Am J Nucl Med Mol Imaging 2020;10(1):47-56
www.ajnmmi.us /ISSN:2160-8407/ajnmmi0106755

Original Article
Role of 8F-NaF-PET in assessing aortic
valve calcification with age

Chaitanya Rojulpote?, Austin J Borja'?, Vincent Zhang?, Mahmoud Aly?, Benjamin Koa'?, Siavash M Seraj?,
William Y Raynor'3, Esha Kothekar?, Fatemeh Kaghazchi!, Thomas J Werner?, Oke Gerke®*, Poul Flemming
Hgilund-Carlsen**, Abass Alavi*

1Department of Radiology, University of Pennsylvania, Philadelphia, United States; 2Perelman School of
Medicine at The University of Pennsylvania, Philadelphia, United States; *Drexel University College of Medicine,
Philadelphia, United States; “Department of Nuclear Medicine, Odense University Hospital, Odense, Denmark.
“Co-last authors.

Received December 21, 2019; Accepted February 10, 2020; Epub February 25, 2020; Published February 28,
2020

Abstract: Aortic valve calcification is a slow and progressive pathological process that can manifest in various de-
grees from mild thickening of the valve known as aortic sclerosis to severe calcification that hinders the leaflet
motion, known as aortic stenosis. The evolving concept of aortic calcification is thought to result from infiltration of
macrophages and T-lymphocytes. Moreover, the incidence of aortic valve calcification increases with age, in particu-
lar over the age of 50. In this study, we aimed to assess *¢F-sodium fluoride (*F-NaF) uptake by the aortic valve on
PET/CT scans performed in two age groups; 25-35 and 50-75 years of age. We hypothesized that patients aged 50-
75, comprising of both healthy and high risk for cardiovascular disease (CVD), would have higher uptake of *8F-NaF
than patients aged 25-35 and further that in the former group those who were at high risk for CVD had also higher
18F-NaF uptake. The 25-35-year group comprised of 6 males and 6 females, mean age 30 * 3.5 years, while the 50-
75-year group included 18 males and 20 females, mean age 61 + 6.2 years. All underwent PET/CT imaging 90 min-
utes following the injection of 2.2 MBq of *8F-NaF per kg body weight. Aortic valve analysis was performed on axial
sections using standard guided computer software (OsiriX MD software, version 9.0.02). The average aortic valve
SUVmean was calculated for each patient. Univariate regression models stratified by age group were employed to
determine the association of SUVmean with age. In the 50-75-year group, explanatory multivariable regression
modeling was applied using available demographic and baseline information. SUVmean was found to be higher in
the 50-75 age group than in the 25-35 age group: 0.91 + 0.25 and 0.86 £ 0.26, respectively. The association of
SUVmean with age was much stronger in individuals aged 50-75 years (r = 0.64, P<0.001) than individuals aged
25-35 years (r = 0.20, P = 0.53). In addition, in the 50-75 age group the association was much stronger in subjects
with a high risk of CVD than in individuals without: r = 0.68, P = 0.001 versus r = 0.48, P = 0.042. Furthermore, the
SUVmean was found to be higher in the high-risk group aged 50-75 than in the low-risk healthy group aged 50-75:
0.98 + 0.32 and 0.83 + 0.13. Aortic valve 8F-NaF uptake was higher in patients belonging to the age group of 50-
75 years and correlated positively with age and high risk of CVD. These data provide evidence for a potential role of
18F-NaF PET/CT in identifying calcific changes in the aortic valve and may help direct therapeutic intervention prior
to the development of symptomatic valvular disease.
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Introduction

Calcification of the aortic valve is the leading
cause of valvular disease in the aging popula-
tion of the modern world. The prevalence of this
condition is dependent upon age and thus is
likely to increase due to the expanding growth
of demographic global population. In fact, the
burden of calcific aortic valve is anticipated to
rise from 2.5 million in the year 2000 to 4.5

million by 2030 [1]. Calcific aortic valve disease
(CAVD) can manifest as aortic sclerosis, a mild
thickening of the valve which almost no limita-
tion to blood flow. However, the more serious
condition is termed aortic stenosis, which im-
pairs leaflet motion and obstructs blood flow
to the body. Sclerosis of the aortic valve was
found to be present in nearly 20-30% of peo-
ple over the age of 65 and this figure appro-
aches nearly 50% by the age of 85 years. Cal-
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Table 1. Subject Demographics
Total (N = 50)
Age 53 +14.3

Systolic blood pressure (mm Hg) 128.1 + 16.2
Diastolic blood pressure (mm Hg) 772+ 8.4
Low density lipoprotein (mmol/L) 3.3+09
Total cholesterol (mmol/L) 52+1.0
Triglycerides (mmol/L) 1.2+0.8
Homocysteine (umol/L) 88+34
Plasma glucose (mmol/L) 5.7+0.7
C-reactive protein (mg/L) 22+26
Fibrinogen (umol/L) 12.7 £+ 14.0
HbAlc (mmol/mol) 344 +3.4
Smokers

Active 7

Ever 22

Never 21

Values are mean + SD. HbAlc = Glycated hemoglobin.

cific aortic stenosis however, is seen in approxi-
mately 2-3% of individuals by age 65 years and
8% in those over the age of 85 years [2, 3].

CAVD was long considered to be an age-related
degenerative process resulting in the buildup
of calcium. More recently, studies have demon-
strated that, supplementary to age, CAVD is
also attributed to cardiovascular disease (CVD)
risk factors such as hypertension and diabetes
mellitus which in turn resembles a process
similar to that of atherosclerosis [4]. It is this
relationship that has led some to speculate
that aortic calcification is a potential marker of
atherosclerosis [5]. Numerous authors have
demonstrated that valvular calcification was in
fact a form of atherosclerosis [6, 7]. In addition
to the shared clinical factors between CAVD
and atherosclerosis, both are strongly correlat-
ed with the severity of coronary artery disease
and thus points to a shared process. The Car-
diovascular Health Study examined this rela-
tionship in detail and found that individuals
with aortic sclerosis without previously docu-
mented coronary heart disease had 1.4 times
higher risk of myocardial infarction [5]. Given
these new findings in recent studies in support
of the theory that aortic valve calcification and
atherosclerosis present with common patho-
physiological processes, CAVD is more than an
age-related degenerative process. It is in fact
a multifactorial, highly complex course that
occurs over a span of many decades.
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Detection of CAVD is conventionally undertak-
en with imaging modalities such as echocar-
diography, computerized tomography (CT) scan,
and cardiac MRI. However, it is the quantifica-
tion of the calcific process that truly helps to
evaluate and assess the severity of the dis-
ease. This quantification is now possible with
the aid of *®F-sodium fluoride (*®F-NaF)-posi-
tron emission tomography (PET). 8F-NaF-PET,
when coupled with CT for anatomic detailing,
helps to quantify the amount of calcium buil-
dup in the aortic valve. Previous studies have
demonstrated the sensitivity and specificity of
18F-NaF-PET in the detection and quantification
of atherosclerotic plaques in the aorta, the cor-
onary arteries, and carotid arteries [8-10].
Additional evidence has demonstrated that
18F-NaF is a more sensitive and specific bio-
marker than 8F-fluorodeoxyglucose in the as-
sessment of atherosclerotic disease [11-13].
Therefore, we believe that 8F-NaF-PET pro-
vides us with the opportunity to quantify the
aortic calcification decades before the onset
of symptomatic disease. The aim of this study
is, therefore, to assess the role of ®F-Na-PET/
CT imaging in assessing calcification in rela-
tion to age. Our hypothesis is that subjects
between the ages of 50-75 years will have
higher uptake of *8F-NaF in the aortic valve.

Materials and methods
Subjects

We examined a total of 50 subjects from the
prospective study known as “Cardiovascular
Molecular Calcification Assessed by 18-NaF
PET/CT (CAMONA)” in Odense, Denmark. The
CAMONA study was approved by the Danish
National Committee on Biomedical Research
Ethics as well as registered at ClinicalTrials.gov
(NCT01724749). The study was undertaken in
concord with the Declaration of Helsinki and
all patients provided written informed consent.
Subjects in this population were checked for
the presence of malignancy, immunodeficiency
syndrome, autoimmune disease, pregnancy,
symptoms suggestive of CVD, and prescription
medications and were considered as the exclu-
sion criteria. As we planned to determine the
role of 8F-NaF uptake on PET/CT, we excluded
patients who did not have both the standard-
ized PET scan and attenuated CT scan. After
these exclusions were made, we had a total of
50 patients with a mean age of 53 years, rang-
ing from the ages of 25-75 years + 14.3 SD
(Table 1).
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Figure 1. Fused PET/CT scans of a 51-year-old female, with regions of interest manually drawn around the anatomi-
cal borders of the aortic valve on the (A) CT, (B) PET, and (C) fused *¢F-NaF-PET/CT axial slices.

Quantitative image analysis

All subjects underwent *8F-NaF-PET/CT imaging
with an established and uniform protocol (GE
Discovery STE, VCT, RX, and 690/710). Patients
were made to observe an overnight fast of 8
hours and a blood glucose measurement en-
suring a concentration below 8 mmol/L. *&F-
NaF-PET/CT imaging was performed 90 min-
utes following the intravenous injection of 2.2
MBq of *8F-NaF per kilogram of body weight.
These images were produced using one of
several PET/CT systems (GE Discovery STE,
VCT, RX, and 690/710). PET images were also
corrected for attenuation, scatter, scanner de-
ad time, and random coincidences. Low-dose
CT imaging (140 kV, 30-110 mA, noise index
25, 0.8 seconds per rotation, slice thickness
3.75 mm) was then performed for attenuation
correction and anatomic referencing with PET
images.

Quantification of aortic valve 8F-NaF uptake
was performed by a trained physician by ma-
nually placing a free-hand region of interest
(ROI) around the aortic valve on each slice of
the axially oriented PET/CT images using a
DICOM viewer (Osirix MD Software; Pixmeo
SARL, Bernex, Switzerland) (Figure 1). For ev-
ery ROI, the standard *F-NaF activity was
determined. After generating the standard up-
take values from the ROIs, we calculated the
mean standard uptake value for each patient.
To do this, we used the standard uptake value
of each PET scan and multiplied with the area
of each scan. Then we took the sum of these
SUVs and divided it by the sum of the area of
each scan to finally derive the SUVmean.
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Statistical analysis

The association between age and the mean
SUV of the aortic valve was evaluated. Uni-
variate regression models for the mean *©F-
NaF uptake of the aortic valve and age was
performed stratified by age groups. Regression
plots and box plots were generated to help
with visualization of data. Bland-Altman Limits
of Agreement (BA LoA) were used to visually
display intra- and inter-rater agreement of
SUVmeans [14-16]. Multivariable linear model-
ling was applied for all individuals aged 50-
75 using available demographic and baseline
information (age, gender, average systolic pres-
sure, average diastolic pressure, low density
lipoprotein (LDL), high density lipoprotein (HDL),
total cholesterol, homocysteine, triglycerides,
HbAlc, fasting plasma glucose, C-reactive pro-
tein, and fibrinogen). Moreover, a reduced mo-
del was derived by application of variance infla-
tion factor analysis by which average diastolic
pressure, total cholesterol, HDL, and HbAlc
were removed. A P-value <0.05 was taken as
significant. We used Statistical software pack-
age (SPSS Version 25.0), Stata/MP 15 (Stata-
Corp, College Station, TX77845) and Microsoft
Excel (2016 Version 16.16.2) for the statistical
analysis as well as for generating figures.

Results

In this study, we included 50 patients (26
females and 24 males, mean age: 53, range:
25-75 years). The 50-75 age group comprised
of 20 females and 18 males, mean age: 61,
range: 50-75. This age group was then subdi-
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Figure 2. Box plot comparing SUVmean of all patients aged 50-75 and con-
trols 25-35 (top). Box plot comparing SUVmean of high-risk patients aged

50-75, healthy 50-75, and controls 25-35 (bottom).

vided into high-risk and low-risk for CVD. The
high-risk group was comprised of individuals
with risk factors for CVD and included 12
females and 8 males, mean age: 63, range:
50-75 years. The low-risk, healthy group with
no risk factors for CVD included 8 females and
10 males, mean age: 58, range: 51-64 years.
The 25-35 age group comprised of low-risk
healthy individuals with no risk factors for CVD
included 6 males and 6 females, mean age: 30,
range: 25-35 years. Patients aged 50-75 in the
high-risk group had an average SUVmean of
0.98 + 0.32. Patients aged 50-75 in the low-
risk group had an average SUVmean of 0.83 +
0.13. Patients in the 25-35 age group had an
average SUVmean of 0.86 + 0.26 (Figure 2).

Univariate regression graphs were generated
to display the comparison between all subje-

50

cts of our study, as well as for
all subjects aged 50-75 years
(Figure 3). The univariate re-
gression model between SUV-
mean and age in all subjects
in our study was found to be
significant (r = 0.30, P<0.05),
suggesting a positive correla-
tion between age and aortic
valve calcification (Figure 3).
Additionally, univariate regres-
sion model between SUVme-
an and age in the 50-75 age
group was found to be sig-
nificant (r = 0.64, P<0.001),
demonstrating the presence
of aortic valvular disease in
older subjects (Figures 3, 4).
In contrast, the univariate re-
gression model between SUV-
mean and age in the 25-35
age group was found to be
insignificant (r = 0.20, P =
0.531), confirming the absen-
ce of disease in the younger
cohort (Figure 4). Patients in
the 50-75 age group were
then dichotomized according
to their risk status for CVD.
) years (n=12) The univariate regression mo-
del between SUVmean and
age in the high-risk and low-
risk 50-75 age groups were
found to be significant (r =
0.64, P<0.01) and (r = 0.48,
P<0.05), respectively, further demonstrating
the strong, positive relationship between age
and valvular disease in older adults (Figure 4).
Finally, the multivariate linear regression ana-
lysis displayed significance in the 50-75 age
group (P<0.001), further confirming our previ-
ous results (Table 2).

Reproducibility studies

A total of 10 patients in the study were selec-
ted at random for intra- and inter-rater repeat-
ability testing. After establishment of the AV
image analysis methodology, all scans belong-
ing to these individuals were analyzed inde-
pendently by one trained observer. This provid-
ed inter-rater repeatability for AV SUVmean val-
ues. To assess intra-rater variation, the initial
observer repeated the analysis 2 weeks later to
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Figure 3. Correlation between SUVmean and age for all subjects in our study (left) and all subjects between 50-75
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Figure 4. Correlation between age and SUVmean of
individuals aged 25-35 years (red), 50-75 healthy
(green), and 50-75 years high risk (blue).

reduce recall bias. The reproducibility studies
displayed excellent intra- and inter-rater repe-
atability for AV SUVmean values. Bland-Altman
Limits of Agreement (BA LoA) were used to visu-
ally display intra- and inter-rater agreement of
SUVmeans (Figure 5; Table 3).

Discussion

This study has shown that aortic valve uptake
of *8F-NaF on PET/CT is higher in all individuals
between the ages of 50-75 years. Moreover,
the uptake is significantly greater in the high-
risk subpopulation of the same group. This pro-
vides evidence in support of our hypothesis
that aortic valve uptake is higher in older indi-
viduals and more so in those with the presence
of CVD risk factors in comparison to younger
individuals aged 25-35 years.
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The association of increased *8F-NaF uptake on
PET/CT in relation to age can be explained by
an understanding of the underlying pathophysi-
ologic process that takes place in CAVD. The
aortic valve is composed of three layers: ven-
tricularis, fibrosa, and spongiosa. The ventricu-
laris layer of the leaflet is in contact with the
ventricular side of the valve and is comprised
mainly of fibers that are rich in elastin. The
fibrosa layer of the leaflet is found on the ao-
rtic side of the valve and consists mainly of col-
lagen fibers and fibroblasts. The spongiosa,
found at the base of the valve, is comprised
primarily of a matrix rich in mucopolysaccha-
rides, fibroblasts, and mesenchymal cells. The
degenerative process of CAVD consists of th-
ree processes: the accumulation of lipid, an
infammatory response, and calcification. Tur-
bulent blood flow places mechanical stress on
the aortic valve, leading to valvular endothelial
damage and dysfunction. The aortic valves re-
spond to the mechanical load by undergoing
continual renewal which in turn favors valvular
pathology. Maximum stress is placed at the
leaflet junction where flexion takes place. Re-
curring mechanical stress, coupled with shear
forces and high pressures induces calcification
of the valve by compromising the anatomical
integrity of the valve. The flexion areas under
mechanical stress undergo erosive changes in
the endothelium. Damage to the endothelial
layer takes places and is a crucial element for
the development of atherosclerosis [17]. This
damage allows for increased permeability and
adhesion, which promotes lipid diffusion and
deposition in the interstitial layer of the valve.

Am J Nucl Med Mol Imaging 2020;10(1):47-56
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Table 2. Multivariable linear regression of all subjects aged 50-75 years for Full Model (N = 38, R-
squared = 0.65, adjusted R-squared = 0.47) for Reduced Model (N = 38, R-squared = 0.64, adjusted
R-squared = 0.53)

Variable Full model Reduced model

Point estimate 95% ClI P-value  Point estimate 95% ClI P-value
Age 0.025 0.01-0.04 <0.001 0.026 0.01-0.03  <0.001
Gender -0.094 -0.27-0.09 0.30 -0.025 -0.16-0.11 0.70
ASP -0.001 -0.01-0.01 0.74 -0.0004 -0.004-0.003 0.82
“ADP 0.002 -0.01-0.02 0.74
“Total Cholesterol 0.030 -0.47-0.53 0.90
LDL -0.057 -0.56-0.45 0.82 -0.031 -0.10-0.05 0.51
“HDL 0.007 -0.53-0.54 0.98
Triglycerides 0.068 -0.11-0.24 0.43 0.075 -0.01-0.16 0.09
Homocystine 0.020 -0.001-0.04 0.06 0.022 0.004-0.04 0.02
Fasting Plasma Glucose -0.054 -0.18-0.07 0.38 -0.032 -0.10-0.04 0.36
“HbAlc 0.005 -0.02-0.03 0.70
CRP -0.005 -0.03-0.02 0.59 -0.001 -0.02-0.01 0.70
Fibrinogen -0.001 -0.01-0.004 0.72 -0.613 -0.004-0.004 0.78

ASP: average systolic pressure, ADP: average diastolic pressure, CRP: c-reactive protein; Variables designated with * were omit-

ted in the reduced model by application of variance inflation factor analysis.

These lipids then deposit in areas of active in-
flammation and calcification. Lipid deposition
is a key component in the cascade of events
that lead to CAVD. Lipoprotein A and low-densi-
ty lipoproteins (LDLs) are oxidized and release
free radicals. These free radicals are cytotoxic
and are able to stimulate inflammatory activity
as well as mineralization [18-20]. This oxidative
stress leads to a reduction of nitric oxide in the
endothelium and a subsequent increase in oxy-
gen peroxide and superoxide free radicals [21,
22]. Macrophages then phagocytose LDLs and
form foam cells, an important component of
atherosclerotic plaque [23]. With gradual lipid
uptake, the macrophages undergo an irrevers-
ible process that ceases with apoptosis. Fol-
lowing apoptosis, there is release of athero-
genic promoting factors which facilitates the
progression to a complicated plaque. The histo-
logical changes of the valve observed at this
stage of the disease is dissimilar to that seen in
the typical atherosclerotic plaque, which con-
sists of a central nucleus of lipids composed
primarily of foam cells and necrosis. In the cal-
cified aortic valve, lipids are primarily deposited
in the subendothelial zone. Furthermore, lipid-
laden macrophages accumulate in areas highly
concentrated in lipids with no areas of necrosis
[24]. Though atherosclerotic plaque rupture is
a classic feature leading to the causation of
clinical symptomes, it is not the case with CAVD,
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where the symptoms occur due to progression
of calcification and increased rigidity of the
valve [25].

Macrophages and T lymphocytes are the princi-
pal inflammatory cells seen in CAVD. These in-
flammatory cells infiltrate the sub-endothelium
and increase the activity of proinflammatory
cytokines which act to degrade the extracellu-
lar matrix [19]. They also help differentiate fib-
roblasts into myofibroblasts. These myofibro-
blasts are of an osteoblastic phenotype and
aid in forming calcium nodules [26]. Various in-
flammatory mediators have been observed in
CAVD that explain this finding, namely interleu-
kin-1 and tumor necrosis factor alpha [27]. The-
se inflammatory mediators also favor angio-
genesis seen in CAVD and are capable of pro-
moting fibrosis and calcification [28]. Further-
more, osteopontin, a protein expressed by ma-
crophages has been observed in some studies
and its levels of expression correspond to the
degree of valvular calcification [29, 30].

As the disease progresses to the advanced
stages, the extracellular matrix undergoes re-
modeling and further calcification. Metallopro-
teinases become activated to degrade the ex-
tracellular matrix and stimulate fibroblast prolif-
eration, leading to fibrosis [31]. The increased
fibrosing activity, coupled with high levels of
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Figure 5. Bland-Altman plots displaying intra-rater agreement (top) and inter-
rater agreement (bottom) of repeated SUVmean measurements.

Table 3. Bland-Altman limits of agreement

also causes a reduction in
coronary blood flow. In time,
the maladaptive hypertrophy
will fail to maintain the after-
load and will result in a sys-
tolic dysfunction, reduced ca-

Estimated mean difference

rdiac output, and ultimately
Limits of heart failure.

agreement

Comparison (Standard deviation)
Rater 1: rating 1 vs. rating 2 0.006 (0.012)
Rater 1 vs. rater 2 0.014 (0.028)

-0.023 t0 0.035
-0.054 to 0.081

Our study has shown a clear
correlation of 18F-NaF uptake

calcium accumulation, result in the leaflet rigid-
ity and thickening that is seen with CAVD. The
renin-angiotensin-aldosterone system (RAAS)
has also been found to contribute to CAVD. A
subset of myofibroblasts in the fibrosa layer
have been found to express a-actin. In addition,
these cells also have angiotensin type recep-
tors on their surface and thus provides evi-

53

in the aortic valve in patients

with increasing age as seen
on PET/CT. This finding has prognostic value in
identifying individuals who may develop CAVD
in the future. This data is available due to the
capability of PET scan, which provides informa-
tion on CAVD at a molecular level that is other-
wise not seen with other imaging modalities
such as Transthoracic echocardiography (TTE)
or cardiac magnetic resonance (CMR). TTE is a
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widely available, noninvasive technique that
detects early valvular changes that occur as a
result of calcium deposits. However, TTE does
not have the ability or resolution to quantify
the valve calcium levels, and so its usefulness
reduces for monitoring and assessing early
stage disease. TTE is also operator dependent
and can thus result in variations in inter-rater
reporting [32]. CMR is a noninvasive technique
that allows for characterization of tissue, a fea-
ture not seen with other imaging modalities. It
allows for assessment of left ventricular mass
and dimensions as well as overall left ventricu-
lar function [33, 34]. Though it seems to be the
ideal imaging technique in CAVD, it does not
have the capability to detect molecular chang-
es that take place many years before symptom-
atic presentation. Dweck et al. have found that
when PET imaging is combined with computed
tomography (CT), it allows for a better assess-
ment of early inflammation and calcification in
individuals with CAVD [35]. The application of
18F-NaF PET/CT has prognostic implications in
determining individuals who may develop CAVD.

A limitation of this study was that we could not
validate *8F-NaF-PET/CT findings with histologi-
cal data. Since this study aimed to characte-
rize calcific valve changes, it would have been
beneficial to confirm these findings histologi-
cally. Another limitation is the method tech-
nique employed for *8F-NaF analysis. It is pos-
sible that by assessing the axial section, the
8F-NaF uptake may have been underestima-
ted in assessing valvular calcification. That
being said, we believe that our global assess-
ment of atherosclerotic plaque burden through
8F-NaF SUVmean is a robust measure of dis-
ease severity. Recent evidence has pointed
toward SUVmean over SUVmax as a sensitive
and reproducible measure of disease burden,
which is further supported by our excellent
intra- and inter-rater repeatability [36, 37].

The assessment of CAVD with PET/CT is a via-
ble option, especially when used with *8F-NaF.
It has demonstrated significant promise as a
novel biomarker to detect disease activity. Our
study has shown that calcification is signifi-
cantly higher in older patients when compared
with younger controls. 8F-NaF activity on PET/
CT is higher in older individuals with high risk
for CVD in comparison to healthy individuals
of the same age group. Moreover, calcification
seems to be the prevailing pathological pro-
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cess, especially in the later stages of disease.
This understanding may help in determining
future risk of CAVD as well as initiate therapeu-
tic counter measures prior to the onset of clini-
cal disease. Follow-up research into our at-risk
test subjects, including genetic testing, lifestyle
modifications, and pharmacological interven-
tions, are important to further characterize our
interesting findings.
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