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Background. 18F-NaF PET/CT is a novel approach to detect and quantify microcalcifica-
tion in atherosclerosis. We aimed to explore the underlying systematic vascular osteogenesis in
the coronary artery and aorta in patients with multivessel coronary artery disease (CAD).

Methods. Patients with multivessel CAD prospectively underwent 18F-NaF PET/CT. The
coronary microcalcification activity (CMA) and aortic microcalcification activity (AMA) were
calculated based on both the volume and intensity of 18F-NaF PET activity. Peri-coronary
adipose tissue (PCAT) density was measured in adipose tissue surrounding the coronary
arteries and the 18F-NaF tissue-to-blood ratio (TBR) was measured in the coronary arteries.

Results. 100 patients with multivessel CAD were prospectively recruited. The CMA was
significantly associated with the AMA (r = 0.70; P < .001). After multivariable adjustment, the
CMA was associated with the AMA (Beta = 0.445 per SD increase; P < .001). The coronary TBR
was also significantly associated with the PCAT density (r = 0.56; P < .001). The PCAT density
was independently associated with the coronary TBR after adjusting confounding factors.

Conclusions. Coronary 18F-NaF uptake was significantly associated with the PCAT density.
There was a significant relationship between the coronary and the aortic 18F-NaF uptake. It
might indicate an underlying systematic vascular osteogenesis in patients with multivessel CAD.
(J Nucl Cardiol 2022;29:3352–65.)
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Abbreviations
18F-NaF 18F-sodium fluoride

CAD Coronary artery disease

CT Computed tomography

LAD Left anterior descending

LCX Left circumflex

PCAT Peri-coronary adipose tissue

PET Positron emission tomography

RCA Right coronary artery

SUV Standardized uptake value

TBR Tissue-to-background ratio

INTRODUCTION

Coronary atherosclerotic plaque rupture is the

principal cause of acute coronary syndrome and a

significant cause of sudden cardiac death and its

prevention is crucial.1,2 Plaque rupture events are

challenging to predict because the most culprit lesions

are non-flow limiting and often overlooked by tradi-

tional functional investigations. Novel imaging

techniques now have a potential to identify the patho-

logical structures and processes in association with

plaque rupture. During atherosclerosis progression,

macrophage-derived cytokines induce osteogenic differ-

entiation and vascular cell mineralization, suggesting

that pro-inflammatory molecules could promote

atherosclerotic osteogenesis by regulating the differen-

tiation of calcified vascular cells.3 Active

microcalcification in the atherosclerotic plaque is con-

sidered as a marker of cell death and inflammation and

carries an increased risk of plaque rupture and associ-

ated complications.4

Multivessel coronary artery disease (CAD) is a

common manifestation of advanced coronary atheroscle-

rosis. In complex cardiovascular disorders, the relevance

of systemic causes of atherosclerosis development and

progression is widely recognized. Patients who have

multivessel CAD may have concomitant systemic

atherosclerosis in multiple arterial beds, given that they

share the same risk factors and genetic predispositions.5

Nonetheless, there is no evidence demonstrating the

underlying systematic vascular osteogenesis in patients

with multivessel CAD. The positron emission tomogra-

phy (PET) tracer 18F-sodium fluoride (18F-NaF) is a

marker of developing microcalcification and osteogenic

activity across multiple different cardiovascular disease

states.6,7 18F-NaF PET/computed tomography (CT), as a

non-invasive imaging technique, could be a novel

approach to visualize and quantify biochemical

osteogenic activity in the systematic vasculature with

high sensitivity.8–10

Peri-coronary adipose tissue (PCAT), a source of

pro-atherogenic mediators, is closely adjacent to the

coronary artery tree has been demonstrated that

increased density of PCAT plays an essential role in

the development of coronary atherosclerosis through

bidirectional communication with the vessel wall at a

cellular level.11,12 Recent studies have demonstrated the

PCAT is associated with focal coronary 18F-NaF PET

uptake in stable CAD patients.13,14 Nevertheless, the

relationship between PCAT density and 18F-NaF PET

uptake in multivessel CAD patients has not been

characterized. In addition, new-onset or rapid coronary

calcification progression is associated with an enhanced

risk for future CAD events and cardiovascular risk

prediction can be enhanced by examining the coronary

artery calcium burden.

In the present study, we firstly aimed to evaluate the

underlying systematic vascular osteogenesis in cardio-

vascular by analyzing the association between the

coronary and the aortic 18F-NaF uptake in patients with

multivessel CAD, and further to evaluate the associa-

tions between coronary artery osteogenic activity and

conventional pro-atherosclerosis factors, including

PCAT density, coronary artery calcium burden, CAD

risk factors, and serum biomarkers.

METHODS

Patient population

This observational cross-sectional study was a

monocentric pilot study as a prospective trial registered

with the Chinese Clinical Trial Registry

(ChiCTR1900022527). It was aimed to investigate the

performance of 18F-NaF PET/CT in the characterization

of coronary plaque in patients with multivessel CAD. A

total of 457 consecutive patients with CAD were

prospectively included in Beijing Anzhen Hospital

between February 2018 and April 2021. Patients with

multivessel CAD confirmed by coronary angiographi-

cally were included, which defined as presenting at least

2 of 3 epicardial vessels with a stenosis C 70% or left

the main stenosis C 50%. Cardiac 18F-NaF PET/CT scan

were performed within 14 days of the coronary angiog-

raphy. Patients were excluded if (1) a recent myocardial

infarction (\4 weeks), (2) history of malignancy, acute

or chronic inflammatory, and autoimmune disease (3)

history of cardiovascular surgery. Finally, a total of 100

multivessel CAD patients were recruited in our current

study. The study flow chart is shown in Figure 1. The

project was approved by the Medicine Ethics Committee
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of Beijing Anzhen Hospital (2018055X) and adhered to

the principles laid out in the Declaration of Helsinki.

Assessment of SYNTAX score

Patients were scored for anatomic complexity by

the SYNTAX scores using an online calculator system

(http://www.syntaxscore.com/calculator/start.htm). The

SYNTAX scoring was a comprehensive angiographic

assessment of the coronary vasculature, with 0 as the

lowest score and the higher scores [no upper limit]

indicating the more complex coronary anatomy. All

evaluations were conducted by two cardiac surgeons

(GM and YW), blinded to the patients’ data.

Cardiac 18F-NaF PET/CT and image analysis

All patients were administered a target dose of 18F-

NaF (3.7 MBq/kg) intravenously and subsequently

rested in a quiet environment for a 120-minute uptake

period,15 an electrocardiogram-gated cardiac 18F-NaF

PET/CT imaging (Biograph mCT, Siemens Medical

Systems, Erlangen, Germany) was performed. Then, a

low-dose attenuation correction CT scan (120 kV, 50

mAs) was acquired. The PET data were reconstructed

using a point spread function ? time of flight algorithm

(time of flight ? TrueX, Siemens Ultra-HD), with 5

iterations and 21 subsets. Due to the small size of the

vulnerable plaques, an in-plane pixel size of 2 mm with

a corresponding reconstructed image matrix size of 400

9 400 was used to achieve a high spatial resolution.

To evaluate the coronary 18F-NaF uptake, semi-

quantitative analysis was performed by obtaining the

maximum standardized uptake value (SUV) (a validated

measure of tissue radiotracer uptake) by manually

placing the regions of interest (delimiting three-dimen-

sional regions) in the proximal of left anterior

descending (LAD), left circumflex (LCX), and right

coronary artery (RCA). The tissue-to-background ratio

(TBR) in the LAD (TBRLAD), LCX (TBRLCX), and

RCA (TBRRCA) were then calculated by correction for

background blood-pool activity using the right atrium

(mean SUV using cylindrical volumes of interest [ra-

dius: 10 mm; thickness: 5 mm] at the level of the RCA

ostium), respectively. The TBR in the coronary artery

was calculated as the average TBR value from three

main coronary arteries (LAD, LCX, and RCA) in each

patient.

Coronary microcalcification activity, which repre-

sents the overall disease activity in the main coronary

arteries (LAD, LCX, and RCA) and based upon both the

volume and intensity of 18F-NaF PET activity within it,

was defined as the integrated activity in SUV units

exceeding the background blood-pool SUVmean ? 2

standard deviations (left atrium activity).16 These

encompass all the main epicardial coronary vessels

and their immediate surroundings (4-mm radius), facil-

itating per-vessel and per-patient uptake quantification.

Coronary microcalcification activity was calculated by a

Figure 1. Study design flowchart. Flowchart of the included and excluded criteria of the present
study. 18F-NaF, 18F-sodium fluoride; CAC, Coronary artery calcium score; CAD, coronary artery
disease; MI, myocardial infarction; PCAT, peri-coronary adipose tissue; PET/CT, positron emission
tomography/computed tomography.
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formula for normalizing measurement: Coronary micro-

calcification activity = ([LAD cumulative SUV ? LCX

cumulative SUV ? RCA cumulative SUV] / [LAD

volume ? LCX volume ? RCA volume])/([right atrial

cumulative SUV? left atrial cumulative SUV]/[right

atrial volume ?left atrial volume]).

The aortic (ascending aorta, aortic arch) 18F-NaF

uptake was determined within volumes of interest

created around the aorta using a centerline function in

a multiplanar reconstruction. The ascending aortic

volume of interest started at the sinotubular junction

and finished immediately proximal to the junction with

the brachiocephalic artery. The aortic arch volume of

interest started from the junction with the brachio-

cephalic artery and finished immediately distal to the

junction with the left subclavian artery. Aortic micro-

calcification activity was calculated by dividing aortic

intensity per cm3 ([ascending cumulative SUV ? arch

cumulative SUV] / [ascending volume ? arch volume])

by background intensity per cm3 ([right atrial cumula-

tive SUV? left atrial cumulative SUV]/[right atrial

volume ?left atrial volume]) as a unitless number.8

Analysis of coronary artery calcium burden
and PCAT on CT

Cardiac CT scans were conducted with electrocar-

diography-gated cardiac CT using a 128-slice multi-

detector computed tomography scanner (Biograph mCT,

Siemens Healthcare, Erlangen, Germany) (following

cardiac PET/CT scans immediately). The scan param-

eters were: 128 x 0.6 mm collimation; tube voltage, 120

kV; gantry rotation time, 330ms; and tube current, 770-

850 mAs. Coronary calcium was quantified on both a

per-patient and per-segment level by an experienced

observer (WW) using volume analysis software (Cas-

coring Siemens Healthcare, mCT). The coronary artery

calcium score was derived using the Agatston method.

To quantify the PCAT density, a CT attenuation

threshold of - 190 to - 30 Hounsfield Units17 was

used to isolate adipose tissue by Mimics Medical

software (version 21.0; Materialise, Leuven, Belgium),18

and the PCAT density was defined as the mean

attenuation within such contamination-free volumes of

interest and was measured in adipose tissue surrounding

the proximal of LAD, LCX and RCA, where adjacent to

the regions of interest of 18F-NaF uptake measurement.

For each coronary artery, five regions of interest (each

regions of interest area = 3 mm2) were manually placed

on the region of distance the outer coronary artery wall,

width equal to the vessel diameter.19 The PCAT density

of the LAD (PCATLAD), LCX (PCATLCX) and RCA

(PCATRCA) was calculated by the average PCAT value

from the value of five regions of interest in LAD, LCX,

and RCA, respectively. The PCAT density in each

patient was calculated as the average PCAT value from

three main coronary arteries (LAD, LCX, and RCA).

PCAT density measurement by cardiac CT was per-

formed by two experienced nuclear cardiologists (MJ

and WW), who were blinded to the quantitative analysis

data as well as 18F-NaF PET/CT image analysis.

Statistical analysis

All statistical analyses were performed using SPSS

software (version 25, SPSS, Inc., Chicago, IL). Contin-

uous variables were tested for normality using Shapiro–

Wilk test and were presented as mean ± standard

deviation or median (interquartile range) dependent on

the distribution. Data were compared by using two-

sample t-test or Mann–Whitney U tests. Categorical

variables were summarized using frequencies and per-

centages and were compared by using a Chi-squared test

(with a Yates correction or a Fisher exact test for smaller

sample sizes). Patients were divided dichotomously by

the median coronary microcalcification activity value

into two groups (coronary microcalcification activity\
1.42, n = 50; coronary microcalcification activity C

1.42, n = 50). Patients were also divided dichotomously

by the median coronary TBR value into group 1

(coronary TBR C 2.49, n = 50) and group 2 (coronary

TBR\ 2.49, n = 50). Spearman’s correlation analysis

and multiple linear regression analysis were used to

assess the correlations between the coronary 18F-NaF

uptake with the aortic 18F-NaF uptake, PCAT density,

coronary artery calcium burden, CAD risk factors, and

serum biomarkers, respectively. To quantify the inter-

and intraobserver reproducibility of the coronary 18F-

NaF uptake, the aortic 18F-NaF uptake, and PCAT

density measurements, the intraclass correlation coeffi-

cients were calculated and Bland-Altman analysis was

undertaken. A 2-sided P-value \ .05 was regarded as

significant.

RESULTS

Baseline clinical characteristics of the study
population

Baseline characteristics of study population are

listed in Table 1. A total of 100 multivessel CAD

patients were enrolled (age 64.00 [57.00-67.75] years;

76 men; NYHA class III/IV: 63%; hyperlipidemia: 58%;

hypertension: 71%), widespread utilization of secondary

preventative therapies aspirin: 82%; statins: 87%; Beta-

blocker: 75%. The PCAT density and coronary artery

calcium score were - 79.50 (- 86.62 to - 73.58) and

808.00 (213.30-1646.30), respectively. Serum
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biomarkers were presented in the following: high-

density lipoprotein: 0.97 (0.85-1.13) mmol�L; low-den-
sity lipoprotein: 2.17 (1.81-2.86) mmol/L; high-

sensitivity C-reactive protein: 2.56 (0.86-15.15) mg/L;

interleukin-6: 6.40 (4.20-8.40) pg/mL; tumor necrosis

factor alpha: 9.27 (7.50-13.30) pg/mL; creatinine clear-

ance rate: 87.00 (70.00-101.00) mL/min; and troponin I:

0.01 (0.00-0.05) ng/mL.

Reproducibility of measurements

Excellent agreement was observed in the interob-

server variabilities of coronary microcalcification

activity, aortic microcalcification activity, coronary

TBR, and PCAT. There was also a substantial agreement

between the intraobserver variabilities for coronary

microcalcification activity, aortic microcalcification

activity, coronary TBR, and PCAT (Additional file:

Table 1. Baseline clinical characteristics of the study population

n = 100

Baseline characteristics

Age, years 64.00 (57.00–67.75)

Men, n (%) 76 (76.00)

Body-mass index, kg/m2 24.88 (23.08–27.33)

LVEF, % 59.00 (48.50–65.00)

Systolic blood pressure, mmHg 129.00 (120.00–141.75)

Diastolic blood pressure, mmHg 73.00 (67.00–79.00)

NYHA class III/IV, n (%) 63 (63.00)

Diabetes, n (%) 38 (38.00)

Hyperlipidemia, n (%) 58 (58.00)

Hypertension, n (%) 71 (71.00)

Smoker, n (%) 57 (57.00)

Family history of CAD, n (%) 35 (35.00)

Serum biomarkers

High-density lipoprotein, mmol/L 0.97 (0.85–1.13)

Low-density lipoprotein, mmol/L 2.17 (1.81–2.86)

High-sensitivity C-reactive protein, mg/L 2.56 (0.86–15.15)

Interleukin-6, pg/mL 6.40 (4.20–8.40)

Tumor necrosis factor alpha, pg/mL 9.27 (7.50–13.30)

Creatinine clearance rate, mL/min 87.00 (70.00–101.00)

Troponin I, ng/mL 0.01 (0.00–0.05)

Medications, n (%)

Aspirin 82 (82.00)

Statins 87 (87.00)

ACEIs/ARBs 32 (32.00)

Beta-blocker 75 (75.00)

SYNTAX score 55.00 (44.25–70.00)

Coronary artery calcium score 808.00 (213.30–1646.30)

PCAT - 79.50 (- 86.62 to - 73.58)

PCATLAD - 81.81 (- 90.72 to - 74.39)

PCATLCX - 78.20 (- 86.85 to - 70.60)

PCATRCA - 77.29 (- 86.34 to - 69.62)

PET/CT

Coronary microcalcification activity 1.42 (1.21–1.86)

Aortic microcalcification activity 1.28 (1.11–1.45)

Data are presented as median (25th to 75th percentile) or n (%).
ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; CAD, coronary artery disease; CT, computed
tomography; LVEF, left ventricular ejection function; NYHA, New York Heart Association; LAD, left anterior descending; LCX, left
circumflex; PCAT, peri-coronary adipose tissue; PET, positron emission tomography; RCA, right coronary artery
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Table S1). In the Bland-Altman analysis, the interob-

server variabilities were 0.10 ± 0.88 for coronary

microcalcification activity, - 0.05 ± 0.28 for aortic

microcalcification activity, - 0.02 ± 0.99 for coronary

TBR, and 0.63 ± 4.68 for PCAT (mean ± 1.96SD).

Bland–Altman analyses showed a good intraobserver

reproducibility with no fixed biases for the quantification

of coronary microcalcification activity (0.03 ± 0.27),

aortic microcalcification activity (0.03 ± 0.20), coronary

TBR (- 0.01 ± 0.20), and PCAT (- 0.20 ± 5.09) (mean

± 1.96SD) (Additional file: Figure S1, Figure S2,

Figure S3, and Figure S4).

Correlations between the coronary 18F-NaF
Uptake and the Aortic 18F-NaF uptake

Compared with patients with lower coronary micro-

calcification activity (\ 1.42, n = 50), the aortic

microcalcification activity was significantly increased

(1.44 [1.29-1.65] vs 1.16 [1.06-1.28]; P \ .001) in

patients with higher coronary microcalcification activity

(C 1.42, n = 50) (Figure 2A). The aortic microcalcifi-

cation activity was also significantly correlated with the

coronary microcalcification activity (r = 0.70, P\ .001)

(Figure 2B). Moreover, after adjustment confounding

factors (age, gender, body-mass index), increased coro-

nary microcalcification activity was independently

associated with the aortic microcalcification activity

(Beta: 0.445 per SD increase; 95% confidence interval:

0.303 to 0.587; P\0.001) by multiple linear regression

analysis. After adjustment for SYNTAX score and

coronary artery calcium score, higher coronary micro-

calcification activity was also independently associated

with the aortic microcalcification activity (Beta: 0.515

per SD increase; 95% confidence interval: 0.311 to

0.719; P\ .001). Concordant associations were found

after adjustment for combined cardiac risk factors and

serum biomarkers (Table 2). Representative images in

patients with significantly elevated coronary 18F-NaF

uptake and aortic 18F-NaF uptake are illustrated in

Figure 3.

Correlation between the coronary 18F-NaF
uptake with the PCAT density

As shown in Table 3, the coronary TBR was

significantly correlated with the PCAT density (r = 0.56,

P\ .001). There were significant correlations between

the TBR value and the corresponding PCAT density in

LAD, LCX, and RCA territories (r = 0.47, P\ .001; r =
0.36, P \ .001; r = 0.41, P \ .001; respectively)

(Figure 4). Per patient, we found that the PCAT density

was independently associated with the coronary TBR

(Beta: 0.448 per SD increase; 95% confidence interval:

0.286-0.610; P \ .001) by multiple linear regression

analysis (age, sex, body-mass index as covariates). After

adjustment for SYNTAX score and coronary artery

calcium score, the PCAT density was also independently

associated with the coronary TBR (Beta: 0.416 per SD

increase; 95% confidence interval: 0.222-0.610; P \
.001). Significant associations were found after adjust-

ment for combined cardiac risk factors and serum

biomarkers (Table 4). Representative images are illus-

trated for PCAT and TBR in Figure 5.

Figure 2. Correlation between the CMA and the AMA. Patient with higher CMA (C 1.42) had a
higher AMA [1.44 (1.29-1.65) vs 1.16 (1.06-1.28); P\ .001) than those with lower CMA (\1.42)
(A). There was a moderate correlation between the CMA and the AMA (r = 0.70; P\ .001) (B).
CMA, coronary microcalcification activity; AMA, aortic microcalcification activity.
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Correlation between CAD risk factors,
serum biomarkers with coronary 18F-NaF
uptake

There was a significant association between the

coronary TBR and the coronary artery calcium score (r
= 0.45, P\ .001) (Table 3). The coronary artery calcium

score was significantly higher in group 1 compared with

that in group 2 (P\ .001) (Supplemental file: Table S2).

Age in all individuals was significantly correlated

with the coronary TBR (r = 0.24, P = .019) (Table 3).

Patients in group 1 were relatively older (P = .002)

(Supplemental file: Table S2).

Serum troponin I level in all individuals was

correlated with the coronary TBR (r = 0.22, P = .039)

(Table 3). There were no significant correlations

between traditional CAD risk factors (e.g., diabetes,

hyperlipidemia, hypertension, smoker, family history of

CAD, high-density lipoprotein, low-density lipoprotein,

high-sensitivity C-reactive protein, interleukin-6, tumor

necrosis factor alpha, and creatinine clearance rate) with

the coronary TBR (Table 3).

DISCUSSION

In the present study, we found that the coronary 18F-

NaF uptake was positively and independently correlated

with the aortic 18F-NaF uptake in patients with multi-

vessel CAD. Furthermore, there was also a strong

correlation between the coronary 18F-NaF uptake and

the PCAT density as well as the coronary artery calcium

score. Our results suggested that the presence of

systematic vascular osteogenesis activation in the coro-

nary artery and the aorta in multivessel CAD patients. In

addition, this study highlighted that 18F-NaF PET/CT

imaging can provide important supplemental informa-

tion for identifying patients with multivessel CAD who

are at excess vascular risk.

Atherosclerosis is a fundamental pathogenic process

in many diseases, including cerebrovascular and cardio-

vascular diseases, aortic aneurysm/dissection, and

arteriosclerosis obliterans. Plaque is known to be the

major characteristics of atherosclerosis and various

pathophysiologic processes are involved in the forma-

tion and progression of atherosclerotic plaque, including

inflammation, apoptosis, and mineralization.20 Micro-

calcification, which represents a specific phase in the

evolution of an atheroma, is a key feature of atheroscle-

rotic plaque rupture, that is embedded in the fibrous cap

Table 2. Univariate and multivariate linear regression analysis for the coronary microcalcification
activity

Aortic microcalcification activity

Coronary microcalcification activity

Beta (95% confidence interval) P

Univariate

Per unit change 1.506 (1.043–1.969) \ .001

Per SD change 0.449 (0.311–0.587) \ .001

Covariate: age, sex, body-mass index

Per unit change 1.494 (1.018–1.969) \ .001

Per SD change 0.445 (0.303–0.587) \ .001

Covariate: combined cardiac risk factorsa

Per unit change 1.430 (0.939–1.922) \ .001

Per SD change 0.426 (0.280–0.572) \ .001

Covariate: serum biomarkersb

Per unit change 0.972 (0.497–1.447) \ .001

Per SD change 0.290 (0.148–0.431) \ .001

Covariate: SYNTAX score, coronary artery calcium score

Per unit change 1.728 (1.043–2.413) \ .001

Per SD change 0.515 (0.311–0.719) \ .001

Beta, Unstandardized regression coefficients; CAD, coronary artery disease
aAdjusted for diabetes, hyperlipidemia, hypertension, smoker, family history of CAD
bAdjusted for high-density lipoprotein, low-density lipoprotein, high-sensitivity C-reactive protein, interleukin-6, tumor necrosis
factor alpha, creatinine clearance rate, troponin I
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Figure 3. Representative case showing the 18F-NaF PET/CT in patients with significantly elevated
coronary and aortic 18F-NaF uptake. Patient (male; 72 years) suffered multivessel lesions
presenting an intense focal 18F-NaF uptake in LCX and RCA (A-C). Coronal view of the thorax
showing increased 18F-NaF uptake in the ascending aorta (D-F) and aortic arch (G-I). Short-axis
view of the thorax showing increased 18F-NaF uptake in the aortic arch (J-L). 18F-NaF, 18F-sodium
fluoride; LCX, left circumflex; PET/CT, positron emission tomography/computed tomography;
RCA, right coronary artery.
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of atherosclerotic plaques and, then lead to considerable

stress accumulation in the fibrous cap and destabilize the

structural integrity of the fibrous cap.21

It was not surprising that patients with multivessel

CAD frequently had atherosclerosis in other arteries,

due to they shared the same pathophysiological mech-

anisms.22 Several studies reported significant

associations of coronary with extra-cardiac atheroscle-

rotic disease (such as the carotid, renal or lower limb

arteries).23,24 However, to our knowledge, none of these

studies thoroughly performed a systemic vascular osteo-

genesis examinations on coronary and aorta in patients

with complex CAD. In addition, prior studies did not use

systemic vascular imaging modalities to evaluate the

systemic atherosclerosis. 18F-NaF is an well-established

PET bone tracer that binds to hydroxyapatite, a crys-

talline structure that is a key component of

microcalcification.25 18F-NaF PET/CT imaging, as a

promising non-invasive imaging tool, can be used to

identify the systematic vascular osteogenesis in multiple

arteries by binding to hydroxyapatite.

Given the same cardiovascular risk factors and

genetic predispositions, the prevalence and development

of aortic plaque are closely related to coronary artery

atherosclerosis, which was consistent with an underlying

systemic vascular atherosclerotic process. McGill et al

Table 3. Correlation between the coronary TBR and clinical variables

Coronary TBR

r P

Baseline characteristics

Age, years 0.24 .019

Men, n (%) 0.15 .16

BMI, kg/m2 0.03 .79

LVEF, % - 0.13 .24

Systolic blood pressure, mmHg 0.21 .048

Diastolic blood pressure, mmHg 0.06 .59

NYHA class III/IV, n (%) 0.06 .58

Diabetes, n (%) 0.07 .50

Hyperlipidemia, n (%) 0.07 .52

Hypertension, n (%) 0.15 .16

Smoker, n (%) 0.12 .24

Family history of CAD, n (%) 0.07 .51

Serum biomarkers

High-density lipoprotein, mmol/L 0.06 .56

Low-density lipoprotein, mmol/L - 0.05 .61

High-sensitivity C-reactive protein, mg/L 0.04 .72

Interleukin-6, pg/mL 0.19 .11

Tumor necrosis factor alpha, pg/mL - 0.02 .80

Creatinine clearance rate, mL/min 0.11 .29

Troponin I, ng/mL 0.22 .039

Medications, n (%)

Aspirin 0.02 .85

Statins 0.03 .77

ACEIs/ARBs 0.11 .31

Beta-blocker 0.02 .85

SYNTAX score 0.07 .56

Coronary artery calcium score 0.45 \ .001

PCAT 0.56 \ .001

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body-mass index; CAD, coronary artery
disease; CT, computed tomography; LVEF, left ventricular ejection function; NYHA, New York Heart Association; PCAT, peri-
coronary adipose tissue; TBR, tissue-to-background ratio
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found a concordant pattern of raised fatty streaks in the

abdominal aorta and the RCA.26 In addition, a recent

cross-sectional observation study demonstrated that

asymptomatic and spontaneous aortic plaque rupture

was detected in 80% of patients with suspected or

diagnosed CAD.27 In our study, we found that the

coronary 18F-NaF uptake was independently correlated

with the aortic 18F-NaF uptake in patients who had

advanced multivessel CAD and concomitant cardiovas-

cular risk factors (hyperlipidemia and hypertension).

Our study revealed an interactive connection of system-

atic vascular osteogenesis within the different vascular

beds. It might demonstrate a concomitant microcalcifi-

cation activation in symptomatic CAD patients. Thus,

simultaneous screening the systemic osteogenesis in the

multiple vasculatures may clarify the precise patho-

physiological conditions and mechanisms underlying

multivascular disease.

PCAT is an ectopic thoracic fat tissue located

between the visceral layer of the pericardium and the

myocardium, surrounding the coronary artery tree.11,12

A large body of evidence, including experimental and

clinical studies, has demonstrated that PCAT is a

recognized source of pro-inflammatory mediators in

high-risk cardiac patients, which can directly modulate

the coronary artery through the mechanism of paracrine

and autocrine.28,29 Moreover, several studies have indi-

cated that the relationship of adipose tissue and the

vascular wall is a complex interaction, PCAT releases a

wide range of bioactive molecules that exert endocrine

and paracrine effects on the vascular lipid metabolism

and vascular inflammation.30,31 18F-NaF PET/CT has

emerged as a non-invasive quantitative imaging modal-

ity and is able to measure the microcalcification activity

in the vasculature.4,32 In this study, we conducted an

observational cross-sectional study with a relatively

larger number of patients with multivessel CAD and

found a significant correlation between the coronary 18F-

NaF activity and the PCAT density, which was concor-

dant with findings by previous studies,13,14 who

demonstrated an association of increased PCAT CT

attenuation with higher 18F-NaF PET activity in forty

patients with high-risk plaques. In contrast to previous

studies, we performed delay PET scans (120-minute),

providing a minimal blood-pool activity, a higher TBR,

and a higher SUVmax, and thus, improving the detection

of 18F-NaF uptake in coronary artery plaques and aorta

plaques.15 In addition, in comparison with prior studies,

our research enrolled more advanced CAD patients who

had multivessel lesions. Although the severity of

Figure 4. Correlations between the PCAT and the coronary TBR. Scatterplots of PCAT vs TBR
(A), PCATLAD vs TBRLAD (B), PCATLCX vs TBRLCX (C), PCATRCA vs TBRRCA (D). r, spearman
correlation coefficients; LAD, left anterior descending; LCX, left circumflex; PCAT, peri-coronary
adipose tissue; RCA, right coronary artery; TBR, tissue-to-background ratio.
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systemic atherosclerotic pathology may have a signifi-

cant effect on inflammation and osteogenesis, our study

found that the coronary TBR was independently asso-

ciated with the corresponding PCAT density, which

indicating there was a significant correlation between

osteogenesis and inflammation in atherosclerosis,

regardless of CAD severity.

Pioneering studies demonstrated that the coronary
18F-NaF uptake was significantly correlated with the

coronary artery calcium score and the progression of

coronary calcification.33,34 Increased coronary 18F-NaF

uptake was significantly associated with more rapid

progression of coronary calcification at one year in

patients with clinically stable multivessel CAD.33

Intriguingly, we also found that coronary 18F-NaF

uptake was significantly correlated with the calcium

burden in the coronary artery assessed by cardiac non-

contrast CT. These results may indicate that the under-

lying correlation between the accumulation of 18F-NaF

and the corresponding incremental change during the

calcified plaque progression.

Cardiac troponin I was used to detecting myocardial

necrosis as a preferred biomarker in the diagnosis of

myocardial infarction.35 Joshi et al reported an associ-

ation between increased coronary 18F-NaF uptake and

higher plasma high-sensitivity cardiac troponin I

concentration in patients with stable CAD.36 Our study

also observed that serum troponin I level was associated

with coronary 18F-NaF uptake in patients with multi-

vessel CAD. In fact, silent plaque rupture and

subclinical plaque thrombus formation are frequent

incidental post-mortem findings in patients with multi-

vessel CAD. These results suggest that coronary 18F-

NaF PEC/CT imaging might provide complementary

information over traditional standard risk factors.

Limitations

This study had several limitations. First, this was a

single-center study in patients with multivessel CAD,

and bias selection was possible; however, adjustments

were made for the confounding effects of risk factors for

the association between the PCAT density and the

coronary 18F-NaF activity. Second, partial volume

effects and cardiac motion could have affected the

PET quantification in the coronary artery lesions. Third,

CT angiography was not performed in this study cohort.

Finally, the patient outcome assessment is lacking in the

current study, which is warranted for the future

investigation.

Table 4. Univariate and multivariate linear regression analysis for coronary TBR

PCAT

Coronary TBR

Beta (95% confidence interval) P

Univariate

Per 10 HU change 0.512 (0.331–0.693) \ .001

Per SD change 0.465 (0.300–0.629) \ .001

Covariate: age, sex, body-mass index

Per 10 HU change 0.494 (0.315–0.672) \ .001

Per SD change 0.448 (0.286–0.610) \ .001

Covariate: combined cardiac risk factorsa

Per 10 HU change 0.508 (0.320–0.696) \ .001

Per SD change 0.461 (0.291–0.632) \ .001

Covariate: serum biomarkersb

Per 10 HU change 0.529 (0.300–0.758) \ .001

Per SD change 0.480 (0.272–0.688) \ .001

Covariate: SYNTAX score, coronary artery calcium score

Per 10 HU change 0.458 (0.245–0.672) \ .001

Per SD change 0.416 (0.222–0.610) \ .001

aAdjusted for diabetes, hyperlipidemia, hypertension, smoker, family history of CAD
bAdjusted for high-density lipoprotein, low-density lipoprotein, high-sensitivity C-reactive protein, interleukin-6, tumor necrosis
factor alpha, creatinine clearance rate, troponin I
Beta, Unstandardized regression coefficients; CAD, coronary artery disease; PCAT, peri-coronary adipose tissue; TBR, tissue-to-
background ratio
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NEW KNOWLEDGE GAINED

This study showed that the coronary 18F-NaF

uptake was related to the aortic 18F-NaF uptake and

was also correlated with the pro-atherosclerosis factors

(including PCAT density, coronary artery calcium

score). 18F-NaF PET/CT, a simple and repeat-

able method for quantifying microcalcification activity

in the coronary artery and the aorta, can contribute to

provide complementary information for identifying sys-

tematic vascular osteogenesis in patient with multivessel

CAD. There is a possible indication that the 18F-NaF

PET/CT may have an important clinical value in

improving patient management and treatment decision.

CONCLUSIONS

Our study showed that coronary 18F-NaF uptake

was significantly associated with the aortic 18F-NaF

uptake, which might imply a systematic vascular osteo-

genesis activation in the coronary artery and the aorta in

patients with multivessel CAD. The coronary 18F-NaF

uptake was also correlated with the PCAT density and

the coronary artery calcium score. Clinical research to

validate that such a pro-atherosclerosis axis translates

into a better outcome is warranted.
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