shah et al. [157] used a composite of CD31,
CD34, von Willebrand factor, and hemosiderin. The presence of
neovascularization within atherosclerotic plaques is a marker of plaque
vulnerability and has been associated with symptoms(transient ischemic
attack or stroke) [161] independently of the plaque thickness [162]. In an
observational study of 147 subjects, the past history of cardiovascular events
(myocardial infarction and transient ischemic attacks or stroke) correlated
with plaque neovascularization detected by CEUS [159]. These studies

support the role of CEUS imaging in cardiovascular risk stratification.
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Quantification of the vasa vasorum remains a major issue. Currently, studies
use 2D ultrasound imaging and semiquantitative evaluation based on visual
gradation of the contrast effect within the plaque [157-160]. Xiang et al.
evaluated a quantitative analysis of plaque contrast enhancement and
examined the correlation with semiquantitative assessment and symptoms.
Quantitative analysis was performed using software. A ROI was determined
manually to include the entire plaque. Motion compensation was used to
isolate the region from movement of the surrounding tissues. The software
automatically generated signal time-intensity curves of contrast
enhancement for the carotid plaque, which were fitted to an exponential
function. Baseline intensity and peak intensity values were derived from the
time-intensity curves. Enhanced intensity (in decibel, dB) values of the
plaque were calculated by subtracting the baseline intensity values for each

arca.

3.c. Technical limitations

The use of ultrasound contrast agents is contraindicated in patients known to
have right-to-left shunts, severe pulmonary hypertension (pulmonary artery
pressure >90 mmHg), or uncontrolled systemic hypertension, and in patients

with adult respiratory distress syndrome [163].

During ultrasound, heavily calcified plaques that produce acoustic shadows
hinder the examination of the lumen and plaques. The topography of the
evaluated plaques may well also act as a confounding factor. In particular,
when plaques located in the posterior arterial wall are evaluated,

microbubbles may produce acoustic shadowing that alters grayscale

51



intensity and therefore image interpretation. This phenomenon as known as

far-wall pseudo-enhancement [ 164].

3. Computed tomography angiography (CTA)

Multidetector-row CT (MDCT) is a widely available non-invasive imaging
tool. MDCT allows for multiplanar reconstructions in the axial, sagittal, and
coronal planes as well as high spatial (submillimeter) and contrast resolution
[165]. MDCT uses the voxel Hounsfield units (HUs) to characterizeplaques
(calcification, cap thickness, IPH, and lipid core) [166, 167].

Coronary plaques are imaged using a bolus-tracking CTA technique.
Regarding the coronary arteries, most clinical CTA investigations have
classified atherosclerotic plaques into three categories based on the presence
and amount of calcified plaque components[168]:calcified plaques with
higher attenuation, partially-calcified plaques, and non-calcified plaques
with lower attenuation. However, classifying non-calcified coronary plaques
as lipid-rich or fibrous lesions is challenging[169].Positive remodeling can
be derived with CTA and was well correlated with autopsy and IVUS study
[170]. Positive remodeling and low attenuation plaque in CTA was
associated with optical coherence tomography (OCT)-derived TCFA [171].
These two features were independent predictors for the occurrence of ACS
in short- and mid-term follow-up [172]. The napkin-ring sign is an
additional suspected CT feature of vulnerability and represents a necrotic
core with low attenuation surrounded by a ring-like area of higher

attenuation. This CT feature has been confirmed by autopsy studies [173].
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CTA is a traditional method of imaging the carotid artery. MDCT
angiography of the carotid artery is able to identify plaque ulceration,
calcification, and lipid cores with a good agreement with histology [174,
175]. Macroscopic changes in the carotid plaque, such as large hemorrhage
or low-density lipid cores, can easily be recognized. IPH is associated with
very low attenuation [176] and MDCT angiography is able to detect plaques
complicated with hemorrhage [177]. In general, the lower the density of the
plaque, the more likely it is to be vulnerable. Furthermore, MDCT
angiography is able to measure fibrous cap thickness with a good correlation
to histology [174]. Finally, MDCT angiography can quantify calcification; a
lower level of calcification is associated with a greater prevalence of

neurological symptoms [178].

Studies using MDCT with specific contrast agent for molecular imaging
have reported promising results. Activated macrophages have been imaged
using targeted nanoparticle contrast agents [179, 180] or gold-labeled high-
density lipoprotein nanoparticles [181]. MMPs have been imaged using the
contrast agent P947 (DOTA-Gd-peptide) [182].

The main limitations of MDCT include artefacts from calcified lesions, the

need for iodinated contrast, and radiation exposure.

4. Magnetic resonance imaging (MRI)

MRI is the most well-established imaging modality for carotid plaque
characterization. This non-invasive and non-radiation imaging modality is
capable of assessing both the lumen and the vessel wall. Nevertheless, the

visualization of coronary atherosclerotic plaques by MRI is still challenging

53



[183]. The resolution of MRI scanners of 1.5 Tesla is about 460—750 um
[184] and is 350 um for a 3 Tesla MRI scanner [185].

There is a wide variety of sequences available for plaque characterization.
Certain sequences, like fast spin echo sequences, allow for a very high
spatial resolution, but suffer from prolonged scanning time. Other sequences
are available to reduce scan time, such as gradient echo imaging. The black-
blood techniques result in high contrast between the dark lumen and the

vessel wall with a high signal-to-noise ratio.

The use of contrast-enhanced images is essential to differentiate the various
plaque components. Gadolinium (Gd)-based contrast agents can be used to
evaluate neovascularization, as well as differentiate the necrotic core from
fibrous tissue. Increased enhancement with Gd is also associated with the

detection of neovascularization and plaque inflammation [186-188].

Studies comparing MRI with histopathology have demonstrated that MRI
can distinguish between plaque calcification, the fibrous cap, intraplaque
hemorrhage, and the lipid-rich necrotic core [189]. Other studies have used
dynamic contrast-enhanced (DCE) MRI to quantify plaque enhancement
and thus neovascularization and inflammation using adventitial K"
(volume transfer coefficient)[190-192]. The presence of symptoms
(ipsilateral ischemic events) has been associated with increased Gd

enhancement [191, 193].

Molecular 1imaging wusing specific contrast 1s feasible. Activated
macrophages have been imaged using ultra-small super-magnetic particles

of iron oxide (USPIO) [194]; paramagnetic gadolinium-based nanoparticles
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targeted to the avp3-integrin have been used for imaging of angiogenesis

[195].

The main advantage of cardiac MRI is the absence of ionization.
Limitations include the contraindications for this technique (non-compatible
cardiac implanted device, metallic foreign body in eye or cerebral clip
aneurysm, severe claustrophobia), the use of Gd-based contrast agent, and

the limited access to the technique.

III.C. Invasive imaging

Intravascular imaging modalities display plaques at a high spatial resolution
and allow the precise visualization of the vessel and lumen dimensions, as
well as the distribution and severity of atherosclerotic disease. Some of
them can characterize atherosclerotic plaque composition. The
characteristics of the three main imaging modalities are summarized in

Table 4 and will be discussed in this section.
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Table 4: Invasive imaging modalities: technical characteristics and targeted

vulnerable plaque features.

|  VH-IVUS | OCT | NIRS
Technical characteristics
Energy source Ultrasound Infrared light | Near-infrared

light

Pullback speed, mm/s 0.5 1040 0.5
Depth penetration, 7-10 0.1-2.0 1-2
mm
Spatial resolution, 150-250 10 NA
um
Vulnerable plaque features
Remodeling ++ - -
Lipid core + + ++
Plaque rupture + ++ -
Thin fibrous cap - ++ -
Macrophage - ++ -
infiltration
Neovascularization - + -
Intraplaque - - -
hemorrhage
Spotty calcification ++ + -

NIRS: near-infrared spectroscopy; OCT:optical coherence tomography; VH-IVUS:virtual
histology intravascular ultrasound

There are some limitations to be considered, and these restrict the use of
intravascular imaging. These limitations include the fact that it can be used
only in symptomatic patients undergoing coronary angiography for clinical
purposes, that it does not enable complete assessment of the coronary tree,

and the time required for processing of data acquisition.
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1. Intravascular ultrasound (IVUS)

IVUS is performed using a miniaturized piezoelectric crystal placed at the
distal tip of a catheter attached to a computerized ultrasound station. The
IVUS technique is based on the reflection of emitted ultrasound waves,
according to the acoustic properties of the tissue. The transducer is
advanced through the coronary artery, guided by x-ray (fluoroscopy). An
automatic pullback of the catheter is then performed at constant speed and
usually acquiring images every 1 mm [196]. Rotational scanning of the
vessel can be achieved by mechanical rotation of the transducer. Gray-scale
IVUS images are based only on the amplitude of sound waves backscattered
from tissue. The spatial resolution is relatively low, with an axial resolution
around 100 pm and a lateral resolution around 300 pm. IVUS has been
extensively validated against histology. Lumen and vessel dimensions,
plaque distribution, lesion length, and remodeling can be accurately
determined in vivo [197, 198].Unfortunately, the resolution hampers
detailed plaque characterization (poor differentiation between fibrous and

lipid-rich plaques) and determination of the thickness of a thin fibrous cap.

More recently, use of radiofrequency (RF) analysis IVUS has been
proposed. Virtual histology (VH-IVUS) is the most widely available and
uses frequency spectral analysis. VH-IVUS can distinguish between four
types of plaque components (fibrous or fibro-fatty plaque, necrotic core, and
calcification) [199-201]. Using this data, the techniques provide color-coded
maps of plaque composition for each cross-sectional image, which are

superimposed on the grayscale [VUS images [200, 202].
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TCFA can be evaluated by VH-IVUS, which has demonstrated a fairly good
correlation with histology, despite the low axial resolution that limits the
visualization of a thin cap (< 65 um); this was first demonstrated by
Rodriguez-Granillo et al. [203] and confirmed by Pundziuteet al. [204]. A
comparison with optical coherence tomography (OCT) confirmed that VH-
IVUS can accurately detect vulnerable plaque [205]. VH-derived TCFA
(VH-TCFA) is defined as a lesion with a confluent necrotic core (=10%) in
direct contact with the lumen for > 3 image slices and a plaque burden >

40% [199, 203].

Three relevant studies have shown the prognostic value of VH-TCFA; the
PROSPECT study (Providing Regional Observations to Study Predictors of
Events in the Coronary Tree) [71], the VIVA study (Virtual Histology in
Vulnerable Atherosclerosis) [206], and the ATHEROREMO-IVUS study
(European Collaborative Project on Inflammation and Vascular Wall

Remodeling in Atherosclerosis — Intravascular Ultrasound) [207].

The disadvantages of the IVUS technique are the requirement for radiation
exposure (a fluoroscopy is required to guide the catheter) and the invasive

nature of the procedure [208].

2. Optical coherence tomography (OCT)

OCT is based on the use of a low-coherence interferometry to generate
images. A low-coherence infrared light beam is directed at the vessel wall
and using the backscattered light produces an image of the tissue. The OCT
catheter has an inner imaging core that rotates to provide cross-sectional

images from distal to proximal using an automated pullback system [209].
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OCT has a high spatial resolution of 10-20 um (versus 100 pm for IVUS) at
the cost of a limited depth penetration of 0.1 to 2.0 mm (versus 7 to 10 mm
for IVUS). Due to the high scattering of blood, saline, or contrast media,

flushing is mandated during measurement [210].

OCT can detect all physiological characteristics that are detectable with
IVUS [211]. Due to the high spatial resolution, OCT enables more detailed
assessment of vulnerable plaque characteristics that cannot be detect by
IVUS, such as the presence of macrophages [212], neovascularization [213],
and microcalcifications [214], and allows more accurate estimation of
fibrous cap thickness in TCFA [215]. In an in vivo comparison of OCT and
VH-IVUS, both reliably identified advanced coronary plaques [205].

Nevertheless, OCT has significant limitations in assessing plaque
morphology. These include a low penetration depth that restricts the
analysis to the internal elastic lamina, its limited accuracy in detecting
macrophages [216], and its limited efficacy in differentiating deep lipid-rich
cores from calcified nodules [217]. TCFA are defined as having a fibrous
cap of less than 70 um, and certain trials also require the arc of the lipid
pool to subtend an angle superior to 90 degrees. However, there is no strict

definition of OCT TCFA [214].

OCT has been extensively used to assess plaque composition, including in a
small study investigating its efficacy in identifying lesions that are likely to

progress [218].
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The disadvantages of the OCT technique are the requirement for radiation
exposure (a fluoroscopy is required to guide the catheter), the invasive

nature of the procedure, and the necessity of using contrast media.

Figure 6: OCT illustration of TCFA ()

3. Near infrared spectroscopy (NIRS)

NIRS uses a scanning laser to deliver a near-infrared light to the tissue of
interest. The proportion of light reflected back is analysis by a detector.
Lipid has a specific signature in the wavelength region of NIRS, allowing
distinct imaging of a lipid-core plaque (LCP) [219]. The data are displayed
as a chemogram (2D dimensional distribution of the probability of the

presence of an LCP per millimeter). Using NIRS data, a lipid core burden

60



index (LCBI) can be calculated, which is the amount of lipid in a scanned

artery length (usually 4 mm — LCBlaym).

The first validation study in human histological data showed that NIRS is
able to detect lipid-rich lesions with high accuracy (AUC of 0.86) [220].
More recent studies, showing that NIRS is the best invasive modality for

detection of fibroatheromas, confirm these data [221, 222].

Nevertheless, NIRS alone is limited by its inability to provide lumen and
wall structure information. Therefore, NIRS is commonly combined with
IVUS in a combined NIRS-IVUS catheter. The combined data are superior
to NIRS or IVUS data alone [221, 223]. In vivo studies showed that a
LCBlymm with a cut-off of more than 400 was able to identify culprit lesions
in ACS patients [224].
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IV. AIMS OF THIS WORK

As previously mentioned, atherosclerotic disease is still the leading cause of
death in the Western world. Identifying patients at an increased risk of
suffering an acute event within a population in which the majority exhibit

no prior symptoms is a major challenge.

Recent advancements in invasive and non-invasive imaging have improved

the potential to identify vulnerable plaques.

-Invasive imaging is the ideal approach to study atherosclerotic disease
progression and detect vulnerable plaques. Several studies have been
published on the natural history of suspected vulnerable plaques. However,
invasive imaging techniques have some limitations making their use

difficult for large population screening.

-Non-invasive imaging is the ideal tool to screen an asymptomatic

population and identify patients at high risk.

This thesis evaluates the role of two widely accessible techniques of non-
invasive imaging, FDG-PET/CT and CEUS, in the assessment and

characterization of atherosclerosis and vulnerable plaque.

In the first part of this work, we compare CEUS, a method used to evaluate
neovascularization, and FDG-PET/CT, a method used to evaluate
inflammation, in carotid plaque with histological validation. The link

between the presence of neovascularization and inflammatory plaque
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components is frequently debated in the literature. Hoogi et al.[225] found a
correlation between the quantity of neovessels and the number of
inflammatory cells determined by CD3 and CD68 stains, whereas Li ef al.
did not [226]. There are conflicting results in literature regarding the
association of intraplaque neovascularization and the degree of stenosis.
Coli et al. [158] report no correlation, but Staub et al[227] found a
significantly higher grade of neovascularization in lesions with a higher
degree of stenosis. In addition, we evaluate the temporal associations

between inflammation and neovascularization.

FDG-PET/CT is the most validated nuclear technique for imaging
vulnerable plaque, mainly for larger arteries (aorta, carotid, or iliac arteries).
As previously mentioned, the main limitations of applying this technique to
coronary imaging are the image resolution and the physiological

endogenous myocardial glucose uptake.

In the second part of this work, we try to optimize the coronary FDG-
PET/CT technique for the visualization of coronary plaque inflammation.
We conduct an evaluation of various patient preparations in the goal to

suppress the physiological myocardial uptake of FDG.

64



V. Head to head comparison of inflammation and
neovascularization in human carotid plaques: implications

for the imaging of vulnerable plaques.

Fabian Demeure, MD 1, Caroline Bouzin, PhD 2, VéroniqueRoelants, MD,
PhD °, Anne Bol, PhD *, Robert Verhelst MD, PhD ', ParlaAstarci, MD,
PhD !, Bernhard L. Gerber MD, PhD ', Anne-Catherine Pouleur MD, PhD ',
AgnesPasquet MD, PhD I Christophe de Meester, PhD ! Jean-Louis J.

Vanoverschelde, MD, PhD !, David Vancraeynest, MD, PhD !

1. From the Pdle de Recherche Cardiovasculaire (CARD), Institut de
Recherche Expérimentale et Clinique (IREC), Université
Catholique de Louvain, Brussels, Belgium and the
CardiovascularDepartment, Institut Cardiovasculaire, Cliniques
Universitaires Saint-Luc, Brussels, Belgium.

2. From the IREC Imaging Platform, Institut de Recherche
Expérimentale et Clinique (IREC), Université Catholique de
Louvain, Brussels, Belgium.

3. From the Pdle d’imagerie médicale, radiothérapie et oncologie
(MIRO), Institut de Recherche Expérimentale et Clinique (IREC),
Université Catholique de Louvain, Brussels, Belgium and the
division of Nuclearmedicine, InternalMedicineDepartment,
Cliniques Universitaires Saint-Luc, Brussels, Belgium.

Circulation Cardiovascular Imaging 2017; 10(5)

65




ABSTRACT

Background:Inflammation and intra-plaque neovascularization (IPN) are
acknowledged to be two features of plaque vulnerability although their
temporal expression and their respective value in predicting clinical events
are poorly understood. To determine their respective temporal associations,
we conducted a comprehensive assessment of inflammation and IPN in the
carotid plaque of symptomatic and asymptomatic patients.

Methods and Results: Thirty patients with severe carotid stenosis
underwent '*F-fluorodeoxyglucose (FDG)-PET/CT imaging. Plaque FDG-
uptake, indicative of inflammation, was measured by calculating the target-
to-background ratio (TBR). The presence of IPN during contrast-enhanced
ultrasound was judged semi-quantitatively; low-grade contrast enhancement
(CE) suggested its absence and high-grade-CE, the presence of
neovascularization. Carotid surgery was performed 1.6+1.8 days after
completing both imaging modalities in all patients, and the presence of
macrophages and neo-vessels were quantified by immuno-histochemistry.
We identified a significant correlation between the TBR and macrophage
quantification (R=0.78, p<0.001). The number of vessels was also
significantly higher in carotid plaque with high-CE (p<0.001). Surprisingly,
immunohistochemistry showed that high-CE and vessel number were
neither associated with an elevated TBR (p=0.28 and p=0.60 respectively)
nor macrophage infiltration (p=0.59 and p=0.40 respectively). Finally,
macrophage infiltration and TBR were higher in the carotid plaque of
symptomatic patients (p=0.021 and p=0.05 respectively), whereas CE-grade

and the presence of neo-vessels were not.
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Conclusions: Inflammation and IPN are not systematically associated in
carotid plaques, suggesting a temporal separation between the 2 processes.
Inflammation seems more pronounced when symptoms are present. These
data highlight the challenges that face any imaging strategy designed to

assess plaque vulnerability.

Key Words:'®F-FDG-PET/CT; Contrast-Enhanced Ultrasound:; Plaque

Inflammation; Plaque Neovascularization; Carotid Plaque.
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INTRODUCTION

In the majority of cases, acute vascular events such as myocardial infarction
or stroke are caused by the disruption of a vulnerable atherosclerotic plaque.
Compared to stable lesions, "rupture-prone" or "vulnerable" plaques
typically exhibit inflammation and intra-plaque neovascularization (IPN)
[28]. The ability to identify which atherosclerotic plaques are at risk of
rupture would constitute a major advance in the management of
atherosclerotic disease. Accordingly, both invasive and non-invasive
imaging techniques are being developed to achieve this, and to ensure the
timely treatment of patients [228, 229].Unfortunately, despite these
objectives, robust predictors of plaque rupture remain to be determined.

Atherosclerotic plaques develop in response to local inflammatory
processes. Cardiovascular risk factors cause endothelial cell dysfunction and
a proinflammatory state that promotes the expression of cellular adhesion
molecules and consequently the recruitment of inflammatory cells, mainly
monocytes and lymphocytes. Monocytes differentiate into macrophages, the
principal inflammatory cell constituent of the atherosclerotic plaque [11].
Macrophages may themselves contribute to the destabilization of the plaque
by their secretion of metalloproteinases that degrade the fibrous cap
separating the lipid-rich core from the arterial lumen. A strong correlation
exists between macrophage plaque infiltration and ischemic symptoms, with
this association persisting for several months after becoming symptomatic
[45].

Numerous validation studies have proven '*F-Fluorodeoxyglucose
(FDG), a glucose analog that accumulates in cells with a high glycolytic

rate, to be the most robust PET tracer with which to image plaque
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inflammation [92]. FDG-PET/CT imaging is therefore a reliable and
reproducible measure of vascular inflammation and provides valuable
prognostic data [121, 230]. As the plaque size increases, oxygen levels deep
within the plaque diminish, local hypoxia ensues, and micro-vessel
formation from adventitia is triggered. Abnormal vascular development,
characterized by leaky immature endothelial vessels, can lead to intra-
plaque hemorrhage, which promotes the transition from a stable to
vulnerable plaque. This process may therefore predict future clinical
outcomes [27, 231]. Novel noninvasive imaging modalities capable of
detecting neovascularization include carotid contrast-enhanced ultrasound
(CEUS). This promising imaging tool detects IPN with a good histologic
correlation [158, 159]. One advantage of this technique is that the
ultrasound contrast media is "purely intravascular" and its tissue uptake
therefore reflects the total number of micro-vessels, rather than permeability
of the activated endothelium. Furthermore, IPN as assessed by CEUS has
been associated with past ischemic neurological events [159].

While a pathophysiologic link exists between the presence of
inflamed cells and the triggering of neo-angiogenesis, the temporal
association between inflammation and neovascularization within the plaque
has yet to be firmly established. Therefore the aim of this study was to
systematically assess the presence of inflammation and neovascularization
using FDG-PET/CT and CEUS respectively in a population of consecutive
asymptomatic and symptomatic patients scheduled for carotid surgery.

Imaging findings were then systematically compared with histology.
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MATERIALS AND METHODS
PATIENT RECRUITMENT AND STUDY PROTOCOL

Patients referred for carotid endarterectomy were prospectively recruited for
this study. After obtaining written informed consent and completing a
baseline questionnaire, patients were invited to attend a same-day combined
assessment of carotid plaque inflammation by '*F-FDG PET/CT, and
carotid IPN by CEUS. Imaging was performed by a physician blinded to the
patient’s history and with a maximal delay of 72 hours from the carotid
surgery. The inclusion criteria were as follows: age >18 years, >70% carotid
stenosis as determined by duplex ultrasound and/or CTA. The indication for
surgery was based on the referring physician’s decision. The exclusion
criteria were pregnancy, inability to provide informed consent, and a known
allergy to sulfur-containing drugs. Both asymptomatic and symptomatic
patients were recruited. Symptoms were defined as a carotid-territory
related transient ischemic attack or stroke within 6 months of imaging. The
study protocol was approved by the ethical committee of our institution and
was conducted in the Cliniques Universitaires Saint-Luc, which obtained

full AAHRPP accreditation for clinical research in 2015.

"F-FDG-PET/CT IMAGING PROTOCOLANDANALYSES

After a fasting period of >6 hours, patients received an intravenous injection
of 300420 MBq of '*F-FDG. Imaging was performed after a circulation time
of 150422 minutes. The patient’s head was secured in a head-holder, with
arms placed to either side. Images were acquired using a Gemini PET/CT
system (Philips Healthcare, The Netherlands). The patients breathed

normally while CT imaging was performed with a 16-slice multidetector
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scanner (adaptive dose in Z-DOM mode; voltage, 120 kV; rotation, 500 ms;
pitch, 0.813). One 15-minute bed position PET image (voxel size 2x2x2
mm?®) of the neck was obtained with the 3D mode and iterative
reconstruction (3D line of response time-of-flight algorithm, Philips) using
CT-based attenuation correction, random, and scatter corrections. Patients
were kept in a quiet environment before and after injection.

On the basis of anatomic boundaries defined by CT, carotid FDG
uptake was measured at 2-mm intervals along the long axis of the carotid
artery within a region of 6 mm above and below the bifurcation point. At
each axial cross section, a single region of interest (ROI) was drawn around
the wall of the common or the internal carotid artery, and the maximum
standardized uptake value (SUVmax) measured. SUV is the decay-corrected
tissue concentration of FDG (kBg/mL) divided by the injected dose per
body weight (kBg/g). Background FDG-uptake was measured within the
internal jugular vein on 4 consecutive cross sections. Target-to-background
ratio (TBR) was calculated by dividing the carotid plaque SUVmax by the
venous blood SUVmax.

Plaque calcium score was evaluated by the Agatston method on an
independent workstation (Osirix v5.7, Geneva, Switzerland). A calcified
plaque was defined as a radiation-attenuating structure above an attenuation
threshold of 130 Hounsfield units (HU). The same ROIs that we used for

PET analysis were used for the calcium score.
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CAROTID ULTRASONOGRAPHY, CONTRAST [IMAGING
PROTOCOL, AND ANALYSES

Carotid ultrasonography and CEUS were performed using a high-resolution
ultrasound system (iU22; Philips Healthcare, The Netherlands) equipped
with a 9-3 MHZ linear transducer designed for contrast applications. The
examination consisted initially of B-mode imaging, color Doppler
ultrasound, and pulsed Doppler ultrasound of the common and internal
carotid artery to determine topography and plaque severity. The operator
then switched to a contrast-specific real-time low mechanical-index (0.13)
imaging modality (power modulation). SonoVuecontrast agent (Bracco
Diagnostics, Milan, Italy) was then injected via the antecubital vein as a
bolus of 2 mL followed by a saline bolus of 5 mL. During this time, the
carotid artery was re-imaged longitudinally with a focus on stenosis. After
the injection of ultrasound contrast agent, the lumen of the carotid artery
was enhanced within 10 to 25 seconds. Power-modulation imaging is a
pulse cancellation technique that transmits multiple pulses per image line,
alternating full-amplitude pulses with half-amplitude pulses. Subtracting
twice the return signal of the half-amplitude pulse from the return signal of
the full-amplitude pulse cancels the linear response from the tissue, but not
the nonlinear response from bubbles. To assess replenishment kinetics,
microbubble destruction was achieved using five on-demand consecutive
high-power frames (mechanical index (MI) 1.0). Imaging then returned
automatically to low-power, real-time scanning (MI 0.13). This switch to
low MI preserves the microbubbles that are destroyed by imaging at high
MI, and therefore allows microbubble replenishment to be imaged in real-
time [153]. A cineloop including images obtained at least 2 seconds before

and 15 seconds after the appearance of the contrast agent in the lumen was
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acquired and digitally stored for subsequent analysis. If necessary, the bolus
injection and the imaging sequences were repeated. IPN was graded semi-
quantitatively as absent (low-grade CE: grade 0) or present in the plaque
body (high-grade CE: grade 1). Images were graded by 2 independent
investigators who were blinded to the patient’s symptoms in order to

evaluate inter-observer consistency.

IMMUNOHISTOCHEMICAL ANALYSES

At the time of carotid endarterectomy, the atherosclerotic plaques were
immediately fixed in 10% buffered formalin and decalcified in the standard
fashion. Specimens were transversally sectioned at 2-mm intervals. Each
interval section was embedded in paraffin block, from which 5-pm sections
were collected. Sections were then mounted on gelatin-coated slides and
stained with the macrophage and endothelial cell markers, anti-CD68
(monoclonal antibody diluted 1/100, Dako), and anti-CD34 (monoclonal
antibody diluted 1/500, Biocare Medical), respectively. A total of 8£2 slices
covering the entire length of the plaque burden were analyzed per patient
and per staining. All slices were scanned using Digital Image Hub 4.0
(Leica) for signal quantification. To evaluate CD68-staining intensity,
computer-assisted planimetry (Tissue Image Analysis 2.0, Leica) was used.
For each slice, the software identified the immunohistochemical staining to
be quantified by minimizing background-staining artifacts using image
filters (Figure 1). The same filter was used for every patient. Macrophage
staining was reported as a percentage of the plaque area (macrophage
area/total plaque area, %CD68), and was averaged for all slices. Vasa-
vasora were identified by CD34-positive immunostaining and were counted

at a magnification of 20X (Figure 2). Each section was examined using a
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grid to manually measure the number of neo-vessels and ensure coverage of
the entire area of the section. Neovascularization was then expressed as
micro-vessel density (number of micro-vessels per mm?), and averaged for
all slices. Furthermore, to enhance the confidence in the validity of our
observations, we performed a double CD34/CD31-staining in 10 randomly
selected patients participating in our study (see supplemental data). Intra-
observer and inter-observer agreement was assessed for the quantification of
micro-vessels. Finally, intraplaque haemorrhage was semi-quantitatively

assessed on histological samples.
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Figure 1.

Quantification of the area percentage of CD68 staining on digitized
immunohistochemically stained slides by using a computer-assisted planimetry. For each
slice (A), the software identified the immunohistochemical staining to be quantified by
minimizing background-staining artifacts using image filters (B). Macrophage staining was
reported as a percentage (in this example: 7.16%) of the total plaque area (C). The
boxindicates the region corresponding to the high-powered CD68 stain (D). L indicates
lumen, FC indicates fibrous cap and NC indicates necrotic core.
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Figure 2.

{3

CD34 quantification. Each section was examined using a grid (A) to ensure coverage of the
entire area of the section. Vasa-vasora were identified by CD34-positive immunostaining
(*) and were counted at a magnification of 20X (the boxindicates the region corresponding
to the high-powered CD34 stain, B and C).

STATISTICAL ANALYSES

Continuous variables are presented as mean = SD or as median with
interquartile range. Continuous variables were compared between two
groups using the Mann-Whitney U-test. The Spearman method was used to
assess correlations between TBR and the histopathologic assessment of
inflammation (CD68-staining) and the number of neo-vessels, and between
CD68-staining and the number of neo-vessels. To determine intra- and inter-
observer variability, CD34-stained images were re-analyzed separately by 2
observers. The interval between the initial analyses and those made for

variability assessment were >3 months. Intra- and inter-observer variability
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in quantitative parameters were assessed by computing intra-class
correlation coefficients (ICC) and by calculating the limits of agreement
between measurements using Bland-Altman analysis. Kappa statistics were
used to determine the levels of agreement between the visual grading scores
of the CEUS readers. Kendall’s tau coefficient was used to measure the
association between TBR and the CE-grade and between CE-grade and
symptoms. A two-sided value of P< 0.05 was considered significant. All
statistical analyses were performed using SPSS version 21.0 statistical

software (Chicago, IL).

RESULTS

PATIENT VARIABLES

A total of 30 patients were included in this study; their characteristics are
displayed in Table 1. The mean age was 72 + 9 years, 22 patients were
male, with 11 patients symptomatic. Symptoms consisted of transient
ischemic attack for 4 patients and stroke for 7 patients. The mean delay

between symptoms and surgery was 25 (10-36) days.
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Table 1 Patient's characteristics.

Patient Characteristics All Patients AsvmptomaticPat  SvmptomaticPatie  p value
(n=30) ients(n=19) nts(n=11)
Age v 72+9 71.5£9 73x10 0.6
Male sex 22/8 (73%) 14/5 (74%) 8/3 (73%) 0.97
Bodymass index, kg/m? 27.7£45 27541 28353 0.8
Diabetes 7 (23%) 5 (26%) 2 (18%) 0.73
Smoking 5(17%) 4(21%) 1(9%) 0.6
Hypertension 28 (93%) 17 (90%) 11 (100%) 0.64
Hyperlipidemia 24 (80%) 15 (79%) 9 (82%) 0.9
Statin use 24 (80%) 15 (79%) 9 (82%) 0.9
Coronary arterv disease 16 (33%) 10 (53%) 6 (34.3%) 093
Carotidstenosis (%) 849%+9 85%=9 82%=10 0.46
Glucose pre FDG-PET/CT (mg/dL) 106£25 10016 114+34 032
Delay between FDG-PET/CT and 3(2-17) 324 5(3-20) 0.97
CEUS (hours)
Delay between imaging and surgery 1(1-1.2) 1(1-1) 1(0-2) 0.52
(days)
Delay between symptoms and surgery NA NA 25 (10-36) NA
(days)

Values are presented as mean+SD or n (%) or as median with interquartile range.
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IMAGING DATA VALIDATED BY HISTOLOGY

As expected, we found a good correlation between the plaque '*F-FDG-
uptake and the number of macrophages (Figure 3A, r =0.78, p < 0.001).
SE_FDG-uptake as well as macrophage number were inversely associated
with calcium score (r= -0.43, p=0.017 and r=-0.37, p= 0.041, respectively).
Plaques with more intense CE showed a significantly higher amount of neo-
vessels as assessed by histology (mean vessel density: 4.84+2.41/mm? in
plaques with grade O contrast enhancement versus 9.92+3.53/mm? in
plaques with grade 1 contrast enhancement (Figure 3B, p < 0.001)). We
could find no correlation between vessel number and the calcium score (r=-
0.24, p=0.21).

Figure 3.
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(A) PET measurement of '*F-FDG uptake versus macrophage staining. The PET
measurement of carotid plaque FDG uptake (TBR) was compared with an
immunohistochemical assessment of inflammation. We identified a significant correlation
between TBR and macrophage density. (B) A quantitative evaluation of CEUS versus
vessel number within the plaque. The density of micro-vessels is greater in plaques with
CEUS - grade 1 compared with CEUS — grade 2. The bar graph shows mean values, with
standard deviations.
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INFLAMMATION AND NEOVASCULARIZATION ARE NOT
SYSTEMATICALLY ASSOCIATED WITHIN THE PLAQUE

As illustrated in Figures 4and 5 respectively, grade-1 CEUS did not
correlate with a high '"®F-FDG-uptake, and inflammation could be observed
in carotid plaques with a grade-0 CEUS. When patients were categorized
according to their inflammatory status based on median TBR, no agreement
was found between inflammation and IPN (Table 2, Kendall coefficient T:
0.0, p>0.99). The mean TBR observed for grade-0 and -1 CEUS plaques
were comparable (1.69+0.39 vs. 1.87+0.31 respectively, p= 0.28, Figure
6A). Similarly, macrophage infiltration as  determined by
immunohistochemistry was comparable for grade-0 versus grade-1 CEUS
plaques (CD68% 9.77+6.47 vs. 12.3849.5 respectively, p= 0.59, Figure
6B). Finally, neither 18F-FDG uptake nor CD68% were found to correlate
with the degree of intra-plaque neo-vascularization (Figures 7A and 7B) or

the presence of haemorrhage (p= 0.4 and p= 0.23 respectively).
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Figure 4.

A

Examples of "*F-FDG PET/CT and CEUS in an asymptomatic male patient (76-years-old)
with severe non-calcified carotid stenosis. A low '*F-FDG uptake (TBR: 1.47) was
demonstrated by ""F-FDG PET/CT at the level of the left proximal internal carotid artery
(red circle, panel A (CT image, axial plane) and B ('"*F-FDG PET/CT image, axial plane).
In this patient, the presence of extensive IPN (panels C to H) was evidenced by CEUS. On
the pre-flash image (panel C), contrast microbubbles are visualized in the plaque (red
contour). These microbubbles are destroyed by a high-energy (MI: 1.0) ultrasound burst
(panel D). The imaging frame immediately after the burst shows the complete
disappearance of the microbubbles from the plaque (panel E) and their progressive
replenishment after 1 second (panel F), 3 seconds (panel G), and 6 seconds (panel H).
Histologic analyses confirmed the imaging findings, with a low percentage of CD68
staining (4.1%) and a high micro-vessel density (10.6 vessels per mm?). L indicates the
lumen of the ICA.
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Figure 5.

Examples of '"*F-FDG PET/CT and CEUS in a symptomatic male patient (68-years-old)
with severe, lightly calcified carotid stenosis. A high "*F-FDG uptake (TBR: 2.14) was
demonstrated by ""F-FDG PET/CT at the level of the left proximal internal carotid artery
(red circle, panel A (CT image, axial plane, calcified area on the top of the red circle) and B
("*F-FDG PET/CT image, axial plane). In this patient, CEUS revealed no IPN (panel C to
H). On the pre-flash image (panel C), contrast microbubbles are not visualized in the plaque
(red contour). After a high-energy (MI: 1.0) ultrasound burst (panel D), the subsequent
images (E-H) fail to show microbubble replenishment, either immediately after the high-MI
US burst (E), or 1 second (F), 3 seconds (G), or 6 seconds after the high-MI US burst (H).
Histologic analyses confirmed the imaging findings with a high percentage of CD68
staining (22.4%) and a low micro-vessel density (5.5 vessels per mm?). L indicates the
lumen of the ICA.

82



Table 2. Association between FDG-PET/CT based inflammation and
CEUS based IPN.

CE grade O CE grade 1
TBR - 6 9
TBR + 6 9

Patients were categorized according to their inflammatory status based on the median TBR
value (1.81). No association was found between inflammation and IPN (Kendall coefficient
T: 0.0, p>0.99).

Figure 6.
A B
3.0 25
p=0.28 p=0.59
2.5 1 _
g%
s
= 20 1 £
o - n
1= S 15
£ 8
© 1.5 - X
£ =
2 ,E 10 4
Q "
2 10 1 £
5
8
€ s
0.5 =
0.0 0l
CEUS —grade 0 CEUS —grade 1 CEUS —grade 0 CEUS —grade 1

Inflammation and imaging-derived IPN. (A) The mean TBR that we observed in grade-0
CEUS plaques was no different to that observed in grade-1 CEUS plaques. (B) Macrophage
infiltration by histology did not differ between grade-0 or grade-1 CEUS plaques. Bar
graphs show mean values with standard deviations.
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Figure 7.
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Inflammation versus histology-derived IPN. Neither 18F-FDG uptake (A), nor CD68% (B),
correlated with the degree of neo-vascularization within the plaque.

FEATURES ASSOCIATED WITH SYMPTOMS

TBR was higher in symptomatic patients compared to asymptomatic
patients (1.97+£0.28 vs. 1.68+0.35, Figure 8A, p= 0.05). Similarly,
macrophage infiltration was significantly higher in the carotid plaque of
symptomatic patients compared to asymptomatic patients (14.16+6.2 vs.
8.1£6.6 %CD68 respectively, Figure 8B, p= 0.021). In contrast, the degree
of neovascularization was comparable for asymptomatic and symptomatic
patients (8.24+4 vs. 6.82+4 vessels/mm? respectively, Figure 8C, p= 0.35).
When patients were categorized according to their symptomatic status, no
agreement was found between symptoms and IPN based on CEUS-grade
(Kendall coefficient T: 0.085, p=0.65, Table 3). Finally, we could identify
no difference in the grading of carotid calcification (calcium score)

according to symptomatic status (p= 0.98).
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Figure 8.
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Box whisker plots showing inflammation versus symptoms. (A) TBR is higher in
symptomatic patients compared with asymptomatic patients. (B) Macrophage infiltration is
higher in the carotid plaques of symptomatic patients compared with asymptomatic
patients. (C) The degree of neo-vascularization within the plaques does not differ according
to symptomatic status. Horizontal lines within boxes represent medians, with the top and
bottom of the box representing the upper and lower quartiles. The extensions above and
below these indicate maximum and minimum values, together with outliers denoted by
dots. The vertical line shows the full range of data values.
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Table 3. Association between symptomatic status and CEUS based IPN.

CEUS-grade 0 CEUS-grade 1
symptomatic 5 6
asymptomatic 7 12

Patients were categorized according to their symptomatic status. No association was found
between symptoms and IPN based on CEUS-grade (Kendall coefficient: T: 0.085, p=0.65)

INTRA- AND INTER-OBSERVER AGREEMENT

We found an intra-observer reproducibility (ICC) of 0.77 with a bias of 80 =
74, and an inter-observer reproducibility (ICC) of 0.83 with a bias of 93 +
81 for micro-vessel measurements. The concordance for the qualitative
assessment of CEUS was determined by grading intra-plaque
neovascularization by 2 different readers and by 1 reader at an interval of
more than 3 months using CEUS cine-loops. The intra-observer agreement
was 91% (kappa = 0.82), with an inter-observer agreement for the same

parameter of 77% (kappa = 0.51).

DISCUSSION

Plaque inflammation and neovascularization are 2 recognized features of
plaque vulnerability [49]. Here, we demonstrate that inflammation is not
systematically associated with the degree of neovascularization within the
plaque, suggesting a temporal separation of these processes. Further, intra-
plaque inflammation was found to be associated with clinical symptoms

whereas IPN was not.
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Atherosclerosis is a chronic inflammatory disease characterized by lipid-
containing lesions of large- and medium-sized arteries. Vasa vasora
participate in the pathogenesis of the disease and proliferate to meet the
nutritional needs of the artery’s outer medial layer when metabolic demands
exceed oxygen delivery from the luminal blood. Hypoxia is the most potent
stimulus for angiogenesis, predominantly by its activation of the hypoxia-
inducible factor/vascular endothelial growth factor pathway [232]. A
molecular link exists between the expansion of adventitial vasa vasora,
neointima formation, and atherosclerotic plaque development. Notably, their
regression is accompanied by reduced plaque growth [66]. Neo-vessels may
serve as a pathway for the recruitment of leucocytes to high-risk areas of
plaque. Micro-vessel density has been shown to increase in inflamed lesions
and correlates with plaque rupture [233]. Newly formed micro-vessels may
promote intra-plaque bleeding, which increases the levels of free
cholesterol, and leads to rapid necrotic core expansion. This mechanism
contributes to the vulnerability of the plaque. Fortunately, not all plaques
will progress to destabilization and a substantial number will heal
spontaneously. Some of the relevant mechanisms have been elucidated and
promising strategies to stabilize atherosclerotic plaques are under
development [234]. Atherosclerotic lesions evolve in successive phases
during which inflammation and neovascularization are intertwined [235,
236]. However, it must be acknowledged that our ability to predict which
plaques will progress to destabilization and cause an unstable syndrome
such as TIA, stroke, or acute coronary syndrome is currently very limited.
Identifying vulnerable plaques before their rupture is the Holy Grail for
clinicians. In this work, we identify patients with plaque inflammation

without evidence of neovascularization, as well as the opposite. Our
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imaging findings have been validated by a systematic immunohistochemical
evaluation covering the entire length of the surgical specimen.

Conflicting data for the temporal association of intra-plaque inflammation
and neovascularization currently exists in the literature. Some authors have
found a weak correlation between the two processes [237], which is
contradicted by others [238]. We could find no correlation between either of
these major determinants of plaque vulnerability, highlighting the practical
challenges in defining imaging strategies with which to assess plaque
vulnerability. Furthermore, plaque characteristics also seem to be dependent
on general factors such as sex and age [239]. Several outstanding questions
have yet to be satisfactorily addressed. For example, which plaque feature is
the best predictor of a clinical event? When should we image, and should
imaging be repeated? Can we base our imaging strategy on one plaque
feature alone, and will we be in a position to predict the natural history of an
atherosclerotic plaque? Ultimately, it is likely that imaging based on
multiple structural and/or molecular targets will be required to identify
atherosclerotic plaques at risk of rupture. Shear stress imaging, active
calcification imaging ('*F-NaF) or other imaging tracers could also be
helpful in achieving this goal [143, 240].

In previous studies to image vulnerable plaques, multimodality imaging has
been investigated. In particular, the combined assessment of inflammation
by "*F-FDG PET-CT and neovascularization by dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI) has been evaluated in patients
with carotid plaques [188, 192, 237], with divergent results reported
(inverse, weak, or a moderate correlation between inflammation and
neovascularization). However, systematic histologic validation was either

lacking in those studies, or was limited to a comparatively small number of
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patients [192]. Furthermore, the same parameter for assessing
neovascularization, K™, was used, which reflects microvascular flow and
permeability rather than the total number of neo-vessels. The contrast agent
used for CEUS evaluation in our study is purely intravascular and does not
bridge the endothelial barrier. Consequently, this approach reveals the total
number of neo-vessels in the plaque and not endothelial permeability, which
is linked to inflammation. This approach therefore constitutes the major
difference with DCE-MRI, with either technique evaluating different tissue
criteria (i.e. the number of neo-vessels vs. endothelial permeability). This
may explain the discrepancies reported between results obtained using the
two techniques, and the absence of any correlation between inflammation
and the total intra-plaque number of vessels that we found in our study. The
systematic immuno-histologic evaluation of the entire length of the surgical
specimens of our patients confirmed our imaging findings, and constitutes,
to date, the largest series in which the two imaging techniques have been
correlated with histology.

In our series and others [95, 239], a history of neurological symptoms is
associated with increased plaque inflammation, whereas neovascularization
is not. It is noteworthy that inflammation also seems to be associated with a
higher risk of subsequent stroke, unlike neovascularization [121, 241, 242].
Collectively, an assessment of these data leads us to hypothesize that
inflammation is probably the more useful parameter (than the presence of
neovascularization) in discriminating patients at a high vs. low risk for
presenting acute syndromes. This hypothesis now warrants prospective
validation. Interestingly, Staub et al. [159] found an association with plaque
enhancement, as assessed by CEUS, and a past history of cardiovascular

events; a finding that we failed to repeat here. One explanation could be that
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our patients manifested more advanced disease. Like FDG-PET/CT, the
value of CEUS for predicting clinical events should also now be evaluated
in prospective trials. We found an inverse correlation between CT calcium
score and plaque inflammation while no correlation was found between
vessel number and the calcium score. It confirms that FDG is providing a
measure of disease activity beyond measurement of plaque burden.
Secondly it is consistent with the hypothesis that extensive macroscopic
calcification observed on CT are associated more with burnt-out stable
disease than acute inflammation. Hence, this might have potential clinical
utility. Finally, recent data suggest that emotional stressors could lead to
cardiovascular disease by increasing arterial inflammation [243]. Whether
stroke might induce a similar stress response and up-regulation of plaque
inflammation is unknown. Future studies are needed to confirm this
hypothesis.

The possible limitations of this study are as follows. First, although the
results of the present study are limited by its modest sample size, its strength
lies in the simultaneous assessment of PET activity, IPN by CEUS, and
histologic validation. Nonetheless, subgroup analyses of asymptomatic
versus symptomatic patients must be interpreted with caution. Second, we
did not co-register imaging with histologic datasets. Given the poor spatial
resolution of FDG-PET, and the impossibility of co-registering CEUS with
histology, we deliberately chose not to perform co-registration. We
attempted to overcome this limitation by analyzing the total length of the
surgical specimen to collect the entirety of the information contained within
the plaque. Furthermore, inherent to the surgical technique, we could not
quantify inflammation and neovascularization present in the adventitia by

histology. Third, since histological analyses were mandatory for this study,
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we did not include patients with less advanced disease. Fourth,
atherosclerotic plaques were not imaged by a high resolution imaging
modality like MRI. Thus, components including fibrous cap thickness, lipid-
rich necrotic core, or intra-plaque hemorrhage which could be the
physiopathological link between neoangiogenesis and inflammation were

not evaluated. Finally, no scan-rescan reproducibility was performed.

CONCLUSIONS

Inflammation and neovascularization are not systematically associated in
the carotid plaques of patients suggesting a temporal separation of these
processes. Inflammation seems also more pronounced when symptoms are
present, whereas neovascularization seems not. This study highlights the
practical challenges in defining imaging strategies with which to assess

plaque vulnerability.
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SUPPLEMENTAL MATERIAL

Supplemental Methods.

Assessment of microvessel density by using a cocktail of endothelial cell
markers CD34/CD31. Comparison with the single CD34-staining.Double
CD34/CD31-staining was performed in 10 randomly selected patients
participating in our study. Sections were mounted on gelatin-coated slides
and stained with the endothelialcell markers anti-CD34 (monoclonal
antibody diluted 1/500, Biocare Medical). The signal was quantified as
described in the methods section: vasa-vasorawere identified by CD34-
positiveimmunostaining and were counted at a magnification of 20X.
Afterwards, the same sectionswere stained with the endothelial cell markers
anti-CD31 (monoclonal antibody diluted 1/50,DAKO). The vasa vasora
were identified by CD34/CD31-positive immunostaining and were
recounted. The signal was compared to the single CD34 staining. As shown
in this figure, we did not observe any visual difference between the single
CD34-staining and the doubleCD34/CD31-signal. The correlation between

the 2 different staining was excellent (r=0.9).
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Supplemental figure
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As shown in this typical example, no visual difference was observed between the single
CD34 staining (A) and the double CD34/CD31 staining (B). The correlation between the 2
different staining was excellent (C).
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DATA NOT PUBLISHED

Assessment of microvessel density by using other markers

Some others markers have been try without good vessel visualization.

a. VWF : van Willebrand Factor. b. eNOS : endothelial Nitric Oxide
Synthase. c. Isolectine B4

a. vWF b. eNOS ¢. Isolectine B4
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ABSTRACT:

"F_FDG-PET/CT can be used to detect arterial atherosclerotic plaque
inflammation. However, avid myocardial glucose uptake may preclude its
use for visualizing coronary plaques. Fatty acid loading or calcium channel
blockers (CCB) could decrease myocardial '"*F-FDG uptake, thus assisting
coronary plaque inflammation identification. The present prospective
randomized trial compared the efficacies of different interventions for
suppressing myocardial '*F-FDG uptake. We also investigated whether
circulating free fatty acid (cFFA) levels predicted the magnitude of
myocardial '*F-FDG uptake. Methods: Thirty-six volunteers ate a high-fat
low-carbohydrate (HFLC) meal, followed by a 12-hour fasting period. They
were then randomized to one of four intervention groups. Group 1 received
no additional preparation and served as reference. Groups 2 and 3,
respectively, received a solution containing 43.8 g lipids (KetoCal®) or 50
mL olive oil one hour before '"F-FDG injection to evaluate the impact of
fatty acid loading on myocardial '*F-FDG uptake. Group 4 received
verapamil to evaluate the effect of CCB. Cardiac PET/CT was performed
after administration of 370 MBqlgF—FDG. Myocardial uptake suppression
was assessed using a qualitative visual scale (QVS) and by measuring the
myocardial SUV,,«. Insulin, glucose, and cFFA were serially measured.
Results: QVS showed good myocardial '*F-FDG uptake suppression in 8/9,
5/9, 4/9, and 8/9 subjects of group 1, 2, 3, and 4, respectively (P = 0.09).
SUVmax did not significantly differ between groups (P = 0.17). Interestingly,
cFFA levels were higher in volunteers with good suppression (0.80 = 0.31
mmol/L) versus those with poor suppression (0.53 £ 0.15 mmol/L; P =
0.011). We found an inverse correlation between cFFA level (measured at

E.FDG injection) and the SUVng (R = 0.61). ROC-curve analysis
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identified 0.65 mmol/L cFFA as the best cut-off value to predict adequate
"E_FDG uptake suppression (PPV: 89%). Conclusion: A HFLC meal
followed by a 12-hour fasting period effectively suppressed myocardial '*F-
FDG uptake in a majority of subjects. Neither complementary fatty acid
loading nor verapamil administered 1 hour before 'F-FDG injection

conferred any additional benefit. Myocardial '*

F-FDG uptake was inversely
correlated with cFFA level, representing an interesting way to predict

myocardial '*F-FDG uptake suppression.

Key Words: free fatty acids; 18F—FDG—PET/CT; calcium channel blocker;

inflammation; vulnerable coronary plaque
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INTRODUCTION

Cardiovascular diseases are still a leading cause of mortality in western
countries [244]. The high mortality rate of cardiovascular diseases results
from arterial thrombosis, which is often triggered by a ruptured plaque.
Rupture-prone plaques—also called vulnerable plaques—exhibit typical
features, among which inflammation is a key factor [10, 11, 229].
Metabolically active cells, such as activated macrophages, take in and
progressively accumulate '*F-FDG which can then be imaged and quantified
with PET. '""F-FDG is a well-validated tracer for imaging plaque
inflammation in large arteries and aorta [96, 245]. However, coronary artery
imaging is more challenging, mainly due to intense tracer uptake in adjacent
myocardium.

The quantity and quality of substrate supply to the heart are
determined by the dietary state. Long-chain fatty acids (FFA) are the major
substrates for the heart. Under fasting conditions, FFA are released from the
adipose tissue, enter the circulation, and are taken up by cardiac cells. FFA
inhibit glycolysis, rerouting glucose toward glycogen synthesis. On the
other hand, glycogen phosphorylase is the main regulator of glycogenolysis
and is activated by phosphorylation, either by cAMP-dependent protein
kinase or by Ca*"-activated phosphorylase kinase [105]. Intracellular
calcium acts as a stimulus for cardiac glucose uptake. Accordingly, it has
been demonstrated that high-fat low-carbohydrate (HFLC) dietary
preparations can significantly reduce myocardial '"F-FDG uptake in
oncological patients[102-104],while calcium channel blockers (CCB) may
help to reduce myocardial '*F-FDG uptake in a murine model [246].
However, randomized trials evaluating the impact of these interventions on

reducing '*F-FDG uptake are lacking.
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Also the optimal time point to perform PET acquisition after '*F-FDG
injection remains poorly known. Preliminary studies evaluating '*F-FDG-
PET/CT as a method for coronary plaque inflammation imaging have
performed PET acquisition three hours after "*F-'"*F-FDG injection [99, 100,
247]. On the other hand, studies evaluating the impact of dietary regimen on
the quality of E_FDG uptake suppression, have performed PET acquisition
one hour after '*F-FDG injection [102, 104]. No data are available regarding
the impact of the dietary regimen on '*F-FDG uptake at different time
intervals.

The present prospective randomized study evaluated the impacts of different
interventions—including complementary FFA loading and CCB—on
unwanted myocardial 'F-FDG uptake. We also sought to determine
whether measuring insulin, glucose, or circulating FFA level could predict
the amplitude of "*F-FDG-uptake suppression. Finally, to clarify the most
appropriate time-point for imaging coronary plaque inflammation, we
evaluated the impact of different interventions on the myocardial '*F-FDG

signal at different time-points.

MATERIALS AND METHODS

Study Population and Intervention Assignment

Thirty-six healthy volunteers were recruited among the paramedical staff of
the hospital and were paid for their participation. They were instructed to eat
a HFLC meal based on a list of appropriate and inappropriate food items
(established by the dietetic department), and then to fast (water permitted)
for 12+1 hours. A pre-imaging interview was systematically conducted to

precisely check the composition of the meal ingested the evening before.
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The volunteers were then randomly assigned, by drawing lots, to one of the
following four pre-'*F-FDG-PET/CT intervention plans (nine volunteers in
each group). Group 1 did not receive any additional preparation to evaluate
the effect of HFLC diet alone, and served as reference. Group 2 received a
250-mL liquid mixture containing a commercial high-fat solution
(KetoCal®)—comprising 43.8 g fat (78% unsaturated), 1.8 g carbohydrate,
and 9.15 g protein—at 60 minutes prior to '*F-FDG injection to evaluate the
effect of complementary fatty acid loading on '“F-FDG-uptake. Group 3
received 50 mL olive oil (46 g fat, without carbohydrate or protein) at 60
minutes prior to '*F-FDG injection to evaluate the effect of another form of
complementary fatty acid loading on '*F-FDG uptake. Group 4 received
120 mg of Verapamil (p.o.) at 60 minutes prior to '*F-FDG injection to
evaluate the effect of CCB on '*F-FDG uptake (Fig. 1). The volunteers were
instructed to avoid exercise, alcohol, benzodiazepine, and caffeine for at
least 24 hours prior to the injection. Pregnancy was an exclusion criterion,
and all female volunteers underwent urine pregnancy testing. All volunteers
gave their written informed consent, and the study protocol was approved

by the ethical committee of our institution.
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FIGURE 1.Study protocol.

Healthy volunteers eating a HFLC meal (n = 36)

Fast 12 h

Randomization
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Diet alone
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BF_-FDG-PET/CT Imaging Protocol

Imaging was performed at 60 and 180 minutes after intravenous
administration of 370 MBq'®F-FDG to evaluate the impact of the
intervention on myocardial uptake at two different time intervals. Images
were acquired using a Gemini PET/CT system (Philips Healthcare, The
Netherlands). The utilized equipment complied with the EARL accreditation
F_FDG PET-CT requirements for clinical research [248]. The volunteers
breathed normally while CT imaging was performed with a 16-slice multi-
detector scanner (adaptive dose in Z-DOM mode; voltage, 120 kV; rotation,
500 ms; pitch, 0.813). PET images (voxel size 4x4x4 mm?) were obtained in

3D mode from the neck to the liver, with 5 minutes per bed position, and
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were iteratively reconstructed (3D line of response time-of-flight algorithm,
Philips medical systems) using CT-based attenuation correction, random
and scatter corrections. The volunteers were kept in a quiet environment
before and between the two imaging time-points. Effective radiation dose
from '®F-FDG was estimated at 7.1+0.2 mSv, using ICRP 106 publication
(0,019 mSv/MBq conversion factor). Effective radiation dose from CT was

2.1 £ 1.0 mSv per procedure.

Image Analysis

Myocardial "*F-FDG uptake was assessed on 60 and 180 minute images
using a qualitative visual scale (QVS) based on the visual uptake categorical
scale proposed by Williams and Kolodny [104]. The qualitative visual
estimation of '"F-FDG myocardial uptake was graded as follows: 0,
homogeneously minimal; 1, mostly minimal or mild uptake; 2, mostly
intense or moderate uptake; or 3, homogeneously intense (Fig. 2). QVS
grades of 0 and 1 were considered “good suppression”, while QVS grades of
2 and 3 were considered “poor suppression”. To evaluate the interobserver
reliability of the visual grading, images were graded by two independent
investigators (F.D. and F.X.H.) who were blinded to the group assignment
of each volunteer.

We also quantitatively assessed the myocardial '“F-FDG uptake by
measuring the maximum standardized uptake value (SUV,,y). Based on
anatomic boundaries defined by CT, a region of interest (ROI) was drawn
around the left ventricle in the axial view at the level of the antero-lateral
papillary muscle which was included in the analysis. To obtain a
background value for BE-FDG uptake, six ROIs of 1 cm? each were drawn

within the left atrium, and the mean SUV was measured and averaged.
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Subsequently, for each volunteer, the target-to-background ratio (TBR) was

calculated as the myocardial SUV .« divided by atrial blood mean SUV.

FIGURE 2.Qualitative visual scale (QVS) assessing myocardial BE_FDG

uptake.
Grade 0 Homogeneously minimal
Grade 1 9 % ; Mostly minimal
Grade 2 0 Mostly intense
Grade 3 :a Homogeneously intense
Blood Analysis

Blood samples were collected at '*F-FDG injection, and at both imaging
times (60 and 180 minutes after '*F-FDG injection) for measurement of
glucose, insulin, and cFFA levels (Fig. 1). Circulating FFA were measured
using an enzymatic colorimetric method (Wako® NEFA-HR(2) assay). All

measurements were performed in duplicate.
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Statistical Analysis

Group comparisons of categorical variables were made using Pearson’s chi-
squared test. Continuous variables were expressed as mean + SD.
Continuous variables were compared between two groups using the
Student’s t-test, and were compared among all groups using analysis of
variance (Kruskal-Wallis). Individual comparisons between groups were
evaluated post-hoc using the Mann-Whitney test. We categorized the
volunteers into tertiles according to cFFA level, and applied a trend test
across ordered groups to assess the relationship between cFFA level and
SUVmax. We performed a nonlinear regression between the values of
SUVmax measured at 60 minutes and the cFFA level obtained at the time of
injection. Kappa statistics were used to determine the levels of agreement
between the visual grading scores of the two readers. For all analyses,
differences with P< 0.05 were considered significant. Receiver-operating
characteristics (ROC) curve analysis was used to identify the best cFFA
level cut-off value for predicting myocardial '"*F-FDG-uptake suppression.
All statistical analyses were performed using SPSS version 15.0 statistical

software (Chicago, IL).
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RESULTS

There were no significant between-group differences in age, BMI, blood

pressure, heart rate, and pre-'*F-FDG-injection glucose level (table 1).

Table 1 : Baseline Characteristics of the Volunteers.

Group 1 Group 2 Group 3 Group 4 P

Dietalone (n=9) |Ketocal® (n=9) | Olive oil (n=9) Verapamil (n=9)
Age (v) 264 2443 265 278 0.78
Gender (M/F) 6/3 7/2 5/4 712 0.71
BMI (kg/m?) 2222 2422 24+4 2222 032
Systolic BP (mmHg) |124+10 128+9 126+15 123+15 0.87
Diastolic BP (mmHg) | 75+10 75£10 72+14 7812 0.86
HR (bpm) 70£14 83£10 84+15 758 0.06
Glucose (mg/dL) 87+8 91+8 8810 9011 0.72

Values are expressedas mean + SD or as number. Abbreviations: BMI: body mass index, bpm: beats per minute;
BP: blood pressure ; HR : heart rate
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Impact of FFA Loading and CCB on Myocardial "*F-FDG Uptake
Suppression

QVS grades of 0 or 1, indicating good myocardial uptake suppression, were
observed in 8/9 volunteers in group 1, 5/9 volunteers in group 2, 4/9
volunteers in group 3, and 8/9 volunteers in group 4 (Fig. 3a; P =0.09). The
mean QVS grade did not significantly differ between groups (Fig. 3b; P =
0.28). The quantitative analysis showed that at 60 minutes after '°*F-FDG
administration, the myocardial SUV . did not significantly differ between
groups (group 1, 2.3 = 0.8; group 2, 4.6 + 3.3; group 3, 5.5 £ 5.1; and group
4, 3.0 £ 2.7; Fig. 4a, P = 0.17). Similar results were obtained at 60 minutes
for the TBR values (group 1, 1.50 + 0.52; group 2, 2.93 + 2.12; group 3,
3.53 £2.89; and group 4, 1.86 £+ 1.50; Fig. 4b; P =0.14).
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FIGURE 3.
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Box plots showing the number of volunteers with good (qualitative visual scale, grade 0 or
1) or poor (qualitative visual scale grade 2 or 3) myocardial '"*F-FDG uptake suppression in
each group (P = 0.09) (A),and the mean qualitative visual scale grade in each group at 60
minutes (P = 0.28) (B).
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FIGURE 4.
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Box plots showing comparisons among study groups of the myocardial SUV ,,, measured
60 minutes after "*F-FDG injection (P = 0.17) (A), TBRs measured 60 minutes after '*F-
FDG injection (P = 0.14) (B), the myocardial SUV ,, measured 180 minutes after BE-FDG
injection (P = 0.57) (C), and TBRs measured 180 minutes after BE_FDG injection (P =

0.45) (D).
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Influence of Time-Point Imaging

Imaging was performed at 60 and 180 minutes after '*F-FDG injection and
the acquired images were compared. At the 180 minute post-'"*F-FDG-
injection imaging, myocardial SUV . did not significantly differ between
groups (group 1, 2.3 £ 1.4; group 2, 5.3 £4.9; group 3, 6.8 £ 6.9; and group
4, 3.2 + 3.5; Fig. 4c; P = 0.57). The myocardial SUV,x remained stable
within each group between the two time-points. On the other hand, since the
left atrial SUV . decreased in the same time, the TBR values increased
significantly over time in each group (P = 0.009, 0.015, 0.011, 0.024 for
groups 1, 2, 3, and 4, respectively). However, at 180 minutes, the TBR
values did not significantly differ between groups (group 1, 2.79 + 1.64;
group 2, 5.63 £ 4.69; group 3, 6.37 + 4.93; and group 4, 3.21 + 2.90; Fig.
4d; P = 0.45). Similarly, since the visual analysis accounted for the
background activity and because that background activity decreased
between the time points, we found that 5 volunteers who had a good
myocardial extinction (QVS grade 1) at 60 minutes were reclassified as

QVS-2 after 180 minutes.

Blood Analysis

At "®F-FDG injection, the glucose, insulin, and FFA levels were similar
among the four study groups (P = 0.78, 0.12, and 0.26, respectively). As
expected, the glucose and insulin levels decreased after 60 and 180 minutes,
while the FFA level slightly increased over time. Interestingly, volunteers
with good (QVS grade 0 or 1) versus poor (QVS grade 2 or 3) myocardial
SE_FDG uptake suppression did not exhibit significantly different glucose
(P = 0.97; Fig. 5a) and insulin (P = 0.50, Fig. 5b) levels; however,
volunteers with good myocardial '®F-FDG uptake suppression showed
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significantly higher FFA level compared with those with poor myocardial
"F_FDG uptake suppression (0.80 + 0.31 vs. 0.53 + 0.15 mmol/L,
respectively; P =0.011; Fig. 5c).
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Box plots showing comparisons between volunteers with good versus poor myocardial '°F-
FDG uptake suppression (at 60 minutes) with regard to glucose (P =0.97) (A), insulin (P =
0.50) (B), and free fatty acid level (P = 0.011) (C) measured at the time of "*F-FDG
injection.
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Correlation with Blood Parameters

We observed a linear trend towards greater suppression in myocardial '°F-
FDG uptake measured at 60 minutes after '*F-FDG injection, with the
highest cFFA levels obtained at the time of '*F-FDG injection (P for trend <
0.001; Fig. 6). When assessed continuously, the cFFA level was
significantly related to the suppression of myocardial E-FDG uptake (r =
0.61; P < 0.001). However, myocardial '*F-FDG uptake suppression was
not correlated with glucose (r = 0.10; P = 0.54) or insulin level (r = 0.08; P
= 0.65). ROC analysis demonstrated that a cFFA concentration of >0.65
mmol/L measured at the time of '"*F-FDG injection had 68% sensitivity,
82% specificity, and 89% positive predictive value to predict good '*F-FDG
uptake suppression (AUC = 0.80; Fig. 7).

FIGURE 6.
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Box plot showing the relationship between myocardial SUV ., measured 60 minutes after
"E_-FDG injection and tertiles of cFFA level obtained at '*F-FDG injection (P for trend <
0.001).
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FIGURE 7.
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Receiver-operator characteristic (ROC) curve for cFFA concentration measured at the time
of "*F-FDG injection for predicting myocardial "*F-FDG uptake suppression (AUC = 0.80).

Interobserver Variability
We found a high Kappa statistic for interobserver variability of the visual

assessment of '"*F-FDG uptake (k = 0.8).
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DISCUSSION

This prospective randomized study demonstrates that a HFLC diet
administered the evening before '*F-FDG-PET/CT, followed by 12 hours of
fasting, is an effective method to obtain good myocardial *F-FDG uptake
suppression. Furthermore, our data showed no additional benefit of
administering complementary fatty acid loading or CCB one hour before
'"E-FDG injection. One salient finding of this study is the observation that
"SE_-FDG uptake was inversely correlated with cFFA levels, which could be
used to accurately predict the amplitude of myocardial BE-FDG uptake
suppression. This method should allow the avoidance of unnecessary RE
FDG injection in some patients who are not properly prepared. Finally, our
study showed that SUV,,,x values remained stable over time, permitting the
imaging of coronary inflammation at either 60 minutes or 180 minutes after
E_FDG injection.

Although several interesting tracers are being evaluated for vulnerable
plaque imaging [125, 151], '"*F-FDG-PET/CT is currently the most well-
evaluated and available tracer for plaque inflammation imaging. In humans
with carotid atherosclerosis, areas of high '*F-FDG uptake co-localize with
areas of macrophage accumulation, [96, 249, 250] and can predict
subsequent acute ischemic events [251, 252]. Avid '*F-FDG uptake by the
myocardium represents the main challenge to overcome before '*F-FDG-
PET/CT can be used for imaging coronary plaque inflammation. The
present study provides important information regarding how to prepare
patients before performing coronary '*F-FDG-PET/CT, and our findings are
in agreement with previously published retrospective and non-randomized
data [100, 102, 104, 253]. In the fasted state, such as that imposed on our

volunteers, the cFFA level is high and the oxidative metabolism is
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preferentially dependent on high rates of fatty acid uptake. Furthermore, the
volunteers were asked to eat a HFLC meal the evening before imaging, thus
inducing an increase in blood triglycerides during postprandial lipemia.
Triglycerides are converted by the lipoprotein lipase to FFAs, which then
enter fatty acid oxidation pathways. This metabolic pathway explains the
very low SUVp. of our group 1 volunteers (2.3 + 0.8), which was
significantly lower than the SUV,,, that we measured in conventionally
prepared (6-hour fasting period) 100 consecutive oncologic patients who
underwent '*F-FDG-PET/CT at our institution (SUViax: 6.8 £4.8; P=10.04;
data not shown).

We further found that complementary fatty acid loading (>40 g of fat
administered one hour before imaging in groups 2 and 3) provided no
additional benefit compared with the fasted volunteers of group 1. There are
several potential reasons for this. First, volunteers of all groups had an
HFLC meal the evening before imaging, thus inducing an increase in blood
triglycerides. Secondly, the time between the additional fatty loading and
"E_-FDG injection may have been too brief to further increase the blood
triglycerides, as has been previously hypothesized [102]. Regardless of the
reason, given the very low SUVmax values obtained in group 1 volunteers,
complementary fatty acid loading does not seem necessary to optimize
myocardial "*F-FDG signal suppression.

Macrophages contained in atherosclerotic plaques use glucose as fuel, and
can also metabolize FFAs. The latter requires oxygen to generate adenosine
triphosphate, whereas glucose metabolism does not. Since the plaque
interior is relatively anaerobic, glucose is the major substrate for
macrophages [254]. Additionally, facilitative transport via the glucose
transporter protein (GLUT) system is the pathway predominantly used for
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"F_FDG to enter human cells. "*F-FDG uptake in cultured macrophages
depends on the degree of macrophage activation [255]. Macrophage
activation increases both GLUT-1 and GLUT-3 expressions, while the
insulin-sensitive GLUT-4 subtype, which is supposed to be affected by the
HFLC diet used in our study, is not detectable. Therefore, macrophage '°F-
FDG uptake should not be influenced by the HFLC preparation.

cAMP is involved in myocardial glucose uptake through a Ca*"-dependent
mechanism, and CCB reportedly reduce myocardial '*F-FDG-uptake in a
murine model [246]. However, our data showed that CCB given one hour
before "*F-FDG injection did not improve myocardial-uptake suppression in
our volunteers who were asked to fast for 12 hours after an HFLC diet. It
remains unknown whether CCB could provide a good '*F-FDG-uptake
suppression in conventionally prepared patients (CH-permitted diet
followed by 6-hours fasting). Nevertheless, the very low SUV .« values that
we measured in our group 1 volunteers question the necessity for the use of
CCB, which could potentially lead to side effects. Some authors have
attempted to raise cFFAs levels by infusing unfractionated heparin in order
to stimulate lipoprotein lipase [256]. Again, because of the contraindications
and the potential side effects of this medication, we think that a LCHF meal
followed by 12 hours of fasting represents a safer alternative for improving
myocardial "*F-FDG uptake suppression.

It is recommended that vascular PET studies involve a longer BE-FDG
circulation time than that for oncology PET imaging. This is intended to
allow sufficient '"*F-FDG accumulation in the arterial wall, and to permit the
reduction of blood 'F-FDG levels by decay and excretion [254]. For
imaging carotid arteries and aorta, the optimum time-point is between 60

and 180 minutes [257]. The exact optimum time-point for coronary artery
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imaging is unknown. This time-point must account for the risk of a partial-
volume effect of '*F-FDG activity spilling into the arterial wall from the
vessel lumen, as well as from the myocardium. Our data showed that the
decreased myocardial "*F-FDG uptake remained stable over time. This
suggests that with adequate myocardial '*F-FDG uptake suppression, the
detection of coronary plaque inflammation would not be impacted by the
myocardial '*F-FDG signal being measured at either 60 or 180 minutes after
'"SE-FDG injection. The optimal timing for imaging coronary plaque should
predominantly depend on the arterial lesion uptake itself. Further studies are
needed to determine the optimal timing for imaging coronary plaques in
patients.

Although good myocardial '*F-FDG uptake suppression was obtained in the
majority of volunteers prepared with a HFLC diet followed by 12 hours of
fasting, the myocardial '*F-FDG uptake remained too high in a minority of
volunteers. Therefore, it is extremely important to be able to predict the
amplitude of suppression, and to thus avoid unnecessary injections of '°F-
FDG in inadequately prepared patients. Glucose and insulin levels do not
predict myocardial '*F-FDG uptake suppression. One exciting finding of the
present work was that myocardial '*F-FDG uptake could be predicted by the
total cFFA measured before 'F-FDG injection with an excellent positive
predictive value. The measurement could be easily and quickly (about 30
min) obtained in a clinical imaging center and should help to refine the
quality of vulnerable coronary plaque detection in patients. Finally, beyond
this potential clinical application, our data support the use of our group-1
regimen and the measurement of total cFFA for detecting cardiac
involvement of sarcoidosis which is a definite indication for '*F-FDG-PET
imaging.
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The main limitation of the present work is the relatively small number of
volunteers included in the study. However, the study was randomized, and
the SUVax values obtained in group 1 volunteers were very low compared
to those that we usually obtain in patients referred for oncological disease.
Given the very low SUVy,.x values obtained in group 1 volunteers, the
number of volunteers in the 3 other groups should have been very high for
identifying difference from group 1. Consequently, we decided to end the
study after 9 volunteers because we felt it unethical to continue enrolling
volunteers. Normal volunteers have been recruited to perform this study.
That can be seen as another limitation. Nevertheless, our results are in
accordance with those obtained in older patients by other groups [102, 104].
Furthermore, it has been previously shown that the myocardial glucose
utilization does not increase with age [258]. Finally, we did not look at
regional variability in tracer uptake. Thus, whether any of the interventions
increases or decreases regional variability in '*F-FDG uptake remains
undetermined, as well as the impact of a potential regional uptake on the

visualization of coronary plaque inflammation.
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CONCLUSION

A HFLC diet administered the evening before '*F-FDG-PET/CT, followed
by fasting for 12 hours, is a simple and effective method to obtain good
myocardial '"*F-FDG uptake suppression in a large majority of subjects. No
additional benefit was conferred by complementary fatty acid loading or
CCB administered one hour before '*F-FDG injection. Myocardial '*F-FDG
uptake is inversely correlated with cFFA levels, which could be used to

accurately predict the amplitude of myocardial '*

F-FDG uptake suppression.
This method could allow avoidance of unnecessary '*F-FDG injection in
patients who are not properly prepared. Finally, when adequately
suppressed, the myocardial '*F-FDG signal remains low and stable over
time, allowing opportunities for coronary inflammation imaging over a

broad time range.
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DATA NOT PUBLISHED

Myocardial uptake evolution within each group between the two time-
points.

Myocardial SUV,,x remain stable. The TBR values increasing significantly
over time in each group (P = 0.009, 0.015, 0.011, 0.024 for groups 1, 2, 3,
and 4, respectively) due to the diminution of the Ileft atrium
SUVean.Delayed imaging at 180 minutes resulted in superior contrast
between blood-pool and myocardial FDG activity compared to imaging at

earlier time-points induce by the washout of the blood pool activity.

TBR

Myocardial SUV,,,
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FFA evolution within time in the whole volunteers and separated by groups.

FFA slightly increased over the time in the whole population. The increase
is particularly marked in groups 2 and 3 (ketocal and olive oil). The increase
in fatty acids in these two groups may be more pronounced later, which may

suggest that administering this fatty acid load 1 hour before injection is too

short.
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VII. SUMMARY AND FUTURE PESPECTIVE

CVD is a global health concern and vulnerable plaque is a major actor in its
most severe clinical manifestations. Inflammation and neovascularization
are two major features of vulnerable plaque. The early identification and
treatment of vulnerable plaque before the occurrence of a clinical event
remains a “holy grail” in the management of CVD. The research described
in this thesis highlights the practical challenges in trying to define the

optimal imaging strategy.

The first part of this thesis explores the temporal association between
inflammation and neovascularization within carotid plaque assessed by
FDG-PET/CT and CEUS in a population of symptomatic and asymptomatic
patients scheduled for carotid endarterectomy. Data obtained by imaging
were validated using histological assessment of endarterectomy specimens.
Thereby, we demonstrated, in the largest series with histological validation
available at this time, that inflammation and neovascularization are not
systematically associated in the carotid plaques of patients, which suggests a
temporal separation of these processes. This association is subject to
conflicting data in literature, highlighting the challenge of non-invasive
imaging strategies.

CEUS has major benefits over other imaging modalities, as it is widely
available, low-cost, quick to perform, and does not use an ionizing radiation
source. Nevertheless, we have also shown the difficulties of applying this
technique in advanced disease. FDG-PET/CT is a clinically available
technique but is limited by the availability of the technology, the cost, its
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time-consuming nature, and the involvement of ionizing radiation. Despite
these limitations, to date, it is the most common non-invasive method used

to detect metabolically active vulnerable atherosclerotic plaques.

In the second part of this thesis, we conducted a prospective randomized
study to evaluate the impact of different interventions aiming to suppress
myocardial glucose uptake evaluated by uptake of *F-FDG. The goal of
myocardial FDG suppression is to improve the quality of cardiac and
coronary FDG-PET/CT images and allow visualization of coronary plaque
inflammation, but also to improve the quality of non-coronary cardiac FDG-
PET/CT images (e.g. for sarcoidosis, infectious disease, or myocardial
ischemia). We demonstrated that a high-fat low-carbohydrate diet followed
by 12-hour fasting is a simple, easily applicable, and effective method of
obtaining a good suppression of myocardial FDG uptake. The addition of a
complementary oral fatty acid or a calcium channel blocker one hour before
FDG injection does not provide additional benefit.

Determination of free fatty acid levels could be a useful method for
predicting the amplitude of myocardial FDG uptake suppression that may
allow avoidance of unnecessary FDG injections in patients without proper
preparation. We also showed that the decrease in myocardial FDG uptake

remained stable over time.

According to this work, we identified some future directions:

One future research direction will be to compare these two techniques in a
broader population of patients with varying degrees of carotid stenosis and
comorbidities to better understand the link between inflammation and

neovascularization.
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Inflammation also seems more pronounced when neurological symptoms
are present, whereas neovascularization does not seem to be. Those data
conflict with a previous study (Staub et al.) [159], possibly due to
differences in patient population; our series included a population with more
advanced disease.

Another step for the future is to evaluate the potential of these two
techniques to predict cardiovascular events during long-term prospective

follow-up.

As described in the introduction, the macrophage population is composed of
various phenotypes. We demonstrate the correlation between high FDG
uptake and presence of macrophages without any phenotype distinction.
Identifying correlation between imaging and macrophages phenotypes
represents a field of investigation in continuity with our work.

The future development of neovascularization analysis with automatic
software-based quantification seems to be crucial, requiring histological

validation in a large population.

In addition, the high-fat low-carbohydrate diet should be compared with a
standard preparation in a large population including, among others, patients
with CVD. The impact of a patient’s characteristics and cardiovascular risk
factors on suppression of myocardial FDG uptake should be investigated.
Acute cardiovascular event modify the myocardial metabolism, the impact
on the quality of the preparation should be evaluated. Detection of coronary

vulnerable plaque may be the next step.
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Regarding the free fatty acid levels and the cut-off value, our results must be
confirmed; it would also be interesting to assess this level at a timepoint

even earlier before FDG injection.

Cumulative evidence has demonstrated that imaging of atherosclerosis may
also be useful for stratifying cardiovascular risk and for detecting high-risk
patients who are likely to suffer a cardiovascular event. The current
treatment strategy in such cases remains systemic medication; local
treatment of vulnerable plaques is currently under investigation.

Strategies oriented towards detecting patients at high risk of
atherothrombotic events could evaluate plaques in more accessible arteries
or propose a single “all arteries” examination to assess a global
atherosclerosis burden and marker of vulnerability. This appears to be a
more cost-effective clinical solution applicable for population screening.
More evidence, in large prospective multicenter trials, is warranted to
establish the prognostic value of the various plaque characteristics and
imaging modalities to predict clinical events such as acute cardiac events or
stroke.

Another approach is the development of new nuclear molecular imaging
tracers (PET or SPECT). However, the exposure to ionizing radiation
remains a major limitation for its use in screening asymptomatic individuals
or as a valuable follow-up imaging method. MRI imaging does not use an
ionizing radiation source and could constitute an interesting alternative; this

is under evaluation.

Invasive imaging modalities remain important to provide more details on

vulnerable plaque for research purposes. A future hybrid intravascular
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imaging methods are expected to shed light on the mechanisms regulating
atherosclerosis and plaque evolution. Another important research pathway is
the evaluation of therapeutic effects of agents specially developed to reduce
plaque vulnerability. Future invasive approaches aimed at stabilizing
vulnerable plaques before the occurrence of atherothrombotic events should
be a promising addition to the present practice of treating symptomatic

atherosclerotic obstructions.
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