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Abstract

Cardiovascular disease (CVD) remains the leading cause of death worldwide despite advances in 

diagnostic technologies and treatment strategies. The underlying cause of most CVD is 

atherosclerosis, a chronic disease driven by inflammatory reactions. Atherosclerotic plaque rupture 

could cause arterial occlusion leading to ischemic tissue injuries such as myocardial infarction and 

stroke. Clinically, most imaging modalities are based on anatomy and provide limited information 

about the on-going molecular activities affecting the vulnerability of atherosclerotic lesion for risk 

stratification of patients. Thus, the ability to differentiate stable plaques from those that are 

vulnerable is an unmet clinical need. Of various imaging techniques, the radionuclide-based 

molecular imaging modalities including positron emission tomography (PET) and single-photon 

emission computerized tomography (SPECT) provide superior ability to noninvasively visualize 

molecular activities in vivo and may serve as a useful tool in tackling this challenge. Moreover, the 

well-established translational pathway of radiopharmaceuticals may also facilitate the translation 

of discoveries from benchtop to clinical investigation in contrast to other imaging modalities to 

fulfill the goal of precision medicine. The relationship between inflammation occurring within the 

plaque and its proneness to rupture has been well documented. Therefore, an active effort has been 

significantly devoted to develop radiopharmaceuticals specifically to measure CVD inflammatory 

status, and potentially elucidate those plaques which are prone to rupture. In the following review, 

molecular imaging of inflammatory biomarkers will be briefly discussed.
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Introduction

In 2015, cardiovascular disease (CVD) was found responsible for one-third of overall deaths 

worldwide and is expected to account for >23.6 million deaths by 2030.1–3 CVD comprises 

many conditions including heart disease, heart attack (myocardial infarction, MI), ischemic 

stroke, heart failure, arrhythmia, etc. The underlying cause of many CVD symptoms is 
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atherosclerosis. Influx of low-density lipoprotein (LDL) cholesterol from circulating blood 

to the arterial vessel wall initiates atherogenesis. It provokes the expression of endothelial 

cell adhesion molecules leading to leukocyte recruitment. The secretion of proinflammatory 

chemokines and cytokines from leukocytes triggers the innate and adaptive immune 

response leading to infiltration of additional circulating leukocytes. If the atherosclerotic 

lesions progress further, plaque rupture and potentially formation of thrombus could result, 

which, depending on the location of occlusion, could interrupt blood flow resulting in 

cerebral or myocardial ischemia. The major difficulty in managing atherosclerosis-driven 

CVD is timely detection of rupture-prone plaques while they are still asymptomatic. There 

are clinically available imaging techniques which can analyze atherosclerotic lesions 

including computed tomography (CT), magnetic resonance imaging (MRI), ultrasonography, 

and optical coherence tomography (OCT).4 However, analysis of plaque morphology, such 

as extent of stenosis and thickness of fibrous cap, often fail to predict plaque rupture. Much 

scientific evidence indicates the critical role of inflammation throughout atherogenesis.5 

Notably, inflammation in the plaque is correlated with plaque instability.6–8 Moreover, 

prognosis of atherosclerotic complications such as myocardial infarction are associated with 

inflammatory responses / recovery of injured tissue after such events. Biopsy, a procedure 

which is highly invasive and impractical for blood vessels and heart tissues, is the current 

method for detecting immune cells in lesions. Molecular imaging techniques such as 

positron emission tomography (PET) and single-photon emission computerized tomography 

(SPECT) can offer remarkable opportunities to resolve this critical issue due to their ability 

to non-invasively visualize the local expression and activity of inflammation-related 

molecules, cells, or functions that influence CVD progression, outcome, and/or 

responsiveness to therapeutics in individuals. 18F-FDG PET/CT has shown its capability to 

image inflammation in CVD, but has some limitations. Thus, there has been much effort to 

find more specific inflammation-related biomarkers and tools. In this review, we will discuss 

current and emerging targets for the imaging and treatment of CVD and 

radiopharmaceuticals that have been used in preclinical and clinical studies to examine 

CVD.

Imaging cardiovascular inflammation using radiopharmaceuticals

Imaging cardiovascular inflammation presents a few unique challenges. On top of the small 

size of atherosclerotic lesions, their proximity to the blood pool often leads to poor imaging 

quality due to radiotracers in circulation. The complex pathophysiology of atherosclerotic 

plaques determines the low abundance and dynamic expression of disease-related targets on 

advanced plaques. Thus, the targeting specificity, sensitivity, pharmacokinetics of 

radiotracer, as well as appropriate imaging protocols are important to acquire optimal uptake 

and signal-to-background ratio for the accurate detection of plaques. Of the various imaging 

modalities, PET has been favored owing to its high sensitivity, quantitative and functional 

detection, non-invasive nature, and well-established pathways for human translation.9, 10 

Currently, most PET probes for atherosclerosis imaging are at preclinical stages, detecting 

specific cell surface markers during the progression of plaque, with few in clinical trials. 

Among the many types of inflammatory cells, monocytes and macrophages are particularly 

responsible for CVD development and progression.5 Excessive macrophage content in 

atherosclerotic lesions is closely correlated with poor prognosis,11 which makes it a popular 
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and logical choice as an imaging target for inflammation. Development of atherosclerosis is 

a multiple stages process including endothelial cell dysfunction and activation, 

inflammation, proteolysis and apoptosis, formation of lipid core and fibrous cap, 

angiogenesis, and thrombosis.12 Each stage presents unique biomarker that can be detected 

via imaging approaches to provide us with key information in understanding the progress 

and status of disease. In this review, we only focus on the radiopharmaceuticals that can 

directly detect inflammatory cells, not the cause of inflammatory response (e.g. LDL 

deposition, expression of adhesion molecules on endothelial cells) or the results of 

inflammatory reaction (e.g. calcification, thrombosis).

Glucose transporters (GLUTs)—Enhanced glucose metabolism in activated 

inflammatory cells is the most widely studied marker for imaging inflammation. 

Inflammatory cells highly express glucose transporters, especially GLUT-1 and GLUT-3, but 

many cell types in the blood including monocytes, macrophages (M0, M1, and M2), 

neutrophils, natural killer cells, B cells, T cells, platelets, and endothelial cells also show 

overexpression of GLUT-1 and GLUT-3.13 It has been demonstrated that the 

proinflammatory M1 macrophage has higher glycolytic activity due to the overexpression of 

glycolytic enzyme (hexokinase),14 which leads to higher accumulation of metabolized 

glucose analogues (e.g. 18F-FDG) among other blood-derived cells.15

18F-FDG PET is currently the primary tool for clinical PET imaging with a demonstrated 

capability of imaging inflammation in CVD. However, 18F-FDG uptake is not particularly 

specific to macrophages. Many other leukocytes and muscle cells, like cardiomyocytes and 

smooth muscle cells, also take up significant amounts of 18F-FDG leading to high 

background signal. Thus, detection of inflammation within tissues with high metabolic 

activity such as heart tissues and coronary arteries is challenging. Ischemia and hypoxia are 

also known to cause overexpression of GLUTs, which needs to be considered for 

interpretation of PET images.16 Furthermore, high blood glucose can hinder 18F-FDG 

uptake, which requires fasting before imaging and can affect the image quality of diabetic 

patients. Due to these limitations, development of more specific biomarkers and their 

molecular imaging methods is highly desirable. Since the application of 18F-FDG PET 

imaging for atherosclerosis and myocardial inflammation has been comprehensively 

reviewed by several groups, we will focus on other radiotracers which can image 

cardiovascular inflammation.

Chemokine receptors—Since chemokines and their receptors play crucial roles in both 

primary and secondary immune response by modulating leukocyte migration and homing, 

they are promising targets for imaging inflammatory diseases such as atherosclerosis and its 

complications. Thus far, it has been known that ca. 20 chemokine receptors (G protein-

coupled seven-transmembrane signaling receptors) and 50 endogenous chemokines are 

involved in complex and dynamic interactions to regulate immune responses. As the 

functions of each chemokine-receptor axis have been progressively discovered, their 

importance as a target for molecular imaging and anti-inflammatory therapy has expanded.

a. CXCR4: The importance of CXCR4 as a biomarker of atherosclerosis is well-

documented in both animal models and humans.17 In atherosclerotic mouse models, 
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treatment with CXCR4 antagonist elicited increased neutrophil recruitment and plaque 

inflammation resulting in larger atherosclerotic lesions.18 In the same study, treatment with 

an antibody for neutrophil depletion reduced atherogenesis, indicating the role of neutrophils 

in inflammation. Other studies reported conflicting roles of CXCR4-CXCL12 axis. 

Although vascular CXCR4 expression prevents atherosclerosis,19 endothelial CXCL12 

exacerbates plaque development.20 In human carotid plaques, upregulation of CXCR4 and 

CXCL12 were reported and CXCR4 expressions were colocalized with macrophages, 

leukocytes, smooth muscle cells, and small neovessels as confirmed by 

immunohistochemistry,21 which is the basis of CXCR4-targeted imaging strategies.

68Ga-pentixafor is a radiolabeled cyclic pentapeptide which is an analog of CXCL12, 

initially developed for CXCR4-specific tumor imaging.22 It has been examined as a PET 

radiotracer in clinical trials for cancer imaging. For imaging atherosclerosis, preclinical,23 

retrospective,24, 25 and clinical studies26, 27 demonstrated that CXCR4 specific uptake of 
68Ga-pentixafor was correlated with calcified plaque burden, extent of carotid stenosis, and 

cardiovascular risk factors, suggesting its potential for further evaluation of vulnerable 

atherosclerotic lesions. These studies also demonstrated CXCR4 upregulation within the 

plaques of rabbit and human, which was mainly colocalized with macrophage staining by 

immunohistochemistry.

Minimal myocardial uptake of 68Ga-pentixafor is a great advantage over 18F-FDG. In a 

myocardial infarction mouse model, an elevated uptake of 68Ga-pentixafor within the 

infarcted lesion was greatest at 3 days post MI, which was correlated with amount of CD45+ 

leukocytes measured by flow cytometry.28 In addition, 68Ga-pentixafor PET imaging in post 

MI patients showed individual differences in radiotracer uptake indicating various degrees of 

inflammatory responses. Although further studies are needed, heart failure after myocardial 

infarction might be predicted based on 68Ga-pentixafor uptake, which is associated with the 

extent of CXCR4-related inflammatory reaction. Also, it might enable proper patient 

selection for immunomodulatory therapy. In a different study, 68Ga-pentixafor PET/CT 

showed potential to detect a culprit plaque within the coronary arteries of recent MI patients 

based on SUV.26

It is necessary to be cautious with interpretation of CXCR4 expression measured by 68Ga-

pentixafor since it might provide mixed information from both beneficial CXCR4 signal 

from arterial endothelial cells or SMCs and detrimental CXCR4 signal from inflammatory 

cells within the plaques.19 Moreover, the CXCR4-CXCL12 axis is involved in other 

important activities including hematopoiesis, angiogenesis, and organ development. Targeted 

therapy by modulating the CXCR4-CXCL12 axis will need to be well studied and planned.

b. CCR2: The CCR2-CCL2 axis is a well-known contributor during the initial stages of 

atherogenesis, as it participates in the recruitment of CCR2+ inflammatory monocytes to the 

lesions.17 The recruitment of CCR2+ monocyte/macrophage subset to the heart with 

ischemic injury was correlated to the adverse remodeling as a therapeutic target.29 CCR2−/− 

mice show less monocytosis, leading to reduced atherogenesis. In addition, several CCR2 

antagonists have been developed and demonstrated their efficacy, including an anti-CCR2 
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monoclonal antibody MLN1202 which is currently being evaluated in clinical trials. 

Therefore, molecular imaging of CCR2 has implications for both diagnosis and treatment.

ECL1i is a seven amino acid linear peptide which binds to the allosteric position in CCR2. 
64Cu-radiolabeled ECL1i (64Cu-DOTA-ECL1i) has been used for PET imaging of CCR2+ 

leukocytes in multiple animal models of inflammation, demonstrating its specificity to 

CCR2,30, 31 and is currently being investigated in clinical trials for imaging lung 

inflammation and pancreatic cancer. This radiotracer has also been utilized for imaging 

cardiovascular inflammation. PET imaging of 64Cu-DOTA-ECL1i in an atherosclerotic Ldlr
−/− mouse model with animals housed at different temperatures demonstrated higher tracer 

accumulation in the aortic arch of mice kept at lower temperatures, which was correlated 

with plaque macrophage content.32 PET imaging of the same tracer in a mouse model of 

atherosclerotic plaque regression showed that levels of CCR2+ monocytes and macrophages 

decreased over time, indicating the contribution of inflammatory leukocyte emigration to 

plaque regression.33 In addition, 68Ga-radiolabeled ECL1i (68Ga-DOTA-ECL1i) was 

capable of imaging CCR2+ leukocytes in vivo (Figure 1).34 In two independent mouse 

models of sterile cardiac injury, 68Ga-DOTA-ECL1i demonstrated significant uptake in the 

lesion which was associated with CCR2+ monocyte/macrophage content. 68Ga-DOTA-

ECL1i showed minimal myocardial uptake which could provide higher signal-to-

background ratio for imaging the coronary artery. Since it is known that cardiac resident 

non-inflammatory macrophages do not express CCR2, PET imaging with radiolabeled 

ECL1i could detect/quantify particularly inflammatory subset, CCR2+ macrophage and 

monocytes, which can reveal monocyte/macrophage dynamics at the systemic level.35 

Individual differences in CCR2+ immune cell contents in the lesions can guide CCR2-

targeted immunomodulatory therapy in the near future.

ECL1i-targeted 64Cu-doped gold nanoclusters (64CuAuNCs-ECL1i) showed CCR2 specific 

binding in lung transplanted mice with ischemia-reperfusion injury, which can be further 

evaluated for imaging cardiovascular inflammation.30 As nanoparticles can load and deliver 

therapeutics, they can be applied for a theranostic approach.

c. CCR5: Upregulation of CCR5 in monocytes, macrophages, and T lymphocytes is well-

documented. Multiple studies have pointed out the important role of the CCR5-CCL5 axis in 

atherogenesis as CCR5 knock-out,36 treatment with CCR5 antagonist maraviroc,37 or CCL5 

receptor antagonist Met-RANTES38 result in the decreased formation of atherosclerotic 

lesions. Especially, maraviroc is already FDA-approved for HIV treatment which showed 

anti-atherogenic effect in small number of HIV-HCV patients.39 CCR5 imaging will not 

only provide information on atherogenesis based on leukocyte recruitment, but also has 

potential to be an in vivo companion diagnostic method for treatment with CCR5 

antagonists. CCR5-targeted PET imaging was reported using a small peptide CCR5 

antagonist, D-Ala1-peptide T-amide (DAPTA). 64Cu-radiolabeled DAPTA peptide (64Cu-

DOTA-DAPTA) and DAPTA-conjugated polymeric nanoparticles (64Cu-DOTA-DAPTA-

comb) were tested in a femoral artery wire injury model in apoE−/− mice. Although both 

tracers demonstrated higher uptakes in injured lesions than in sham-operated arteries, the 

nanoparticle-based radiotracer showed higher accumulation.40 Recently, CCR5-specific 
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binding of 111In-DOTA-DAPTA was tested by an in vitro cell binding assay and ex vivo 

autoradiography studies in apoE−/− mice showing its potential as a SPECT radiotracer.41

d. Broad spectrum chemokine receptor targeting ligand: Viral macrophage inflammatory 

protein II (vMIP-II) is a chemokine receptor antagonist which shows high affinity to 

multiple chemokine receptors, including CCR1, CCR2, CCR3, CCR5, CCR8, CCR10, 

CXCR4, CX3CR1, and XCR1.42, 43 Using this protein, multiple chemokine receptor 

targeting probes were developed which might enable a more comprehensive assessment of 

chemokine receptors involved in atherosclerosis. PET imaging of 64Cu-DOTA-vMIP-II in a 

wire-injury apoE−/− mouse model and in vivo competitive receptor blocking studies 

demonstrated at least 8 chemokine receptors contribute to the uptake, including CCR1, 

CCR2, CCR3, CCR4, CCR5, CCR8, CXCR4, and CX3CR1.44 A polymeric nanoparticle-

based approach was evaluated, showing higher accumulation of 64Cu-vMIP-II-Comb at the 

injury site due to the longer in vivo availability of nanoparticle-based radiotracer and the 

multivalent interactions between the targeted nanoparticles and their receptors.45 However, 

more studies are required to understand contribution of each chemokine receptor to the PET 

signal for better interpretation of imaging results.

Somatostatin receptor subtype-2 (SST2 or SSTR-2)—SSTR2 is upregulated as 

monocytes differentiate into activated macrophages. Reverse transcription polymerase chain 

reaction (RT-PCR) and RNA sequencing data showed SSTR2 is highly expressed in 

proinflammatory M1 macrophages compared to other blood-derived cells including 

monocytes, macrophages (M0 and M2), neutrophils, natural killer cells, B cells, T cells, 

platelets, and endothelial cells.13, 46 Notably, the low SSTR2 expression on unstimulated M0 

macrophages and M2 macrophages could make SSTR2 an ideal biomarker to image 

inflammation.

Radiolabeled somatostatin analogues were developed for imaging and radionuclide therapy 

of neuroendocrine tumors having overexpressed SSTR. Preclinical studies have 

demonstrated SSTR2-specific binding of 68Ga-DOTATATE and 68Ga-DOTANOC to 

macrophages within the atherosclerotic plaques in the mouse aorta.47, 48 Retrospective 

clinical studies have shown that PET imaging of oncology patients with radiopeptides, 

including 68Ga-DOTATATE and 64Cu-DOTATATE, demonstrated increased uptakes in both 

coronary arteries49, 50 and large arteries,51 and correlated radiotracer uptake with 

cardiovascular risk factors. One study claimed 64Cu-DOTATATE showed higher uptake in 

large arteries and better correlation with risk factors than 68Ga-DOTATOC.52 Another 

clinical study reported 68Ga-DOTATOC PET/CT showed higher uptake in the infarcted or 

inflamed lesions of myocardium in patients of peri-/myocarditis or sub-acute myocardial 

infarction. Additional studies will be needed to compare these radioligand derivatives and 

select the appropriate radionuclides and targeting peptides for further imaging. One 

interesting finding was that 68Ga-DOTATATE and 18F-FDG uptakes were not colocalized in 

many cases, which suggests these two tracers bind to different cell populations.51

More systemic clinical studies were conducted in the patients with CVD. 64Cu-DOTATATE 

PET/MRI images in patients with stroke or transient ischemic attack were performed before 

carotid endarterectomy showing higher uptake in plaques.53 Subsequent 
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immunohistochemical analysis of collected plaque specimens showed overexpression of 

CD68 (marker of M1 macrophage) and CD163 (marker of M2 macrophage). Surprisingly, in 

the same study, gene expression analysis by RT-PCR and multivariate analysis found that 

SUV was the only correlation with CD163 expression, which was contrary to other reports. 

Further confirmation studies are required to support this claim. More comprehensive clinical 

study was performed with 68Ga-DOTATATE PET/CT in CVD patients (Figure 2).13 The 

mean of maximum tissue-to-blood ratios (mTBRmax) of 68Ga-DOTATATE measured from 

clinical images were well correlated with SSTR2 and CD68 gene expression as well as with 

autoradiography and immunohistochemistry studies of explanted carotid samples, which 

suggests SSTR2 overexpressed M1 macrophage-driven uptake within the plaques. They also 

showed both 68Ga-DOTATATE and 18F-FDG are capable of differentiating culprit vs. 

nonculprit carotid arteries and high- vs. low-risk coronary arteries. However, due to much 

lower background myocardial uptake of 68Ga-DOTATATE than that of 18F-FDG, 68Ga-

DOTATATE can be a better option for imaging atherosclerotic complications involving 

coronary vessels.

One interesting retrospective study was reported on the potential of radionuclide therapy 

with the beta-emitter 177Lu-DOTATATE (LUTATHERA®), an FDA approved treatment of 

gastroenteropancreatic neuroendocrine tumors.54 An analysis of oncology patients who 

received radionuclide therapy revealed that 177Lu-DOTATATE treatment reduced 68Ga-

DOTATATE accumulation in plaques, suggesting radionuclide therapy affected the 

inflammatory states within the plaque. Although no histological confirmation was provided, 

further studies are warranted to explore radionuclide therapy as a theranostic treatment 

option for atherosclerosis.

Mitochondrial membrane translocator protein (TSPO)—TSPO is also known as 

peripheral benzodiazepine receptor (PBR). Although TSPO’s function is not fully 

understood, its upregulation in inflammatory lesions is well documented, especially in 

association with neuroinflammation55 and the cardiovascular system.56 A light sheet 

fluorescence microscopy study of apoE−/− mouse descending aortas demonstrated 

colocalization of TSPO signal with CD11b+ monocyte-derived infiltrating macrophages but 

not with F4/80+ tissue resident macrophages, indicating TSPO’s potential to selectively 

detect subpopulations of macrophages in atherosclerotic lesions.57 Due to the 

overexpression of TSPO in activated microglia, several radiotracers have already been 

developed for imaging neuroinflammatory diseases.58 Since a TSPO antagonist, PK11195 

has been radiolabeled and the most widely used radiotracer for imaging neuroinflammation, 

it was the first tested for atherosclerosis imaging. In vitro autoradiography, 

immunohistochemistry studies, and confocal fluorescence microscopy showed 

colocalization of radiolabeled PK11195 signals and macrophage staining in human carotid 

endarterectomy specimens, demonstrating the feasibility of PK11195 for imaging 

atherosclerosis.59, 60 PET/CT imaging of 11C-PK11195 in carotid stenosis patients showed 

its potential to detect inflammatory macrophages in an atherosclerotic plaque.61 In addition, 

several next generation TSPO-targeted radioligands have been developed to improve the 

specificity and signal-to-noise ratio for imaging neuroinflammation, which can then be 

carried over to imaging cardiovascular inflammation.58, 62 Outside of radiolabeled PK11195, 
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18F-FEDAA1106,63 18F-FEMPA,64 and 18F-GE18065 have been tested but showed mixed 

results. For example, ex vivo autoradiography of 18F-FEMPA in the mouse aorta showed 

uptake colocalized with macrophage and TSPO expression by IHC. However, its uptake in 

the aorta measured by PET/CT was comparable to that in normal vessel wall. Since these 

tracers were originally developed for neuroimaging, they can pass the blood-brain barrier, 

offering a unique opportunity for whole body imaging that can monitor the inflammatory 

responses within both the cardiovascular systems and the brain. The influence of systemic 

inflammation triggered by myocardial infarction on a brain was investigated in addition to 

monitoring cardiac inflammation by single whole body PET imaging of 18F-GE180.65 As 

shown in the same study, TSPO imaging might also detect mitochondrial dysfunction that is 

not directly related to the inflammation. An inherent limitation of TSPO-targeted 

radiotracers is difficulty in heart imaging due to a high cardiac mitochondrial content 

contributing high background uptakes.

Mannose receptor or macrophage mannose receptor (MMR)—In high risk 

atherosclerotic lesions with neovasculization and hemorrhage, upregulation of MMR on 

alternatively activated (M2) macrophages has been reported.66 A few MMR-targeted 

radiopharmaceuticals have been studied for cardiovascular imaging. 18F-radiolabeled 

mannose (18F-FDM) was clearly the first choice. Although higher 18F-FDM uptake into 

macrophages was observed compared to 18F-FDG in vitro, in vivo and ex vivo studies 

showed both 18F-FDM and 18F-FDG having similar uptakes in atherosclerotic rabbits.67 

Since mannose is also known to be taken up by macrophages through GLUTs as an epimer 

of glucose, 18F-FDM uptake has to be a sum of uptake via GLUTs and MMR, which might 

report additional information compared to 18F-FDG. However, it means they also shares 

limitations of 18F-FDG PET imaging. In order to improve specificity to MMR, mannose was 

conjugated to serum albumin, which prevents uptake through GLUTs as a result of its bigger 

size.68 The resulting 68Ga-NOTA-neomannosylated human serum albumin (68Ga-NOTA-

MSA) showed higher SUVs in abdominal aortas of atherosclerotic rabbits than that of 18F-

FDG, which might suggest an involvement of phagocytic activity due to the nanometer size 

of MSA. Radiolabeling MSA with longer-lived radionuclides will enable biodistribution at 

later time points to collect the pharmacokinetic information to broaden its potential 

application. Recently, a 68Ga-labeled MMR single-domain antibody, or nanobody, was 

examined in atherosclerotic mouse and rabbit models and exhibited higher accumulation in 

aortas compared to healthy control groups.69 Interestingly, in the same study, uptakes of 
68Ga-MMR, 18F-FDG, and 18F-NaF were not colocalized, demonstrating the involvement of 

different inflammatory cell populations and/or uptake mechanisms. While more rigorous 

studies are required to verify underlying uptake mechanisms, the study pointed out the 

potentially complementary role of each tracer. The FDA approved 99mTc-tilmanocept, used 

clinically for imaging lymph nodes, is a mannose- and DTPA chelator-conjugated dextran 

that can be radiolabeled with various other radiometals. 111In-tilmanocept SPECT/CT was 

assessed in apoE−/− mice and demonstrated MMR-specific accumulation in aortic plaques.70 

Radiolabeling mannose-conjugated dextrans with PET radionuclides will be required to 

improve imaging quality. However, a major limitation of MMR-related preclinical studies is 

the lack of an adequate animal model that overexpress MMR, making it difficult to do 

comparative studies with other radioligands.
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Macrophage proliferation - Choline transporters—Active and proliferating cells, 

including tumor cells and activated macrophages, have high cellular membrane turnover 

rates. Thus, monitoring cell membrane biosynthesis is an interesting option for tracking 

inflammation. Choline is a precursor for phosphatidylcholine, a major component of cellular 

membranes. Radiolabeled choline can be internalized by inflammatory cells and 

metabolized to become a part of the cell membrane. Ex vivo autoradiography and IHC 

studies demonstrated higher accumulation and macrophage co-localization of 18F-

fluorocholine (18F-FCH or 18F-choline)71 and 11C-choline72 within the aortic plaques of an 

atherosclerotic mouse model. Clinically, cholines have been used for cancer imaging. 

Retrospective studies have been conducted to examine the feasibility of using radiolabeled 

cholines to image vessel walls with PET/CT. Researchers looked at the relationship between 

arterial choline uptake in a mouse diabetes model and saw that 18F-FMCH accumulation 

was higher in diabetic hypercholesterolemic mice than in non-diabetic mice, although their 

macrophage contents were comparable.73 Although a reason for higher 18F-FMCH uptake in 

diabetic mice needs to be verified, this study showed the diagnostic potential for imaging 

choline transportation in patients with type 2 diabetes mellitus, an advantage since 

interpretation of 18F-FDG imaging is complicated due to the elevated blood glucose levels of 

these patients. A recent clinical trial revealed that 18F-FCH PET/CT in stroke patients (n = 

10) showed higher uptake in carotid plaques, which were not correlated with severity of 

carotid stenosis but closely correlated with macrophage contents and patient symptoms 

(Figure 3).74 This study demonstrated the potential of 18F-FCH PET imaging to differentiate 

vulnerable plaques from stable ones.

Another recent study examined choline uptake and its subsequent metabolism in 

inflammatory reactions, finding a correlation between upregulation of the choline 

transporter-like protein-1 (CTL1) on activated macrophages and increased choline uptake.75 

In addition, inhibition of choline uptake or its metabolism reduced inflammasome activation 

and release of cytokines such as IL-1β and IL-18. More importantly, this study showed 

treatment with choline kinase inhibitor in two mouse models of acute inflammation 

ameliorated IL-1β-dependent inflammation. Although their side effects are not evaluated 

yet, choline transporter and choline metabolism will be promising targets upon which to 

develop novel treatment strategies. Therefore, related molecular imaging techniques will be 

of great importance as well.

Macrophage proliferation – Nucleotide salvage pathway—Rapidly proliferating 

cells such as tumor cells show an accelerated cell cycle including faster DNA synthesis. 

Since activated macrophages are known to have similar proliferation rates to tumor cells,76 

the cell cycle is an attractive target for macrophage imaging. DNA replication requires 

nucleotides as building blocks. The accumulation of 18F-radiolabeled thymidine analog 

(18F-FLT) in proliferating cells by the thymidine salvage pathway and subsequent 

phosphorylation has been used for PET imaging of tumors. 18F-FLT PET imaging also 

showed higher uptakes in plaques of atherosclerotic mice, rabbits, and humans without 

significant myocardial uptakes compared to 18F-FDG (Figure 4).77 However, uptakes in 

other proliferating cells including parenchymal cells deteriorate specificity of 18F-FLT since 

endothelial and smooth muscle cells also consist of plaques. In addition, the contribution of 
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de novo thymidine synthesis to proliferation of macrophage subsets needs to be studied and 

considered as its influence on tumor cells is already reported.78 More preclinical and clinical 

studies are required to further assess its feasibility to image cardiovascular inflammation 

reliably.

Phagocytic activity—Nanoparticles are taken up by phagocytes as a part of the host 

defense. There are a variety of phagocytic cells including monocytes, macrophages, 

neutrophils, lymphocytes, dendritic cells, Kupffer cells, and mast cells. Among them, 

macrophages play a major role in the phagocytosis of nanoparticles. This phagocytic activity 

of inflammatory macrophages within atherosclerotic plaques and/or injured myocardium 

makes them an attractive target for molecular imaging. 64Cu-radiolabeled/fluorophore-

tagged dextranated iron oxide nanoparticles (64Cu-TNP, d = 20 nm)79 and 89Zr-radiolabeled/

fluorophore-tagged dextran nanoparticles (89Zr-DNP, d = 13 nm)80 were reported as 

multimodality nanoparticle probes for imaging of inflammatory macrophages in 

atherosclerosis. Following administration of 64Cu-TNP or 89Zr-DNP in the apoE−/− mice, 

flow cytometry analysis of the aortas indicated that the majority of uptake was found in 

monocytes/macrophages (73.9% and 76.7%, respectively). Comparison of SUVs between 
64Cu-TNP and 18F-FDG in the same apoE−/− mouse model showed comparable uptake, 

although SUV and target-to-background ratio of 64Cu-TNP was a little higher. The 89Zr-

DNP radiotracer was able to monitor treatment efficacy following siRNA treatment to 

silence CCR2. In another study, 18F-radiolabeled renal clearable polyglucose nanoparticles 

(18F-Macroflor, d = 5 nm) were developed for PET imaging (Figure 5).81 Due to its rapid 

blood clearance (6.5 min in mice and 22.5 min in rabbits), the authors chose more clinically 

relevant 18F for radiolabeling. Comparison with 18F-FDG showed that 18F-Macroflor had 

comparable SUVs, but minimal myocardial uptake which is a favorable property for 

potential heart imaging applications. However, the major limitation of measuring 18F-

Macroflor uptake purely on phagocytic activity is the same as 18F-FDG, non-specificity, 

since both inflammatory and non-inflammatory macrophages participate in nanoparticles 

uptake.

Nanoparticles have potential to provide interesting opportunities to improve both imaging 

and therapy. As described above, multiple imaging modalities can be incorporated into a 

single nanoparticle scaffold. Additional targeting ligands can be readily added into the same 

platform yielding multiple-targeting probes, leading to improved imaging qualities with 

more comprehensive information in one scan. Interpretation of targeting with ligand-

decorated nanoparticles needs to be done carefully, since targeting ligand specific binding/

uptake of nanoparticles is accompanied with baseline uptake of nanoparticles by phagocytes. 

In addition, extended blood circulation of nanoparticles results in high background signal in 

blood pool organs, which might compromise signal-to-background ratios. Most importantly, 

therapeutic agents can be loaded into or onto nanoparticles enabling theranostic approaches. 

However, short-term and long-term nanotoxicity concerns have to be addressed before 

clinical trials.

Leukocyte (Lymphocyte) Function-associated Antigen-1 (LFA-1)—Adhesion of 

leukocytes to the arterial endothelium and subsequent migration into the intima is the initial 
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event of atherogenesis. Most leukocytes, including monocytes, macrophages, neutrophils, 

lymphocytes, basophils, and eosinophils, express LFA-1 on their cell surface.82 Interactions 

between LFA-1 and Intercellular Adhesion Molecule 1 (ICAM-1) lead to transmigration of 

LFA-1 expressing cells.83 Immunohistochemistry revealed LFA-1-positive cells in 

atherosclerotic lesions of animal models, making LFA-1 an interesting biomarker for 

imaging inflammatory cells in cardiovascular diseases.84

Butylamino-NorBIRT is an LFA-1 antagonist; DOTA-conjugated butylamino-NorBIRT 

(DANBIRT) was developed for SPECT and PET imaging after radiolabeling with various 

radiometals. SPECT/CT imaging demonstrated uptake of 111In-DANBIRT in the aortic arch 

of apoE−/− mice.85, 86 Autoradiography and histological analysis in mouse and human 

specimens demonstrated 111In-DANBIRT uptake was colocalized with both LFA-1 

expressing cells and CD68 positive macrophages, indicating specificity of this radiotracer to 

LFA-1. In addition, these studies showed minimal myocardial uptake of 111In-DANBIRT, an 

advantage over 18F-FDG. With the conjugation of the chelator DOTA in the DANBIRT, this 

precursor can be readily radiolabeled with various PET radionuclides such as 64Cu and 
68Ga, thus expanding its applicability. Considering LFA-1 is expressed on most leukocytes, a 

contribution of each type of inflammatory cell to the PET signal is required to be studied. 

Although a broad spectrum DANBIRT imaging would provide comprehensive inflammatory 

response, a lack of specificity to each cell type might be a limitation.

Other interesting biomarkers

a. Interleukin-2 (IL-2) receptor: IL-2 receptors are upregulated on activated T 

lymphocytes.87 Thus, radiolabeled IL-2 might enable imaging of T cells in atherosclerotic 

plaques. 99mTc-interleukin-2 (99mTc-IL2) scintigraphy was first tested for IL-2 receptor 

imaging in patients having carotid plaques. Results showed not only accumulation of the 

tracer in plaques but also correlation between tracer uptake and IL-2 receptor positive cells 

measured by immunohistochemistry and flow cytometry.88 Patients who received statin 

treatment showed lower 99mTc-IL2 uptake after treatment indicating its potential to monitor 

treatment response. In order to tackle the low resolution issue with 99mTc-IL2, 18F-

radiolabeled IL2 (18F-FB-IL2) was developed.89 PET imaging in activated human T-

lymphocyte-inoculated SCID mice showed good correlation between inoculated cell 

numbers and 18F-FB-IL2 uptake. Further studies are required in atherosclerotic models to 

confirm its feasibility to detect activated T lymphocytes in vivo. Since the number of 

lymphocytes is less than macrophages, more sensitive radiotracer will be necessary to 

effectively detect them.

b. Matrix metalloproteinases (MMPs): Immune cells secrete or express a variety of 

chemicals including cytokines, chemokines, and enzymes, which promote inflammatory 

response. MMPs are a family of proteinases that play multiple roles in the inflammatory 

process.90 They contribute to the atherosclerotic plaque rupture by participating in several 

processes including infiltration of immune cells, migration of smooth muscle cells to the 

fibrous cap, apoptosis, angiogenesis, and most importantly, degradation of the fibrous cap.91 

The major immune cells that release MMPs are macrophages. Thus, imaging MMPs would 

provide information on not a density of macrophages like most probes, but their activity to 
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promote inflammation and plaque rupture. As their names indicate, a metal ion, zinc is 

involved in the enzymatic activity of MMPs. Since all MMPs have similar zinc-binding 

motif that is only accessible in active forms, MMP inhibitors were designed to bind to the 

zinc ion as broad spectrum inhibitors. Some radiolabeled MMP inhibitors, such as 111In-

DTPA-RP782 and 99mTc-(HYNIC-RP805)(tricine)(TPPTS), have been examined for 

molecular imaging of CVD in multiple animal models including atherosclerosis, aneurysm, 

and vascular remodeling, which demonstrated their feasibility to monitor MMP activities.
91–94 As a distinct role of each subtype of MMPs has been revealed, however, the 

development of more selective inhibitors has been in progress to minimize side effects of 

treatment with broad spectrum inhibitors.95, 96 Thus, there have been ongoing efforts to 

radiolabel next generation MMP inhibitors against MMP-2/9,97 MMP-12,98, 99 and 

MMP-13.100 Thorough evaluation of next generation radioligands in multiple animal models 

is necessary.

Conclusions and Perspectives

The importance of inflammation in cardiovascular diseases especially atherosclerosis has 

been well documented. Owing to the longitudinal nature of the inflammatory process and 

the complexity of diseases, many biomarkers have been identified, which has led to the 

development of numerous radiopharmaceuticals for cardiovascular inflammation imaging. 

These radiotracers not only significantly improved our understanding of the expression of 

specific biomarkers along the progression and regression of atherosclerosis, but also helped 

gaining insight about the role of inflammation in the pathogenesis of CVD to design 

treatment strategy.

Of the various imaging platforms, peptides and small molecules-based radiotracers have 

proven to be valuable tools for atherosclerosis detection due to the specificity and sensitivity. 

Although the fast in vivo pharmacokinetics and clearance may limit their applications to 

detect low abundance biomarkers, the low blood pool retention be useful to improve the 

target-to-background contrast ratio compared to other imaging agents with extended blood 

retention such as antibody and nanoparticles.

In contrast to well-established radiopharmaceuticals in oncology, there are still many 

challenges and issues to be addressed for the development of PET and SPECT tracers for 

cardiovascular diseases. It is critical to understand the dynamic roles of leukocytes and other 

pro- and anti-inflammatory mediators within atherosclerotic plaques in order to contain 

cardiovascular diseases. The integration of PET or SPECT imaging with the characterization 

of specific biomarker will improve our understanding of the complex biology of 

cardiovascular diseases. The dynamic variation of biomarkers at different stages of CVD 

may require the utilization of multiple radiotracers to fully characterize the progression and 

rupture potential of atherosclerosis. Particularly, how to interpret the rapid change of 

imaging data relative to the longitudinal transformation of plaque morphology is critical to 

assess the potential of radiotracer as a companion diagnostic for CVD.

Taken together, radionuclide-based molecular agents have been widely used for pre-clinical 

cardiovascular inflammation imaging. Although some radiotracers have been used for 

clinical investigations and showed promise to study human CVD biology, there is a long way 
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to go to propel the development of prognostic imaging agents not only to sensitively and 

specifically detect inflammatory biomarker for clinical translation, but also facilitate the 

advancement of precision cardiovascular medicine.
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Figure 1. Positron emission tomography (PET) of 68Ga-DOTA (1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid)-ECL1i (extracellular loop 1 inverso) in a mouse 
model of closed-chest ischemia-reperfusion injury.
A, Representative 18F-fluorodeoxyglucose (18F-FDG) PET/CT images obtained 5 d after 90 

min of ischemia-reperfusion injury identifying the infarct region in mice that underwent 

ischemia-reperfusion injury (myocardial infarction [MI]) compared with sham controls. 

Transverse, coronal, and maximal-intensity projected (MIP) views are shown, and white 

arrows denote the infarct area. B, Representative 68Ga-DOTA-ECL1i PET/CT images 

showing regional accumulation of 68Ga-DOTA-ECL1i signal in the infarct and border zone 
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4 d after ischemia-reperfusion injury. Transverse, coronal, and MIP views are shown. Yellow 

arrow identifies tracer uptake in hearts that underwent ischemia-reperfusion injury compared 

with sham controls. White arrows denote the infarct area as determined by 18F-FDG 

imaging. C, Quantitative analysis of 68Ga-DOTA-ECL1i accumulation in the hearts of naive, 

sham, MI, and CCR2 (C-C chemokine receptor type 2) KO (knockout) mice that underwent 

ischemia-reperfusion injury at the indicated time points. n=4 to 5 per experimental group. D, 

Regional accumulation of 68Ga- DOTA-ECL1i uptake in the infarct and remote areas of 

sham and MI mice over the indicated time points. E, Biodistribution of 68Ga activity 4 d 

after ischemia-reperfusion injury measured 1 h post-intravenous injection (tail vein) of 68Ga-

DOTA-ECL1i. n=5 per experimental group. F, Trichrome and hematoxylin and eosin (H&E) 

staining show the evolution of fibrosis (trichrome-blue, ×40 magnification) and cell 

infiltration (H&E, ×200 magnification) over time in the closed-chest ischemia-reperfusion 

injury model. Note the dense accumulation of cells within the infarct 4 d after ischemia-

reperfusion injury. Representative images from 6 independent experiments. G, Flow 

cytometry analysis showing accumulation of CCR2+ monocytes (CCR2+MHCIIlow) and 

CCR2+ macrophages (CCR2+MHC-IIhigh) 4 d after ischemia-reperfusion injury and 

persistence of CCR2+ macrophages 7 d after ischemia reperfusion injury compared with 

sham controls. H, Immunostaining showing accumulation of CCR2+ cells (brown) in the 

infarct region peaking at day 4 after ischemia-reperfusion injury. I, Linear regression 

analyses showing the relationship between 68Ga-DOTA-ECL1i heart uptake measured on 

day 4 after ischemia-reperfusion injury and echocardiographic assessment of LV ejection 

fraction and akinetic area measured on day 28 after ischemiareperfusion injury. *P<0.05, 

**P<0.01, ***P<0.005, ****P<0.001. MHC indicates major histocompatibility complex. 

Reprinted with permission from reference 34

Heo et al. Page 20

Q J Nucl Med Mol Imaging. Author manuscript; available in PMC 2021 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Comparison between 68Ga-DOTATATE and 18F-FDG coronary PET inflammation 
imaging.
Images from a 57-year old man with acute coronary syndrome who presented with deep 

anterolateral T-wave inversion (arrow) on electrocardiogram (A) and serum troponin-I 

concentration elevated at 4,650 ng/l (NR: <17 ng/l). Culprit left anterior descending artery 

stenosis (dashed oval) was identified by X-ray angiography (B). After the patient underwent 

percutaneous coronary stenting (C), residual coronary plaque (*inset) with high-risk 

morphology (low attenuation and spotty calcification) is evident on CT angiography (D, E). 
Use of 68Ga-DOTATATE PET (F, H, I) clearly detected intense inflammation in this high-

risk atherosclerotic plaque/distal portion of the stented culprit lesion (arrow) and recently 

infarcted myocardium (*). In contrast, using 18F-FDG PET (G, J), myocardial spillover 

completely obscures the coronary arteries. CT = computed tomography; 18F-FDG = 

fluorine-18-labeled fluorodeoxyglucose; 68Ga-DOTATATE = gallium-68-labeled 

DOTATATE; PET = positron emission tomography. Adapted with permission from reference 
13
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Figure 3. 
Representative 18F-fluorocholine positron emission tomography-computed tomography 

(18F-FCH PET-CT) images and corresponding histology of a symptomatic and contralateral 

asymptomatic carotid plaque of a 67-year-old patient who experienced right-sided stroke 12 

days before PET-CT imaging. A, Diagnostic contrast-enhanced CT shows a significant 

stenosis in the right internal carotid artery because of a soft plaque, whereas no 

atherosclerotic plaque can be seen on the contralateral internal carotid artery. Regions of 

interest (ROI, white outlining) drawn around the outer border of the vessel walls were placed 

along the right carotid stenosis and along the contralateral carotid artery, respectively. B, CT, 

inset on the symptomatic plaque. C, The fused PET-CT image denotes a focal area of high 
18F-FCH uptake in the ROI drawn onto the right symptomatic carotid plaque, whereas there 

is no visible 18F-FCH uptake in the left asymptomatic carotid plaque. The activity recorded 

for both symptomatic and contralateral asymptomatic carotid arteries were corrected for 

venous blood background activity in the jugular veins, resulting in a maximum target-to-

background ratio of 2.46 and 1.18, respectively. Corresponding immunohistochemistry 

sections indicating CD68+ (D), MHC-II+ (E), and HAM56+ (F) cells (all in brown). MHC-

II indicates major histopathology complex class-II; HAM56, human alveolar macrophage 

marker-56. Reprinted with permission from reference 74
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Figure 4. 
18F-FLT and 18F-FDG positron emission tomography–computed tomography (PET-CT) in 

humans with atherosclerosis. A, Sagittal image revealing extensive calcification in the aorta 

and carotid artery (arrows). 18F-FDG (B) and 18F-FLT (C) images demonstrate uptake of the 

PET tracers in the vessel wall of the aortic arch (arrows). Adapted with permission from 

reference 77
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Figure 5. Applications of 18F-Macroflor.
PET imaging of aortic plaques in atherosclerotic mice (A) and rabbits (B). PET imaging of 

mice with acute myocardial infarction at day 6 post MI (C and D). White dotted line on 

PET/MRI outlines myocardium. Yellow dashed line on MRI outlines the infarct identified 

by gadolinium enhancement and wall motion abnormality in cine loops. Adapted with 

permission from reference 81
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