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Abstract: The goal of this study was to assess pulmonary artery calcification in healthy controls and subjects with
suspicion of stable angina pectoris through the usage of quantitative ®F-sodium fluoride positron emission to-
mography/computed tomography (NaF-PET/CT). We hypothesized that these ‘at-risk subjects’ would demonstrate
increase pulmonary artery NaF uptake compared to healthy controls. Retrospectively, 15 healthy controls were com-
pared to 15 at-risk subjects, all of whom underwent full-body NaF-PET/CT scans. The healthy controls and at-risk
patients were all randomly sampled from larger datasets. The two sampled groups were male-dominated and simi-
lar in age. The global mean standard uptake value (SUVmean), the max standard uptake value (SUVmax), and the
mean target-to-background ratio (TBRmean) were acquired through mapping of regions of interest (ROI's) around
the pulmonary artery of the subjects. A two-tailed Mann-Whitney U test was used to determine the significance of
difference between the two groups. For global SUVmean (0.79 compared to 0.58), global TBRmean (1.15 compared
10 0.93), and global SUVmax (1.78 compared to 1.60), the NaF uptake was significantly higher in the at-risk patients
compared to the controls (all P<0.05). NaF-PET/CT is a suitable imaging modality for quantification of molecular cal-
cification in the pulmonary artery. Additionally, the connection between atherosclerosis and the risk factor of angina
pectoris is further reinforced. We believe that future studies are needed to validate our proof-of-concept, and better
confirm the clinical future of NaF-PET/CT as a tracer of atherosclerotic plaques.
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Introduction the aorta, coronary arteries, and carotid arter-
ies [2-4]. However, only a handful of studies

Atherosclerosis is a chronic cardiovascular dis- have examined atherosclerotic plaques within

ease characterized by the buildup of lipid-
derived plaque on the inner lumen of arteries.
The subsequent calcification has been impli-
cated as a major risk factor for cardiovascular
disease (CVD) such as stroke and vascular
dementia [1]. Indeed, this calcification can
cause plaque rupture in the fibrous cap, upon
which blood clots impairing blood flow can
form. This connection between calcification
and CVD has been described extensively for

the pulmonary artery. Yet, pulmonary arterial
calcification and plaque formation are a fre-
quent finding on the autopsy of individuals with
cardiopulmonary mechanisms of death, such
as pulmonary embolism [5, 6]. Therefore, early
detection of pulmonary arterial disease may
be favorable for patients suffering from car-
diovascular risk factors including high body
mass index, hypertension, diabetes, and angi-
na pectoris.
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Atherosclerotic structural changes may be visu-
alized using a number of imaging modalities.
Computed tomography (CT) remains the stan-
dard of care, since the scans created accurate-
ly, can depict macro-calcifications that effec-
tively precede plaque formation [7]. In addition,
ultrasonography techniques such as echocar-
diograms may also be used to contract two-
and three-dimensional representations of af-
fected vasculature and magnetic resonance
imaging can utilize magnetic fields to analyze
the structure of arterial plaques [8, 9]. Posi-
tron emission tomography/computed tomogra-
phy (PET/CT) may be the superior imaging
technique, as it visualizes the atherosclerotic
pathway on the molecular scale. 8F-fluorodeo-
xyglucose (FDG) is a common radiotracer that
has been used extensively to detect inflamma-
tory processes, including arteritis [10]. How-
ever, recent evidence suggest that 8F-sodium
fluoride (NaF)-PET/CT may be the tool of choice
to detect early intravascular calcifications, as
this is one of the main defining features of the
atherosclerotic process [11, 12]. NaF-PET/CT
has currently not yet been utilized clinically to
detect atherosclerosis within the pulmonary
arteries. This in mind, the objectives of the
present study are two fold; 1) to prove that
NaF-PET/CT may be used to detect and quanti-
fy the extent of pulmonary artery atherosclero-
sis, and 2) to demonstrate that patients with
known cardiovascular risk factors exhibit a gr-
eater extent of atherosclerotic calcification
within the pulmonary artery.

Methods
Patient population

The Cardiovascular Molecular Calcification
Assessed by NaF-PET/CT (CAMONA) protocol
(ClinicalTrials.gov (NCTO1724749) provided bo-
th the healthy controls and at-risk subjects
used in this study. The parameters of the
CAMONA protocol have been previously pre-
sented in the existing literature by Blomberg et
al. [13, 14]. The healthy controls were defined
as not having any cardiovascular risk factors,
existing diseases, or drug-related issues [15].
Patients with chest pain (the defining symptom
of stable angina pectoris) were recruited from
those referred for a coronary CT-angiography.
Only patients with a 10-year risk for fatal car-
diovascular disease equal to or above 1%, as
calculated by the body mass index (kgm-2)
based Systematic Coronary Risk Evaluation
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(SCORE) tool, were eligible for inclusion and
categorized as ‘at-risk subjects’. The CAMONA
study was conducted in accordance with the
principles of the Declaration of Helsinki and
approved by the Danish National Committee on
Health Research Ethics. All participants provid-
ed written informed consent.

Fifteen healthy controls were randomly sam-
pled out of 87 possible subjects, while fifteen
at-risk subjects were randomly sampled out of
52 possible subjects. For the healthy controls,
the average age was 45 years old (SD * 8) and
for the at-risk subjects, the average age was 56
years old (SD + 11). For the healthy controls, all
subjects were male while for the at-risk sub-
jects, 9 subjects were male while 6 were
female.

Imaging acquisition

NaF-PET/CT scans were acquired in accor-
dance with the European Association of Nuclear
Medicine (EANM) guidelines, which include
quality control, calibration and harmonization
of the scanner and SUV calculations [16, 17].
The PET/CT scanners underwent regular quality
and calibration control that met all EANM
Research Ltd. (EARL) standards but were
not EARL accredited. For both the healthy con-
trols and at-risk subjects, whole-body NaF-PET/
CT scans were created by hybrid PET/CT scan-
ners with comparable spatial resolution (GE
Discovery RX, STE, and 690/710 imaging sys-
tems (General Electrical Healthcare, Chicago,
Milwaukee, WI, USA)). At the discretion of the
department’s booking system the subjects
were allocated to a PET/CT system. The inject-
ed dose of NaF was approximately 2.2 MBq/kg
per subject and image acquisition was per-
formed 90 minutes after injection with a emis-
sion acquisition duration per bed position of
2.5 min. In order to reduce radiation delivered
to the subjects, only low-dose unenhanced CT
scans (140 kV, 30-110 mA, noise index 25, 0.8
second/rotation, slice thickness 3.75) were
carried out in the CAMONA study. The low-dose
CT scan was used for attenuation correction
and anatomical localization.

Image analysis

OsiriX MD software (version 7.04; Pixmeo SARL,
Bernex, Switzerland) served as the DICOM
viewer of choice. Uptake of the tracer was
matched with anatomy through the fusion of
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Figure 1. Axial NaF PET, CT, and fused NaF PET/CT images of the pulmonary artery of a (A) 62-year-old female with
no cardiovascular risk factors and a (B) 63-year-old female with symptoms of chest pain (angina pectoris). Note how
patient (A) demonstrates no focal uptake of NaF in the pulmonary artery, whereas patient (B) does, as shown by

the black arrow.

Table 1. Global pulmonary artery SUVmean, TBRmean,
and SUVmax in healthy controls and at-risk subjects (+

SEM)

between the healthy controls and at-
risk subjects through STATA software
(Stata/IC Version 10.1, StataCorp,

Global SUV'mean Global TBR*mean Global SUV'max

College Station, TX). A p-value of less

than 0.05 was defined as significant.

Controls 0.58 +0.14 0.93+0.12 1.60 £ 0.15
At-Risk 0.79+0.24 1.15 + 0.38 1.78 £ 0.10

Results
p-value 0.00906 0.00104

“SUV = standardized uptake value; *TBR = target-to-background ratio.

PET and CT scans. Manual regions of interest
(ROI's) were drawn around the borders of the
main, right, and left pulmonary artery on axial
PET/CT images in order to quantify the NaF
uptake [18]. We calculated the global SUVmean
for both groups by summing and averaging
standardized uptake values (SUVs) based on
the ROI's drawn on the axial PET/CT slices,
while also accounting for the area and thick-
ness of the slices. We calculated the global
TBRmean by dividing the SUVmean by the blood
pool activity of the superior vena cava (through
drawing ROIs around the lumen) in both subject
groups [19, 20]. Lastly, we calculated the global
SUVmax for both groups by averaging the maxi-
mum SUVs for each subject’s ROl and adjusting
this value for the area and thickness of each
axial slice.

Statistical analysis

The two-tailed Mann-Whitney U test was used
to compare the differences in terms of global
TBRmean, global SUVmean, and global SUVmax
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Of the 30 subjects included, 15 served

as healthy controls while the remaining
15 exhibited symptoms of angina pectoris and
are therefore categorized as at-risk for CVD.
Examples of the pulmonary artery of subjects
from control and at-risk the two different groups
are in Figure 1, denoting the difference in visu-
al intensity of certain nodes of the pulmonary
artery between the two subjects. These focal
intensities correspond with NaF uptake.

Table 1 shows the difference in global
SUVmean, TBRmean, and SUVmax of the pul-
monary artery between both of the groups. The
global SUVmean (0.79 compared to 0.58), the
global TBRmean (1.15 compared to 0.93), and
the global SUVmax (1.78 compared to 1.60)
were significantly greater in the at-risk subjects
compared to the healthy controls (all P<0.05).
These results are depicted graphically in Figure
2. Taken together, these data demonstrate that
subjects at risk for CVD have greater uptake of
NaF within the pulmonary arteries, potentially
demonstrating the presence of calcifications
within the pulmonary vasculature.
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identify atherosclerosis-indu-
ced inflammation, and this in-
flammation is an increasingly
interesting target for future
therapies [15, 22, 23]. Never-
theless, FDG-PET/CT has vari-
able efficacy in the detection
of atherosclerosis. Emamza-
dehfard et al. demonstrated
that FDG uptake within the
common carotid arteries is
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not significantly associated
with cardiovascular risk fac-
tors [24]. Likewise, Hgilund-
Carlsen et al. have reviewed
the existing literature and co-
me to the conclusion that on-
ly calcification, and not arteri-
al inflammation, are correlat-
ed consistently with 10-year
Framingham risk scores- this
could possibly explain why

At-Risk TBRmean

2 -
15

Healthy Control TBRmean

aortic and coronary arterial
inflammation as quantified by
FDG uptake are not necessar-
ily indicative of cardiovascular
risk [23].

There are several possible
explanations for these nega-
tive findings; the most proba-
ble is the suboptimal spa-
tial resolution of PET instru-
ments, as the drawn ROI can
either miss the most FDG avid

At-Risk SUVmax

Figure 2. Box-and-whisker plot (+ 1.5 IQR) showing significant differences in
(A) global SUVmean, (B) global TBRmean, and (C) global SUVmax between

at-risk subjects and healthy controls (all P<0.05).

Discussion

In the current study, NaF uptake in the pul-
monary artery (measured by PET/CT) was
observed to be significantly greater in the at-
risk patients when compared to healthy con-
trols (Figure 2). To our knowledge, this is the
first study to investigate the role of NaF-PET/CT
in assessing atherosclerotic calcification of the
pulmonary artery.

Atherosclerotic plague has traditionally been
detected through clinical and structural abnor-
malities [21]. FDG-PET/CT has been used to
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Healthy Control SUVmax

area or include contribution
from adjacent FDG avid tis-
sue, the non-specificity of
FDG for detecting inflamma-
tion in the plaques, and the
scan performed at the right
time point/window for the inflammatory phase
that can be much shorter than the post-inflam-
matory phase [25, 26]. Specifically, for the pul-
monary artery, this line of thinking fits. The
physiological uptake of FDG in the myocardium
challenges the use of FDG-PET/CT to differenti-
ate and identify inflammatory plaques in this
artery. Even after a strict diet without carbohy-
drates, prolonged fasting and a heparin injec-
tion, the suppression of FDG uptake in the myo-
cardium can fail [27-29].

NaF-PET/CT, meanwhile, offers an exciting
novel imaging modality for the detection of ath-
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erosclerotic plaques on the molecular level by
being able to detect the micro-calcification pro-
cess early on in disease pathogenesis. CT has
extensively been used to detect structural mac-
ro-calcification in the coronary and other major
arteries over the last decade. However, struc-
tural calcification as detected on CT is of limit-
ed clinical value because it reveals the irrevers-
ible, latter stages of the disease. When macro-
calcification is noted on CT, it is very likely that
the disease process has been ongoing for
decades and has therefore already led to
permanent damage. Arani et al. demonstrated
that NaF, but not FDG, uptake within the
abdominal aorta is correlated with atheroscle-
rotic risk factors and age [30]. Similarly, a previ-
ous study by Blomberg et al. demonstrated that
aortic calcification detected via NaF-PET/CT is
correlated with cardiovascular disease [11].
Finally, recent work by Castro et al. implicate
left common carotid atherosclerotic calcifica-
tions with increased cardiovascular risk fac-
tors, including age, Framingham risk score, and
various hematologic biomarkers [31-33]. These
studies point toward NaF as a superior molecu-
lar biomarker in the early detection of athero-
sclerotic plaques. The specific advantage of
NaF compared to FDG is the low background
activity and high specificity with regards to ath-
erosclerosis [34].

Pulmonary artery atherosclerosis has been
associated with various cardiovascular risk fac-
tors, including cigarette smoking and lipid- or
cholesterol-heavy diet [35]. Furthermore, pul-
monary artery atherosclerosis is a rare comor-
bidity of certain diseases, such as pulmonary
emphysema and right ventricular hypertrophy
[B]. Interestingly, pulmonary artery atheroscle-
rosis may still be underdiagnosed, as it is most
commonly discovered only upon autopsy [5, 6,
36].

Typically, angina pectoris is diagnosed through
complaints of chest pain after an instance
of decreased vascular blood flow in the coro-
nary arteries and aorta [37]. Pathologically,
angina pectoris and atherosclerosis are inher-
ent comorbidities, given that atherosclerotic
plagues are what block arteries, leading to
decreased vascular blood flow and thus angina
pectoris. Zoll et al. proved this, by showing that
all 848 patients with angina pectoris in their
study ended up having coronary heart disease
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in the form of atherosclerotic artery blockages
[39]. Since angina pectoris is an intrinsic indi-
cator for the presence of plaques in the coro-
nary arteries, we wanted to test whether or not
this association would also extend to the pul-
monary artery. Unsurprisingly, given the con-
nection between the cardiovascular risk factor
of angina pectoris and pulmonary artery ath-
erosclerosis, our results showed a positive cor-
relation between the two. Since we proved that
this association did in fact extend to the pulmo-
nary artery, future studies should be run testing
the relationship between angina pectoris and
generalized atherosclerosis in different arter-
ies, through the usage of NaF-PET/CT as a mea-
suring block.

However, our results should be taken within the
confines of our study. First, we performed a ret-
rospective analysis in a relatively small sample
of predominantly male subjects. Secondly, the
use of different PET/CT scanners are another
limitation. The PET/CT scanners and the imag-
ing protocol applied were standardized to inter-
national practice guidelines and the PET/CT
systems were calibrated and harmonized to
a phantom, which reduces the variation of
quantitation parameters [40]. Furthermore, it
remains challenging to cross-calibrate to over-
come differences in PET/CT scanners in both
hardware and software, even as the PET/CT
systems were from the same vendor. The pres-
ent study used only PET/CT scanners from GE
Healthcare. Both the SNMMI and EANM have
addressed these challenges and tries to resol-
ve the differences in PET/CT systems and quan-
tifications to improved inter-scan agreement
studies. The PET/CT scanners used in this
study were not EARL accredited but underwent
regular quality and calibration control that fully
met all EARL requirements and standard. To
account for machine differences in our calcula-
tions, we used TBR by quantifying blood-pool
activity, through looking at the lumen of the
superior vena cava. This came with its own set
of problems, given that blood-pool activity can
be affected by many factors including differen-
tial uptake in circulating blood, blood glucose
levels, scanner differences. Measurement of
blood pool activity could also occasionally be
challenging, as the superior vena cava was
found to be small/compressed in certain sub-
jects, in correlation to hydration levels [41].
Lastly, our study did not include histological
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data; in future studies, we would like to confirm
our findings by the presence or absence of cal-
cification under the microscope.

Conclusion

NaF uptake in the pulmonary artery was found
to be significantly greater in patients with suspi-
cion of angina pectoris compared to healthy
controls. Future prospective studies with larger
groups of subjects are needed to affirm our
results, which can be of clinical use in early
detection of pulmonary artery atherosclerosis.
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