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Abstract: Respiratory disease is common in psittacine birds; thus, having evidence-based methods to
evaluate clinical cases is important for confirming a diagnosis. The purpose of this study was to describe the
computed tomographic characteristics of the normal lung parenchyma of wild blue and yellow macaws
(Ara ararauna), including measuring lung volume and normal radiographic attenuation of the lung paren-
chyma. Ten blue and yellow macaws from a wildlife center were used for this study. For computed tomog-
raphy, transverse 1-mm slices were obtained, as well as multiplanar and 3-dimensional reconstructions for
description of tomographic anatomy. Quantitative lung radiodensity was evaluated by regions of interest
and via the histogram method. The lungs occupied the dorsal region of the coelomic cavity, with a triangular
appearance on sagittal view, and were divided into left and right lungs. The lungs showed no lobulation.
Mean attenuation values obtained were —727.19 * 44.53 Hounsfield units by the histogram method and
—722.19 £ 29.69 Hounsfield units by regions of interest. There was no significant difference (P > 0.05)
between methods. Mean lung volume was 26 = 6.03 cm’. The description of the normal computed
tomography lung anatomy and density values of blue and yellow macaws are useful baseline data that can
be applied to the diagnosis of respiratory diseases in this species.
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INTRODUCTION

Psittacidae is a family of birds commonly raised in
captivity and kept as exotic pets throughout the world.
The blue and yellow macaw (Ara ararauna) is a popular
species that is highly adaptable and has been successfully
bred in captivity. In the wild, it can be found throughout
South America and parts of Central America, from the
northern region of Panama to the southern region of
Argentina.' Due to widespread distribution and breed-
ing success in captivity, removal of these birds from the
wild for the pet trade has decreased over the past several
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decades, and they are no longer listed in the Interna-
tional Union for Conservation of Nature list of threat-
ened species.l’2

Pulmonary diseases, such as pneumonia, are com-
monly seen in this species, especially in macaws raised
in captivity because of inadequate care and feeding.’
Because this species is a prey species, these birds can
mask signs of illness. Moreover, although a physical
examination can provide insight into the health of a
macaw, low-grade disease may be difficult to confirm.
As such, information obtained from supplementary
diagnostic tests has an added importance for early
diagnosis of these diseases.”

Diagnostic imaging techniques have an important
role in the clinical care of birds. There are a number of
studies reporting normal anatomical characteristics in
several animal species.”’ However, there are few studies
describing the use of computed tomography (CT) to
evaluate the coelomic cavity of birds.*® The only study
to mention blue and yellow macaws described the ana-
tomical characteristics of the lungs;4 however, to the
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Figure 1. Photograph demonstrating the positioning of a blue and yellow macaw (Ara ararauna) for a lung computed tomography
scan. The macaw is positioned in ventral recumbency on a foam cradle.

authors’ knowledge, there are no data available describ-
ing lung volume or radiographic attenuation of the lungs
in this species.

The purpose of this study was to describe the normal
CT anatomy, lung volume, and radiographic attenuation
of the lung parenchyma of healthy wild blue and yellow
macaws. The specific objectives of the study were to
evaluate lung radiodensity by regions of interest (ROIs)
and via the histogram method. The specific hypothesis
being tested was that there would not be a difference
between these methods.

MATERIALS AND METHODS

Ten blue and yellow adult macaws captured by the
Wildlife Triage Center of Pernambuco (Brazil) between
February and November 2019 were enrolled in this
study. The macaws were captured by government agen-
cies after entering residences, businesses, or other densely
populated areas. The birds were kept under managed
care at the Wildlife Triage Center of Pernambuco for 7
to 30 days while being evaluated for health issues;
healthy macaws would be later released back into
the wild. During the time they were in captivity, the
macaws were kept in enclosures measuring approxi-
mately 10 m? and were provided with environmental
enrichment, a balanced diet (77% extruded food [Meg-
azoo Premium, Betim, Minas Gerais, Brazil], 5% seeds,
and 18% fruit), and water ad libitum. Physical examina-
tions, laboratory tests, and CT scans were performed
prior to release into the wild to evaluate the health of

each macaw. Each bird was weighed during the physical
examination, and the average weight of the macaws was
0.95 = 0.05 kg. Sexing was not performed. Each bird
had a hemogram and serum biochemistry assay per-
formed; the biochemistries measured included alanine
aminotransferase, aspartate aminotransferase, and
alkaline phosphatase. All 10 macaws were consid-
ered healthy based on their physical examination
results and blood values being within the accepted
reference intervals for this species.3

The macaws were anesthetized for the CT scans.
Anesthesia was induced in an induction box with 8%
sevoflurane (1 mL/mL, Cristalia, Sdo Paulo, Brazil) and
maintained with a face mask with sevoflurane at 2% in
1 L/minute oxygen to perform the CT exam. The
macaws were then placed in ventral recumbency with
a small foam cradle (Fig 1).

Computed tomography scans were performed with
a single-slice CT scanner (Hi-Speed FXI, General Electric,
Fairfield, CT, USA). The CT scanner was calibrated using
the manufacturer’s recommendations prior to the scans
to ensure better standardization of the results. Trans-
verse 1-mm thick helical images were obtained cranio-
caudally with 1-mm slice interval, 0.8 pitch, 120 kV,
and auto milliamperes, using a reconstruction algorithm
for lung parenchyma.

Images were evaluated with a dedicated DICOM
viewer (Horos version 3.3.5, Purview, Annapolis, MD,
USA). To evaluate the images, multiplanar reconstruc-
tions and various windows were used according to the
observer’s preference. Evaluation of the anatomy of the



DA SILVA ET AL—LUNG CT IN BLUE AND YELLOW MACAWS 27

Figure 2. Transverse and volumetric reconstruction computed tomography images for blue and yellow macaws (Ara ararauna)
demonstrating 2 methods for measuring mean radiographic attenuation of the lung parenchyma: (A) selection of regions of interest
at the dorsolateral aspect of the lungs (green circles) and (B) selection of the lung parenchyma using the grow region tool
(green area). Image (C) represents the volumetric reconstruction of the lung parenchyma.

respiratory system was based on anatomical references
for other birds*? and described according to the CT
findings. Radiographic attenuation values were mea-
sured in Hounsfield units by 2 distinct methods for
quantitative analysis of lung parenchyma radiodensity:
the ROI and histogram methods.

For the ROI method, transverse slices at the level
of the caudal scapula were selected for each lung. An
ROI with a diameter of 6 mm was then selected from
the dorsolateral aspect of each lung, avoiding vascular
structures and airways (Fig 2A). The size and form of
the ROIs were identical in both lung lobes; this was
ensured by using the copy and paste tool.'°

For the histogram method, a radiographic attenua-
tion interval between —1023 and —205 Hounsfield
units was selected. The grow region tool, which
measures air-filled spaces after selection of the area
of interest, was then used to select the lung paren-
chyma (Fig 2B). Mean radiographic attenuation values
for the lung parenchyma were then obtained from
3-dimensional reconstructions using this selected area
(Fig 20).°
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Statistical analysis

The Shapiro-Wilk test was used to determine the
normality of the data. Descriptive measurements obtained
for the data were reported as mean * SD, median, and
interquartile range (IQR). For comparison between the
ROI and histogram methods, a paired Student ¢ test and
Pearson correlation coefficient were used. An o = 0.05
was used to determine statistical significance. Statis-
tical analyses were performed by a commercial soft-
ware package (SPSS Statistics 23.0, IBM, Armonk,
NY, USA).

RESULTS

On CT images, the lungs were observed to occupy
the dorsal region of the coelomic cavity, with a triangu-
lar shape on sagittal images (Fig 3). Lungs were divided
into left and right lobes and did not have lobulations.
The costal arch region was observed to be in close con-
tact with the lung surface, leaving impressions (sulci)
on the lung surface and separating the lungs into com-
partments. The cranial margins of the lungs were located

Figure 3. Transverse and multiplanar computed tomography reconstructions of the lung of blue and yellow macaws (Ara
ararauna) used for anatomical description: (A) coronal reconstruction, (B) transverse view, and (C) sagittal reconstruction.
Motion artifact in the image was due to the patient’s breathing and breath holding, a technique that could have been used to

control motion, was not used in this study.
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Table 1. Descriptive statistics for the radiographic attenuation values for the lung parenchyma of 10 blue and yellow
macaws (Ara ararauna) obtained by regions of interest and the histogram technique, as well as lung volume. Measures of

radiographic attenuation are in Hounsfield units.

Evaluation method Mean = SD Median (IQR)
ROI—right lobe —726.92 = 29 —723.40 (—760.66 to —707.68)
ROI—Ieft lobe —722.19 = 30 —721.34 (—752.87 to —694.89)
Histogram —727.19 = 45 —737.15 (—=756.67 to —691.15)
Lung volume, cm’ 26.00 = 6 25.54 (22.16 to 30.04)

Abbreviation: IQR, interquartile range; ROI, region of interest; SD, standard deviation.

at the level of the first ribs and the caudal margins
extended slightly past the last rib. A hilum was present
on the ventral surface of each lung lobe, where vascular
structures and the main bronchus could be seen. Smaller
bronchial structures (secondary bronchi) were also iden-
tified in 60% (6 of 10) of the macaws. The aorta, esopha-
gus, and heart were observed ventral to the lungs. Cranial
and caudal thoracic air sacs were located ventral to the
lungs in all macaws.

Lung parenchyma radiodensity values obtained via
the ROI and histogram methods, as well as lung volume,
are displayed in Table 1. There were no significant
differences (P > 0.05) between attenuation values
obtained via ROIs or histogram. There was also no
significant difference between right and left lungs by
either method (P > 0.05). Significant positive correla-
tions were observed between radiographic attenuation
obtained via ROIs and via histogram, per lung lobe
(right lobe, r = 0.68, P = 0.031; left lobe, r = 0.733,
P = 0.016). Also, a significant negative correlation was
observed between radiographic attenuation obtained via
ROIs and lung volume for the left lung lobe (r =
—0.723, P = 0.023) but not the right lobe (r = —0.558,
P =0.093).

DISCUSSION

This study documents the CT anatomy of the lungs
of blue and yellow macaws, as well as the radiographic
attenuation of the lung parenchyma and lung volume.
To the authors’ knowledge, this is the first use of
histogram and lung volume analysis in blue and
yellow macaws.

Pulmonary diseases are common in avian medicine,
affecting various species of birds.*'! In members of
the Psittacidae family, fungal and bacterial lesions are
reportedly prevalent.'®"!! There are also reports of
primary lung neoplasia and metastasis,'>"'* in which
a precise diagnosis or location is difficult to obtain
via radiography due to the complexity of the avian
respiratory system.

The use of CT for diagnosing pulmonary disease in
domestic animals, as well as in pet birds, is increas-
ing.*>81%17 A primary advantage of CT over radiog-
raphy is that it allows a 3-dimensional visualization
of intrathoracic and intra abdominal structures. Specifi-
cally in birds, CT has been a valuable tool for the diag-
nosis of small lung lesions and defining the margins of
larger tumors.'*'® Some studies support the use of CT
for evaluation of the lung parenchyma in birds and the
importance of associating a qualitative analysis of the
lung parenchyma in various planes with densitometry of
the lungs for diagnosing diseases such as pneumonia.8’9

Macroscopically, bird lungs are located cranially and
dorsally in the coelomic cavity. Dorsally, they are fixed
to the vertebrae and ribs in a way that the ribs
leave impressions on the lungs.l8 These characteristics
were clearly observed in all macaws evaluated in the
present study.

In all the macaws imaged in the present study, 2
central vascular structures of similar caliber and a primary
bronchial structure were identified. This was in line with
previous descriptions in specimens from 3 species of
the Psittacidae family raised as pets (blue and yellow
macaws, grey parrots [Psittacus erithacus], and monk
parakeets [Myiopsitta monachus]) where main bronchi
and pulmonary arteries and veins were characterized
by CT.* Another report described the CT appearance of
avian lungs as homogeneous structures similar to honey
combs, with each lobe having a central blood vessel
and several secondary bronchi.'® In the present study,
visualization of the secondary bronchi was only possible
in some macaws, perhaps because macaws are smaller
in size than the gyrfalcons (Falco rusticolus) in the
previous description.'?

Quantitative CT has been widely used as an adjunct
in diagnosing changes to bony tissues and organs such
as the liver and lungs in humans®*?' and companion
animals.'”*?? In exotic animals, there have also been
reports of its use to evaluate lung parenchyma in foxes,’
snakes,’ tortoises,®** and birds, specifically whooping
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cranes (Grus americana)'® and pet parrots.4 Mean
radiographic attenuation for lung parenchyma of
macaws in this study obtained via quantitative analysis
by ROIs and the histogram technique was similar to
that reported in the literature for avian lung paren-
chyma,19 specifically in blue and yellow macaws, grey
parrots, and monk parakeets.*

The absence of a significant difference between the
2 quantitative methods used indicates either may be
used for evaluation of the lung parenchyma; however,
their individual usefulness may vary according to the
type of disease being studied. The use of ROIs is widely
employed for evaluation of liver and lung paren-
chyma,zz’24 and evaluates the radiodensity of specific
anatomical regions within the organs. This helps to
facilitate the identification of focal changes in lung
density, which can be useful in diagnosing diseases
by detecting specific opacities such as aspergillosis
granulomas.10 On the other hand, the histogram method
evaluates the mean radiographic attenuation of the entire
lung parenchyma. Histogram analysis of the lung paren-
chyma and lung volume has been used in humans,?**!
foxes,5 and tor’toises,6’23 but there have been no previous
reports of its use in birds.

It was not possible to determine the phase of the respi-
ratory cycle during image acquisition because we used a
face mask to deliver the anesthetic. Because avian
lungs are considered static structures, they have a
greater number of pulmonary capillaries and gas
exchange can occur during both the inspiratory and
expiratory phases, making them more efficient than
mammalian lungs.'' Lung volume on its own is therefore
of less diagnostic importance in birds because there are
few variations, and differentiating expiratory or inspira-
tory phases during the exam is of limited significance.'?

The histogram method is useful for identifying changes
in radiodensity of the lung parenchyma.'® A study
performed in Humboldt penguins (Spheninscus humboldti)
investigated lung density according to recumbency during
the CT scan. Those authors found statistical differences
between ventral, dorsal, and right lateral recumbencies,
with higher lung density seen on ventral recumbency."’
Another study evaluating red-tailed hawks (Buteo
jamaicensis) found similar results.”> Based on these
studies, this was the position adopted in the present
study. Also, 3-dimensional analysis by the histogram
method results in a better analysis of the lung paren-
chyma and can be a sensitive diagnostic tool for early
detection of lesions.">"”

Several lung diseases can cause changes to lung
radiodensity, which in turn may be classified as focal or
diffuse changes.lz’zl’23 Common changes found in birds

with lung diseases that result in interstitial accumulation
of secretions tend to lead to higher lung radiodensity
levels.'%2° Neoplastic lesions were also found to cause
changes in conformation and density of lung parenchyma
in the scarlet macaw (Ara macao)."

The present study has some inherent limitations for
the use of these results as baseline values for radio-
graphic attenuation. It is known that radiographic
attenuation for a certain structure may vary between 7
and 56 Hounsfield units depending on kilovoltage peak,
the material being evaluated, and the CT scanner used.
Other variables, including kilovoltage peak, milliam-
peres, reconstruction algorithm, and slice thickness,
can also affect the radiographic attenuation of a specific
organ between patients under the same scanning tech-
nique.22 In the present study, interference from variables
that are not inherent in the technique were considered
low due to homogeneity of the sample population, cali-
bration of the CT scanner prior to each exam, and the
use of the same technique for all the scans. However,
it is appropriate to keep the aforementioned limitations
in mind when using these results for any future com-
parisons. Another limitation of the study was the presence
of movement artifacts. Although respiratory movements
caused some minor artifacts, these did not significantly
interfere with the evaluation of the parameters assessed
in this study. Future studies should consider using a
breath holding technique to minimize respiratory move-
ment artifacts.

This study provides an anatomical description with
quantitative measurements of attenuation and volume
of the lungs by CT in wild blue and yellow macaws.
Normal quantitative lung density values were obtained
by ROIs and the histogram method. Both methods were
viable for the evaluation of lung radiodensity and show
potential for their use in the early diagnosis of lung dis-
eases of macaws, as well as for use with serial evalua-
tions in patients with chronic diseases. The present
study can also serve as a basis for future studies on
lung patterns observed in various respiratory diseases in
blue and yellow macaws.
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