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Abstract

Congenital pulmonary artery (PA) anomalies comprise a rare and heterogeneous spectrum of disease, ranging from abnormal
origins to complete atresia. They may present in early infancy or more insidiously in adulthood, often in association with
congenital heart disease such as tetralogy of Fallot or other syndromes. In recent years, cross-sectional imaging, includ-
ing computed tomography (CT) and magnetic resonance imaging (MRI), has become widely utilized for the noninvasive
assessment of congenital PA diseases, supplementing echocardiography and at times supplanting invasive angiography. In
this article, modern CT and MRI techniques for imaging congenital PA disorders are summarized. The key clinical features,
cross-sectional imaging findings, and treatment options for the most commonly encountered entities are then reviewed.
Emphasis is placed on the ever-growing role of cross-sectional imaging options in facilitating early and accurate diagnosis

and tailored treatment.
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Introduction

Congenital pulmonary artery (PA) anomalies refer to a
heterogeneous spectrum of disease caused by abnormal
PA development [1]. Most are associated with underlying
congenital heart disease (CHD) such as tetralogy of Fallot
(TOF) or syndromes such as Williams and Alagille [1-3].
Broadly, congenital PA anomalies may be classified into
primary disorders of PA stenosis or dilation, conotruncal
abnormalities (a type of CHD), and abnormal PA origins,
course, or connections [2, 4]. Clinical presentations are vari-
able depending on the type and severity of the underlying
lesion. While many PA anomalies are discovered in infancy
or early childhood, others evade detection even into adult-
hood [1, 3].

A variety of modalities exist for imaging PA anomalies.
Transthoracic echocardiography (TTE), widely available and
essentially risk-free, remains the first-line test but generally
underperforms for complex PA lesions [1, 5-10]. Radionu-
clide lung perfusion scintigraphy may be useful for assessing
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alterations in pulmonary blood flow related to PA abnor-
malities but is insufficient in isolation for characterizing PA
anomalies [5, 9, 10]. Catheter angiography remains the gold
standard, facilitating excellent anatomic PA delineation in
addition to measurement of physiologic data such as pres-
sure gradients and oxygen saturations. However, due to its
invasive nature, it is preferably reserved for cases in which
simultaneous intervention is planned [5, 8—10].

In recent years, cross-sectional imaging, including com-
puted tomography (CT) and magnetic resonance imaging
(MRI), has become widely utilized for the noninvasive
assessment of congenital PA diseases, supplementing TTE
and at times obviating the need for invasive angiography.
In this review, cross-sectional CT and MRI techniques for
imaging congenital PA anomalies are first summarized,
with attention to recent advances and emerging technolo-
gies. Then, the broad spectrum of congenital PA anomalies
is detailed. The central and evolving role of cross-sectional
imaging in characterizing these complex disorders is empha-
sized, while key clinical features and treatment strategies
are highlighted.
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Cross-sectional imaging evaluation
Computed tomography (CT)

Multidetector CT (MDCT) with angiographic technique
(CTA) has become an invaluable tool in the assessment
of congenital PA disorders, facilitating rapid and precise
delineation even of peripheral PA branches [5, 9-11].
Moreover, the lungs and airways and any concomitant
CHD can be simultaneously evaluated [5, 6, 9, 10]. Now-
ubiquitous postprocessing software facilitates the reliable
and fast generation of multiplanar reformats (MPRs), max-
imum and minimum intensity projection reconstructions
(MIPs and MinlIPs, respectively), and three-dimensional
(3D) reconstructions, allowing ready visualization of often
complex PA anomalies both for diagnosis and pretreatment
planning purposes [5, 8].

For a typical adult patient, the CTA protocol for
assessing a known or suspected PA anomaly resembles
what might be prescribed for assessment of pulmonary
embolism. The scan range extends from the lung apices
through the diaphragms, and representative scan param-
eters include a tube potential of 100-120 kV, tube current
of 100-200 mA, detector width of 0.6 mm, and pitch of 1
(or higher if high-pitch helical mode is available) [4]. A
non-ionic contrast agent, either low-osmolar (e.g., iohexol,
iopamidol) or iso-osmolar (e.g., iodixanol), is adminis-
tered through an 18-20 gauge (G), power-injectable, intra-
venous (IV) line or central catheter at a typical rate of
4-5 mL/s for a total dose of 60—150 mL, followed by a
saline flush [1, 4, 5, 12]. The bolus tracking method is
commonly utilized, in which a region of interest (ROI) is
placed over the main PA after obtaining a single axial CT
slice encompassing this anatomy. As contrast is injected,
the same slice location is repeatedly imaged at regular
intervals (e.g., 1 s) until a threshold Housfield unit (HU)
attenuation in the ROI is achieved (e.g., 100 HU); the scan
is then automatically triggered after a preset delay [12].
Alternatives to bolus tracking include the fixed scan delay
method, which is less robust to individual physiology but
may be simpler to implement, and the bolus timing tech-
nique, in which a small “test” bolus (e.g. 10-20 mL con-
trast) is used prior to the diagnostic acquisition to deter-
mine the optimal scan delay but tends to increase the total
contrast dose utilized [12, 13].

In the setting of coexisting CHD or prior surgery, scan
protocols may require individualization to optimize PA
enhancement [1]. Achieving diagnostic acquisitions can
be particularly challenging in neonates and young chil-
dren, considering typical contrast dose limits of 2 mL/kg,
usually requiring contrast dilution with saline to maintain
a 15-25 s bolus duration while not exceeding total fluid
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limits of 10 mL/kg [1, 5, 6]. The IV caliber (e.g., 22-24G)
is dependent on patient and may be preferentially placed in
a lower rather than upper extremity vein to avoid artifact
from dense contrast in the superior vena cava [5, 6]. At the
same time, precautions should be taken to minimize radia-
tion exposure (e.g., by lowering the kV to 70-80) as well
as the need for sedation (e.g., by using rapid, high-pitch
acquisitions if available) despite the potential for motion
in “awake” patients [5, 6, 14].

Recent developments in CT have further enhanced the util-
ity and applicability of this already robust modality for char-
acterizing PA anomalies. Dual-source, high-pitch or volume-
based acquisitions permit ever-faster scan speeds and lower
radiation and contrast doses and potential sedation needs, the
primary drawbacks of CT [5, 15]. Iterative reconstruction
algorithms have assisted in decreasing radiation and contrast
requirements while maintaining image quality, and novel
image processing methods using machine/deep learning tech-
niques may allow even further radiation/contrast reductions
[5, 14, 15]. 3D printing from CT datasets is now possible and
may enhance preprocedural planning [16]. Dual-energy CT
(DECT) acquisition strategies, which permit greater material
decomposition through the generation of distinct beam energy
spectra using different tube voltages, have gained notable trac-
tion for evaluation of PA disorders [15, 17, 18]. For example,
DECT post-processing software can be used to create color-
coded lung iodine/perfused blood volume (PBV) maps that
reflect parenchymal enhancement at a single time point and
correlate with lung perfusion. In addition, “virtual” mono-
chromatic or monoenergetic images (VMI) can be generated
to simulate a lower kV, enhancing vessel contrast opacifica-
tion, or higher kV, reducing beam-hardening artifact; virtual
noncontrast (VNC) reconstructions can also be made to better
assess calcifications and surgical material [17, 18].

More advanced photon-counting systems in which every
X-ray photon generated from a CT acquisition is classified into
a distinct energy bin are in development but not currently avail-
able for clinical use [15]. Fractional flow reserve (FFR)-CT,
which uses computational flow modeling to assess the physi-
ologic significance of coronary artery stenoses, has garnered
increasing interest and might analogously be applied to PA
stenoses in future years [15]. Finally, a novel four-dimensional
(4D) flow CT method, capable of depicting and quantifying
intracardiac blood flow from existing CT datasets, was recently
described and might similarly prove useful for assessing PA
anomalies, but its use is currently restricted to research [19].

Magnetic resonance imaging (MRI)

MRI/MR angiography (MRA) is attractive option for assess-
ing PA anomalies given the lack of ionizing radiation and
potential to achieve diagnostic imaging without contrast, or
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at least using non-nephrotoxic contrast agents [18]. Moreo-
ver, intracardiac morphology and function can simultane-
ously be assessed in the frequent case of co-existing CHD [5,
18]. As is the case for CT, multiplanar reformations can be
readily created using post-processing software when images
are acquired with 3D technique [20].

Pulmonary MRA is most often performed using a rapid,
time-resolved, heavily T1-weighted 3D spoiled gradient
echo (SGRE) sequence [18, 20, 21]. Images are acquired
over a 15-19 s breath-hold after IV administration of
0.1-0.2 mmol/kg of a gadolinium-based agent, which fur-
thers shortens T1, at a typical flow rate of 2—5 mL/s in an
adult, using bolus-tracking or bolus-timing as previously
detailed [18, 21]. Traditional limitations of MRI/MRA
include low spatial resolution and long acquisition times
with resultant motion degradation or need for greater seda-
tion compared to CT in young children. However, these
downsides have been increasingly overcome with modern
multichannel phase array coils, parallel imaging, and view-
sharing technique in which central k-space is most heavily
sampled [18, 21].

Noncontrast MRA is also possible, most commonly per-
formed with a 3D steady state free precession (SSFP)/“bright
blood” sequence utilizing navigator gating to ensure a con-
stant phase of respiration and electrocardiographic (ECG)
gating to maintain a constant position in the cardiac cycle
[5, 18]. Furthermore, noncontrast “black blood” imaging
using a two-dimensional (2D) fast spin echo (FSE) approach
or the more recently described volumetric, ECG-triggered,
respiratory-navigated 3D FSE technique can be informative
and diagnostic when bright blood images are suboptimal
due to dephasing artifact from stenosis or regurgitation
[22]. In fact, compared to most alternative MRI techniques
including MRA, black blood imaging is in general less
prone to susceptibility artifacts, which can be generated,
for example, by metallic PA stents, and potentially render
other sequences nondiagnostic. Simultaneous assessment of
lung perfusion is possible both with contrast-enhanced and
noncontract techniques [18]. Phase contrast (PC) acquisi-
tions can additionally be used to interrogate PA blood flow
and quantify the severity of stenosis or regurgitation [5, 18].
Ultimately, however, CT is likely to be superior to MRI for
certain applications such as assessment of calcifications and
in-stent restenosis.

Nevertheless, several recent developments have further
enhanced the speed, quality, and reliability of pulmonary
MRI/MRA, solidifying its role for assessing PA anoma-
lies. First, the advent of blood pool contrast agents, which
remain in the circulation longer than do extracellular gad-
olinium agents, permit a longer time window for image
acquisition [18]. While the gadolinium-based blood pool
agent, gadofosveset, is no longer available for purchase in

the United States (U.S.), there has been increasing inter-
est in the use of ferumoxytol, an ultrasmall superpara-
magnetic iron oxide (USPIO) nanoparticle as an off-label
contrast agent, which can be administered even in patients
with renal failure [5, 18]. While adverse reactions likely
occur with greater frequency when using ferumoxytol
as opposed to gadolinium-based agents, the agent does
appear to have a robust safety profile when administered
as a slow, dilute infusion with total doses in the range of
2-4 mg/kg [5, 23, 24].

Second, 4D flow sequences, which can interrogate the
morphology, function, and flow of extra- and intracar-
diac structures in a single 3D, 10-15 min free-breathing
acquisition, and associated post-processing software, are
increasingly available and now sold by several commercial
vendors [5, 25]. Finally, new ultrashort echo time (UTE)
sequences using radial or conical k-space sampling have
facilitated much-improved assessment of the lungs and
airways, historically poorly assessed by MRI, while per-
mitting simultaneous diagnostic PA assessment [26, 27].
Comparative analysis of UTE MRI versus CT for various
disease states is ongoing [28].

Disorders of pulmonary artery stenosis
Primary pulmonary arterial stenosis

PA stenosis is characterized by luminal narrowing result-
ing in obstruction to PA flow. Most often, it occurs at the
level of the pulmonary valve, related to abnormal forma-
tion of the bulbus cordis during the 5th week of gesta-
tion [2]. However, it may be supravalvular, subvalvular,
or involve peripheral PA branches, caused by intimal pro-
liferation and fibrosis, often in association with genetic
syndromes such as Williams and Alagille [1, 2, 29].

Peripheral PA stenoses, which can vary from focal nar-
rowing to long-segment hypoplasia, are well characterized
by CTA (Fig. 1a, b) [1, 2]. Use of dual-energy technique
can demonstrate associated PBV deficits in the regions of
stenosis [30]. MRI can similarly demonstrate the stenoses
in addition to depicting and quantifying associated flow
disturbances (Fig. 1c, d). In Williams patients, peripheral
PA stenoses generally improve with time and are best man-
aged expectantly, as failure rates are high with angioplasty
and stenting due to the underlying arteriopathy [1, 31].
Surgical reconstruction may be considered, particularly in
younger patients with severe stenoses and right ventricu-
lar (RV) hypertension [1, 32]. Transcatheter interventions
appear to be more favorable in Alagille patients, although
data is limited [1, 33].
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Fig.1 Primary pulmonary
arterial stenosis. a, b MIP
reformatted chest CTA images
in a 16-year-old male show
multifocal, bilateral peripheral
pulmonary arterial stenoses
(arrows), discovered during the
workup of a heart murmur. ¢
Axial reformatted image from
a gadobenate-enhanced, ECG-
gated chest MRA performed
with 3D T1-weighted SGRE
technique and d MIP refor-
matted 4D flow image show a
diffusely small right pulmonary
artery (arrows) with kinking
at the origin in a 15-year-old
female with congenital right
pulmonary artery hypolasia.
Based on 4D flow data, there
was estimated to be approxi-
mately 10% right and 90% left
pulmonary arterial flow

- -

-
-

Unilateral proximal pulmonary artery
interruption

This uncommon developmental anomaly is characterized by
a blind-ending either right or left PA at the hilum, potentially
related to abnormal involution of one of the proximal 6th
aortic arches [2, 11]. “Interruption” is the preferred term
to “absence” because the intrapulmonary arteries generally
remain patent and intact [11, 34]. The affected lung typi-
cally receives arterial supply from a patent ductus arteriosus
(PDA) in the neonate, or in older individuals, via bronchial
and transpleural collaterals [2, 11, 34, 35]. While many cases
are isolated, < 1% have co-existing CHD, which is more
common in left compared to right PA interruption [2, 36].
When occurring in isolation, proximal PA interruption is
often asymptomatic in early childhood, but may present with
exercise intolerance, recurrent pneumonia, or hemoptysis in
later years [2, 36, 37].

CTA well-depicts the anomaly and associated collater-
alization [2]. The mediastinal portion of the PA may be

@ Springer

e,

\-
— ~
- "‘

- N

nonexistent or end within 1 cm of the origin. Subpleural
parenchymal lung bands may be evident, reflecting a con-
nection between peripheral PA branches and transpleural
collaterals [11]. In addition, subpleural cystic changes and
bronchiectasis secondary to chronic infection or ischemia
may be seen as well as potential rib notching and pleural
thickening related to collateral formation [36]. DECT can
demonstrate decreased PBV involving the affected lung
(Fig. 2) [38]. MRI can also depict the PA interruption and
be used to quantify split pulmonary lung perfusion.

For cases detected in infancy with ductal-dependent
circulation, early surgical repair is recommended, as the
ductus usually regresses by 1-year of age with result-
ant hypoplasia of the intrapulmonary arteries, decreas-
ing the likelihood of successful surgical outcomes [2].
In later years, conservative management is preferred,
although symptoms such as recurrent infection or hemop-
tysis may require embolization or even pneumonectomy
for adequate control [2, 36]. However, by this stage, the
affected lung provides little effective gas exchange, and
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Fig.2 Proximal pulmonary artery interruption. a Axial anatomic
and b axial fused anatomic/PBV map images from a dual-energy
chest CTA in a 13-year-old female show absence of the right PA in its

thus parenchymal preservation is not of significant con-
cern [36].

Disorders of pulmonary artery enlargement
Idiopathic pulmonary arterial hypertension

Pulmonary hypertension is defined as a mean PA pressure
>25 mmHg at rest or >30 mmHg after exercise, as meas-
ured by right heart catheterization [11, 39]. Most cases are
secondary to cardiopulmonary or hepatic disease rather than
idiopathic in nature. Primary pulmonary hypertension is an
idiopathic disease of the precapillary pulmonary arteries,
while pulmonary veno-occlusive disease refers to an idio-
pathic disorder at the postcapillary, pulmonary venous level.
Clinical findings are often nonspecific until progression to
right heart dysfunction, associated with a poor prognosis
[11].

Pulmonary artery enlargement is a characteristic feature
of all forms of pulmonary hypertension (Fig. 3). In adults, a
main PA diameter >29 mm is associated with an 87% sensi-
tivity and 89% specificity for the diagnosis [11, 39]. In chil-
dren, a ratio between the main PA and ascending aorta >1.2
is reported to have a sensitivity of 90% and specificity of 100%
[40]. Peripheral PAs may appear abruptly attenuated, while
pulmonary veins in precapillary disease appear small. Addi-
tional features may include: bronchial arterial hypertrophy,
mosaic lung attenuation reflecting heterogeneous perfusion,
RV dilation as evidenced by an RV to left ventricular (LV)
diameter ratio > 1, and reflux of contrast in to the IVC and
suprahepatic veins [11]. Lymphadenopathy in association with
thickened interlobular septa and centrilobular ground-glass
nodules should raise concern for pulmonary veno-occlusive
disease (Fig. 3c, d) [11, 40]. The above findings are well dem-
onstrated by CT. MRI is useful for serial assessment of RV

expected location (white arrows), compatible with interruption. Note
that lung PBV is heterogeneous but diffusely decreased on the right
(yellow arrows), suggesting decreased perfusion to the right lung

size, function, and mass, which are prognostic markers in pul-
monary hypertension (Fig. 3b) [41].

Pulmonary arterial hypertension is primarily treated with
vasodilators such as inhaled nitric oxide, with 85% survival at
one year. In contrast, vasodilators can precipitate life-threaten-
ing pulmonary edema in pulmonary veno-occlusive disease.
In fact, bilateral lung transplantation is the only viable treat-
ment option in this disorder, which otherwise has only a 30%
survival rate at 1 year [42].

Idiopathic dilatation of the pulmonary trunk

This is a rare congenital anomaly involving, as the name
implies, abnormal dilation of the main pulmonary trunk, pos-
sibly but not exclusively accompanied by right and left PA
enlargement, in the absence of other identifiable causes [11].
The etiology remains uncertain; theories include unequal sepa-
ration of the truncus arteriosus, congenital weakness of the
PA wall, and potential underlying connective tissue disease
(Fig. 4) [2]. Patients are in general asymptomatic, and the con-
dition is usually discovered incidentally on imaging.

Both CT and MRI well-demonstrate the markedly
enlarged PA; stable size across serial exams has been pro-
posed a diagnostic criterion [11]. Signs of impending rup-
ture may be apparent such as wall thickening reflective of
subadventitial hematoma formation and perianeurysmal lung
opacification. Only conservative observation is typically rec-
ommended. However, surgical repair may be considered for
a main PA diameter > 60 mm [2, 43].

Conotruncal malformations
Tetralogy of fallot (TOF)

TOF is the most common cause of cyanotic CHD. It is
thought to be caused by malposition of the conal septum
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Fig.3 Idiopathic pulmonary arterial hypertension. a Axial ferumox-
ytol-enhanced T1-weighted UTE image in a 20-year-old female with
primary pulmonary hypertension shows an enlarged main PA (arrow).
b Short-axis systolic SSFP image of the heart in the same patient
shows an enlarged and hypertrophied right ventricle (RV) with flat-
tening of the septum (white arrow) indicating elevated RV pressures
as well as a moderate pericardial effusion (yellow arrow). ¢ Axial
MIP reformatted CTA image in a 3-year-old male with pulmonary

Fig.4 Idiopathic dilatation

of the pulmonary trunk. a
Noncontrast axial MRA image
from a respiratory-navigated,
ECG-gated 3D SSFP acquisi-
tion and b axial MIP reformat-
ted image from a gadobenate-
enhanced, ECG-gated chest
MRA performed with 3D
T1-weighted SGRE technique
show a markedly aneurysmal
main PA (arrows), which meas-
ured > 7 cm in this 51-year-old
female with Marfan syndrome

in relationship to the ventricular endocardial cushion [5,
44]. Pulmonary stenosis is a hallmark of the disorder and
may be valvular, subvalvular, or supravalvular; the degree
of stenosis determines the onset and severity of cyanosis.
Other characteristics features of TOF are a malaligned,
subaortic, membranous ventricular septal defect (VSD),
an overriding aorta, and right ventricular hypertrophy
(Fig. 5a, b) [5, 6, 44-47].
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veno-occlusive disease shows an enlarged main PA (white arrow) as
well as tortuous, corkscrew-like peripheral PA branches. Note also
the presence of subcarinal and right hilar lymphadenopathy (yellow
arrows). d Axial CTA image in the same patient using lung windows
shows a dilated and hypertrophied RV with septal flattening (asterisk)
as well as bilateral, ill-defined, predominantly centrilobular ground-
glass nodular opacities in the lungs

Several subtypes of TOF beyond the conventional form
are recognized. In TOF with absent pulmonary valve, the
pulmonary valve is rudimentary or nonexistent, leading
to severe pulmonary regurgitation and marked enlarge-
ment of the PAs, which cause tracheobronchial compres-
sion (Fig. 5c, d). In TOF with pulmonary atresia, there
is no connection between the central PAs and the right
ventricular outflow tract (RVOT). This form of TOF may
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Fig.5 Pulmonary artery disease in tetralogy of Fallot (TOF). a Axial
reformatted image from a ferumoxytol-enhanced, ECG-gated chest
MRA performed with 3D T1-weighted SGRE technique in a 10-year-
old male with previously repaired TOF shows a severe stenosis at
the left PA origin (arrow). Based on 4D flow data (not shown), there
was estimated to be approximately 15% left and 85% left pulmonary
arterial flow. b Four-chamber diastolic cine SSFP image of the heart
in the same patient shows severe right ventricular (RV) enlargement
with septal flattening (asterisk) compatible with RV volume over-
load. ¢ Axial and d coronal MIP reformatted CTA images in a new-
born with TOF and absent pulmonary valve show severe dilation of

be accompanied by major aortopulmonary collaterals
(MAPCASs), which arise from the aorta or other arterial
branches (e.g., internal mammary, intercostal, subcla-
vian, coronary) and supply the lungs (Fig. Se, f) [5, 12,
13, 44-47]. If present, the diminutive central PAs may

the central PAs (asterisks), which extrinsically compress the bronchi
(c, arrows) with resultant lung atelectasis, worst in the right middle
lobe. e Axial CTA image in a 3-day-old female with TOF, pulmonary
atresia, and MAPCAs shows confluent but markedly diminutive and
poorly opacified central PAs (white arrow), which had no connection
to the RVOT. A large collateral in the posterior mediastinum (yellow
arrow) represents a MAPCA. f Axial MIP reformatted image in the
same patient better demonstrates the origin of the MAPCA (yellow
arrow) from the descending aorta, with multiple branches supplying
the right lung

be normally coalescent (“confluent”) or discontinuous
(“non-confluent”/*“isolated”).

CT provides an excellent assessment of branch PA sten-
oses in TOF in addition to any MAPCAs or tracheobronchial
compression related to aneurysmal PAs [5, 6, 44, 48]. MRI
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has a well-established role in the evaluation of postoperative
TOF, performed serially to assess RV size and function and
the severity of pulmonary regurgitation, helping to decide
the appropriate timing for pulmonary valve replacement;
the branch PAs can be concurrently assessed through MRA
techniques.

The treatment of TOF depends on the severity and type
of lesions involved. Definitive surgical correction is usually
performed between 6 and 12 months of age, with bridging
palliative procedures such as a modified Blalock—Taussig
(BT) shunt if needed. Ductal-dependent TOF with pulmo-
nary atresia is managed with prostaglandins and sometimes
stenting to maintain ductal patency. MAPCAs usually
require multistage operations and cardiac catheterizations
to incorporate these collateral vessels into the PA circula-
tion, a procedure known as unifocalization. Finally, TOF
with absent pulmonary valve requires partial resection and
repair of the aneurysmal PAs due to the potential for airway
compromise [5, 6, 44-46, 48, 49].

Transposition of the great arteries (TGA)

TGA is characterized by a ventriculoarterial discordance in
which the main PA arises from the left ventricle, rather than
from the RV, and the aorta arises from the RV [5]. In the
levo (L)—or congenitally corrected (CC)—TGA form, there
is also atrioventricular discordance in which the RV arises
from the left atrium and the LV arises from the right atrium;
in the dextro (D)-TGA subtype, atrioventricular concordance
is maintained [50, 51]. Overall, TGA is the most common
cause of cyanotic CHD presenting on the first day of life. It
has a male predominance and is more common in infants of
diabetic mothers. Patients with D-TGA present with cyanosis
by the first week of life when the ventricular septum is intact
or else pulmonary edema by 2 months of age in the setting
of a VSD [5]. In contrast, L-TGA may go unrecognized even
into adulthood at which point the RV, functioning as the
systemic ventricle, begins to fail [51].

Although echocardiography is often sufficient for initial
diagnosis, both CT and MRI can accurately demonstrate the
abnormal position of the main PA and aorta in the preoperative
patient (Fig. 6a) [5]. These modalities are most useful in the
postoperative setting for routine RV surveillance and assess-
ment of postsurgical baffle integrity, potential stenoses at the
site of reimplanted coronary arteries, and other potential com-
plications [5, 51]. In fact, MRI has been shown to more accu-
rately elucidate branch PA stenoses in the postoperative TGA
patient compared to TTE [51, 52]. CT may be particularly
helpful for assessing coronary abnormalities and when MRI
is contraindicated (e.g., pacemaker, etc.) [51, 53]. In addition,
either MRI (preferably) or CT can be used to serially measure
LV mass if the LV needs to be “trained” by the placement of
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a pulmonary artery band to enable the LV to hypertrophy and
function as the systemic ventricle [50].

The definitive treatment for all forms of TGA is now con-
sidered the arterial switch (Jatene) operation, in which the
position of the aorta and PA are reversed, and the coronaries
are reimplanted onto the neoaortic root. This is often com-
bined with the LeCompte maneuver, in which the pulmonary
root is translocated anterior to the aorta [5, 51]. However,
many adult patients with TGA will have undergone an atrial
switch (Mustard/Senning) procedure consisting of superior
vena cava (SVC) and inferior vena cava (IVC) baffles that
join and redirect systemic venous blood to the LV [51].

Truncus arteriosus

Accounting for 1% of CHD, truncus is characterized by a
single semilunar (truncal) valve and single great artery that
supplies the pulmonary, systemic, and coronary circula-
tion [2, 5]. There are multiple subtypes classified accord-
ing to the takeoff of the branch PAs (Fig. 6b) [5]. However,
when either the right or left PA system arises entirely from
the aorta and the other normally, the anatomy is termed
hemitruncus (Fig. 6¢) [54]. Truncus associations include
DiGeorge (22q11 deletion) syndrome as well arch anomalies
such as a right-sided or interrupted arch [2, 5-8]. Newborns
with the disease are often initially asymptomatic but develop
congestive heart failure (CHF) within several weeks as pul-
monary vascular resistance drops [5].

Preoperatively, CT and MRI are not typically required.
However, they may be helpful in evaluating location and
branching pattern of the PAs and any MAPCAs as well as
any aortic arch or pulmonary venous drainage anomalies [5].
These cross-sectional imaging modalities are routinely used
postoperatively to assess biventricular and neoaortic valvu-
lar function, pulmonary regurgitation, pulmonary homo-
graft patency, and branch PA as well as aortic anatomy and
patency [35, 55, 56].

Patients with truncus usually undergo operative repair
within several weeks to months of life. The surgery con-
sists of redirecting the LV outflow toward a neoaorta in
the process of VSD closure. The PAs are separated from
the common arterial trunk and connected to the RV with a
homograft conduit. While this RV-PA conduit may require
future replacement, overall postoperative mortality rates are
low [5]. Truncus has only a 5% mortality rate at one year of
life if repaired, which climbs to 90% if left uncorrected [2].

Double-outlet right ventricle (DORV)

DORY refers to a ventriculoarterial discordance in which
both the PA and aorta arise from the RV by at least 50%
circumference (Fig. 6d) [5, 7, 46, 55, 57-60]. It is rare,
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Fig.6 Spectrum of pulmonary artery anomalies in non-TOF
conotruncal malformations. a Oblique coronal image from a fer-
umoxytol-enhanced 4D flow acquisition in a 3-year-old male with
congenitally corrected transposition of the great vessels (L-TGA)
demonstrates ventriculoarterial discordance. The left ventricle (LV) is
contiguous with the main pulmonary artery (P), while the right ven-
tricle (RV) is contiguous with the aorta (A); vectors denote the direc-
tion of flow. Note the presence of flow acceleration (arrow) at the
level of a PA band used to “train” the LV. b Curved planar reformat-
ted image from a chest CTA performed in a 9-day-old male with trun-
cus arteriosus type II shows a common arterial trunk (TA) with the
right and left pulmonary arteries (RPA and LPA, respectively) arising
in close proximity though separately from the posterior aspect of the
truncus. ¢ Axial image from a ferumoxytol-enhanced T1-weighted

accounting for < 1% of all CHD. There are 4 subtypes clas-
sified according to the location of the associated VSD and
severity of associated pulmonic stenosis [5, 7, 46].

While echocardiography is generally sufficient for pre-
operative planning, MRI and CT can be useful in depicting
the extracardiac vasculature including the PAs as well as
the presence of collaterals and exact VSD morphology [5].
3D printing has been successfully utilized in this context
for depicting the complex anatomic relationships [5, 61].
In the postoperative patient with limited acoustic windows,
MR, or if contraindicated or nondiagnostic, CT is helpful
for assessing the presence of PA and conduit stenoses in
addition to ventricular size and function and valvular regur-
gitation [5, 55, 60].

DORY requires operative management, which must be
tailored to the specific subtype of disease. Surgeries run the

UTE acquisition in a 6-day-old male with right hemitruncus shows
the right pulmonary artery (RPA) arising from the ascending aorta
(A). d Oblique coronal image from a ferumoxytol-enhanced 4D
flow acquisition in a 7-week-old female with DORV shows both the
aorta (A) and main pulmonary artery (P) arising from the right ven-
tricle (RV). e Axial reformatted image from a gadobenate-enhanced,
ECG-gated chest MRA performed with 3D T1-weighted SGRE tech-
nique in a 16-year-old male shows a frank communication (asterisk)
between ascending aorta (A) and main pulmonary artery (P) con-
sistent with an AP window. f Sagittal image from the same patient
and acquisition shows an additional small communication (arrow)
between the pulmonary arterial trunk (P) and aortic isthmus (A), rep-
resenting a patent ductus arteriosus (PDA)

gamut from VSD closure with redirection of LV blood flow
toward the aorta, to TOF or TGA-type repair, to single-ven-
tricle type palliation Fontan creation [5, 46, 55].

Aortopulmonary (AP) window

An AP window, or aortopulmonary septal defect, is a rare
anomaly characterized by an abnormal aorta-PA connec-
tion with 2 separate subarterial outflow valves and tracts. It
accounts for only 0.2-0.4% of CHD [62-64]. While patients
are usually symptomatic, developing progressive pulmonary
arterial hypertension in the first month, asymptomatic diag-
nosis even in adulthood has been reported [64].

Both CT and MRI are helpful for diagnosing and charac-
terizing the anomaly in preparation for repair (Fig. 6e). MRI
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can provide the addition of flow information and quantifi-
cation of shunt severity. 3D printing from cross-sectional
imaging datasets may also prove beneficial [64].

Early repair in infancy is recommended to avoid long-
term complications of pulmonary arterial hypertension.
However outcomes after surgery appear to be favorable even
with late diagnosis [63]. A variety of surgical techniques
ranging from simple AP window division and suturing to
transwindow access (“sandwich method”) have been used
with success [62]. In small, restrictive defects without other
complex CHD, catheter-based closure/occlusion may be an
option [63, 64].

Abnormal pulmonary artery origin, course,
or connection

Pulmonary sling

Pulmonary sling refers to anomalous origin of the left PA
from the right PA, attributed to maldevelopment of the 6th
pulmonary arch. The aberrant LPA then courses posterior to
the trachea and anterior to the esophagus [1-3]. The major-
ity of affected patients present in the first year of life with
symptoms such as stridor and dyspnea [1]. The tracheobron-
chial branching pattern seen with sling may be categorized
according to Wells’ classification: type 1A-normal; type
1B-normal except for accessory right tracheal bronchus; type
2A-low carina, distal tracheal stenosis, and bridging bron-
chus; and type 2B-similar to type 2A but absent or rudimen-
tary right upper lobe bronchus [65, 66]. Type 2 branching is

more common (2/3rds of cases) [1]. Approximately 30% of
patients with pulmonary sling also have CHD [2].

The sling anatomy is well-assessed at CT or MRI
(Fig. 7a) [1]. Concurrent tracheobronchial anomalies and
compression as well as any associated CHD can be simulta-
neously evaluated (Fig. 7b) [2]. These factors are all impor-
tant in preprocedural planning [1].

Pulmonary sling repair consists of reimplantation of the
left PA onto the main PA. Any concurrent tracheal stenosis
is generally repaired at the same time. The presence of long
segment tracheal stenosis has been associated with mortal-
ity rates as high 22% in sling patients who otherwise have
an excellent prognosis [2]. However, with advances such
as slide tracheoplasty, mortality rates have declined, even
reported at 0% in one series [2, 67].

Patent ductus arteriosus (PDA)

PDA is defined by a persistent communication between
the main PA and descending thoracic aorta due to a lack of
normal closure of the fetal ductus arteriosus. It is common,
accounting for 5-10% of CHD, with a female predominance.
Additional cardiac anomalies such as TGA and interrupted
aortic arch may be present [6]. The PDA and associated
abnormalities are well seen by cross-sectional imaging
(Fig. 6f). MRI has the advantage of being able to assess the
severity of associated left-to-right shunting.

In some cases, the PDA is necessary for survival, allow-
ing oxygenated blood to mix with deoxygenated blood.
In these cases, prostaglandins assist in maintaining ductal

Fig.7 Pulmonary sling. a 3D reformatted image from a chest CTA
in a 13-month-old female with pulmonary sling shows the left pul-
monary artery (arrow) arising abnormally from the right pulmonary
artery (asterisk) and coursing posterior to the trachea. b 3D virtual
bronchoscopic image generated from the same CTA dataset demon-
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with absence of a true right upper lobe bronchus, findings consistent
with a Wells’ type 2B tracheobronchial branching pattern
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patency prior to creation of a surgical shunt [1, 6]. With
advances in intravascular devices, PDA stenting is now also
a feasible alternative, although a technically challenging
one. Pre-stent planning can be improved with the use of 3D
reformats (generated from either CT or MRI acquisitions),
which provide clear delineation of the shape, location, and
degree of tortuosity of the ductus [1].

Abnormal coronary to pulmonary artery
connections

A variety of congenital abnormal connections between the
coronary and pulmonary arteries exist. In particular, coro-
nary arteries may originate from the PAs or connect with
the PAs, forming fistulae. The most common abnormal
coronary origin from a PA is an anomalous left coronary
from the main PA (ALCAPA) (Fig. 8a) [68]. This severe
anomaly, comprising 0.25-0.5% of CHD, usually presents
in infancy with symptoms related to CHF and myocardial
ischemia, referred to as the Bland-White-Garland syndrome
[6]. Other less common coronary origins such as an anoma-
lous right coronary from the main PA (ARCAPA) tend to be
less symptomatic [68]. If sufficient intercoronary collateral
circulation develops, these anomalies may only be diagnosed
incidentally in adulthood [69]. Among coronary fistulae, the
main PA is the most common termination site (Fig. 8b). The
overall prevalence of coronary-PA fistulae is estimated at
0.32-0.68% [70].

Both CT and MRI are well-equipped to demonstrate these
anomalies and associated collateralization [69, 70]. MRI
can additional be additionally used to assess for concurrent

valvular or ventricular dysfunction in the setting of chronic
myocardial ischemia and quantify the degree of shunting. If
gadolinium is administered, inducible reversible ischemia
can be identified via stress—rest perfusion MRI and infarct
via late gadolinium enhancement imaging [69].

Surgical correction is recommended for ALCAPA,
regardless of the timing of diagnosis and presence of irre-
versible myocardial scarring [69]. Coronary to pulmonary
fistulae are usually treated if large, regardless of symptoms,
but only if symptomatic when small-to-medium in size. For
such lesions, transcatheter closure is preferred, but if unsuc-
cessful or considered too high-risk, surgical options such as
ligation vs. patch or suture closure may be pursued [69, 70].

Pulmonary arteriovenous malformation
(AVM)

Pulmonary AVMs represent abnormal connections between
the pulmonary and systemic circulations [71]. While their
etiologies are many, including prior trauma or infection, they
can arise spontaneously. The strongest association is with
hereditary hemorrhagic telangiectasia (HHT), otherwise
known as the Osler-Weber-Rendu syndrome, an autosomal
dominant condition typified by numerous visceral AVMs
[71, 72]. In fact, 80% of patients with a pulmonary AVM
have HHT, and 15-45% of patients with HHT have a pul-
monary AVM [72]. Clinical presentations are related to
right-to-left shunting and range from dyspnea on exertion
and hypoxia to cryptogenic stroke or brain abscesses to pul-
monary hemorrhage [71, 72].

Fig.8 Abnormal coronary to pulmonary artery connections. a Axial
oblique MIP reformatted image from an ECG-gated coronary CTA
in a 20-year-old male with ALCAPA shows an abnormal origin of
the left main coronary artery (asterisk) from the main pulmonary
artery (P). Note the compensatory large size of the right coronary
artery (RCA) with right-to-left coronary collaterals (arrow). b Axial

oblique MIP reformatted image from an ECG-gated coronary CTA in
a 71-year-old male shows an abnormal tangle of vessels (arrow) aris-
ing from the left anterior descending coronary artery and converging
on the main pulmonary artery (P), consistent with a coronary to pul-
monary fistula
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Fig.9 Pulmonary arteriovenous malformation (AVM). Curved pla-
nar reformatted image from a chest CTA performed in a 5-year-old
female with HHT shows an abnormal tangle of vessels (arrow) in the
lung with pulmonary artery supply (A) and pulmonary venous drain-
age (V), consistent with an AVM

CTA is well-suited to characterizing pulmonary AVMs,
which may be numerous or complex with multiple feeding
arteries and draining veins (Fig. 9). The lesions tend to favor
the peripheral, subpleural lower lobes [71, 72]. MIP and 3D
reformats can assist in visualization [72]. In addition, DECT
has been shown to demonstrate PBV deficits in the region of
AVMs, potentially improving detection [73]. Embolization,
rather than surgery, is now the treatment of choice for AVMs
with feeding arteries >3 mm; such measurements are also
accurately obtained by CT [72].

Conclusions

Cross-sectional imaging now assumes a central role in the
detection and preprocedural evaluation of congenital pul-
monary artery anomalies. While echocardiography in gen-
eral remains the first-line test, CT and MRI are particularly
well-suited to characterizing these lesions, reserving (when
possible) invasive angiography for cases requiring simul-
taneous intervention. Recent advances in CT (e.g., dual-
source and volume scanners with dual-energy capabilities)
and MRI (e.g., blood pool contrast agents, 4D flow and UTE
sequences) have helped to further increase the diagnostic
utility of these modalities in portraying the often complex
and heterogeneous anatomy involved. Continued progress
in cross-sectional imaging will likely only result in more
precise treatment of these often insidious yet potentially fatal
disorders at the earliest opportunity.
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