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Abstract: Background: We used *8F-sodium fluoride (NaF) to assess early atherosclerosis in the global heart in
asymptomatic individuals with a coronary calcium score of zero and without a formal diagnosis of hypertension.
We hypothesized that these individuals might present with subclinical atherosclerosis that correlates with systolic,
diastolic and mean arterial pressure (SBP, DBP, and MAP). Methods: We identified 20 asymptomatic individuals
(41.6 £ 13.8 years, 8 females) from the CAMONA trial with C-reactive protein 23 mg/L, no smoking history, diabe-
tes (fasting blood glucose <126 mg/dl) and dyslipidemia per the Adult Treatment Panel Il Guidelines: untreated
LDL <160 mg/dL, total cholesterol <240 mg/dL, HDL >40 mg/dL. All underwent PET/CT imaging 90 minutes after
NaF injection (2.2 Mbg/Kg). The global cardiac average SUVmean (aSUVmean) was calculated for each individual.
Correlation coefficients and linear regression models were employed for statistical analysis. Results: Significant pos-
itive correlation was revealed between global cardiac NaF uptake and all blood pressures: SBP (r=0.44, P=0.05),
DBP (r=0.64, P=0.002), and MAP (r=0.59, P=0.007). After adjusting for age and gender, DBP and MAP were in-
dependent predictors of higher global cardiac NaF uptake. Conclusion: NaF-PET/CT for detecting and quantifying
subclinical atherosclerosis in asymptomatic individuals revealed that cardiac NaF uptake correlated independently
with DBP and MAP.
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Introduction Population based risk assessment tools utilize
traditional cardiovascular risk factors and are

Atherosclerotic cardiovascular disease is the widely used for early identification of high risk

leading cause of morbidity and death world-
wide [1]. Atherosclerosis is a progressive, sys-
temic inflammatory process with a long asymp-
tomatic phase which can potentially manifest
in clinical disease depending on the extent and
vascular territory involved. Several risk factors,
such as age, gender, smoking, dyslipidemia,
diabetes and hypertension are strongly associ-
ated with the development of atherosclerosis
[2, 31.

asymptomatic individuals, allowing for appro-
priate management to prevent major adverse
cardiovascular events [4]. Presence of coron-
ary artery calcium is highly prevalent in coro-
nary heart disease and its detection and quan-
tification by cardiac CT is clinically useful in
identifying subclinical coronary atherosclerosis
and risk stratify individuals [5, 6]. Coronary
artery calcium can also be detected by mag-
netic resonance and molecular imaging [7].
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Table 1. Subject demographics

Demographics Mean £ SD
Age 41.6 £ 13.8

Systolic blood pressure (mm Hg) 125.1 + 14.9
Diastolic blood pressure (mm Hg) 72.7+9.4
Mean arterial pressure (mm Hg) 90.2 + 10.7

Low density lipoprotein (mmol/L) 2.8+0.8

Total cholesterol (mmol/L) 46 +0.8
Triglycerides (mmol/L) 0.8+0.3
HDL cholesterol (mmol/L) 1.5+0.4
Plasma glucose (mmol/L) 54+05
HbA1c (mmol/mol) 323135
C-reactive protein (mg/L) 1.3+0.6

Note: HbAlc = Glycated hemoglobin. N=20.

Recently, molecular imaging with positron em-
ission tomography (PET) and *¥F-sodium fluo-
ride (NaF) has increased our understanding of
the mechanisms involved in atherosclerosis,
particularly in the detection of subclinical dis-
ease. In the arterial wall, NaF selectively ad-
sorbs to the surface of crystals of calcium hy-
droxyapatite by exchanging with hydroxyl ions
to form fluoroapatite [8-10].

Elevated blood pressure represents a major
modifiable risk factor of atherosclerosis [11].
We aimed to detect and quantify global coro-
nary artery microcalcification as a marker of
coronary atherosclerosis in asymptomatic indi-
viduals without detectable macroscopic calcifi-
cation on cardiac CT. We hypothesized that the
burden of coronary atherosclerosis is directly
related to the level of blood pressure in the
absence of risk factors such as dyslipidemia,
diabetes and smoking.

Methods
Subjects

This study was conducted in a subset of asy-
mptomatic subjects from the prospective stu-
dy known as “Cardiovascular Molecular Calci-
fication Assessed by 8F-FDG PET/CT (CAMO-
NA)” in Odense, Denmark. The CAMONA study
was approved by the Danish National Com-
mittee on Biomedical Research Ethics as well
as registered at ClinicalTrials.gov (NCTO172-
4749) [12]. The study was undertaken in con-
cordance with the Declaration of Helsinki and
all subjects provided written informed consent.
The subjects in this population were excluded
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based on the presence of malignancy, immu-
nodeficiency syndrome, autoimmune disease,
pregnancy, sarcoidosis, amyloidosis, endocar-
ditis, symptoms suggestive of cardiovascular
disease such as syncope, chest pain, and sh-
ortness of breath, as well as use of prescrip-
tion medications.

In this cohort, we identified 20 subjects (41.6
+ 13.8 years, 8 females, 12 males) who met
our pre-defined criteria: no formal diagnosis of
hypertension or use of antihypertensive medi-
cation, no smoking history, no diabetes (fasting
plasma glucose <126 mg/dL), no dyslipidemia
as per the Adult Treatment Panel lll Guidelines:
LDL <160 mg/dL, total cholesterol <240 mg/
dL, HDL >40 mg/dL, non-inflammatory state
defined by C-reactive protein <3 mg/L and cor-
onary artery calcium score (CAC) of zero [13].
Patients who did not meet this pre-defined cri-
terion were excluded (current or past use of
antihypertensive medication for blood pres-
sure control, positive history of smoking or dia-
betes [fasting plasma glucose >126 mg/dL],
presence of dyslipidemia [LDL >160 mg/dL,
total cholesterol >240 mg/dL, HDL <40 mg/
dL], presence of inflammatory state [C-reactive
protein >3 mg/dL], and CAC score of >0). Ba-
seline characteristics were recorded (Table 1).
Systolic blood pressure (SBP) and diastolic
blood pressure (DBP) were measured as base-
line characteristics prior to the acquisition of
PET scans. After 5 minutes of rest in a supine
position, blood pressure was recorded three
times by an automatic device. The last two val-
ues were averaged for the study. Mean arterial
pressure (MAP) was calculated by taking the
sum of two-thirds of diastolic pressure and one-
third of systolic pressure. These individuals
were further divided into hypertensive (SBP
>130 mm Hg or DBP >80 mm Hg) and non-
hypertensive (SBP <130 mm Hg and DBP <80
mm Hg) categories as per current 2017 ACC/
AHA guidelines on high blood pressure [14].

Quantitative image analysis

All subjects underwent NaF PET/CT imaging
with an established and uniform protocol (GE
Discovery STE, VCT, RX, and 690/710). Pati-
ents were made to observe an overnight fast
of 6 hours and a blood glucose measurement
ensuring a concentration below 8 mmol/L.
NaF-PET/CT imaging was performed 90 min-
utes following administration of 2.2 MBq of
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Figure 1. Axial NaF-PET (A), CT (B), and fused NaF-PET/CT (C) images with region of interest in a healthy subject (C).
The manually-delineated region of interest determined the global coronary artery NaF uptake and did not include
uptake from the aortic valve, skeletal structures, and aortic wall.

NaF per kilogram of body weight. These ima-
ges were produced using one of several PET/
CT systems (GE Discovery STE, VCT, RX, and
690/710). PET images were corrected for
attenuation, scatter, scanner dead time, and
random coincidences. Low-dose CT imaging
(140 kV, 30-110 mA, noise index 25, 0.8 sec-
onds per rotation, slice thickness 3.75 mm)
was performed for attenuation correction and
anatomic referencing with PET images.

Quantification of global cardiac NaF uptake
was performed by a trained physician who
manually defined a region of interest (ROI)
around the cardiac silhouette on each axial
PET/CT slice using a DICOM viewer (Osirix MD
Software; Pixmeo SARL, Bernex, Switzerland)
(Figure 1). The ROI did not include any parts
of the skeleton, cardiac valves, or aortic wall.
The application of global assessment to study
atherosclerotic microcalcification in the coro-
nary arteries utilizing NaF has been establish-
ed in previous studies [15-17]. For every ROlI,
representing the volume of one cardiac slice,
the NaF activity was determined as the mean
standardize uptake value. Then, these values
were added and divided by the sum of the
ROI-defined slice volumes to yield a global car-
diac average mean standardize uptake value
(@SUVmean).

Statistical analysis

The association between blood pressure and
the aSUVmean of the whole heart was evalu-
ated. The global cardiac aSUVmean between
the non-hypertensive and hypertensive groups
were compared using nonparametric Wilcoxon
rank sum test. Receiver operating characteris-
tic (ROC) curve analysis was performed to de-
termine the value of global cardiac aSUVmean
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of NaF to distinguish the burden of microcalci-
fication between hypertensive (SBP 2130 mm
Hg or DBP >80 mm Hg) and non-hypertensive
subjects (SBP <130 mm Hg and DBP <80 mm
Hg). Pairwise correlations were assessed with
correlation coefficients. Linear regression anal-
yses adjusting for age and gender were per-
formed to understand the independent associ-
ation of SBP, DBP and MAP with the mean NaF
uptake of the global heart (global cardiac aSU-
Vmean). Box plots and scatter plots (including
regression lines with 95% confidence bands)
were generated to help with visualization of
data. A p value <0.05 was chosen as being sta-
tistically significant. We used Statistical soft-
ware packages SPSS (Version 25.0, IBM) and
STATA/MP 16.1 (StataCorp, College Station,
Texas 77845 USA) for the statistical analysis
and generating figures.

Results

Correlation analysis revealed a robust positive
relationship between global cardiac aSUVmean
and individual blood pressure measurements:
SBP (r=0.44, P=0.05), DBP (r=0.64, P=0.002),
and MAP (r=0.59, P=0.007) (Figure 2). Global
NaF uptake (cardiac aSUVmean + SD) was
lower in the non-hypertensive group (n=14),
compared to hypertensive group (n=6): 0.62 +
0.043 vs. 0.71 + 0.04, respectively, p=0.0006
(Figure 3). On ROC curve analysis, a cardiac
aSUVmean value of 0.6646 had 100% sensi-
tivity and 85.7% specificity (AUC: 0.952 +
0.045, 95% Cl: 0.864-1.0, P=0.002) in distin-
guishing hypertensive from non-hypertensive
subjects in the study cohort (Figure 4). On mul-
tivariable regression analysis adjusted for age
and gender, DBP (B=0.003, 95% confidence
interval: 0.0009 to 0.006, P=0.011; adjusted
R?: 0.43) and MAP (B=0.003, 95% confidence
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Figure 2. Correlations between cardiac aSUVmean and (A) Systolic, (B) Diastolic, and (C) Mean Arterial Pressure. Significant correlations were present in all three

pressures.
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risk factors like diabetes, dys-
lipidemia, smoking and syste-
mic inflammatory state, Na-F
PET/CT was able to identify a
higher burden of global coro-
nary microcalcification in a
subgroup with higher blood
pressures. Furthermore, our
results revealed that individu-
ally measured SBP, DBP and
MAP correlated positively with
the extent of global coron-
ary atherosclerosis as quanti-
fied by Na-F PET/CT. However,
after adjusting for age and
gender, only DBP and MAP

Non-hypertensive (n=14)

Figure 3. Box plot comparing Cardiac aSUVmean of non-hypertensive and
hypertensive subjects. Wilcoxon rank sum test comparing the two groups

revealed a p-value of 0.0006.

Cardiac aSUVmean
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were independently indicative
of an increased global coro-
nary atherosclerotic burden. A
possible explanation for the
latter finding could be the
fact that coronary flow occurs
mainly in diastole and that
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the mean arterial pressure is
dependent on the diastolic
blood pressure. The higher
blood pressures during dias-
tole induce increased mech-
anical and oxidative stress on
the arterial wall, potentially
resulting in greater athero-
sclerotic plaque formation
and progression [18-20]. Over
time, these plaques undergo
a series of progressive chang-
es, one of which is microcalci-
fication. The pathophysiologi-
cal process responsible for
vascular calcification involves
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Figure 4. ROC curve analysis of Cardiac aSUVmean and hypertension (AUC:

0.952 £ 0.045, 95% CI: 0.864-1.0, P=0.002).

interval: 0.0004 to 0.005, P=0.025; adjusted
R2: 0.37) were independent predictors of glo-
bal cardiac aSUVmean, but SBP was not (B=
0.001, 95% confidence interval: -0.0004 to
0.003, P=0.12; adjusted R% 0.26).

Discussion

In asymptomatic individuals without a known
diagnosis of hypertension and absence of other
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10 the release of specific pro-in-
flammatory cytokines by mac-
rophages present in the ath-
eromatous plaques that lead
to osteogenic differentiation.
The resulting deposition of
calcium microcrystals further stimulates the
release of pro-inflammatory cytokines from the
macrophages, leading to a self-propagating
cycle [21].

Prior studies have sought to examine the rela-
tionship between blood pressure and coronary
atherosclerosis. A study consisting of 285 indi-
viduals receiving statin therapy for stable coro-
nary artery disease underwent CT angiography
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to study the total coronary plaque burden. They
found that the coronary plaque volume was
greater with increasing levels of diastolic pres-
sures. In comparison, systolic pressures were
not found to predict the coronary plaque vol-
ume [22]. Using an electron beam computed
tomography, The Rochester Family Heart Stu-
dy examined the association of systemic pres-
sures with coronary calcification and found
that, after adjusting for age and sex, ambula-
tory measurements of systolic and diastolic
blood pressures were predictive of coronary
arterial calcification. However, further adjust-
ment for office blood pressure revealed that
only diastolic pressure was a true independent
predictor of coronary arterial calcification and
systolic pressure was not. Furthermore, this
study established that hypertension was in
fact the most influential independent risk fac-
tor for coronary arterial calcification, more
important than hyperlipidemia and diabetes
[23]. In a multivariate analysis conducted in
the Muscatine study of 384 individuals, DBP
was found to independently predict coronary
arterial calcification in those aged 29-37 years
whereas LDL-C and SBP did not [24]. Another
study utilizing intravascular ultrasound to ex-
amine atheroma burden in 330 patients found
that baseline diastolic pressures independent-
ly predicted an increase in the percentage of
atheroma volume at a 1-year follow up [25].

The severity of atherosclerotic burden assess-
ed by the measurement of the coronary artery
calcium via computed tomography has been
utilized extensively and found to be very useful
in clinical decision making, primarily in risk
stratification and prognostication of asymp-
tomatic individuals [5, 6]. Our study highlights
the feasibility of using molecular imaging, par-
ticularly Na-F PET/CT, in understanding the
complex pathophysiology of subclinical athero-
sclerosis in individuals with CAC score of zero.
The clinical role of Na-F PET/CT in detecting
global coronary artery molecular calcification
has yet to be clearly established in guidelines
as this technique has been used primarily for
investigational purposes.

Limitations of our study were the small sample
size and the suboptimal condition under which
these blood pressures were measured, i.e., in
the interval between tracer injection and PET/
CT acquisition. Thus, our findings are mainly
hypothesis generating. A larger sample size
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and controlled blood pressure circumstances
are required to further characterize the rela-
tionship of global coronary microcalcification
with blood pressure. Also, our findings need to
be interpreted in the context of the absence of
dyslipidemia as defined in our study and results
may vary based on different lipid thresholds.

In conclusion, higher resting diastolic blood
pressure and mean arterial pressure are asso-
ciated with greater burden of coronary athero-
sclerosis in the absence of risk factors like
smoking, dyslipidemia and diabetes.
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