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Atherosclerosis is a common arterial lesion 
in a wide range of avian species, particu-

larly in Psittaciformes.1 The background preva-
lence of clinically relevant atherosclerotic lesions 
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(moderate-to-severe lesions) in companion psitta-
cine birds has been estimated at 7%, but the preva-
lence is affected by sex, age, species, and comorbid 
conditions.2 For instance, it can be as high as 50% in 
geriatric female birds of predisposed species, such 
as Amazon parrots (Amazona spp) and grey parrots 
(Psittacus erithacus).2

As in mammals, atherosclerotic lesions are 
inflammatory lesions characterized in birds by the 

OBJECTIVE
To investigate and establish a protocol for 18F-sodium fluoride (18F-NaF) PET scan imaging in Amazon parrots for 
atherosclerosis diagnosis.

METHODS
In this feasibility proof-of-concept study, 18F-NaF μPET scan and μCT scan were obtained on Hispaniolan (Amazona 
ventralis) and orange-winged Amazon parrots (A amazonica). A different μPET scan protocol was used for each 
species. Images were reviewed by 3 observers for arterial calcification and radiotracer uptake indicative of athero-
sclerosis. A blood lipid profile was also performed. A subset of Hispaniolan Amazon parrots were euthanized after 
completion of the study, and the heart and arteries were collected for histopathology.

RESULTS
10 adult Hispaniolan and 8 adult orange-winged Amazon parrots were scanned. Atherosclerotic lesions were 
detected on both μCT and μPET scan in various arteries. The presence of streak artifacts and increased noise on μCT 
scan limited the ability to detect high-attenuation areas of arteries and obtain observer consensus except for 1 case 
of severe arterial calcification. μPET scan was overall more sensitive, had higher interobserver agreement in lesion 
scoring, and detected a higher number of lesions in both species, including in coronary arteries. On histopathology 
on 5 Amazon parrots, the majority (5/6) of clinically relevant atherosclerotic lesions and some preatheromatous 
lesions (1/3) were identified on μPET scan. No association between atherosclerosis detection on μPET scan and the 
lipid profile was observed.

CONCLUSIONS
This study established a safe and effective protocol for 18F-NaF molecular imaging of psittacine atherosclerosis, 
which proved to be more sensitive than CT scan.
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18F-sodium fluoride PET scan allows for a more reliable and earlier diagnosis of atherosclerotic lesions in 
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accumulation of macrophages, cholesterol, other 
lipids, and necrotic debris in the intima and the lumi-
nal side of the media of arteries, and lesions can be 
calcified and fibrotic.3 Lesions are reported to be 
more common in the central arteries at the base of 
the heart in parrots, such as the aorta, the brachio-
cephalic trunks, and the pulmonary arteries, but can 
also be found in coronary and peripheral arteries.

The diagnosis of atherosclerosis is challenging 
in psittacine birds antemortem. While dyslipidemic 
changes have been associated with the lesions and 
various lipidologic tests have been investigated in 
parrots in relation to lipid-accumulation disorders,4–8 
they only assess risk factors and do not help in 
detecting, staging, and monitoring lesions in arter-
ies. The lesions must be identified on vascular imag-
ing techniques. However, current imaging techniques 
are insensitive to diagnose all but the most advanced 
lesions because of a combination of factors, such as 
the small size of psittacine birds, the extremely fast 
heart rate, the presence of air sacs surrounding the 
heart, and the presence of a large keel bone shielding 
the heart ventrally and laterally. Echocardiography 
is seldom useful to detect atherosclerotic lesions of 
the great arteries in relation to other cardiac abnor-
malities. Two strategies have been used to attempt 
to image these lesions: detecting luminal stenosis by 
angiography or detecting arterial calcification.

Since arterial luminal stenosis is the main patho-
physiological mechanism involved in psittacine ath-
erosclerotic diseases, angiographic protocols were 
developed in parrots, including CT angiography and 
fluoroscopic angiography.9–13 However, the arte-
rial luminal diameters of medium-sized parrots are 
only 1.5 to 3 mm, and significant motion artifacts are 
present at the base of the heart, which makes angi-
ography poorly sensitive except for severe stenosis. 
The clinical use of angiography to detect atheroscle-
rotic arterial luminal stenosis has not been reported 
in parrots so far and would require method-specific 
reference intervals for arterial luminal diameters in 
multiple species of parrots. Therefore, clinical angio-
graphic protocols will likely remain extremely limited 
by both technical and practical considerations in the 
future while not directly diagnosing atherosclerosis.

Arterial calcification is a hallmark of atheroscle-
rosis in mammals and birds and ranges from micro-
calcification to complete bone tissue formation.3,14,15 
In mammals, coronary calcification is an active pro-
cess resembling osteogenesis, is triggered by the 
inflammatory process of plaque formation and cell 
apoptosis, and is regulated by complex enzymatic 
and cellular pathways.15 The biological significance 
of arterial calcification is unknown, but the amount 
of calcification is associated with the progression of 
atherosclerosis and biomechanical changes to the 
atheromatous plaques.15 In parrots, arterial calcifica-
tion is also strongly associated with advanced and 
clinically significant lesions (types IV to VII histologic 
lesions, characterized as atheromas or fibroathero-
mas on the psittacine classification scheme) and is 
correlated to lesion area, but microcalcification can 

be seen in earlier lesions.3 Arterial calcification is 
also present in diet-induced atherosclerotic lesions 
in experimental parrot models and can be detected 
as early as 4 months on an increased cholesterol 
diet.5 Since arterial calcification is highly specific 
for atherosclerosis, it can be used as a surrogate 
imaging marker of atherosclerotic lesion burden. 
Radiography and CT imaging can be used to detect 
arterial calcification. A computed tomography scan 
is more sensitive for the detection of arterial calcium 
and allows measurement of both the density and 
extent of arterial calcification.16 In people, a coro-
nary calcium score has been widely used for staging 
coronary arterial disease and to predict future acute 
coronary events.17 Arterial calcification is cumulative 
and associated with the progression and severity of 
atherosclerotic lesions, but only macrocalcifications 
over a 200-μm diameter, associated with more severe 
and irreversible lesions, can be detected on clinical 
CT scans, which typically have a 0.4- to 0.6-mm reso-
lution.18 Microcalcifications (defined as areas under 
50 μm) are not detectable using clinical CT scans.19 
From our experience, while cases with advanced 
lesions and severe calcification can be diagnosed on 
CT scan, a CT scan still seems poorly sensitive overall 
for the diagnosis of psittacine atherosclerosis when 
correlating to necropsy findings.

As arterial calcification is strongly associated 
with atherosclerotic lesions in parrots, imaging tech-
niques with increased sensitivity would be ideal to 
diagnose earlier reversible lesions of atherosclerosis 
in captive psittacine birds. This would allow earlier 
medical intervention at a stage where lesions may 
still be reversible or not progress to clinically sig-
nificant lesions with appropriate management of 
risk factors. It would also allow better screening and 
monitoring of lesions and be applicable to further 
research on the pathophysiology, understanding of 
plasma lipid risk factors, and treatment of this com-
mon condition of captive and companion parrots.

Molecular imaging using PET scanners has been 
used in people and in laboratory animals for diagnos-
ing atherosclerotic lesions. While structural imaging, 
such as a CT scan, is limited to macroscopic changes 
arising in late stages of atherosclerotic plaque forma-
tion, molecular imaging can visualize early stages of 
the disease, microscopic changes, and various intra-
plaque metabolic or dynamic processes.20 Despite 
a lower spatial resolution than CT scans, the affin-
ity of radiotracers for particular compounds allows 
the visualization of inflammation, apoptosis, and 
early calcification.16,20 In particular, 18F-sodium fluo-
ride (18F-NaF) is a marker of microcalcification that 
has been extensively used in the diagnosis of early 
atherosclerosis in people over the past 10 years but 
not yet used in veterinary medicine for this purpose. 
18F-sodium fluoride, once injected IV, exchanges with 
hydroxyl groups on exposed regions of hydroxyapa-
tite crystals on the surface of calcified areas (bones 
and arterial calcification) to form fluoroapatite.18 It 
has a radioactive half-life of 110 minutes and decays 
by positron emission. The tracer uptake is mainly 
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dependent on blood flow and the surface area of 
exposed hydroxyapatite. For this reason, uptake 
may be higher in extensive microcalcified areas than 
in large macroscopic deposits, and an 18F-NaF PET 
scan reflects the surface area of microcalcification 
rather than tissue density like in CT scan images.

18F-sodium fluoride molecular imaging of psitta-
cine atherosclerotic lesions has not been attempted 
before and would bypass the many limitations of 
conventional imaging of these lesions as well as con-
siderably increase diagnostic sensitivity, which could 
be a game changer in the early diagnosis of this dis-
ease in birds. The objectives of this feasibility proof-
of-concept study were to investigate and establish 
a protocol for 18F-NaF PET scan imaging in parrots 
using Amazon parrots, species highly prone to ath-
erosclerosis, from 2 research colonies maintained at 
the University of California (UC)-Davis, 1 of which 
includes birds that have been hypercholesterolemic 
for years. We hypothesize that the 18F-NaF PET scan 
would be a highly sensitive imaging technique to 
detect arterial lesions consistent with atherosclerosis 
in Amazon parrots.

Methods
An IACUC was approved for this study by 

UC-Davis (#23181).

Animals
Two species of Amazon parrots from the 

UC-Davis psittacine research colonies were used for 
this research: 10 Hispaniolan Amazon parrots (HAPs) 
(A ventralis) with a median (range) age of 20 (18 to 
34) years and a mean ± SD weight of 294 ± 21 g, 
comprised of 4 females and 6 males, and 8 orange-
winged Amazon parrots (A amazonica) (OWAPs) 
with a median (range) age of 42.5 (34 to 50) years 
and a mean ± SD weight of 375 ± 43 g, comprised 
of 2 females and 6 males. To increase the likeli-
hood of selecting birds with atherosclerotic lesions, 
older individuals were chosen from the colonies. In 
addition, the HAP colony had a history of chronic 
hypercholesterolemia that was first evidenced about 
10 years prior to the study.21

The sample size selected for the study was based 
on prevalence estimates of clinically significant 
lesions in older Amazon parrots2 in order to have a 
minimum number of cases with advanced athero-
sclerosis and, likely, other cases with milder lesions. 
It was also thought that this sample size would allow 
the presence of a variety of lesion severity, vascu-
lar distribution, and lesion calcium content in both 
micro- and macrocalcified atherosclerotic lesions.

Five out of the 10 HAPs were euthanized several 
weeks after completion of the study due to unrelated 
conditions that were diagnosed on imaging, such as 
advanced arthritis. Decisions were also based on low 
quality-of-life scores and feedback from the UC-Davis 
IACUC. These birds were euthanized by IV administra-
tion of potassium chloride under isoflurane anesthesia.

Imaging
Birds were transported to the UC-Davis Center 

for Molecular and Genomic Imaging. Each bird was 
sedated with midazolam (3 mg/kg, IM) and butorph-
anol (3 mg/kg, IM). One mL of blood was collected 
from the right jugular vein and transferred to EDTA 
tubes (Microtainer; BD).

A 26-gauge IV catheter was placed in the ulnar 
vein. A dose of 18.5 MBq (0.5 mCi) of 18F-NaF was 
administered IV using a shielded syringe followed by 
a 0.2- to 0.5-mL 0.9% NaCl flush. The injected dose 
was verified by pre- and postinjection radioactivity 
measurements of the syringe using a dose calibrator. 
The IV catheter was then removed, and the bird was 
placed back in its carrier.

For HAPs, a 60-minute waiting period was 
implemented between injection time and imaging 
time. Because of perceived high residual background 
activity in blood in the HAPs, the waiting period was 
extended to 120 minutes in OWAPs.

Birds were then administered an additional 
1 mg/kg of midazolam, IM, and maintained on 100% 
oxygen and 0.5% to 1% isoflurane via a facemask dur-
ing scanning, and respiratory rate was monitored visu-
ally. The parrots were imaged using a combined μCT/
μPET scanner (GNEXT PET/CT; Sofie) with automatic 
colocalization. The μPET images were acquired for 
20 minutes as static acquisition with a PET resolution 
of < 1 mm. The μCT resolution was 75 μm and was 
a cone-beam CT scan (CBCT). Only the caudal body 
was imaged, excluding the head and cranial neck.

Once image acquisition was completed, the par-
rots were recovered, and an injection of flumazenil 
(0.1 mg/kg, IM) was administered in addition to SC 
fluids at 20 mL/kg. Following recovery, the birds 
were transferred to a radiation isolation room at the 
UC-Davis Veterinary Medical Teaching Hospital until 
the following morning. The radiation level was mea-
sured at the surface of the birds using a Geiger coun-
ter to ensure that it was below the radiation safety 
release threshold (< 2 mrem/h) prior to returning 
them back to the colony.

In addition, for the 5 euthanized HAPs, a post 
mortem multidetector CT (MDCT) scan was per-
formed within 1 hour using a GE LighSpeed16 (GE 
HealthCare) with a slice thickness of 0.625 mm.

Image analysis and interpretation
Images were imported into an open-source imag-

ing software (3D slicer, version 5.0.3; https://www.
slicer.org).22 Micro-Positron Emission Tomography 
(μPET) images were fused with the μCT images 
for interpretation.

Images were first analyzed qualitatively by 
assessing different arterial segments of interest, 
including brachiocephalic trunks, ascending aorta, 
descending aorta, and pulmonary arteries, by 3 dif-
ferent observers (1 diagnostic imaging specialist, 
1 zoological medicine specialist, and 1 zoological 
medicine resident). Other smaller arteries were also 
assessed depending on ease of visualization and 
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included the celiac artery, the cranial mesenteric 
artery, the iliac arteries, the coronary arteries, the 
subclavian arteries, and the carotid arteries. General 
tracer uptake was also reported as it may affect 
interpretation of the vascular system.

Computed tomography images were evalu-
ated for the presence of abnormal sites of arte-
rial calcification that were readily visible on a 0 to 
2 score, with 0 being no calcification, 1 being mild 
calcification, and 2 being moderate-to-severe calci-
fication. Positron emission tomography images were 
adjusted to a threshold that minimized background 
activity visualization, using the pectoral muscles 
and/or caudal vena cava as reference points (stan-
dardized uptake value [SUV] window level approx 
varying between 10 and 20 and SUV window width 
varying between 20 and 30 depending on studies 
and acquisition protocols). Arterial tracer uptake 
was then assessed and semiquantitatively scored 
from 0 to 2, with 0 being no uptake, 1 mild uptake, 
and 2 moderate-to-high uptake. Colocalization 
of lesions between imaging techniques was also  
recorded qualitatively.

Several analytical values were then obtained 
using the imaging software by 1 observer (HB). 
Each artery was segmented manually in regions 
of interest (ROI) using the “segment editor” mod-
ule. The brachiocephalic trunks were segmented 
from their emergence from the ascending aorta 
or base of the heart to the branching of the sub-
clavian arteries, the ascending aorta was included 
from its bifurcation from the right brachiocephalic 
trunk to its position immediately dorsal to the 
heart, the descending aorta was segmented from 
the celiac artery to the cranial division of the kid-
ney, and the pulmonary arteries were included from 
their emergence from the heart to the beginning of 
the pulmonary parenchyma. In addition, areas of 
the caudal vena cava, right liver lobe, and pecto-
ral muscles were obtained to measure background  
tracer uptake.

For μPET scan images, areas of spill-in effects from 
adjacent boney areas of high tracer uptake (keel, 
coracoids, syrinx, primary bronchi) were excluded as 
much as possible.23 Then, the mean SUV (SUVmean) 
and maximum SUV (SUVmax)20 as well as the seg-
mented arterial volumes (in mm3) were obtained. 
Other variables were then calculated and included 
the background corrected SUVmax (SUVmax – SUVmean 

of caudal vena cava), the mean and maximum target-to-
background ratios (TBR; TBRmean = SUVmean/SUVmean 

of caudal vena cava and TBRmax = SUVmax/SUVmean of caudal vena 

cava), and the volumetric percentage of segmented 
arteries above TBR = 1.5.20 The caudal vena cava val-
ues were used for background correction.

For μCT scan and MDCT images, segmented 
ROIs were thresholded to only include pixels above 
an attenuation of 130 Hounsfield units (HU) to obtain 
calcium score data.17 The μCT scan, being a CBCT, 
did not inherently display attenuation values in HU 
and was calibrated by the manufacturer to obtain 
HU-equivalent values from grey values. Volume and 
mean HU of the thresholded ROIs were obtained and 

used to calculate the relative calcium mass score 
(volume X mean HU/100).24

Lipoprotein analysis
Advanced lipoprotein profiling was performed 

on EDTA plasma using a high-resolution PAGE kit 
(LDL Lipoprint Kit; Quantimetrix) according to the 
manufacturer instructions. The lipoprotein profile 
included very-low-density lipoprotein cholesterol, 
intermediate-density lipoprotein cholesterol, low-
density lipoprotein cholesterol, and high-density 
lipoprotein (HDL) cholesterol relative and absolute 
concentrations. Calculated values were also obtained 
and included non–HDL cholesterol and HDL/total 
cholesterol ratio. Total cholesterol and triglycerides 
were obtained using a dedicated benchtop analyzer 
(Cholestech LDX; Abbott Laboratories).

Histopathology
The heart and arteries were collected from the 

5 euthanized HAPs. Cross-sections of arteries (bra-
chiocephalic trunks, pulmonary arteries, ascending 
aorta, abdominal aorta) were obtained at the sites of 
maximum radiotracer uptake and maximum HU val-
ues whenever applicable. For arteries with minimum 
radiotracer uptake, general sections of the arteries 
were obtained. The heart was sectioned at its base 
at the level of the coronary sulcus and midventricular 
to assess the origins of the main arteries as well as 
the coronary arteries. Tissue sections were routinely 
processed for histopathology using H&E stain and 
von Kossa stain for calcium. Slides were reviewed 
by a board-certified veterinary pathologist, and ath-
erosclerotic lesions were graded according to a pub-
lished classification system in psittacine birds.3

Statistical analysis
Most data were analyzed descriptively and 

reported with median (range). Linear mixed mod-
els were used to assess the association between 
sex, species/protocol (HAPs at 1 hour or OWAPs at 
2 hours), arteries (brachiocephalic trunks, pulmonary 
arteries, ascending and abdominal aorta), blood lip-
ids, and imaging measurements. Individual parrots 
were used as the random effect. Assumptions of 
linearity, homogeneity or variances, and normality 
were assessed on residual plots and quantile plots. If 
model assumptions were not met, outcome variables 
(imaging measurements) were log transformed, and 
assumptions were rechecked. An ANOVA was per-
formed on fixed effects, and a Tukey adjustment was 
used for post hoc analysis.

Wilcoxon rank-sum tests were performed between 
protocols to look at the effect of waiting time prior to 
scanning on organ background SUVmean values.

R (version 4.4.1; R Foundation for Statistical 
Computing) was used for statistical analysis, and an 
alpha of 0.05 was used for statistical significance.

Results
There was no morbidity or mortality during the 

course of this study and after image acquisition.
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General tracer uptake distribution
As anticipated for 18F-NaF, there was pro-

nounced uptake observed throughout the bones  
and articulations, with less uptake in pneumatized 
bones overall. This extended to calcified cartilagi-
nous structures, such as the tracheal and bronchial 
rings, with noticeably more uptake in the tracheal 
and bronchial syringeal cartilages. There was marked 
interindividual variation in the skeletal distribution 
of tracer uptake. In particular, arthritic joints were 
associated with intense radiotracer uptake in some 
birds, which was readily observed in appendicular 
articulations but also in the neck and at the notar-
ium-synsacrum free vertebra junction. In females, 
all medullary bones, including appendicular bones 
and all vertebrae, had profound radiotracer uptake, 
which was interpreted as a polyostotic hyperostosis 
process due to estrogen stimulation.

Several structures interfered with the assess-
ment and measurement of radiotracer activity in 
the arteries because of the spill-in effect of closely 
associated calcified structures. Specifically, the cor-
aco-sternal articulation activity spilled in the adja-
cent brachiocephalic trunks on their ventral aspects, 
and the bronchial syringeal cartilages spilled in the 
adjacent pulmonary arteries on their medial aspects 
(Figure 1). This was expected to lead to substan-
tial overestimation of SUV values despite excluding 
these areas in the ROIs.

Sodium fluoride is excreted in the urine,25 and, 
consequently, uptake was very high in the kidneys 
and the cloaca. Uptake was also high in the rectum 
and distal colon, particularly in 2-hour-delay studies, 
due to physiologic urine backflow in the distal gastro-
intestinal system and retrograde peristalsis. Activity 
in the kidneys and distal colon interfered with inter-
pretation of uptake in the distal abdominal aorta 
and its branches. Observed hepatic and caudal vena 
cava uptake were considered to be higher than what 
would be expected for background activity, espe-
cially considering that NaF is rapidly eliminated from 
the blood stream, with as little as 10% left 1 hour after 
administration in people.25 This was attributed to the 
reabsorption of NaF in the colon, resulting from the 
retrograde peristalsis of urine. This was supported by 
the fact that the SUVmean of pectoral muscles was not 

significantly different between the 1-hour and the 
2-hour protocol (P = .33), whereas the SUVmean of the 
liver and caudal vena cava were significantly higher 
at 2 hours (P = .027 and P = .006, respectively).

Lesion detection and distribution
Atherosclerotic lesions were detected on both 

the μCT and μPET. The distribution of lesions among 
arteries is reported in Table 1.

Figure 1—Fused μCT/μPET images illustrating spill-in 
effects of adjacent mineralized structures. A—Tracheal 
syringeal cartilages with spill-in effect in adjacent 
right pulmonary artery (white arrowhead). B—Spill-in 
effect of coracosternal joints in adjacent ventral bra-
chiocephalic trunks bilaterally (white arrowheads). 
Atherosclerotic lesions are also seen in the brachioce-
phalic trunks, and streak μCT artifacts are visible. C—
Sagittal view of an orange-winged Amazon parrot (left 
is cranial) showing the spill-in effect of radiotracer in 
the rectum (white arrowhead) to the abdominal aorta 
(asterisk) with image acquisition 2 hours after radio-
tracer administration. The large amount of activity cau-
dally is the cloaca.

Table 1—Atherosclerotic lesion detection in 2 cohorts of Amazon parrots (Amazona spp) by calcification graded on 
μCT scan and 18F-sodium fluoride uptake graded on μPET scan.

μCT grade μPET grade

Species Protocol N Arteries 0 1 2 0 1 2

HAP 1 hour 10 Brachiocephalic trunks 7 3 0 6 1 3
Ascending aorta 10 0 0 8 2 0
Abdominal aorta 5 4 1 8 1 1
Pulmonary trunks 8 2 0 8 2 0
Coronary arteries 10 0 0 9 1 0

OWAP 2 hours 8 Brachiocephalic trunks 8 0 0 3 2 3
Ascending aorta 8 0 0 4 3 1
Abdominal aorta 7 0 1 3 4 1
Pulmonary trunks 7 0 1 5 3 0
Coronary arteries 8 0 0 2 4 2

HAP = Hispaniolan Amazon parrot. OWAP = Orange-winged Amazon parrot.
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Lesions were detected on μCT scan in 7 out of 
10 HAPs and 1 out 8 OWAPs (Table 1). However, only 
1 bird, an HAP with an advanced calcified lesion of 
the abdominal aorta, had a consensus among the 3 
observers. The large amount of noise and streak arti-
facts associated with CBCT imaging26 rendered the 
assessment of high-attenuation areas difficult on the 
arteries, especially for HAPs as they were smaller 
than OWAPs by about a third. The brachiocephalic 
trunks were also more affected by streak artifacts 
being adjacent to the keel and coracoids (Figure 1) 
and the ascending aorta evaluation more impacted 
by noise due to its smaller size. On standard MDCT 
scans performed on the 5 euthanized HAPs, only the 
advanced calcified lesion in the aorta of 1 bird was 
detected. No calcification in the areas of coronary 
arteries or ascending aorta was detected on either 
CT modality.

On μPET scan, lesions were seen in 4 out of 
10 HAPs and 7 out of 8 OWAPs (Figure 2; Table 1). 
A consensus on the presence of lesions on μPET scan 
was reached in 9 out of 11 of these birds and in all 

lesions with moderate-to-severe radiotracer uptake. 
Intracardiac radiotracer uptake estimated to be 
near the coronary groove area and interventricular 
septum was seen in 1 HAP and 6 OWAPs. This pat-
tern of uptake, particularly when it followed a linear 
or tracing pattern, was interpreted as indicative of 
coronary lesions (Figure 2). Most birds had lesions in 
more than 1 artery. Overall, when lesions were pres-
ent, they were not uniformly distributed throughout 
the arterial walls, with certain areas having generally 
higher radiotracer uptake depending on the artery. 
For the brachiocephalic trunks, while lesions were 
seen at various locations, the base and the bifurca-
tion with the subclavian arteries tended to have more 
prominent radiotracer uptake when positive. For the 
abdominal aorta, lesions were most often located at 
the bifurcation with the celiac artery but could be 
seen at various other locations. Lesions generally did 
not colocalize well with the lesions suspected on μCT. 
For the bird with the highly calcified lesion seen in the 
abdominal aorta on μCT and MDCT, only mild radio-
tracer uptake was seen on the μPET scan (Figure 3).

Figure 2—Moderate-to-severe NaF uptake in atherosclerotic lesions identified in Amazon parrots (Amazona spp) 
on μPET scan. Fused μCT/μPET images in various orientations. A—Longitudinal section obtained by multiplanar 
reconstruction of the right brachiocephalic trunk from its emergence to the subclavian artery bifurcation (bot-
tom, ventral; left, lateral). Patchy radiotracer uptake is seen along the lateral arterial wall with more pronounced 
uptake (white arrowhead) near the bifurcation with the subclavian artery and carotid artery (asterisk). B—Axial and 
(C) sagittal views of the heart showing radiotracer uptake along coronary arteries (white arrowheads). D—Cross-
sectional image at the level of the brachiocephalic trunk with marked radiotracer uptake (white arrowheads); less 
pronounced uptake is also seen in the ascending aorta (black arrowhead). E—Longitudinal section obtained by 
multiplanar reconstruction of the abdominal aorta (left is cranial) exhibiting radiotracer uptake (white arrowhead) 
at the bifurcation with the celiac artery (asterisk).
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Sensitivity based on histopathology
All 5 euthanized HAPs had lesions diagnosed on 

histopathology of the arteries. Lesion types on the 
main arteries included 4 arteries with type V lesions 
(3 brachiocephalic and 1 ascending aorta), 2 with 
type IV lesions (1 abdominal and 1 ascending aorta), 
3 with type III lesions (all abdominal aorta), 3 with 
type II lesions (1 ascending, 1 abdominal aorta, and 
1 brachiocephalic), and 7 with type I lesions (4 pul-
monary arteries, 1 brachiocephalic, and 2 ascend-
ing aorta). All clinically relevant lesions (types IV 
through VI) except 1 were detected on the μPET 
scan, whereas only 1 (the advanced calcified lesion 
in abdominal aorta) was detected on the MDCT scan 
and convincedly on the μCT scan (at least 2 observ-
ers agreed) (Figure 4). One intermediate lesion 
(type III) out of 3 was detected on the μPET scan. 
Some preatheromatous lesions (types I and II) were 
also detected, but detection rate and interobserver 
consensus were low for these lesions. Regarding the 
coronary arteries, all birds exhibited coronary lesions 
on histopathology, but only 1 had an advanced 
lesion, a type V. The lesion in this bird was positive 
on the μPET scan, whereas the other 4 birds were 
negative. Most advanced lesions had calcification 
detectable on the von Kossa stain.

Imaging values
Values measured on different lesions identified 

on μPET scan images are reported in Table 2. Due 

to the presence of artifacts impacting the ability to 
obtain accurate and representative imaging values 
on the μCT and the low agreement between observ-
ers, μCT-scan values were not reported.

A significant interaction effect between proto-
col and arteries was seen for SUVmax (P = .031). On 
post hoc analysis, SUVmax was significantly higher in 
the OWAP/2-hour protocol when compared to the 
HAP/1-hour protocol for all arteries (all P < .05). 
Within both species, the brachiocephalic trunks had 
significantly higher SUVmax than all other arteries (all 
P < .05). The background corrected SUVmax showed 
analogous results.

The mean SUV was log transformed to meet model 
assumptions. Mean SUV was significantly higher in the 
OWAP/2-hour protocol than in the HAP/1-hour pro-
tocol (P = .002) and also in the brachiocephalic trunks 
when compared to other arteries (all P < .05).

For TBRmean, significant differences were only 
observed between arteries (P < .001) but not between 
protocols (P = .57). The brachiocephalic arteries had 
higher TBRmean than other measured arteries (all P < 
.001). Values for TBRmax and percentage of TBR > 1.5 
were log transformed to meet model assumptions, 
but showed similar findings with significant differ-
ences only observed between arteries (P < .001) with 
the brachiocephalic trunks having higher values than 
other arteries (all P < .001).

Sex did not have an effect on any μPET scan 
measurements (all P > .05).

Figure 3—Sagital section at the level of the abdominal aorta in a Hispaniolan Amazon parrot illustrating minimal 
radiotracer uptake in macrocalcific lesions (left is cranial). A—Micro computed tomography (μCT) scan image.  
B—Micro positron emission tomography (μPET) scan image. C—Fused μCT/μPET scan image. White arrowheads 
indicate macrocalcific lesions in abdominal aorta.
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Association with blood lipids
No association was detected between imaging 

values and blood cholesterol, triglycerides, and lipo-
proteins (all P > .05).

Discussion
This study demonstrated that μPET scanning is a 

safe and effective imaging technique for the detec-
tion of atherosclerotic lesions in Amazon parrots. 
Micro Positron Emission Tomography scan showed 
much higher sensitivity in detecting atherosclerotic 
lesions compared to μCT scan or MDCT scan in this 
cohort. For parrots whose histopathologic data were 
available, the majority (5/6) of clinically relevant 
atherosclerotic lesions were identified on μPET scan 
compared to minimal detection (1/6) on CT modali-
ties. Additionally, intermediate lesions were only 
detectable on μPET scan (1/3). This is similar to what 
is seen in humans, where a PET scan is used to identify 

earlier-stage lesions compared to the later-stage, 
frequently irreversible lesions seen on CT scan.20 The 
low detection rate of atherosclerotic lesions on CT 
scan in Amazon parrots has clinical implications on 
clinical management as diagnosis of atherosclerosis 
may be frequently missed with this modality.

Some atherosclerotic lesions were detected 
in the large arterial trunks at the base of the heart 
or the abdominal artery on μPET and μCT imaging 
modalities, whereas lesions in the coronary arteries 
were only appreciated on μPET scan. This suggests 
that a PET scan is uniquely able to detect atheroscle-
rotic lesions in smaller arteries in psittacine birds. In 
psittacines, atherosclerotic lesions have been most 
commonly reported in the great arteries at the base 
of the heart, with lesions in the abdominal aorta, 
coronary arteries, and other peripheral arteries less 
frequently documented.1 However, across imaging 
modalities in our study we identified lesions in the 
abdominal aorta in 10 of 18 (55.5%) birds evaluated 

Table 2—18F-sodium fluoride/μPET scan values in 2 cohorts of Amazon parrots (Amazona spp) grouped by  
lesion grades.

Species Protocol

μPET 
scan 
grade N

SUVmax 
(median, 
range)

SUVmean 
(median, 
range)

TBRmax 
(median, 
range)

TBRmean 
(median, 
range)

Percentage of 
TBR > 1.5 
(median, range)

HAP 1 hour 0 30 1.4 (0.8–2.6) 0.9 (0.6–1.3) 2.0 (1.2–4.0) 1.0 (0.8–1.6) 9 (0–53)
1 6 2.3 (1.8–2.6) 1.3 (1.2–1.4) 2.0 (1.6–2.7) 1.0 (0.9–1.3) 5 (0–32)
2 4 3.2 (2.4–3.9) 1.6 (1.5–1.7) 2.6 (2.1–3.4) 1.3 (1.0–1.5) 24 (14–39)

OWAP 1 hour 0 15 2.7 (2.0–6.0) 1.4 (1.2–2.8) 2.2 (1.1–2.9) 1.1 (0.6–1.4) 11 (0–33)
1 12 4.1 (3.1–7.1) 2.5 (1.7–3.6) 2.1 (1.4–3.3) 1.2 (1.0–1.4) 15 (0–45)
2 5 5.8 (4.9–8.4) 2.5 (1.2–3.6) 2.7 (2.3–6.0) 1.2 (1.0–1.3) 14 (4–22)

HAP = Hispaniolan Amazon parrot. OWAP = Orange-winged Amazon parrot. SUV = Standardized uptake value. TBR = Target-
to-background ratio using caudal vena cava as the background.

Figure 4—Cross-sections at the same level of the right brachiocephalic trunk in a Hispaniolan Amazon parrot using 
μCT scan (A), MDCT scan (B), μPET scan (C), and histopathology (D; H&E stain; scale bar = 400 μm). Atherosclerosis 
is not detected on CT scan images but showed strong radiotracer uptake on the wall in μPET scan images. 
Histopathology confirmed the presence of an atherosclerotic type IV lesion at that location. E—Magnification of the 
lipidonecrotic core (square area from [D]) showing cholesterol cleft, extracellular fat, and cellular debris (H&E stain; 
scale bar = 20 μm).
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and coronary lesions in 7 of 18 (38.9%) birds. This 
discrepancy may be due to underdiagnosis of ath-
erosclerotic lesions in peripheral vessels on necropsy 
due to a lack of sampling at these sites. Our findings 
underscore the importance of thoroughly evaluating 
arteries beyond the central ones in birds submitted 
for histopathology with suspected atherosclerosis, 
with particular attention to the coronary arteries 
and the abdominal aorta. Micro Positron Emission 
Tomography scan values were consistently higher 
for the brachiocephalic trunks than for other arter-
ies. While lesions were frequently detected in these 
arteries, it is important to acknowledge that these 
values, particularly SUVmax, may have been altered by 
spill-in effects from the adjacent coracosternal joints. 
Consequently, direct comparisons of SUV values 
between arteries might be limited, and the utility of 
PET scan measurements of arteries in close proxim-
ity to bony structures should be carefully considered.

While lesions were identified throughout the 
arteries on μPET scan, a tendency for increased 
18F-NaF uptake was notably observed at areas of 
bifurcation, such as the subclavian bifurcation of the 
brachiocephalic trunk and the celiac bifurcation of 
the abdominal aorta. The celiac localization of many 
aortic lesions was interesting because it is also the 
primary site of atherosclerotic lesions in the Carneau 
pigeon (Columbia livia) spontaneous model of this 
disease.27 Atherosclerotic lesions in humans also 
commonly affect regions of bifurcation, suspected 
to be due to changes in blood flow and sheer stress 
at these sites.28

There was poor colocalization between lesions 
suspected on μPET scan and μCT scan. This was 
most apparent in the parrot that had a highly calci-
fied lesion in the abdominal aorta on CT modalities 
but only mild 18F-NaF uptake on μPET scan. Areas 
of microcalcification, as seen in earlier stages of ath-
erosclerosis, have more hydroxyapatite surface area 
compared to later-stage macrocalcifications, where 
more of the hydroxyapatite molecules are contained 
within the center of the lesion. As a result, macro-
scopic calcium deposits have decreased 18F-NaF 
uptake on PET scan and are better detected on CT 
scan. We suspect that the poor colocalization appre-
ciated in our study is due to the differences in lesion 
types being detected by each modality as is seen in 
human medicine.18 In addition, the poor colocaliza-
tion for most lesions in this study was most likely 
attributed to lesion mischaracterization due to CBCT 
streak artifacts and increased noise.26 These were 
more prominent in HAPs due to their smaller size and 
may reflect the higher detection frequency seen on 
μCT seen in this species compared to OWAPs.

A limitation of this study was that 2 differ-
ent protocols were used for 2 different cohorts of 
Amazon parrots. Hispaniolan Amazon parrots are 
smaller than OWAPs, making the μCT scans of those 
birds more affected by image noise and streak arti-
facts. Higher SUV measurements were obtained for 
the OWAPs, which is likely due to the longer wait-
ing period after injection of 18F-NaF compared to the 
HAPs. We suspect that the longer waiting period led 

to more radiotracer uptake, resulting in more lesions 
being detected in this species, especially in the cor-
onary arteries, which are harder to visualize due to 
nonspecific uptake in the blood pool of the cardiac 
chambers. This effect was somewhat mitigated in 
background corrected measurements. However, the 
OWAPs are also from an older population of birds, 
and so a true increased prevalence of atheroscle-
rotic lesions cannot be ruled out. The longer waiting 
period used for the OWAPs also led to more 18F-NaF 
pooling in the colon, which interfered with abdominal 
aorta assessment due to spill-in effects and resulted 
in overall higher background signal level. While 
increasing the waiting period was initially selected 
to decrease background activity, it led to the oppo-
site effect and additional spill-in effects. Therefore, a 
waiting period of 1 hour is recommended after radio-
tracer administration based on these findings.

There are also inherent limitations to PET scan-
ning for the detection of cardiovascular lesions. The 
effects of motion artifacts in particular may be exac-
erbated on PET scan images because the scanning 
time is longer than for CT scan and may alter some 
PET scan measurements.29

In conclusion, this study established a safe and 
effective protocol for 18F-NaF molecular imaging of 
psittacine atherosclerosis for the first time. We demon-
strated that μPET scan is a sensitive diagnostic tool for 
the detection of most clinically significant and some 
earlier stage atherosclerotic lesions in psittacines. 
While currently limited by availability and practicality, 
the application of 18F-NaF PET scanning in psittacine 
bird vascular imaging has the potential to revolution-
ize the management of atherosclerosis in birds by 
enabling earlier and more accurate diagnosis. Further 
research is needed to optimize, standardize, and adapt 
scanning protocol to patients in hospital settings but 
also to further validate its diagnostic utility.
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