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Abstract

The biological processes within atherosclerotic plaques are known to be criti-
cally important to the progression and rupture of plaques. Among them inflam-
mation is thought to be a key participant in all stages of atherosclerosis, from
plaque initiation to progression and atherothrombosis. Accordingly, imaging of
inflammation may provide important insights into the atherosclerotic milieu.

BF-fluorodeoxyglucose positron-emission tomography/computed tomogra-
phy (FDG-PET/CT) imaging, originally developed as an imaging modality to
evaluate oncologic processes, has evolved into a robust and reproducible modal-
ity for the quantification of arterial inflammation. Studies have shown that FDG
uptake significantly correlates with arterial wall macrophage infiltration, high-
risk morphological features of atherosclerotic plaques, expression of proinflam-
matory genes, and increased risk for future atherothrombotic events. Moreover,
arterial FDG uptake is modifiable by anti-atherosclerotic treatments especially
those with anti-inflammatory properties such as statins. Accordingly, FDG-PET/
CT imaging is increasingly used as a surrogate imaging biomarker to monitor
therapeutic efficacy of anti-atherosclerotic agents.

In this chapter, we review the basic cellular and molecular aspects of
FDG-PET/CT imaging. Thereafter, we discuss the role of PET/CT imaging in
noninvasive imaging of arterial inflammation, prediction of risk for progression
of atherosclerosis, and risk assessment for subsequent atherothrombotic events.
Furthermore, we discuss the utility of PET/CT imaging to evaluate the efficacy
of new anti-atherosclerotic pharmacotherapies and review the results from recent
imaging trials that employed PET/CT for this purpose. Lastly, we review the cur-
rent state of the art and future directions for PET/CT imaging, with a review of
coronary artery imaging, characterization of new targets, and recent improve-
ments in camera and tracer technologies.

15.1 Introduction

A large body of evidence demonstrates that evaluation of coronary stenosis per se
provides a relatively crude assessment of future risk of plaque rupture and cardiovas-
cular events. This fact was emphasized, nearly 20 years ago, by a series of studies that
evaluated the relationship between presence of coronary stenosis and subsequent ath-
erothrombosis [1]. The study demonstrated that most culprit lesions do not cause sig-
nificant luminal narrowing prior to cardiovascular events (Fig. 15.1). While plaques
with greater degrees of luminal stenosis are more likely to progress to occlusion and/
or give rise to infarction, most atherothrombotic events result from rupture of the
plaques which are mildly to moderately obstructive, since the less obstructive plaques
usually far outnumber severely obstructive plaques [1]. Accordingly, evaluation of
coronary stenosis provides inadequate information in terms of risk assessment for
subsequent cardiovascular events. The delineation of additional atherosclerotic fea-
tures, such as vessel wall structure and biology, may provide important insights [2].
The paradigm of simultaneous assessment of structure and biology has been suc-
cessfully performed for over a decade in the field of oncology. Two landmark papers
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Fig. 15.1 Degree of coronary stenosis and subsequent cardiovascular events. In the coronary
arteries, less obstructive plaques outnumber severely obstructive plaques. Vascular occlusions and
cardiovascular events evolve most frequently from plaques that are only mildly to moderately
obstructive months to years before infarction (Adapted with permission from a review article by
Falk et al. [1])

in 2003 demonstrated that combined molecular and structural imaging, using PET
and CT, is capable to localize and stage tumors more accurately compared to struc-
tural imaging alone [3, 4]. These observations led to the vast proliferation of PET/
CT scans and have since fundamentally transformed the practice of oncology. In the
study of cardiovascular disorders, the similar paradigm of simultaneous evaluation
of structure and biology of atherosclerosis is relatively new and rapidly evolving.

Several features of atherosclerotic plaques that can be visualized noninvasively
through imaging have been shown to be associated with a heightened risk of sub-
sequent atherothrombosis [5]. These features include positive remodeling, high
lipid content (low-attenuation plaque), thin fibrous cap, evidence of ulceration,
intra-plaque hemorrhage, and microcalcification [5, 6]. The biological processes
within plaques are also known to be critically important to the progression and
rupture of plaques. Among them, inflammation is thought to be a key participant in
all stages of atherosclerosis, from plaque initiation to plaque progression to athero-
thrombosis [7, 8]. Accordingly, imaging of inflammation may also provide impor-
tant insights into the atherosclerotic milieu.

15.2 FDG-PET/CT Imaging of Oncologic Processes
and Inflammation

The commonly employed PET/CT imaging agent, '8F-fluorodeoxyglucose (FDG),
is clinically used for identification of neoplasms, screening of tumor metastases,
and assessment of response to antineoplastic therapies. Additionally, FDG-PET/CT
imaging has been demonstrated to be clinically useful for imaging of various sources
of inflammation, including evaluation of device infection, fever of unknown origin,
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Fig. 15.2 High uptake of glucose analogs in tumor-associated macrophages. The uptake of tri-
tium deoxyglucose ([°H] DG) is demonstrated over time in intra-tumoral cellular components of
mammary carcinoma in mice. [*H] DG uptake is determined by microautoradiographic silver grain
counting (Adapted with permission from Kubota et al. [9])

and sarcoidosis. Studies have shown that among the inflammatory cells, macro-
phages tend to have high uptake of FDG which is comparable to the amount of FDG
uptake by tumor cell lines. Moreover, further investigations which were designed to
reveal the source of intra-tumoral FDG uptake have demonstrated that the tumor-
associated macrophages (TAMs) demonstrate even higher FDG uptake than the
tumor cells [9] (Fig. 15.2). Accordingly, a substantial portion of the clinical utility
of FDG-PET/CT scan for oncologic imaging relates to the uptake of FDG by
macrophages.

The molecular mechanisms underlying FDG uptake by inflammatory cells have
been well studied. FDG is a glucose analog that, similar to glucose, enters the cells
through glucose transporters (GLUT), a group of membrane proteins that facilitate
the transport of glucose over the plasma membrane. Within cells, FDG is phos-
phorylated by hexokinase to produce FDG-6-phosphate. Similarly, glucose is phos-
phorylated by the similar enzyme to become glucose-6-phosphate. Since the
glucose-6-phosphatase enzyme is absent in most cells (except hepatocytes), the
phosphorylated form of glucose/FDG cannot efflux from the cell. Glucose-6-
phosphate, which is the natural substrate for the glycolysis pathway, becomes fur-
ther phosphorylated and participates in glycolysis. However, FDG-6-phosphate is
unable to participate further in glycolysis and thus accumulates within cells; hence,
FDG accumulates in the cells and the quantity is in accordance with the rate of gly-
colysis (Fig. 15.3).
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A broad body of research extending over three quarters of a century shows that
myeloid cells including macrophages are highly dependent on glycolysis for energy
metabolism [11, 12]. In resting macrophages, ATP is generated through the glyco-
Iytic and mitochondrial pathways in roughly equal proportions. Activated macro-
phages manifest a substantial upregulation of ATP production, the vast majority of
which is produced through glycolysis. Further, the manner of macrophage stimula-
tion has a significant impact on glycolytic flux [13]. While innate or classic activa-
tion (proinflammatory activation or M1 polarization) leads to increased glycolysis,
alternative activation (anti-inflammatory activation or M2 polarization) does not
[13]. Additionally, with M1 polarization, there is an upregulation of genes which
encode glycolytic enzymes, which is accompanied by a downregulation of the genes
that encode tricarboxylic acid cycle (TCA) and electron transport chain (ETC) pro-
teins. The opposite occurs with M2 polarization (Fig. 15.4). In congruence with
these findings, compared to resting macrophages, deoxyglucose uptake is increased
in Ml-polarized macrophages but is decreased in M2-polarized macrophages
(Fig. 15.5) [14]. It should be noted that these findings are not without controversy.
One study suggested that hypoxia, more than proinflammatory activation, drives
macrophage glycolysis [16]. However, multiple groups have demonstrated that
hypoxia itself is an important driver of both macrophage proinflammatory
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Fig. 15.5 Metabolic trapping of fluorodeoxyglucose. Fluorodeoxyglucose (FDG) enters the cells
through glucose transporters (GLUT) and becomes phosphorylated by hexokinase to produce
FDG-6-phosphate. Similarly, glucose is phosphorylated by the similar enzyme to become glucose-
6-phosphate. Glucose-6-phosphate, which is the natural substrate for the glycolysis pathway,
becomes further phosphorylated and participates in glycolysis. However, FDG-6-phosphate is
unable to participate further in glycolysis and thus accumulates within cells; hence, FDG accumu-
lates in the cells and the quantity is in accordance with the rate of glycolysis (Adapted with permis-
sion from Rudd et al. [15])

activation and glycolysis [17]. Moreover, it has been reported that across varying
oxygen tensions, including hypoxic conditions, and through varying macrophage
stimulatory conditions, a tight relationship exists between glycolytic flux and mac-
rophage proinflammatory activation (measured as TNF alpha production) [18].
Accordingly, the glycolytic rate of macrophage-rich tissues (as assessed by FDG
uptake) may provide an index of state of proinflammatory activation.

Given FDG accumulation in inflammatory cells, it follows that it may be useful
for imaging inflammation. Indeed, in addition to its use as a tracer to characterize
oncologic processes, FDG is clinically used for imaging of inflammation and infec-
tion. The clinical use of FDG-PET/CT for imaging of inflammation has substan-
tially grown over the years, and recent guidelines provided by the Society of Nuclear
Medicine and Molecular Imaging as well as the European Association of Nuclear
Medicine suggest the clinical use of FDG imaging of inflammation and infection
[19]. The current major inflammatory indications for FDG-PET/CT imaging include
evaluation of fever of unknown origin, suspected spinal infections, vasculitides,
osteomyelitis, sarcoidosis, device and prosthetic infections, and endocarditis [20].
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Fig. 15.6 FDG-PET/CT imaging of arterial inflammation. The fop row (from left to right) shows
PET, contrast-enhanced CT, and co-registered PET/CT images. These images are obtained from a
63-year-old man who had experienced two episodes of left-sided hemiparesis. The bottom row
demonstrates a low level of FDG uptake in an individual with an asymptomatic carotid stenosis
(Modified with permission from Rudd et al. [21])

15.3 FDG-PET/CT Imaging of Arterial inflammation

Imaging of atherosclerotic inflammation using FDG-PET was initially reported in
humans in 2002 by Rudd et al. [21]. In their landmark study of individuals with
recent strokes, they observed higher FDG uptake in the wall of the symptomatic
carotid artery (compared to the contralateral carotid artery plaques; Fig. 15.6). In an
analysis of an excised carotid plaque that was incubated with tritiated deoxyglu-
cose, the authors furthermore observed that deoxyglucose localized to foamy mac-
rophages within the lipid core, suggesting that the FDG signal may be reporting on
macrophages. Thereafter, several groups reported in animal models that arterial
FDG uptake correlates with inflammation which was confirmed by histology [22,
23]. Further, it was soon after shown in humans that PET imaging of FDG uptake
within human carotid arteries provided an index of atherosclerotic plaque inflam-
mation [24]. In that study, the authors measured the FDG uptake in carotid plaques
of individuals who subsequently underwent carotid endarterectomy. They assessed
the correlation between FDG uptake and the macrophage content, measured as
CD68 staining by histopathology, on the same plaques that were excised during
endarterectomy. In that study, the authors observed a significant correlation between
FDG uptake and the macrophage content (Fig. 15.7). Several groups have replicated
this observation, and some extended the concept by demonstrating that FDG uptake
in the arterial wall also relates to the expression of proinflammatory genes [25, 26].

The accumulation of FDG within the arterial wall is inhomogeneous, as would
be expected given the inhomogeneous distribution of atherosclerotic plaques and
various stages of different atherosclerotic plaques. Figueroa et al. observed that
arterial FDG uptake is especially prominent within the plaques that have morpho-
logical features suggestive of high-risk potential [27]. In their study, they recruited
patients who were scheduled for carotid endarterectomy and performed arterial
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Fig. 15.7 FDG-PET imaging and macrophage content of atherosclerotic plaques. Axial positron-
emission tomography (PET) images from two patients are demonstrated: Patient A manifested low
FDG uptake in the region of the carotid plaque, whereas patient B had a high FDG uptake in that
region. The region of the excised carotid plaque is noted with arrows. In patient A, the correspond-
ing trichrome-stained histologic specimen demonstrates a collagen-rich plaque with low lipid con-
tent, and CD68 staining on the high-powered images demonstrates limited macrophage infiltration.
In patient B, the corresponding trichrome-stained histologic specimen demonstrates a complex
plaque with a necrotic core, and the CD68 staining demonstrates intense macrophage infiltration.
The boxes in the trichrome-stained images indicate the regions corresponding to the high-powered
CD68 stains. The scatter plots demonstrate that carotid plaque FDG uptake in carotid plaques
significantly correlated with histologic measure of inflammation in the corresponding sections
taken during carotid endarterectomy (Modified with permission from Tawakol et al. [24])

FDG-PET/CT and contrast-enhanced CT imaging prior to the procedure. They
characterized plaque morphology using CT of the carotid arteries and defined high-
risk morphological features as plaques with ulceration, low attenuation (which indi-
cates lipid-rich locations), or positive remodeling. These features were selected
based on a wealth of clinical data suggesting that those features are associated with
an increased risk of subsequent plaque rupture and stroke. Additionally, following
carotid endarterectomy, the carotid plaques were examined histopathologically. The
authors demonstrated that the distribution of FDG uptake within the carotid arteries
was heterogeneous; however, the amount of the FDG that localized to the arterial
wall was associated with presence of atherosclerotic plaques. Moreover, they dem-
onstrated that arterial inflammation as assessed by FDG uptake was higher in
plaques with high-risk morphological features and depends on the number of high-
risk features that each plaque contains (Fig. 15.8). Similarly, the macrophage
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Fig. 15.8 Distribution of FDG uptake correlates with high-risk morphology of atherosclerotic
plaques. Axial and coronal sections of computed tomography (CT) and positron-emission tomog-
raphy/computed tomography (PET/CT) are demonstrated. Top row demonstrates that FDG uptake
is higher in the regions of carotid artery with high-risk morphology (HRM) in the atherosclerotic
plaques. Low-attenuation plaques (LAP) with positive remodeling (PR) are considered as
HRM. The bottom row demonstrates that a predominantly calcified plaque without high-risk mor-
phological feature (HRM) is associated with lower FDG uptake (Modified with permission from
Figueroa et al. [27])

staining present within those plaques (as measured histopathologically after endar-
terectomy) also correlated with the number of high-risk morphological features.
Accordingly, FDG uptake relates to both inflammation and the presence of high-risk
morphological features, which are in turn interrelated.

15.4 Relationship Between Arterial Inflammation, Disease
Progression, and Risk of Cardiovascular Events

Arterial inflammation has been shown to be predictive of subsequent plaque pro-
gression in human studies. Abdelbaky et al. observed that arterial wall locations
with underlying inflammation (by FDG-PET/CT) subsequently manifested greater
arterial calcification (quantified by CT imaging), compared to the locations with
less inflammation [28] (Fig. 15.9). In that study, the authors observed that arterial
FDG uptake was a strong predictor of subsequent arterial calcification (odds ratio
[95 % CI]=2.59 [1.18-5.7]) after adjusting for other cardiovascular risk factors
(e.g., age, hypertension, and dyslipidemia). Similarly, Fayad et al. demonstrated in
a large prospective study that arterial segments with increased arterial inflammation
(by PET/CT) experienced more volumetric expansion (measured by MRI) over the
ensuing 18 months compared to segments with reduced inflammation [29]. These
studies present insights about the local consequences of arterial inflammation and



336

Fig.15.9 Arterial
inflammation and progression
of atherosclerosis. This study
evaluated the relationship
between baseline arterial
inflammation and subsequent
calcification of the
atherosclerotic plaques. The
authors used a within-patient
analysis where the segmental
FDG uptake was expressed
relative to the mean FDG
uptake for the entire aorta
within which that segment
resides (as the percent
difference between the
individual segment SUV and
the mean SUV of the whole
aorta). They demonstrated
that within each patient, the
relative baseline SUV was
higher in segments that
manifested subsequent
calcification. This held true in
subset analyses of segments
with calcium present at
baseline (P=0.007) and
segments without calcium at
baseline (P=0.001) (Adapted
with permission from
Abdelbaky et al. [28])

H. Emami and A. Tawakol

Segments with Ca present at baseline

10.00 -
@ p=0.007
S A
s ( )
S —
o 5.00
[a}
[T _
e
% 0.00
c ° - —r—
-5.00 T
Absent Present
Subsequent additional calcium deposition
Segments with Ca absent at baseline
p=0.001
A
( )
10.00 - T
2
8
5
o 5.00 -
[a}
[T
Py 1
=
ko
Eﬂé 0.00
-5.00 T T
Absent Present

Subsequent incident calcium deposition

Error bars 90 %Cl

thus provide a plausible explanation for observed increased risk of atherothrom-
botic events in individuals with heightened arterial inflammation.

Measures of arterial inflammation may provide an index of the risk of subse-
quent atherothrombotic events. In an early retrospective study of individuals who
had undergone FDG-PET/CT imaging for clinical (mostly oncologic) indications,
Rominger et al. initially demonstrated that arterial inflammation (FDG uptake) was
predictive of event-free survival over a 40-month period [30]. However, that particu-
lar study did not identify the degree to which imaging of arterial inflammation may
add to risk prediction over the standard risk prediction tools such as the Framingham
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Fig.15.10 Quantification of arterial inflammation improves the risk assessment of cardiovascular
events. Arterial FDG uptake (target-to-background ratio, TBR) is demonstrated to have a signifi-
cant association with the risk of subsequent cardiovascular events. Moreover, authors showed that
it improves the reclassification by 27 % when combined with the Framingham Risk Score (FRS)
(Modified with permission from Figueroa et al. [32])

Risk Score (FRS). Indeed, studies have demonstrated an association between FRS
and arterial inflammation (FDG uptake) [31]. Recently, one study evaluated the
degree to which imaging measures of arterial inflammation (FDG-PET/CT imag-
ing) may refine assessment of risk of cardiovascular beyond the FRS calculation
[32]. In a study of 513 individuals who had undergone imaging for clinical indica-
tions but who were deemed to be free of active oncologic disease, FDG-PET/CT
images were retrospectively analyzed. The authors of that study observed that arte-
rial inflammation (measured as FDG uptake) independently predicted the risk of
subsequent cardiovascular disease events. Moreover, they reported a net reclassifi-
cation improvement of 27.5 % over FRS, with 12.7 % of events correctly reclassi-
fied and 14.8 % of nonevents correctly reclassified using noninvasive imaging
(Fig. 15.10). Additionally, an association between vascular inflammation and the
timing of cardiovascular events was observed, whereby individuals with events
occurring within 6 months of imaging had the highest amount of FDG uptake in the
index imaging. In contrast, the individuals with more remote events had lower ini-
tial arterial inflammatory signals, while those who never developed cardiovascular
events had the lowest FDG uptake. In a separate small prospective study of 60 indi-
viduals with ischemic stroke, Marnane et al. sought to evaluate whether carotid
FDG uptake after a stroke was associated with the risk of short-term (90 days)
stroke recurrence. They found that in a Cox regression model including age and
degree of stenosis (50-69 % or 70 %), mean plaque FDG uptake was the only inde-
pendent predictor of stroke recurrence (adjusted hazard ratio, 6.1; 95 % CI,
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1.3-28.8; p=0.02) [33]. While these studies suggest a promising role for PET/CT
imaging in risk assessment and stratification in various patient populations, large
prospective studies are needed to confirm these findings.

15.5 PET/CT Measures of Arterial Calcification

Large studies have demonstrated that measures of coronary artery calcification,
such as the coronary calcium score (assessed by CT), provide potent prediction of
subsequent incident cardiovascular events [34]. Molecular imaging has been used to
identify calcification of atherosclerotic plaques as well. ¥*F-sodium fluoride ('*8F-NaF),
which localizes formation of hydroxyapatite crystals in very early stages, has been
suggested as a tracer for vascular imaging. Recently, Joshi et al. demonstrated that
PET/CT imaging using ®F-NaF might introduce a promising role for this noninva-
sive imaging modality to identify and localize high-risk coronary plaques [35]
(Fig. 15.11). However, the relationship between '8F-NaF uptake and the risk of car-
diovascular events is yet undefined. Furthermore, it is still unknown whether arterial
8F-NaF uptake provides an independent measure of risk when added to CT mea-
sures of calcium deposition such as the Agatston score. Dweck et al. have employed
8F-NaF PET/CT imaging to identify active calcification and disease progression in
aortic valve [36]. It is worth noting that these studies are performed in small patient
populations and require larger studies to confirm their findings.

15.6 Utility of Noninvasive Imaging of Arterial Inflammation
to Assess Effectiveness of Therapies

Arterial inflammation (FDG uptake using FDG-PET/CT imaging) is rapidly modifi-
able by interventions. Two preclinical studies evaluated the rate of change in arterial
inflammation (using FDG-PET/CT) after pharmacotherapy. In one study, athero-
sclerotic inflammation decreased substantially within 2 days after administration of
an anti-inflammatory drug [37]. Conversely, arterial FDG uptake increased within
3 days after administration of a proinflammatory cytokine [38]. Taken together,
these preclinical findings show that arterial inflammation can be rapidly modified
through anti-atherosclerotic pharmacotherapy.

Fig. 15.11 PET/CT imaging of coronary arteries. '®F-sodium fluoride ("*F-NaF) is a tracer that
localizes formation of hydroxyapatite crystals in very early stages. (a) Significant stenosis of prox-
imal segment of left anterior descending coronary artery (LAD) by invasive angiography; (b) high
uptake of '®F-NaF in the same coronary segment; (c) culprit lesion (red arrow; LAD) in a patient
with non-ST elevation myocardial infarction and bystander non-culprit lesion (white arrow; cir-
cumflex artery) that were both stented during the admission; (d) only the culprit lesion had
increased '8F-NaF uptake PET/CT. (e) Box plot demonstrates that 'SF-NaF uptake was significantly
higher in culprit coronary lesions compared with non-culprit lesions (Modified with permission
from Joshi et al. [35])
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Arterial inflammation (FDG uptake) in the atherosclerotic plaques must be rela-
tively stable and reproducible in order to be qualified as a monitoring tool for assess-
ment of anti-atherosclerotic treatment effects. Rudd et al. demonstrated in 20
individuals with clinical cardiovascular disease that imaging measure of arterial
inflammation by FDG-PET/CT scan is reproducible [39]. They prospectively
enrolled study subjects and performed PET imaging at two timepoints 2 weeks apart
and concluded that in patients with stable atherosclerosis who received stable treat-
ment, the FDG signal was highly reproducible (Intraclass Correlation Coefficients
of 0.79-0.92 and interobserver agreements of 0.92-0.97). Accordingly, the high
sensitivity of FDG-PET/CT imaging for detection of treatment effects, along with
its reproducibility under stable conditions in humans, provides rationale for use of
FDG-PET/CT imaging to assess anti-inflammatory therapies.

FDG-PET/CT has been used to study anti-atherosclerotic therapeutic interven-
tions in several human studies. Tahara et al. published the first human study to
evaluate the impact of a pharmacologic intervention on arterial inflammation as
measured by FDG-PET/CT imaging [40]. Using a single-center open-label study
design, they compared simvastatin (5-20 mg) to diet management. By 3 months,
arterial inflammation (FDG uptake) was significantly reduced in the simvastatin
group compared to the group that was assigned to the diet management (Fig. 15.12).
More recently, the anti-inflammatory effect of statins on arterial inflammation was
studied in a multicenter double-blind trial [41]. In that study, 83 adults who were at
risk or with established clinical atherosclerosis and were not taking high-dose
statins were randomized to atorvastatin 10 mg versus 80 mg. Arterial FDG-PET/CT
imaging was performed at baseline, 4 weeks, and 12 weeks after randomization.
The authors reported that high-dose atorvastatin (80 mg daily) resulted in a signifi-
cant relative reduction in arterial inflammation compared to atorvastatin 10 mg and
that the reductions from baseline were seen as early as 4 weeks after randomization
(Fig. 15.13). Most recently, the effect of non-pharmacologic lipid lowering on arte-
rial inflammation was evaluated. In a study of individuals with familial hypercho-
lesterolemia (FH), lipid lowering by lipoprotein apheresis resulted in a substantial
reduction in arterial inflammation (FDG-PET/CT imaging) within 1 week of the
intervention [42].

Additionally, FDG-PET/CT imaging has been used to study the effect on arterial
inflammation of therapies that do not substantially impact serum LDL. Mizoguchi
et al. studied the effect of pioglitazone (15-30 mg) versus glimepiride (0.5-4.0 mg)
on arterial FDG uptake in glucose intolerant or diabetic patients who had carotid
atherosclerosis [43]. They found that while both treatments comparably reduced
fasting glucose concentrations and hemoglobin Al¢ values, pioglitazone but not
glimepiride reduced arterial inflammation. Indeed, an anti-atherosclerotic effect of
pioglitazone has been suggested by clinical endpoint studies as well, whereby sev-
eral trials have suggested that the use of pioglitazone in diabetic patients is associ-
ated with a reduced incidence of atherothrombotic events [44, 45]. Hence, for statins
as well as pioglitazone, findings of reduced arterial inflammation in FDG-PET/CT
imaging trials are consistent with the findings of clinical endpoint trials.
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Fig. 15.12 Determination of simvastatin treatment effect by FDG-PET/CT imaging.
Representative FDG-PET images at baseline and after 3 months of simvastatin therapy (posttreat-
ment) are compared with dietary intervention. Baseline images demonstrate FDG uptake within a
common carotid plaque (square). A substantial reduction in plaque. FDG uptake is seen after
3 months of simvastatin therapy (top). The bottom panel demonstrates per-subject data for baseline
and posttreatment values in the diet and simvastatin groups. There was a significant reduction in
vascular FDG uptake after simvastatin therapy but not after dietary modification. NS not significant
(Modified with permission from Tahara et al. [40])

Recently, multicenter FDG-PET/CT studies have been performed to evaluate
therapeutic efficacy of novel pharmacologic agents. The results of two large clinical
endpoint studies have recently been published and provided an opportunity to com-
pare the results of the imaging trials to those of the clinical endpoint trials. The first
novel drug was dalcetrapib, a cholesteryl ester transfer protein (CETP) modulator.
The dal-PLAQUE trial used multimodality imaging to evaluate the safety and effi-
cacy of dalcetrapib on atherosclerotic disease [29]. In that phase 2b double-blind
multicenter trial, 130 individuals with or at risk for coronary heart disease were
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Fig. 15.13 Changes in arterial inflammation following statin therapy. In this multicenter study,
statin therapy induced a rapid reduction in arterial inflammation. This figure provides the change
in FDG uptake (measured as target-to-background ratio, TBR, in the most diseased segment,
MDS) at 4 and 12 weeks after initiation of therapy with high- and low-dose atorvastatin. At
12 weeks, inflammation (TBR) in the MDS of the index vessel was significantly reduced from
baseline with atorvastatin 80 mg, but not with atorvastatin 10 mg (Adapted with permission from
Tawakol et al. [41])

randomized to placebo versus dalcetrapib. FDG-PET/CT imaging was performed at
baseline and 6 months after randomization. In that study, there was no significant
difference in the primary FDG-PET/CT imaging endpoint between dalcetrapib and
placebo (p=0.51). The subsequently published dal-OUTCOMES trial evaluated the
effect of dalcetrapib versus placebo by the composite outcome of death from coro-
nary heart disease, nonfatal myocardial infarction, ischemic stroke, unstable angina,
or cardiac arrest with resuscitation in nearly 16,000 individuals with the recent
acute coronary syndromes [46]. The authors reported that while dalcetrapib was
associated with a 40 % increase in HDL cholesterol, it did not reduce the risk of
recurrent cardiovascular events.

The second novel therapeutic agent to be evaluated separately in an FDG-PET/
CT imaging trial as well as in clinical endpoint trials was rilapladib, an inhibitor of
lipoprotein-associated phospholipase A2 (Lp-PLA,). In a multicenter trial, FDG-
PET/CT imaging was used to evaluate the effect of rilapladib on arterial inflamma-
tion in over 80 individuals randomized to rilapladib (250 mg once daily) versus
placebo for 3 months [28]. While rilapladib significantly reduced Lp-PLA, activity
by up to 80 %, it did not reduce arterial inflammation (FDG uptake). The recent
clinical endpoint trial evaluating the related Lp-PLA, antagonist, darapladib, simi-
larly showed no significant reduction in clinical events. The STABILITY trial of
nearly 16,000 individuals with stable atherosclerotic disease showed no beneficial
effect of darapladib to reduce the primary composite endpoint of cardiovascular
death, myocardial infarction, or stroke [47].
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Thus for all four drug classes for which there are both FDG-PET/CT data and
clinical endpoint data (atorvastatin, darapladib, dalcetrapib, and pioglitazone),
the imaging trial findings have been consistent with the results from clinical
endpoint studies. Accordingly, the use of FDG-PET/CT imaging may provide a
pathway for predicting the potential efficacy of cardiovascular therapeutics
using a relatively small number of patients and with observation periods of
1-3 months.

15.7 Imaging of Arterial Inflammation to Develop
Physiologic Insights

Noninvasive imaging of arterial inflammation has proven to be useful for develop-
ing pathophysiologic insights while studying patient populations. FDG-PET/CT
imaging has been used to study diseases that have been hypothesized to be associ-
ated with arterial inflammation. Kim et al. demonstrated that arterial inflammation
is increased in individuals with type 2 diabetes mellitus or impaired glucose toler-
ance compared to healthy controls [31]. Others have reported increased arterial
inflammation in patients with chronic obstructive pulmonary disease (COPD) and
patients with mild stable asthma [48, 49]. Further, in individuals with mild asthma,
the degree of arterial inflammation relates to the severity of asthma as assessed by
pulmonary function testing such that there was an inverse correlation between arte-
rial FDG uptake and forced expiratory volume in the first second (FEV1) and peak
expiratory flow (PEF). These studies support the hypothesis that the increased risk
of cardiovascular events in these disease states might be in part related to higher
arterial inflammation.

It has been previously demonstrated that patients with rheumatoid arthritis (RA)
have higher risk of myocardial infarction. A suggested mechanism is that joint
inflammation potentiates systemic inflammation, which in turn accelerates arterial
inflammation and the risk of atherothrombosis. One study recently evaluated
whether adult patients with RA have increased arterial inflammation and whether
synovial activity correlates with arterial inflammation [50]. In that study, 66 indi-
viduals underwent FDG-PET/CT imaging: 33 individuals with and 33 individuals
without RA (matched by age and gender). The individuals with RA had substan-
tially increased levels of arterial inflammation even after adjusting for well-
established risk factors of atherosclerosis such as FRS. Moreover, the authors in that
study showed that arterial inflammatory signal strongly correlated with the degree
of synovial activation assessed with FDG-PET/CT imaging. Recently, Miki-Petiji
et al. demonstrated that treatment with an antitumor necrosis-o therapy reduces
arterial inflammation in individuals with RA within 8 weeks [51]. Taken together,
these studies suggest that arterial inflammation in rheumatoid arthritis is closely
linked to synovial disease activity and that anti-inflammatory therapies that have
primarily targeted synovial disease are effective at reducing arterial inflammation as
well. Several groups are now assessing whether more aggressive targeting of syno-
vial disease activity in rheumatoid arthritis patients would result in a reduction in
arterial inflammation.
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FDG-PET/CT imaging has been used to gain important physiologic insights in
studying atherosclerosis in association with human immunodeficiency virus (HIV)
infection. It has long been established that HIV is associated with an increased risk
of cardiovascular disease events, which is not fully accounted for by traditional risk
factors [52, 53]. Several lines of evidence support the concept that chronic immune
cell activation may promote arterial inflammation leading to an increased high-risk
plaque phenotype in patients with HIV. Subramanian et al. used FDG-PET/CT
imaging to assess arterial inflammation in individuals who are infected with HIV
[54]. To do so, the authors prospectively recruited 81 individuals, 27 of whom were
HIV infected without any known cardiovascular diseases. In their study, they
employed FDG-PET/CT imaging to compare arterial inflammation within individu-
als with versus without HIV who were matched by FRS. They found that arterial
inflammation was higher in HIV versus FRS-matched control subjects but was simi-
lar when compared to patients with established atherosclerosis. Moreover, they
demonstrated that the arterial inflammatory signal correlated with levels of the
monocyte activation marker CD163. In a separate study, the interrelationship
between arterial inflammation and high-risk morphological features of coronary
atherosclerotic plaques was assessed in HIV-infected individuals [55]. In that study,
the authors recruited 41 subjects with HIV who were on stable antiretroviral therapy
and had asymptomatic coronary atherosclerotic plaques on coronary CT angiogra-
phy. Thereafter, the investigators tested the hypothesis that the degree of arterial
inflammation (FDG uptake) is related to high-risk plaque morphology. They dem-
onstrated that among HIV-infected individuals with higher degrees of aortic inflam-
mation, there was an increased prevalence of coronary plaques manifesting high-risk
morphological features compared to patients with lower degrees of arterial inflam-
mation. Taken together, these data suggest that arterial inflammation is increased in
HIV-infected individuals, is related to markers of monocyte activation, and is asso-
ciated with the presence of high-risk coronary plaque subtypes. Several studies are
currently ongoing to assess whether anti-inflammatory strategies would reduce arte-
rial inflammation as well as the burden of high-risk coronary plaque features in
individuals with HIV.

15.8 Extra-arterial FDG-PET/CT Inflammatory Imaging

FDG-PET/CT imaging is routinely used clinically for evaluation of extravascular
inflammation. Notably, FDG-PET/CT imaging is used routinely for evaluation of
sarcoidosis, a cardiac inflammatory disorder. Lee et al. demonstrated in a preclinical
model that FDG uptake in myocardial tissue correlates with the density of proin-
flammatory monocytes [56]. While this observation provides rationale for evaluat-
ing cardiac inflammatory disorders such as sarcoidosis, it must be noted that the
uptake of FDG by noninflammatory cells such as myocytes can be substantial.
However, because myocytes preferentially use fatty acids rather than glucose as the
energy source, myocardial uptake of FDG can be suppressed through dietary manip-
ulation, allowing imaging of the inflamed tissues associated with sarcoidosis.
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Indeed, FDG-PET/CT imaging to assess cardiac sarcoidosis has become a routine
procedure. Blankstein et al. demonstrated that cardiac PET enhances prognostic
assessments of patient with suspected cardiac sarcoidosis [57]. They showed that
the presence of focal FDG uptake allows identification of patients who are at higher
risk of death or potentially fatal arrhythmias (such as ventricular tachycardia). More
recently, it has been shown in a longitudinal cohort that reduction in FDG uptake on
serial FDG-PET/CT imaging is associated with improved left ventricular ejection
fraction in patients of sarcoidosis [58]. The authors have suggested that serial PET
scanning may be useful to guide monitoring and titration of immunosuppressive
therapy in patients with sarcoidosis to improve or prevent heart failure. Taken
together, an emerging literature suggests a potential clinical role for FDG-PET/CT
imaging in the assessment of cardiac sarcoidosis.

FDG-PET/CT imaging has also been used to study the interrelationships between
arterial inflammation and the inflammatory processes in other tissues. For example,
there has been substantial interest in understanding the potential link between peri-
odontal disease (a common inflammatory disorder of gingiva) and atherosclerosis,
since several studies have shown that individuals with periodontal disease are at an
increased risk for atherosclerosis. One clinical study showed (using FDG-PET/CT
imaging) that periodontal FDG uptake correlates with the extent of carotid athero-
sclerotic inflammation (by carotid histopathological analysis) [59]. A more recent
clinical trial demonstrated that periodontal FDG uptake correlates with alveolar
bone loss seen on periodontal CT imaging which is a well-established imaging sur-
rogate for severity of periodontal inflammation. Moreover, that study demonstrated
that high-dose atorvastatin therapy results in a reduction in periodontal inflamma-
tion and that the improvements in periodontal inflammation closely correlate with
improvements in arterial inflammation. Those findings highlight a potentially novel
pleiotropic effect of statins and raise the possibility that a portion of the benefit of
statins on atherosclerosis may in part be related to their effect on extra-arterial
inflammation.

Along similar lines, visceral adiposity is also known to be associated with arte-
rial inflammation as well as an increased risk of atherothrombosis. Studies have
shown that the volume of visceral adipose tissue (VAT) is strongly correlated with
metabolic risk factors [60]. Other studies evaluated the metabolic activity of
VAT. Christen et al. demonstrated that FDG-PET/CT imaging can be used to char-
acterize the biological activity of visceral fatty tissue [61]. They demonstrated that
FDG uptake is higher in VAT compared to subcutaneous adipose tissue. Additionally,
they showed that FDG uptake in VAT is increased after exposure to TNF-«. Figueroa
et al. used FDG-PET/CT imaging to demonstrate that arterial inflammation corre-
lates with the metabolic activity of VAT [62]. Further, they demonstrated that the
metabolic activity of VAT (FDG uptake) predicts subsequent risk of cardiovascular
disease events. Two groups have recently evaluated the impact of systemic pharma-
cotherapies on VAT activity. Elkhawad et al. showed that a p38 mitogen-activated
protein kinase (p38MAPK) inhibitor reduces the metabolic activity (FDG uptake)
in visceral but not subcutaneous adipose tissue (relative to placebo) [63]. Similarly,
another study demonstrated that pioglitazone but not glimepiride reduces visceral
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adipose tissue activity [64]. These studies suggest that imaging of visceral adipose
tissue may yield important physiologic insights and provide a pathway to identify
potentially fruitful therapeutics.

15.9 FDG-PET/CT Imaging of the Coronary Arteries
and Future Directions

Imaging of arterial inflammation has been most commonly performed in the large
vascular beds (aorta and carotids arteries). The vast majority of the validation stud-
ies have been performed in the carotid circulation, while most of the human arterial
FDG-PET/CT imaging trials have focused on the aorta and carotid arteries.
Nevertheless, there is substantial interest to use this imaging modality for assess-
ment of atherosclerotic plaque inflammation in the coronary arteries since the
majority of myocardial infarctions and sudden cardiac deaths result from the rup-
ture of coronary plaques. However, several factors provide substantial obstacles to
performing coronary FDG-PET/CT imaging. Those challenges include (1) the sig-
nificant motion of the coronary arteries, (2) the relatively small size of coronary
plaques, and (3) the high uptake of FDG by adjacent myocardial cells. Despite these
limitations, several groups have provided early observations of FDG-PET/CT imag-
ing of coronary plaques.

One of the earliest reports of FDG-PET/CT imaging of coronary arteries was pro-
vided by Dunphy et al. In that study, patients with (vs. without) a history of coronary
artery disease (CAD) had a fourfold increased likelihood of manifesting high left
main coronary FDG uptake [65]. Similarly, Wykrzykowska et al. studied 32 patients
with CAD who underwent FDG-PET/CT imaging after active dietary suppression of
myocardial FDG uptake (via a low-carbohydrate high-fat meal the night before imag-
ing and administration of a vegetable oil drink in the morning prior to imaging) [66].
In that study, myocardial suppression was adequate in 63 % of the patients, and they
identified coronary FDG uptake in roughly half of the patients. In a subsequent study,
Rogers et al. performed the first prospective study evaluating coronary FDG uptake
after myocardial infarction [67]. In that study, 10 individuals with and 15 subjects
without ACS underwent both FDG-PET/CT imaging and coronary angiography. The
authors observed higher arterial inflammation (FDG uptake) in association with cul-
prit lesions compared to stable plaques (Fig. 15.14). Furthermore, coronary FDG
uptake correlated with C-reactive protein levels. While others have likewise reported
higher coronary FDG uptake after acute myocardial infarction [68], not all groups
evaluating FDG uptake in the coronary arteries observed increased FDG localization
to culprit lesions. Joshi et al. recently evaluated FDG ability to localize to coronary
plaques [35]. In that study, no active methods (such as an oil-rich drink or heparin)
were used on the day of the study to suppress the myocardial FDG uptake.
Unsurprisingly, the authors reported that patchy myocardial uptake affected the major-
ity of vessel territories and thus limited their evaluation of coronary FDG uptake. That
study serves as an important reminder that substantial challenges remain for more
widespread application of coronary FDG imaging.
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Fig. 15.14 FDG-PET/CT imaging of coronary arteries. Upper panel demonstrates three
representative images from patients who presented with chest pain syndromes. The left top panel
represents a patient with an acute coronary syndrome (ACS), and the arrow points to the stent
placement site in the culprit lesion which has a substantial FDG uptake. The middle top panel
represents a patient with a stable angina who had a stent placement at the culprit lesion. The FDG
uptake associated with that lesion is relatively modest. The right top panel shows a remotely
stented lesion for comparison. The botfom panels demonstrate quantitative values for FDG uptake
and indicate that the post-ACS patients had higher FDG uptake in association with culprit lesions.
The fact that FDG uptake in the stented stable angina group was not higher following the stent
placement suggests that the increased FDG uptake in the post-ACS group is not the result of
stenting procedure alone, but rather is due to the coronary syndrome (Adapted with permission
from Rogers et al. [67])

The challenges notwithstanding, several groups have been investigating the
effect of pharmacotherapies on coronary FDG uptake. Nitta et al. recently reported
that pioglitazone decreases coronary artery inflammation measured with FDG-PET/
CT imaging [69]. They studied 50 individuals with type 2 diabetes or impaired glu-
cose tolerance that were randomized to pioglitazone versus glimepiride daily. The
study subjects were imaged with FDG-PET/CT at baseline and 16 weeks after ran-
domization. The authors analyzed the FDG uptake in the left main coronary artery.
In that study, they demonstrated that FDG uptake in the coronary artery was sub-
stantially reduced in the pioglitazone group compared to the glimepiride group
(»=0.03). Hence, initial studies suggest that pharmacotherapies with beneficial
anti-atherosclerotic properties have the potential to modulate coronary FDG uptake,
at least as assessed within the left main coronary artery. No study thus far has
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reported on changes in FDG uptake in more distal portions of the coronary tree
where the vast majority of culprit coronary lesions exist.

More routine and extensive evaluation of coronary plaque inflammation will
require several technological advances. Firstly, the challenges caused by substantial
coronary motion will need to be overcome. To that end, several groups are investigat-
ing techniques to minimize the impact of coronary motion on the blurring of mea-
sured tracer activity. The PET images are obtained in List Mode, in which the data
are acquired in multiple acquisition frames or bins. Thereafter, those bins are grouped
according to external monitoring events based on electrocardiographic and/or respi-
ratory cycles. However, simple dual respiratory and cardiac gating would result in
loss of over 80 % of the acquired imaging data and would thus lead to an excessively
low target-to-background ratio. Hence, alternative approaches are required to reduce
the motion artifact without compromising image quality. One such approach that has
been developed is the motion frozen technique [70]. This approach corrects for car-
diac motion by tracking the left ventricle through all cardiac phases and then shifts
the counts from most phases of the cardiac cycle into the end diastolic position by
means of nonlinear image wrapping. Another approach to correct for motion uses the
original projection data in a joint motion compensation and reconstruction process
[71]. This process, termed Data-domain Cardiac Shape Tracking and Adjustment for
Respiration (D-CSTAR), uses analysis of motion by evaluating the CT data to esti-
mate the motion of PET activity and reconstructs the image without discarding any
of the acquired PET data bins. Both general approaches have been shown to improve
quantification methods, and both are being applied, in the research settings, for coro-
nary PET/CT acquisitions. However, the intensive computing that is required to
implement these techniques limits their utility at this time.

Another important advance that may allow for more routine coronary PET imag-
ing is improvements in camera technology. In general, quantification of tracer activ-
ity, using PET, is possible due to the unique properties of positron-emitting tracers.
A beta particle (positron) emitted from a tracer travels a short distance in tissue
before encountering an electron and participating in an annihilation event. This
annihilation event leads to the generation of two high-energy photons that are emit-
ted at exactly 180° apart. In standard PET imaging, a detector system looks for
photons that are separated by 180° when they are coincidentally (nearly simultane-
ously) detected by the detector system. Using the concept of coincidental detection,
nearly simultaneously detected pairs of photons arriving 180° from one another are
accepted as “true events,” while non-coincidentally detected photons or those arriv-
ing at angles other than 180° apart are rejected (since they might have been sub-
jected to scatter). This thus allows for the generation of a line of response between
those two accepted photons to indicate the location of the line of origin of the anni-
hilation event. As more pairs of photons are emitted from that tissue location, sev-
eral intersecting lines will then pinpoint the origin of the annihilation events and the
activity can be quantified. Time of flight (TOF) takes this concept further to addi-
tionally improve the quantification of PET signal. The TOF systems are able to not
only identify photons that arrive at 180° apart but also to resolve the slight time
differences between them. By doing so, the system need not to assume that the pho-
tons were admitted along a single line, but instead will calculate the difference in
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the time of flight between the two photons and derive a more precise location for
where the photons were initially generated. Hence, TOF allows for even more pre-
cise quantification of PET activity. As TOF technology improves, quantification of
PET signal will continue to improve as well.

Two additional advances that may expedite the development of coronary PET
imaging are advances in PET/MR technologies and development of novel tracers.
PET/MR is currently becoming widely available and provides new opportunities
and challenges for evaluating the coronary tree. While MR is generally less well
suited for coronary imaging compared to CT (due to its reduced temporal and spa-
tial resolution), MR does provide certain advantages. One such advantage is that the
MR acquisition may be derived simultaneously to the PET. Hence theoretically,
attenuation correction (AC) algorithms that use MR data to correct the PET data
may be superior to those derived from CT. The net impact on coronary PET imaging
of MR-derived AC (relative to CT-based AC) is still under investigation.

Improvements in tracer technology may provide the most impactful advance in
arterial PET/CT imaging. Several novel tracers targeting inflammation are currently
under development. One such tracers (studied in clinical trials) targets the benzodi-
azepine receptors (which is upregulated in inflamed tissues) [72]. Another tracer
which has been tested in preclinical models targets the adenosine receptor (which is
also richly expressed in inflamed tissues) [73]. Moreover, novel tracers have been
developed to differentially target M2-polarized (vs. M1-polarized) macrophages.
One such tracer, F18 radiolabeled fluorodeoxymannose (FDM), targets the mannose
receptor, which is highly expressed in M2-polarized macrophages [74]. It should be
noted, however, that none of the tracers targeting inflammation are currently FDA
approved, with the exception of FDG. Nonetheless, the eventual development and
approval of tracers targeting inflammation may prove to be transformative for imag-
ing atherosclerosis and in particular for imaging of coronary inflammation.

Conclusion

Measuring arterial inflammation is feasible using FDG-PET/CT imaging. The
approach has been shown to correlate well with plaque inflammation in humans,
is reproducible, and is rapidly modifiable by anti-inflammatory interventions.
However, several obstacles limit application of PET imaging to the coronary
arteries. Improvements in camera technologies, in reconstruction methods, and
in novel tracers may provide a means to overcome these obstacles. Nonetheless,
currently feasible assessment of large arterial inflammation (aorta and carotids)
has been shown to enhance assessment of clinical risk, provide a better under-
standing of therapeutic efficacy of novel drugs, and may provide a window into
inflammation within the coronary tree.
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