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Abstract
Objective We aimed to determine whether NaF-PET/CT or FDG-PET/CT can detect abdominal aortic molecular calcifica-
tion and inflammation in patients with rheumatoid arthritis (RA).
Methods In this study, 18 RA patients (4 women, 14 men; mean age 56.0 ± 11.7) and 18 healthy controls (4 women, 14 men; 
mean age 55.8 ± 11.9) were included. The controls were matched to patients by sex and age (± 4 years). All subjects of this 
study underwent NaF-PET/CT scanning 90 min following the administration of NaF. FDG-PET/CT imaging was performed 
180 min following intravenous FDG injection. Using OsiriX software, the global mean standardized uptake value (global 
SUVmean) in abdominal aorta was calculated for both FDG and NaF. The NaF SUVmean and FDG SUVmean were divided 
by the blood pool activity providing target-to-background ratios (TBR) namely, NaF-TBRmean and FDG-TBRmean. The 
CT calcium volume score was obtained using a growing region algorithm based on Hounsfield units.
Results The average NaF-TBRmean score among RA patients was significantly greater than that of healthy controls (median 
1.61; IQR 1.49–1.88 and median 1.40; IQR 1.23–1.52, P = 0.002). The average CT calcium volume score among RA patients 
was also significantly greater than that of healthy controls (median 1.96  cm3; IQR 0.57–5.48 and median 0.004  cm3; IQR 
0.04–0.05, P < 0.001). There was no significant difference between the average FDG-TBRmean scores in the RA patients 
when compared to healthy controls (median 1.29; IQR 1.13–1.52 and median 1.29; IQR 1.13–1.52, respectively, P = 0.98).
Conclusion Quantitative assessment with NaF-PET/CT identifies increased molecular calcification in the wall of the abdomi-
nal aorta among patients with RA as compared with healthy controls, while quantitative assessment with FDG-PET/CT did 
not identify a difference in aortic vessel wall FDG uptake between the RA and healthy control groups.
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Introduction

Rheumatoid arthritis (RA) is associated with increased car-
diovascular morbidity and mortality [1–3]. Cardiovascular 
disease (CVD) is the leading cause of premature death in 
patients suffering from RA [4, 5]. The exact pathogenesis 
of increased risk of CVD in RA patients has not yet been 
determined. The increased risk cannot be wholly explained 
by traditional cardiovascular risk factors and may be related 
to disease-related inflammation [6, 7]. For this reason, con-
ventional methods used for CVD risk stratification such as 
the Framingham risk score (FRS) suffer from limitations in 
risk stratification in this population. However, no standard 
technique has been successfully employed to reliably iden-
tify RA patients with active atherosclerotic disease. As such, 
finding a tool to detect and quantify the active process of 
atherosclerosis is warranted.

Imaging techniques can noninvasively provide informa-
tion about atherosclerotic calcification in the arterial wall, 
which is a strong predictor of CV events [8]. For instance, 
computed tomography (CT) is a conventional imaging 
modality by which vascular macro-calcifications can be 
visualized. However, the observation of macro-calcifications 
on CT imaging does not provide information about ongo-
ing calcification or the extent of inflammation, and may not 
be a reliable predictor of future cardiovascular events [9]. 
Conversely, molecular imaging techniques provide us with 
the ability to gain insight into the physiological nature of 
pathology. Nearly 20 years ago, the role of 18F-fluorodeox-
yglucose (FDG) in detecting inflammation of vasculature 
was suggested [10]. Several authors have highlighted the 
role of FDG in identifying the existing inflammation in the 
plaques within the arterial wall [11–13]. Lately, the credibil-
ity of this radiotracer in cardiovascular assessment has been 
challenged by the unfavorable results generated from the 
CAMONA study indicating an association between thoracic 
aortic uptake of NaF, but not FDG, and the 10-year FRS [14, 
15]. A growing body of research proposes that NaF-PET/
CT is capable of detecting the active calcification within the 
vascular wall [14, 16–19] and might be superior to FDG-
PET/CT in cardiovascular risk assessment. Therefore, it is 
important to evaluate the role of these two radiotracers in 
high-risk groups that would benefit from imaging biomark-
ers such as patients with RA.

This study was designed to assess whether NaF and FDG 
as markers of active calcification and inflammation, respec-
tively, can sensitively discriminate levels of abdominal aorta 
(AA) calcification and inflammation between RA patients 
and normal subjects.

Materials and methods

Study design

As part of a prospective cross-sectional study conducted 
between 2012 and 2014 at the Philadelphia VA Medical 
Center, 19 patients who met the 2010 American Col-
lege of Rheumatology classification criteria for RA were 
recruited. One subject did not undergo NaF-PET/CT imag-
ing and was excluded from our study, therefore, a total of 
18 RA patients (4 women, 14 men; mean age 56.0 ± 11.7) 
were included. The controls were matched to patients by 
sex and age (4 women, 14 men; mean age 55.8 ± 11.9). 
Patients were not included if they had evidence of active 
malignancy, metabolic bone disease, or recent computed 
tomography (CT) imaging within 6 months due to con-
cerns about radiation exposure. 11 patients were receiv-
ing methotrexate, 9 were receiving prednisone, and 8 
were receiving biological drugs. 9 patients had a history 
of hypertension and 4 had a history of diabetes mellitus. 
Approval was obtained from the Philadelphia VA Medical 
Center Internal Review Board, and all work was performed 
in compliance with the Health Insurance Portability and 
Accountability Act (HIPAA).

Eighteen healthy control subjects, age- and sex-matched 
to RA patients with available FDG-PET/CT and NaF-
PET/CT, were selected from a pool of subjects who were 
recruited from the general population as part of a pro-
spective study conducted at Odense University Hospital 
in Denmark (NCT01724749) [14]. Subjects were not 
included if they had a history of cardiovascular disease, 
malignant neoplasm within the past 5 years, deep vein 
thrombosis or acute pulmonary embolism, physical or 
mental disability, state of immunodeficiency or in treat-
ment with immunosuppressive drugs, history of alcohol 
abuse, illicit drug use or drug abuse, significant mental 
illness, and unstable or recently diagnosed autoimmune 
disease. The control subjects were not known to have any 
history of risk factors, such as HTN, dyslipidemia, DM, 
aortic aneurysm. Approval for this study was obtained 
from the Danish National Committee on Health Research 
Ethics and the Philadelphia VA Medical Center IRB.

Image acquisition

All subjects fasted for at least 6 h before the procedure and 
the study was performed after a confirmed blood glucose 
concentration below 8 mmol/L. Whole-body static FDG-
PET/CT scans were obtained 180 min after tracer adminis-
tration (4.0 MBq/kg or 0.11 mCi/kg). The acquisition time 
was 3.5 min/bed. The NaF-PET/CT scans were obtained 
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90 min following the tracer injection with an acquisition 
time of 2.5 min/bed. Scans of RA subjects were performed 
on a Biograph 64 Hybrid PET/CT Imaging System (Sie-
mens Medical Solutions, Inc. Malvern, USA), and scans 
of healthy subjects were performed on integrated PET/CT 
scanners (GE Discovery 690, VCT, RX, and STE). PET 
attenuation correction was performed with the CT data.

Quantitative image analysis

Whole artery analysis was attained by drawing regions of 
interests (ROI) around the abdominal aorta wall borders 
on axial slices using Osirix MD 9.0 software (Fig. 1). The 
abdominal aorta was defined from the slice containing the 
ostium of the celiac artery and ending with the last slice 
before the aortic bifurcation. The NaF and FDG uptake was 
quantified by calculating SUVmean using the following 
equation:

The NaF-SUVmean and FDG-SUVmean calculated for 
the AA were divided by the tracer blood pool activity (the 

Global SUVmean =

∑

(Slice SUVmean × Slice ROI volume)

ROItotal_volume

.

average of NaF/FDG uptake in two consecutive slices in 
superior vena cava) giving us NaF-TBRmean and FDG-
TBRmean (TBR: target-to-background ratio).

Lastly, the CT calcium volume score was obtained on 
unfused CT images of FDG-PET/CT. The threshold for 
detecting the arterial calcium was set at 130 HU (Fig. 2).

Statistical analysis

A non-parametric test (Mann–Whitney U test) was used to 
assess the differences of NaF-TBRmean, FDG-TBRmean 
and CT calcium volume score between the RA patients and 
the healthy controls. Spearman correlation assessed the 
relationship between NaF-TBRmean and FDG-TBRmean, 
age and CT calcium volume score in the RA group. 
Moreover, the association between the disease activity 
(DAS28-CRP) and NaF-TBRmean and FDG-TBRmean 
was assessed by spearman correlation. The statistical 
analysis for this paper was generated using SPSS (SPSS 
Inc., Chicago, IL, USA; Version 25). A P value of less 
than 0.05 was considered as statistically significant.

Fig. 1  ROIs were manually 
drawn around the abdominal 
aorta wall of a 63-year-old 
RA patient (a) and the age-sex 
matched healthy control (b). 
The NaF-PET/CT demon-
strates the higher NaF activity 
in the abdominal aorta of the 
RA patient as compared to the 
matched control

Fig. 2  The CT calcium volume score was determined within the 
drawn ROIs (a). Voxels with the Hounsfield unit (HU) of 130 and 
above were delineated (b). A 3D growing region algorithm with a 
lower Hounsfield unit (HU) threshold of 130 was assigned on unfused 

CT images (c). The CT calcium volume score was calculated by sum-
ming the areas of calcification in each slice and multiplying the result 
by the slice thickness
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Results

All 18 RA patients regardless of age had AA calcifica-
tion on CT scan, while no calcification was detected in the 
AA in seven healthy controls. The average NaF-TBRmean 
scores among RA patients were significantly greater than 
that of healthy controls (median 1.61; IQR 1.49–1.88 and 
median 1.40; IQR 1.23–1.52; P = 0.002). The average CT 
calcium volume score among RA patients was also signifi-
cantly greater than that of healthy controls (median 1.96 
 cm3; IQR 0.57–5.48 and median 0.004  cm3; IQR 0.04–0.05, 
P < 0.001). There was no difference between the average 
FDG-TBRmean scores in the RA patients when compared 
to healthy controls (median 1.29; IQR 1.13–1.52 and median 

1.29; IQR 1.13–1.52, P = 0.98) (Fig. 3). There was no sta-
tistically significant correlation between NaF-TBRmean 
and FDG-TBRmean (ρ = − 0.18, P = 0.46), whereas there 
was a positive correlation between NaF-TBRmean and CT 
calcium volume score in RA patients (ρ = 0.62, P = 0.005) 
(Fig. 4). An inverse but statistically insignificant trend was 
found between FDG-TBRmean and CT calcium volume 
score (ρ = − 0.31, P = 0.20). Moreover, a significant posi-
tive correlation was observed between age and CT calcium 
volume score (ρ = 0.59, P = 0.008) but not NaF-TBRmean 
(ρ = 0.40, P = 0.09). 

In healthy controls, there was no association between 
NaF-TBRmean/FDG-TBRmean and age or CT calcium 
volume score (All P > 0.05). However, there was a positive 

Fig. 3  Box plot comparison of NaF and FDG uptake in the abdomi-
nal aorta as well as CT calcium volume score of RA patients and 
the matched healthy controls. NaF-TBRmean and CT calcium vol-
ume score were significantly higher among RA patients than that of 

matched healthy controls (P = 0.002, P < 0.001, respectively). FDG-
TBRmean was also higher in RA group but the difference was not 
statistically significant (P = 0.98)

Fig. 4  There was a significant positive correlation between global 
SUVmean and CT calcium volume score of the abdominal aorta in 
RA patients (ρ = 0.62, P = 0.005). There was no significant correla-

tion between FDG global SUVmean and calcium volume score of the 
abdominal aorta in RA (ρ = − 0.31, P = 0.20)
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correlation between age and CT calcium volume score 
(ρ = 0.50, P = 0.03).

There was no correlation between DAS28-CRP score and 
NaF-TBRmean/FDG-TBRmean (all P > 0.05).

Discussion

In this study, we hypothesized that the assessment of AA 
calcification may be more sensitive than the assessment of 
inflammation for evaluating the atherosclerotic process in 
RA patients using molecular imaging techniques. We found 
that the AA calcification in RA patients as determined by 
NaF-PET/CT was higher than that of healthy controls at both 
microscopic and macroscopic levels. It is worth noting that 
all 18 RA subjects had detectable AA macro-calcification on 
CT, including younger subjects. In contrast, the assessment 
of AA inflammation by FDG-PET/CT did not show any 
difference between the RA group and the healthy controls. 
Overall, these findings support the hypothesis that NaF-PET/
CT might more effectively identify RA-related inflammatory 
changes to the vasculature compared to FDG-PET/CT.

Patients with RA are known to have higher incidence of 
atherosclerosis [20]. Previous reports have also demonstrated 
that RA patients develop early-onset and extensive vascular 
calcification [21, 22], findings confirmed in our study. Prior 
studies have shown that AA calcification is a strong predic-
tor of future cardiovascular events [8]. However, a growing 
body of evidence suggests that there is a substantial differ-
ence between micro-calcification and macro-calcification 
in the process of atherosclerosis [23]. Macro-calcification 
(assessed by CT) occurs when vascular smooth muscle cells 
promote fibrosis and undergo osteogenic transdifferentiation 
which stabilizes the plaque by acting as a barrier towards 
inflammation [23]. In contrast, micro-calcification is the ini-
tial deposition of calcium in response to pro-inflammatory 
stimuli which might cause further inflammation and instabil-
ity of the plaque [23]. Therefore, it has been hypothesized 

that measuring the active micro-calcification in vasculature 
may provide more useful information about the atheroscle-
rotic calcification process rather than macro-calcification.

Initially, the application of NaF-PET/CT was limited 
to malignant skeletal disease [24, 25] due to its ability to 
portray calcium metabolism in the bone [26]. An increas-
ing number of investigations have revealed the feasibility 
of this modality in detection of extra-skeletal calcification 
[27–30] such as calcification of atherosclerotic plaques [19, 
31, 32]. This calcification is mainly the micro-calcification 
which is undetectable on structural imaging techniques such 
as CT (Fig. 5). Although some studies have shown the link 
between FDG uptake and atherosclerotic disease [33–36], 
recent studies propose that NaF-PET/CT might be a better 
alternative for cardiovascular assessment [37, 38].

Our findings were in line with previous studies as we 
demonstrated that global assessment with NaF-PET/CT 
could sensitively discriminate AA calcification between a 
high-risk group and healthy controls, whereas, FDG-PET/
CT could not. Recently, Arani and colleagues evaluated the 
association between NaF and FDG uptake in the AA and 
cardiovascular risk factors [38]. They utilized the same 
methodology as the current study which has been shown 
to be more accurate in detecting molecular calcification 
compared to conventional methods of PET quantification 
[37, 39]. They observed that the global tracer uptake value 
for NaF not FDG was higher in patients with chest pain 
than healthy controls [38]. Additionally, the global NaF 
uptake in the AA was positively correlated with age and 
10-year Framingham risk score while the FDG uptake 
was not. Blomberg et al. observed a positive correlation 
between the unfavorable cardiovascular risk profile and 
thoracic aortic micro-calcification as determined by NaF-
PET/CT but not arterial inflammation as determined by 
FDG-PET/CT [14]. The negative results for FDG-PET/
CT in our study are consistent with these prior reports and 
may have four explanations. First, FDG is a non-specific 
radiotracer and the amount of FDG uptake within the ROIs 

Fig. 5  Images above belong to an RA patient. The arrow shows the active aortic micro-calcification in abdominal aorta which has been detected 
by NaF PET (b) and NaF PET/CT (c) but not CT alone (a)
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in the aorta may be influenced by other structures such as 
vascular smooth muscle. Second, the inflammatory phase 
in the vessel wall is likely much shorter than the post-
inflammatory phase, limiting the time frame to image the 
vessel at the inflammatory phase [38]. Furthermore, it has 
been shown that the inflammation in the atherosclerotic 
plaque is waxing and waning as determined by FDG-PET/
CT and calcification and inflammation are not necessar-
ily present at the same time [40, 41]. Lastly, as some RA 
patients were receiving RA medications, these drugs may 
have attenuated the FDG uptake in the atherosclerotic 
plaques.

Our findings confirmed the previous reports that the 
NaF uptake in the aorta is positively correlated with CT 
calcification [14, 42]. There was an inverse correlation 
between the AA FDG uptake and CT calcification in RA 
patients. However, this correlation was not statistically sig-
nificant (P = 0.20). Additionally, this study showed that in 
RA patients, there is a positive correlation between age and 
macro-calcification but not micro-calcification. This was an 
expected finding since the macro-calcification observed on 
CT is a cumulative process and the volume of macro-calci-
fication is expected to increase with age. However, our find-
ings suggest that the process of active micro-calcification in 
RA patients is not related to age, and disease-related factors 
such as inflammation or other unknown factors may instead 
drive micro-calcification in this population.

This study is limited by small sample size. The female to 
male ratio of RA patient has been reported to be 3:1 [43]. 
In our study, we included 14 male patients and 4 females. 
Further prospective studies with larger sample sizes and 
with the same female/male ratio as the general population 
are needed to validate our results and assess the correlation 
between NaF uptake and different cardiovascular factors. 
Another limitation was the lack of histological data to cor-
relate with NaF and FDG uptake. The NaF and FDG uptake 
values are reported to indicate the arterial micro-calcifica-
tion and inflammation, however the association between 
uptake of these radiotracers and the observed histology 
needs further evaluation. Another consideration is the adja-
cency of spine and abdominal aorta which raises concern 
for spill over from spine to aorta. We used SUVmean for 
our measurements which indicates the average of all voxels 
within the ROI and is less affected by the contamination 
from spine as opposed to SUVmax which is highly prone 
to be altered as it is a value of one voxel. However, this 
adjacency should still be considered even though we believe 
using SUVmean minimizes the effect of any contamination 
from the adjacent tissues. Finally, because of ethical con-
cerns about radiation in healthy controls, this study utilized 
previously collected controls. Similar protocols were used 
to obtain images and extract data. However, it should be 
considered as two different machines were used, the values 

might be affected due to the existing challenge of cross-
calibrating different machines.

Conclusion

Quantitative assessment with NaF-PET/CT may be a use-
ful approach to identify excess micro-calcification in the 
abdominal aorta among at-risk patients with RA. Quantita-
tive assessment with FDG-PET/CT did not identify a differ-
ence between the RA and healthy control groups. Further 
prospective studies are needed to confirm the potential role 
of NaF-PET/CT to diagnose, monitor and assess treatment 
response in patients at high risk for atherosclerosis.
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