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Abstract: Biomedical imaging technologies offer identification of several anatomic and molecular
features of disease pathogenesis. Molecular imaging techniques to assess cellular processes in vivo
have been useful in advancing our understanding of several vascular inflammatory diseases. For
the non-invasive molecular imaging of vascular inflammation, nuclear medicine constitutes one
of the best imaging modalities, thanks to its high sensitivity for the detection of probes in tissues.
2-[18 F]fluoro-2-deoxy-D-glucose ([18 F]FDG) is currently the most widely used radiopharmaceutical
for molecular imaging of vascular inflammatory diseases such as atherosclerosis and large-vessel
vasculitis. The combination of [18 F]FDG and positron emission tomography (PET) imaging has
become a powerful tool to identify and monitor non-invasively inflammatory activities over time
but suffers from several limitations including a lack of specificity and avid background in different
localizations. The use of novel radiotracers may help to better understand the underlying pathophysiological processes and overcome some limitations of [18 F]FDG PET for the imaging of vascular
inflammation. This review examines how [18 F]FDG PET has given us deeper insight into the role of
inflammation in different vascular pathologies progression and discusses perspectives for alternative
radiopharmaceuticals that could provide a more specific and simple identification of pathologies
where vascular inflammation is implicated. Use of these novel PET tracers could lead to a better
understanding of underlying disease mechanisms and help inform the identification and stratification
of patients for newly emerging immune-modulatory therapies. Future research is needed to realize
the true clinical translational value of PET imaging in vascular inflammatory diseases.
Keywords: nuclear medicine; inflammation; atherosclerosis; large vessel vasculitis; [18F]fluorodeoxyglucose;
[18 F]fluoromethylcholine; [68 Ga]Ga-DOTA-TATE
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1. Introduction
Inflammatory disorders can affect virtually any organ and are a frequent cause of morbidity. The ability to image inflammatory processes in vivo can improve our understanding
of the pathophysiology underlying various diseases including cancer, atherosclerosis, and
neurodegenerative diseases. Intensive preclinical and translational research has been and
has currently led to a deciphering of the involvement of the immune system in disease
pathophysiology, quantify the course of a disease, and monitoring therapeutic interventions
over time. Biomedical imaging enables the in vivo visualization of different morphologic
features mainly using X-ray computed tomography (CT) and magnetic resonance imaging
(MRI). However, these imaging modalities provide only structural information that is
not sufficient to characterize inflammatory processes. Other imaging approaches called
molecular imaging can take this information a step further, showing the activity of specific
markers in vivo and how their location changes over time [1]. Advances in experimental
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and clinical molecular imaging largely contributed to a more comprehensive management of cancer and are likely to improve the understanding of non-oncological biological
processes, including inflammatory diseases. For the in vivo detection, quantification, localization and monitoring of biological processes implicated in inflammatory disorders,
nuclear imaging technologies appears as the most effective approach thanks to their high
sensitivity to detect radiopharmaceutical probes in tissues [2]. Inflammation involves
different potential targets related to its subprocesses such as: the surface expression of
endothelial adhesion molecules [3–5], the platelet adhesion and the activation of leukocytes
resulting in leukocyte transmigration into tissues [6–8]. These targets may represent a
wide range of biomarkers that could be detected non-invasively using molecular imaging
especially nuclear imaging that represent the most developed modality in the clinics able
to image processes occurring at the molecular level [9].
It especially plays a major role in the outcomes of atherosclerosis that is both the
most frequent cause of myocardial infarction (MI) and ischemic stroke (IS). Atherosclerosis is characterized by the accumulation of lipids, inflammatory cells and connective
tissue within the arterial wall forming plaques that can become life-threatening when
they rupture. It is now well-established that plaque formation is a complex process and
that plaque rupture cannot be anticipated by focusing on morphological changes, but is
mainly the consequence of plaque vulnerability that is closely linked to various biological
processes [10]. Thus, imaging of relevant biomarkers of vulnerable plaques constitutes a
great need in cardiovascular medicine.
Large vessel vasculitis (LVV) is also an important inflammation mediated vascular
disease in which a progressive arterial injury and accelerated coronary atherosclerosis occurs [11]. Biomedical imaging is a key component of the diagnostic and disease-monitoring
pathways for these cardiovascular inflammatory diseases. Echocardiography, CT, MRI,
and nuclear perfusion imaging are first-line examinations corresponding to morphological
and functional imaging. However, molecular imaging—especially positron emission tomography (PET)—can also play a major role in investigating molecular pathophysiological
processes that occur earlier than functional and morphological damages [12].
At the interface between molecular biology and imaging, molecular imaging approaches may also have the potential to improve the identification of patients at high risk
for cardiovascular events thanks to its ability to detect specific biological signatures. Over
the last decade, PET combined with computed tomography (PET/CT) has emerged as
a reliable molecular imaging modality for the characterization of vascular inflammation
thanks to its high sensitivity for the detection of radiopharmaceuticals.
This review aims to provide a focused update on recent radiopharmaceuticals research
related to nuclear imaging of vascular inflammation. An overview of ongoing research
focused on clinical applications will be developed herein:
First, current and emerging nuclear probes for the in vivo molecular imaging of
vascular inflammation.
Second, clinical findings of nuclear medicine to identify and stratify vascular inflammation.
2. Current and Emerging Nuclear Probes for the In Vivo Molecular Imaging of
Vascular Inflammation
In recent decades, embedding anti-atherosclerotic medication into the medical regime
of “vulnerable patients” has reshaped the course of the disease and the concept of vulnerable plaque-related thrombosis, shifting towards plaque erosion initiated acute coronary
syndrome. The development of state-of-the-art imaging techniques, which beyond the
morphological signs of atherosclerosis are also able to detect changes in molecular activity,
is of utmost importance. The inherent properties of nuclear medicine, and especially PET
that can non-invasively image specific molecular targets, could fulfill these criteria.
Nuclear medicine is among the most well-established molecular imaging techniques
available in clinics so far. Among nuclear medicine modalities, PET is widely preferred
for molecular targets detection because of higher spatial resolution, allowing less partial
volume effect, which is particularly relevant in the field of vascular imaging due to the
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small size of the vessel wall. Also, this nuclear imaging modality benefits from validated
methods of quantification. PET requires the use of radiotracers that are molecules bearing
a positron emitting radionuclide, allowing them to be tracked in vivo after injection by
the detection of by-product annihilation gamma rays. While PET is extremely sensitive,
as it allows the detection of probes up to picomolar concentration, it suffers from poor
spatial resolution. Hence, PET scanners are mainly hybrid systems used to co-register
PET images with CT or MRI for accurate anatomical localization. The great advantage
of PET as a molecular imaging technique lies in its ability to target specific pathologic
features or processes of interest. PET is based on the detection of commonly used positron
emitting radionuclides carbon-11, nitrogen-13, oxygen-15 in dedicated PET centers and
most importantly fluorine-18 that is of widespread used in nuclear medicine departments.
In the meantime, radiometals with positron emission properties have emerged in clinical
applications such as copper-64 (64 Cu), gallium-68 (68 Ga) and rubidium-82 [13].
2.1. Small Molecules-Based PET Probes for the In Vivo Molecular Imaging of Vascular Inflammation
Vascular imaging with PET emerged with the concept of atherosclerosis as an inflammatory disease. This was highlighted by the ability of 2-[18 F]fluoro-2-deoxy-D-glucose
([18 F]FDG) PET to detect areas of high glucose metabolism in atherosclerotic plaques, a
hallmark of macrophages accumulation within atherosclerosis, particularly in high-risk
plaques [14]. These findings were confirmed and characterized in numerous studies [9,15].
Nowadays, the two most studied applications of PET for vascular imaging are atherosclerosis and LVV [16]. However, because of avid physiological uptake of [18 F]FDG by cardiac
myocytes, coronary arteries imaging is hampered, despite appropriate protocols, in up
to 50% of patients with this tracer [17,18]. Also, [18 F]FDG raises specificity issues for
vascular PET because signal may also be attributed to cells that are not implicated in the
inflammatory response.
Consequently, alternative molecular targets and associated PET tracers for imaging
vascular inflammation are being actively studied (Figure 1). Moreover, targets related
to processes not directly linked to inflammation such as plaques microcalcifications, hypoxia or apoptosis are investigated. Vascular inflammation involves multiples cells of
the immune system. Immune cells are associated with cytokine and receptors expression,
resulting in a large spectra of potential imaging targets for new PET tracers [19]. For example, [18 F]fluoromethylcholine ([18 F]FMCH) that enters in phospholipids metabolism after
passing through the choline transporter have shown potential to track macrophages accumulation in atherosclerotic plaques [20,21]. The somatostatin receptor SSTR type 2 is overexpressed by proinflammatory M1 macrophages and to a lesser extent by activated T-cells
in atherosclerotic plaques. SSTR can be targeted using the octreotate derivative [68 Ga]GaDOTA-TATE [22–24]. Also, the C-X-C chemokine receptor type 4 (CXCR4) corresponding
to a chemokine receptor overexpressed by leukocytes including macrophages and lymphocytes [25] can be assessed by the [68 Ga]Ga-pentixafor radioligand [26–28]. Other plasma
membrane receptors largely expressed by macrophages have been targeted such as the
C-type lectin CD206 commonly named mannose receptor. Radiopharmaceuticals presenting a large number of mannose moieties such as [68 Ga]Ga-NOTA-neomannosylated human
serum albumin ([68 Ga]Ga-NOTA-MSA) [29] and [99m Tc]Tc-DTPA-mannosyl-dextran also
known as [99m Tc]Tc-Tilmocept [30] have demonstrated their potential to detect macrophagerich atherosclerotic plaques.
Activated macrophages have also been targeted through detection of the 18-kDa
translocator protein (TSPO) expressed on the outer mitochondrial membrane using (R)[11 C]PK11195 ([11 C]PK11195). In a study that analyzed culprit carotid plaques associated
with stroke or transient ischemic attack in patients who underwent PET imaging with the
TSPO radioligand [11 C]PK11195, macrophage-rich plaque where identified by the radiotracer [30]. Such PET radioligand suffers from high interindividual variability in binding
due to a genetic polymorphism in the TSPO gene (rs6971) and alternatives PET probes
with low sensitivity to TSPO polymorphism are under development [31]. The turnover
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Figure 1. Vascular targets and corresponding examples of nuclear probes for the molecular imaging of atherosclerosis.
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lipoprotein that accumulates in vessel wall presents amyloid-like structural properties, and
amyloid species have been recognized in human atherosclerotic plaques. Then, Hellberg
et al. showed that [18 F]Flutemetamol, a PET radiopharmaceutical known to accumulate
in beta amyloid plaques (Aβ), presents a specific focal binding in human atherosclerotic
plaque [40], the underlying mechanism is still unknown but the majority of Aβ deposition
in human atherosclerotic plaques is suspected to be located in macrophages [41].
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Interestingly, indications of the previously cited PET radiopharmaceuticals were initially dedicated to oncologic and neurologic explorations, and their repurposing potential
in vascular imaging were subsequently assessed. The ability to use radiopharmaceuticals
with already approved market authorization can facilitate the selection of interesting PET
probes, as the presence of atherosclerotic plaques can be exhibited during a scan conducted
for non-cardiovascular purposes. However, repurposing strategies may also question
about target specificity given the heterogeneity of cell types implicated from oncological
diseases to cardiovascular diseases. Currently, most of the PET probes used in clinical
trials aiming at detecting vascular inflammation in the context of LVV or atherosclerosis
(Table 1) were primarily dedicated to the field of oncology. However, preclinical studies
interested in other targets to assess atherosclerotic lesions such as P-selectin [42], integrins
and vascular cell adhesion molecule-1 [43,44] expressed on active endothelium and their
corresponding radiolabeled high affinity ligands are under development and constitute a
new vascular centered approach (Figure 1).
Table 1. Registered clinical trials evaluating nuclear probes to image vascular inflammation in large vessel vasculitis and atherosclerosis. [18 F]FDG: 2-[18 F]fluoro-2-deoxy-D-glucose; SSTR2: somatosatin receptor 2; 68 Ga: Gallium-68;
64 Cu: Copper-64; [18 F]FMCH: [18 F]fluoromethylcholine; [68 Ga]Ga-NOTA-MSA: [68 Ga]Ga-NOTA-neomannosylated human serum albumin; anti-MMR-VHH2: nanobody targeting macrophage mannose receptor; [11 C]PBR28: [11 C]N-acetylN-(2-methoxybenzyl)-2-phenoxy-5-pyridinamine); [18 F]RGD-K5: 18 F-fluorination of an arginine-glycine-aspartic acid
derivated peptide targeting integrin αvβ3; FAP: fibroblast activating protein; FAPI: fibroblast activating protein inhibitor;
CCR2: C–C chemokine receptor 2; ECL1i: extracellular loop 1 inverso; Aβ: beta amyloid deposits.
Molecular Target

Nuclear Probes

Information

National Clinical Trial Number

References

NCT03914248
NCT04204876
NCT03765424
NCT03550781
NCT04888221
NCT01588483
NCT00744952
NCT03285945

[11,45–52]

Large vessel vasculitis

GLUT transporters

SSTR2

[18 F]FDG

[68 Ga]Ga-DOTA-TATE
[18 F]fluoroethyltriazole-octreotate

Macrophage metabolism

NCT04071691
Macrophage activity

[68 Ga]Ga-DOTA-TATE
TSPO

[11 C]PK11195

[53]
NCT03812302

Macrophage activity

NCT01878721

[54]

[55–58]

Atherosclerosis

GLUT transporters

[18 F]FDG

Macrophage metabolism

NCT04181996
NCT00633022
NCT01341730
NCT01186666
NCT02162303
NCT03215550
NCT04505865
NCT04350216

Choline transporter

[18 F]FMCH

Macrophage activity

NCT03252990
NCT02640313

[59–61]

SSTR2

[68 Ga]Ga-DOTA-TATE

Macrophage
activity

NCT04043377
NCT04073810
NCT02021188

[22,23,62]

Mannose receptors

[68 Ga]Ga-NOTA-MSA
[99m Tc]Tc-Tilmanocept
[68 Ga]Ga-NOTA-anti-MMR-VHH2

Macrophage activity

NCT01893489
NCT01889693
NCT02542371
NCT04758650

[29,63]

TSPO

[11 C]PBR28
[11 C]PK11195

Macrophage activity

NCT00547976

[64]
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Table 1. Cont.
Molecular Target

Nuclear Probes

Information

National Clinical Trial Number

References

Integrins

[18 F]RGD-K5
[68 Ga]Ga-NOTA-RGD

Neoangiogenesis and
macrophage activity

NCT03364270

[37]

FAP

[68 Ga]Ga-DOTA-FAPI-04

Proinflammatory
macrophages and type I
collagen breakdown in
fibrous caps

NCT05036759

[39]

CCR2

[64 Cu]Cu-DOTA-ECL1i

Pro-inflammatory
macrophages

NCT04537403

[65]

Aβ

[18 F]flutemetamol

Aβ deposition in human
atherosclerotic plaques

NCT03291093

[40]

NPR-C

[64 Cu]Cu-DOTA-CANF-Comb

Endothelial and vascular
smooth muscle
cells activation

NCT02498379
NCT02417688

[66]

-

[64 Cu]Cu-macrin

NCT04843891

[67]

Macrophage phagocytic activity

2.2. Nanoparticles-Based PET Probes for the In Vivo Molecular Imaging of Vascular Inflammation
Alternative nuclear in vivo imaging strategies based on the use of nanotechnologies
to detect and quantify macrophages in ruptured and rupture-prone atherosclerotic plaques
in humans are emerging. Nanoparticles have the great advantage to be easily tunable,
and depending on their properties, they present longer biological half-lives than the small
molecule–based PET radiopharmaceuticals discussed previously and then can be taken up
by macrophages via phagocytosis. Indeed, macrophages are known to be among the first
and primary cell types that process nanoparticles [68]. The main applications tested for
translating macrophage-targeting nanoparticles to the clinics are mainly: cancer, atherosclerosis, myocardial infarction and stroke imaging, as macrophage infiltrates are common in
these diseases [69]. Regarding atherosclerosis, different nanoplatforms were tested to image
intraplaque macrophages but only a few have been evaluated in large animals and humans.
One of the first tested in humans was composed of an iron oxide core solubilized with hydrophilic polymers, such as dextrans, with a mean diameter of 30 nm and called ultrasmall
super paramagnetic particles of iron oxide (USPIOs) allowing to detect contrast by MRI [70].
However, the negative contrast on MRI induced by USPIOs and the other superparamagnetic agents is hard to interpret and displays relatively poor sensitivity and quantitative
capabilities. To circumvent these limitations, the development of nanotracers transition to
nanoparticles derivatized with radioisotopes, especially positron emitter with rather long
half-lives such as copper-64 (t1/2 = 12.7 h) and zirconium-89 (89 Zr) (t1/2 = 78.4 h). Then,
based on the insights gained using USPIOs, 13 nm dextran nanoparticles (DNP) made from
clinically approved components were developed and labeled with desferoxamine to allow
radiolabeling with 89 Zr to detect inflammatory leukocytes in murine atherosclerotic plaque
using PET [71]. These radiolabeled nanoparticles were allowed to target inflammatory
leukocytes, mostly macrophages, and allowed us to verify that 89 Zr has a radioactive decay
matching the in vivo kinetics of the 13-nm DNP. Therefore, the slow radioactive decay of
89 Zr allows for delayed imaging that can be done after the nanoparticle has cleared from
the blood pool, yielding a low-background signal.
In addition to their interesting pharmacokinetic and labeling properties, nanoparticles
have the ability to be conjugated with various vectors, enabling more specific targeting. For instance, Woodard et al. tested a polymeric nanoparticle composed of high
molecular weight polyethylene glycol graft copolymers containing a hydrophobic methyl
methacrylate backbone, named comb. Comb nanoparticles were conjugated with the
C-type atrial natriuretic factor (CANF) that is known to bind the natriuretic peptide clearance receptor that has been demonstrated to be a biomarker for atherosclerosis in both
animal models and human coronary arteries as it is upregulated both in endothelium
and in vascular smooth muscle cells [72]. Also, comb nanoparticles present reactive func-
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tional groups, allowing the attachment of diagnostic positron emitting moieties such as
the 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) chelate. [64 Cu]CuDOTA-CANF-Comb were tested preclinically in apolipoprotein E–deficient (ApoE−/− )
mice atherosclerosis model and showed a remarkable sensitivity to detect atherosclerotic
plaques [66], enabling a transfer to clinical evaluation (Table 1). More recently, Comb
nanoparticles were conjugated with the d-Ala-peptide T-amide (DAPTA-Comb) to target
the chemokine receptor 5 (CCR5) implicated in the initiation and progression of atherosclerosis by mediating the trafficking of inflammatory cells. [64 Cu]Cu-DOTA-DAPTA-Comb
were tested both in an ApoE–/– mouse model and in human carotid endarterectomy specimens. In the ApoE–/– mouse model, results showed sensitive and specific detection of
CCR5 in plaques not only along the progression of atherosclerotic lesions, but also during
plaque regression and the human ex vivo experiment, which confirmed the potential of
CCR5 targeting in human atherosclerosis [73].
Nahrendorf et al. reported the evaluation of a 20-nm spherical biocompatible nanoparticle composed of a macrophage sensor called Macrin to image and quantify macrophages
content using [64 Cu]-Macrin PET in various clinically relevant animal models of pulmonary
and cardiovascular inflammation [67]. Data suggest that [64 Cu]-Macrin PET is capable
to assay tissue macrophages in various conditions including atherosclerosis and is currently tested in a clinical trial (Table 1). This report highlights that the composition of the
nanoparticle itself is critical to achieve the desired targeting properties. Finally, the major
advantages of nanoparticles derived imaging probes are to afford flexible design to control and modify the nanostructure size, morphology, composition, and surface properties
through modular chemistry.
Different processes related to inflammation occurring in atherosclerotic plaques are
represented (presence of inflammatory cells, angiogenesis, apoptosis, hypoxia, microcalcifications and endothelial cells activation). Numerous radiotracers able to track the presence
of inflammatory cells in the vascular wall have been described. [18 F]FDG is metabolically
trapped after entering in the cell using glucose transporters (GLUT). Its uptake correlates
with macrophages activity but suffers from a poor signal to noise ratio due to the concomitant glucose metabolism of non-inflammatory cells. It stimulates the need for more
specific probes that are currently assessed such as: [68 Ga]Ga-DOTA-TATE which accumulates in the cell by endocytosis after binding to the somatostatin receptor type 2 (SSTR
2); [18 F]fluoromethylcholine ([18 F]FMCH) that enters in phospholipids metabolism after
passing through the choline transporter; [11 C]PK11195 that target the 18-kDa translocator
protein (TSPO) expressed on the outer mitochondrial membrane and 68Ga-pentixafor,
which is a high affinity and selective ligand of the C-X-C chemokine receptor type 4
(CXCR4). Macrophages account for the majority of apoptotic cells within atherosclerotic
plaques, and the programmed cell death of intraplaque macrophages, for instance, can
be explored through use of the gamma emitter [99m Tc]Tc-Annexin-V-128. Inflammation
is also a driver for a number of secondary hallmarks of plaque vulnerability. Intraplaque
calcification (microcalcifications), which occurs in the fibrous cap, as it can be detected
using [18 F]fluoride (Na[18 F]F), is initiated by inflammation and also thought to be part of a
positive feedback mechanism. Also, angiogenesis contributes to plaque instability through
intra-plaque haemorrhage and inflammatory cell infiltration, and is characterized by the
overexpression of integrins (e.g., αvβ3 integrin) tracked by different peptides containing
the RGD sequence (e.g., [68 Ga]Ga-NOTA-RGD, [18 F]galacto-RGD). The level of hypoxia
is positively correlated with angiogenesis and increases in expanding plaques; it can be
measured using a positron emitter such as the third-generation 2-nitroimidazole nucleoside
analogue [18 F]flortanidazole ([18 F]HX4). Dysfunction of the endothelium may constitute an
interesting biological pathway to track through the detection of adhesion molecules such as
the vascular cell adhesion molecule-1 (VCAM-1) that can be targeted by a tetrameric linear
peptide (TLP) radiolabeled with 4-[18 F]fluorobenzaldehyde to form [18 F]fluorobenzoyl-TLP
([18 F]4V) or the P-selectin (targeted by [68 Ga]Ga-fucoidan) expressed early at the surface of
activated endothelial cells.
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3. Clinical Findings of Nuclear Medicine to Identify and Stratify Vascular Inflammation
3.1. Atherosclerosis
3.1.1. [18 F]FDG PET/CT Imaging in Atherosclerosis
[18 F]FDG PET/CT imaging is an established imaging in the inflammatory field [74]
and has largely replaced the single photon emission computed tomography (SPECT) with
the Gallium-67 radionuclide method previously used [75]. Thanks to a successful translational research, [18 F]FDG is currently the most widely used probe in nuclear medicine
corresponding to almost 90% of PET activity [76,77].
Preclinical studies demonstrated the interest of this tracer in the cardiovascular
field [78]. First, in the 1990s, autoradiography showed a correlation in mice tumor between
granulation tissue including macrophages from the tumor and [18 F]FDG uptake [79]. Otherwise, GLUT receptors overexpression to allow [18 F]FDG internalization was found in
inflammatory preclinical model [80] similarly to the mechanism described as in cancer
cells [81]. In the 2000s, a higher gamma counting after [18 F]FDG injection assessed with
positron-sensitive-fiberoptic probe was found in an inflammatory atherosclerosis rabbit
model with a very strong correlation between histopathologic findings and radioactivity
corresponding to smooth muscle cells and macrophages [82]. Both are the two main plaque
components and macrophages is well known to be correlated with plaque rupture [83].
Macrophages release metalloprotease, resulting in fibrous cap degradation and release
cytokine such as inter-leukin1 attracting other monocytes with a higher inflammatory state
and higher cardiovascular risk [84]. To summarize, the more macrophages infiltrated, the
thinner the fibrous cap and the higher the risk of plaque rupture. [18 F]FDG uptake is
linked to macrophage density and PET imaging confirmed these results in atherosclerosis
preclinical model [85].
The clinical translation of the previous findings was quickly performed, especially
because it requires an already approved radiopharmaceutical for human use. A first
clinical trial showed the feasibility of [18 F]FDG PET/CT imaging to assess symptomatic
atherosclerosis in carotid plaques [14]. A higher uptake was found in culprit lesion. Thereafter, many clinical studies confirmed the correlation between [18 F]FDG uptake in patients
and macrophage density from carotid endarterectomy specimens [86,87]. Inflammation
is a hallmark of unstable atherosclerotic plaques leading to a higher uptake in culprit
lesions [88]. Furthermore, [18 F]FDG uptake was found to be well correlated to the high-risk
plaques rupture in arteries assessed on CT [89], as well on MRI [90], and was able to predict
cardio-vascular risk [91]. Figure 2 shows incidental findings of atherosclerosis plaques
located in the carotid artery or in the aorta that a nuclear physician can fortuitously detect
in [18 F]FDG PET/CT from patients referred for oncological indications. Prospective studies
showed [18 F]FDG uptake as a predictor of the recurrence of transient ischemia or stroke
in carotid stenosis [92,93]. This is a promising imaging method to improve management
to select patient for endarterectomy surgery or therapy monitoring such as statin with a
good reproducibility [94–98]. Statin therapy produced significant rapid dose-dependent
reductions in [18 F]FDG uptake that may represent changes in atherosclerotic plaque inflammation [99]. Recently, metabolic and enzyme analysis from symptomatic plaques
revealed a strong association with inflammation and higher glycolysis [100] in line with
all previous studies. Consequently, the CANTOS study confirmed the efficacy regarding
the rate of cardiovascular events under anti-interleukin 1b (Canakinumab) in patients
with previous MI [101]. Therefore, inflammation seems unavoidable in atherosclerosis and
[18 F]FDG appeared to be an efficient biomarker to study for diagnostic, monitoring and
stratification for patient management. However, an important limitation of [18 F]FDG is its
relative non-specific uptake for inflammation in plaques. Consequently, there is a need for
more specific tracers allowing for a more specific detection of inflammatory activities in
the vessel wall than [18 F]FDG.
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choline for the synthesis of phosphatidylcholine [102], a major phospholipid acting as a
structural building block of biological membranes and as a second messenger implicated
in cell surface receptors regulation [103]. Choline is taken up by specific transporter then
metabolized by choline kinase to be finally incorporated in a cell’s membrane [104,105].
A fluorinated choline derived PET radiopharmaceutical, named [18 F]FMCH, was first
introduced in prostate cancer and brain imaging [106,107]. [18 F]FMCH uptake reflects
an increased activity of choline kinase or an upregulation of transporter reflecting cell
activity, and in particular macrophage activity in atherosclerosis. Nowadays, we know
that the [18 F]FMCH uptake by intraplaque proliferating macrophages [108] is correlated to
vascular inflammation [20].
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3.1.3. [68 Ga]Ga-DOTA-TATE PET/CT Imaging in Atherosclerosis
Numerous studies and reviews from preclinical to clinical applications have been
published on the use of 68 Ga labeled somatostatin analogues [22,23,110]. Compared to
67 Ga, 68 Ga offers many advantages such as the availability of an on-site generator allowing
in-house labeling, allowing PET imaging, as it is a positron emitter and a shorter image
acquisition duration. Among Gallium-68 labelled conjugate, there is an increasing use
for the somatostatin analogues (SST) targeting G-protein-coupled receptor somatostatin

Molecules 2021, 26, 7111

11 of 19

receptor subtype-2 (SST2R) such as [68 Ga]Ga-DOTA-TATE. [68 Ga]Ga-DOTA-TATE is a selective radiopharmaceutical binding to somatostatin receptors subtype-2 (SSTR-2) that has
been developed in the field of oncology, especially in neuroendocrine tumors with higher
performance compared to other radiopharmaceuticals [111]. SST is a peptide hormone
implicated in the regulation of the endocrine system isolated for the first time from ovine
hypothalamus. It is particularly secreted by endocrine like cells and neurons [112]. SST2R
is expressed by cells producing SST, including some inflammatory cells fostering its use to
detect vascular inflammation, due to its specific uptake in macrophages or monocytes.
Preclinical studies based on autoradiography and PET imaging targeting SST2R
showed an uptake in macrophage from unstable plaques in mice atherosclerosis model
such as ApoE−/− mice [113–115]. Nowadays, we know that SST2R is overexpressed
by activated macrophages [116,117], playing an important role in early atherosclerosis.
Since [68 Ga]Ga-DOTA-TATE binds with high affinity to SSTR2 receptor overexpressed by
macrophages and lymphocytes as well, inflammation findings are well reported as a source
of pitfalls in the neuroendocrine tumor assessment [111]. Otherwise, [68 Ga]Ga-DOTATATE demonstrated promising findings in cardiovascular inflammation. In many studies,
atherosclerosis plaques findings were reported with a higher prevalence in patients with
higher cardiovascular risk [22,118–122]. Some studies have specifically assessed its role in
atherosclerotic plaques from carotid or coronary artery, resulting in a higher signal found
in culprit lesion compared to stable lesion [23,123,124]. Lee et al. again demonstrated the
correlation between vascular uptake and patient’s Framingham risk score [125]. Tarkin
et al. confirmed in a prospective study in patients with acute coronary syndrome, transient
IS, that high target SST2R was directly linked to proinflammatory M1 macrophages in
atherosclerotic plaques using PET imaging and autoradiography. They also showed that
vascular uptake was predictive of cardio-vascular risk with a higher accuracy for [68 Ga]GaDOTA-TOC than for [18 F]FDG. Moreover, a good correlation was found in vascular wall
between the uptake of [18 F]FDG and [68 Ga]Ga-DOTA-TATE. Advantages of [68 Ga]GaDOTA-TATE over [18 F]FDG is the better signal to background ratio in vascular wall and the
absence of spill-over from myocardium uptake especially to assess coronary arteries [23].
DOTA-TATE can also be radiolabeled with Copper-64 characterized by a longer half-life
and shorter positron range but lower positron abundance and longer scanning duration
compared to 68 Ga [126]. Further studies are necessary to better understand the role of SST
derived PET probes in vascular inflammation, and nuclear medicine physician should be
aware of these cardiovascular findings using [68 Ga]Ga-DOTA-TATE.
3.2. Large Vessel Vasculitis
LVV includes two main entities: Takayasu disease and Giant cell arteritis (GCA) [127,128].
Early symptoms of Takayasu disease are non-specific and include constitutional and
musculoskeletal symptoms. At a later stage, vascular complications involving the aorta
and its main branches become manifest. GCA mainly involves large- and medium-sized
arteries, particularly the branches of the proximal aorta, and including the temporal arteries.
GCA may involve smallest vessels as extra cranial branches also. Inflammatory processes
occurring at the vascular level is an important issue addressed in the management of
these patients.
[18 F]FDG PET/CT Imaging in Large Vessel Vasculitis
LVV can also be assessed by [18 F]FDG imaging [129] with very good diagnostic performance [130–133]. Transmural inflammation precedes complications such as obstruction
or aneurysm and dissection. In that way, [18 F]FDG imaging allows us to detect vascular
inflammation even in the absence of morphological evidence [134–137]. As shown in
Figure 4, this is probably the most sensitive method to determine the inflammatory activity
of the disease [138]. Although there is a need to harmonize the interpretation criteria,
currently, visual analysis is advised using grading scale (vascular to liver uptake) [129].
Moreover, its whole-body scan nature may even detect inflammation of a small vessel
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sized that currently the diagnosis is mainly based on visual analysis in LVV patients, and
the use of SUV is not recommended. Furthermore, grading scales could be impacted since
glucocorticoids may increase liver uptake resulting in false negative interpretations [137].
Finally, experimentations in atherosclerosis plaques obtained from endarterectomies or
autopsies showed that [18 F]FDG uptake resulted from various cells types [146]. Indeed,
experimentations showed that [18 F]FDG uptake in activated macrophages resulted mostly
from hypoxic conditions than inflammatory stimulation contrary to vascular smooth muscle cells and activated endothelial cells. The development of more specific radiotracers
dedicated to LVV evaluation is necessary and the need is growing. The ideal radiotracer
would be able to discriminate inflammation from infection and to differentiate acute from
chronic vascular inflammation. For instance, to be more specific, macrophages targeting
could be relevant since they are highly abundant in vascular inflammation. Among its
receptors SSTR2 is overexpressed [23,115], but to the best of our knowledge, evidences in
LVV are, for the moment, scarce.
4. Conclusions
Current approaches to personalized medicine have resulted in advanced imaging
tools for the evaluation of vascular inflammation, especially in the context of atherosclerosis. Nuclear imaging techniques will further enhance our understanding of vascular
inflammation related disease mechanisms. PET imaging allows for the direct visualization
of metabolic processes, including plaque inflammation, bone formation and macrophage
activity, which is already widely studied in humans. Intense development of PET probes is
currently ongoing and will hopefully implement a toolbox of nuclear probes able to explore
new molecular targets.
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