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Abstract

Objectives There is growing evidence that sodium fluoride (["®F]fluoride) PET/CT can detect active arterial calcifications at the

molecular stage. We investigated the relationship between arterial mineralization in the left common carotid artery (LCC)

assessed by ['®F]fluoride PET/CT and cardiovascular/thromboembolic risk.

Methods In total, 128 subjects (mean age 48 + 14 years, 51% males) were included. ['®F]fluoride uptake in the LCC was

quantitatively assessed by measuring the blood-pool-corrected maximum standardized uptake value (SUVmax) on each axial

slice. Average SUVmax (aSUVmax) was calculated over all slices and correlated with 10-year risk of cardiovascular events

estimated by the Framingham model, CHA2DS2-VASc score, and level of physical activity (LPA).

Results The aSUVmax was significantly higher in patients with increased risk of cardiovascular (one-way ANOVA, p < 0.01)

and thromboembolic (one-way ANOVA, p < 0.01) events, and it was significantly lower in patients with greater LPA (one-way

ANOVA, p = 0.02). On multivariable linear regression analysis, age ( = 0.07, 95% CI 0.05 — 0.10, p < 0.01), body mass index

(=0.02,95% CI10.01 —0.03, p <0.01), arterial hypertension (=0.15,95% CI1 0.08 — 0.23, p < 0.01), and LPA (=-0.10, 95% CI

—0.19 to —0.02, p=0.02) were independent associations of aSUVmax.

Conclusions Carotid ['®F]fluoride uptake is significantly increased in patients with unfavorable cardiovascular and thromboem-

bolic risk profiles. ['*F]fluoride PET/CT could become a valuable tool to estimate subjects’ risk of future cardiovascular events

although still major trials are needed to further evaluate the associations found in this study and their potential clinical usefulness.

Key Points

« Sodium fluoride (['*F]fluoride) PET/CT imaging identifies patients with early-stage atherosclerosis.

« Carotid ["*F]fluoride uptake is significantly higher in patients with increased risk of cardiovascular and thromboembolic
events and inversely correlated with the level of physical activity.

* Early detection of arterial mineralization at a molecular level could help guide clinical decisions in the context of
cardiovascular risk assessment.
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Abbreviations

["*FIFDG Fluorodeoxyglucose

['®F]fluoride  Sodium fluoride

aSUVmax Averaged maximal standardized uptake value
CAMONA  Cardiovascular Molecular Calcification

Assessed by 18F-NaF PET/CT

CH A 2D S 2 -Congestive heart failure, Hypertension, Age (

VASc > 65 = 1 point, > 75 = 2 points), Diabetes,
previous Stroke/transient ischemic attack (2
points)-vascular disease

CT Computed tomography

CVD Cardiovascular disease

FRS Framingham Risk Score

HTN Hypertension

LCC Left common carotid artery

LPA Level of physical activity

PET Positron emission tomography

ROI Region of interest

SUVmax Maximum standardized uptake value
Introduction

Complications of atherosclerosis are a leading cause of death and
disability in the Western world. Atherosclerotic plaque formation
is influenced by several risk factors such as smoking habits, arte-
rial hypertension (HTN), diabetes, and chronic renal disease, and
it is usually a progressive process, which in many cases remains
asymptomatic until an acute adverse event occurs [1, 2]. Early
detection of the molecular processes underlying atherosclerosis is
of great clinical value in order to prevent adverse outcomes
through the modification of the lifestyle and/or pharmacological
treatment of associated comorbidities [3, 4]. However, in order for
precautionary measures to be taken at earlier stages of cardiovas-
cular disease onset, sensitive and specific imaging methods must
be utilized in order to visualize plaque formation and assess the
integrity of the vasculature, as well as to monitor changes of these
factors over the length of disease progression.

In this setting, there is growing evidence that sodium fluoride
positron emission tomography/computed tomography
(["®Ffluoride PET/CT) has the capacity to detect arterial calcifi-
cations early at a molecular stage [5-8]. ['*F]fluoride is a molec-
ular tracer that has been utilized recently in the detection of ath-
erosclerotic calcifications, coronary and carotid plaques, and as-
sociated localization of the tracer along calcified areas
bring up the question to evaluate if ['*F]fluoride could
be useful in stratifying the risk of cardiovascular events
[9]. In contrast to fluorodeoxyglucose (["*FJFDG), which is a
marker of inflammatory processes, ['*F]fluoride uptake has been
identified as a marker of active microcalcification and thereby a
potential predictor of cardiovascular events related to
microcalcifications, such as myocardial infarction, angina, and
coronary artery disease [10, 11]. Further elucidating the

association between ['*F]fluoride uptake and arterial calcifica-
tions will be of clinical importance to physicians, who may be
able to apply this information to improve cardiovascular risk
assessment of individual patients.

A positive correlation between ['*F]fluoride uptake in the tho-
racic aorta and high-risk cardiovascular profile has previously
been reported, which presents a promising development in deter-
mining the association between ['*F]fluoride uptake and cardio-
vascular detriment [8]. However, no such data is currently avail-
able for the carotid arteries. The aim of this study was to evaluate
the association of cardiovascular and thromboembolic risk factors
to ['®F]fluoride PET/CT uptake in the left common carotid artery
(LCC). In doing so, we intended to examine the utility of this
imaging modality in identifying molecular calcifications in the
LCC, as well as to determine if these ['*F]fluoride uptake values
are consistent with cardiovascular and thromboembolic risk pro-
file assessments.

Methods
Study population

The study population included 128 out of 139 subjects from
the Cardiovascular Molecular Calcification Assessed by 18F-
NaF PET/CT (CAMONA) study in whom PET/CT images
had an adequate quality to allow LCC segmentation. The
study has been approved by the Danish National Committee
on Health Research Ethics, and is registered at Clinical Trials.
gov (NCT01724749) in accordance with the principles of the
Declaration of Helsinki. All subjects gave written informed
consent prior to the study.

Patient evaluation

All subjects underwent a physical examination to exclude signs of
overt atherosclerotic disease. Office blood pressure measurement
was also performed, and blood samples were obtained to evaluate
white blood cell (WBC) count, lipid profile, fasting plasma glu-
cose, glycated hemoglobin (HbAlc), C-reactive protein (CRP),
homocysteine, fibrinogen, and creatinine levels. Renal function
was estimated from the glomerular filtration rate using the
Chronic Kidney Disease Epidemiology Collaboration equation
as previously reported [12]. All patients completed a question-
naire to assess smoking status, alcohol consumption, and physical
activity level (LPA), which was estimated using a list of everyday
activities as previously described (Table 1) [13]. Additionally,
body mass index (BMI) was assessed in all subjects. The 10-
year risk of major adverse cardiovascular events was estimated
in each subject using the Framingham Risk Score (FRS), and the
risk of thromboembolic events was estimated by the CHA2DS2-
VASc (Congestive heart failure, Hypertension, Age ( > 65 = 1
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Table 1 The level of physical

activity (LPA) scale based upon Lifestyle Example LPA
lifestyle
Sedentary Office worker getting little or no exercise 1
Moderately active Construction worker or person running 1 h daily 2
Vigorously active Agricultural worker (non-mechanized) or person swimming 2 h daily 3
Extremely active Competitive athlete 4

point, > 75 = 2 points), Diabetes, previous Stroke/transient ische-
mic attack (2 points)-vascular disease) score [14, 15].

Cardiac PET/CT acquisition protocol

['®F]fluoride PET/CT imaging was performed according
to previously described methods by the CAMONA
study group [3, 8]. Briefly, hybrid PET/CT scanners (GE
Discovery STE, VCT, RX, and 690/710 systems) were used
and the scanners were assigned randomly to every subject by
the scheduling department of the hospital. ["®F]fluoride PET/CT
was performed 90 min after the intravenous injection of 2.2 MBq
of ["*F]fluoride per kilogram of body weight. PET images were
corrected for attenuation, scatter, random coincidences, and scan-
ner dead time. OSEM was used as the reconstruction method for
the PET images. Low-dose CT imaging (140kV, 30-110 mA,
noise index 25, 0.8 s per rotation, slice thickness 3.75 mm) was
performed for attenuation correction and anatomical orientation.
The effective radiation dose received from the entire imaging
protocol was approximately 6.7 mSv.

Carotid PET/CT data analysis

Quantitative analysis was performed on fused PET/CT images
using OsiriX 7.5.1 software (Pixmeo SARL) by measuring

Fig. 1 Sample of quantitative assessment conducted by drawing regions
of interest (ROI) around the left common carotid artery (LCC). For the
drawn ROI, SUVmean = 0.671, SUVmin = 0.398 and SUVmax = 0.870
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average SUVmax (aSUVmax) as follows. A region of interest
(ROI) was manually drawn on the fused axial image around
the LCC, passing through the whole structure with a slice
thickness of 3.75 mm. The SUVmax measurements were per-
formed on CT attenuation corrected PET images. The uncor-
rected SUVmax of each slice was recorded, summed, and
divided by the total number of slices to yield the aSUVmax
(Fig. 1). Images were analyzed by two experienced physicians
(S.C., O.A.), who were blinded to the patients’ clinical data
(inter-user correlation coefficient 0.9; p < 0.001). Blood-pool
correction was done by measuring the activity in the inferior
vena cava only, as it was done by prior CAMONA authors
because this location was least subject to spillover activity
from adjacent ['®F]fluoride-avid anatomical locations.

Statistical analysis

Continuous variables were expressed as mean =+ SD if normally
distributed, or as median (25th — 75th percentile) if not normally
distributed. All continuous variables were tested for normality
using the 1-sample Kolmogorov-Smirnov test. Categorical data
were expressed as counts and percentages. Continuous variables
were compared using an independent sample one-way ANOVA
test. Categorical variables were compared using the chi-square
test or Fisher’s exact test when appropriate. Multivariable linear
regression analysis was used to test the association between LCC
["®F]fluoride uptake and baseline covariates. All variables show-
ing a statistically significant association at univariate analysis were
initially entered into the multivariable model; then, a model re-
duction was performed by stepwise backward elimination of var-
iables with a p value > 0.05. The aim of selection was to reduce
the set of predictor variables to those that are necessary and ac-
count for nearly as much of the variance as is accounted for by the
total set and to avoid mass significance. In order to avoid
overfitting, all potential confounders were initially entered into
the multivariable model on the basis of known clinical relevance,
and then a model reduction was performed by excluding variables
with a p value > 0.20 based on the log-likelihood test. Analysis of
variance inflation factor was used to examine the presence of
multicollinearity of the covariates. Independence of observations
assumption was assessed using the Durbin-Watson statistic.
Values of variance inflation factor exceeding 3.5 were regarded
as indicators of multicollinearity. The normal distribution of re-
siduals assumption was assessed using a normal probability plot.
Two-tailed tests were considered statistically significant at the
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Table 2 Baseline characteristics

of the 128 patients included in the Demographics

study Age, years 48 + 14
Male gender, n (%) 65 (51)
Body mass index, kg/m’ 27.0+4.5
Comorbidities
Active smoking, n (%) 13 (10)
Family history of coronary artery disease, n (%) 34 (27)
Arterial hypertension, n (%) 28 (22)
Hypercholesterolemia, 1 (%) 20 (16)
Diabetes mellitus type II, n (%) 2()
Coronary artery disease, n (%) 3(2)
Peripheral artery disease, n (%) 6(5)
Chronic kidney disease, 1 (%) 11(9)
History of previous stroke/transient ischemic attack, n (%) 22
Laboratory tests
Total cholesterol, mmol/L 51+09
HDL cholesterol, mmol/L 14+04
LDL cholesterol, mmol/L 32+08
Triglycerides, mmol/L 1.1£0.7
HbA1¢, mmol/mol 349+49
C-reactive protein, mg/L 24+33
White blood cell count, 10° cells/L 6.1+19
Fibrinogen, umol/L 10.7+9.2
Creatinine, pmol/L 80.1 £16.9
Estimated glomerular filtration rate, mL/min/1.73 m? 81.1+144
Medications
Aspirin, n (%) 119)
Beta blockers, n (%) 12 9)
Angiotensin-converting enzyme blockers/angiotensin receptor blockers, n (%) 14 (12)
Lipid-lowering medication, 7 (%) 18 (14)
Risk profile
10-year Framingham risk, % (25-75th percentile) 6 (2-12)
CHA,DS,-VASc score (25-75th percentile) 1(0-1)
Level of physical activity (25—75th percentile) 2 (1-3)

0.05 level. All the analyses were performed using IBM SPSS
version 23.0 software (SPSS Inc.).

Results
Clinical characteristics of the study population

The baseline characteristics of the study population are sum-
marized in Table 2. One hundred twenty-eight subjects were
included in the analysis (mean age 48 + 14 years; 65 (51%)
males). Overall, 13 (10%) patients were active smokers, 28
(22%) had arterial HTN, and 20 (16%) had hyperlipid-
emia while only 2 (2%) patients had type II diabetes
mellitus. A sedentary lifestyle (LPA: 1) was reported

by 28 (20%) subjects while 36 (25%) subjects reported
a vigorously or extremely active lifestyle (LPA: 3-4).
The mean BMI was 27 £+ 4.5 with 55 (39%) being
overweight (BMI 25-29.9) and 27 (19%) obese (BMI
>30). The median 10-year FRS was 6% (2-12%), while
the median CHA2DS2-VASc score was 1 (0-1).

Association between cardiovascular risk factors and
arterial molecular calcification

A multiple regression analysis was carried out to inves-
tigate whether baseline covariates could be significantly
associated with LCC ['®F]fluoride uptake (Table 3). All
variables showing a statistically significant association
at univariate analysis were initially entered into the

@ Springer



8054

Eur Radiol (2021) 31:8050-8059

Table 3 Regression analysis for
determinants of carotid artery
["®F]fluoride uptake

Predictor

Age

Male gender

Smoking (former or current)
Level of physical activity
Total cholesterol

LDL cholesterol

HDL cholesterol
Triglycerides

HbAlc

CRP

Fibrinogen

WBC count

eGFR

BMI

Arterial hypertension

Univariable Multivariable
3(95% CI) )4 B (95% CI) )4
0.08 (0.05-0.10) <0.01 0.07 (0.05 - 0.10) <0.01
—0.05 (-0.13 to 0.03) 0.20 —0.09 (—0.18 to —0.04) <0.01
0.08 (—0.01 to 0.16) 0.03
—0.18 (—=0.26 to —0.09) <0.01 —0.10 (-0.19 to —0.02) 0.02
0.06 (0.02 — 0.10) <0.01
0.04 (—0.01 to 0.09) 0.07
0.02 (-0.07 to 0.11) 0.73
0.89 (0.03 - 0.15) <0.01
0.02 (0.01 —0.02) <0.01
0.01 (-0.01 to 0.02) 0.36
0.001 (—=0.003 to 0.01) 0.60
0.01 (—0.01 to 0.03) 0.30
—0.004 (—0.01 to —0.002) <0.01
0.02 (0.01 —0.02) <0.01 0.02 (0.01 — 0.03) <0.01
0.22 (0.13 - 0.30) <0.01 0.15 (0.08 — 0.23) <0.01

multivariable model. Then, in order to avoid overfitting,
a model reduction was performed by stepwise backward
elimination of variables with a p value > 0.05 (see
below). A statistically significant regression equation
was found (F (2, 3) = 20, p < 0.01)), which explained
51% of the variance (R2 = 0.51) (Fig. 2). Age (6= 0.07,
95% CI 0.05-0.10, p<0.01), BMI (8 = 0.02, 95% CI
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Fig. 2 Predicted versus observed values of average SUV max. This
scatter plot shows the accuracy of the multivariable model, which
includes age, gender, BMI, history of arterial hypertension, and level of
physical activity, in predicting the values of average SUV max (R2=0.51)
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0.01 — 0.03, p < 0.01), and arterial HTN (3=0.15,95% CI
0.08 — 0.23, p < 0.01) were all significantly associated with
aSUVmax, while LPA (8=-0.10,95% CI1—-0.19t0—0.02, p =
0.02) was significantly and inversely associated with
aSUVmax. The final predictive model was as follows:

Predicted aSUVmax = 0.20 + (0.07*age) + (0.02*BMI)
+ (0.15*HTN)—(0.09 *gender)
—(0.10+LPA),

where HTN is coded as 1 = yes or 0 = no, gender is
coded 1 = male or 0 = female, age is expressed in

2,00 One-way ANOVA p<0.01

1,50 —I—

aSUVmax
P
t?

.50

.00 T T T
Low Intermediate High

10-years Framingham Risk Profile

Fig. 3 Left common carotid artery ['®F] fluoride uptake in relation to
cardiovascular risk profile
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years, BMI in kg/m?, and LPA can vary from 1 to 4 as
mentioned above.

Correlation between cardiovascular/thromboembolic
risk and arterial molecular calcification

Average SUVmax increased according to the 10-year risk of
major adverse cardiovascular events estimated by the FRS
with a mean aSUVmax of 0.95 = 0.19 for subjects at low risk
(<10%), 1.07 + 0.22 for those at intermediate risk (10-20%),
and 1.30 + 0.23 for high-risk (>20%) subjects (one-way
ANOVA, p < 0.01) (Fig. 3). The aSUVmax also increased
according to the annual risk of thromboembolic events esti-
mated by the CHA2DS2-VASc score (Fig. 4). Subjects with
very low risk (CHA2DS2-VASc: 0-1, equal to an annual risk
of thromboembolic events <1.3%) had the lowest aSUVmax
(0.95 £ 0.18), whereas those at high risk (CHA2DS2-VASc
>4, equal to an annual risk > 4%) had the highest aSUVmax
(1.50 £ 0.0.51) (one-way ANOVA, p < 0.01). On the other
hand, a significant decrease in aSUVmax was observed ac-
cording to LPA with a mean aSUVmax of 0.90 £+ 0.33 in
subjects with an extremely active lifestyle, compared to a
mean aSUVmax of 1.17 + 0.34 in sedentary subjects (one-
way ANOVA, p = 0.02) (Fig. 5).

Discussion

The present study demonstrates the association between
cardiovascular/thromboembolic risk and arterial molecular
calcification of the LCC as assessed by ['*F]fluoride PET/
CT. The major findings are as follows: (1) ['*F]fluoride up-
take in the LCC is correlated with established atherosclerotic
risk factors such as age, BMI, smoking habit, arterial HTN,
diabetes, lipid profile, and chronic kidney disease. (2) Age,

2507 One-way ANOVA p<0.01

2.00

1.507

aSUVmax

1.00

507

.00 T T T
0-1 23 =>4

CHA2DS2-VASc

Fig.4 Left common carotid artery ['®F] fluoride uptake in relation to the
thromboembolic risk profile estimated by the CHA2DS2-VASc score
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2.00 One-way ANOVA p=0.02
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Fig. 5 Left common carotid artery ['®F] fluoride uptake in relation to
level of physical activity (1, sedentary; 2, moderately active; 3,
vigorously active; 4, extremely active)

gender, BMI, arterial HTN, and LPA are all independently
associated with LCC ['®F]fluoride uptake, explaining 51%
of its variance. (3) LCC ['®F]fluoride uptake increases accord-
ing to the estimated risk of major adverse cardiovascular
events and the estimated risk of thromboembolic events.
Atherosclerosis-related diseases such as stroke, myo-
cardial infarction, and limb ischemia are major causes
of mortality and permanent disability in the Western
world. Unstable plaques, characterized by a high-
density lipid core with the presence of macrophages,
foam cells, and active chronic inflammation, are vulner-
able to ulceration and rupture [16]. In cases of plaque
rupture, platelets and coagulation factors are exposed to
the thrombogenic core, which allows for thrombus for-
mation. The subsequent healing process, as well as as-
sociated chronic inflammation, leads to progressive
plaque calcification [17]. In this regard, detection of
vascular calcification with imaging may improve cardio-
vascular risk stratification by identifying or characteriz-
ing the high-risk “vulnerable” plaques. Traditionally, CT
imaging has been used to detect arterial calcification
with correlation to cardiovascular morbidity and mortal-
ity [18]. Unfortunately, conventional CT imaging has
limited sensitivity for the detection of early-stage dis-
ease and cannot distinguish between sites of active cal-
cium deposition, which is a potential marker of vulner-
able atherosclerotic plaques, from chronic vascular cal-
cification which is typical of stable disease [19, 20].
['8F]fluoride PET/CT has the potential to overcome
these limitations. The chemisorption with the exchange
of '®F-ion for OH-ion on the surface of hydroxyapatite
crystals, forming fluorapatite, allows ['®F]fluoride PET/
CT to detect vascular calcification at a very early
(molecular) stage and selectively identify sites of active
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calcium deposition with hydroxyapatite formation in the
earliest stages of atherosclerotic plaque calcification [21,
22]. Previous studies have already demonstrated a sig-
nificant positive correlation between ['*F]fluoride uptake
and cardiovascular risk profile at various sites such as
the thoracic aorta; carotid, femoral, and coronary arter-
ies; and aortic valve, with increasing []8F]ﬂu0ride up-
take according to the number of cardiovascular risk fac-
tors [6, 8, 23-25]. Derlin et al have initially reported a
positive correlation between ['*F]fluoride uptake in the
common carotid arteries and prevalence of cardiovascu-
lar risk factors in a population of neurologically asymp-
tomatic patients, who were investigated for oncologic
indications [6]. Carotid ['®F]fluoride uptake has also
been associated with incidence and severity of compli-
cations related to atherosclerosis: Quirce et al have com-
pared ['®F]fluoride uptake within carotid plaques in pa-
tients investigated for recent cerebrovascular accidents
finding a higher ['*F]fluoride uptake in symptomatic
plaques compared to asymptomatic ones [26, 27]. den
Harder et al demonstrated that ['®*F]fluoride activity is
related to CT calcification and CT calcification progres-
sion in the femoral arteries, which may suggest that
PET/CT can detect calcifications that are not visible
using CT alone [28]. Our findings confirm and extend
these results in a population of healthy adults and angi-
na pectoris patients with a relatively low cardiovascular
risk compared to previous findings which typically in-
volved elderly patients with advanced cardiovascular
disease [10].

FRS is a simple common tool for the assessment of 10-risk
of cardiovascular disease events. It is a quick and easy tool
used frequently in the clinical setting, which comprise of six
coronary risk factors including age, gender, total cholesterol,
high-density lipoprotein (HDL) cholesterol, smoking habits,
and systolic blood pressure. We have identified a positive
association between cardiovascular risk factors and carotid
artery molecular calcification with increasing ['*F]fluoride
uptake according to the estimated 10-year risk of major ad-
verse cardiovascular events. We have also found a significant
decrease in ['®F]fluoride uptake with increased LPA.

For the first time, we have described the relationship
between arterial ['®F]fluoride uptake and the risk of
thromboembolic events estimated by the CHA2DS2-
VASc score. This was originally developed to estimate
the risk of ischemic stroke in patients with atrial fibril-
lation (AF) [15]. However, there is growing evidence of
its capability to predict the risk of stroke even in sinus
rhythm patients [25, 27]. In a large study including
12,599 patients with arterial HTN and stable sinus
rhythm, a 2-fold increase in the risk of thromboembolic
events was observed per each point of increase in the
CHA2DS2-VASc score [29]. Lip et al have also tested
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the CHA2DS2-VASc score in a large community cohort
of non-AF subjects (the Chin-Shan Community Cohort
Study), showing a similar value in predicting stroke risk
compared to AF subjects [30]. Among 20,970 patients
without known AF enrolled in the Alberta Provincial
Project for Outcomes Assessment in Coronary Heart
disecase (APPROACH) prospective registry, the
CHA2DS2-VASc scores predicted ischemic stroke/
transient ischemic attack (TIA) events with similar ac-
curacy to that observed in historical populations with
AF, but with lower absolute event rates (absolute annual
incidence of stroke/TIA >1% with CHA2DS2-VASc >
4) [31]. The inclusion, in the CHA2DS2-VASc score, of
variables representing major risk factors for cardiovas-
cular disease has been advocated as potential explana-
tion of its ability to predict atherosclerosis and subse-
quent thromboembolic risk independent to the presence
of AF [32]. In patients with high CHA2DS2-VASc
score, indeed, conditions such as heart failure, older
age, diabetes, and HTN all promote activation of
prothrombotic factors [33, 34]. However, even if biolog-
ically plausible, these hypotheses have never been con-
vincingly proven. Here, we have identified a clear cor-
relation between increasing CHA2DS2-VASc scores and
LCC ['®F]fluoride uptake, which demonstrates the link
between risk factors included in the CHA2DS2-VASc
score and active arterial molecular calcification, thus
offering an explanation for the increased risk of throm-
boembolic events regardless of the presence of AF. Our
observations also find support in pathology studies cor-
relating ['®F]fluoride accumulation to the histological
characterization of vascular calcification in carotid
plaques. A significant correlation between tracer activity
in the carotid plaques and presence of calcification in
the corresponding histological sections has been ob-
served in patients who underwent ['*F]fluoride PET/
CT studies before carotid endarterectomy for symptom-
atic carotid artery stenosis [35]. The currently available
risk stratification tools to tailor primary prevention strat-
egies in cardiovascular diseases are mainly based on
clinical characteristics, and they have repeatedly
overestimated the cardiovascular risk in high-risk sub-
jects or underestimated it among those at lower risk
[36]. ['®F]fluoride PET/CT, which provides both ana-
tomical and functional information on the active athero-
ma burden, could represent an accurate and reproducible
method to identify high-risk patients, who benefit the
most from aggressive risk factor modification strategies,
such as high-intensity statin therapy.

The main limitation of our study is the lack of data
regarding clinical outcomes; we have correlated
['®F]fluoride uptake with the estimated risk of cardio-
vascular and thromboembolic events but it remains
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unknown if this result translates into a correlation with
long-term incidence of major adverse cardiovascular
events. Moreover, the cross-sectional nature of this
study only allowed us to correlate the static cardiovas-
cular risk profile of subjects with ['*F]fluoride uptake.
It lacked longitudinal data which may have assessed
variations in LCC ['®F]fluoride uptake within the same
subjects in relation to risk factor modification that may
clarify the correlation between ['*F]fluoride uptake and
vascular biology. Traditionally, the radiation dose ad-
ministered to the patients using this imaging modality
is not considered insignificant. However, recent consid-
eration contradicts this standpoint by referring to the
fact that the current guidelines on the dangers of low-
dose radiation are outdated and based on a never-proven
hypothesis, a view that is shared by the International
Organization for Medical Physics and the American
Association of Physicists in Medicine, both of which
believe that the negative effects of radiation doses of
this magnitude are negligible [37]. We can also predict
one of the future limitations that could arise in the use
of ['®F]fluoride PET/CT is cost-effectiveness of using
such an advanced procedure as a screening tool in
CVD. Most of the current literature is based on differ-
ent clinical entities [38]. We believe it is still too early
in our hypothesis to provide cost-effective data analysis.

From a technical point of view, a significant limiting factor
to our technique was the spatial resolution of PET. The quan-
titative approach we used did not consider partial volume
effect which may have influenced the study results. The
LCC wall is smaller than spatial resolution of PET; however,
this anatomic location is relatively spared by cardiac and re-
spiratory cycle motion, which reduces the potential partial
volume effects. Moreover, ['*F]fluoride uptake was deter-
mined by global assessment which partly overcomes the par-
tial volume effect and is not affected by difficulties in localiz-
ing focal lesions, which provides a more reliable picture of the
atherosclerotic burden on the arterial wall, especially in low-
risk patients, who comprised the majority of our study
population.

In conclusion, our findings indicate that ['*F]fluoride
uptake in LCC is strongly correlated with the estimated
risk of cardiovascular and thromboembolic events,
confirming the potential for ['*F]fluoride PET/CT to pro-
vide functional information related to plaque biology by
detecting sites of active arterial molecular calcification. It
is hoped that NaF-PET/CT alone or as an adjunct to the
above-mentioned clinical risk scores could significantly
increase the ability to predict risk of development of
CVD on an individual basis. The strong association with
CVD risk scores points to ['*F]fluoride PET/CT as a
promising tool for identifying and monitoring therapeutic
efficacy in subjects at high risk of cardiovascular events,

who may have an opportunity to follow aggressive car-
diovascular risk modification strategies and/or are offered
anti-atherosclerotic medication. However, it is still too
early to say and these promising results need further elu-
cidation and confirmation in larger prospective cohort
studies of patients at high risk for cardiovascular events.
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