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TRANSLATIONAL SCIENCES

Analysis of 18F-Sodium Fluoride Positron 
Emission Tomography Signal Sources in 
Atherosclerotic Minipigs Shows Specific Binding 
of 18F-Sodium Fluoride to Plaque Calcifications
Paula Nogales , Carlos Velasco, Adriana Mota-Cobián , Leticia González-Cintado, Rubén Avelino Mota, Samuel España,  
Jesús Mateo , Jacob F. Bentzon

OBJECTIVE: 18F-sodium fluoride (18F-NaF) positron emission tomography (PET) imaging is thought to visualize active 
atherosclerotic plaque calcification. This is supported by the binding of 18F-NaF to plaque calcification ex vivo, but no prior 
studies have examined binding of 18F-NaF to human-like plaque in vivo. Our aim was to validate the specificity of 18F-NaF 
PET for plaque calcifications in atherosclerotic minipigs.

APPROACH AND RESULTS: Gain-of-function PCSK9D374Y (proprotein convertase/subtilisin kexin type 9) transgenic Yucatan minipigs 
(n=4) were fed high-fat diet for 2.5 years to develop atherosclerosis and then subjected to 18F-NaF PET/computed tomography 
imaging. The heart, aorta, and iliac arteries were immediately re-scanned ex vivo after surgical extraction. Lesions from the abdominal 
aorta, iliac arteries, and coronary arteries were cryo-sectioned for autoradiography. Histological plaque characteristics, PET/
computed tomography signal, and autoradiography were linked through regression and co-localization analysis. Arterial 18F-NaF PET 
signal had intensities comparable to clinical scans and colocalized moderately with calcification detected by computed tomography. 
Histological analysis showed calcification spanning from microcalcifications near lipid pools and necrotic core to more homogenous 
macrocalcifications. Comparison with arteries from autopsy cases confirmed the resemblance in localization and appearance with 
early human plaque calcification. Regression analysis in the abdominal aorta showed correlations with calcified plaque but could not 
rule out contributions from noncalcified plaque. This was resolved by autoradiography, which showed specific accumulation in plaque 
calcifications in all examined arteries. In the context of porcine abdominal aorta, 18F-NaF PET imaging was, however, less accurate 
than computed tomography for detecting small calcifications.

CONCLUSIONS: 18F-NaF accumulates specifically in calcifications of atherosclerotic plaques in vivo.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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1
8F-sodium fluoride (18F-NaF) positron emission  
tomography/computed tomography (PET/computed 
tomography [CT]) is a promising noninvasive imaging 

tool for visualizing active calcification in plaques.1 Calcifi-
cations first appear in progressive lesions near lipid pools 
and necrotic areas,2 and 18F-NaF PET may, therefore, pro-
vide information about degenerative processes that make 
plaques dangerous. Although benign lesions in late-stage 

atherosclerosis are also often calcified, 18F-NaF may bind 
less to the dense and inert calcifications in such plaques.3,4 
Importantly, increased coronary 18F-NaF uptake was recently 
shown to predict recurrent events in patients with estab-
lished coronary atherosclerosis.5
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Whether 18F-NaF localizes specifically to calcifica-
tions, or may also bind to other plaque components, has 
not yet been clarified in vivo for human lesions or experi-
mental lesions with human-like calcification. Previous 
studies have shown that 18F binds to the surface of calci-
fications when harvested plaque tissue is incubated with 
18F-NaF ex vivo.3,6,7 Tracer accumulation is, however, not 
driven exclusively by binding affinity, but also by delivery 
and washout fluxes,8 which cannot be modeled ex vivo. 
For example, blood flow is an important rate-limiting step 
in bone 18F-NaF imaging.9

To study 18F-NaF distribution in plaques in vivo, we used 
human gain-of-function PCSK9D374Y (proprotein conver-
tase/subtilisin kexin type 9) transgenic minipigs, which 
feature atherosclerotic plaques that are comparable to 
human plaques in terms of size and morphology.10 In the 
present study, we show that 18F-NaF accumulates specifi-
cally in calcifications of plaques in PCSK9D374Y minipigs.

METHODS
The data that support the findings of this study are available 
from the corresponding author upon request.

Animals
Animal procedures were approved by the Animal Protection 
Area of the Comunidad Autónoma de Madrid (PROEX265/16) 
and followed 3R principles to include the minimum number of 
animals required for sufficient statistical power. Yucatan mini-
pigs (females, n=4) with hepatic overexpression of a human 
gain-of-function mutant of proprotein convertase/subtilisin 
kexin type 9 (PCSK9D374Y) were housed in a specific patho-
gen-free facility. Only females were used to allow nonsurgical 
urinary catherization during scans. PCSK9D374Y transgenic mini-
pigs were fed standard pig feed supplemented with 20% w/w 
lard and 2% w/w cholesterol from 2 to 3 until 18 to 22 months 
of age, and then with feed supplemented with 20% w/w lard 
alone until termination. Plasma total cholesterol levels were 
9.77±2.37 mmol/L at termination.

Human Plaque
Sections of human coronary plaques were obtained from a 
previously described autopsy material.11 Material was collected 

at the Department of Forensic Medicine, University of Aarhus, 
under ethical permission from the Regional Research Ethics 
Committee. For subjects <45 years (n=47), artery specimens 
were not decalcified. From these subjects, we selected sec-
tions from the most diseased segment if that was classified as 
a progressive lesion type (pathological intimal thickening, fibro-
atheroma, or fibrocalcific plaque) by the classification scheme 
devised by Virmani et al.12 A total of 26 left anterior descending 
(LAD) segments and 24 right coronary artery segments from 
30 subjects fulfilled these selection criteria.

In Vivo and Ex Vivo 18F-NaF PET/CT Imaging 
and Analysis
At 33 months of age (131±8 kg of body weight), pigs under-
went clinical 18F-NaF PET/CT scans covering the entire aorta 
and the iliac arteries. For this purpose, they were fasted over-
night and sedated with an intramuscular injection of 20 mg/
kg Ketamine, 2 mg/kg Xylazine, and 0.5 mg/kg Midazolam. 
Following tracheal and urinal intubation, general anesthesia 
was maintained with an infusion of 2 g/L Ketamine and 0.2 
g/L Midazolam with an infusion rate of 2 to 4 mL/kg per 
hour. 18F-NaF PET/CT images were acquired using a Gemini 
TF-64 scanner (Philips Healthcare). Animals were imaged in 
the supine position. Each imaging sequence consisted of low-
dose CT (120 kV and 200 mA) followed by PET at 3 hours 
after the intravenous injection of 654±47 MBq of 18F-NaF. A 
relatively high dose was used to provide enough activity for 
subsequent ex vivo scans and autoradiography. The PET/CT 
scan covered the entire aorta and the iliac arteries. The PET 
scan was acquired over 10 bed positions with 50% bed over-
lap (3 minutes per bed) to ensure uniform sensitivity across 
the region of interest. Finally, coronary computed tomographic 
angiography with iodinated contrast agent (1.2 mL/kg, 
Iomeron 400) was performed. Contrast agent was adminis-
tered at 3 mL/second via an ear vein and flushed with 15 mL 
of physiological saline followed by a helical ECG gated CT 
scan. The diastolic phase was selected for the analysis. PET 

Nonstandard Abbreviations and Acronyms

18F-NaF	 18F-sodium fluoride
CT	 computed tomography
LAD	 left anterior descending
PCSK9	� proprotein convertase/subtilisin kexin 

type 9
PET	 positron emission tomography
ROI	 region of interest
SUV	 standardized uptake value

Highlights

•	 PCSK9 (proprotein convertase/subtilisin kexin type 
9) transgenic minipigs develop plaque calcifications 
that resemble early human plaque calcifications.

•	 18F-sodium fluoride positron emission tomography 
imaging signal intensity correlates with the amount 
of plaque calcification in porcine abdominal aorta in 
vivo and ex vivo.

•	 Autoradiography shows that 18F-sodium fluo-
ride binds specifically to plaque calcifications, 
irrespective of their classification as macro- or 
microcalcifications.

•	 Similar to human studies, pigs had vascular seg-
ments with 18F-sodium fluoride signal despite no 
computed tomography calcium score. This was 
explained by reduced specificity and not increased 
sensitivity of 18F-sodium fluoride positron emis-
sion tomography imaging compared with computed 
tomography.
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images were reconstructed using the scanner-implemented 
LOR-RAMLA algorithm using corrections for normalization, 
dead time, attenuation, scatter, random events, sensitivity, 
and decay. The final image matrix contained 234 slices of 
144×144 voxels, with 4.0×4.0×4.0 mm3 voxel size. Low-dose 
CT images were used for attenuation correction. PET images 
were fused with the coronary CT angiography image to pro-
vide an anatomic reference for the delineation of the coronary 
arteries or fused with the low-dose CT for the delineation of 
the abdominal aorta and iliac arteries.

Immediately after the in vivo 18F-NaF PET/CT scan, animals 
were euthanized by injection of pentobarbital (50 mg/kg), and 
the heart, the aorta including the iliac bifurcation and the renal 
arteries were flushed with saline and re-scanned ex vivo using 
the same settings. In one pig, ex vivo scanning was not possible 
due to scanner breakdown.

PET and CT images were fused and regions-of-interest 
(ROIs) were drawn around the arterial profile in CT image 
slices covering the abdominal aorta from the iliac bifurcation 
to the right renal artery, the proximal LAD coronary artery and 
both iliac arteries. Activity concentrations within these ROIs 
were then quantified in the aligned PET images as standard-
ized uptake values. Maximum and mean standardized uptake 
value were measured in each ROI, and target-to-background 
ratios (TBRmean and TBRmax) were obtained by dividing SUVmean 
and SUVmax values with the average activity measured in ROIs 
placed within the abdominal vena cava (for abdominal aorta 
and iliac arteries) or left ventricle (for coronary arteries). A cal-
cium score was calculated in each CT slice of abdominal aorta 
by multiplying the number of voxels with attenuation exceed-
ing 130 Hounsfield units or 64 Hounsfield units by the mean 
attenuation level in those voxels. This value was then divided 
with the number of voxels in the ROI area to normalize for the 
difference in vessel profile size along the abdominal aorta. 
Measurements were performed in MATLAB (Mathworks, Inc).

Histology
Serial sections from the abdominal aorta (every 4 mm from 
the right renal artery to the iliac bifurcation) were stained with 
Masson’s trichrome to measure the plaque area (or in healthy 
vessel segments intima area), and by Alizarin Red (A5533, 
Sigma-Aldrich) to quantify calcified and noncalcified plaque 
components using the ROI and threshold tools in ImageJ. 
Human sections were stained with Alizarin Red.

Regression Analysis in the Abdominal Aorta
A segment-based regression analysis between arterial histol-
ogy and PET signal was conducted in the abdominal aorta. 
Segments consisted of 3 PET slices (12 mm) or 2 PET slices 
(8 mm) for the analysis of in vivo and ex vivo scans, respec-
tively. PET signal intensity in each segment was calculated as 
an average of signal in the 2 to 3 slices (TBRmean/TBRmax 
and SUVmean/SUVmax for in vivo and ex vivo, respectively). 
The amount of plaque or intima, calcified plaque, and non-
calcified plaque in each segment was estimated from histo-
logical sections. Each histological section was first mapped 
to its location in the in vivo PET/CT scan and linear interpo-
lations were then used to provide estimates of the average 
cross-sectional areas of the different arterial components 
within each aortic segment. Holes in sections caused by the 

breaking of calcified material were interpreted as belonging 
to the calcified area. Associations between PET measures 
and the average area of calcified and noncalcified plaque/
intima was examined by linear regression.

Autoradiography
Arterial slices of the proximal LAD and right coronary artery, 
the mid-portion of the thoracic aorta, the distal abdominal 
aorta and the proximal iliac arteries were rapidly obtained after 
the ex vivo PET/CT scan, embedded in OCT compound and 
snap-frozen. Two sections from each block were cut at 40 μm 
thickness and immediately placed on phosphor imaging plates 
along with a standard curve consisting of 18F-NaF drops with 
known activity. After >12 hours, screens were developed on 
a phosphorimager. Tissue sections were subsequently stained 
with Alizarin Red for calcification detection. Consecutive thin 
sections (4 μm) from the same blocks were stained with anti-
CD68 antibody (MCA2317GA, BioRad) to detect macro-
phages. Histological images and autoradiography were aligned 
and the accumulation of 18F in different plaque components 
were analyzed by regression and colocalization analysis. For 
regression analysis each vessel profile was divided into quad-
rants. In each quadrant, we determined (1) the intensity of the 
autoradiography signal, adjusted for injected dose, timing and 
body weight of the pig (standard uptake value) and quantified 
according to the standard curve of 18F-NaF; (2) percentage of 
quadrant area covered by calcification in Alizarin Red-stained 
sections, which was further divided into microcalcification and 
macrocalcification using an area cutoff of 1963 μm2 (corre-
sponding to the diameter cut-off of 50 µm—assuming circular 
shape—that is often used in histological analysis3); (3) percent-
age of quadrant covered by noncalcified tissue calculated as 
total vessel area—calcified tissue; and (4) percentage of quad-
rant covered by macrophages. The association of the different 
histological features and autoradiography signal was analyzed 
by linear regression. For direct colocalization analysis, ROIs cov-
ering calcified areas in the Alizarin Red-stained section were 
determined with the threshold tool in ImageJ, and the ROIs 
for calcified tissues were subsequently enlarged by 150 μm to 
compensate for limitations in autoradiography resolution. Total 
vessel and lumen areas was outlined manually and total ves-
sel area−(calcified area+lumen area) defined the noncalcified 
vessel area. 18F-NaF signal was calculated as detailed above in 
each ROI in the aligned autoradiography image. Measurements 
were done MATLAB (Mathworks, Inc).

Statistical Analysis
Linear regression analyses were performed after evaluating 
normal distribution of residuals and homoscedasticity, and cor-
relation coefficients were compared with Fisher r-z transfor-
mation. Spearman correlation was used for autoradiography 
data that did not meet these assumptions. The Kruskal-Wallis 
test with Dunn post-test were performed for multiple-group 
comparison. Receiver-operating-characteristic curves were 
obtained for detection of small calcifications by CT and 18F-NaF 
PET, and areas under receiver-operating-characteristic curves 
were compared as described by Hanley and McNeil.13 Analysis 
was performed in Prism (GraphPad Software, Inc) and Excel 
(Microsoft). All tests were 2-tailed and statistical significance 
was accepted at the level of P<0.05.
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RESULTS
Minipigs Develop Plaque Calcifications 
Resembling Early Human Calcifications
PCSK9D374Y minipigs develop atherosclerosis with pre-
dilection sites similar to those of human atherosclerosis, 
mainly affecting the abdominal aorta, iliac arteries, and 
coronary arteries.10 We examined lesion types throughout 
the abdominal aorta and in the proximal atherosclerosis-
susceptible part of the iliac arteries and LAD. Lesions 
were most advanced in the abdominal aorta where fibro-
atheromas or large pathological intimal thickenings (PITs) 
were present in all pigs (Figure 1A through 1D). The other 
vessels had mainly intimal xanthomas and small PITs.

Calcifications were present in the majority of PITs and 
fibroatheromas (Figure 1E through 1H). Microcalcifica-
tions were mainly located in areas with extracellular lipid 
pools or necrotic core. Macrocalcifications were located 
in the same regions and were often, but not always, bor-
dered by lipid pools or necrotic core material.

To compare the plaque calcification in PCSK9D374Y 
minipigs with early human plaque calcifications, we 
examined sections from atherosclerotic LAD (n=26) 
and right coronary artery (n=20) from 30 human sub-
jects <45 years of age (21 men, 9 women). Lesion 
types included 27 PITs, 13 fibroatheromas, 5 fibrocal-
cific plaques, and 1 ruptured fibroatheroma. Calcifica-
tions were found in 26 lesions and their localization 
and appearance resembled those observed in pigs 
ranging from sprinkled microcalcifications near lipid 

pools and necrotic foci in the central part of plaques to 
more homogenous areas of calcification in the same 
regions (Figure 1I through 1L). These observations in 
human plaques are consistent with previous descrip-
tions of human plaque calcification.2

18F-NaF PET Signal Associates With Plaque 
Calcification
Minipigs underwent a clinical 18F-NaF PET imag-
ing protocol followed by several types of analyses to 
understand the localization of 18F in plaques. 18F-NaF 
PET signal, obtained 3 hours after radiotracer injec-
tion, was observed from all the examined vessels 
with signal strengths in the range reported for human 
scans.14,15 Values (mean±SD) for abdominal aorta were 
TBRmax=2.48±0.68; for iliac arteries TBRmax=1.70±0.64; 
and for LAD TBRmax=1.35±0.57.

To determine the source of the signal, we focused 
on the abdominal aorta, which has large anatomic 
dimensions compared with PET resolution and thereby 
allows analysis of multiple independent segments in 
each pig (Figure  2A through 2D). Moreover, it con-
tained lesions differing in size and developmental 
stage, yielding statistical strength to our analysis of 
plaque-signal relationships.

18F-NaF PET signal quantified as TBRmax and TBRmean 
correlated with the presence of CT-detected calcifica-
tion across the abdominal aorta, but PET signal was also 
seen in some CT-negative segments with little plaque 

Figure 1. Plaque calcification in PCSK9D374Y (proprotein convertase/subtilisin kexin type 9) minipigs and humans.
A–D, Trichrome-stained sections showing lipid pools and early necrotic core formation in abdominal aorta lesions. Insets show selected areas 
in higher magnification. E–H, Adjacent sections stained with Alizarin Red. Calcifications range from microcalcifications near lipid pools in the 
plaque interior to more homogenous calcification in the same region (also leading to some deterioration during sectioning). I–L, Representative 
examples of coronary lesions from human subjects (<45 y old) showing a similar range and localization of calcification. Open arrowheads 
indicate lipid pools and closed arrowheads necrotic core. Scale bars 2.5 mm (A, C, E, and G), 1 mm (I, K), and 0.5 mm (B, D, F, H, J, L).
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formation (Figure 2E). Clear univariate correlations were 
observed between 18F-NaF PET signal and the amount 
of plaque calcification determined histologically (Fig-
ure  2F). This is consistent with preferential binding of 
18F-NaF to plaque calcifications but does not rule out that 
18F-NaF could bind other arterial wall components that 
may evolve in parallel with calcifications. Indeed, we also 
found significant correlations with noncalcified plaque 
(Figure 2G). Because of the close relationship between 
the amount of total plaque, calcified plaque, and noncal-
cified plaque in our data material, it was not possible with 

the univariate correlation approach to determine which of 
these correlations were real and which may be caused by 
confounding factors.

18F-NaF PET signal in ex vivo scans correlated well 
with in vivo scan signal across abdominal aortic seg-
ments, as expected when the signal originates mainly 
from the arterial tissue and not background (Figure 3A 
through 3D). Correlations between ex vivo 18F-NaF 
PET signal and the size of calcified and noncalcified 
plaque were similar to the analysis of in vivo scans 
(Figure 3E and 3F).

Figure 2. Associations of in vivo 18F-sodium fluoride (18F-NaF) positron emission tomography (PET) signal with computed 
tomography (CT) and plaque histology.
A–C, Fused PET/CT and CT images shown in coronal (A) and transversal (B), at the level of the arrow) planes. Magnified area with 
placement of regions of interest for quantification around the aorta (blue) and inside the inferior vena cava (green) are shown in C. Scale 
bars 50 mm (A and B) and 10 mm (C). D, Corresponding Alizarin Red-stained section and thresholded signal for calcification showing 
visual correlations with CT and 18F-NaF signal. Scale bar 2 mm. E, Correlations between 18F-NaF PET signal quantified as TBRmean 
or TBRmax and the amount of CT-detected calcification. F and G, Correlations between 18F-NaF PET signal and the average area of 
calcified and noncalcified plaque determined by histology. Data points in all panels represent the average value within 12 mm segments 
of the abdominal aorta. Regression lines with 95% CIs are shown. The color of the data points shows total plaque (intima) area in 
each segment and indicates the close associations among the size of total, calcified, and noncalcified plaque across segments, which 
complicates interpretation of the univariate correlations.
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Autoradiography Reveals Specific 
Accumulation of 18F-NaF in Calcified Plaque 
Regions
To determine the localization of 18F-NaF in plaque, 
autoradiography analysis was carried out. Signal was 
recorded from thick cryosections obtained rapidly after 
ex vivo scans from the abdominal aorta, thoracic aorta, 
iliac arteries, LAD, and right coronary artery. By visual 
inspection, the autoradiography signal matched the pat-
tern of subsequent Alizarin Red staining of the sections 
(Figure 4A and 4B). Sparse signal was seen in the arte-
rial media and in noncalcified plaque regions.

Quantification of plaque-signal relationships was first 
approached by correlation analysis. This approach has 
the advantage that it can probe for binding of 18F-NaF 
to plaque components that are small compared with 

autoradiography resolution. For this analysis, vessels 
were divided into quadrants. Because calcifications are 
not homogenously distributed across the lesion, dividing 
the vessel profiles into quadrants obviated the correla-
tion between calcified and noncalcified tissue that lim-
ited the in vivo analysis (r=0.15, nonsignificant, across 
quadrants) and allowed us to test for the independent 
contribution of each tissue type. Significant correlation 
was found between the areas of 18F-NaF autoradiog-
raphy signal and calcification (r=0.69, P<0.0001), but 
not between autoradiography signal and noncalcified 
tissue (r<0.01, nonsignificant) (Figure 4C and 4D). The 
association between calcification and autoradiographic 
signal was observed in both abdominal aorta, iliac artery, 
and LAD plaques.

Previous studies have proposed that microcalci-
fications are more effective in binding 18F-NaF than 

Figure 3. Associations of ex vivo 18F-sodium fluoride (18F-NaF) positron emission tomography signal with plaque histology.
A–C, Fused positron emission tomography (PET)/computed tomography (CT) and CT images shown in coronal (A) and transversal (B, at the 
level of the arrow) planes. Magnified area with region of interest around the aorta is shown in C. Scale bars 35 mm (A and B) and 5 mm (C). 
D, Correlation between 18F-NaF PET signal obtained ex vivo and in vivo quantified as SUVmean or SUVmax. E and F, Correlations of 18F-NaF PET 
signal and the amount of calcified (E) and noncalcified plaque (F) determined by histology. Data points in all panels represent the average value 
within 8 mm segments of the abdominal aorta. Regression lines with 95% CIs are shown. The color of the data points shows total plaque/
intima area in each segment.

D
ow

nloaded from
 http://ahajournals.org by on January 14, 2025



Translational








 S
ciences




 
- A

L
Nogales et al In Vivo Validation of Arterial 18F-NaF PET

e486    October 2021� Arterioscler Thromb Vasc Biol. 2021;41:e480–e490. DOI: 10.1161/ATVBAHA.121.316075

macrocalcifications.3,4 The quantitative importance of this 
for total 18F-NaF plaque signal has, however, not been 
determined. To explore the importance of microcalcifica-
tion for 18F-NaF accumulation in plaques in the porcine 
model, we separated calcification into macro- and micro-
calcified areas based on an area cutoff of 1963 μm2 
(corresponding to the commonly used diameter cutoff 

of 50 μm; Figure I in the Data Supplement). The corre-
lation between 18F-NaF signal and macro-calcifications 
(r=0.55, P<0.0001) was similar to the correlation with 
total calcifications, while the correlation with micro-calci-
fications was weaker (r=0.33, P<0.0001). This indicates 
that the majority of the 18F-NaF signal in the examined 
lesions accumulates in regions with macrocalcification, 

Figure 4. Autoradiography shows specific accumulation of 18F-sodium fluoride (18F-NaF) in plaque calcifications.
A and B, Representative examples of Alizarin Red staining, 18F-NaF autoradiography, and the merged image showing visual concordance of 
18F-NaF signal and calcification in sections from abdominal aorta (A) and left iliac artery (B). C and D, For quantification, the vessel profile 
was divided into quadrants as indicated in B, and the association of total autoradiography signal, normalized among pigs as described in 
methods, and the percentage covered by calcified (C) and noncalcified tissue (D) was analyzed by Spearman correlation. Only calcified 
tissue was significantly associated with 18F signal. E, Representative example of macrophage (CD68) staining, 18F-NaF autoradiography, and 
the merged image from left iliac artery. The thresholded signal illustrates the lack of co-localization of macrophages with 18F autoradiography 
signal. F, Correlation analysis of 18F signal in quadrants with the area fraction covered by macrophages showed no significant association 
(Spearman correlation). Scale bars 1 mm. Sections were from multiple vascular beds as indicated by the color coding. LAD indicates left 
anterior descending; and RCA, right coronary artery.
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which was also apparent by visual inspection of macro-
calcification and autoradiography signal.

Finally, to determine if other plaque features are 
involved in 18F-NaF uptake, we CD68-stained sections 
for macrophages (Figure 4E). No correlation was present 
between macrophage area and 18F-NaF autoradiography 
signal (r=0.05; P=0.66 Figure 4F).

To confirm the binding of 18F-NaF to calcifications in 
a direct co-localization analysis, we also measured aver-
age autoradiography signal intensity within calcified, 
noncalcified and lumen areas in the aligned histology 
and autoradiography images. Signal was on average high 
in calcified compared with noncalcified regions which, 
in turn, was not significantly different from noise levels 
measured in the lumen area (Figure 5A and 5B). It should 
be noted that some calcified regions had low measured 
signal intensity. This was more often observed in plaques 
with small calcifications (as indicated by the grayscale 
in Figure  5B) and could potentially in those cases be 
explained by uncertainties in alignment and partial vol-
ume effects, which causes small sources of signal to be 
dispersed over a larger area with lower intensity. Further-
more, holes in disintegrated calcifications were included 
in the calcified region based on the assumption that they 
were lost during staining after autoradiography, but it is 
possible that some were lost before.

CT Versus 18F-NaF for Detection of Plaque 
Calcification
18F-NaF has been proposed as a more sensitive tech-
nique than CT for the detection of small plaque calcifi-
cations. Such comparisons are highly context-dependent 
being influenced among other factors by the level of 
background signal in different territories. To compare the 
accuracy of 18F-NaF-based versus CT-based quantifica-
tion of plaque calcification in our specific setting of por-
cine abdominal aortic plaques, we conducted association 

analysis of CT calcium scores using the standard thresh-
old attenuation level of 130 Hounsfield units and a 
reduced level of 64 Hounsfield units to define calcifica-
tion. Compared with the similar association analysis for 
18F-NaF PET shown in Figure 2F, significantly higher cor-
relation coefficients were obtained (Figure 6A and 6B).13 
The improved correlations were partly explained by bet-
ter distinction of segments with small calcifications from 
noncalcified segments, and consistently, CT showed 
superior sensitivity and specificity for detecting small 
plaque calcifications in porcine abdominal aorta sections 
in receiver-operating-characteristic analysis (Figure 6C).

DISCUSSION
Gene-modified minipigs with atherosclerosis offer pos-
sibilities to determine the sources of PET signals in a 
setting that features human-sized arteries and plaques. 
This adds complementary information to clinical stud-
ies where it is generally not possible to determine the 
localization of in vivo delivered PET tracers within ath-
erosclerotic lesions.

Previous efforts to validate 18F-NaF PET imaging have 
found that pre-surgical 18F-NaF PET signal in patients 
undergoing carotid endarterectomy correlates with the 
amount of calcium deposits in harvested plaque mate-
rial.16 Furthermore, it has been shown that 18F-NaF binds 
the surface of calcifications in ex vivo incubated plaque.3,17 
While these approaches have the clear strength that they 
can be conducted with human plaques, they also have 
limitations. First, univariate association analysis cannot 
predict the physical localization of tracers. In our data set, 
we saw significant univariate correlations between 18F-
NaF PET signal and the amount of noncalcified plaque 
although 18F-NaF was subsequently found by autoradi-
ography to only accumulate in the calcified region. This 
is a clear example of how internal correlations between 
the size of different plaque components, in this case 

Figure 5. Colocalization analysis of calcified tissue and autoradiography signal.
A, Representative example of Alizarin Red staining with regions of interest (ROIs) for total tissue (orange), calcified tissue (red), and lumen 
(blue). Total vessel area−(calcified area+lumen area) defined the noncalcified vessel area. B, Average 18F signal intensity was high in calcified 
tissue ROIs, while signal in noncalcified regions was not significantly different from signal (noise) in the lumen area. Kruskal-Wallis test 
(P<0.0001) with Dunn post-test (****P<0.0001, **P<0.01), The gray scale of the data points in the calcified tissue column shows the calcified 
ROI size. ns indicates nonsignificant.
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between noncalcified and calcified plaque, can drive 
misleading associations between PET signal and plaque 
features. Second, ex vivo incubations of plaque tissue do 
not necessarily mimic the in vivo distribution of tracers, 
which is determined not only by binding affinity, but also 
by influx and outflux rates between blood and plaques.8

Approaches to Determine Signal Sources in 
Experimental Models
18F-NaF PET imaging has previously been applied in 
animal models where plaque calcification occurs, includ-
ing rabbits and pigs,18,19 but these prior studies did not 
study the localization of 18F-NaF in plaques or validated 
the ability of 18F-NaF PET to measure plaque calcifi-
cation. In the present study, we carried out analysis for 
18F-NaF in plaques in 2 steps. By regression analysis, 
we found clear associations between the amount of 
plaque calcification and in vivo and ex vivo PET signal. 
Yet, this approach could not rule out that 18F-NaF also 
accumulated in noncalcified plaque because of the high 
degree of concordance between calcified and noncalci-
fied plaque components across vascular segments in our 
model. Only by analyzing at the autoradiography level it 
was possible to demonstrate the specific uptake of 18F-
NaF in calcified regions. The amount of calcifications 
alone correlated with autoradiographic 18F-NaF signal, 
and co-localization analysis showed autoradiography 18F-
NaF signal levels significantly above background levels 
only in the calcified region.

Macro- Versus Microcalcification
Clinical imaging in patients with symptomatic atheroscle-
rosis has found that arterial segments with CT-detectable 
calcification in some cases do not have clear 18F-NaF PET 
signal and vice versa.1 Evidence from ex vivo incubations 
of human endarterectomy specimens suggest that this 

may be because dense macrocalcifications only bind 18F-
NaF at the surface, while giving strong CT attenuation. In 
contrast, microcalcifications can bind more 18F-NaF per 
volume because of their higher surface-to-volume ratios, 
but may be too small to increase voxel attenuation to be 
detected by standard CT calcium scoring.3

In our experiments, we found at least moderate lev-
els of 18F-NaF signal in all segments with CT-detectable 
calcifications. Consistently, macrocalcifications, defined 
by the commonly used threshold for histology, efficiently 
bound 18F proportionally to their size in autoradiographic 
analysis, while microcalcifications were less important for 
total 18F-NaF signal in accordance with their small contri-
bution to total calcification volume. The efficient 18F-NaF 
binding to macrocalcifications may reflect the fact that 
plaques in the porcine model had early types of calcifi-
cations, similar to those observed in the human plaque 
material from persons <45 years. It is conceivable that 
18F-NaF can more easily access and bind throughout 
such loosely organized calcifications compared with the 
larger and denser calcifications that develop in human 
plaques with age, often completely precluding cutting in 
paraffin without decalcification. Furthermore, the calci-
fications in the pig model are likely developing in size 
whereas many calcifications in late human plaques may 
be inert. 18F has been suggested to bind particularly well 
to sites of active calcification.9 Unfortunately, there are 
no current experimental atherosclerosis models that 
develop densely calcified plaques or allow control of the 
rate of calcification in which the importance of calcifica-
tion density or activity could be addressed in vivo.

Similar to clinical studies, we observed some segments 
that had 18F-NaF signal despite no CT-detectable calcifi-
cation (Figure 2E). The ability to validate this against his-
tologically verified calcification revealed, however, that the 
phenomenon did not arise from increased sensitivity of 
18F-NaF to detect small calcifications compared with CT, 
but rather from decreased specificity of the PET signal. 

Figure 6. Computed tomography (CT) is superior to 18F-sodium fluoride (18F-NaF) positron emission tomography (PET) for 
detecting small calcifications in the porcine abdominal aorta.
A and B, Correlations between CT calcium scores using the standard threshold attenuation level of 130 HU (A) and a reduced level of 64 
HU (B) to define calcification. Regression lines with 95% CIs are shown. Correlation coefficients were significantly higher than for the similar 
analysis using TBRmean or TBRmax in Figure 2F (P<0.05, Fisher r-z transformation, except for CT Ca score HU>130 vs TBRmax, which was 
P=0.08). The grayscale of the data points shows total plaque/intima area in each segment. C, Receiver-operating characteristic (ROC) curves 
showing the accuracy of the different modalities in correctly classify vessel segments as calcified/noncalcified at the indicated thresholds for 
calcification. The area under the ROC curves for the 2 CT scores were significantly higher than for TBRmax at each threshold level (all P<0.05 
by the technique of Hanley and McNeil). Analysis with TBRmean gave similar results (not shown).
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This is not unexpected and caution has previously been 
raised against overinterpreting the biological meaning of 
18F-NaF positive, CT-negative vessel segments.20 PET 
has low resolution compared with CT and hence cannot 
place the origin of imaging signal as precisely as CT. It 
is therefore expected that some signal from calcifica-
tions disperse to slices where CT signal is not seen. It is 
important to stress that these 18F-NaF PET and CT com-
parisons are highly context dependent, and it is well pos-
sible that the specificity of human coronary 18F-NaF PET 
imaging is higher than in our experiments where spill-over 
from the vertebral column and a high dose of 18F-NaF may 
contribute to higher background signal. CT, on the other 
hand, performed extremely well in measuring the amount 
of calcification in the porcine abdominal aorta, and could 
detect plaques with only 0.05 mm2 cross-sectional calci-
fied area with good sensitivity and specificity.

Clinical Perspectives
The 18F-NaF PET activity of culprit plaques and the dem-
onstration that high coronary 18F-NaF PET levels are 
associated with recurrent clinical events suggest that 
active calcification marks dangerous lesion develop-
ment.4,5 Since the development of calcification itself is 
probably innocent, this is likely because calcification is 
a telltale of other important disease mechanisms in the 
plaque. Calcification is typically absent from early human 
lesions but develop in the interior of pathological intima 
thickenings and fibroatheromas, where they are often 
found in areas with lipid pools and in the border zone 
to necrosis.21 The precipitation of calcification at these 
sites seem to be regulated, at least in part, by modulation 
of SMCs to osteochondrogenic subtypes, which secrete 
bone-like matrix and regulatory factors as well as calcify-
ing extracellular vesicles that can nucleate hydroxyapa-
tite deposition.22 How these processes are regulated in 
plaques will be important to fully understand the informa-
tion provided by 18F-NaF PET imaging. Using the combi-
nation of clinical imaging and the possibility to intervene 
against disease processes in the PCSK9D374Y minipig 
may be useful to explore these mechanistic links.

In advanced disease, it cannot be excluded that 18F-
NaF can bind thrombotic material or small calcifications 
that form in organized thrombi.23,24 Thrombotic complica-
tions do not occur spontaneously in experimental models 
of atherosclerosis, including in PCSK9 transgenic pigs, 
but the role of thrombosis for 18F-NaF binding could 
potentially be explored after artificially induced plaque 
thrombosis or in other experimental models of induced 
thrombus formation.

Limitations
The present study was based on a small number of 
pigs, which were all females to allow nonsurgical urinary 

catherization during scans. These limitations are unlikely 
to influence on our conclusion that 18F-NaF binds selec-
tively to plaque calcifications, but the small number of 
pigs meant that some relevant analyses could not be per-
formed including detailed analysis of coronary 18F-NaF 
-PET imaging. Because of the low resolution of PET and 
the limited spread of the coronary lesions in the pres-
ent set of pigs, each pig could only contribute with one 
data point per coronary artery, which was not enough to 
perform meaningful regression analysis with the current 
group size. The autoradiography, however, also included 
coronary lesions, and, therefore, our description of the 
physical localization of 18F to sites of calcification also 
applies to coronary atherosclerosis.

CONCLUSIONS
18F-NaF delivered in vivo accumulates specifically at 
sites of calcification in PITs and fibroatheromas of minip-
igs with human-like early plaque calcification.
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