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ABSTRACT

Atherosclerosis is the leading cause of life-threatening morbidity and mortality, as the
rupture of atherosclerotic plaques leads to critical atherothrombotic events such as
myocardial infarction and ischemic stroke, which are the 2 most common causes of

death worldwide. Vascular calcification is a complicated pathological process involved in
atherosclerosis, and microcalcifications are presumed to increase the likelihood of plaque
rupture. Despite many efforts to develop novel non-invasive diagnostic modalities, diagnostic
techniques are still limited, especially before symptomatic presentation. From this point of
view, vulnerable plaques are a direct target of atherosclerosis imaging. Anatomic imaging
modalities have the limitation of only visualizing macroscopic structural changes, which
occurs in later stages of disease, while molecular imaging modalities are able to detect
microscopic processes and microcalcifications, which occur early in the disease process.
Na[*®F]-fluoride positron emission tomography/computed tomography could allow the early
detection of plaque instability, which is deemed to be a primary goal in the prevention of
cardiac or brain ischemic events, by quantifying the microcalcifications within vulnerable
plaques and evaluating the atherosclerotic disease burden.

Keywords: Atherosclerosis; Sodium fluoride; Positron emission tomography; PET-CT

INTRODUCTION

Atherosclerosis is the leading cause of life-threatening morbidity and mortality, as the rupture
of atherosclerotic plaques leads to critical atherothrombotic events such as myocardial
infarction and ischemic stroke, which are the 2 most common causes of death worldwide.?

Vascular calcification is an elaborate pathological process of atherosclerosis that is closely
related to the beginning of atherosclerosis.>® During the process of vascular calcification,
“spotty” (micro)calcifications are a feature of high-risk plaque triggered by cell death and
inflammation. While macrocalcifications are considered to reflect the healing process

of chronic stable plaques, microcalcifications (calcium deposits smaller than 50 pm) are
presumed to be an early marker of atherosclerosis, as they are the eventual components
of macrocalcifications, and are associated with an increased propensity of plaque rupture
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due to increased mechanical wall stress and a greater susceptibility of the plaque to
microfractures.**?

Despite many efforts to develop novel non-invasive diagnostic modalities, diagnostic
techniques for atherosclerosis are still limited prior to ischemic manifestation. From this
perspective, vulnerable plaques are a direct target of atherosclerosis imaging. Although
recently used imaging modalities, including computed tomography (CT) angiography,
magnetic resonance imaging, intravascular ultrasonography (IVUS), and optical coherence
imaging focus on the composition of plaques (e.g., a thin fibrous cap, a lipid-rich necrotic
core, neovascularization, intraplaque hemorrhage, and microcalcification) to identify
vulnerable plaques,* they have the limitation of only visualizing macroscopic structural
changes, which occur late in the course of disease. Unlike anatomic imaging, molecular
imaging modalities can detect microscopic processes that occur early in the disease process.

Currently, the early detection of plaque instability has been deemed to be a primary goal in the
prevention of cardiac or brain ischemic events. In contrast to anatomic imaging modalities,
sodium fluoride (Na[**F]F) positron emission tomography (PET) for evaluating vascular
osteogenesis in atherosclerotic plaques can detect early chemical changes. Employing this
advanced imaging technique, it is possible to quantify the microcalcification within vulnerable
plaques and to evaluate the atherosclerotic disease burden. The present review briefly discusses
the molecular imaging modalities used for atherosclerosis and examines the available literature
on the clinical application of Na[**F]F PET as a diagnostic tool of atherosclerosis.

OVERVIEW OF MOLECULAR IMAGING FOR
ATHEROSCLEROSIS

Atherosclerosis is an immunoinflammatory disease of the arterial wall, wherein a leaky and
defective endothelium results in the infiltration of lipids and inflammatory cells within the
intima. As the fibrous cap protecting the lipid core of a plaque becomes thin and ruptures, it
can cause thrombus formation and lead to critical clinical events.™' Owing to the complex
and dynamic process of atherosclerotic plaques, they develop slowly and silently; hence they
are often detected at a progressed stage." In this regard, the early prevention and treatment
of atherosclerosis are becoming of increasingly greater importance.

Although the aforementioned relatively recently developed techniques provide information
on the composition of plaques, anatomical imaging modalities detect macroscopic structural
changes, rather than microscopic changes, in vulnerable plaques.’®2° To date, advances in
molecular imaging have been adopted for non-invasive, in vivo detection of the biological
signatures of atherosclerotic plaques. Various imaging targets and pertinent modalities for
vulnerable plaque imaging are illustrated in Fig. 1,21 and summarized in the Table 1.2*° In
particular, we focus on Na[**F]F PET/CT in the following section.

NA['®F]F PET IMAGING OF MICROCALCIFICATIONS

1. Mechanism of Na["®F]F uptake in vascular microcalcifications
Initially, Na[*F]F PET was developed as a bone tracer, the activity of which is associated with
high bone metabolism.*** The mechanism of bony Na[**F]F uptake has been well studied.
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Fig. 1. Morphological and biological targets for atherosclerotic plaque imaging. Adopted from reference,”
licensed under CC BY-NC-ND 4.0.

CT, computed tomography; IVUS, intravascular ultrasonography; OCT, optical coherence tomography; FDG,
fluorodeoxyglucose; DOTATATE, DOTA-Tyr3-octreotate; FCH, fluorocholine; FMISO, fluoromisonidazole.

Na[*®F]F diffuses into the bone extracellular fluid space through capillaries, and then fluoride
ions are exchanged with hydroxyl ions of hydroxyapatite crystals on the bone surface to form
fluoroapatite.***** Therefore, the intensity of tracer uptake is mainly based on blood flow
and the surface area of exposed hydroxyapatite.*

Irkle et al.*® found that Na[**F]F binds only to the surface of macrocalcific deposits, and

that Na[*®F]F binding is increased in regions of microcalcifications. Since much of the
hydroxyapatite in macroscopic deposits is internalized, it is not sufficient for Na['**F]F
binding, and Na["®F]F is not capable of penetrating the crystalline mass.*** Creager et al.*
observed that Na[**F]F is taken up in areas of microcalcifications beyond the resolution of

CT (200-500 um in diameter)***° and that higher Na["®F]F uptake was associated with the
surface area of hydroxyapatite in their in vitro microcalcification model.* Since new calcium
deposits undergo this microcalcification stage, successive examinations using Na[**F]F would
document calcifying activity, enabling the detection of new ossification in the vasculature.

2. Early detection of atherosclerotic plaques

A series of studies have investigated the feasibility of Na[**F]F PET/CT to detect
atherosclerotic plaques earlier than is possible using conventional CT. Researchers examined
various segments of the vasculature, including the coronary arteries, aorta, iliac and femoral
arteries, as well as the carotid arteries. In a retrospective study of 75 patients, Derlin et al.*°
found that almost all PET-positive sites (88%) were colocalized with calcifications detected
by CT, but not many sites of calcification showed visible Na[**F]F uptake (12%). Li et al.”*
conducted a similar study in 61 patients and confirmed an association between Na[**F]

F uptake and calcification in the same vascular territories, except for the abdominal aorta.
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Table 1. Molecular imaging targets for atherosclerosis
Molecular probe Target process Results from clinical studies Pitfalls
[®*F]FDG Inflammation: - Symptomatic culprit carotid plaques showed higher ["*F]FDG uptake than - Physiologic [®F]FDG signal in
glucose non-culprit contralateral plaques.®*# the myocardium hampering
metabolism of - Association between ["®F]FDG uptake in carotid plaques and macrophage- the epicardial coronary
inflammatory cells specific antibody staining (CD68) of carotid endarterectomy specimens.* evaluation.
- Association with the presence of recent or remote cardiovascular events.?*?
- Vascular ["*F]FDG uptake in systemic inflammatory disease patients was
higher than in healthy volunteers.***
%Ga or **Cu labeled Inflammation: - Binding showed significant correlation with cardiovascular risk factors.®** - Relatively inaccessible
DOTA-agents SSTRof activated - Non-colocalization of [*F]FDG and [*®Ga]Ga-DOTATATE uptake in large radiotracer
macrophage arteries of atherosclerotic plaques was found.*
- Uptake was higher in culprit coronary and carotid lesions versus non-culprit
arteries and exhibited superiority to differentiate high-risk from low-risk
coronary atherosclerotic plaques over ['®F]FDG PET uptake.*
["*F]FCH Inflammation: - Uptake was not colocalized with CT visible calcification, and furthermore, - Insufficient validation as an
membrane none of the calcified lesions showed any [®*F]FCH uptake.” atherosclerosis imaging
metabolism of - A prospective clinical trial (NCT02640313) is currently underway, to see the
inflammatory cells efficiency of ['®F]JFCH PET/MRI in detecting intraplaque inflammation and
identify vulnerable plaques that are prone to rupture in comparison to the
stable ones.
"C-PK11195 Inflammation: TSPO - Binding was correlated with immunostaining for CD68.%* - Necessity of on-site cyclotron
of macrophages due to short half-life (20 min)
- Uptake was observed in the arterial wall of symptomatic patients, but in - Non-specific binding
none of the asymptomatic controls.*
- Uptake in culprit plaques from carotid endarterectomy tissue was higher - Low signal intensity
compared with plaques from asymptomatic patients.*®
['*F]FMISO Hypoxia - Symptomatic plaques showed higher ["*F]FMISO uptake than contralateral - Higher cost
asymptomatic plaques, and ["*F]FMISO uptake correlated with higher [*F] - Insufficient validation as an
FDG uptake.” atherosclerosis imaging

FDG, fluorodeoxyglucose; DOTA, 1,4,7,10-tetraazacyclododecane-N,N’,N"”,N"-tetraacetic acid-D-Phel; SSTR, somatostatin receptor; FCH, fluorocholine;
DOTATATE, DOTA-Tyr3-octreotate; TSPO, 18-kDa translocator protein; FMISO, fluoromisonidazole.

Fiz et al.>> demonstrated that arterial wall uptake of Na[*®F]F was inversely correlated with
plaque density, suggesting that calcification in the early stage corresponds to the active phase
of plaque formation. Quirce et al.*>* reported that symptomatic carotid plaques with low
calcium content had higher Na[**F]F uptake than those with high levels of calcium deposits.
Moreover, symptomatic carotid plaques exhibited higher Na[*®F]F uptake than asymptomatic
plaques.®>* In another retrospective study in patients with coronary artery disease (CAD),
Na[*®F]F uptake was slightly higher in partially calcified coronary plaques than in non-
calcified and calcified coronary plaques.” These findings suggest that Na['**F]F signals

can reveal the microcalcification process of plaques before they grow large enough to be
distinguishable on CT. In addition, macrocalcifications lacking Na[*®F]F uptake are no longer
going through the active phase of mineralization.

3. Assessment of vulnerable, high-risk plaques

Vulnerable plaques and high-risk plaques are synonyms for describing plaques that are prone
for thrombosis to occur. Detection of vulnerable plaques is worthwhile since doing so enables
the timely trial of preventive measures against thromboembolic events.! In a prospective study
conducted by Joshi et al.*® in 40 patients who underwent Na[**F]F PET/CT after myocardial
infarction, 37 (93%) patients showed higher Na[**F]F activity in the culprit plaque than in
non-culprit plaques of coronary arteries or artery specimens. Furthermore, plaques with

high Na[*®F]F uptake exhibited high-risk morphological characteristics, including positive
remodeling, microcalcification, and necrosis on IVUS.*® In another prospective study in 26
patients who experienced cerebrovascular events (18 patients with culprit carotid stenosis
and 8 control patients without a culprit lesion), the Na[*®F]F binding of the excised culprit
plaque was significantly higher than that of the contralateral asymptomatic plaque. Moreover,
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Na[*®F]F uptake showed a significant correlation with CT-derived high-risk plaque features
and predicted cardiovascular risk (the ASSIGN score—assessing cardiovascular risk using
SIGN guidelines to assign preventive treatment).” However, discordant results were reported
in a prospective study in 20 patients with acute ischemic stroke. Neither Na[**F]F nor [**F]
fluorodeoxyglucose (FDG) uptake showed a significant difference between culprit-positive
and culprit-negative groups (10 patients in each group). This disagreement is thought to have
occurred because both groups consisted of patients with recent stroke and moderate-to-severe
carotid stenosis, of which the calcification burden is considerable.” Lee et al.*® reported that
patients with high-risk plaques assessed by IVUS and optical coherence tomography showed
higher coronary Na[**F]F uptake than those with non-high-risk plaques in their prospective
study of 51 patients with CAD. In 32 patients with CAD, Li et al.* also observed a relationship
between coronary Na[**F]F uptake and high-risk plaque features on IVUS. In another recent
study of ex vivo human coronary arteries, Youn et al.®* demonstrated a correlation between
coronary Na[*®F]F uptake and histologically confirmed microcalcifications. These findings
suggest that Na[*®F]F PET allows the detection of vulnerable or culprit plaques in patients at
increased cardio-cerebrovascular risk (Fig. 2).

4. Relationship with cardiovascular risk factors

In an earlier retrospective study of 119 volunteers with and without aortic valve disease,
individuals with enhanced coronary Na["®F]F uptake were more likely to have prior
cardiovascular events, angina, and a higher Framingham Risk Score (FRS).° Fiz et al.®!
divided 78 patients who underwent Na[**F]F PET for evaluation of skeletal metastasis

into 3 risk categories (high-, medium-, low-risk; HR, MR, LR, respectively) according to a
simplified Framingham model. Na[*F]F activity in the thoracic aorta showed significant
differences between HR and LR, between HR and MR, and between MR and LR. Thoracic
Na[*®F]F uptake was significantly correlated with a higher FRS, particularly in descending
thoracic segments. They also assessed myocardial Na[**F]F deposition, as proposed by
Beheshti et al.,*? and suggested that global cardiac Na[**F]F uptake is an effective index of
risk stratification.® In the prospective study conducted by Blomberg et al.®* (the CAMONA
study), a similar relationship was observed between thoracic aortic Na[®*F]F uptake and a
higher FRS, but not between [**F]FDG uptake and FRS, in 89 volunteers and 50 patients with
angina. In another study in patients of the CAMONA study, the global tracer uptake value
(GTUV) of [®F]FDG and Na[**F]F in the abdominal aorta was calculated and correlated with
patients' age and FRS. The GTUV of Na[**F]F had a significant association with FRS and age,
whereas [®F]FDG-derived GTUV showed no correlation with FRS in either healthy volunteers
or patients with chest pain.*

In a recent study of 40 patients with suspected CAD, it was observed that the total Na[*®F]

F uptake of all lesions in the descending thoracic aorta was significantly correlated with
higher hemoglobin Alc levels, while total lesion calcium deposition was associated with
hypertension.® Since diabetes mellitus is thought to have a close association with vascular
calcification,® it is suggested that Na['®F]F uptake indicates hyperglycemia-induced active
calcification.® Rheumatoid arthritis (RA) is well recognized to be associated with an
increased risk of cardiovascular disease.”” Unlike the pilot study listed in the Table 1,% the
average [®F]FDG uptake score showed no significant difference between 18 RA patients and
18 normal healthy controls in a prospective cross-sectional study. However, the Na[**F]F
score was significantly higher in RA patients than in healthy controls. It was suggested that
abdominal aortic molecular calcification is more likely to be increased in patients with RA
than in healthy controls.®
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Fig. 2. Carotid plaques of a patient with acute stroke on Na[**F]F PET and [®F]FDG PET. A 77-year-old man with
acute stroke in the right centrum semiovale, corona radiata, and superior frontal lobe due to total occlusion of
the right proximal ICA. NaF (A, B) and FDG (C) PET/CT fusion (left), CT (middle), PET (right) axial images. (A) A
low-attenuating culprit plaque showed focal Na[®F]F uptake in the right ICA on fusion PET/CT, CT, and PET images
(red arrowheads). In contrast, left focal calcified asymptomatic carotid plaque did not exhibit Na[**F]F uptake
(green arrowheads). (B) Note that more prominent Na[*®*F]F uptake was shown in the non-calcified portion of the
culprit plaque (blue arrowheads). (C) In both culprit (red arrows) and non-culprit (green arrows) plaques, [*F]
FDG uptake was not significantly increased. Images from our institution.

Na['®F]F, sodium fluoride; PET, positron emission tomography; FDG, fluorodeoxyglucose; ICA, internal carotid
artery; CT, computed tomography.

5. Beyond the aorta, coronary, and carotid arteries

Recently, several efforts have been made to evaluate Na[**F]F uptake in the pericardial fat
and distal arteries, as well as in the coronary arteries, carotid arteries, and aorta. It has

been demonstrated that an increased density of perivascular adipose tissue is associated
with vascular inflammation, which spurs the development and progression of coronary
atherosclerosis.®”' Kwiecinski et al.”? sought to evaluate the relationship of an increased
density of peri-coronary adipose tissue (PCAT) to Na[*®F]F binding in 41 stable patients with
high-risk coronary plaques. Na[**F]F uptake was well correlated with PCAT density, and
PCAT density was higher in the plaques with Na[*®F]F uptake than in those without Na[**F]F
uptake.” In addition, the epicardial adipose tissue (EAT) has also attracted interest regarding
its role in coronary atherosclerosis. Increased EAT volume measured on cardiac CT was
shown to be related to CT-based coronary atherosclerosis.”” In this regard, the association
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Fig. 3. Na["®F]F PET and restenosis in peripheral artery disease. Comparison of F-Na["®F]F uptake according to the restenosis status at 12 months, for both
baseline (A) and post-PTA (B). Kaplan-Meier curves for Na[*®F]F signal at baseline categorized according to TBRmax (C). Log-rank test p<0.001. Modified from
reference,” licensed under CC BY 4.0.

Na[*F]F, sodium fluoride; PET, positron emission tomography; PTA, percutaneous transluminal angioplasty; TBRmax, target-to-background ratio maximum.
*p<0.001.

between coronary arterial Na[*®F]F uptake and EAT volume/density was evaluated. In 40
patients with more than 1 CT-detectable coronary plaque, perilesional EAT density was
correlated with higher Na[®F]F uptake.” These results imply that Na[**F]F PET provides
insights into the association between perivascular fat and atherosclerosis.

Na[*®F]F signals have been assessed in peripheral arteries as well. In an early retrospective
study in 409 cancer patients, linear Na["®F]F accumulation in the femoral artery showed
correlations with age, hypertension, hypercholesterolemia, diabetes, history of smoking,
prior cardiovascular events, and calcified plaque burden.” In a recent prospective study
conducted by Chowdhury et al.,” 40 patients with symptomatic peripheral artery disease
underwent baseline and 6-week follow-up [®¥F]FDG PET/CT and Na[*®F]F PET/CT in the
superficial femoral artery before receiving angioplasty. The baseline uptake of both [*F]FDG
and Na[**F]F was higher in patients who developed restenosis within 12 months (n=14) after
angioplasty, and this increase was shown on 6-week follow-up images as well. Uptake of both
[®F]FDG and Na[*®F]F was strongly predictive of 1-year vessel restenosis (Fig. 3).”

6. Clinical trials

The PREFFIR trial (NCT02278211) is a multi-center observational study aiming to determine
the ability of Na[**F]F PET/CT to detect culprit plaques and predict disease recurrence or
progression in 700 patients diagnosed with recent myocardial infarction and multi-vessel CAD.

Na[*®F]F PET imaging has been used as an imaging endpoint in drug interventional clinical
trials. Under the hypothesis that rosuvastatin improves plaque stability and decreases Na['®F]
F plaque uptake, patients with Na['*®F]F-positive plaques (coronary, aortic, or carotid) will be
recruited and undergo Na[**F]F PET imaging at baseline and after treatment in the phase 4
ROPPET-NAF trial (NCT03233243). Another interventional clinical trial is utilizing baseline
and follow-up Na[*®F]F PET/CT imaging to quantify functional changes in coronary plaque
burden and composition in patients treated with evolocumab in combination with statins
(NCT03689940). In a recently terminated randomized, double-blind, placebo-controlled
trial (NCT02110303), patients with multi-vessel CAD underwent coronary Na[**F]F PET/CT
scanning to assess whether coronary Na[**F]F uptake could be used to identify patients with
stable disease who respond favorably to ticagrelor.”® Another randomized, double-blind,
placebo-controlled trial (NCT02839044) sought to determine the effect of vitamin K on
vascular calcification by using Na[**F]F PET/CT. In 33 patients with type 2 diabetes and known

https://e-jla.org https://doi.org/10.12997/jla.2020.9.3.349 355


http://clinicaltrials.gov/ct2/show/NCT02278211
http://clinicaltrials.gov/ct2/show/NCT03233243
http://clinicaltrials.gov/ct2/show/NCT03689946
http://clinicaltrials.gov/ct2/show/NCT02110303
http://clinicaltrials.gov/ct2/show/NCT02839044

Journal of
Lipid and

Atherosclerosis Imaging with ['*F]-Fluoride PET Atherosclerosis

cardiovascular disease, the study aimed to assess whether menaquinone supplementation
decreased vascular calcification compared to placebo.”

7. Limitations

In spite of the outstanding sensitivity and specificity of Na[*®*F]F for atherosclerotic imaging,
its limitations should be considered. The literature discussed herein is diverse in terms of
the studied segments of the vasculature and methodology (e.g., quantification, analysis,
acquisition protocol, etc.), making direct comparisons practically unfeasible. As arteries
have relatively small volumes, they are susceptible to the partial volume effect. Therefore,
motion artifacts resulting from respiratory/cardiac movements should be considered.
Although blood-adjusted standardized uptake values have been most frequently used, various
quantifying methods were used across studies, and there is no established standardization
yet. Atherosclerosis is a systemic disease, and plaque rupture often occurs apart from the
culprit lesion; hence, an assessment of the overall disease burden may provide more valuable
information than a lesion-based approach in risk stratification.®#! In accordance with this
rationale, the parameters derived by global arterial uptake measurements showed significant
associations with cardiovascular risk factors.®*64688284 The Jack of long-term follow-up studies
with the potential to elucidate the natural course and pathophysiology of microcalcifications
in atheromas is another important consideration.

CONCLUSION

In this review, we discussed the clinical implications of Na[*®F]F PET for atherosclerosis
imaging. ["*F]F PET imaging allows non-invasive visualization of microcalcifications and early
detection of vulnerable, high-risk plaques; therefore, it is expected to be used as an indication
for earlier interventions. In addition, Na[*®F]F PET holds promise as an assessment tool for
accurate risk stratification, which will help to differentiate the patients who are most likely to
benefit from early interventions and improve their outcomes. We have seen that Na[**F]F PET/
CT can be used to evaluate pericardial/perilesional fat tissue or distal arteries, beyond the
coronary/carotid arteries or aorta. Furthermore, investigation of the global disease burden
was suggested as an appropriate methodology for the concept of systemic disease evaluation.
With supplementation of the mentioned limitations and continued validation studies, Na[*®*F]
F PET imaging has the potential to be a surrogate imaging biomarker for atherosclerosis.
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