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Abstract
Purpose As atherosclerosis is a  prominent cause of morbidity and mortality, early detection of atherosclerotic plaques is 
vital to prevent complications. Imaging plays a significant role in this goal. Molecular imaging and structural imaging detect 
different phases of atherosclerotic progression. In this review, we explain the relation between these types of imaging with 
the physiopathology of plaques, along with their advantages and disadvantages. We also discuss in detail the most commonly 
used positron emission tomography (PET) radiotracers for atherosclerosis imaging.
Method A comprehensive search was conducted to extract articles related to imaging of atherosclerosis in PubMed, Google 
Scholar, and Web of Science. The obtained papers were reviewed regarding precise relation with our topic. Among the search 
keywords utilized were "atherosclerosis imaging", "atherosclerosis structural imaging", "atherosclerosis CT scan" "positron 
emission tomography", "PET imaging", "18F-NaF", "18F-FDG", and "atherosclerosis calcification."
Result Although structural imaging such as computed tomography (CT) offers essential information regarding plaque 
structure and morphologic features, these modalities can only detect macroscopic alterations that occur later in the disease’s 
progression, when the changes are frequently irreversible. Molecular imaging modalities like PET, on the other hand, have 
the advantage of detecting microscopic changes and allow us to treat these plaques before irreversible changes occur. The two 
most commonly used tracers in PET imaging of atherosclerosis are 18F-sodium fluoride (18F-NaF) and 18F-fluorodeoxyglucose 
(18F-FDG). While there are limitations in the use of 18F-FDG for the detection of atherosclerosis in coronary arteries due 
to physiological uptake in myocardium and high luminal blood pool activity of 18F-FDG, 18F-NaF PET is less affected and 
can be utilized to analyze the coronary arteries in addition to the peripheral vasculature.
Conclusion Molecular imaging with PET/CT has become a useful tool in the early detection of atherosclerosis. 18F-NaF PET/
CT shows promise in the early global assessment of atherosclerosis, but further prospective studies are needed to confirm 
its role in this area.
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Introduction

Epidemiology and risk factors of atherosclerosis

Atherosclerosis is one of the main causes of morbidity and 
death in the world, and it is a significant contributor to 
multiple life-threatening and debilitating diseases [1]. Ath-
erosclerosis may lead to ischemic conditions such as myo-
cardial infarction and stroke, accountable for the deaths 
of an estimated 10 million persons per year [2]. Early 
diagnosis of atherosclerosis is crucial to reduce the risks 
of morbidity and mortality. Risk factors such as diabetes, 
hypertension, hypercholesterolemia, and smoking place 
individuals at a higher risk of developing atherosclerosis 
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via vascular endothelium disruption and a cascade of pro-
inflammatory responses [3]. Although clinical evaluation 
of patients with scoring systems such as Framingham Risk 
Score and Systemic Coronary Risk Evaluation are used to 
estimate the pre-test likelihood of having atherosclerosis 
and stress perfusion imaging has a high predictive power 
of cardiac ischemia, an early diagnosis of atherosclerosis 
is best achieved by direct imaging of atherosclerosis.

The biological sequence of atherosclerosis

The biologic sequence of atherosclerosis consists of three 
pathologic stages: (1) formation of atherosclerotic plaque, 
(2) progression of plaque, and (3) rupture of plaque. 
Understanding these stages is necessary for comprehend-
ing the ability of specific imaging in detecting each stage. 
The first stage starts with endothelial dysfunction and 
inflammation, which causes the buildup of low-density 
lipoprotein (LDL) in the intima (fatty streak). LDL under-
goes oxidative changes in the intima by reactive oxygen 
species. Modified LDL increases the recruitment of mono-
cytes to the intima. Monocytes develop into macrophages, 
and with phagocytosis of oxidized lipoprotein, form foam 
cells. The second stage of plaque progression follows as 
oxidized lipoprotein is detrimental to macrophages and 
leads to foam cell death and the development of a necrotic 
core. With migration of smooth muscle cells from media 
to intima, a fibrous-cap forms. In the next step, microcal-
cifications on the fibrous cap appear, which are calcifica-
tions with a size of less than 50 μm. The third stage is 
rupture of the plaque which includes rupture of the fibrous 
cap, release of the necrotic core in blood, activation of 
platelets, and thrombus formation [4–6]. It has been shown 
that several features of atherosclerotic plaques make them 
vulnerable to rupture. Some prominent features are a thin 
fibrous cap with a massive lipid core, fissured cap, severe 
inflammation in the adjacent area of cap, low smooth mus-
cle cell and collagen, endothelial erosion, microcalcifica-
tion, and intraplaque hemorrhage [7–9].

After the creation of foam cells, the balance between 
pro-inflammatory and anti-inflammatory mediators deter-
mines the future of atherosclerotic plaque. Pro-inflamma-
tory mediators’ dominance leads to cell death and pro-
motes additional inflammation and a large necrotic lipid 
core generation. As mentioned, it is considered a feature 
of unstable plaques and can ultimately lead to rupture and 
cardiovascular events. In contrast, the dominance of anti-
inflammatory mediators leads to autophagy and efflux of 
cholesterol from lesions [10]. The plaque may be stabi-
lized as the calcification phase progresses to macrocalci-
fication [11].

Treatment of atherosclerosis

Since atherosclerotic disease is a significant etiology of 
cardiovascular disease (CVD), plaque regression has been 
considered a critical approach for treating atherosclerosis. 
Studies have shown that treatment with statins reduces 
atheroma size, slows the progression of plaque, dimin-
ishes the necrotic core size, decreases total lipid content, 
reduces inflammation and oxidation [12]. The observed 
effect meets the criteria suggested for plaque stabilization. 
As the efficacy of treatment is evident in the stabilization 
of atherosclerotic plaque, it is necessary to detect athero-
sclerotic plaques in early stages and prevent complications 
related to advanced plaques. Advanced atherosclerosis is 
the principal cause of cardiovascular events and stroke 
[13, 14]. Hence, prevention of early atherosclerotic plaque 
progression to advanced plaques is vital to decrease the 
mortality rate related to CVD. It has been demonstrated 
that plasma cholesterol-lowering (PCL) drugs, primarily 
statins, have a significant effect in decreasing progres-
sion of atherosclerosis and prevention of cardiovascular 
events and stroke [15]. Even some degree of regression 
was observed with high dose statin therapy [16]. An 
animal study demonstrated that atherosclerosis regres-
sion induced by PCL could vary with the lesions’ level 
and magnitude. Complete regression of early lesions and 
incomplete regression of advanced lesions suggest that 
if early atherosclerosis is similarly susceptible to plasma 
cholesterol levels, PCL will significantly help patients at 
elevated risk of coronary artery disease (CAD) and myo-
cardial infarction (MI) when their lesions are still in the 
early stage [17]. Therefore, detection of the early athero-
sclerotic lesion is vital to prevent lesion progression and 
cardiovascular events.

Calcification in atherosclerosis

Calcification which occurs alongside atherogenesis has 
become of interest particularly in relation to its ease of 
detection with imaging. Calcification occurs through 
several mechanisms, most prominently of which is the 
death of macrophages and vascular smooth muscle cells 
(VSMCs), contributing to the eruption of apoptotic bodies 
and necrotic debris that can act as nuclei for calcifica-
tion at injury sites [18]. This process arises in response to 
pro-inflammatory stimuli and leads to the development of 
microcalcification nuclei, which induces further inflam-
matory processes and stimulates calcium deposition. This 
cycle favors the progression of thinning of the fibrous cap, 
which is a criterion for plaque instability and increases the 
chance of rupture [19]. However, if inflammation wanes 
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and VSMCs survive, they can organize an adequately man-
aged mineralization process. This leads to macrocalcifica-
tion formation, further stabilizing the plaque by serving as 
a shield to propagate the inflammation (Fig. 1) [11].

Method

A thorough search of PubMed, Google Scholar, and Web 
of Science from database inception to August 2021 was 
performed. Search terms used were “atherosclerosis imag-
ing,” “atherosclerosis structural imaging,” and “atheroscle-
rosis CT scan,” “positron emission tomography” and “PET 
imaging,” “18F-NaF”, “18F-FDG”, and “atherosclerosis 
calcification.” References of extracted articles also were 
searched for any related articles to the topic. Two research-
ers independently assessed the articles that had relevant 
titles or abstracts. Only papers written in English were con-
sidered; preprint articles were excluded. Among 345 arti-
cles extracted from databases that had the highest number 
of relevant keywords, 95 articles were selected. There was 
no statistical analysis done since this was not a systematic 
review or meta-analysis.

Imaging

Structural imaging

Structural imaging has traditionally played a central role in 
the diagnosis of atherosclerosis. The development of com-
puted tomography (CT) offered a noninvasive diagnostic 
imaging option. In the 1980s, the method of measuring the 
magnitude of the atherosclerotic disease using CT calcifica-
tion was implemented and standardized with the introduction 

of the CT scan calcium score [21]. Recently, other modali-
ties have been used for this purpose, including CT angi-
ography, Magnetic Resonance Imaging (MRI), intravascu-
lar ultrasound, and optical coherence imaging [22]. These 
diagnostic tools provide more information on the plaque 
structure and morphologic characteristics and risk factors 
for ruptures, such as a thin fibrous cap, a lipid-rich necrotic 
core, neovascularization, intraplaque hemorrhage [22]. How-
ever, these anatomical imaging modalities can only visualize 
the macroscopic changes that arise late in the sequence of 
the disease, when the changes often are irreversible. In the 
detection of the early stages of atherosclerosis, CT imaging 
has limited sensitivity as CT imaging cannot differentiate 
metabolically active atherosclerotic lesions from indolent 
lesions. CT scan can detect macrocalcification which favors 
stabilized plaque [23]. However, better resolution of CT scan 
help in detection of low-density non-calcified plaques, and 
ultrasound has shown that these plaques are associated with 
a lipid-rich necrotic core which is considered a feature of 
unstable plaque [24].

Molecular imaging

Molecular imaging plays a fundamental role in visualizing 
the early stage of the disease and microscopic change. Posi-
tron emission tomography (PET) with 18F-fluorodeoxyglu-
cose (18F-FDG) or 18F-sodium fluoride (18F-NaF) as radi-
otracers is the most used and studied of these techniques 
[25]. Tracer uptake is typically calculated as standardized 
uptake values (SUVs), which describes the ratio of activity 
per unit volume of a region of interest (ROI) to the activ-
ity per unit whole body volume. SUVs are calculated as a 
maximum value  (SUVmax) that reflects the highest uptake 
in a single voxel, or a mean value  (SUVmean) that averages 
all uptake within the ROI.  SUVmean is advantageous over 

Fig. 1  Progression of a calcium-rich atheroma with the temporal dis-
tribution of abnormalities present on 18F-FDG-PET, 18F-NaF-PET, 
and CT. As a specific marker of active microcalcification, 18F-NaF-

PET has great promise in the domain of monitoring atherogenic 
activity even in early stages of disease. (This figure was reproduced 
with permission from [20])
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 SUVmax, as  SUVmax may easily be influenced by the back-
ground radiotracer uptake of adjacent tissues or artifacts 
from motion [26]. Furthermore, focusing only on the region 
with the highest radiotracer avidity as done by  SUVmax 
masks the heterogeneous and diffuse nature of many dis-
ease processes [27].

Another commonly used parameter is the target–to–blood 
pool ratio (TBR), which is calculated by dividing the vas-
cular wall SUV to the venous blood pool SUV to correct for 
tracer activity in the blood. TBR is often measured using 
 SUVmax or  SUVmean, resulting in a maximum TBR  (TBRmax) 
and mean TBR  (TBRmean), respectively [28]. The procedural 
recommendation of cardiac PET/CT imaging from the Euro-
pean Associating of Nuclear Medicine (EANM) propose 
quantification of 18F-FDG activity using  SUVmax,  SUVpeak, 
 SUVmean and application of TBR analysis [29]. The use of 
TBR, however, should be approached with caution as it cur-
rently stands as a disputed method, as there is no adequate 
biological explanation for its use [28]. Instead, support for 
TBR is based on the belief that taking ratio of two measure-
ments will serve as a form of standardization, limiting the 
effects of differential acquisition time points and accounting 
for the intrinsic tracer activity [29]. Nevertheless, calcula-
tion using the venous blood pool SUV can introduce greater 
variability because venous blood pool SUV is influenced by 
numerous factors such as glomerular filtration rate, rate of 
venous blood flow, and blood cell density [30, 31]. Further-
more, the methodology for measuring venous blood pool 
SUV itself is wide-ranging, with reports of using various 
regions such as superior vena cava, inferior vena cava, right 
atrium, and jugular vein to derive it [28]. Lastly, as venous 
uptake is often minimal, small variations and measure-
ment errors of the venous blood pool SUV can significantly 
affect TBR calculation [28]. A study by Johnsrud et al. study 
showed that quantification methods without background cor-
rection had the highest inter-reader agreement for 18F-FDG 
PET of carotid artery plaque inflammation [32].

The emerging method that overcomes some of the prob-
lems imposed by the SUV method for quantifying radiotracer 
uptake is the global disease assessment (e.g., Alavi-Carlsen 

Score). Unlike the focal approach of examining radiotracer 
uptake in small specific regions such as the coronary arter-
ies, global disease assessment measures diffuse uptake in 
the entire body, major blood vessels or whole organs such 
as the aorta and heart that reflects the global burden of the 
disease [27, 33]. As arteries have small volumes, they are 
susceptible to the partial volume effect and motion artifacts 
resulting from respiratory- and cardiac movements that can 
influence the measures. However, assessment of the overall 
disease burden may provide more valuable information than 
a lesion-based approach in risk stratification [34]. Addition-
ally, measurements using easily identifiable and well-defined 
structures allow for easily replicable approaches analysis 
amenable to analysis by artificial intelligence [35]. Previous 
studies have demonstrated the superiority of this approach in 
measuring CVD burden in various disease conditions such 
as multiple myeloma and type 2 diabetes [36, 37]. Sorci et al. 
have additionally shown that in a retrospective analysis of 86 
healthy controls and 50 patients, the global disease assess-
ment of 18F-NaF uptake in the whole heart in patients was 
found to be greater than that of controls and predicted the 
patient status [38]. As such, the global disease assessment 
captures the diffuse and systemic nature of vascular disor-
ders such as atherosclerosis and offers a reliable method of 
quantifying disease burden for clinicians (Table 1).

18F‑FDG

18F-FDG is a radiolabeled glucose analog that acts as an 
indicator for metabolic activity and inflammation. It has 
been shown that uptake of this marker is highest in mac-
rophages [39]. A study by Ogawa and colleagues has dem-
onstrated that aggregation of 18F-FDG during foam cell 
development was increased. Still, after the cells had fully dif-
ferentiated into foam cells, uptake was reduced to the control 
level. These results indicate that in atherosclerosis, 18F-FDG 
PET detects the early step of foam cell development. They 
also demonstrated an association of 18F-FDG uptake with 
hexokinase activity [40]. Furthermore, macrophages signifi-
cantly contribute to the formation of plaque inflammation, 

Table 1  Comparison between structural and molecular imaging

Structural imaging Molecular imaging

Advantages Offers greater information about the structure 
and morphology of the plaque, as well as the 
risk factors for ruptures

Higher-resolution aids in the diagnosis of low-
density, non-calcified plaques

Detects microscopic changes early in the disease's course when 
progression can be suppressed

Can detect metabolic activity within plaque to differentiate between 
active and indolent plaque

Disadvantages Visualizes the macroscopic alterations that occur 
late in the disease's course, when the effects 
are frequently permanent

Inability to distinguish between metabolically 
active and indolent atherosclerotic lesions

Small plaque may not be detectable due to limited spatial resolution
Cardiac and respiratory movements decrease the quality of images
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and it has been reported that ruptured plaques contain large 
amounts of macrophages [41, 42]. Consequently, the obser-
vation that the absorption of 18F-FDG is directly propor-
tional to macrophage density shows the effectiveness of 
18F-FDG for plaque susceptibility evaluation [43]. Since 
inflammatory cells use significant quantities of glucose in 
contrast to other plaque cells, 18F-FDG PET imaging may 
indicate inflammatory activities in atherosclerosis, which 
potentially aids the detection of unstable plaque [44].

Multiple studies demonstrated an association between 
18F-FDG uptake and cardiovascular risk factors such as 
hypertension and hypercholesterolemia [45, 46]. It is also 
demonstrated that 18F-FDG uptake increases with aging [47]. 
In a study by Tahara et al., after assessment of 216 patients 
who underwent 18F-FDG PET scan for cancer screening, 
they found significant correlations between SUVs of 18F-
FDG and body mass index (BMI), waist circumference, 
carotid intima-media thickness (IMT) (p < 0.001), systolic 
blood pressure, HDL cholesterol (inversely), Homeostatic 
Model Assessment for Insulin Resistance (HOMA-IR), uric 
acid, hs-CRP, and medication for hypertension. There was a 
positive association between metabolic syndrome elements 
and 18F-FDG uptake due to carotid atherosclerosis. The 
most significant of these elements were waist circumfer-
ence and HOMA-IR[48]. Another study by Wassélius and 
colleagues in 200 patients showed a similar finding. They 
found a higher quantity of cardiovascular risk factors cor-
relate with the number of plaques with enhanced 18F-FDG 
uptake [49]. Several studies have reported a relation between 
18F-FDG uptake and cardiovascular events. A survey by 
Paulmier et al. showed that previous cardiovascular events 
(> 6 months before or after PET) and current cardiovascular 
events (< 6 months before or after PET) were meaningfully 
more common in the high 18F-FDG uptake vs. the low 18F-
FDG uptake group (48% vs. 15%, respectively (p < 0.0006), 

and 30% vs. 1.8%, respectively (p < 0.0002)). They con-
cluded that extensive elevated vascular absorption of 18F-
FDG tends to indicate an emerging atherosclerotic process 
and the possibility of future cardiovascular incidents [50].

The relation between tracer uptake and CT scan calcifica-
tion is an area of interest. It has consistently been shown that 
the correlation between 18F-FDG and the more traditional 
CT calcification diagnostic method is very poor [46, 51, 52]. 
Such studies imply that inflammation and macrocalcification 
are two distinct phases.

18F‑NaF

18F-NaF has been conventionally used for skeletal imaging 
as a marker of bone mineralization. This tracer’s mechanism 
consists of an exchange process with hydroxyl groups, in 
which the 18F− ion is incorporated directly into the exposed 
hydroxyapatite crystal [53]. Therefore, it can detect areas 
of calcification and ossification in the body, and it is used 
to detect primary and metastatic bone disease [54, 55]. As 
the pathophysiology of atherosclerosis contains calcifica-
tion, the mechanism of 18F-NaF has drawn the attention of 
scientists to use it as an indicator for the detection of athero-
sclerosis. Creager et al. found that 18F-NaF had a stronger 
affinity for hydroxyapatite when compared to other signifi-
cant biological calcium salts. The 18F-NaF ligand binds to 
the calcification’s surface, and the microcalcifications with 
larger surface area result in better absorption. For macroc-
alcifications, on the other hand, the radioactivity signal is 
substantially lower [56]. Therefore, the specificity of 18F-
NaF for microcalcification suggests this tracer for detecting 
atherosclerosis plaque in the early stage (Fig. 2).

Association between the cardiovascular risk factor and 
18F-NaF uptake can determine this imaging’s efficacy in 
screening high-risk patients (Fig. 3). Oliveira-Santos et al. 

Fig. 2  The hypothesized trends 
of 18F-FDG uptake, 18F-NaF 
uptake, and CT calcification 
in the arterial wall with aging. 
Uptake of 18F-NaF appears to 
be more persistent compared 
to that of 18F-FDG, which 
increases and decreases with 
damage to the arterial wall. 
Once macrocalcifications have 
become sufficiently stable in 
later years of life, 18F-NaF 
uptake may decrease while 
there is stronger evidence of CT 
calcification. (This figure was 
reproduced with permission 
from [57])
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evaluated the proportion of 18F-NaF positive coronary, aor-
tic, and carotidal plaques in high cardiovascular (CV) risk 
subjects and their relationship to conventional CV risk fac-
tors, coronary artery calcium score, and thoracic fat vol-
ume. They found that individuals having five or more risk 
factors had a higher corrected uptake per lesion (CUL: the 
difference between the lesion and superior vena cava SUV) 
than those with fewer risk factors (1.1 ± 0.3 vs. 0.7 ± 0.3, 
p < 0.01) [58]. In a study by Rojulpote et al., the authors 
found that 18F-NaF PET/CT was able to detect a heavier bur-
den of widespread coronary microcalcification in a subgroup 
with higher blood pressures in asymptomatic individuals 
without a documented diagnosis of hypertension and the 
absence of other risk factors such as diabetes, dyslipidemia, 
smoking, and systemic inflammatory state (0.62 ± 0.043 
non-hypertensive group vs. 0.71 ± 0.04 hypertensive group, 
p = 0.0006)[59]. A key point to consider is that the investiga-
tors measured coronary artery uptake with the ROI delineat-
ing individual arteries in the former study. This approach 
has limitations because of the PET imaging obstacles which 
are mentioned. By contrast, global assessment consisting 
of an ROI encompassing all coronary arteries may be a 
better approach also used in the latter study. Besides that, 
individual measurements of diastolic blood pressure (DBP) 
and mean arterial pressure (MAP) were found to correlate 
positively with the magnitude of global coronary athero-
sclerosis as calculated by 18F-NaF PET/CT (DBP (r = 0.64, 
p = 0.002), and MAP (r = 0.59, p = 0.007)) [59].

Association between 18F-NaF uptake and cardiovascular 
events is essential for predicting this tracer’s role for future 
morbidity and mortality. Kwiecinski et al. evaluated the role 

of 18F-NaF in the prediction of myocardial infarction in a 
study of patients with established advanced CVD. It was 
demonstrated that only patients with elevated coronary 18F-
NaF uptake (20 of 203 with a cardiac metabolic activity 
(CMA) > 0 vs. 0 of 90 with a CMA of 0; p < 0.001) experi-
enced fatal or nonfatal myocardial infarction. Regardless of 
age, sex, risk factors, segment involvement, coronary cal-
cium scores, and prior myocardial infarction, patients with 
CMA > 1.56 had a more than sevenfold rise in lethal or non-
lethal MI (hazard ratio: 7.1, p = 0.003) [61]. In another study, 
Kitagawa and colleagues included individuals with known 
or suspected CAD with coronary computed tomography 
angiography (CCTA). Patients with at least one coronary 
atherosclerotic lesion underwent 18F-NaF PET/CT scan, and 
they followed up patients for 2 years. When a patient has 
been diagnosed with many atherosclerotic coronary lesions, 
for a patient-based assessment, the maximum  TBRmax per 
patient(M-TBRmax) was determined. M-TBRmax was more 
significant in those who had coronary events than those who 
did not (1.39 ± 0.18 vs. 1.19 ± 0.17, respectively; p = 0.0034) 
[62]. These studies show the ability of 18F-NaF in the predic-
tion of future cardiovascular events.

The relation between coronary calcium score meas-
ured with CT scan and 18F-NaF uptake has been studied 
(Fig. 4). Oliveira-Santos and colleagues found no relation 
between calcium score and 18F-NaF uptake in hypertensive 
patients with cardiovascular risk factors (p = 0.87). They 
concluded that it is possible because these approaches dis-
tinguish various pathophysiological stages in the atheroma 
calcification process [58]. Macrocalcifications detected at 
CT scans are considered to represent stable areas where the 

Fig. 3  Axial PET scan (A-1 and B-1), Axial CT scan (A-2 and 
B-2), and axial fused scan (A-3 and B-3) of pulmonary artery.18F-
NaF PET/CT image showing no focal uptake at the pulmonary artery 
in (A series) a healthy 62-year-old female. By contrast, focal 18F-NaF 

avidity is appreciated in the pulmonary artery (black arrow) in (B 
series) a 63-year-old female with angina pectoris. (This figure was 
reproduced with permission from [60])
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atherosclerotic disease is quiescent, whereas the sites with 
18F-NaF uptake show active microcalcification believed to 
represent unstable plaques. Another study by Cecelja et al. 
showed only a weak link between baseline calcium volume 
and radiotracer uptake score [63]. They concluded that tar-
geting active calcification by 18F-NaF is the cause of this 
weak correlation.

One advantage of 18F-NaF is that it is rapidly removed 
from blood circulation as only 10% of injected tracer 
remains in blood after 1 hour [65]. This feature leads to the 
high contrast between the calcification areas and the back-
ground activity. Furthermore, the minimal uptake of 18F-NaF 
by the heart makes it superior in evaluating coronary arter-
ies (Fig. 5) [66]. In a prospective clinical trial by Joshi and 
colleagues on patients with myocardial infarction and stable 
angina, the highest coronary 18F-NaF uptake was seen in the 
culprit plaque in 93% of patients with myocardial infarction 
(median maximum tissue-to-background ratio: culprit 1.66 
(IQR 1.40–2.25) vs. highest non-culprit 1.24 [1.06–1.38], 
p < 0.0001). In contrast, there were no meaningful distinc-
tions between culprit and non-culprit plaques in the study 
of coronary arteries with 18F-FDG even in visible areas 
(myocardial uptake frequently masked coronary 18F-FDG 
uptake) (1.71 (1.40–2.13) vs. 1.58 (1.28–2.01), p = 0.34) 
[66]. This study demonstrated the ability of 18F-NaF in iden-
tifying not only ruptured plaque, but also high-risk plaque 
prone to rupture in the future and causing cardiovascular 

events. However, it is shown that there is no definitive proof 
that individual plaque evaluation predicts the likelihood of 
an acute coronary accident better than proven risk factors 
like the extent and severity of coronary heart disease [67]. 
Considering that atherosclerosis is a dynamic process and 
changes constantly, emphasis on the entire atherosclerosis 
process and global imaging of the heart stands as a better 
approach instead of focusing on a single plaque [33, 68]

Other tracers

The study of atherosclerosis plaque by molecular imag-
ing is not limited to only 18F-NaF and 18F-FDG. A study 
published by Tarkin et al. used gallium-68-labeled DOTA-
TATE (68 Ga-DOTATATE) to recognize arterial inflamma-
tion in macrophages by targeting the somatostatin receptor. 
Compared to 18F-FDG, it has preferable coronary imaging, 
superior macrophage specificity, and greater differentia-
tion of high risk vs. low coronary injuries [70]. Kircher and 
colleagues used chemokine receptor 4 (CXCR4)- directed 
68 Ga-Pentixafor as a tracer and compared it with 18F-FDG 
in atherosclerotic lesions. They showed that 68 Ga-pentixafor 
and 18F-FDG absorption had a poor association in lesion-to-
lesion comparison (r = 0.28; p < 0.01). Also, more lesions 
(n = 290; TBR ≥ 1.6, p < 0.01) and higher absorption were 
found by 68 Ga-pentixafor PET in comparison with 18F-FDG 
PET (1.8 ± 0.5 vs. 1.4 ± 0.4; p < 0.01) [71]. Mateo et al. used 

Fig. 4  Axial CT scan (A-1 and B-1), Axial PET scan (A-2 and B-2), 
and axial fused scan (A-3 and B-3) of two clinically normal subjects 
(A, 25-year-old) and (B, 61-year-old) with delineating heart. 18F-
NaF  PET/CT images demonstrating differential coronary 18F-NaF 
uptake in A in comparison with B. The matching CT scan shows no 
structural calcification at the areas of NaF uptake in subject (B), and 
the PET and CT results are significantly different. Coronary calcifica-

tion as assessed by CT does not portray the full extent of the disease, 
as evidenced by its discrepancy with 18F-NaF PET/CT findings. Evi-
dence of molecular changes in the absence of irreversible macrocalci-
fication may allow for early interventions that can change the course 
of the disease. (This figure was reproduced with permission from 
[64])
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Fig. 5  Global assessment of 
18F-NaF uptake in various 
arterial vessels in a 67-year-
old man. Regions of interest 
measured activity in the left 
carotid artery (A), coronary 
arteries (B), ascending aorta 
(C), aortic arch (D), descending 
aorta (E), abdominal aorta (F), 
bilateral common iliac arter-
ies (G), external iliac arteries 
(H), femoral arteries (I), and 
popliteal arteries (J) to calcu-
late the Alavi-Carlsen global 
molecular calcium score, which 
in this patient was determined 
to be 16.08. (This figure was 
reproduced with permission 
from [69])
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18F-FMISO to detect hypoxia in atherosclerotic plaque in 
rabbits and found that this tracer has significant uptake in 
the aortas of atherosclerotic animals and also an increase 
with atherogenic diet over time [72]. Although these stud-
ies provide valuable information regarding atherosclerotic 
plaque molecular imaging, additional studies are needed to 
provide more details on the efficacy of these tracers (Fig. 6) 
(Table 2).

Limitations of PET instruments and PET tracers

Like other imaging modalities, PET imaging is not flawless. 
For 18F-FDG specifically, its limitations as a probe for ather-
osclerosis include the nonspecific uptake of 18F-FDG in the 
arterial wall’s smooth muscles and the surrounding tissues. 
Background 18F-FDG uptake can result from nonspecific 
inflammation as well (e.g., Takayasu arteritis, chemotherapy, 
or radiation-induced vascular inflammation), which could 
obfuscate atherosclerosis evaluation [74]. In addition, the 
fact that 18F-FDG remains in circulation for an extended 
period raises concerns regarding the assessment of suspected 
atherosclerotic plaques [75].

Limitations more general to PET imaging include its 
limited spatial resolution, which cannot extend to the 5 mm 
known as mean in phantom studies [76] and remains in the 

range of 8–10 mm in human study [77]. In the achievement 
of this range, the function of reconstruction algorithms can-
not be ignored. Molecular detection of biological activities 
needs a large mass of foci accumulated in volumes more 
than several mm [78]. Atherosclerotic plaques in the major 
arteries are just a few millimeters wide, even in the advanced 
phases of the disease. Therefore, they cannot be visualized 
in vivo with satisfactory sensitivity.

These limitations ultimately contradict the methodology 
of focally measuring CVD burden by assessing radiotracer 
uptake in small arteries. Attempts at determining 18F-FDG 
uptake in the coronary arteries for the detection of athero-
sclerosis, for instance, are further thwarted by the nonspe-
cific myocardium uptake of 18F-FDG and the constant car-
diac and respiratory movements of the heart and diaphragm, 
respectively [79, 80]. Although the suggested method for 
resolving these adverse phenomena is cardiac and respira-
tory gating, the efficacy of such methods can be questionable 
as respiratory movements are irregular and often significant, 
extending up to several centimeters [81]. Overall, global dis-
ease assessment of the entire body, major vessels, or whole 
organs such as the aorta or heart using 18F-NaF holds prom-
ise for overcoming these limitations and reliably measur-
ing systemic disease burden. Because the use of 18F-NaF 
PET scan for vascular imaging is new, the current literature 

Fig. 6  Cellular targets for PET imaging of atherosclerosis. Mac-
rophage activity is responsible for increased 18F-FDG uptake as a 
reflection of increased glycolysis. 18F-fluorodeoxymannose, 68  Ga-
DOTATATE, 11C-PK11195, and 18F-FMCH uptake is also mediated 

by macrophages. Cellular hypoxia is targeted by 18F-FMISO, while 
68  Ga-NOTA-RGD and 18F-Galacto-RGD show areas of neoangio-
genesis. Microcalcification is uniquely revealed by 18F-NaF activity. 
(This figure was reproduced with permission [73])
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on 18NaF-PET imaging of atherosclerosis is restricted and 
lacking in long-term follow-up studies and intervention tri-
als. Further research is required to help scientists for better 
understanding of strengths and weaknesses of this imaging.

Conclusions

As atherosclerosis is a key cause of morbidity and mortality, 
imaging plays a substantial role in uncovering mechanisms 
and monitoring the disease’s progression. The detection of 
atherosclerosis in the early stages while the disease is still 
treatable is critical. Anatomical imaging mainly detects late 
stages dormant macrocalcification, but it is the early molecu-
lar changes in the atherosclerotic process that is of greater 
importance. This fact establishes molecular imaging with 
PET as a unique player in the imaging of atherosclerosis.
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