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ABSTRACT: Atherosclerosis is a prevalent cardiovascular disease marked by inflammation and the formation of plaque within arterial walls. As the

disease progresses, there is an increased risk of major cardiovascular events. Owing to the nature of atherosclerosis, it is imperative to develop methods

to further understand the physiological implications and progression of the disease. The combination of positron emission tomography (PET)/computed

tomography (CT) has proven to be promising for the evaluation of atherosclerotic plaques and inflammation within the vessel walls. The utilization of the

radiopharmaceutical tracer, 18F-fluorodeoxyglucose (!F-FDG), with PET/CT is invaluable in understanding the pathophysiological state involved in

atherosclerosis. In this review, we will discuss the use of ¥ F-FDG-PET/CT imaging for the evaluation of atherosclerosis and inflammation both in pre-

clinical and clinical studies. The potential of more specific novel tracers will be discussed. Finally, we will touch on the potential benefits of using the newly

introduced combined PET/magnetic resonance imaging (MRI) for non-invasive imaging of atherosclerosis.
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Introduction

Atherosclerosis is a cardiovascular disease characterized
by inflammation and the buildup of plaques within the
arterial walls. These plaques are mainly composed of lipids,
calcium, and inflammatory cells.! The disease involves an
ongoing inflammatory response exacerbated by certain
cardiovascular risk factors, including elevated basal levels
of cytokines, hypertension, diabetes, and obesity. Notably,
hypercholesterolemia is a necessary condition for athero-
genesis. The expression of cellular adhesion molecules
triggers the recruitment of monocytes and the infiltration
of macrophages in the intima of the arterial wall during ath-
erosclerotic plaque development.*® Atherosclerotic plaques
form over a prolonged period of time, and are usually
asymptomatic in the earlier stages of the disease. The initial
manifestation of the disease is usually in the form of a severe

cardiovascular event such as myocardial infarction, stroke,
or acute coronary diseases.l"”! Therefore, early, non-invasive
diagnosis can have vast clinical significance on the survival
of such patient population.

Molecular imaging modalities have allowed for non-
invasive diagnosis and study of the progression of this silent
disease.!? These include the use of magnetic resonance imag-
ing (MRI) or computed tomography (CT) for visualizing ana-
tomical structures and positron emission tomography (PET)
for the observation of molecular and cellular activities.!3*
'The co-registration of anatomical and functional images from
combined PET/CT is a plausible and reliable method for eval-
uating the progression of atherosclerosis and inflammation in
vivo.’> PET/CT has been used to detect, locate, and quantify
the presence of atherosclerotic plaques within the carotids,
aortas, and coronary arteries.!6™
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There is activation and upregulation of a number of
biological markers identifiable to the inflammatory state in
atherosclerosis.?%?! These biomarkers associated with athero-
sclerosis are utilized to detect plaques in PET imaging. Thus
far, evidences suggest that this mode of imaging is reliable.?24
Macrophages inhibit the walls of diseased arteries, and because
of their elevated metabolic activities, consume glucose at a
high rate. With this knowledge, radioactively labeled glucose
analogs have been designed to detect the presence and extent
of damage within diseased vessels. Favorable results have been
obtained where macrophage density in diseased arterial walls
corresponds to the intensity observed with these radioactively
labeled tracers in PET imaging.?® CT imaging is useful for
anatomical imaging of vessels because of its high spatial reso-
lution. The accessibility of CT and its relatively short acquisi-
tion time make it a favorable imaging modality. In comparison
to MRI, CT imaging is less prone to motion artifacts.?®

BE-FDG-PET/CT for Evaluating Atherosclerosis
and Inflammation

One of the main radiopharmaceutical tracers used in PET/
CT imaging for atherosclerosis detection is *F-fluorodeoxy-
glucose (BF-FDG).?72 BF-FDG is a radioactively labeled
glucose molecule that is readily consumed by the cells of the
body, especially in regions of high metabolic activities.?’?’
BE-FDG, which is administered intravenously prior to the
PET/CT scan, was first used in neurology and oncology for
imaging of the brain and tumors, respectively*®3!; its use has
since been extended to cardiovascular imaging of atheroscle-
rotic plaque and inflammation. In 2001, the first instance of
BEF-FDG uptake was noted in the vascular system in a human
oncology study.3? From that time,'®F-FDG has been exten-
sively explored for understanding the pathological states of

atherosclerosis in vivo.32-3¢

Its effectiveness in locating high
levels of metabolic activities in diseased regions of the arterial
wall has been observed in preclinical and clinical studies.®

In order for F-FDG to be effective with the use of PET/
CT for imaging atherosclerotic plaques, cells within the walls
of the arteries must have the ability to utilize this glucose ana-
log. This is predominately the case with inflammatory cells
found in plaques.?>%” Even though the macrophages involved
in the formation of atherosclerotic plaque and inflammation
can use fatty acids as an energy source, their high-energy rate
restricts them to anaerobic metabolism for the most part.
Consequently, glucose becomes the favorable source of energy
for these cells through the glycolytic pathway.*** The way
that ¥F-FDG enters the cells is equivalent to the way glucose
does through the glucose transporter (GLUT) protein system.
BEF-FDG becomes phosphorylated to ¥F-FDG-6 phosphate,
but it cannot be metabolized further in the glycolytic path-
way as illustrated in Figure 1. Thus, it accumulates in the cells
proportionally to the metabolic rate.*=* Higher accumulation
of BE-FDG results in higher release of PET photons, generat-
ing the contrast that is observed in the final PET image.

In order to analyze the signal acquired from ¥F-FDG
in PET/CT imaging, the data obtained must be quantifiable.
The standardized uptake value (SUV), a semi-quantitative
metric, has been used extensively in assessing the ¥F-FDG
signal. 1446748 The SUV is calculated by dividing the decay-
corrected tissue concentration (kilobecquerels per milliliter)
by the injected dose of 8F-FDG per body weight (kilobec-
querels per gram).*’ The target to background ratio (TBR) is
also used as a quantitative, analytical measurement for ana-
lyzing the extent of atherosclerotic inflammation. The TBR
is calculated by dividing the SUV of the artery of interest by
that of the venous blood pool. The maximum, minimum, and
mean TBR measurements are used to determine inflamma-
tory activities within the arterial walls. The maximum and
mean TBR measurements seem to provide the most reliable
results for evaluating atherosclerotic inflammation.*

Even though macrophage cells readily take up 8F-FDG
for energy, there are certain conditions that can have an
effect on the uptake and imaging data. The optimal dosage of
BE-FDG depends on body weight, and administration typi-
cally ranges from 307 to 458 MBgq. The recommended time for
circulation in the body is established to be about two to three
hours for cardiovascular imaging.»*? Additionally, a serum
glucose level of <7.0 mmol/L prior to scanning is advisable
for obtaining analyzable images.?” These parameters allow
for optimal accumulation of ®F-FDG in the arterial walls,
while background levels begin to decrease. The time between
the injections of ¥F-FDG to scanning can notably impact the
quality of data obtained.

Preclinical Evaluation of B F-FDG-PET/CT in
Atherosclerotic Imaging
Numerous animal studies have been performed to evaluate the
effectiveness of SF-FDG-PET/CT. These studies have shown
that there is general correspondence in the signal of ¥ F-FDG
uptake when compared to the actual macrophage content
within the plaques.*’ The validation of PET/CT in the evalu-
ation of atherosclerosis has been extensively evaluated. Assess-
ment of the results is usually done by the comparison of in vivo
analysis with histological samples of animal specimens in some
cases. These studies are useful in determining that the images
acquired with the imaging modalities utilizing ¥*F-FDG are
in fact comparable with actual histological samples.*3=%
Preclinical studies that involve animal models exhibit-
ing the diseased state associated with atherosclerosis have
been central in understanding the role of ¥ F-FDG-PET/CT.
On the other hand, in vitro explorations have been vital in
understanding the uptake of ¥F-FDG in mammalian cells.
In a study involving cultured mouse peritoneal macrophages,
Ogawa et al observed the accumulation of the tracer in the
early stage of atherosclerosis marked by macrophage foam cell
formation. It was shown that ®F-FDG increases during the
formation of foam cells but decreases after differentiation.
This change corresponded to hexokinase activities within the
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Figure 1. Pathway comparing the uptake and utilization of glucose versus '®F-FDG through the glucose transporter (GLUT1) in a cell.

cells. It was concluded from the results that BF-FDG was
teasible for detecting the early stages of atherosclerosis with
the activity of foam cells.’” Other markers associated with ath-
erosclerosis that can be targeted with the use of ¥F-FDG as
the disease progresses have been studied as well. For instance,
Hag et al investigated whether ¥F-FDG can be utilized in
vivo for imaging of atherogenesis. Apolipoprotein E (ApoE)
mice were recruited for the study and put on a normal or high-
fat diet. There were multiple imaging time-points utilizing
BE-FDG-PET/CT. After imaging, mice were euthanized
so that the aortas can be analyzed through gamma counting
and real-time polymerase chain reaction (qPCR) analysis. The
gene expressions of 10 biomarkers involved in atherosclerosis
were examined. They included chemo (C-X-C motif) ligand 1
(CXCL-1), monocyte chemoattractant protein (MCP-1), vas-
cular cell adhesion molecule (VCAM-1), cluster of differentia-
tion molecule CD-68, osteopontin (OPN), lectin-like oxidized
LDL-receptor (LOX)-1, hypoxia-inducible factor (HIF)-1c,
HIF-20, vascular endothelial growth factor (VEGF) A,
and tissue factor (TF). CXCL-1, MCP-1, and VCAM-1 are
involved in monocyte and macrophage recruitment. CD-68
is a scavenger receptor, which is expressed by macrophages,
and LOX-1 is another scavenger molecule, which is expressed
not only by endothelial cells lining the arterial walls and
macrophages but also by smooth muscle cells and platelets.
OPN is a protein that is expressed during inflammation by
several cell types, and has been noted to be highly expressed
in human atherosclerosis. HIF-1o. and HIF-2ot are markers
for identifying hypoxia. A hypoxic state is known to exist
during advanced human atherosclerosis. VEGF is regulated
by the expression of HIF-1a and HIF-2¢; it is known to be
upregulated by hypoxia and inflammatory mediators. TF is
involved in thrombogenicity and expressed by cells in the
vessel wall and platelets. Its functions include cell division,
angiogenesis, and inflammation. These markers have all been
shown to correlate with ¥F-FDG uptake. Most importantly,
VCAM-1, CD-68, OPN, and TF gene expressions were
found to be the most involved in the uptake of ®¥F-FDG.*®
As it has been stated, atherosclerosis is involved with the
cascade of inflammatory activity within the arterial walls. To

look at inflamed versus stable plaque phenotypes, Wenning
et al conducted a study on ApoE mice where carotid artery
cuff-model was used to fuel shear-stress-induced atheroscle-
rosis. The implanted device caused inflamed plaques upstream
and stable plaques downstream in relation to the location of
the cuff. This produced an ideal mode of comparing the uptake
of BF-FDG in plaques of varying compositions. Significant
differences were observed in the images of the inflamed and
stable plaques. This confirmed that ®¥F-FDG-PET/CT can
be used to differentiate between plaques with inflammation
versus phenotypically stable ones.”® Murine models exhibiting
atherosclerosis and inflammation have shown that the utiliza-
tion of BF-FDG-PET/CT for assessing the disease is feasible.
However, there are a few studies showing that the non-specific
nature of 8F-FDG can affect the evaluation of atherosclerotic
plaques and inflammation in these preclinical studies.®® Other
cells found within the arterial walls as well as those in the
surrounding anatomical structures can utilize ¥*F-FDG and,
therefore, impede accurate assessment. Cells from periaortic
brown adipose tissue, which are inherently distinct from mac-
rophages, may contribute to the observed signal.®!

There have been positive studies where rabbit models have
proven valuable for developing methods of evaluating athero-
sclerosis and inflammation.>*%2*4Ishino et al compared data of
BE-FDG uptake using PET/CT imaging versus intravascular
ultrasonography in Watanabe heritable hyperlipidemic rabbits
with early atherosclerotic lesions. The rabbits were scanned,
and histological samples of the aortas were immediately
acquired to compare imaging and histopathological findings
of the diseased vessel. It was established that *F-FDG-PET/
CT is promising for the evaluation and monitoring of changes
in the composition of early atherosclerotic plaques in rabbits as
well.>* The efficiency of ®F-FDG for the imaging of athero-
sclerosis has also been compared with other tracers in animal
models. F-FDG has been found to be more sensitive as com-
pared to an iron oxide tracer (P904) for the detection of early
plaques by Millon et al The results of the study illustrated that
BE-FDG-PET/CT can indeed evaluate changes within the
plaques and degree of inflammation by the signal obtained.®?
To evaluate the usefulness of ®F-FDG-PET/CT in measur-
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ing vascular inflammation, Tawakol et al performed a study
on rabbits with atherosclerosis induced through injury of the
aortoiliac arterial segment in combination with a high choles-
terol diet. In the study, histological analyses were conducted
on the diseased arteries of the rabbits and compared with in
vivo scanning. From the results obtained, it was verified that
BE-FDG-PET can be used non-invasively to assess vascular
inflammation and was shown to be promising for the evalua-
tion of active atherosclerotic plaques.*” Vulnerable and stable
plaques can also be evaluated using F-FDG as explored by
Zhao et al. The rabbits in the study had induced atheroscle-
rosis and pharmacologically, generated thrombosis. PET/
CT scans were conducted before and after the triggering of
thrombosis. PET/CT scans were performed, and the SUVs
were obtained from segments of the aortas before and after
the thrombosis was induced in the artery. Plaques were con-
sidered to be vulnerable if luminal thrombosis was observed
from the images and histological samples. The maximum and
mean SUVs were higher in the vulnerable plaques in com-
parison to the stable plaques. Therefore, it is very plausible that
BEF-FDG can be used for quantitatively analyzing vulnerable
plaques exhibiting thrombosis. Overall, it has been shown that
BE-FDG with PET/CT can be used to assess atherosclerotic
plaques of varying compositions and throughout the differ-
ent stages of the disease.®® ¥ F-FDG has shown to be func-
tional for understanding the underlying pathology involved in
atherosclerosis.

Clinical Evaluation of 8 F-FDG-PET/CT in
Atherosclerotic Imaging

Clinical trials in human subjects are important and necessary
for understanding the extent to which imaging modalities can
be used and improved for evaluating atherosclerosis and its

inflammatory complex.*’%°

One of the first studies mainly
focusing on the imaging of human arteries with ¥F-FDG-
PET/CT was conducted by Rudd et al in 2002. This study is
significant in that it demonstrated that the underlying patho-
logical elements involved in the progression of atherosclerosis
in humans can be investigated non-invasively alongside the
anatomical nature associated with the disease.5°

In the clinical studies, it has been observed that
BEF-FDG uptake corresponds to macrophage activities within
the plaque. There are other factors at play affecting the uptake
of BF-FDG that influence the data obtained from the PET/
CT imaging as well. There seems to be a correlation between
cardiovascular risk factors and F-FDG uptakes. Increased
uptake of ®F-FDG has been noted in patients with more car-
diovascular risk factors and with preexisting diseases such as
metabolic syndrome and diabetes mellitus.®”¢® Tahara et al
investigated the use of 8F-FDG in a cohort of patients with
metabolic syndrome and found a direct relationship between
BE-FDG uptake and increased cardiovascular risk factors.®® In
an investigation conducted by Kim et al, the results indicated

that high levels of F-FDG signal in patients with diabetes

mellitus also corresponded to existing vascular inflammation.®’

The uptake level of BF-FDG correlates quantitatively with
increased gene expression of specific markers associated with
inflammation and atherosclerotic plaque formation.?3446%70
These include C-reactive protein (CRP) and pro-inflammatory
markers such as matrix metalloproteinase (MMP) 1, 3, and
9.18:2571-73 Wy et al examined the link between *F-FDG
uptake and the presence of certain circulating biomarkers in
patients with atherosclerosis. The study consisted of healthy
controls and patients diagnosed with significant carotid
stenosis. Leukocyte counts, and CRP and MMP-1 levels
were collected and compared. Patients with carotid stenosis
had higher ¥F-FDG uptake in the vessel walls; they also had
higher levels of circulating MMP-1. Accordingly, it is possible
to use BF-FDG-PET/CT for the evaluation of atherosclerotic
plaque biology.”* Similar to MMP-1, levels of CRP seem to
have a correlation with atherosclerosis development. In a study
consisting of a large cohort, Noh et al investigated the relation-
ship of ®F-FDG uptake to levels of CRP and the Framing-
ham risk score (a gender-specific algorithm used to assess the
risk of cardiovascular disease in 10 years). This study consisted
of 1,181 asymptomatic subjects undergoing F-FDG-PET/
CT scans. The maximum TBR and intima-media thickness
were compared to clinical risk factors and levels of CRP. It was
found that the *F-FDG uptake in the carotids corresponds to
characteristics of atherosclerotic inflammation, which is sepa-
rate from CRP levels. Nonetheless, serum levels of CRP can
indicate carotid atherosclerosis progression.’?

Atherosclerotic plaque and inflammation have been
explored extensively in the aortas and carotid arteries using
BE-FDG-PET/CT. The use of BF-FDG-PET/CT for the
imaging of a high-risk plaque in the carotid artery is shown in
Figure 2. It is also possible to incorporate ¥F-FDG-PET/CT
to look at the coronary arteries as well as the iliac, femoral,
and popliteal arteries. Multiple vascular beds can be explored
simultaneously using this procedure, and it can be used to
assess drug therapy over time.’®’#77 For instance, Rudd et al
conducted an investigation on the use of ¥F-FDG-PET/CT
for the imaging of the carotid, iliac, and femoral arteries. The
TBR measurement of the ®F-FDG signal was calculated for
each of the vessels. From the results, it was concluded that
the mean TBR may be eflicient for the tracking of systemic
arterial drug therapies, while the maximum TBR can be inte-
grated for the detection and examination of local plaques over
time.>® Rogers et al investigated the practicability of ¥ F-FDG
for imaging of the coronary arteries to compare acute coronary
syndrome and stable angina. The patients were scanned using
CT angiography and ®F-FDG-PET. The TBR was calcu-
lated for the vessels of interest, and inflammatory activity was
observed in the vessels of patients with coronary syndromes.”
The use of BF-FDG for imaging of coronary arteries has
also been investigated.”® One such study was performed by
Cheng et al. The study found that the imaging of the coronary
arteries with the fusion of PET and CT angiography of the
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Figure 2. "8F-FDG-PET/CT image of a high-risk plaque (circle) in the left carotid of a human.

patients with acute myocardial infarction did not detect signal
at the diseased area in half of the subjects.”” As can be noted,
BE-FDG is versatile and applicable for imaging of various
vessels and for investigating different arterial disease states.

In order for PET/CT to be reliable for studying athero-
sclerotic plaques, the data obtained must be consistent and
reproducible. This is especially pertinent when evaluating the
efficacy of drug treatment for atherosclerosis and for tracking
the changes that occur within the plaque over time. By having
multiple imaging time-points, one may be able to extrapolate
the influences of lifestyle changes and medical intervention
on the progression/regression of atherosclerotic plaque lesions
and rate of inflammation. There seem to be promising results
for inter-observer and intra-observer reproducibility analyses
of PET/CT when compared with MR imaging analysis.®° This
has been demonstrated in a reproducibility analysis performed
by Rudd et al. Statistically favorable results were obtained from
both intra- and inter-observer analyses of *F-FDG-PET/CT
images over a 14-day interval.’%#! In one study, 19 patients
underwent repeated BF-FDG-PET/CT scans, and the
carotid, iliac, and femoral arteries were analyzed. The repro-
ducibility of the ¥F-FDG signal for the carotid and periph-
eral arteries with the intra-class correlation coefficients (ICC)
were all computed to be greater than 0.8, indicating excel-
lent agreement. The mean and maximum TBR measurements
were found to be equally reproducible in the quantification of
BE-FDG uptake.’® Statistically reproducible data have been
obtained over a three-month time frame from analysis of the
carotid arteries also.*® It appears that the signal acquired from
BEF-FDG is reliable in quantitatively evaluating atherosclero-
sis activity within arterial walls as can be seen from the con-
sistent reproducible analyses.

Novel Tracers for Detecting Atherosclerosis and
Inflammation

In order to improve on imaging of atherosclerosis and inflam-
mation, it is necessary to explore and design novel radiophar-
maceutical tracers to overcome deficits that may be encountered
from the preferably used F-FDG. The nature of BF-FDG to
be readily taken up by most cells of the body and not just the

ones associated with inflammation in atherosclerosis involves

limitations. Although, 8F-FDG has been widely used and
verified in diagnosing atherosclerotic plaques, there are other
radiopharmaceutical tracers that are proven to be useful and
more specific as well. Additionally, some may have the poten-
tial for allowing the exploration of different physiological
aspects of plaque compositions.

Imaging of the coronary arteries can be a challenge when
using BF-FDG as the surrounding myocardium readily utilizes
this glucose analog and interferes with the signal observed.
Therefore, the data obtained for the activity in the coronary
arteries become non-specific. To suppress the strong signal
from the myocardium, patients are subjected to a high-fat, low
carbohydrate diet prior to scanning of the coronary arteries
with ¥F-FDG.%2-% To overcome the challenge encountered,
other tracers have been explored. One promising tracer used
specifically for imaging of the coronary arteries is ¥F-sodium
fluoride (*8F-NakF). This tracer is used in detection of calcifica-
tion associated with novel bone formation and remodeling. As
calcification is one of the primary features in atherosclerosis,
and is substantially present in the diseased coronary arteries,
detection of plaques with F-NaF may be clinically relevant.
In PET/CT study using ®F-NaF, the tracer was shown to
be effective in locating plaques of the coronary arteries. The
remnants of the vulnerable plaques in the arterial walls after
intervention were imaged.’® The comparison of ¥F-NaF with
BE-FDG for PET/CT imaging has been investigated by Joshi
et al in a prospective clinical study. Notably, ¥F-NaF showed
to be promising for the identification of both ruptured and
high-risk coronary plaques.”®

Choline tracers have also been investigated for the use
of imaging atherosclerotic plaque and inflammation. These
tracers were first used in oncology scanning, and they have
proven to be effective in allowing for the detection of mac-
rophages found in active plaques. 8F-fluoromethylcholine
(®F-FMCH) and '"'C-choline have been tested ex vivo
in mouse models exhibiting atherosclerotic plaques and
inflammation.8¢87 BF-FMCH was first studied in vivo in
a sample of patients with prostate cancer where the arter-
ies were assessed. The patients underwent whole-body scans
immediately after intravenous administration with the novel
tracer. 'The abdominal aortas and common iliac arteries
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were segmented and analyzed for the uptake of ¥F-FMCH.
Several atherosclerotic lesions were identified, which pro-
vided promising results to encourage further investigation of
this particular tracer for evaluating atherosclerotic plaques.58
1C-Choline was evaluated in a similar cohort by Kato et al,
and considerable vascular uptake of the tracer was noted.
Whole-body PET/CT scans were conducted with the tracer.
The uptake of 1'C-choline and calcification in the arterial
walls were evaluated; the data were analyzed qualitatively and
semi-quantitatively. From the results, it was observed that
increased 'C-choline and calcification were deemed to be
common in the elderly men in the study as observed through-
out the arterial segments analyzed. The aortas and common
carotid arteries were mainly focused upon.®” From the cur-
rent results, it seems that choline tracers have the potential
to advance PET/CT imaging of atherosclerotic plaques, but
data are still limited.

Another PET tracer that has been developed for
oncologic imaging but has the potential of being used
for evaluating atherosclerotic plaque and inflammation is
8Ga-DOTATATE. This tracer targets somatostatin receptor 2,
which is an inhibitory peptide involved in a large range of
biological functions. This protein is known to be overex-
pressed in active macrophages and also in damaged endothe-
lial cells. These are both primary conditions associated with
atherosclerosis.”®?> A number of studies have shown that
8Ga-DOTATATE is readily taken up in the vascular
system.”>™ 8Ga-DOTATATE has been explored in the
imaging of coronary arteries for atherosclerotic plaques as pub-
lished by Rominger et al. In this study, the uptake of the tracer
in the left anterior descending coronary artery was investi-
gated. It was found that ®*Ga-DOTATATE was detectable in
this particular artery of all the patients analyzed. Prominently,
the TBR obtained in the vessel correlated with the presence of
calcified plaque. The patients in the study with previous car-
diovascular events and calcified plaques had notably increased
uptake of the tracer. This shows that ®*Ga-DOTATATE has
the potential of improving the evaluation of atherosclerosis in
the coronary arteries using PET/CT.?? ¥Ga-DOTATATE has
also proven to be of use for the imaging of large arterial vessels.
Li et al conducted a study to investigate ®*Ga-DOTATATE
compared with 8F-FDG for the evaluation of inflammation
associated with atherosclerosis, calcium burden, and cardio-
vascular risk factors. The mean TBR of the tracers was cal-
culated in the large arteries. It was found that the uptake of
8Ga-DOTATATE correlated significantly to the presence
of calcification in the arterial plaques when compared to the
uptake of 8F-FDG in plaques of similar compositions. There
was a stronger association of *®Ga-DOTATATE uptake in
the patients with known cardiovascular risk factors in this
study. The results suggest that ®4Ga-DOTATATE may prove
valuable for the imaging of the larger arteries also.”® The fact
that it is quite specific in targeting a particular receptor makes
it a promising alternative to *F-FDG. However, further data

analysis is needed to decide its efficacy in evaluating athero-
sclerotic plaques and inflammation.

Targeting biomarkers that are associated with athero-
sclerosis such as MMP has the potential for advancing PET/
CT imaging of atherosclerotic plaque development. MMP are
enzymes present at several stages as the disease progresses.
They are known to be involved in the earlier stages of the dis-
ease where endothelial damage can be seen in the vessel walls,
and they also play a role in both stabilizing and destabiliz-
ing advanced plaques. Imaging of MMP activities may aid
in gaining more in-depth knowledge of the pathophysiologi-
cal nature of atherosclerotic plaques.’ It also does not require
the use of FDG as inflammation within the vessel walls is
the main target and gives insight to plaque vulnerability. This
can produce more specific imaging of the diseased walls as
this approach of imaging MMP focuses on the sites where
cells and molecules are located during specified stages of the

plaque; this includes vulnerable or rupture-prone plaques.’”

Multimodality Imaging of Atherosclerosis and
Inflammation: PET/MRI Versus PET/CT
Even though PET/CT is reliable and more accessible, there are
some advantages of using MRI co-registered with PET for the
imaging of atherosclerosis and inflammation. Importantly, MRI
is advantageous in that it provides excellent soft tissue contrast
that can allow for a more detailed analysis of the diseased arte-
rial composition. MRI allows for more defined differentiation
between normal and abnormal tissues, which can be very ben-
eficial in analyzing the pathology of arterial walls.”® With MRI,
it is plausible to study the composition of plaques and to detect
the presence of calcium, lipids, or fibrous caps within the dis-
eased arterial walls.?* PET/MRI can be used to study vulner-
able plaques and to gain further insight into the composition of
the plaques throughout the progression of atherosclerosis.”” Fig-
ure 3 shows BF-FDG-PET/MRI images of the ascending aor-
tas where *F-FDG uptake can be seen within the vessel wall.
Studies investigating combined PET/MRI have found
this multimodality imaging to be feasible both clinically
and preclinically. One such experiment was conducted by
Pedersen et al. This pilot study investigated the feasibility of
using BF-FDG to perform simultaneous PET/MRI imaging
on the Géttingen minipig with diet-induced atherosclerosis.
Multiple MRI sequences were acquired and included
T1-weighted turbo spin-echo, T2-weighted turbo spin-echo,
and proton density imaging. Signal from the ¥F-FDG-PET
uptake was obtained from a single bed position encompass-
ing the diseased abdominal aorta. Results of the SUV were
tabulated, and it was demonstrated that PET/MRI can be
a practical approach for imaging of atherosclerosis.'®® The
first clinical investigation on the feasibility of simultaneous
PET/MRI versus PET/CT was conducted by Ripa et al. The
study comprised six participants who underwent sequential
BE-FDG-PET/MRI and PET/CT of the carotid arteries.

Regions of interest were segmented slice by slice, and SUVs
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Figure 3. "®F-FDG-PET/MRI images showing the ascending aortas in yellow arrows,'®F-FDG uptake in red, and MRI in gray.

were calculated independently from both data sets. In this
study, quantification of F-FDG uptake between the PET/
MRI and PET/CT had a strong correlation even with differ-
ences involved in the two multimodality imaging methods.!%!
Results from this study also reinforce the feasibility of PE'T/
MRI for evaluating atherosclerosis. Additionally, it has been
shown that MRI may be used in the assessment of neovascu-
larization within diseased vessels.!02-103

MRI imaging can be deemed to be safer than CT as it
does not expose subjects to the ionizing radiation intrinsic to
CT scanning. With MRI, overall, it is also more convenient
to conduct imaging of larger regions of the body. Multiple ves-
sels throughout the body can be imaged at once. Even though
CT can be used to image extended regions of the body also,
exposure time to ionizing radiation involves potential risks to
patients. However, because of the design of MRI, contraindi-
cation with certain metallic implanted materials exists and the
scanning time is relatively longer. This increases the likelihood
of motion artifacts when compared to CT.?%1%4 Nonetheless,
MRI/PET has the ability to advance the use of multimodal-
ity imaging for the assessment of atherosclerotic plaques and
inflammation.

A major difference between PET/MRI and PET/CT is
that PET/MRI scans can be done simultaneously compared to
sequential acquisitionin PET/CT. Asaresult, real-time motion
estimates can be measured during the PET acquisition using
anatomical MR images and applied to the PET data during
the image reconstruction phase to generate motion-corrected

PET images. A recent study utilized simulated PET data to
show that MR-guided motion correction can improve detect-
ability of atherosclerotic plaques in the coronaries.!®® To this
date, however, there are no clinical data that support the feasi-
bility of MR-guided motion correction in the heart.

Conclusion

PET/CT is a reliable imaging modality for evaluating ath-
erosclerosis and inflammation. The use of ®F-FDG and other
tracers has shown to permit for the assessment of the disease
non-invasively. Therefore, further investigation is necessary
for advancing the use of these multimodal imaging methods
to acquire more precise images and accurate data to reliably
evaluate the progression of atherosclerosis as well as other car-
diovascular diseases. Multi-imaging methods have valuable
perspective for aiding in the development of therapeutic strat-
egies targeting cardiovascular diseases.
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