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Abstract
Pulmonary angiography using 64-multidetector-row computed tomography (MDCT) was used to
evaluate pulmonary artery anatomy, and determine the sensitivity of pulmonary artery segment
visualization in four Beagle dogs using images reconstructed to 0.625 mm and retro-reconstructed
to 1.25 and 2.5 mm slice thickness. Morphologically, characteristic features included a focal
narrowing in the right cranial pulmonary artery in all dogs, which should not be mistaken as
stenosis. While the right cranial pulmonary artery divided into two equally sized branches that
were tracked into the periphery of the lung lobe in all dogs, only a single left cranial (cranial
portion) lobar artery was present. Compared with 1.25 and 2.5 mm retro-reconstructions, 0.625
mm reconstructions allowed for detection of significantly (P ≤ 0.05) more pulmonary artery
segments and sharper depiction of vessel margins. Clinical applications such as prevalence and
significance of diameter changes, and detection of pulmonary arterial thrombembolism on lobar
and sublobar level, using pulmonary angiography with 64-MDCT applying 0.625 mm
reconstruction slice thickness remain to be established.
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Introduction
Diagnostic imaging evaluation of the pulmonary arteries in dogs is based mainly on thoracic
radiographs, though in some patients more specific procedures such as angiography or
scintigraphy are conducted.1,2 All of these methods are limited by morphological accuracy,
and some also by invasiveness. Multidetector-row computed tomography (MDCT)
pulmonary angiography is the standard of care for diagnosing pulmonary embolism in
humans.3–6 There is only limited information on MDCT pulmonary angiography in
dogs.7–11 Therefore, our goal was to evaluate normal canine pulmonary arteries using 64-
MDCT.
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Material and Methods
General anesthesia was induced in four 1-year-old Beagle dogs (mean body weight 11 ± 0.5
kg) with propofol* and maintained with isoflurane in 100% oxygen administered via an
orotracheal tube. End-tidal carbon dioxide levels were kept between 35–45 mmHg using a
mechanical ventilator.† Intravenous crystalloid solution‡ was administered though a 22 G
catheter in the left cephalic vein at 10 ml/kg/h with fluid boluses of 5 ml/kg as necessary to
maintain blood pressure. Esmolol (50–300 mg/kg/min) was also administered through this
catheter as part of a separate study of coronary angiography.

Dogs were in dorsal recumbency using a V-trough on a clinical 64-multidetector-row
computed tomography scanner§. A 20 G catheter was placed in the right cephalic vein for
contrast medium injection. The arrival time of contrast medium was determined using a test
bolus approach: A bolus of 5 ml iodinated contrast medium¶ followed by a 20 ml saline
chaser was injected at 2 ml/s within maximum pressure limits of 300 lb/in2 with a dual
barrel power injector.‖ After injection, repetitive transverse plane cine scans (80 kV, 40 mA,
5 mm slice thickness, axial scanning mode, 1-s tube rotation time, one image acquired per
rotation) were acquired over the mediastinum transecting the base of the main pulmonary
artery (MPA) and aorta. Time to peak enhancement in the MPA and aorta was analyzed on
the scanner by placement of a region of interest (ROI) in the center of the respective vessel.

The study bolus time was set to allow for simultaneous pulmonary arterial and aortic
opacification for a related project. A triphasic injection protocol was used with an initial
bolus consisting of 100% contrast medium, followed by dilute contrast medium (40–60%
physiologic saline solution), and a terminal saline chaser. In total, 2.4–3.9 ml contrast
medium/kg bodyweight were administered using an identical injection speed as that used for
the test bolus.

Following a 4-s delay from peak enhancement at the aortic root, the thorax was scanned in
caudocranial direction, with the scan field of view (FOV) adapted to each dog’s individual
anatomy including both pulmonary apices and all costophrenic recesses. The extended and
triphasic bolus was chosen to allow opacification of the pulmonary arteries as well as all
chambers and great vessels for a related project. Imaging settings were: helical scan mode at
120kV tube voltage, ECG-modulated tube current (200–750 mA), 0.35 s tube rotation time
(effective temporal resolution 250 ms using SnapShot Segment feature, proprietary**),
prospective ECG-gating with heart-rate adapted pitch, 64 × 0.625 mm collimation (i.e.,
using 64 detector rows of 0.625 mm width) was applied for all studies. Images were
reconstructed to isotropic 0.625 mm and retro-reconstructed to nonisotropic 1.25 and 2.5
mm slice thickness using a soft tissue kernel. All dogs were euthanized following a related
coronary angiography study and underwent necropsy examination.

Image evaluation was performed by a board certified veterinary radiologist on a dedicated
viewing station OsiriX® Medical Image software, version 3.7.1 (http://www.osirix-
viewer.com/). The studies were randomized and anonymized so that the reviewer was not
aware of the specific reconstruction algorithm. For evaluation of images, window width and
level were adjusted individually to optimize visualization of the pulmonary arteries.

*PropoFlo™, Abbott Laboratories, North Chicago, IL.
†SAV 2500, Smiths Medical, Waukesha, WI.
‡Plasma-lyte A, Baxter Healthcare Corporation, Deerfield, IL.
§VCT, GE Healthcare, Waukesha, WI.
¶Isovue 370, Bracco Diagnostics Inc., Princeton, NJ.
‖Stellant, MedRad, Indianola, PA.
**GE Healthcare.
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Enhancement levels of the main (MPA), main right (RPA), main left pulmonary (LPA)
artery, and aorta were measured on 0.625 mm reconstructed images by manually placing
regions of interest (ROIs) in comparable regions of the respective vessels; the thinnest slice
thickness allowing for the most accurate anatomical placement of the ROI.

The pulmonary arterial vessels (MPA, RPA, LPA, right cranial, middle, caudal and
accessory, left cranial (cranial portion), cranial (caudal portion), and caudal pulmonary
arterial lobar branches) were evaluated further using all three reconstruction thicknesses for
the following criteria: (1) anatomy: relationship to major vessels, cardiac, and visible
bronchial structures were qualitatively recorded; and (2) detectable lobar arterial segments:
starting with the most proximal segment of the individual lobar artery, the vessel was
followed distally, each point of subdivision into smaller branches marking the beginning of
a new segment.

The effect of the reconstruction interval on the number of detectable segments was analyzed
for each lobe separately using repeated measures ANOVA with an autoregressive
correlation structure within dogs. If the overall F-test was significant, pair-wise comparisons
of different reconstruction thicknesses were done using the Tukey multiple comparisons
adjustment separately for each lobe. All analyses were done in Proc Mixed using SAS 9.2
for Windows.12 The significance level was set at P ≤ 0.05.

Results
Pulmonary angiography was performed successfully in all animals. The FOV was adjusted
to the individual anatomy and extended 19.2, 22.5, 19.3, and 20.2 cm in craniocaudal
direction in each of the four dogs. On subsequent necropsy examination, the pulmonary
arteries were within normal limits and no thrombi were found.

Results for time to peak enhancement after test bolus, individualized study bolus volumes,
and enhancement after injection of study bolus are summarized in Table 1. Adjusting scan
delay for the inter-individual temporal variability determined from test bolus arrival
produced good enhancement of >300 HU in the pulmonary arteries and aorta in all dogs.

Figure 1 shows volume rendered images allowing for a morphologic overview of the
anatomic relationship of the major cardiovascular structures. On transverse and multiplanar
reconstructions the pulmonic cusps were outlined faintly and the pulmonic bulb was seen
distinctly on 0.625 mm reconstructed images, whereas on 1.25 and 2.5 mm retro-
reconstructions, the cusps are indistinct or not visible and the outline of the pulmonic bulb
was mild to very indistinct, respectively (Fig. 2). The MPA arose from the RVOT left of
midline in a craniodorsal direction flanked by the tip of the left atrial (LA) appendage
laterally and the ascending aorta (AO) medially. The bifurcation of the MPA into the LPA
and RPA occurred dorsal to the aortic root and left ventrally to the carina (see also Fig. 1).

The RPA proceeded in the dorsal plane laterally towards the right, the right cranial lobar
artery branched straight laterally from its cranial aspect. A smooth dorsoventral focal
narrowing of the right cranial lobar artery was observed in all dogs, which can be attributed
to the passage between trachea and right atrium. On 1.25 and 2.5 mm retro-reconstructions,
a decrease in diameter could be seen on one side of the right cranial lobar artery but not a
focal narrowing. The right cranial lobar artery then continued cranioventrally, pivoting over
the right cranial lobar bronchus, undergoing bifurcation as it crossed caudally to the right
azygos vein and cranially to the right cranial lobar bronchus. Both branches ran in the
cranial direction, one in a more dorsal plane extending into the craniodorsal portion of the
right cranial lung lobe without crossing the midline. The second branch extended in a more
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ventral plane into the cranioventral tip of the right cranial lobe, crossing the midline to the
left.

The RPA ran in the caudolateral direction, crossing dorsally to the right caudal pulmonary
vein and ventral to the right main stem bronchus. It continued along the ventrolateral aspect
of the right bronchus. At the respective lobar bronchial divisions, the right middle lobar
artery originated ventrolaterally; immediately caudally the accessory lobar artery branched
ventromedially. The right caudal lobar artery continued in the caudodorsal direction.

The LPA traversed dorsal to the LA appendage and left cranial pulmonary vein and
ventrally to the descending aorta describing a caudodorsal curve. The left cranial lobar
artery (cranial portion) exited ventrolaterally, curving over the cranial lobar bronchus
(cranial portion). The LPA then passed dorsally to the main left lobar bronchus, which had a
mild indentation at that level. The PA branch to the caudal portion of the left cranial lung
lobe exited in ventrolateral direction at the level of its lobar bronchus. The left caudal
pulmonary artery continued in the caudodorsal direction. All lobar pulmonary arteries
followed laterally adjacent to their respective bronchi into the periphery, medium sized to
very small sublobar artery branches arose in a dichotomous or trichotomous fashion, most
commonly at the level of lobar bronchial divisions.

The MPA, RPA, LPA, and all lobar pulmonary arteries were visible on images of all three
collimations. Mild to moderate blur of the vessel margins was seen on images retro-
reconstructed to 1.25 and 2.5 mm, whereas vessel margins were sharp on images
reconstructed to 0.625 mm slice thickness (Fig. 3).

The range of detected segments in the lobar arteries was 12–19 segments on 0.625 mm
reconstructions, 8–14 segments on 1.25 mm, 7–11 on 2.5 mm retro-reconstructions. Detailed
results of recorded segments of the individual lobar arteries are given in Fig. 4.

There were significant differences (P ≤ 0.05) of visible segments between all reconstruction
thicknesses in the right cranial (vent) and right accessory lobar arteries. In the right cranial
(dors), right middle, and right caudal lobar artery significantly (P ≤ 0.05) more segments
could be seen on 0.625 mm reconstructed images compared with both larger retro-
reconstruction thicknesses. For the all three left lobar arteries, there were significant
differences (P ≤ 0.05) between 0.625 mm and both larger retro-reconstruction thicknesses.

Discussion
Pulmonary angiography with 64-MDCT depicted the anatomy of the canine pulmonary
arterial tree in vivo as described in the literature.13–15 Understanding the pulmonary arterial
anatomy and knowledge of normal variants is essential for clinical evaluation in a variety of
diseases.

Even though pulmonic stenoses are observed most commonly at valvular, supravalvular, or
subvalvular levels,16 peripheral pulmonary artery stenosis has been described.17 A focal
narrowing in diameter of the right cranial lobar artery was detected in all dogs and this
should not be mistaken for a stenosis. The right cranial lobar artery is the first branch of the
right pulmonary artery, exiting straight laterally. When viewing in the transverse plane only,
care must be applied to evaluate the right cranial lobar artery separately from the
continuation of the right pulmonary artery that can be seen just caudally. The left pulmonary
artery causes a focal indentation in the bronchial lumen as it passes dorsal to the left main
stem bronchus, considered a normal variant. Compression of the left main stem bronchus is
described on lateral radiographs in dogs with an enlarged left atrium.18 In contrast, the right
pulmonary artery passes ventral to the respective bronchus and does not cause a narrowing.
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Interestingly, two similar sized lobar vessels were seen in all right cranial lung lobes,
whereas a single right cranial lobar vessel is usually described.13,14

As only a small number of dogs of the same breed were used in this study, what has been
described as anatomic variations, has to be considered with care and may not be transferred
to other breeds.

Mild and mild-moderate blurring of vascular margins was observed using 1.25 and 2.5 mm
retro-reconstructed slice thickness, attributable to partial volume effects.19 However,
decreased image noise in reconstructed slice thickness greater than 0.625 mm gives the
images a more smooth and flat appearance.20 Another trade-off between appearance and
spatial resolution is that fewer generations of sublobar branches were detected on 1.25 and
2.5 mm retro-reconstruction thicknesses; these were branches in the <1 mm range. Also note
that nonisotropic slice-thickness can lead to decreased image analysis capabilities using
multiplanar reformats.

A metaanalysis on pulmonary single detector CTA (SD-CTA) with suboptimal 5 mm
sections21 led the American College of Chest Physicians and the American Thoracic Society
to conclude that pulmonary SD-CTA was an insufficient clinical test to exclude pulmonary
embolism in people. Reducing the collimation in pulmonary SD-CTA from 3 to 2 mm,
however, increases the percentage of visualized subsegmental arteries.22,23 Also, significant
improvement of sensitivity regarding subsegmental pulmonary embolism was reported
comparing 3 mm pulmonary SD-CTA to 2.5 and 1.25 mm multidetector row pulmonary
CTA in people, the latter increasing the sensitivity.24 Clinical relevance of subsegmental
emboli is uncertain in both people and animals.25,26 On the other hand, diseases such as
pulmonary hypertension can affect the appearance of the small sublobar arteries in
pulmonary CTA. While this is established in people,27 this has not been investigated in
animals.

Scan timing in relation to contrast medium injection is crucial for successful opacification of
the pulmonary arteries or other vascular structures. To achieve this goal, various techniques
can be applied. Fixed delay/best guess approaches, test bolus, and bolus tracking methods
have been used previously in people28–30 and dogs.8,10,11,31 Bolus tracking methods are
efficient and practical as the bolus for the diagnostic study is used to trigger the scan. Our
test bolus method requires two injections (test and diagnostic bolus), thereby increasing the
dose of contrast medium and fluid volume. However, it provides additional testing of the
integrity of the venous access system and was used in our study as it is the preferred method
in our institution. Potential hemodynamic effects, which were not considered during our
study, could be overcome by the use of smaller, potentially weight- or body surface area-
adapted injection volumes.

Similarly, the alternative of a fixed scan delay on the order of 15–25 s have given adequate
results in pulmonary CTA in humans because the contrast enhancement rises rapidly with
fast injections in the pulmonary arteries. However, patient dependent factors such as cardiac
output and the related contrast medium transit time may delay enhancement significantly
and lead to suboptimal timing. Subsequent insufficient contrast enhancement might cause
the need for repeated studies.

Individualized scan delays using test bolus or bolus tracking approaches are designed to
overcome such potential sources of error.29,32 The test bolus technique is applied routinely
in clinical practice and was used in our study.31,32,33 Time of contrast medium arrival in the
pulmonary artery in our study was similar to previous work.8,10 The prolonged injection
duration and correlating high contrast medium volumes were chosen to allow for pulmonary
arterial, systemic arterial, as well as all cardiac chamber opacification for a related project.
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Hence, described injection bolus volume is larger than necessary for only canine pulmonary
CTA.

Reports on minimum or maximum enhancement levels needed for diagnostic CT
angiography are sparse. Estimated values of the minimal enhancement range from 250 to
350 HU (i.e. attenuation of 300–400 HU).29,33 We obtained higher enhancement values that
can therefore be considered diagnostic.

In summary, pulmonary angiography using 64-MDCT enables visualization of the canine
pulmonary arterial anatomy in vivo. Using slice thickness greater than 0.625 mm decreases
the number of visible lobar artery segments and induces blurring of vascular margins. The
right cranial pulmonary artery has a focal indentation that should not be mistaken for a
stenosis.
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Fig. 1.
Volume rendered display of a representative dataset with 0.625 mm collimation. Although
volume rendered displays were not part of the analysis, the ability to depict the anatomy was
exploited for a morphologic overview over anatomic relationships of the major
cardiovascular structures that have not been reported systematically and only presented
sparsely in the literature. Note the straight lateral branching of the right cranial lobar artery
and the continuation as two equally sized separate branches into the right cranial lung lobe
on dorsal and right oblique image. MPA, main pulmonary artery; LPA, RPA, left and right
main pulmonary artery, respectively; RPV, right pulmonary vein; CrVC, cranial vena cava;
CVC, caudal vena cava; LV, RV, left and right ventricle, respectively; LA, RA, left and
right atrium, respectively; AV, right azygos vein.
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Fig. 2.
Transverse view of right ventricular outflow tract, main pulmonary artery and its left and
right branches and comparison of three collimation settings. Transverse plane reconstruction
of 0.625 mm (A) and retro-reconstruction of 1.25 mm (B), and 2.5 mm (C) slice thickness.
The main pulmonary artery (*) arises from the right ventricular outflow tract (RVOT) left of
midline in a craniodorsal direction flanked by the tip of the left atrial appendage (white
arrow) laterally and the ascending aorta (AO) medially. Only on 0.625 mm reconstruction
the fine outline of the cusp (black arrows) can be seen, also on the larger retro-
reconstructions, the pulmonic bulb (black arrow head) is less distinct. The right cranial lobar
artery has a smooth dorsoventral focal narrowing (white arrowheads) as it passes ventral to
the trachea dorsally to the right atrium. L, R, left and right pulmonary artery, respectively;
C, carina; dAO, descending aorta; RA, right atrium; RV, right ventricle.
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Fig. 3.
Visualization of pulmonary artery branches and segments using three different
reconstruction slice thicknesses. Pulmonary artery branches (black arrows) in the accessory
lung lobe on 0.625 mm reconstruction (A), 1.25 mm (B), and 2.5 mm (C) retro-
reconstruction slice thickness. At 0.625 mm the vessel margins are sharp whereas at the
larger retro-reconstruction slice thicknesses vessel margins are mild to moderately blurred
and the image is smoother and flatter due to partial volume artifact. CVC, caudal vena cava;
E, esophagus.
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Fig. 4.
Averages of visible segments of the lobar pulmonary arteries based on reconstruction slice
thickness. Significant differences (*) in the number of visible pulmonary arterial segments
were found between all reconstruction thicknesses for the right cranial (vent) and accessory
lobar arteries (P ≤ 0.05). In all other lobar arteries significant differences in the number of
visible pulmonary arterial segments were found on 0.625 mm reconstruction compared to
both larger retro-reconstruction slice thicknesses (P ≤ 0.05), and no significant difference
was present between 1.25 and 2.5 mm retro-reconstructions (P ≥ 0.05). Standard error for
the estimated averages of visible segments of the lobar pulmonary arteries for all
reconstruction thicknesses was 0.89 for the right cranial (dors), 0.58 for the right cranial
(vent), 0.57 for the right middle, 0.98 for the right caudal, 0.92 for the right accessory, 0.74
for the left cranial (Cr), 1.52 for the left cranial (Cd), and 1.23 for the left caudal lobar
artery.

Drees et al. Page 11

Vet Radiol Ultrasound. Author manuscript; available in PMC 2013 January 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Drees et al. Page 12

Ta
bl

e 
1

T
im

e 
to

 P
ea

k 
E

nh
an

ce
m

en
t, 

St
ud

y 
B

ol
us

, a
nd

 E
nh

an
ce

m
en

t E
va

lu
at

io
n 

of
 th

e 
Pu

lm
on

ar
y 

C
T

A
 in

 F
ou

r 
D

og
s

T
im

e 
to

 P
ea

k 
E

nh
an

ce
m

en
t

A
ft

er
 T

es
t 

B
ol

us
 (

s)
E

nh
an

ce
m

en
t 

A
ft

er
 S

tu
dy

B
ol

us
 (

H
U

 [
SD

])

M
P

A
A

O
St

ud
y 

B
ol

us
 (

m
l)

*
M

P
A

A
O

D
og

 1
4

8
22

/2
2/

16
38

5.
4 

(1
5.

9)
40

6.
9 

(1
9.

3)

D
og

 2
4

9
24

/2
4/

20
30

1.
0 

(1
6.

9)
35

9.
1 

(2
0.

0)

D
og

 3
4

6
18

/1
8/

16
32

1.
1 

(2
0.

6)
32

7.
7 

(1
8.

4)

D
og

 4
6

11
30

/3
0/

19
48

6.
7 

(1
8.

7)
50

2.
8 

(1
8.

3)

* 10
0%

 io
di

na
te

d 
co

nt
ra

st
 m

ed
iu

m
/4

0%
/6

0%
 io

di
na

te
d 

co
nt

ra
st

 m
ed

iu
m

/p
hy

si
ol

og
ic

 s
al

in
e 

so
lu

tio
n)

/1
00

%
 p

hy
si

ol
og

ic
 s

al
in

e 
so

lu
tio

n.
 M

PA
, m

ai
n 

pu
lm

on
ar

y 
ar

te
ry

; A
O

, a
sc

en
di

ng
 a

or
ta

.

Vet Radiol Ultrasound. Author manuscript; available in PMC 2013 January 18.


